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ORIGINAL ARTICLE
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and 13Department of Cardiovascular Medicine, Humanitas Clinical and Research Center IRCCS and Humanitas University, Rozzano, Milan, Italy

Abstract
Thromboembolic events are common in patients with essential thrombocythemia (ET). However, the 
pathophysiological mechanisms underlying the increased thrombotic risk remain to be determined. Here, 
we perform the first phenotypical characterization of platelet expression using single-cell mass cytometry 
in six ET patients and six age- and sex-matched healthy individuals. A large panel of 18 transmembrane 
regulators of platelet function and activation were analyzed, at baseline and after ex-vivo stimulation with 
thrombin receptor-activating peptide (TRAP). We detected a significant overexpression of the activation 
marker CD62P (p-Selectin) (p = .049) and the collagen receptor GPVI (p = .044) in non-stimulated ET 
platelets. In contrast, ET platelets had a lower expression of the integrin subunits of the fibrinogen receptor 
GPIIb/IIIa CD41 (p = .036) and CD61 (p = .044) and of the von Willebrand factor receptor CD42b (p = .044). 
Using the FlowSOM algorithm, we identified 2 subclusters of ET platelets with a prothrombotic expression 
profile, one of them (cluster 3) significantly overrepresented in ET (22.13% of the total platelets in ET, 2.94% 
in controls, p = .035). Platelet counts were significantly increased in ET compared to controls (p = .0123). In 
ET, MPV inversely correlated with platelet count (r=-0.96). These data highlight the prothrombotic 
phenotype of ET and postulate GPVI as a potential target to prevent thrombosis in these patients. 
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Plain Language Summary
Essential thrombocythemia (ET) is a rare disease characterized by an increased number of 
platelets in the blood. As a complication, many of these patients develop a blood clot, which 
can be life-threatening. So far, the reason behind the higher risk of blood clots is unclear. In 
this study, we analyzed platelet surface markers that play a critical role in platelet function 
and platelet activation using a modern technology called mass cytometry. For this purpose, 
blood samples from 6 patients with ET and 6 healthy control individuals were analyzed. We 
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found significant differences between ET platelets and healthy platelets. ET platelets had 
higher expression levels of p-Selectin (CD62P), a key marker of platelet activation, and of the 
collagen receptor GPVI, which is important for clot formation. These results may be driven by 
a specific platelet subcluster overrepresented in ET. Other surface markers, such as the 
fibrinogen receptor GPIIb/IIIa CD41, CD61, and the von Willebrand factor receptor CD42b, 
were lower expressed in ET platelets. When ET platelets were treated with the clotting factor 
thrombin (thrombin receptor-activating peptide, TRAP), we found a differential response in 
platelet activation compared to healthy platelets. In conclusion, our results show an increased 
activation and clotting potential of ET platelets. The platelet surface protein GPVI may be 
a potential drug target to prevent abnormal blood clotting in ET patients.

Introduction

Essential thrombocythemia (ET) is a clonal myeloproliferative neo-
plasm (MPN) caused by hematopoietic driver mutations in genes 
encoding Janus kinase 2 (JAK2), calreticulin (CALR) or the thrombo-
poietin receptor (MPL) and characterized by an overproduction of 
platelets.1 Despite a largely indolent clinical course of the disease, 
thrombotic events are a common complication in these patients, 
causing relevant morbidity and mortality.2 The most important clinical 
risk factors for thrombosis in ET are old age, a previous history of 
thrombosis, and uncontrolled thrombocytosis, which also represent an 
indication for cytoreductive therapy.3 Current therapeutic options for 
these patients comprise hydroxyurea, anagrelide and interferon alfa- 
2a.4 Additionally, the presence of a JAK2 mutation or conventional 
cardiovascular risk factors have been associated with a higher rate of 
thrombosis.5 The use of aspirin to reduce the risk of thrombosis has 
only shown benefits in the presence of cardiovascular risk factors.5 

However, prospective studies evaluating antithrombotic drugs to pre-
vent thrombotic events in ET are lacking. Since some patients with ET 
develop serious bleeding complications related to aspirin, it is urgently 
necessary to find risk-adapted antithrombotic strategies for these 
patients that combine clinical and molecular markers of thrombosis 
and bleeding.6

Nevertheless, the pathophysiological mechanisms related to an 
increased risk of thrombosis in ET are still not fully understood. The 
proliferation of genetically aberrant clones at the hematopoietic stem 
cell level results in quantitative and qualitative alterations of circulat-
ing blood cells,7,8 causing a prothrombotic phenotype that promotes 
cellular adhesion, activates the endothelium and triggers the coagula-
tion cascade.9,10 Previous studies have demonstrated enhanced platelet 
activation in ET patients by flow-cytometry.7,11,12 Of note, markers of 
platelet activation were significantly higher in ET patients with 
a previous history of thrombosis and in ET patients harboring 
a JAK2 mutation compared to CALR mutated patients.7,11,13 But 
these results showed high variability, possibly related to the divergent 
experimental approaches and the differences in the study populations. 
Thus, further translational studies elucidating the prothrombotic state 
of ET are warranted.

In this exploratory approach, we perform the first phenotypical 
characterization of platelets in ET patients using single-cell mass 
cytometry by time of flight (CyTOF). We investigate the expression 
of platelet surface proteins and activation markers at baseline and after 
ex-vivo activation in ET patients and in matched healthy individuals 
with a recently established CyTOF antibody panel.14,15

Methods

Study design and participants

Our study included six patients with ET from our hematologic 
outpatient clinic (Klinikum rechts der Isar, Munich, Germany), 
with no other preexisting disorders, and six healthy sex-matched 
and age-matched controls (Table I). ET was defined according to 
the revised World Health Organization (WHO) classification of 
myeloid neoplasms and acute leukemia.16 Exclusion criteria were 
relevant comorbidities requiring medication or hospitalization.

Ethical approval

This study was carried out in accordance with the Declaration of 
Helsinki and was approved by the Ethics Committee of the 
Technical University of Munich (approval number 362/19S). All 
participants provided written informed consent.

Sample collection and preparation

Peripheral venous blood was drawn from each donor using a 21 G 
safety-multifly needle, collected in 3 mL 3.2% citrate tube and subse-
quently processed to obtain platelet-rich plasma (PRP). Staining for 
CyTOF analysis was performed as previously described.14,15,17 

Briefly, one baseline sample (non-stimulated platelets) and one sample 
stimulated with 10 μM thrombin receptor-activating peptide (TRAP) 
were generated from each PRP sample. For stimulation, a TRAP-6 
amide trifluoroacetate salt agonist with the peptide sequence H - Ser - 
Phe - Leu - Leu - Arg - Asn -NH2 (Bachem AG) was used. Isolated 
platelets were labeled for 30 min with a custom-made CyTOF panel of 
18 antibodies (for the activation markers anti-CD62P-161Dy, anti- 

Table I. Study cohort demographics. Clinical characteristics of the included control subjects and ET patients. ET: essential thrombocythemia. n.d.: mutation 
analysis not performed.

Healthy ET

Age, mean (± SD) 49 (11.8) 51.5 (12.1)
Male sex, no (%) 3 (50) 3 (50)
Platelets (G/l) (± SD) 253 (78) 709 (440)
Mean Platelet Volume (fL) (± SD) 11.75 (0.69) 10.12 (1.15)
Mutations, no. (%) n.d. 6 (100)

JAK2 n.d. 3 (50)
MPL n.d. 2 (33.3)
CALR n.d. 1 (16.6)

Aspirin therapy, no. (%) 0 (0) 2 (33.3)
Treatment, no (%) 0 (0) 4 (66.7)

Hydroxyurea 0 (0) 2 (33.3)
Ropeginterferon alfa-2b 0 (0) 2 (33.3)
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CD63-150Nd, anti-CD107a-151Eu, anti-CD154-168Er and for the 
constitutive markers anti-CD3-170Er, anti-CD9-171Yb, anti-CD29 
-156Gd, anti-CD31-145Nd, anti-CD36-152Sm, anti-CD41-89Y, anti- 
CD42a-141Pr, anti-CD42b-144Nd, anti-CD47-209Bi, anti-CD61 
-146Nd, anti-CD69-162Dy, anti-GPVI-175Lu, anti-PAR1-147Sm, 
and anti-PEAR-174Yb). Samples were subsequently processed in 
accordance with the Maxpar cell surface staining protocol and as 
described previously.14,15,17

Mass cytometry

Five antibodies (CD62P, PEAR, PAR1, CD42a, and GPVI) were 
custom-conjugated and attached to isotopically enriched lanthanide 
metals using the Fluidigm Maxpar antibody conjugation kit. The other 

antibodies were pre-conjugated, CyTOF-ready, and commercially 
available (Fluidigm Sciences). Samples were stored at −80°C with 
DMSO/fetal bovine serum until acquisition as previously 
described.15,18 Cells were washed twice with cell acquisition solution 
and once with H2O before being diluted in 10% EQ calibration beads 
in cell acquisition solution to a final concentration of 1,000,000 plate-
lets/mL. The samples were analyzed at the Helios CyTOF (Fluidigm) 
system at a pace of 200 to 350 events per second, acquiring a total of 
300,000 events per sample.

CyTOF post-processing

Samples were normalized, processed, and pre-gated using the 
Cytobank software (www.cytobank.org, Beckman Coulter, US).19 

Figure 1. Receptor expression in non-stimulated platelets. A. Median signal intensity of relevant constitutive transmembrane receptors and 
activation markers in non-stimulated platelets of healthy controls (n = 6, plotted in blue) and ET patients (n = 6, plotted in red). The horizontal 
line within the box plot represents the median, the top and bottom the interquartile range (Q1–Q3), whisker bars indicate the largest 
observation that is less than or equal to the upper inner fence (UIF = Q3 + 1.5 × IQR) or the smallest observation that is greater than or equal 
to the lower inner fence (LIF = Q1–1.5 × IQR) and each dot represents the median expression of one sample. * p < .05. B. Uniform manifold 
approximation and projection (UMAP) of ET patients (n = 6) and healthy controls (n = 6) after equal random sampling from each sample and 
scaled, arcsinh-transformed expression [0–1] for activation markers colored according to the expression level. C. Multidimensional analysis of 
platelet subpopulations. OptSNE (optimized t-distributed stochastic neighbor embedding) plots of one exemplary healthy donor and one ET 
patient are shown for the expression of the activation markers and transmembrane receptors in non-stimulated platelets. Color intensity refers 
to expression (low [blue] or high [red]) and each dot represents a single platelet. ET: essential thrombocythemia.
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To select exclusively platelets and avoid possible contaminations, only 
CD41 (GPIIb) and CD61 (GPIIIa) positive events were considered. As 
a further negative control, the CD3 marker was included in the panel. 
The previously described gating strategy was used.14,15 The median 
and mean signal intensity of each sample was calculated.

Statistical analysis

Cytobank was used to process CyTOF data, while R 4.0 (R 
Development Core Team, 2005) and Python 3.6 were used for 
analysis (Python 3 Reference Manual, 2009). The statsmodels 
v0.11.1 python package29 was used to create and assess each 
model. To cover differences and variation between samples the 
minimum number of events available in all samples was used. 
Differential expression analysis, uniform manifold approxima-
tion (UMAP) and clustering analysis was performed using the 
R packages diffcyt and CATALYST, usable as a R shiny app 
(https://exbio.wzw.tum.de/cyanus/). For differential expression 
analysis we used the CyEMD algorithm which uses the overall 
distribution of marker expression and marker expression in 

clusters to compare different conditions as previously 
described.15,20 The earth mover’s distance (EMD) value, 
which is calculated by CyEMD using p-values via permutation 
tests, indicates the distance to transform one expression dis-
tribution into another. Dimensionality reduction was also per-
formed using Cytobanks optimized t-distributed stochastic 
neighbor embedding algorithm (optSNE) to represent marker 
expression of single control or patient samples.21

Clustering analysis

The clustering method employed in this study involves a two-step 
process to detect and define distinct cell populations for subse-
quent downstream analysis.

In the first step, we used FlowSOM clustering, a self-organizing 
map (SOM) based approach, which groups cells into clusters based 
on their characteristics.22

Subsequently, in the meta-clustering step, we employ 
ConsensusClusterPlus (https://doi.org/10.1093/bioinformatics/ 
btq170), a method known for determining optimal cluster 

Figure 2. Platelet count and correlation with mean platelet volume in ET patients and healthy controls. a. Bar plot illustrating the platelet 
count ± SEM in healthy donors (blue) and ET patients (red), (n = 6). Data were log-transformed to address the zero-limit issue, followed by an 
unpaired t-test (p = .0123). a. Bar plot illustrating the mean platelet volume ± SEM in healthy donors (blue) and ET patients (red), (n = 6). 
Unpaired t-test (p = .014). C. Correlation plots depicting the relationship between the logged platelet count (G/L) and Mean Platelet Volume 
(MPV, fL) for both healthy donors and ET patients. For healthy donors, a Pearson correlation coefficient (r) of − 0.6963 was observed (95% 
confidence interval: −0.9630 to 0.2706; p = .1268). In contrast, ET patients exhibited a stronger negative correlation, with an r of − 0.9654 
(95% confidence interval: −0.9963 to − 0.7104; p = .0018), indicating a significant inverse relationship between platelet count and MPV in 
this patient group. ET: essential thrombocythemia.
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count and membership by assessing stability evidence. The 
choice of cluster count was guided by the relative change in 
the area under the cumulative distribution function curve.

Blinding/masking procedures

Blinding/masking procedures were not implemented in our wet 
laboratory experiment due to the specific design and constraints 
of our experiment. However, in order to ensure the integrity and 
validity of our results, the bioinformatic data analyses have been 
performed in a blinded fashion.

Data and code availability

Mass cytometry data are available at flowrepository.org, repository 
ID FR-FCM-Z5MJ. The bioinformatic pipeline can be accessed at 
https://github.com/BongiovanniLab/essential-thrombocythemia- 
project.

Results

Study population characteristics

Six patients with ET from our outpatient clinic were compared to 
a matched control group of six healthy donors (mean age ET: 
51.5 ± 12.1, controls: 49.0 ± 11.8, p = .738; male ET: 50%, con-
trols: 50%). Patients showed typical JAK2, CALR or MPL muta-
tions, increased platelet counts (ET: 709.1 ± 440.2×103 platelets/ 
µL, controls: 253.6 ± 78.6×103 platelets/µL, p = .0123, Figure 2a) 
and a decreased mean platelet volume (MPV ET: 10.1 ± 1.1 fL, 
controls: 11.75 ± 0.6 fL, p = .014, Figure 2b). The individual 
platelet counts of patients and healthy control subjects are indi-
cated in Supplementary Table S1. Two patients with ET did not 
receive any therapy, two were treated with hydroxyurea and two 
patients with ropeginterferon alfa-2b. Two patients received 
thrombotic prophylaxis with aspirin (100 mg once daily). 
A summary of the individual platelet counts, treatment regimens, 
and marker expression levels for the ET cohort and the healthy 

controls is provided in Supplementary Table S1 and 
Supplementary Table S2.

Platelet surface receptor expression in non-stimulated 
platelets

The platelet surface proteins analyzed in our study were 
selected on the basis of their biological relevance as modula-
tors of platelet activation or aggregation.23 Our established 
CyTOF antibody panel comprising 18 transmembrane proteins 
and receptors has previously been validated.14,15 In our study, 
mass cytometry detected a differential expression of several 
important surface proteins in quiescent non-stimulated plate-
lets of ET patients compared to matched healthy controls 
(Figure 1). In ET platelets, we detected an overexpression of 
the collagen receptor GPVI (3.44 vs. 3.62 median signal 
intensity -MSI- in healthy vs. ET patients, p = .043) 
(Figure 1a), the principal mediator of initiation and amplifi-
cation of platelet activation.24 Furthermore, we found 
a significantly higher expression of the platelet activation 
marker CD62P (p-Selectin) (0.73 vs. 0.79 MSI, p = .048) 
(Figure 1a-c). In contrast, the expression of the integrin sub-
units of the fibrinogen receptor GPIIb/IIIa CD41 (GPIIb 1.91 
vs. 0.93 MSI, p = .035), CD61 (GPIIIa 2.33 vs. 1.59 MSI, p  
= .043), and of the von Willebrand factor (VWF) receptor 
CD42b (GPIbα 3.27 vs. 2.61 MSI, p = .043) were downregu-
lated in ET. Uniform manifold approximation and projection 
(UMAP) for the activation markers in non-stimulated platelets 
(CD62P, CD154, CD107a, and CD63 are shown in Figure 1b 
and highlight a wide overexpression of CD62P in ET patients. 
Among all patients with ET, UMAP clustering of the indivi-
dual platelets did not reveal any evident patterns, that might 
be driven by differences in genotypes and treatments, even 
when compared to the distinct clustering exhibited by healthy 
controls (Supplementary Figure S2). Multidimensional 
optSNE for the expressions of the activation markers and 

Table II. Comparison of receptor expression in healthy controls and ET patients. Mean, median signal intensity and EMD values are given at 
baseline and following TRAP stimulation. ET: essential thrombocythemia; EMD: earth mover’s distance; TRAP: thrombin receptor-activating 
peptide, adj: Benjamini-Hochberg false discovery rate adjusted p-value.

Non-stimulated TRAP-stimulated

Healthy ET Healthy ET

Marker/Receptor Median Mean Median Mean EMD p (adj.) Median Mean Median Mean EMD p (adj.)

CD3 0 0 0 0 / / 0 0 0 0 / /
CD9 4.25 4.33 3.68 3.74 31.91 0.059 4.56 4.38 3.51 3.76 36.29 0.040
CD29 3.97 3.93 3.30 3.24 36.68 0.043 4.07 3.96 3.14 3.23 37.97 0.040
CD31 2.32 2.30 0.76 0.75 49.17 0.035 2.37 2.39 0.67 0.69 48.41 0.035
CD36 2.97 3.01 2.09 2.12 31.54 0.043 3.13 3.08 1.90 2.08 34.77 0.043
CD41 1.91 1.92 0.93 0.95 39.35 0.035 2.11 2.09 0.80 0.84 41.42 0.035
CD42a 3.53 3.51 2.91 2.89 57.60 0.048 3.49 3.48 2.94 2.91 53.83 0.065
CD42b 3.27 3.33 2.61 2.58 39.47 0.043 3.24 3.26 2.46 2.58 35.05 0.040
CD47 2.30 2.41 1.56 1.69 34.53 0.043 2.61 2.61 1.42 1.60 40.66 0.040
CD61 2.33 2.35 1.59 1.57 37.30 0.043 2.51 2.49 1.46 1.56 39.27 0.040
CD62P 0.73 0.68 0.79 1.16 12.84 0.048 3.80 3.89 3.93 3.88 8.44 0.627
CD63 0.38 0.41 0.54 0.51 5.88 0.238 1.62 1.81 1.48 1.38 15.26 0.170
CD69 1.82 1.85 1.89 1.93 4.19 0.523 2.07 2.05 2.16 2.13 3.78 0.637
CD107a 0 0 0 0 2.39 0.204 0.26 0.26 0.12 0.11 12.20 0.057
CD154 0 0 0 0 1.26 0.557 0.27 0.22 0.20 0.18 2.00 0.776
GPVI 3.44 3.34 3.62 3.68 22.35 0.043 3.54 3.47 3.66 3.66 7.56 0.268
PAR1 1.30 1.29 1.44 1.41 5.23 0.275 1.24 1.25 1.21 1.23 5.75 0.367
PEAR 1.53 1.52 1.72 1.70 10.35 0.772 1.74 1.74 1.86 1.85 15.21 0.765
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Figure 3. Subpopulation clustering analysis in non-stimulated platelets. a. UMAP representation of FlowSOM clustering result of healthy platelets (n =  
6, left panel) and ET platelets (n = 6, right panel). Platelets were clustered into SOM (self-organizing map) of clusters, which were then merged into 
eight meta-clusters. Colors indicate clusters 1–8. b. Median signal intensity of transmembrane and activation markers in two subclusters differentially 
regulated in healthy controls and ET patients. Depicted markers show statistically significant differences in protein expression between healthy controls 
and ET patient samples within respective clusters. Cluster 3: CD63 (0.09 vs. 0.33 MSI, p = .034) and GPVI (2.77 vs. 3.36 MSI, p = .034). Cluster 8: 
CD62P (2.48 vs. 3.15 MSI, p = .018), GPVI (4.47 vs. 4.99 MSI, p = .018), CD69 (2.77 vs. 3.19 MSI, p = .018) and PAR1 (2.35 vs. 2.69 MSI, p  
= .018). The horizontal line within the box plot represents the median, the top and bottom the interquartile range (Q1–Q3), whisker bars indicate the 
largest observation that is less than or equal to the upper inner fence (UIF = Q3 + 1.5 × IQR) or the smallest observation that is greater than or equal to 
the lower inner fence (LIF = Q1–1.5 × IQR) and each dot represents the mean expression of one sample. * p < .05. c. Comparative heatmap of 
individual clusters. Heatmap depicts the marker median signal intensity of healthy donors and ET patients for each cluster in non-stimulated platelets 
(low [gray] and high [green] median signal intensity). ET: essential thrombocythemia.
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relevant transmembrane receptors of two matched samples 
(one healthy control and one ET) are shown in Figure 1c. 
The expression levels, medians, EMD, and p-values of non- 
stimulated platelets are indicated in Table II.

Correlation with clinical parameters

Compared to healthy controls, patients with ET had significantly 
elevated platelet counts and a reduced MPV (Figure 2a,b). When 
regarding marker expression and clinical features of ET patients, we 
found a significant correlation between MPV and platelet count in 
the ET cohort (p = .0087) (Figure 2c). In contrast no statistically 
significant relationship between platelet count and MPV was 
observed among the healthy individuals (Figure 2c). Of note, there 
was no correlation found in either group between GPVI expression 
levels and platelet count or MPV (Supplementary Figure S1).

Platelet heterogeneity analysis of non-stimulated platelets

Based on relative changes in the area under the cumulative dis-
tribution function curve, the FlowSOM algorithm identified eight 
clusters of platelets with similar expression profiles (Figure 3a). 
Two of these featured significant differential expression patterns 
in ET patients compared to controls. Cluster 3 was 

overrepresented in ET (22.13% of the total platelets in ET, 
2.94% in controls, p = .035) and showed a significant higher 
expression of the collagen receptor GPVI (2.77 vs. 3.36 MSI, p  
= .034) and of the activation marker CD63 (0.09 vs. 0.33 MSI, 
p = .034) in ET (Figure 3b). Cluster 8 (1.20% in ET, 4.16% in 
controls, p = .077) showed a significant upregulation of the 
strongest platelet activation pathway, the thrombin receptor 
PAR1 (2.35 vs. 2.69 MSI, p = .018), the collagen receptor GPVI 
(4.47 vs. 4.99 MSI, p = .018), the mediator CD69 (2.77 vs. 3.19 
MSI, p = .018) and the activation marker CD62P (2.48 vs. 3.15 
MSI, p = .018, Figure 3b). A comparative heatmap illustrating the 
expression of all markers by cluster in patients with ET and 
healthy individuals is shown in Figure 3c.

Platelet surface receptor expression after TRAP stimulation

To investigate platelet reactivity, we stimulated the platelets with 10  
µM TRAP. Again, we detected a downregulation of the integrin 
subunits of the fibrinogen receptor GPIIb/IIIa CD41 (2.11 vs. 0.80 
MSI, p = .0359) and CD61 (2.51 vs. 1.46 MSI, p = .040) as well as 
CD42b (3.24 vs. 2.46 MSI, p = .040), CD36 (3.13 vs. 1.90 MSI, p  
= .043), and CD47 (2.61 vs. 1.42 MSI, p = .040) in ET (Figure 4). 
After stimulation, platelet marker expression was increased 
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compared to unstimulated platelets. However, we did not detect any 
significant differences in the expression levels of the activation 
markers CD62P, CD63, CD107a and CD154, between healthy con-
trols and ET patients.

Discussion

Here, we provide the first high-resolution phenotypical character-
ization of platelets of ET patients using mass cytometry. In an 
exploratory setting, we detected a differential expression of sev-
eral key proteins involved in platelet activation and adhesion and 
an overexpression of prothrombotic transmembrane proteins, such 
as the collagen receptor GPVI and the activation marker CD62P. 
On the contrary, the integrin subunits of the fibrinogen receptor 
GPIIb/IIIa and the subunit of the von Willebrand factor receptor 
(CD42b) were downregulated in patients with ET.

ET is a clonal MPN1 known to be associated with increased 
platelet activation.11,12 Our results are consistent with previous 
investigations of Arellano-Rodrigo et al.7 showing that ET 
patients featured higher values of baseline CD62P, higher plate-
let-neutrophil aggregates, and platelet- monocyte complexes. In 
fact, CD62P is known to regulate platelet-leukocyte interaction 
and to induce leukocyte activation and neutrophil extracellular 
traps (NET) formation.25

ET platelets are smaller compared to healthy platelets.26,27 

Also in this study, the MPV of ET patients was significantly 
lower than of control subjectsWe also observed a significant 
inverse correlation between platelet count and MPV. This con-
forms the results of previous studies showing that ET platelets 
stay small during their lifespans.27 However, we did not find 
a direct correlation of GPVI with MPV or platelet count, sug-
gesting that the increased GPVI expression is an intrinsic feature 
of ET platelets and does not depend on the morphological 
phenotype or the elevated number of platelets in ET. The 
reduced signals detected in ET for CD41, CD61, and CD42b 
may be consistent with the smaller MPV, as these constitutive 
markers have been shown to correlate with the platelet volume.28 

In this context, the detected upregulation of the important GPVI 
receptor and of the adhesion protein CD62P is particularly 
relevant as it overcomes the smaller platelet size in ET.

GPVI, exclusively expressed in platelets, is the principal med-
iator of initiation and amplification of platelet activation caused 
by exposed collagen from the subendothelial matrix.24 In contrast 
to current antiplatelet therapies (e.g., P2Y12 and thromboxane 
inhibition), targeting platelet adhesion receptors may allow lesion- 
specific platelet inhibition at the site of damaged endothelium or 
vulnerable plaques without enhancing the bleeding risk. This 
made GPVI an extremely appealing drug target and it became 
the focus of novel antithrombotic strategies.29,30 Since prevention 
of thrombotic events is the major objective in the treatment of ET 
patients, it is essential to identify the pathophysiological features 
of their prothrombotic profile. Our results highlight the GPVI 
pathway as a potential therapeutic target in ET to prevent throm-
botic events shedding light on a new therapeutic niche which 
requires further investigations.

Interestingly, the GPVI upregulation seems to be driven by 
two platelet subgroups characterized by significantly higher levels 
of the activation markers CD63 (Cluster 3) and CD62P (Cluster 8, 
Figure 3). Cluster 8 is also characterized by higher expression of 
the thrombin receptor PAR1, the strongest platelet activation 
pathway, which could even increase the prothrombotic potential 
of this subgroup of platelets. Of note, we observed a significant 
overrepresentation of Cluster 3 in ET (22.13% vs. 2.94%) sug-
gesting that the detected upregulations in ET are driven by this 
platelet subgroup. It has been known that patients with ET have 

significantly higher levels of immature reticulated platelets than 
healthy controls31,32 and that these reticulated platelets even per-
sist after platelet counts have normalized by cytoreductive 
treatment.32 A recent study found that GPVI expression was 
elevated in highly reactive juvenile platelets33 suggesting that 
the observed increase in GPVI expression might be influenced 
by elevated levels of immature platelets in ET. Whether clonal 
hematopoiesis is responsible for an overproduction of immature 
platelets and a specific subgroup of prothrombotic platelets in ET 
remains to be validated by further studies.

Our study has several limitations. This is a descriptive analysis 
that does not provide mechanistic explanations beyond the differ-
ential expression of transmembrane proteins in ET platelets. 
Moreover, the small sample size does not allow to perform sub-
analyses based on single ET driver mutations. Another limitation 
of our analysis is that it is restricted to the selected 18 transmem-
brane proteins and activation markers. Other elements may be 
involved in the prothrombotic phenotype of ET. Further deeper 
proteomic analyses are needed to address this issue. Furthermore, 
our activation assay was limited to TRAP stimulation. Other 
physiological activators such as ADP and collagen were not 
used in this study and could be tested in the future.

Nevertheless, we provide the first high-resolution characteriza-
tion of ET platelet expression using mass cytometry highlighting 
the existence of subgroups of platelets with specific expression 
patterns. This dataset sets the basis for further research on dysre-
gulated activation pathways in ET which could lead to 
a personalization of antithrombotic therapies tailored on the ET 
platelet phenotype.
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