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A Platelet Reactivity ExpreSsion Score
derived from patients with peripheral artery
disease predicts cardiovascular risk
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Platelets are key mediators of atherothrombosis, yet, limited tools exist to
identify individuals with a hyperreactive platelet phenotype. In this study, we
investigate the association of platelet hyperreactivity and cardiovascular
events, and introduce a tool, the Platelet Reactivity ExpreSsion Score (PRESS),
which integrates platelet aggregation responses and RNA sequencing. Among
patients with peripheral artery disease (PAD), those with a hyperreactive pla-
telet response (>60% aggregation) to 0.4 uM epinephrine had a higher inci-
dence of the 30 day primary cardiovascular endpoint (37.2% vs. 15.3% in those
without hyperreactivity, adjusted HR 2.76, 95% CI 1.5-5.1, p = 0.002). PRESS
performs well in identifying a hyperreactive phenotype in patients with PAD
(AUC [cross-validation] 0.81, 95% Cl 0.68 -0.94, n = 84) and in an independent
cohort of healthy participants (AUC [validation] 0.77, 95% CI 0.75 -0.79,

n =235). Following multivariable adjustment, PAD individuals with a PRESS
score above the median are at higher risk for a future cardiovascular event
(adjusted HR 1.90, CI1 1.07-3.36; p =0.027, n =129, NCT02106429). This study
derives and validates the ability of PRESS to discriminate platelet hyperreac-
tivity and identify those at increased cardiovascular risk. Future studies in a
larger independent cohort are warranted for further validation. The develop-
ment of a platelet reactivity expression score opens the possibility for a per-
sonalized approach to antithrombotic therapy for cardiovascular risk
reduction.

Platelets play a key role in atherogenesis and progression to therapy, was independently associated with long-term mortality and
thrombosis'. A landmark study more than three decades ago repor-  cardiovascular (CV) events®. Since then, many clinical studies have
ted that increased platelet activity, measured by spontaneous platelet ~ demonstrated the importance of platelet activity and CV risk*®, with
aggregation following a myocardial infarction (MI) off all antiplatelet our group and others demonstrating the ability of platelet aggregation
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measures to identify populations with a hyperreactive platelet
phenotype’.

Various technical barriers limit the routine clinical assessment of
platelet aggregation responses to assess platelet hyperreactivity and
CV risk" ™, Transcriptome analyses of platelets are increasingly used to
discover novel aspects of platelet biology, as diagnostic and prog-
nostic markers, and for therapeutic development efforts*'*. Several
small platelet studies have characterized the transcriptome associated
with platelet activity® ™. Most recently, platelet transcriptomic profil-
ing has emerged as an innovative way to detect and track the pre-
valence and progression of certain malignancies''*". Technological
advancements have enhanced our understanding of the transcriptome
and, coupled with bioinformatics, have fundamentally advanced
transcriptomic-based tools to inform disease diagnosis and prognosis
(e.g., cardiac allograft rejection”, detect respiratory viruses”, and
diagnose cancer?). Developing a platelet hyperreactivity risk score is
an innovative approach to identifying individuals with platelet hyper-
reactivity and, therefore, at significant CV risk.

Peripheral artery disease (PAD) affects ~8.5 million people over 40
years of age in the United States and 238 million globally*. Platelets
mediate, in part, the pathogenesis of PAD, and platelet hyperreactivity
is associated with PAD prevalence, severity, progression, and CV
risk****, Despite medical and surgical therapy advances, PAD remains
associated with significant morbidity and mortality?®. The Platelet
Activity and Cardiovascular Events in PAD (PACE-PAD) clinical study
was designed to (1) prospectively investigate whether in symptomatic
PAD patients requiring lower extremity revascularization (LER), pla-
telet activity is associated with incident MACLE and (2) evaluate whe-
ther the platelet transcriptome identifies a platelet hyperreactivity
signature predictive of incident CV events. Leveraging platelet activity
and platelet transcriptomic measures from this well-phenotyped clin-
ical cohort facilitated the development of a Platelet Reactivity
ExpreSsion Score (PRESS), which discriminates individuals with a
hyperreactive platelet phenotype. PRESS was associated with acute
myocardial infarction and a higher risk for developing a future CV
event. This study provides a informatics tool that discriminates pla-
telet hyperreactivity, which can serve as a diagnostic tool to dis-
criminate CV risk and potentially facilitate a personalized approach for
CV risk reduction.

Results

A total of 300 patients scheduled for a LER procedure between March
2014 and November 2017 were enrolled. Of these, 13 individuals were
subsequently excluded because a procedure was not performed
(n=7), another exclusion was noted (n=4), or they died during index
hospitalization from hemorrhagic complications (n=2, Supplemen-
tary Fig. 1). Among the remaining 287 patients, open (n =118, 41.1%),
endovascular (n=121, 42.2%), and hybrid (n=28, 9.8%) procedures
were performed. In a small subset of patients, a peripheral angiogram
was performed without revascularization (n =20, 6.9%). The mean age
was 70 £ 11 years, 33% were female, and 61% were white. More than half
of all patients (54%) had known coronary artery disease, 53% had dia-
betes mellitus, and 78% presented with CLI (Supplementary Table 1).
Before surgery, the median (IQR) ankle-brachial index (ABI) was 0.54
(0.41, 0.72).

Thirty days post LER, 54 (18.8%) patients experienced a MACLE.
Patients with a postoperative MACLE were more likely to present with
CLI (90.7% vs. 75.5%, p=0.024, Supplementary Table 1). Antiplatelet
therapy, beta-blockers, statins, and ACE inhibitors/angiotensin recep-
tor blockers were not significantly different between patients and
those without post-procedural MACLE.

Platelet Hyperreactivity is associated with 30 day MACLE
Directly before LER, platelet aggregation was measured in 254
(88.5%) patients (Fig. 1A). The baseline characteristics of patients

with and without assessment of platelet aggregation are described
in Supplementary Table 2. Median platelet aggregation in response
to 0.4 uM epinephrine was 32% (20, 49) and was significantly higher
in patients with versus without MACLE (Fig. 1B). Platelet aggregation
in response to epinephrine at multiple doses and time points was
consistently higher in patients with MACLE (Supplementary
Table 3). In addition, patients with MACLE had significantly higher
platelet aggregation in response to other agonizts at submaximal
doses (e.g., arachidonic acid, ADP, collagen, serotonin) than
patients who did not go on to develop a major cardiac or limb event
(Supplementary Table 3). These data demonstrate that platelet
reactivity before LER is strongly associated with MACLE 30 days
postoperatively.

Platelet hyperreactivity and clinical presentation

In response to submaximal epinephrine, platelet aggregation induced
a bimodal response where a small yet significant proportion of indi-
viduals demonstrated a hyperreactive platelet phenotype with >60%
aggregation (Fig. 1C, D). Among patients with aggregation measured in
response to 0.4 uM epinephrine, 17.5% displayed platelet hyperreac-
tivity. Patients with a hyperreactive platelet phenotype did not differ
by age, sex, or race/ethnicity but were more likely to have diabetes
mellitus, present with gangrene, and less likely to receive antiplatelet
therapy (Supplementary Table 4). Following multivariable adjustment,
gangrene (aOR 2.50, 95% CI 1.12 - 5.54) was associated with higher odds
of platelet hyperreactivity and antiplatelet therapy (aOR 0.15, 95% CI
0.06 - 0.39) with lower odds of platelet hyperreactivity. After
excluding 31 (10.7%) patients not on antiplatelet therapy, gangrene was
the only covariate associated with higher odds (aOR 2.98, 95% CI11.40 -
6.34) of platelet hyperreactivity.

Platelet hyperreactivity and clinical events

Individuals with a hyperreactive platelet phenotype in response to
0.4 uM epinephrine had a higher incidence of 30 day MACLE (37.2% vs.
15.3% in those with aggregation <60%, p=0.002; Fig. 1E, F). The fre-
quency of events, including individual components of the composite
MACLE endpoint, is shown in Table 1, stratified by those with and
without a hyperreactive platelet phenotype in response to submaximal
epinephrine. After multivariable adjustment for age, sex, race/ethni-
city, body mass index, diabetes, carotid artery disease, prior stroke,
and CLI, platelet hyperreactivity was associated with a nearly 3-fold
increased risk of MACLE (adjusted HR [aHR] 2.76, 95% CI 1.5 - 5.1,
p=0.002, Fig. 2A, Table 1). After excluding 31 (10.7%) patients who
were not on antiplatelet therapy at the time of blood collection, a
hyperreactive platelet phenotype remained independently associated
with MACLE (41.4% vs. 16.7%; HR 3.06, 95% CI 1.57 to 5.98, p=0.001;
Supplementary Fig. 2). Platelet hyperreactivity in response to a range
of epinephrine concentrations was consistently associated with
MACLE after multivariable adjustment (Supplementary Fig. 3; Sup-
plementary Table 5).

Multivariable adjusted hazard ratios for 30 day MACLE associated
with platelet hyperreactivity are shown in Fig. 2B, stratified by other
baseline characteristics. The association between platelet hyperreac-
tivity and MACLE was directionally consistent across age, sex, CV risk,
and antiplatelet therapies.

A hyperreactive platelet phenotype discriminates patients at
risk of 30 day MACLE beyond commonly used perioperative cardiac
risk models (e.g., RCRI)”. The addition of platelet hyperreactivity to
the RCRI model improved discrimination to predict the 30 day
composite of MACLE (C-statistic for RCRI - 0.59,95% CI 0.51 to 0.68;
C-statistic for RCRI plus platelet hyperreactivity—0.64, 95% CI 0.55
to 0.72; p=0.009). The addition of platelet hyperreactivity
significantly improved both reclassification (NRI; 0.42, 95% CI 0.13
to 0.71; p=0.005) and the discrimination as calculated by the
IDI (p = 0.011).
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Fig. 1| Platelet hyperreactivity and incidence of major adverse cardiac or limb
events following lower extremity revascularization. A PACE-PAD Trial Design:
Patients with peripheral artery disease (PAD) undergoing lower extremity revas-
cularization (LER) were recruited into the PACE-PAD study (NCT02106429). Per-
ipheral blood samples were collected immediately before the LER procedure,
platelet aggregation was assessed via light transmission aggregometry (n=254),
and platelets were isolated for subsequent RNA-sequencing (n =129). Patients were
followed for 30 days following LER to assess post-operative CV events, with the
primary endpoint a composite of major adverse cardiac or limb event (MACLE,
defined by death, myocardial infarction (MI), stroke, major amputation, major or
minor reintervention of the index limb). B Patients (n =246) who experienced a
MACLE within 30 days of LER had higher platelet aggregation responses to 0.4 uM
epinephrine before the LER procedure. Bar represents median aggregation % + IQR.

% Aggregation was compared using a two-sided Mann-Whitney test. C Schematic of
subject stratification by platelet reactivity status. D Bimodal distribution of platelet
aggregation responses to 0.4 uM epinephrine of PACE-PAD patients. Hyperreac-
tivity defined as >60% aggregation. E PACE-PAD patients whose platelet reactivity at
baseline was >60% were significantly more likely to experience MACLE (n = 246).
MACLE frequency were compared using chi-square tests. F Influence of platelet
aggregation to MACLE incidence. Kaplan-Meier analysis of 30 day MACLE. Platelet
aggregation responses above the median were associated with a 2.76-fold increase
in MACLE (HR=2.76, p=0.001). Survival curves were compared using log-rank
tests. Source data are provided as a Source Data file. Panel A and C created with
BioRender.com released under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International license.

Development of Platelet Reactivity ExpresSion Score (PRESS)

The platelet transcriptome is used to gain insight into platelet
mechanisms'“**?’, disease onset and progression*"'"*°, and is repro-
ducible over time®. Within the PACE cohort, 129 patients had platelet
RNA sequencing from samples collected before LER (Supplementary
Fig. 1; Fig. 3A). Amongst these, 19 (22.6%) patients had a hyperreactive
platelet response to epinephrine (0.4 uM, demographics Fig. 3B, Sup-
plementary Table 6). Following adjustment for age, sex, and race/
ethnicity, differential expression analyses utilizing two statistical

thresholds (DESeq2 and Wilcoxon signed-rank test) found that 796
transcripts were differentially expressed (p <0.05) in patients with a
hyperreactive platelet phenotype. Gene set enrichment analysis
(GSEA) revealed biological pathways linked to platelet activation
enriched in subjects with hyperreactive platelets. In the basal state,
pathways related to anchoring junctions, secretory granules, the
cytoskeleton, ribosomes, and vesicle-mediated transport were enri-
ched in platelets from hyperreactive subjects (Supplementary Fig. 4).
Among these 796 differentially expressed transcripts, 451 were
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Table 1| Major adverse cardiac and limb events at 30 days according to platelet hyperreactivity (>60% aggregation to 0.4 uM

epinephrine)

Adverse events, n (%) Platelet hyperreactivity (n=43) No platelet hyperreactivity (n=203) P-value Adjusted* HR (95% CI)
MACLE 16 (37.2) 31(15.3) 0.002 2.76 [1.51, 5.05]

Death 0 (0.0) 1(0.5) 1 NA?

MI 4(9.3) 6 (3.0) 0.077 3.19[0.90, 11.32]
Stroke 0 (0.0) 1(0.5) 1 NA*

Major amputation 5 (11.6) 5(2.5) 0.019 4.89 [1.42,16.89]
Acute limbischemia 12 (27.9) 24 (11.8) 0.007 2.59 [1.30, 5.19]

MACE 4(9.3) 8(3.9) 0.232 2.38 [0.72, 7.90]

MALE 9 (20.9) 15 (7.4) 0.015 3.03[1.32, 6.92]

MACLE major adverse cardiac and limb events, defined as a composite of death; MI myocardial infarction, stroke, major amputation, or acute limb ischemia leading to revascularization, MACE major
adverse cardiac events, defined as a composite of death, Ml, stroke; MALE major adverse limb events, defined as a composite of major amputation or acute limb ischemia leading to revascularization;
ALl acute limb ischemia. Frequencies of adverse events between groups were compared using Chi-squared test or fisher’s exact test. Adjusted Hazard ratios and 95% Cls were computed by cox

proportional hazard models.
*Adjusted for age, sex, race, ethnicity, BMI, diabetes, carotid artery disease, prior stroke, and CLI.
“too few events to estimate.

significantly correlated (p<0.05) with percent aggregation to epi-
nephrine (0.4 uM), with 174 transcripts positively and 277 transcripts
negatively associated with platelet hyperreactivity (Fig. 3C, D, Sup-
plementary Table 7). Using a combination of weighted expression
values from these 451 genes, we generated a Platelet Reactivity
ExpresSion Score (PRESS) for each participant. Following 10-fold
cross-validation, PRESS discriminated patients from those without
platelet hyperreactivity (AUC [cross-validation] 0.81, 95% CI 0.68
to 0.94).

PRESS validation

To further evaluate the ability of PRESS to discriminate individuals with
hyperreactive platelets, performance was assessed in an independent
validation cohort, “Duke Cohort” (n=35, free of CVD and off anti-
platelet therapy, of which 14 (40%) had a hyperreactive [>60% aggre-
gation] platelet phenotype (Fig. 4A, B; Supplementary Fig. 1)*2. Within
the Duke cohort, PRESS was significantly higher in those with versus
without platelet hyperreactivity (p=0.0095, Fig. 4C). The diagnostic
performance of PRESS in the Duke Cohort performed well with an AUC
of 0.77 (95% C1 0.75 to 0.79, Fig. 4D). The accuracy was 80%, sensitivity
71%, and specificity 86% when discriminating between those with and
without platelet hyperreactivity (Fig. 4E). Furthermore, GSEA pathway
analysis, incorporating PRESS in the Duke cohort, revealed significant
enrichment of both upregulated (p=0.006) and downregulated
(p<1.0x107°) PRESS genes in subjects with hyperreactive platelets
(Fig. 4F). Collectively, these data demonstrate the utility of PRESS in
discriminating platelet hyperreactivity across populations.

PRESS gene set is enriched in cohorts with platelet
hyperreactivity

Next, we reasoned that PRESS could discriminate populations with
well-described hyperreactive platelets and a prothrombotic pheno-
type that underlies CV risk*. To test this, we investigated PRESS in
multiple platelet RNA-seq cohorts from patients with previously
described platelet hyperreactivity (Supplementary Fig. 1)**7*, First, we
compared the platelet transcriptome of patients with established
lower extremity atherosclerosis to a high-risk primary prevention
cohort**, Incorporating PRESS into the analytical pipeline, PRESS was
enriched in the platelet transcriptome of patients with versus without
atherosclerosis (PRESS Up and Down, p=0.0007, and p<1x107°,
respectively, Fig. 5A, Supplementary Table 8). Furthermore, PRESS was
significantly enriched in the platelet transcriptome of subjects with
both COVID-19 and SLE (Fig. 5, Supplementary Table 8). Finally, PRESS
was enriched in the transcriptome of reticulated (immature) platelets,
a hyperreactive and prothrombotic platelet subtype, relative to non-

reticulated (mature) platelets (Fig. 5A, Supplementary Table 8)*°. Col-
lectively, our data demonstrate that PRESS, in lieu of platelet function
testing, can discriminate platelet hyperreactivity across disease states.

PRESS is associated with cardiovascular risk

PRESS successfully stratified individuals based on their platelet
aggregation response to submaximal agonist stimulation with epi-
nephrine (Fig. 5B), across epinephrine concentrations (Fig. 5C), and
across multiple agonizts (Supplementary Table 9). To determine the
prognostic value of PRESS, we explored the association between
PRESS and CV risk in two populations of CV disease. In the Heart Attack
Research Program (HARP), PRESS was calculated in women under-
going coronary angiography. PRESS was significantly increased in
women with acute MI compared to women referred for coronary
angiography with obstructive coronary artery disease without MI
(p=0.0084, Fig. 5D, Supplementary Table 10). After multivariable
adjustment for age, race/ethnicity, diabetes, and hypertension, PRESS
was significantly associated with acute MI (8=1.8, 95% Cl 0.2 - 3.3,
p=0.02). In the second cohort of patients with lower extremity PAD
undergoing LER, PRESS was calculated from 129 platelet RNA samples
collected prior to LER (Supplementary Table 11). After a median follow-
up of 18 months, the cumulative incidence of major adverse CV events
differed by PRESS. After adjusting for age, sex, race/ethnicity, BMI,
diabetes, carotid artery disease, prior stroke, and CLI, a PRESS above
the median value was associated with a 90% increase in a major CV
event (50.7% vs. 31.9% below the median, adjusted HR 1.90, CI 1.07 -
3.36), p=0.027, Fig. 5E). When PRESS was stratified into tertiles, those
with a score in the highest tertile were at the highest risk of a major CV
event (54.3% vs 28.3% in the lowest tertile, adjusted HR 2.39, CI 1.15 -
4.98, p=0.02, Supplemental Fig. 5). Altogether, these data demon-
strate that PRESS can discriminate those at increased CV risk.

Discussion
Patients with symptomatic PAD undergoing LER are at high risk for
cardiac and limb events, many of which are platelet-mediated. Our
data demonstrate that the platelet phenotype prior to LER is asso-
ciated with incident cardiac and limb events within the first 30 days
post-revascularization. The association between platelet hyper-
reactivity and 30-day events was independent of demographics,
clinical characteristics, perioperative risk, and antiplatelet therapy.
Notably, incorporating platelet aggregation into traditional perio-
perative CV risk models improved both reclassification and risk
discrimination.

Clinically, platelet aggregometry is used to assess those with
suspected platelet function disorders; however, this technique is labor
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Fig. 2 | Platelet hyperreactivity to 0.4 uM epinephrine and incidence of major
adverse cardiac or limb event within 30 days post lower extremity revascu-
larization. A The adjusted hazard ratio for major adverse cardiac or limb events
(MACLE, defined by death, myocardial infarction (MI), stroke, major amputation,
major or minor reintervention of the index limb) at 30 days based on preprocedural
platelet aggregation responses to 0.4 uM epinephrine. Multivariable adjustment for
age, sex, race/ethnicity, body mass index, diabetes, carotid artery disease, prior
stroke, and critical limb ischemia. n =246. Hazard ratios and 95% Cls were

Adjusted Hazard Ratio

computed by cox proportional hazard models. B Sub-group Analysis: Platelet
hyperreactivity to 0.4 uM epinephrine and incidence of MACLE within 30 days post
lower extremity revascularization. The adjusted hazard ratio for MACLE at 30 days
based on preprocedural platelet aggregation responses to 0.4 uM epinephrine
(n=43 hyperreactive, n =203 not hyperreactive). Error bars represent the 95%
confidence intervals. BMI body mass index, CLI critical limb ischemia, CAD cor-
onary artery disease, RCRI Revised Cardiac Risk Index. Source data are provided as
a Source Data file.
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Fig. 3 | Defining a gene signature of platelet hyperreactivity: Platelet Reactivity
Expression Score (PRESS). A, B To generate a platelet hyperreactivity gene sig-
nature, platelets were collected from PACE-PAD patients before lower extremity
revascularization (LER, n=129). Platelet RNA-seq and stratification of patients by
hyperreactive platelet responses (aggregation responses > 60% versus = 40% to
0.4 uM epinephrine, n = 84). Violin plots showing platelet aggregation distribution,
median represented by the bold dashed line and IQR by dashed lines. P< 0.001 as
determined by a 2-sided Mann-Whitney U-test. C, D Overlap of transcripts differ-
entially expressed (using both DESeq2 Wald test and the Wilcoxon rank-sum test
after adjustment for age, sex, and race/ethnicity) between patients with hyper-
reactive or not hyperreactive platelets (n=796), and transcripts significantly
correlated with platelet aggregation responses to 0.4 uM epinephrine (n =2035).

Overlapping genes, n =451 (PRESS gene set), 174 transcripts positively and 277
transcripts negatively associated with platelet hyperreactivity. E Boxplot showing
the platelet hyperreactivity signature score in 10-fold cross-validation training
comparing hyperreactive platelet and not hyperreactive platelet patient groups.
The line across the box indicates the median, with the whiskers extending to

+1.5 x IQR following z-score normalization. Each outlier outside the whiskers are
represented by individual marks. n = 84. F Receiver operating characteristic (ROC)
curve of the mean 10-fold cross-validation training of the hyperreactive platelet
signature, the shaded areas represent 95% Cls plotted for sensitivity at given in-
sample specificities. Source data are provided as a Source Data file. Panel A created
with BioRender.com released under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International license.

and time-intensive and requires careful quality control and technical
expertize in its performance and interpretation. Thus, in conjunction
with platelet aggregation measures, we developed and validated a
platelet transcriptomic signature that can identify patients with a
hyperreactive platelet phenotype. This transcriptional signature
could discriminate hyperreactive platelet profiles and identify
individuals at elevated CV risk. Collectively our study highlights the
clinical relevance of platelet hyperreactivity, both at the functional and
transcriptomic level.

Platelets are major players in the pathogenesis of atherogenesis
and thrombosis'. In addition to their well-described effects on CV
disease, platelets are increasingly recognized for their role in
inflammation and immunity*~%. Increased platelet activity has been
observed across multiple disease states (e.g., CV, rheumatological
and infectious)***°*°, Platelet aggregation has previously been
proposed as a valuable biomarker of CV risk*.. Spontaneous platelet
aggregation measured 3 months following an MI off antiplatelet
therapy was associated with CV morbidity and all-cause mortality”.
Subsequent studies noted conflicting and inconsistent results*.
Data from the Framingham study found that in those free of CV
disease and without antiplatelet therapy, hyperreactivity to ADP,
although not epinephrine, was modestly associated with the risk of
MI or stroke during a 20 year follow-up®. In the current study, we
extend prior observations to the perioperative period and demon-
strate that platelet hyperreactivity measured before LER is asso-
ciated with 30 day MACLE. Our findings are directionally consistent
in multiple subgroups, including by age, sex, race/ethnicity, anti-
platelet therapy, and CV risk. In fact, platelet hyperreactivity

provided additional predictive value beyond traditional assess-
ments of perioperative risk.

Although our data suggest a significant association between
platelet hyperreactivity and subsequent CV events, routine clinical
measurement of platelet aggregation is widely considered infea-
sible. Variability, poor site standardization, cost, time of processing,
and pre- and post-analytical measures (e.g., needle gauge, blood
sampling and handling, specimen transport and processing) limit
enthusiasm for routinely measuring platelet aggregation*. Investi-
gation of the platelet transcriptome however increases accessibility
and allows unbiased insight into mechanisms and pathways asso-
ciated with platelet hyperreactivity. Transcriptome analyses of
platelets are increasingly used for discoveries related to platelet
biology, as diagnostic and prognostic markers, and for potential
therapeutic development™'%,

Our platelet transcriptomic signature is able to differentiate
individuals with platelet hyperreactivity. While PRESS was developed
in patients with symptomatic PAD on antiplatelet therapy, dis-
criminating platelet hyperreactivity in patients on and off antiplatelet
therapy is clinically appealing and removes a major barrier to platelet
function testing. Thus, our validation of the signature in an external
cohort of healthy subjects who were not taking any antiplatelet ther-
apy points to the robustness and utility of our signature. In fact, the
PRESS gene set contains several transcripts linked to platelet activation
responses (e.g. P2RX1*>, RHOA*', WDRI", CD69)*, and is characterized
by pathways associated with platelet activation (anchoring junctions,
organelle organization, cytoskeleton reorganization, and vesicle-
mediated transport). Altogether, these data demonstrate that
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Fig. 4 | Validation of the Platelet Reactivity Expression Score (PRESS). A, B The
PRESS signature was validated in an independent cohort (Duke cohort) of healthy
participants with platelet aggregation measured at two separate time points and
platelet RNAseq performed (n =s35). In this cohort, 14 participants had a hyper-
reactive platelet phenotype (aggregation >60% in response to epinephrine 0.5 uM).
Violin plots showing platelet aggregation distribution, median represented by the
bold dashed line and IQR by dashed lines. P< 0.001 as determined by a 2-sided
Mann-Whitney U-test C Boxplot showing the performance of the extra-trees clas-
sifier ensemble model was trained on the PRESS gene set within the PACE cohort
and externally validated on the Duke cohort. The line across the box indicates the
median, with the whiskers extending to + 1.5 x IQR following z-score normalization.
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Each outlier outside the whiskers are represented by individual marks. P=0.0095
as determined by a 2-sided Student’s t-test. n = 35 (D) Receiver operating char-
acteristic (ROC) curve of the extra-trees classifier ensemble model validated in the
“Duke cohort” of healthy participants. The shaded areas represent 95% of Cls
plotted for sensitivity at given in-sample specificities. E Performance of PRESS gene
set in the Duke validation cohort (n =35). F GSEA pathway analysis, incorporating
the PRESS gene set of the Duke cohort, revealed significant enrichment of upre-
gulated and downregulated PRESS in subjects with hyperreactive platelets. Source
data are provided as a Source Data file. Panel A created with BioRender.com
released under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0
International license.
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Fig. 5 | Platelet Reactivity Expression Score (PRESS) discriminates those at
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porating PRESS into multiple clinical cohorts or platelet subtypes; atherosclerosis,
systemic lupus erythematosus, COVID-19, and reticulated platelets with platelet
RNA-seq revealed significant enrichment of both upregulated and downregulated
PRESS. Refer to Supplemental Fig. 1 for population descriptions. B Platelet aggre-
gation to 0.4 UM epinephrine stratification based on each individuals PRESS
(n=129) in the PACE-PAD cohort. Violin plots showing platelet aggregation dis-
tribution, median represented by the bold dashed line and IQR by dashed lines.
C Subjects with a PRESS greater than the median have increased platelet aggre-
gation responses to epinephrine at multiple doses (0.1 uM, 0.4 uM, and 2 puM) and
time points. D PRESS was calculated in a cohort of patients referred for coronary
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angiography with myocardial infarction (MI) (n = 19) relative to patients referred for
cardiac catheterization with coronary artery disease without Ml (n=9). The line
across the box indicates the median, with the whiskers extending to +1.5 xIQR
following z-score normalization. Minimum and maximum data values are used as
end points for the whiskers.p = 0.0084, as assessed by 2-sided Student’s t-test.

E Kaplan-Meier cumulative incidence plot of major adverse cardiac events (death,
myocardial infarction, stroke or major amputation) in a cohort of patients with
peripheral artery disease followed for a median of 18 months. After adjustment for
age, sex, race/ethnicity, BMI, diabetes, carotid artery disease, prior stroke, and CLI,
a PRESS above the median was associated with a 90% increase in a major cardio-
vascular event (50.7% vs. 31.9% below the median, adjusted HR 1.90, CI 1.07 -3.36,
p=0.027). Source data are provided as a Source Data file.

individuals with hyperreactive platelets have a unique transcriptome
reflective of a primed activation state.

Since PRESS successfully discriminated platelet hyperreactivity on
and off antiplatelet therapy, we investigated if this signature was
enriched in platelets of patients with diseases known to have a
hyperreactive platelet phenotype. Consistently, PRESS was among the
top candidate pathways enriched in patients with well-documented
platelet hyperreactivity, including lower extremity atherosclerosis,
COVID-19, and SLE. Additionally, as further validation, we incorporated
PRESS into GSEA analyses of platelet RNA-seq of reticulated versus
non-reticulated platelets. Since reticulated platelets are larger,
younger, and immature platelets with increased activity and greater
prothrombotic potential, PRESS was found to be amongst the most
enriched pathways in this platelet population.

Our study has identified various areas for future research. While
PRESS was developed in patients with symptomatic PAD and validated
in a healthy control cohort, future validation of this signature in a
significantly larger primary prevention population (e.g., those at risk
for a first cardiovascular event) is important to assess the robustness
and applicability of the signature. Identifying individuals with a

hyperreactive platelet phenotype at risk for a CV event may benefit
from primary prevention with antiplatelet therapy and should be
investigated. Once individuals with a hyperreactive platelet phenotype
are identified, future studies randomizing these high-risk cohorts
based on their platelet phenotype could identify a group that benefits
from antiplatelet therapy®*°. Investigation of platelet hyperreactivity
could also identify individuals at differential risk for bleeding and thus
support the modification of antithrombotic therapies to attenuate
bleeding. Additional studies are needed to explore the impact of
platelet-directed pharmacotherapies on these genes. Our future work
will address these research questions and adapt our gene signature for
translation to diagnoses, prognostication, and precision-guided care
with antiplatelet therapies.

Several limitations should be considered when interpreting the
results of this study. First, the population that derived the platelet
hyperreactivity signature had symptomatic PAD on antiplatelet ther-
apy. Thus, applicability to other cohorts with CVD to assess its clinical
utility is needed. Nonetheless, we validated the PRESS gene signature
in subjects without clinical CV disease, highlighting our signature’s
ability to discriminate platelet hyperreactivity in subjects with and
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without CV disease and on- and off-platelet therapy. Additionally,
future validation in larger cohorts is necessary to assess the robustness
and clinical applicability of the signature. In the subgroup of patients
used for the PRESS derivation cohort (n=_84), participants with pla-
telet hyperreactivity trended towards more frequent cardiovascular
events. However, in this smaller cohort statistical significance was not
reached (Supplementary Table 12 and 13). Second, while submaximal
epinephrine was used to define platelet hyperreactivity, our data are
consistent across various agonizts and concentrations (Supplementary
Table 9). Additionally, submaximal epinephrine was chosen as we and
others have shown a distinct bimodal platelet aggregation response
reproducible over time and generalizable to other forms of platelet
activation”'®*, Third, platelet activity was measured at the time of LER
in our patient population, a procedure that is performed throughout
the day. Thus platelet activity measures may be affected by circadian
variation. Finally, while platelet hyperreactivity was associated with
30day CV and limb events, future work is needed to extend these
findings to longer follow-ups.

In individuals with symptomatic PAD undergoing LER, platelet
aggregation in response to submaximal epinephrine is associated with
30 day MACLE. A platelet transcriptional signature, PRESS, can dis-
criminate individuals with a hyperreactive platelet phenotype and
identify those at increased risk for CV events. Future studies can
leverage this platelet hyperreactivity score to investigate platelet-
mediated diseases and personalized diagnostics to improve CV risk
reduction.

Methods

Study cohort

This study was authorized by the New York University Langone Health
and VA New York Harbor Healthcare System Institutional Review
Boards and the Office of Research Administration at Bellevue Hospital.
All participants provided written informed consent. Male and female
patients (n=300)>2lyears of age with PAD undergoing non-
emergent LER were recruited into the PACE-PAD study
(NCT02106429) from New York University Langone Health: Manhattan
Campus, Bellevue Hospital, or the Veterans Affairs New York Harbor
Healthcare System. Individuals were excluded if they used NSAIDs
in the past 72h, had a platelet count <100 x10°/L or >500 x 10°/L,
hemoglobin <8 mg/dl, or any known hemorrhagic diathesis.

Monitoring of post-procedure cardiovascular events

Patients were followed for 30 days following LER to assess post-
operative CV events*”. Surveillance electrocardiograms (ECG) and
cardiac troponin I concentrations were measured on post-procedural
day 2. Blood collections and ECGs performed as part of routine care
were used to ascertain event occurrence after postoperative day 2.
After hospital discharge, patients were contacted by telephone (or
during their routine clinical follow-up) to identify additional events,
quality of life, and medication use. The primary endpoint was a com-
posite of major adverse cardiac or limb events (MACLE), defined by
major adverse cardiovascular events (MACE; death, myocardial
infarction (MI), stroke) and major adverse limb events (MALE; major
amputation, or major [new bypass graft, jump/interposition graft
revisions or thrombectomy/thrombolysis] or minor [balloon angio-
plasty, atherectomy, laser treatment and/or stenting or stent/grafting]
reintervention of the index limb) at 30 days.

Two cardiologists and one vascular surgeon blinded to the pla-
telet aggregation results adjudicated all events by review of medical
records. Additional details regarding endpoints are provided in the
Supplemental Methods.

Blood collection
Before LER, peripheral blood samples were collected from fasting
patients at the onset of the procedure. After an initial 2 cc discard,

whole blood was collected into tubes containing 3.2% sodium citrate
(BD Vacutainer, cat # 369714) for platelet activity measures and col-
lection of platelets for subsequent RNA isolation. Blood specimens
were immediately processed, and citrate-anticoagulated blood was
centrifuged (within 30 minutes of collection) at 200 g for 10 min to
obtain platelet-rich plasma*.

Platelet aggregation

Light Transmission Aggregometry (LTA) measures the kinetics of
platelet aggregation in a glycoprotein IIb/llla-dependent manner and is
the most widely used measurement of platelet function*~°. Platelet
aggregometry was conducted on a Helena (Beaumont, TX) AggRAM
light transmission aggregometer based on the method of Born®. Pla-
telet aggregation was measured in response to submaximal agonist
stimulation. Agonizts included epinephrine (2, 0.4, 0.1uM, Helena
Laboratories, cat # 5367), adenosine diphosphate (ADP; 2, 1, 0.4 uM,
Helena Laboratories, cat # 5366), collagen (1, 0.2ug/ml, Helena
Laboratories, cat # 5368), serotonin (10 uM, Sigma Aldrich, cat #
H9523), epinephrine and serotonin (1 and 10 uM respectively) and
arachidonic acid (AA; 1.6 mM, Helena Laboratories, cat # 5364) incu-
bated with and without aspirin in vitro (3mM, Santa Cruz Bio-
technology, cat # sc-202471). Platelet hyperreactivity was defined by
platelet aggregation >60% in response to submaximal epinephrine
0.4 UM,

Platelet transcriptome

Blood was collected for platelet RNA sequencing at the same time as
measures of platelet aggregation. Briefly, platelets were isolated and
purified by incubation with microbeads to deplete leukocytes and red
blood cells (EasySep™ Human CD45 Depletion Kit, StemCell Technol-
ogies, cat # 17898 and EasySep™ RBC Depletion Reagent, StemCell
Technologies, cat # 18170). Isolated platelets lysed in 500 uL of QIAzol
Lysis Reagent (Qiagen, cat # 79306) and stored at —80 °C. RNA was
isolated with Direct-zol RNA microspin columns (Zymo Research, cat #
R2062), and quality and quantity were determined with a Bioanalyzer
2100 (Agilent Technologies). RNA quality and quantity were deter-
mined 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, cat # 634437), and libraries were
sequenced single end on an Illumina NovaSeq 6000%°%%%%
Samples were analyzed using the Seq-N-Slide pipeline™. Reads were
aligned to the hg38 genome using STAR** v2.6.1 and quantified using
featureCounts® Vv1.6.3. Read quality was assessed using
FASTQC* v0.11.7.

Development and application of the Platelet Reactivity Expres-
sion Score (PRESS)

The platelet transcriptome was compared between patients with a
hyperreactive phenotype (>60% aggregation in response to sub-
maximal epinephrine, 0.4 uM) relative to those with a platelet aggre-
gation response <40% in response to submaximal epinephrine
(0.4uM)°. To develop PRESS, we identified genes differentially
expressed between groups using the DESeq2 Wald test® and the more
conservative Wilcoxon rank-sum test after adjustment for age, sex, and
race/ethnicity. Only transcripts significantly different (p < 0.05) in both
tests were retained for downstream analysis. A nominal p-value cutoff
of 0.05 was used as very few genes reached significance after the
correction of Benjamini-Hochberg multiple testing. To increase con-
fidence in our final gene set, we identified transcripts significantly
correlated with the percent of platelet aggregation in response to
submaximal agonist stimulation with epinephrine 0.4 M as a con-
tinuous variable. The intersect of genes identified as significantly dif-
ferential using both the DESeq2 Wald test, and the Wilcoxon rank-sum
and significantly correlated with platelet aggregation were then used
to generate the Platelet Reactivity Expression Score (PRESS).
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To assign PRESS at a sample level, we built a soft voting ensemble
model of random forests, extra-trees forests, adaboost forests, and
gradient boosted forests (n=28 each). Internal classifiers of the soft
voting ensemble model were tuned to optimize area under the recei-
ver operating curve (AUC) using GridSearchCV. Each model was
trained on the scaled and normalized transcript expression of PRESS
genes. To assess model training performance, the mean and 95%
confidence interval (CI) of the AUC was calculated with 10-fold cross-
validation. After cross-validation, the model was refit on all samples for
downstream testing and validation in external datasets. The model was
used to generate a PRESS score for each individual, presented as a
z-scored predictive probability, which was used to represent sample-
specific platelet reactivity.

Platelet aggregation validation cohort

Our PRESS model was validated in an external cohort of healthy par-
ticipants from Duke University who enrolled in a clinical study exam-
ining the effect of antiplatelet therapy on platelet activity and the
platelet transcriptome®, We used data from patients without anti-
platelet therapy for >4 weeks before blood collection. Platelet LTA was
measured in response to submaximal epinephrine 0.5 uM, and platelet
RNA was isolated and sequenced®. Consistent with our derivation
cohort in patients with PAD, PRESS was compared between patients
with a hyperreactive platelet phenotype (>60% aggregation) and those
with aggregation <40% in response to submaximal epinephrine sti-
mulation. Performance of the PRESS model was validated within the
Duke Cohort with 1000-fold bootstrapping to determine AUC and 95%
confidence intervals for external model performance.

Platelet hyperreactivity PRESS gene set

The PRESS gene set was divided into upregulated (PRESS-up) and
downregulated (PRESS-down) genes. To reduce potential bias in our
validation of PRESS by GSEA, we reduced the gene set only to include
genes that are part of the GO term universe of genes (164/174 for
PRESS-up; 257/277 for PRESS-down). Pre-ranked gene set enrichment
analysis (GSEA) was performed using the log2 fold change (log2fc)
values as a ranking method®. All GSEA were performed using
ClusterProfiler®",

Clinical validation cohorts (Supplemental Fig. 1): Platelet RNA
collected and sequenced were used for validation of the PRESS in
multiple cohorts: (1) Patients with lower extremity atherosclerosis
(n=129) versus a high-risk primary prevention cohort (n =28, multiple
CV risk factors without clinical atherosclerosis)***’; (2) systemic lupus
erythematosus (SLE, n=51) versus controls (n=18), (3) COVID-19
(n=8) versus controls (n=10)**; (4) previously published tran-
scriptome analysis of reticulated (immature) versus non-reticulated
(mature) platelets®®; and (5) subjects recruited into the Women'’s Heart
Attack Research Program (HARP, NCT03022552) who presented with
acute MI (n=19) and obstructive coronary artery disease (n=9) con-
firmed by coronary angiography. Following adjustment for age, sex,
and race/ethnicity, PRESS was compared between groups. For all stu-
dies, with the exception of HARP, both men and women were included.
HARP only contains women. Sex was determined by self-report during
study admission and consent.

Statistical analysis
When comparing participant demographics and clinical variables
between groups, we used 2-sample t-tests or Wilcoxon tests for con-
tinuous variables and x* tests or Fisher’s exact tests for categorical
variables. Categorical variables are presented as numbers (percentage)
and continuous variables as mean + SD or median (interquartile range)
as appropriate.

To investigate the association between platelet hyperreactivity
and MACLE up to 30 days post-procedure, patients were divided into

two groups based on aggregation responses to submaximal epi-
nephrine (0.4 uM): hyperreactive (>60% aggregation) and not hyper-
reactive (<60% aggregation)’'**’. Cox proportional hazard regressions
were used to assess the relationship between platelet hyperreactivity
and 30 day MACLE. Models were adjusted for age, sex, race/ethnicity,
and population-relevant clinical risk factors, including BMI, diabetes,
carotid artery disease, prior stroke, and critical limb ischemia (CLI). In
the HARP cohort, which includes only females, sex was not included in
multivariable models. In PACE, CLI (the most severe form of PAD) and
carotid artery disease were included in the multivariable model. These
two variables were not available in the non-PAD cohorts

Survival curves were plotted using the Kaplan-Meier method, and
differences between groups were determined using log-rank tests.
Analyses were repeated after excluding patients who did not receive
antiplatelet therapy at baseline blood collection. Subgroup analyses
were performed stratified by age, sex, race/ethnicity, body mass index,
diabetes mellitus, coronary artery disease, medical therapy, and clin-
ical presentation.

A Cox proportional hazard regression model was generated
with the Revised Cardiac Risk Index (RCRI) as a covariate to predict
MACLE at 30 days to assess whether platelet aggregation measures
improve perioperative CV risk prediction?. Platelet hyperreactivity
was subsequently added to the model. Harrell’s C-statistics and 95%
Cl were computed for model discrimination; a z-score test was
constructed to compare the two C statistics®>. We also assessed the
net reclassification improvement (NRI; the probability that patients
are reclassified to higher or lower risk) and integrated discrimina-
tion improvement (IDI; to quantify mean predicted probabilities of
events and nonevents based on the addition of the new biomarkers
to the model)®.

In the cohort of PACE-PAD with RNA sequencing data available,
each participant was assigned a hyperreactivity score (PRESS) using
the predicted probability of the ensemble model. During a median
follow-up of 18 months, we investigated whether PRESS was associated
with a composite of death, MI, stroke, and major amputation. Cumu-
lative event rates were estimated using Kaplan-Meier curves stratified
by groups and were compared using the log-rank test. Cox propor-
tional hazards regression analyses were performed to investigate the
association of PRESS with outcomes in both univariable and multi-
variable analyses adjusting for demographics and CV risk factors,
including age, sex, race/ethnicity, BMI, diabetes, carotid artery disease,
prior stroke, and critical limb ischemia.

Statistical analysis was performed with Rstudio, version 4.0.3. A
2-sided value of P<0.05 was considered statistically significant.
Machine learning training and validation were performed in Python,
version 3.10.6.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting the findings of this study are available in the article, its
Supplementary information, the Source data and from the corre-
sponding author upon request. The platelet RNA-seq data generated in
this study have been deposited in the GEO database under accession
code GSE232027. Additional publicly available data is on the GEO
database under the accession codes GSE226147, GSE126448 and
GSE176480. Source data are provided with this paper.

Code availability
Code is available on https://github.com/ruggleslab/press (https://doi.
org/10.5281/zenodo.12537341).
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