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Abstract
Background  Undissolved thrombus blocks the pulmonary arteries in chronic thromboembolic pulmonary 
hypertension (CTEPH), a potentially fatal illness that raises pulmonary resistance, causes right heart failure, and even 
results in death. Although platelets are linked to vascular dysfunction and thrombus formation, it is yet unknown what 
precise proteome alterations and mechanistic roles they play in CTEPH.

Methods  We extracted platelet-rich plasma from peripheral blood and separated the plasma to obtain enriched 
platelet pellet (EPP). Quantitative proteomics was used to examine EPP from CTEPH patients and healthy controls 
using mass spectrometry. The relationship between protein levels and clinical markers of right heart function was 
examined. Platelet activity, morphology, and interactions with other blood components were evaluated using 
transmission electron microscopy, immunofluorescence, and flow cytometry.

Results  The proteomic investigation found that 179 proteins were differentially expressed in CTEPH patients. 
The analysis revealed that these proteins were involved in crucial processes such as complement and coagulation 
cascades, phagosome, and neutrophil extracellular trap (NET) formation. Elevated proteins, specifically NOX2, PAD4, 
ITGB2, and HMGB1, have been associated to platelet-neutrophil aggregates and NET formation. In addition, enhanced 
P-selectin expression in platelets and plasma confirmed greater platelet activation in CTEPH patients. Notably, PAD4 
and NOX2 levels showed a substantial correlation with hemodynamic parameters and right heart dysfunction. 
MPO-DNA, a NET marker associated with P-selectin and ITGB2 expression, was discovered in higher concentrations in 
CTEPH patients' plasmas.

Conclusion  Platelet aggregation and activation in CTEPH encourage the formation of NETs, which advances the 
disease and prolongs thrombus. Right heart insufficiency and hemodynamic markers had a strong correlation with 
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Background
Chronic thromboembolic pulmonary hypertension 
(CTEPH) is one of consequences of acute pulmonary 
embolism (PE) [1, 2]. Deep vein thrombosis (DVT) is 
a major cause of PE, with over half of individuals with 
proximal DVT (iliac, femoral, popliteal veins) develop-
ing PE [3–5]. When anticoagulation is started after acute 
PE revascularizes the majority of patients, 2.11% to 3.53% 
will develop CTEPH. Asian populations have a far higher 
incidence of this condition than European cultures [6–9]. 
For CTEPH, pulmonary endarterectomy (PEA) is still the 
only effective treatment [10]. Histopathological examina-
tion of PEA samples has revealed varying stages of acute 
and chronic thrombus, as well as differing patterns of 
thrombus resolution [11]. Impaired thrombus resolution 

is thought to be a contributing factor in the pathogenesis 
of CTEPH [12, 13]. However, there are still some patients 
are unable to undergo treatment due to thrombotic 
complications or surgical contraindications, resulting in 
alteration of the pulmonary arteries and right ventricular 
dilation or failure, potentially culminating in death [1].

Platelets, which are tiny, non-nucleated cell fragments 
with a diameter of 2–4  µm, are crucial for clotting and 
hemostasis [14]. In pulmonary hypertension, activated 
platelets generate highly bioactive platelet micropar-
ticles and release pro-inflammatory and pro-thrombotic 
mediators, which interact with each other and activate 
immune cells [15]. In CTEPH, platelet overactivation 
[16] and dysfunction [17] have been observed, with plate-
lets adhering to immune cells such as monocytes and 

PAD4 and NOX2 levels, indicating that these biomarkers may be employed to assess the severity and prognosis of 
CTEPH disease and offer a fresh approach to targeted treatment. The results highlight the need for additional study to 
elucidate platelet-mediated pathways and create therapies for CTEPH that target platelets.

Keywords  Chronic thromboembolic pulmonary hypertension, Proteome, Enriched platelet pellet, Neutrophil 
extracellular trap, Delayed thrombus resolution
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neutrophils, forming aggregates that are elevated in cir-
culation [18]. Despite these observations, their precise 
contribution to CTEPH and the underlying mechanisms 
remain unclear. In addition, loss of transforming growth 
factor β1 (TGFB1) in platelets was associated with 
venous thrombus resolution [13]. All of the above indi-
cate the interaction between platelets and various blood 
components in the inflammation and thrombus resolu-
tion of CTEPH.

To gain a deeper understanding of platelet-related 
mechanisms in CTEPH, we turn to platelet-rich plasma 
(PRP). PRP, a product of autologous blood with a high 
platelet concentration and a small amount of white blood 
cells [19, 20], has been a valuable resource for platelet 
function [21, 22] and the interactions between platelets 
and other blood components [23]. However, to more 
accurately focus on platelet-specific proteins and mini-
mize the influence of plasma proteins, we developed a 
novel approach. After isolating PRP, we centrifuged it to 
remove the plasma and then froze the resulting platelet-
rich pellet, which we term the "enriched platelet pellet 
(EPP)". Analysis of platelet-specific mechanisms may 
be hampered by the presence of white blood cells and 
plasma proteins in conventional PRP. Gradient centrifu-
gation is used by EPP to remove plasma, but platelets 
and their secretory granules are retained, soluble protein 
interference is lessened, and platelet function is more 
precisely reflected.

Proteomics is a technique that is widely used in 
studying cardiovascular diseases (CVD) [24–27], offer-
ing valuable insights into disease mechanisms. Since 
platelets are enucleated cells, megakaryocytes primar-
ily produce their proteins, which are then stored in 
granules. Consequently, the production of megakary-
ocytes and the release of platelets following activa-
tion are reflected in the protein levels inside platelets 
[28, 29]. By identifying and quantifying differentially 
expressed proteins in the EPP from CTEPH patients, 
we aim to uncover the underlying mechanisms of how 
platelets contribute to thrombotic persistence and 
vascular remodeling in CTEPH. Our study focuses on 
clarifying the protein level variations in this sample 
type, exploring their relationships with platelet activ-
ity, immunoinflammatory responses, and disease 
severity. The discovery of these key proteins could not 
only deepen our understanding of the molecular basis 
of CTEPH but also potentially reveal new treatment 
targets, offering hope for improved management of 
this challenging disease.

Methods
Human subjects
This study prospectively enrolled CTEPH patients 
from the Department of Pulmonary and Critical Care 

Medicine at China-Japan Friendship Hospital and 
healthy individuals from age and sex matched healthy 
people during the same period. The initial cohort for 
proteomic analysis included five healthy subjects and 
seven CTEPH patients. For flow cytometry, as well 
as plasma and platelet protein detection, a valida-
tion cohort composed of 26 CTEPH patients and 20 
healthy controls was enrolled. CTEPH was diagnosed 
through right heart catheterization, in accordance 
with the 2022 European Pulmonary Hypertension 
Guidelines [1]. The diagnostic criteria for CTEPH 
included: (1) effective anticoagulant therapy for at 
least three months; (2) mean pulmonary artery pres-
sure (mPAP) > 20 mmHg, and pulmonary artery wedge 
pressure (PAWP) ≤ 15  mmHg; (3) lung scan perfusion 
defects suggest the presence of perfusion defects, dis-
tributed across multiple lobes and/or segments of 
the lung that do not match pulmonary ventilation. 
CT pulmonary angiography or pulmonary angiogra-
phy showed signs of chronic pulmonary thromboem-
bolism, such as annular stenosis, webbing/slit, and 
chronic complete occlusion (cystic or conical lesions). 
Patients with newly detected thrombus were excluded 
from the study. To rule out its impact on platelet func-
tion, prostaglandins were not administered to any 
of the CTEPH patients who were included. Detailed 
information on the study subjects is provided in 
Table 1.

Isolation of enriched platelet pellet from human blood 
samples
The blood samples anticoagulated with 10% sodium 
citrate were separated to obtain PRP at room tem-
perature within 4  h after collection. PRP was isolated 
by adding 5 ml of sodium citrate anticoagulant to 5 ml 
of platelet separation solution (TBD, PLA2014TBD). 
Following gradient centrifugation at 280 g for 15 min, 
the upper layer was extracted to obtain PRP. EPP are 
obtained by centrifugation at 500 g for 20 min, resus-
pended with the washing solution, and then centri-
fuge again. EPP was stored at − 80  °C until proteomic 
analysis. Platelet-poor plasma (PPP) was separated by 
centrifuging a second blood sample at 3000  rpm for 
10 min.

Protein extraction and purification
Proteins were extracted by adding a protein lysis buf-
fer, followed by a 5-min ultrasound on ice. After cen-
trifuging the material for 10 min at 4 °C and 15,000 g, 
the supernatant was gathered. The Bicinchoninic Acid 
(BCA) technique was used to determine the protein 
concentration. Protein solutions were alkylated with 
50  mM iodoacetamide for 15  min in the dark after 
being treated with 8  M urea and reduced for 45  min 
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Variables Discovery cohort Validation cohort
Control CTEPH p Control CTEPH p

N 5 7 20 26
Age, year 59.40 ± 3.78 59.86 ± 7.10 0.899 58.80 ± 11.85 60.04 ± 11.31 0.722
Female (%) 3 (60.00) 4 (57.14) 1 11 (55.00) 15 (57.69) 0.54
BMI 22.57 ± 3.70 24.36 ± 6.21 0.58 24.17 ± 5.27 24.46 ± 5.08 0.853
Comorbidity
History of VTE, n 0 7 0 24
Pulmonary disease, n 0 4 0 10
Chronic heart disease, n 0 3 0 15
Cancer, n 0 0 0 3
Coronary artery disease, n 0 0 0 4
Diabetes mellitus, n 0 1 0 3
Renal Insufficiency, n 0 1 0 4
Any comorbidities, n 0 7 0 26
Symptom
Hemoptysis, n – 2 – 5
Dyspnea, n – 7 – 26
Thoracodynia, n – 0 – 2
Cough, n – 2 – 9
Swoon, n – 2 – 3
6MWD, m – 425.00 ± 75.00 – 342.26 ± 89.14
WHO functional class I/II/III/IV,n – 0/5/1/1 – 2/15/6/3
Hemodynamics
mRAP, mmHg – 5.43 ± 2.82 – 5.84 ± 3.05
mRVP, mmHg – 32.00 ± 7.85 – 28.28 ± 8.47
mPAP, mmHg – 49.29 ± 10.81 – 42.28 ± 11.03
PAWP, mmHg – 11.14 ± 2.67 – 11.29 ± 2.94
PVR, dyn·s·cm−5 – 1304.64 ± 877.30 – 888.20 (456.69, 1275.45)
Qp/QS – 0.92 ± 0.20 – 0.88 (0.86, 0.94)
CI, L/min/m2 – 1.81 (1.80, 1.99) – 1.87 (1.69, 2.60)
SvO2-IVC, % – 72.67 ± 7.56 – 72.70 (68.40, 78.20)
Complete blood count
Platelet count, × 109/L – 166.86 ± 56.06 – 191.88 ± 43.53
Platelet distribution width, fL – 12.45 ± 1.13 – 11.79 ± 1.56
Mean platelet volume, fL – 10.82 ± 0.79 – 10.45 ± 0.73
Large platelet ratio, % – 31.23 ± 5.83 – 28.26 ± 5.82
Platelet accumulation, % – 0.20 ± 0.05 – 0.20 ± 0.03
Laboratory
NT-proBNP, pg/ml – 504 (222, 2088) – 504 (99, 1549)
Urea, mmol/ml – 6.49 ± 2.07 – 6.64 (4.98, 8.55)
Uric acid, umol/ml – 387.43 ± 143.42 – 370.00 (294.00, 435.00)
Echocardiography
EPSPAP, mmHg – 93.00 ± 20.62 – 78.44 ± 22.47
TAPSE, mm – 17.87 ± 3.76 – 17.10 ± 3.23
TAPSE/sPAP – 0.18 ± 0.05 – 0.24 ± 0.10
LVEF, % – 67.57 ± 5.41 – 68.08 ± 4.01
Drugs
Anticoagulants
Warfarin, n – 0 – 3
Low molecular weight heparin, n – 1 – 1
DOAC, n – 7 – 24
Lipid-lowering drug, n – 2 – 8
Beta-receptor blockers, n – 0 – 2

Table 1  Clinical characteristics of the enrolled population in this study
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at 37  °C. After precipitation with pre-cooled acetone, 
proteins were digested overnight with trypsin and 
desalted on a C18 column.

LC–MS/MS detection
A NanoElute ultra-high performance liquid chroma-
tography (UHPLC) system was used to separate the 
samples at a flow rate of 300  nl/min. Mobile phases 
A (0.1% formic acid) and B (0.1% ethyl formate) were 
employed in a gradient fashion. Samples separated 
by chromatography were examined using the data-
dependent acquisition-Parallel Accumulation-Serial 
Fragmentation (ddaPASEF) mode on a timsTOF Pro2 
mass spectrometer. Every sample was allocated to a 
test batch at random. Three technical repeats were 
performed on each sample. Data-independent acqui-
sition-neural network (DIA-NN) software was used 
to standardize the data, and the false discovery rate 
(FDR) < 1% was used to control the false positive rate. 
Data acquisition settings included 4 tandem mass 
spectrometry scans, ion target strength of 10,000, and 
a dynamic exclusion time of 0.4 min. Specific collision 
energies and collection windows were adjusted based 
on ion mobility for optimal mass spectrometric data 
acquisition.

Proteomic data quality control
We used DIA-NN (v1.8.1) for the data-independent 
acquisition analysis. Based on deep learning spec-
trograms, we chose the options "MBR" to generate 
a spectrum library from DIA data, and we used this 
spectrum library to reanalyze DIA data for protein 
quantification: the FDR of both precursor ions and 
protein levels is filtered at 1%, and the filtered data can 
be used for subsequent biogenic analysis.

Differential protein level analysis
After standardized treatment, quantitative data of pro-
tein is required. To identify differentially expressed 
proteins between the CTEPH and control groups, 
proteins with fold change ≥ 1.50 and p value < 0.05 by 
t-test were defined as upregulated; proteins with fold 

change ≤ 0.67 and p value < 0.05 by t-test were defined 
as downregulated.

Functional enrichment analysis
We used the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis to comprehend the 
functional characteristics of various proteins.

Protein–protein interaction network
The STRING database (https://cn.string-db.org/) was 
used in this investigation to contribute differential pro-
teins for the protein–protein interaction (PPI) network. 
The'High Confidence' setting (interaction score ≥ 0.700) 
was used to create the PPI network. The network was 
then exported in Cytoscape-compatible format for fur-
ther visualization and refinement.

Enzyme-linked immunosorbent assays
Key proteins were identified based on three criteria: (1) 
differential level between CTEPH patients and con-
trols; (2) KEGG-enriched function associated with the 
development of neutrophil extracellular traps (NETs); 
and (3) possible clinical or functional significance in 
CTEPH found through literature search. Candidate pro-
teins, including HMGB1 (JONLNBIO, JL-47571, China), 
cathepsin G (JONLNBIO, JL-15513, China), NOX2 
(JONLNBIO, JL-18618, China), ITGB2 (JONLNBIO, 
JL-53194, China), and PADI4(PAD4) (JONLNBIO, Cat.
JL-14597, China), were further validated using sandwich 
ELISA kits (Cusabio or J&I Biological) according to man-
ufacturers’ instructions, using EPP of healthy people and 
CTEPH patients. P-selectin was tested using PPP from 
healthy controls and CTEPH patients (Cat.CSB-E04708h, 
Cusabio, China). A Spark multipurpose plate reader was 
used to detect absorbance at 450 nm (TECAN).

Myeloperoxidase-DNA complex detection
As previously described [30], A 1:2000 dilution of an 
anti-myeloperoxidase (MPO) monoclonal antibody (Bio-
dragon, BD-PE0170) was prepared as a trapping anti-
body and placed onto a 96-well plate, which was then 
left overnight at 4  °C. In accordance with the manufac-
turer's instructions, patient PPP was added to each well 

Variables Discovery cohort Validation cohort
Control CTEPH p Control CTEPH p

Targeted drugs
Monotherapy (Riociguat), n – 3 – 21
Combination therapy, n – 4 – 5
CTEPH, chronic thromboembolic pulmonary hypertension; BMI, body mass index; VTE, venous thromboembolism; 6MWD, 6-min walking distance; WHO, World 
Health Organization; mPAP, mean pulmonary artery pressure; mRAP, mean right atrial pressure; mRVP, mean right ventricular pressure; PAWP, pulmonary artery 
wedge pressure; PVR, pulmonary vascular resistance; Qp/Qs, pulmonary-to-systemic blood flow ratio; CI, cardiac index; SvO2, mixed venous oxygen saturation; IVC, 
inferior vena cava; NT-proBNP, N-terminal pro-brain natriuretic peptide; EPSPAP, estimated pulmonary artery pressure from tricuspid regurgitation; TAPSE, tricuspid 
annular plane systolic excursion; LVEF, left ventricular ejection fraction; DOAC, direct oral anticoagulants

Table 1  (continued) 

https://cn.string-db.org/
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following blocking with 1% bovine serum albumin (BSA) 
and peroxidase-labeled anti-DNA monoclonal antibody 
(Roche, Cat. No:11774425001). Following two hours of 
room temperature incubation, 200 μl of phosphate buffer 
saline (PBS) was added to each well three times, and then 
peroxidase substrate (ABTS) was added. The absorbance 
at 405  nm was measured using a Spark® multipurpose 
plate reader (TECAN) following a 40-min incubation 
period at 37 °C.

Transmission electron microscopy
For ultrastructural analysis, EPP samples were adhered 
to slide coated with poly-L-lysine and fixed in 2.5% glu-
taraldehyde PBS. The sample was then rinsed with 2% 
osmium tetroxide, fixed, rinsed again, and dehydrated 
with acetone concentration series (50%, 70%, 90%, 100%) 
and embedded. A side-mounted Advantage HR CCD 
camera (Advanced Microscopy Technology) was used to 
take digital pictures of the thin slices after they had been 
reverse-dyed (i.e., stained with uranoyl acetate and lead 
citrate) and examined under a JEOL JEM-1011 electron 
microscope.

Flow cytometry
To measure platelet activation, whole blood was diluted 
with 1:50 platelets labeled with PBS and APC-conjugated 
anti-human CD41 antibody (BioLegend, Cat.No: 303710) 
and PE-conjugated anti-human CD62P antibody (Pro-
teintech, Cat.No: 65173-1-Ig). To measure platelet-neu-
trophil aggregates (PNAs), whole blood was diluted 1:10 
with PBS, and platelets were labeled with BV605-conju-
gated anti-human CD41 (BioLegend, Cat.No:303742). 
Neutrophils were labeled with APC anti-human CD66b 
antibody (Biolegend, Cat.No: 396906) and PEcy7 anti-
human CD16 (Biolegend, Cat.No: 317339) at 37  °C for 
15 min. We measured the relative content of platelet-neu-
trophil aggregates and the percentage of CD41-positive 
neutrophils in peripheral blood. Before being re-sus-
pended in PBS for analysis, the samples were centrifuged 
at 450 × g for 5  min after being treated for 15  min with 
red blood cell lysis buffer (eBioscience, Cat.No: 00-4300-
54). A Becton–Dickinson CytoFlex flow cytometer was 
used to measure and fix the samples. FlowJo software 
was then used to examine the collected data. To maintain 
objectivity, two researchers blindly examined the flow 
cytometry data.

Immunofluorescence
Immunofluorescence was performed according to previ-
ously published methods [31, 32] using rabbit anti-CD41 
antibodies (Proteintech, Cat.No: 24552-1-AP), rabbit 

anti-MPO antibodies (Abcam, Cat.No: ab208670), and 
rabbit anti-citrullinated histone H3 (citH3) antibod-
ies (Abcam, Cat.No: ab5103). Before imaging, sections 
were thoroughly cleaned after being incubated in PBS 
with 1% BSA for the entire night, incubated in primary 
antibody for two hours, and then treated with the proper 
secondary antibody for an hour (SeraCare, 5220-0362, 
5220-–0336, 5220-0341). CD41+ is stained red, CitH3 is 
stained green, and MPO is stained purple. Fluorescent 
images were scanned by a whole-slide scanning system 
(Pannoramic SCAN) and then viewed and analyzed with 
3DHISTECH CaseViewer software. Consecutive sections 
were selected for immunofluorescence.

Movat’s staining
After paraffin sections of PEA tissues were dewaxed and 
dehydrated, basic fuchsin staining solution was prepared. 
The tissue was sectioned and stained with Harris hema-
toxylin. Subsequently, the sections were heated in hot 
water to enhance dye binding to interstitial cells. After 
staining, nuclei and elastic fibers appeared black, colla-
gen and reticular fibers yellow, proteoglycan blue-green, 
and cellulosic materials dark red.

Statistical analysis
Statistical analyses were performed using PRISM 7.0 
(GraphPad) and SPSS 25 software. The FDR was applied 
to control for multiple statistical testing. Data are pre-
sented as mean ± standard error. Statistical significance 
was evaluated using the t-test. Flow cytometry data 
were analyzed in a blinded manner by two independent 
researchers. The data's normality was confirmed using 
suitable statistical evaluations, like the Shapiro–Wilk test, 
before any further analysis were carried out. The relation-
ships between the flow cytometry-derived indices and 
the hemodynamic and right-heart function parameters 
were assessed using Pearson's or Spearman's correlation 
coefficient. The diagnostic performance of particular bio-
markers was assessed using receiver operating charac-
teristic (ROC) curve analysis. Statistical significance was 
defined as a p-value of less than 0.05.

Results
Enriched platelet pellet isolation and quantitative 
proteomic analysis
The workflow for enriched platelet pellet isolation and 
subsequent proteomic analysis is depicted in Fig.  1A. 
The distribution and quantity of detected peptides for 
each protein are presented in Fig.  1B and C, offering a 
detailed overview of the platelet proteome in patients 
with CTEPH. A total of 5554 proteins were identified in 
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proteomic analysis, and 5554 of them contained quanti-
tative information (Fig. 1C).

Differentially expressed proteins and enriched pathways in 
CTEPH
To explore alterations in EPP proteome in CTEPH, we 
first analyzed differential proteins using bioinformat-
ics methods. As shown in Fig. 2A, the EPP proteome of 
CTEPH patients exhibited distinct biological characteris-
tics compared to healthy controls. It was discovered that 
the level of 179 proteins varied considerably, with 111 
showing an increase and 68 showing a decrease (Fig. 2B 
and D). The heatmap illustrates the differences in level 
between the top 10 upregulated and downregulated 
proteins (Fig.  2C), showing clear distinction between 
CTEPH and healthy controls. The enriched KEGG 

pathways in CTEPH (Figs. 2E) were mainly concentrated 
in coagulation and complement activation, phagosome 
and NET formation (Figs.  2E). The PPI network of the 
differential proteins is shown in Fig.  2F, suggested that 
PADI4, CYBB, CTSG and other proteins are key proteins 
in EPP and may be involved in disease progression.

Validation of differential proteins of the neutrophil 
extracellular trap pathway
PADI4, NOX2, HMGB1, CTSG and ITGB2 identified in 
the KEGG pathway enrichment analysis were found to 
partially overlap with proteins associated with the phago-
some and NET formation pathways. It was also reported 
that NET promote thrombus fibrosis in CTEPH [33]. 
To validate our proteomic results, we performed ELISA 
assays for proteins associated with NET formation. In 

Fig. 1  Enriched-platelet pellet isolation, extraction, and proteomic analysis. A Schematic diagram shows the process of obtaining human platelet-rich 
plasma from peripheral blood and collecting enriched-platelet pellet (EPP) for proteomic detection. B The distribution of the number of peptides de-
tected per protein in the total protein content of EPP. The horizontal axis represents the number of peptide segments, and the vertical axis represents the 
number of proteins corresponding to the peptide segments. C Bar graph shows the number of identified and quantified proteins detected
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Fig. 2 (See legend on next page.)

 



Page 9 of 17Sun et al. Journal of Translational Medicine         (2025) 23:1074 

the validation cohort, CTEPH patients had significantly 
higher levels of NOX2 (p < 0.0001), PAD4 (p < 0.0001), 
ITGB2 (p = 0.0228), cathepsin G (CTSG) (p < 0.0001), and 
HMGB1 (p = 0.0005) (Fig. 3A–E) than healthy controls. In 
addition, ROC curve showed that NOX2 (AUC = 0.956), 
PAD4 (AUC = 0.989), CTSG (AUC = 0.911) had relatively 
high diagnostic efficiency (Fig.  3F). Therefore, the high 
diagnostic efficiency of NOX2, PAD4 and CTSG means 
that these proteins may be key nodes in the pathogenesis 
of CTEPH, providing potential biomarkers for the early 
diagnosis of CTEPH.

Correlation between candidate protein levels and clinical 
parameters of CTEPH
NOX2 exhibited a positive correlation with the estimated 
pulmonary artery pressure from tricuspid regurgitation 
(EPSPAP) (r = 0.485, p = 0.03) and a significant correlation 
with total pulmonary resistance (TPR) (r = 0.608, p = 0.007). 
Notably, PAD4 levels exhibited significant correlation with 
EPSPAP (r = 0.594, p = 0.006), TPR (r = 0.681, p = 0.002), 
and D-dimer (r = 0.568, p = 0.009). Furthermore, there was 
a negative association between PAD4 levels and tricuspid 
annular plane systolic excursion (TAPSE)/EPSPAP (r =  − 
0.450, p = 0.046) and a positive correlation with pulmonary 
vascular resistance (PVR) (r = 0.529, p = 0.024) and inferior 
vena cava diameter (IVC-d) (r = 0.516, p = 0.028). These 
findings indicated that PAD4 was strongly associated with 
the severity of CTEPH (Fig. 4).

We subsequently found significant increases in PAD4 
levels were observed in patients with a right ventricular 
transverse diameter/left ventricular transverse diameter 
(RV/LV) ratio ≥ 1.27 (mild dilatation of the right heart 
[34]) (p = 0.035), inferior vena cava collapse index (IVC-
CI) < 50% (abnormal collapse of the inferior vena cava 
caused by right heart failure [35])(p = 0.011), and peri-
cardial effusion (p = 0.008) (Table 2). TAPSE/ EPSPAP is 
a common indicator for predicting deterioration of right 
heart function in PH [35]. The best cut-off value for the 
TAPSE/sPAP ratio for predicting mortality was 0.20 mm/
mmHg [36]. When we used 0.20  mm/mmHg as the 
threshold, patients with lower TAPSE/sPAP ratio (< 0.20) 
had significantly higher NOX2 and PAD4 levels (Table 3), 
indicating that the levels of PAD4 reflected the severity 
of CTEPH and was related to the deterioration of right 
heart function.

Increased platelet activation and P-selectin release in 
CTEPH
To explore the changes in platelet function, we measured 
platelet activation and plasma P-selectin levels in CTEPH 
patients. Flow cytometry showed increased platelet P-selectin 

(See figure on previous page.)
Fig. 2  Differential proteins in EPP proteome and functional enrichment analyses. A Uniform Manifold Approximation and Projection (UMAP) displays an 
ellipse plot possibly showing clustering or principal component. B Volcano plot visualizes differential protein level with log fold change on the x-axis and 
negative log of the p-value on the y-axis. Proteins that are significantly upregulated are shown in red, downregulated in blue, and non-significant in grey. 
C Heatmap represents the level levels of the top 10 differential proteins between CTEPH and healthy controls, with higher level in red and lower level in 
blue. D Figure represents the number of differentially expressed proteins in CTEPH. E The top 10 enrichment KEGG pathways ranked by enrichment score. 
F PPI network of differential proteins. Nodes represent differentially expressed proteins colored by neighborhood connectivity

Table 2  Relationship between PAD4 and indicators of right 
heart function

PAD4 (ng/mL) p value
RV/LV 0.035
   < 1.27 13.92 ± 8.28
   ≥ 1.27 25.69 ± 14.54
RV-b, mm 0.065
   < 50 15.40 ± 8.40
   ≥ 50 26.30 ± 16.71
EPSPAP, mmHg 0.06
   < 75 14.08 ± 9.35
   ≥ 75 26.95 ± 13.95
TAPSE, mm 0.603
   < 16 20.91 ± 16.63
   ≥ 16 17.83 ± 8.97
IVC-CI 0.011
   ≥ 50% 16.15 ± 8.81
   < 50% 33.88 ± 17.09
Pericardial effusion 0.008
  No 15.13 ± 8.36
  Yes 31.47 ± 16.45
PAD4, peptidylarginine deiminase 4; RV/LV, right ventricular transverse 
diameter/left ventricular transverse diameter; RV-b, right ventricular basal 
transverse diameter; EPSPAP, estimated pulmonary artery pressure from 
tricuspid regurgitation; TAPSE, tricuspid annular plane systolic excursion; IVC-
CI, inferior vena cava collapse index

Table 3  Differences in levels of key proteins between groups 
based on TAPSE/EPSPAP
Variables TAPSE/ EPSPAP P value

 < 0.20  ≥ 0.20
N 10 15
PAD4 (ng/ml) 27.91 ± 14.75 14.53 ± 8.87 0.02
CTSG (ng/ml) 10.13 ± 5.97 8.43 ± 3.21 0.45
NOX2 (ng/ml) 11.23 (10.27, 12.83) 7.37 (3.61, 9.01) 0.037
ITGB2 (ng/ml) 1.77 (1.19, 2.35) 2.15 (1.55, 3.02) 0.438
HMGB1 (pg/ml) 251.48 ± 128.42 375.64 ± 163.66 0.099
PAD4, peptidylarginine deiminase 4; CTSG, cathepsin G; NOX2, nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase 2; ITGB2, integrin beta 2; 
HMGB1, high mobility group box-1 protein; EPSPAP, estimated pulmonary 
artery pressure from tricuspid regurgitation; TAPSE, tricuspid annular plane 
systolic excursion
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expression (p < 0.0001) (Fig. 5A and B) and increased plasma 
soluble P-selectin level (p = 0.008) in CTEPH patients 
(Fig. 5C). Transmission electron microscope analysis showed 
that platelets of CTEPH patients extended pseudopodia, 
releasing the platelet-derived particles in the form of exocy-
tosis (Fig. 5D). These studies suggest that platelet activation 
of CTEPH is increased and that the release of platelet-derived 
particles may be involved in disease progression .

Platelet-neutrophil interactions and NET formation in 
CTEPH
To investigate the potential interactions between plate-
let activation and neutrophils, we first used flow cytom-
etry to detect the proportion of PNAs (Fig.  6A). PNAs 
were significantly increased in CTEPH compared to 
controls (Fig.  6B). Next, we examined relative level of 
MPO-DNA complex, a key marker of NET formation, 
and found a similarly significant increase in CTEPH 
patients compared to controls (Fig. 6C). Moreover, rela-
tive level of MPO-DNA complex was positively corre-
lated with the concentration of ITGB2 in EPP (r = 0.875, 
p < 0.0001) (Fig.  6D) and plasma P-selectin concentra-
tion (r = 0.477, p = 0.045) (Fig.  4E). Additionally, we per-
formed immunofluorescence and Movat’s staining on 
the same tissue sections from PEA tissues to examine the 
role of NET formation in thrombus resolution (Fig. 6F). 
During the early thrombolysis stage, within the area of 

fresh thrombi, there was predominantly a large amount 
of co-localization of CD41 and MPO, along with a small 
amount of co-localization of CD41, MPO, and CitH3. In 
the thrombus fibrosis stage, a substantial number of co-
localizations of CD41, MPO, and CitH3 were observed 
in the chronic thrombus region, dispersed within the 
MPO-positive components. At the neointima formation 
stage, a small amount of co-localization of CD41, MPO, 
and CitH3 was scattered among the neointima (Fig. 6F). 
These findings indicate that platelet-neutrophil interac-
tions are closely associated with NET formation, and the 
presence of NETs may influence delayed thrombus reso-
lution and contribute to the progression of CTEPH.

Discussion
This study, for the first time, combines enriched plate-
let pellet (EPP) proteomic analysis with experimental 
approaches such as flow cytometry and electron micros-
copy to provide a multidimensional view of platelet activ-
ity in CTEPH. We identified significant differences in the 
EPP proteome between healthy individuals and CTEPH 
patients, suggesting that platelets are essential to the eti-
ology of the illness. Important proteins, such as NOX2 
and PAD4, were discovered to be strongly correlated with 
the severity of the disease and the function of the right 
heart, indicating that they may be used as therapeutic 
targets and biomarkers for the advancement of CTEPH. 

Fig. 3  Verification of differentially expressed proteins in validation cohort. A–E Concentration of A NOX2, B PAD4, C ITGB2, D Cathepsin G, and E HMGB1 
in enriched-platelet pellet (EPP) of healthy controls and CTEPH patients were measured by ELISA. F Receiver operating characteristic (ROC) results of the 
candidate proteins between CTEPH and healthy controls. Statistical significance was determined by Student's t-test. * p value < 0.05; *** p value < 0.001; 
**** p value < 0.0001
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Moreover, platelet-neutrophil interactions and NET for-
mation may contribute to a delay in thrombus resolution, 
advancing our understanding of CTEPH mechanisms 
and highlighting new therapeutic directions.

Platelets are crucial in hemostasis and thrombosis, and 
alterations in platelet protein levels can lead to dysfunc-
tions such as platelet adhesion and release, contributing 
to the development of CVDs [37, 38]. PRP proteomic 
analyses focus on the comprehensive analysis of proteins, 

growth factors, cytokines, and other bioactive molecules 
within PRP samples [39], providing valuable insights 
into the molecular mechanisms involved in tissue repair 
[39], angiogenesis [40], inflammation resolution [41], 
and immune modulation [42]. Traditional PRP contains 
platelets, plasma proteins, and leukocytes, complicat-
ing the interpretation of platelet-specific mechanisms 
due to potential interference. In this study, we analyzed 
the proteome of "enriched platelet pellet"—prepared 

Fig. 4  Analysis of the correlation between differentially expressed proteins and clinical parameters in the validation cohort. Correlations with statistical 
significance (p value < 0.05) are indicated in red for positive correlations and in blue for negative correlations. Non-significant correlations (p value > 0.05) 
are indicated in gray. Abbreviations: PAD4, peptidylarginine deiminase 4; CTSG, cathepsin G; NOX2, nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase 2; ITGB2, integrin beta 2; HMGB1, high mobility group box-1 protein; 6MWD, 6-min walking distance; WHO FC, World Health Organiza-
tion Functional Class; NT-proBNP, N-terminal pro-brain natriuretic peptide; mPAP, mean pulmonary artery pressure; PVR, pulmonary vascular resistance; 
CO, cardiac output; CI, cardiac index; SvO2, mixed venous oxygen saturation; sPAP, pulmonary artery systolic pressure; dPAP, pulmonary artery diastolic 
pressure; sRAP, right atrial systolic pressure; PAWP, pulmonary artery wedge pressure; Qp/Qs, pulmonary-to-systemic blood flow ratio; TPR, total pulmo-
nary resistance; PVRI, pulmonary vascular resistance index; SVR, systemic vascular resistance; CRP, C-reactive protein; PT, prothrombin time; PTA, pro-
thrombin activity; APTT, activated partial thromboplastin time; RV-b, right ventricular basal diameter; RV/LV, the right ventricular to left ventricular ratio; S’, 
tricuspid lateral annular longitudinal systolic velocity; TAPSE, tricuspid annular plane systolic excursion; EPSPAP, estimated pulmonary artery pressure from 
tricuspid regurgitation; PA-d, pulmonary artery diameter; IVC-d, inferior vena cava diameter
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by centrifuging PRP to remove most plasma and pre-
serve platelet-enriched precipitates—to balance physi-
ological relevance and proteomic specificity. This method 
reduces soluble plasma protein and leukocyte-derived 
protein interference while retaining platelet-derived 
microparticles and surface receptors. This study concur-
rently measured the plasma P-selectin level to remove 
plasma interference, and it was shown to be consistent 
with platelet P-selectin expression, further establishing 
that platelet activation was the primary driving element. 
Notably, trace leukocyte-derived proteins may persist due 
to residual white blood cells in EPP, reflecting the interac-
tion between platelets and immune cells. Moreover, the 
study's NET-related protein level showed a strong corre-
lation with platelet activation markers (P-selectin), indi-
cating that platelet-neutrophil interactions rather than 
simple white blood cell contamination were the primary 
cause.

Although these proteins may not always come from 
platelets, we found in our study that NET development 
in EPP was linked to increased levels of HMGB1, PAD4, 
NOX2, ITGB2, and CTSG. Due to the complexity of the 
components within EPP, platelets may bind to immune 
cells in specific forms, such as aggregates. Platelet acti-
vation not only leads to the formation of aggregates with 
immune cells, but also causes high mobility group box-1 
protein 1 (HMGB1) to be released, a molecule that can 
independently promote platelet aggregation [43–45], 

activation of neutrophils, and initiation of NET formation 
[46, 47]. Through Toll-like receptors (TLRs) and receptor 
for advanced glycation end-products (RAGE), HMGB1 
reciprocally activates platelets, promoting platelet activa-
tion and the consequent release of regulatory factors that 
cause pathological thrombosis linked to inflammation 
[48]. Increased nicotinamide adenine dinucleotide phos-
phate oxidase 2 (NOX2) enzyme activity in platelets leads 
to an increase in reactive oxygen species (ROS) [49–51], 
enhancing the activation of neutrophils and platelets 
[52]. Activated neutrophils adhere to more platelets, 
secrete cathepsin G [53] and neutrophil elastase (NE) 
[54], and further promote platelet activation [55]. Next, 
ROS stimulates MPO to act synergically with neutrophil 
elastase [56], initiating chromatin release and the forma-
tion of MPO-DNA complex. Peptidylarginine deiminase 
4 (PAD4), as an important post-translational modifica-
tion enzyme, continues to mediate citrullination of chro-
matin histone proteins [57],which leads to the formation 
of citH3 [56]. Therefore, the results shown by MPO, 
citH3 and NE have been recognized as the most reliable 
markers of NET formation [58, 59]. Given that PAD4 is 
usually associated with neutrophils [59], the detected 
signals may represent a complex of activated platelets 
and neutrophils. Our findings also revealed an increase 
in NOX2, PAD4, and HMGB1, which may indicate that 
the process by which platelets contribute to the develop-
ment of NETs has been activated [59]. Interestingly, the 

Fig. 5  Level of platelet P-selectin and platelet morphology. A The plot depicts the gating strategy used to identify platelet populations. The defined 
region indicates the platelet population determined by size and complexity characteristics measured via flow cytometry. Platelet activation is evaluated 
by the percentage of CD41⁺ platelets that are also positive for P-selectin. B and C Expression levels of P-selectin in platelets (B) and its concentration in 
plasma (D) in healthy individuals and CTEPH patients. D Transmission electron microscopy (TEM) was employed to visualize the ultrastructure of platelets 
from a non-stimulated sample from CTEPH patients, specifically revealing the presence of dense granules. As shown in the TEM images, black arrows in-
dicate the platelet-derived particles released by platelets, while red arrows point to the pseudopodia extended by activated platelets. Scale bars, 500 nm. 
Statistical significance was determined by Student's t-test. ** p value < 0.01; **** p value < 0.0001
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levels of PAD4 and NOX2 are correlated with right heart 
dysfunction and hemodynamic indicators, indicating an 
increase in ROS [48]. Under oxidative stress conditions, 
the formation of NET increases, mediating the organi-
zation of thrombus locally. In summary, this cascade of 
platelet-induced neutrophil activation may be essential 
for NET development, and NETs can then further acti-
vate platelets, generating a positive feedback loop (Fig. 7). 
NET production can be decreased by inhibiting PAD4. 
A reduction in PAD4 has been shown to lower throm-
bosis in mice models [60, 61]. Targeting PAD4 may be a 
novel tactic to halt the course of CTEPH, according to 
the study's link between PAD4 and right heart function. 

We speculate that inhibiting PAD4 can reduce the pro-
duction of citrullinated histones in NETs, blocking the 
thrombus fibrosis signal [59]; at the same time, it can 
decrease the interaction between platelets and neutro-
phils [57], breaking the vicious cycle of inflammation 
and thrombosis. This series of events might contribute 
to the pathogenesis and progression of CTEPH, poten-
tially explaining the elevated levels of related markers in 
patients with this disease.

Platelets must first adhere to the injured endothe-
lial surface, become activated. A variety of storage par-
ticles, including lysosomes, α particles, and δ particles, 
are abundant in platelets [62]. These particles include 

Fig. 6  Platelet-mediated NET formation and its link to CTEPH thrombus resolution. A Flow cytometry demonstrates the identification of different popu-
lations of immune cells (granulocytes, monocytes, lymphocytes). Co-level of CD16 and CD66b is defined as neutrophils, and the proportion of CD41-
positive groups in neutrophils is analyzed. B Quantification of CD41 + platelet-neutrophil aggregates in CTEPH patients compared to healthy controls. 
C Quantification of MPO-DNA complex protein in CTEPH patients compared to healthy controls. D Correlation between MPO-DNA complex levels and 
ITGB2 concentration in CTEPH patients. E Correlation between MPO-DNA complex levels and P-selectin concentration in CTEPH patients. F The left col-
umn displays Movat’ s staining under light microscopy, showing the early thrombus lysis stage, the thrombus fibrosis stage, and the neointima formation 
stage of CTEPH. The right column displays multiplex immunofluorescence, showing the immunostaining of CD41 (red), MPO (pink), citH3 (green), and 
nuclear staining (DAPI, blue). CD41, MPO, and citH3 were co-expressed in the early thrombus lysis stage, the thrombus fibrosis stage, and the neointima 
formation stage. Statistical significance was determined by Student's t-test. * p value < 0.05; ** p value < 0.01
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bioactive chemicals, soluble proteins, and receptors that 
are essential for immunity, inflammation, and hemosta-
sis [63]. P-selectin is a transmembrane protein stored in α 
particles of platelets [64]. P-selectin translocations during 
platelet activation interact with endothelium and white 
blood cells' P-selectin glycoprotein ligand-1 (PSGL-1) 
to mediate the inflammatory process [65]. When blood 
vessel walls are damaged, platelets get activated, adhere 
to the damaged site, change their shape, secrete the 
contents of their granules, and start to form aggregates 
[66]. P-selectin binding to PSGL1 attracts neutrophils 
to the site of thrombosis [65]. Integrin β2 (ITGB2) then 
strengthens the attachment of neutrophils to platelets by 
interacting with fibrinogen [67], which is often described 
as a “vicious cycle” [68](Fig. 7). In this study, the positive 
correlation between P-selectin and MPO-DNA (r = 0.477) 
suggests that the formation of PNAs can induce neutro-
phils to release NETs.

In PEA tissues, the entire process of acute thrombus 
transformation into insoluble fibrotic vascular obstruc-
tion and subsequent vascular remodeling can be observed 
[11, 12, 69]. While the exact cause of delayed thrombus 
resolution remains unclear, NETs have been identified as 
an upstream trigger of TGF-β-mediated delayed throm-
bus resolution. The presence of NETs, coupled with the 

overactivity of TGF-β, exacerbates the fibrotic response 
in venous thrombosis in mice [13]. Based on the mecha-
nism, we hypothesize that DNA and histones released 
by NETs activate TGF-β receptors [13]. PAD4-mediated 
histone citrullination enhances TGF-β signaling activ-
ity [70]. DNA, histones, PAD4 and MPO-DNA complex 
collectively promote thrombus fibrosis and pulmonary 
vascular remodeling. In our study, we found that NETs 
were present throughout the early thrombolytic stage, 
the thrombus fibrosis stage, and the neointima formation 
stage, suggesting that NETs may contribute to delayed 
thrombus resolution. Additionally, NETs were able to 
transform mononuclear cells from CTEPH patients 
into fibroblast-like cells [33]. We observed a significant 
presence of NETs in the neointima region and hypoth-
esize that NETs may promote fibroblast proliferation and 
transformation, further exacerbating pulmonary vas-
cular remodeling. This may also explain the correlation 
between these platelet-associated proteins and disease 
severity.

Although these results provide insightful informa-
tion, we recognize that the results' generalizability may 
be constrained by the observational approach and a 
small sample size. Nonetheless, the ROC curve AUC of 
important proteins (such PAD4 and NOX2) was greater 

Fig. 7  The mechanism of platelet involvement in CTEPH. Platelets first adhere to the injured endothelial surface, become activated in response to signals 
such as P-selectin and other cytokines (e.g., HMGB1), leading to the release of inflammatory molecules. The increase of platelet NOX2 leads to the increase 
of ROS and promotes the formation of neutrophil extracellular trap (NET). Then the interaction between activated platelets and neutrophils through inte-
grin β2(ITGB2) results in the formation of platelet-neutrophil aggregates. Platelet-neutrophil aggregates release DNA, PAD4, cathepsin G and intracellular 
substances in the form of NETs. Moreover, under the action of PAD4, the interaction between neutrophil-derived DNA and MPO forms the MPO-DNA 
complex, further promoting inflammation and coagulation. Activated platelets and the MPO-DNA complex contribute to endothelial dysfunction, which 
delayed thrombus resolution. Abbreviations: NOX2, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 2; ROS, reactive oxygen species; 
PAD4, peptidylarginine deiminase 4; MPO, myeloperoxidase; HMGB1, high mobility group box-1 protein; EC, endothelial cell
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than 0.9, indicating that the findings were somewhat reli-
able. Further large-sample verification at many centers 
is necessary. Furthermore, difference analysis was not 
possible since the healthy control group lacked clini-
cal parameters. Whether PAD4 and NOX2 were par-
ticular indicators of CTEPH could not be ascertained 
in this investigation. With an emphasis on their func-
tions in platelet-neutrophil interactions and NET forma-
tion in CTEPH, further research should be confirmed in 
additional subtypes of pulmonary arterial hypertension. 
Moreover, targeting these aggregates formation poten-
tially reduce NET-mediated thrombus fibrosis and pro-
mote more effective thrombolysis. Longitudinal studies 
are essential to assess dynamic changes in protein level 
throughout disease progression. Additionally, we have 
found that patients with CTEPH emit extracellular ves-
icles originating from platelets. Therefore, to ascertain 
their function in the course of disease, the intracellular 
proteins and extracellular vesicles of platelets can be dis-
tinguished by subcellular fractionation technology.

Conclusion
In summary, this study underscores the utility of 
enriched platelet pellet proteomics in elucidating the 
intricate interactions between platelets, immune cells, 
and coagulation pathways in CTEPH. This study offers 
fresh perspectives on the disease mechanism by high-
lighting the critical roles that PAD4 and NOX2 play in 
platelet activation and NET formation in CTEPH. These 
results point to PAD4 as a possible therapeutic target or 
biomarker and provide fresh insights into the biology of 
CTEPH. Elevated P-selectin levels further establish a link 
between platelet activation and thrombo-inflammatory 
processes. Multi-center large-sample studies are required 
to confirm its clinical utility as a biomarker and thera-
peutic target.
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