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A B S T R A C T

Background: Association of Coronavirus disease 2019 vaccines with thrombosis has raised con
cerns among patients with coronary atherosclerosis disease (CAD).
Objectives: After vaccination against SARS-CoV-2, to detect thrombosis formation in atheroscle
rosis ApoE− /− mice, and platelet activation, coagulation, the profile of prothrombotic antibodies, 
and the production of platelet factor 4 (PF4) antibodies in patients with CAD.
Methods: Atherosclerotic ApoE− /− mice were immunized with saline or inactivated SARS-CoV 
vaccines. We investigated FeCl3-induced thrombus formation in vivo, and thrombus formation 
under flow conditions ex vivo. Inpatients undergoing percutaneous coronary intervention (PCI) 
were consecutively enrolled and defined according to vaccination status. We evaluated coagu
lation by thrombelastograph (TEG), platelet activation makers by flow cytometry, PF4 antibody 
and antiphospholipid antibodies by ELISA, and SARS-CoV-2 neutralizing antibody.
Results: In atherosclerotic ApoE− /− mice, FeCl3-induced thrombus formation and thrombus for
mation under flow conditions were similar between saline-treated and inactivated SARS-CoV-2 
vaccines-treated groups. A total of 182 patients undergoing PCI were included in the final 
analysis, of whom 92 had been vaccinated. Baseline characteristics were well balanced between 
unvaccinated and vaccinated groups. The expression of PAC-1 and P-selectin, the prevalence of 
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positivity for PF4 antibodies and antiphospholipid antibodies were similar between these two 
groups.
Conclusions: Inactivated SARS-CoV-2 vaccines did not potentiate thrombosis formation in 
atherosclerotic mice. Inactivated SARS-CoV-2 vaccines did not enhance platelet activation, or 
trigger the production of PF4 and antiphospholipid antibodies in patients with CAD. In light of the 
observed thrombotic risks associated with adenovirus-based COVID-19 vaccines, inactivated 
vaccines may offer a potentially safer option for individuals with CAD.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused the ongoing coronavirus disease 2019 (COVID-19) 
global pandemic. Effective vaccines are critical for ending SARS-CoV-2 pandemic and lowering the mortality rate. Several types of 
vaccines against SARS-CoV-2, based on mRNA, viral vectors, or inactivated viruses are being applied worldwide [1]. However, severe 
side effects of vaccines may appear in some individuals in mass vaccination programs, especially thrombembolic events.

Over the past months, an increased risk of thrombosis associated with thrombocytopenia, termed vaccine-induced immune 
thrombotic thrombocytopenia (VITT), characterized by high-titer immunoglobulin G (IgG) class antibodies directed against the 
cationic platelet chemokine, platelet factor 4 (PF4), has been reported among individuals receiving adenovirus-based vaccines [2,3]. 
Furthermore, a clinical study indicated that the standardized morbidity ratio for thromboembolic events was 1.97-fold higher among 
the study population received adenovirus-based vaccines than for the general population [4]. Similarly, increased risks of arterial 
thromboembolism and ischaemic stroke have been observed after the first dose of the mRNA vaccine [5]. Although the relationship 
between thrombosis and vaccines is still ambiguous [6,7], highly publicized thrombotic events have raised concerns about the vaccine 
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safety in the special population with a high risk of thrombosis.
Overwhelming evidence exists that platelet activation and thrombosis play the pivotal roles in coronary atherosclerosis disease 

(CAD) [8]. Patients with concomitant CAD and COVID-19 have an extremely poor prognosis, with higher mortality (36 %), throm
boembolic events (23 %), and septic shock rates (11 %) [9], thus they were prioritized for vaccination against SARS-CoV-2. However, 
few studies have focused on whether COVID-19 vaccination enhances thrombosis formation, platelet activation or increases the risk of 
thrombosis or bleeding in CAD patients. Therefore, we conducted this study to observe thrombosis formation in atherosclerotic 
ApoE− /− mice vaccination with inactivated SARS-CoV-2 vaccines, and assess platelet activity, coagulation, and the profile of pro
thrombotic antibody in vaccined patients with CAD.

2. Methods

2.1. Atherosclerosis model and vaccination

Animal procedures were approved by the Ethical Committee of Fudan University and were conducted in accordance with the NIH 
Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996). Six-week-old male ApoE homozygous 
deficient (ApoE− /− ) mice were obtained from GemPharmatech Company (Nanjing, China). ApoE− /− mice were fed with a high-fat diet 
containing 1.25 % cholesterol and 20 % fat for 14 weeks. ApoE− /− mice were randomly assigned to receive two intramuscular doses of 
either 10 μL of inactivated whole-virion SARS-CoV-2 vaccine (CoronaVac) or 10 μL of saline. The immunization schedule consisted of a 
21-day interval between doses [10]. After 4 weeks, the subsequent experiments of thrombosis formation were performed. A total of 32 
ApoE− /− mice were used in this study. Sixteen ApoE− /− mice received a single injection of the Coronavac SARS-CoV-2 vaccine, while 
the remaining 16 ApoE− /− mice were administered an equal volume of saline as a control.

2.2. Intravital microscopy of FeCl3-induced thrombosis in mouse mesenteric arteriole

Intravital microscopy of FeCl3-injured thrombus formation in mouse mesenteric arterioles was carried out as described previously 
[11,12]with minor modification. Briefly, rabbit anti-mouse thrombocyte serum (20 μL) (J1943, Westbury, NY) was intraperitoneally 
injected into C57BL/6 mice aged 6 weeks for 4 h. Then, if the platelet count is <10 % of the initial count, 150 μL 1000 * 1010/L platelets 
labeled by calcein (Calcein AM Solution, Sigma-Aldrich) from the immunized ApoE− /− mice with vaccine or saline, would be injected 
into platelet-depleted mice by the lateral tail vein. Thrombosis was induced by 10 % FeCl3 5 min later, and recorded with intravital 
microscopy.

2.3. Thrombus formation under flow conditions ex vivo

The flow chamber assay was prepared as described previously [13]with minor modification. Briefly, Thrombus formation was 
evaluated in the microfluidic whole-blood perfusion assay on a fibrillar collagen matrix under arterial shear conditions (a shear rate of 
1000 s− 1) using a Bioflux-200 system (Fluxion, CA). Bioflux plates were coated with fibrillar collagen (40 μg/mL) overnight and 
blocked with 5 % BSA. Anticoagulated whole blood from immunized ApoE− /− mice were fluorescently tagged with FITC-labeled 
anti-CD41 antibody for 30 min. After the incubation, blood was then perfused over fibrillar collagen-coated bioflux plates at shear 
force of 40 dyn/cm2 with a Bioflux-200 system (Fluxion, South San Francisco, CA). The platelets were allowed to adhere to collagen 
surface for 3 min, and thrombus formation were visualized in real time by Olympus IX73 inverted fluorescence microscope. Images 
were acquired and the platelet-covered area was measured using Bioflux software (Fluxion, San Francisco, CA, USA).

2.4. Study population and design

This study was an investigator-initiated study, and conducted in accordance with the Declaration of Helsinki, and approved by the 
Medical Ethical Committee of Zhongshan Hospital affiliated to Fudan University (number: B2021-657R). Informed consent was ob
tained from all the participants. The potential study population included inpatients admitted to the Department of Dardiology at 
Zhongshan Hospital with a diagnosis of CAD between August 1 and December 30, 2021. Eligible patients met the following inclusion 
criteria: 1) age >18 years and less than 80 years, 2) patients with CAD underwent percutaneous coronary intervention (PCI), and 3) 
treated with dual anti-platelet therapy. Patients were excluded if they met any of the following exclusion criteria: 1) known contra
indications to antithrombotic therapy, 2) diagnosed with any malignancies, 3) pregnancy, 4) renal insufficiency (eGFR <30 mL/min/ 
1.73 m2) or hepatic insufficiency (alanine aminotransferase or aspartate aminotransferase >3 × upper limit of normal), 5) hematologic 
disorder, 6) left ventricular ejection fraction (LVEF) less than 50 %, or 7) active or known history of SARS-CoV-2 infection. The patients 
were divided into two groups. Patients completed two doses of inactivated whole-virion SARS-CoV-2 vaccines (CoronaVac) within 2 
weeks to 1 months were included into the vaccinated group. According to the guidelines of the National Health Commission of the 
People’s Republic of China, the recommended time interval between the first and second SARS-CoV-2 vaccine doses is 3–8 weeks. 
Unvaccinated patients were included in the unvaccinated group. The demographics, medical histories, and laboratory results 
(including platelet parameters and coagulation function) were retrieved from the hospital’s electronic health records. Platelet function 
tests were conducted one month post-vaccination.
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2.5. Sample preparation

Human blood was drawn from the antecubital vein and mixed with acid citrate dextrose (85 mM sodium citrate, 71.38 mM citric 
acid, and 27.78 mM glucose) buffer (6:1 vol/vol). Platelet-rich plasma (PRP), as previously described [13], was filtered through a 
Sepharose 2B column (Sigma-Aldrich) equilibrated in Tyrode’s solution (pH 7.35) to isolate platelets. Platelets can also be separated by 
centrifuging PRP at 900 g for 10 min and resuspending platelet pellets in Tyrode buffer. Platelet-poor plasma (PPP) was collected and 
stored at − 80 ◦C before use.

2.6. Flow cytometry analysis

Flow cytometry was performed as previously described [14]. Fluorophore-labeled antibodies were utilized for the detection of 
P-selectin expression (CD-62P-APC) and the active form of αIIbβ3 integrin (PAC-1-FITC). Resting platelets (1 × 107) were incubated 
with APC-conjugated anti-CD62P and FITC-conjugated PAC-1 antibodies in the dark at room temperature for 20 min without stirring. 
CD62P expression and PAC-1 binding were subsequently analyzed using a FACS (FACSCalibur, Becton Dickinson).

2.7. Thromboelastograph testing

A Thromboelastograph (TEG) Hemostasis Analyzer (Haemoscope Corp., Niles, Illinois, USA) was used to measure the dynamic 
coagulation process. Blood samples for TEG analysis were collected as described previously [15]. The direct parameter measured by 
this system is the maximum amplitude (MA), which is indicative of the strength of the final clot and is one of the most reliable pa
rameters for determining bleeding and thrombotic risks. For the kaolin channel, 1 mL of whole blood was mixed with 1 % kaolin 
solution (Haemoscope Corp). Kaolin was used as an acitivator to perform the standard TEG, and the results were analyzed following 
the manufacturer’s instruction. The TEG reference values were as follows: R-Time: 4–8 min; K-Time: 1–4 min; angle α: 47–74◦; and 
maximum amplitude (MA): 54–72 mm, all rounded to the nearest whole number.

2.8. Neutralizing antibody testing

SARS-CoV-2 neutralizing antibody detection kit (Beijing Hotgen Biotech Co., Ltd.) was used to quantitatively detect neutralizing 
antibodies by magnetic particle chemiluminescence immunoassay according to the manufacturer’s instructions [16]. Patient sera were 
obtained one month post-vaccination. ELISA plates were coated overnight at 4 ◦C with 0.5 μg/mL of recombinant S proteins (WT, 
Alpha, Delta, Omicron BA.2, BA.5, BQ.1.1, XBB.1.5, CH.1.1) from ACRO Biosystems (Newark, DE, USA). After blocking with 1 % 
BSA/PBS, plates were incubated with serially diluted serum samples. Bound antibodies were detected using peroxidase-conjugated 
goat anti-mouse IgG (Jackson ImmunoResearch) and visualized with TMB substrate. Absorbance was measured at 450 nm. Diag
nostic sensitivity and specificity of the kit were assessed using 40 clinical samples (20 SARS-CoV-2 antibody-positive, 20 SARS-CoV-2 
antibody-negative). With only two discrepancies (5 % each) compared to the reference standard, the assay demonstrated a 95 % 
agreement rate, meeting pre-established acceptability criteria.

2.9. Platelet factor 4 antibody detection

Antibodies to platelet factor 4 (PF4) in complex with poly (vinyl sulfonate) (heparin analogue) in patient plasma were tested using 
PF4 IgG enzyme-linked immunosorbent assay (ELISA) (Antibodies-online GmbH, Germany) in accordance with the manufacturer’s 
instructions. The cut off value was >0.5 U/mL as determined by the manufacturers.

2.10. Autoantibodies measurement

Antinuclear antibodies (ANA) were determined by indirect immunofluorescence using triple tissue cryostat sections (liver-stom
ach-kidney) and Hep-2 cells as substrate according to the manufacturer’s instructions (Euroimmun). The suggested cutoff for ANA is 
1:80 according to the international guidelines [17]. Antiphospholipid antibodies, such as aCL IgG, aCL IgM, aCL IgA, anti-β2GPI IgG 
were measured using the commercial ELISA kit from Inova Diagnostics (Inova Diagnostics, San Diego, USA) according to the man
ufacturer’s instructions. The suggested cutoff for aCL IgG/IgM/IgA is 20 GPL/MPL/APL, for anti-β2GPI IgG is 20 SGU, which was 
conducted as previously described.

2.11. Statistical analysis

Continuous data were summarized as mean (SD or SEM) or median (interquartile range) depending on the data distribution, and 
compared using an unpaired Student’s t-test or Mann-Whitney U test, as appropriate. Categorical variables were expressed as numbers 
and percentages and compared using the Chi-square test or Fisher’s exact test. All data were evaluated for normality (Kolmogorov- 
Smirnov) and subjected to the Bartlett’s test for homogeneity of group variances prior to statistical analysis. Statistical significance was 
set at P < 0.05. Statistical analyses were performed using GraphPad Prism (7.0) and STATA/IC 16 (StataCorp LP, College Station, TX, 
USA).

H. Xu et al.                                                                                                                                                                                                              Heliyon 10 (2024) e38336 

4 



3. Results

3.1. FeCl3-induced thrombus formation in mouse mesenteric arteriole in vivo

We successfully constructed the atherosclerotic mouse model with ApoE− /− mouse fed with a high-fat diet. To examine the in vivo 
platelet activity after immunization with saline or inactivated SARS-CoV-2 vaccines, we measured mesenteric arteriole thrombosis in 
WT mice receiving platelets from saline-treated or vaccine-treated ApoE− /− mice. Platelets were separated from saline-treated or 
vaccine-treated ApoE− /− mice, then transfused into platelet-depleted WT mice. As shown in Fig. 1, mice receiving platelets from 
vaccine-treated ApoE− /− mice did not exhibited enhanced thrombus formation compared with mice receiving platelets from saline- 
treated ApoE− /− mice. The mean times to form the first thrombus more than 20 μm were 277.5 s and 288.0 s, and the mean occlu
sion times were 733.5 s and 801.0 s (n = 10). These results revealed that inactivated SARS-CoV-2 vaccine did not activate platelet 
activity in atherosclerotic mice in vivo.

3.2. Thrombus formation under flow conditions ex vivo

To further evaluate the effect of inactivated SARS-CoV-2 vaccine on ex vivo thrombus formation, whole blood from ApoE− /− mice 
immunization with saline or vaccines was perfused over the collagen surface. As shown in Fig. 2, at all observed time points, whole 
blood presented the similar thrombus formation area between these two groups (n = 6). Consistent with the above results, inactivated 
SARS-CoV-2 vaccine did not potentiate thrombus formation under flow conditions ex vivo.

3.3. Baseline characteristics of patients

A total of 182 participants were recruited and included in this cross-sectional study between September 1 and December 30, 2021. 
The study sample included 92 vaccinated and 90 unvaccinated patients. The baseline characteristics of all participants were well 
balanced and summarized in Table 1. The two groups were similar in age (62 ± 9 vs 61 ± 8, P = 0.060), male sex (75.6 % vs 73.9 %, P 
= 0.799) and body mass index (BMI) (24.8 ± 3.7 vs 24.8 ± 3.0, P = 0.957). No significant differences were also found for habitual 
smoking, comorbidities, medications, clinical measurements of hematological parameters, liver function, renal function, lipid profile, 
glycated hemoglobin A1c (HbA1c), C-reactive protein (CRP), cardiac troponin T (cTnT), N-terminal pro-BNP (NT-proBNP), and left 
ventricular ejection fraction (LVEF) in two groups (Table 1).

3.4. Platelet parameters

No significant differences were found for platelet parameters, namely platelet count (PLT) (200 ± 52 vs 205 ± 52, P = 0.097) 
(Fig. 3A), mean platelet volume (MPV) (10.70 (10.20–11.30) vs 10.60 (10.10–11.30), P = 0.970) (Fig. 3B), platelet crit (PCT) (0.22 ±
0.04 vs 0.22 ± 0.05, P = 0.087) (Fig. 3C), platelet larger cell ratio (P-LCR) (30.95 ± 7.51 vs 30.98 ± 7.61, P = 0.716) (Fig. 3D), platelet 
distribution width (PDW) (12.75 ± 2.00 vs 12.70 ± 2.09, P = 0.947) (Fig. 3E) between the unvaccinated and vaccinated groups.

3.5. Coagulation functions

No significant differences were found for blood coagulation functions, namely prothrombin time (PT) (11.42 ± 0.54 vs 11.51 ±

Fig. 1. FeCl3-induced thrombus formation in atherosclerotic ApoE− /− mice with immunized with saline or vaccine. Representative images of 
thrombus formation at baseline, 2, 5 and 8 min after 10 % FeCl3-induced vascular injury in mouse mesenteric arterioles. Blood flow is from right to 
left, arterioles measuring ~100 μm diameter were visualized in live mesentery of live mice. FeCl3-induced thrombus formation in mice receiving 
platelets from vaccine-treated ApoE− /− mice was similar with mice receiving platelets from saline-treated ApoE− /− mice. The time to first thrombus 
(>20 μm) and occlusion time were determined (n = 10). Data are expressed as mean ± SEM.
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0.64, P = 0.447) (Fig. 4A), activated partial prothrombin time (APTT) (26.04 ± 1.84 vs 25.84 ± 1.68, P = 0.622) (Fig. 4B), thrombin 
time (TT) (16.73 ± 0.85 vs 16.96 ± 0.91, P = 0.067) (Fig. 4C), international normalized ratio (INR) (0.98 ± 0.06 vs 0.99 ± 0.07, P =
0.700) (Fig. 4D), fibrinogen (FIB) (282.0 (239.0–311.0) vs 289.0 (261.0–333.0), P = 0.071) (Fig. 4E), D-dimer (0.28 (0.19–0.47) vs 
0.28 (0.20–0.43), P = 0.911) (Fig. 4F) between the unvaccinated and vaccinated group.

3.6. Platelet activation marker expression

To evaluate the platelet activation in the two groups, we quantified the expression of the two activation markers on platelet surface. 
The median fluorescence intensity of resting platelet P-selectin (281 (233.0–409.0) vs 256.0 (238.0–305.5), P = 0.083) (Fig. 5A) and 
PAC-1 (225.0 (156.0–323.0) vs 197.0 (68.25–282.0), P = 0.070) (Fig. 5B) detected by flow cytometry did not differ between the 
unvaccinated and vaccinated groups.

3.7. Thromboelastographic parameters

TEG variables included reaction time (R time), clot formation time (K time), clot formation rate (angle α), and maximal amplitude 
of clot strength (MA). As shown in Fig. 6, no significant differences in thrombelastographic parameters including coagulation index 
(0.10 (− 0.80, 1.10) vs − 0.10 (− 0.75, 1.00), P = 0.639) (Fig. 6A), R-time (5.43 ± 0.91 vs 5.40 ± 0.86, P = 0.953) (Fig. 6B), K-time 
(1.81 ± 0.54 vs 1.76 ± 0.41, P = 0.426) (Fig. 6C), angle α (64.8 ± 5.2 vs 65.3 ± 4.9, P = 0.486) (Fig. 6D), and MA (58.32 ± 5.31 vs 
57.83 ± 5.59, P = 0.508) (Fig. 6E) were found between the unvaccinated and vaccinated groups.

3.82. PF4 antibody and prothrombotic autoantibody prevalence

As shown in Table 2, the prevalence of positivity for antibodies to platelet factor 4–polyanion complexes did not differ between the 
unvaccinated and vaccinated groups (2.2 % vs 4.4 %, P = 0.682). Furthermore, there was no significance in the levels of PF4 antibody 
between these two groups (0.18 (0.14, 0.25) vs 0.18 (0.15, 0.25), P = 0.493), and no strikingly high optical density values—in the 
range of 0.01–1.89—measured by ELISA. The prevalence of positivity for all five autoantibodies was similar between the two groups: 
for anticardiolipin antibodies (aCL) IgA (0 vs 0, P = 1.000), IgG (0 vs 2.22 %, P = 1.000), IgM (3.26 % vs 0, P = 1.000), anti-beta-2 
glycoprotein I antibodies (aβ2GPI) (5.4 % vs 1.1 %, P = 0.125), and antinuclear antibodies (ANA) (12.2 % vs 4.4 %, P = 0.053).

3.9. Immunogenicity and adverse reactions after vaccination

None of the enrolled participants reported exposure to known COVID-19 patients, and no serological response to SARS-CoV-2 was 
detected in the unvaccinated samples. In the vaccinated group, 68.5 % (63/92) of the samples tested positive in the SARS-CoV-2 
antibody assay. A total of 40 (43.5 %) patients reported adverse reactions occurring within 7 days after dose 1 and 32 (34.8 %) pa
tients reported adverse reactions occurring within 7 days after dose 2. The most common adverse reactions after dose 1 were injection 
site pain (10, 10.9 %), followed by muscle pain (5, 5.4 %), fatigue (5, 5.4 %) and headache (3, 3.3 %), and reported adverse reactions 
after dose 2 were injection site pain (9, 9.8 %), followed by muscle pain (4, 4.3 %), headache (4, 4.4 %) and fatigue (3, 3.3 %). All 
adverse reactions were mild and limited, and no grade 3 adverse reactions were observed, as shown in Table 3.

Fig. 2. Thrombosis formation under flow chamber in atherosclerotic ApoE− /− mice. Whole blood from atherosclerotic ApoE− /− mice vaccinated 
with inactivated SARS-CoV-2 vaccines showed similar thrombus formation over an immobilized collagen surface at a shear rate of 1000 s− 1 

compared with that of ApoE− /− mice immunized with saline (n = 6). The whole blood was tagged by fluorescein isothiocyanate (FITC)-labeled anti- 
CD41 antibody, and then perfused through fibrillar collagen-coated bioflux plates for 180 s. Representative images of thrombus formation at the 
indicated time points are presented. Each solid circle represents the thrombus formation area from a single individual. Data are expressed as mean 
± SEM.
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4. Discussion

To our knowledge, this is the first study to explore the impact of inactivated SARS-CoV-2 vaccines on thrombus formation in 
atherosclerotic ApoE− /− mice, and platelet functions, thrombotic profile and prothrombotic autoantibody prevalence among patients 
with CAD receiving PCI. Our study demonstrated that (1) inactivated SARS-CoV-2 vaccines did not potentiate thrombus formation in 
vivo in atherosclerotic ApoE− /− mice; two dose of inactivated SARS-CoV-2 vaccines did not enhance platelet activation or alter platelet 
parameters among CAD patients receiving PCI; (2) two doses of inactivated SARS-CoV-2 vaccines did not cause hypercoagulability and 
trigger the production of prothrombotic antibodies among these patients; and (3) no grade 3 adverse reactions after vaccination were 
recorded.

Since the appearance of studies on possible COVID-19 vaccine-related thrombotic events, questions about potential safety issues of 
vaccination among patients with CAD have been raised [2–5,18]. However, a recent study conducted in Hong Kong showed no evi
dence of an increased risk of major adverse cardiovascular events (MACE) after vaccination with mRNA or inactivated vaccine in 
patients with cardiovascular disease (CVD) [19]. Among individuals aged >60 years, thromboembolism has the highest incidence of 
any adverse event following CoronaVac vaccination [20]. Indeed, the current findings regarding post-vaccination adverse thrombotic 
events remains largely inconsistent and limited in scope, especially for the at-risk CAD population.

The mechanisms underlying the pathogenesis of vaccine-related thrombosis and the initial events that trigger platelet activation 
remain unclear. Ostrowski et al. observed common platelet activation following adenovirus vector-based and mRNA vaccines [21]. 
Conversely, using mass cytometry, Klug et al. reported that mRNA vaccine does not alter platelet protein expression and reactivity in 
the healthy individuals [22]. A number of unusual cases of vaccine-induced immune thrombotic thrombocytopenia (VITT) have been 
observed following adenovirus vector COVID-19 vaccination. These cases typically occur 1–2 weeks post-vaccination and are 

Table 1 
Characteristics of the patients at baseline. Values presented are mean (SD) or median (interquartile range).

characteristic Unvaccinated (90) Vaccinated (92) P value

Demographics and history
Age (years) 62 (9) 61 (8) 0.060
Male, n (%) 68 (75.6) 68 (73.9) 0.799
BMI(kg/m2), mean (SD) 24.8 (3.7) 24.8 (3.0) 0.957
Hypertension, n (%) 51 (56.7) 47 (51.1) 0.450
Dyslipidaemia, n (%) 14 (15.6) 9 (9.8) 0.241
Diabetes mellitus, n (%) 27 (30.0) 24 (26.1) 0.557
Habitual smoker, n (%) 46 (51.1) 51 (55.4) 0.656
Medication
Statin, n (%) 81 (90.0) 80 (87.0) 0.521
Ezetimibe, n (%) 15 (16.7) 14 (15.2) 0.789
Beta-blockers, n (%) 53 (58.9) 50 (54.4) 0.537
CCB, n (%) 36 (40.0) 29 (31.5) 0.233
ACEI/ARB/ARNI, n (%) 43 (47.8) 40 (43.5) 0.560
PPI, n (%) 51 (56.7) 54 (58.7) 0.782
Nitrates, n (%) 30 (33.3) 34 (37.0) 0.609
Clinical measurements
RBC (x 1012/L) 4.3 (0.5) 4.4 (0.5) 0.277
Hemoglobin (g/L) 134.3 (14.8) 136.6 (14.1) 0.207
WBC (x 109/L) 6.5 (2.0) 6.9 (5.5) 0.548
TBIL (μmol/L) 9.9 (7.8,12.4) 10.5 (8.1,13.7) 0.434
DBIL (μmol/L) 3.1 (2.4, 4.2) 3.1 (2.2, 4.2) 0.515
ALB (g/L) 42.0 (2.6) 42.5 (3.3) 0.458
ALT (U/L) 20.0 (13.0,30.0) 19.5 (12.5,26.5) 0.492
AST (U/L) 20.0 (16.0,23.0) 18.0 (15.0,23.0) 0.267
BUN (mmol/L) 6.1 (1.5) 5.9 (1.4) 0.509
SCr (μmol/L) 79.9 (14.5) 76.8 (16.4) 0.214
BUA (mmol/L) 338.0 (278.0,396.0) 338.0 (278.0,396.0) 0.459
eGFR (mL/min/1.73 m2) 87.5 (76.0,95.0) 89.0 (83.0,97.0) 0.208
HbA1c (%) 6.4 (1.2) 6.2 (1.2) 0.250
TC (mmol/L) 3.5 (3.0, 4.0) 3.7 (3.2, 4.3) 0.250
TG (mmol/L) 1.2 (0.9, 1.8) 1.4 (1.0, 1.9) 0.266
LDL (mmol/L) 1.7 (1.3, 2.3) 1.8 (1.4, 2.5) 0.399
HDL (mmol/L) 1.1 (0.3) 1.1 (0.3) 0.542
cTnT (μg/L) 0.01 (0.01, 0.02) 0.01 (0.01, 0.01) 0.339
NT-proBNP (pg/ml) 79.05 (45.60,146.0) 79.05 (45.60,146.0) 0.411
LVEF (%) 63.86 (5.15) 63.86 (5.15) 0.912

Abbreviations: ACEI, angiotensin-converting enzyme inhibitor; ALB, albumin; ALT, alanine aminotransferase; ARB, angiotensin receptor blocker; 
AST, aspartate aminotransferase; ARNI, angiotensin receptor neprilysin inhibitor; BMI, body mass index; BUN, blood urea nitrogen; CCB, calcium 
channel blocker; cTnT, cardiac troponin T; DBIL, direct bilirubin; HbA1c, glycosylated hemoglobin A1c; HDL, high-density lipoprotein; PPI, proton 
pump inhibitor; LDL, low-density lipoprotein; LVEF, left ventricular ejection fraction; RBC, red blood cell; TBIL, total bilirubin; TC, total cholesterol; 
TG, triglyceride; WBC, white blood cell.
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characterized by thrombocytopenia and high titers of immunoglobulin G antibodies targeting platelet factor 4 (PF4) [2,22]. Recent 
research has demonstrated that PF4 can directly bind to adenoviral vectors, resulting in platelet-adenovirus aggregation, a potential 
mechanism contributing to VITT [22]. Importantly, no association between inactivated SARS-CoV-2 vaccines and VITT has been 
established in existing studies. To our knowledge, evidence of inactivated vaccines on platelet activation in patients with CAD remains 
scarce. Our results showed that inactivated SARS-CoV-2 vaccines did not lead to GPIIb/IIIa activation nor P-selectin expression, which 
regulate platelet activation. Furthermore, inactivated vaccines did not alter platelet parameters, which might add to the safety profile 
of patients with CAD receiving PCI.

Adenovirus-based vaccines, such as Vaxzevria (ChadOx1 nCoV-19) and Jcovden (AD26.COV2.S), were among the earliest COVID- 
19 vaccines approved for use. Extensive research has demonstrated their efficacy in preventing severe COVID-19, hospitalization, and 
death [23]. Subsequent studies revealed a link between Vaxzevria administration and an increased risk of venous thrombotic events, 
including cerebral venous thrombosis, splanchnic venous thrombosis, and others. These events were associated with platelet aggre
gation, thrombocytopenia, and the development of antibodies against PF4 [24–26]. Moreover, cerebral venous thrombosis has also 
been observed in Jcovden recipients [27,28]. Regarding the possible mechanism of VITT, free DNA in adenovirus vector-based vaccine 
might induce PF4 antibody production, which in turn could activate platelets and promote immune thrombotic thrombocytopenia, 
resulting in bleeding or thrombosis [2,3,29]. It has been reported that almost 7 % of vaccinated individuals (both adenovirus 
vector-based vaccines and mRNA vaccines) had low titers of PF4 antibodies, which were not functionally active [30]. In this study, four 
cases (4.35 %) were presented with low titers of PF4 antibodies after the administration of the second dose, whereas two cases (2.22 %) 
without vaccination presented similar titers of PF4 antibodies. A cohort study including health caregivers also reported a low prev
alence of PF4 antibodies after COVID-19 vaccination with inactivated vaccines, and none exhibited symptoms of thrombosis [17]. 
Alternatively, PF4 antibodies may be boosted by COVID-19 vaccine, but they are kept in check by an immune mechanism known as 
peripheral tolerance, as 0.3%–0.5 % of healthy individuals can harbor PF4 antibodies [31,32].

Although a previous study showed inactivated COVID-19 vaccines did not trigger the production of prothrombotic antibodies in 
healthy individuals [17], their impact on the at-risk CAD population is still unknown. In our study, the prevalence of antiphospholipid 
antibodies positivity was similar between the unvaccinated and vaccinated individuals. Consistent with another study on the impact of 
COVID-19 vaccine on hypercoagulability [33], our findings also indicated that inactivated vaccines did not cause hypercoagulability in 

Fig. 3. Platelet parameters in unvaccinated and vaccinated individuals. There was no significant difference in (A) platelet count ( × 109/L), (B) 
mean platelet volume (MPV) (fl), (C) platelet crit (PCT) (%), (D) platelet larger cell ratio (P-LCR) (%), (E) platelet distribution width (PDW) (%).
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Fig. 4. Coagulation functions in unvaccinated and vaccinated individuals. No significant difference was found in (A) prothrombin time (PT) (s), (B) 
activated partial prothrombin time (APTT) (s), (C) thrombin time (TT) (s), (D) international normalized ratio (INR), (E) fibrinogen (FIB) (mg/dL), 
(F) D-dimer (mg/dL).

Fig. 5. Platelet activation marker expression in unvaccinated and vaccinated individuals. The median fluorescence intensity of resting platelet (A) 
P-selectin (281 (233.0–409.0) vs 256.0 (238.0–305.5), P = 0.083) and (B) PAC-1 (225.0 (156.0–323.0) vs 197.0 (68.25–282.0), P = 0.070) were 
similar between the unvaccinated and vaccinated group.
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patients with CAD.
Compared with previous studies, the seroconversion rate observed in our cohort following a two-dose vaccination regimen was 

lower [34]. Our study population predominantly comprised elderly patients with coronary heart disease, contrasting markedly with 
the younger, healthier participants in other trials. Given the well-established inverse relationship between age and neutralizing 
antibody levels [35], the diminished immunogenicity in our cohort is likely attributable to advanced age.

Among more than 10 million patients with CAD worldwide [36], thrombotic risk after vaccination against SARS-CoV-2 is a major 
concern leading to the a low proportion rate of vaccination (47.8 %) [19]. Strategies are needed to eliminate concerns and improve 
vaccination rates in individuals with CAD. One of the most important strategies could be to provide information about the direct 
impact of vaccines on platelet activation and thrombosis. Our findings support the safety of inactivated vaccines among individuals 
with CAD, which might begin to address this research gap and may be helpful in guiding recommendations.

Fig. 6. Thrombelastographic parameters in unvaccinated and vaccinated individuals. It was not significant in (A) coagulation index (CI), (B) R time 
(min), (C) K time (min), (D) Angel α (◦), (E) maximal amplitude (MA) (mm).

Table 2 
Prevalence of autoantibodies in serum between unvaccinated and vaccinated individuals.

Autoantibodies Unvaccinated (n = 90) Vaccinated (n = 92) P value

ANA, n (%) 11 (12.22) 4 (4.35) 0.053
aCL IgG, n (%) 2 (2.22) 0 1
aCL IgM, n (%) 0 3 (3.26) 1
aCL IgA, n (%) 0 0 1
aβ2GPIb IgG, n (%) 0 3 (3.26) 1
PF4 antibody, n (%) 2 (2.22) 4 (4.35) 0.682

Manufacturer’s cutoff: aCL IgG, IgM, IgA 20 GPL/MPL/APL; ab2GPI IgG 20 SGU; aPF4-heparin complex >0.5.
Abbreviation: aCL, anticardiolipin antibodies; aβ2GPI, anti-beta-2 glycoprotein I antibodies; ANA, antinuclear antibodies; PF4 antibody, platelet 
factor 4 antibody.
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4.1. Strengths and limitations

This is the first study to explore the effect of inactivated SARS-CoV-2 vaccines on thrombus formation in atherosclerotic ApoE− / 

− mice. We evaluated the impact of inactivated SARS-CoV-2 vaccines on platelet activation, thrombotic profile and prothrombotic 
autoantibody prevalence among patients with CAD receiving PCI. Our data adds evidence to the safety profile of the inactivated SARS- 
CoV-2 vaccines in patients with CAD.

The main limitation of this study is that the sample size was relatively small. Thus, data from a larger number of patients with CAD 
and multiple centers are warranted. Secondly, the findings of this study may not be extrapolated to other vaccines, and further research 
investigating a variety of vaccines is required.

5. Conclusion

Among CAD patients receiving PCI, inactivated SARS-CoV-2 vaccine did not enhance platelet activation, cause hypercoagulability, 
or trigger the production of prothrombotic antibodies. In light of the observed thrombotic risks associated with adenovirus-based 
COVID-19 vaccines, inactivated vaccines may offer a potentially safer option for individuals with CAD.
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Table 3 
Seroconversion rate of SARS-CoV-2 specific antibodies and adverse reactions of vaccinated individuals.

Dose 1 Dose 2 Total

Seroconversion rate of SARS-CoV-2 specific antibodies / 63 (68.5) 65 (68.5)
Adverse reactions, n (%)
Injection site adverse reactions 10 (10.9 %) 9 (9.9 %) 19 (20.9 %)
Fatigue 5 (5.5 %) 3 (3.3 %) 8 (8.8 %)
Muscle pain 5 (5.5 %) 4 (4.4 %) 9 (9.9 %)
Headache 3 (3.3 %) 4 (4.4 %) 7 (7.7 %)
Cough 3 (3.3 %) 2 (2.2 %) 5 (5.5 %)
Appetite impaired 3 (3.3 %) 0 3 (3.3 %)
Fever 2 (2.2 %) 3 (3.3 %) 5 (5.5 %)
Dyspnea 2 (2.2 %) 1 (1.1 %) 4 (4.4 %)
Chill 2 (2.2 %) 1 (1.1 %) 3 (3.3 %)
Diarrhea 2 (2.2 %) 0 2 (2.2 %)
Vomiting 1 (1.1 %) 2 (2.2 %) 3 (3.3 %)
Syncope 1 (1.1 %) 0 1 (1.1 %)
Joint pain 1 (1.1 %) 2 (2.2 %) 3 (3.3 %)
Hypersensitivity 0 1 (1.1 %) 1 (1.1 %)

All adverse reactions were mild and self-limiting, and no grade 3 adverse reactions were recorded.
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