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Background: CYP2C19 genetic variation and clinical factors have been proved to be related with clopidogrel resistance (CR) in adults, while the presence of CR in children with Kawasaki disease (KD) was seldom reported. Our objective was to evaluate KD patients’ response to clopidogrel treatment and determine whether CYP2C19 gene polymorphisms and laboratory indicators are associated with CR in this population.

Methods: This was a prospective and single-center study. We recruited children with KD hospitalized in the cardiology department at the Children’s Hospital Capital Institute of Pediatrics between January 2019 and October 2021, and the distribution of the CYP2C19 gene polymorphisms was assessed. According to the light transmission aggregometry (LTA) test results, KD patients who were treated with clopidogrel were divided into CR group and non-CR (NCR) group. We also analyzed the influence of CYP2C19 gene polymorphisms and laboratory indicators on CR in children with KD.

Results: (1) A total of 346 children with KD were evaluated for the genotypic and phenotypic distributions of CYP2C19. Loss-of-function (LOF) mutated allele was included in 56.9% of CYP2C19 genotypes, and their corresponding phenotypes were intermediate metabolizers (46.2%) and poor metabolizers (10.7%). (2) The incidence of CR in this study population was 31.4%. The multivariate logistic regression showed that carrying CYP2C19 LOF allele (OR, 3.922; 95%CI, 1.504–10.282; P = 0.005) and high levels of low-density lipoprotein (OR, 1.675; 95%CI, 1.069–2.623; P = 0.024) were independent risk factor for CR, while low levels of high-density lipoprotein (OR, 0.120; 95%CI, 0.020, 0.734; P = 0.022) was an independent protective factor for CR. The area under the receiver operator characteristic curve of the multivariate logistic regression model (including high-density lipoprotein, low-density lipoprotein, and CYP2C19 LOF allele carriers) for predicting CR was 0.769 (95% CI, 0.674–0.863; P < 0.001). The sensitivity and specificity were 70.3 and 74.0%, respectively.

Conclusion: Carrying CYP2C19 LOF allele, low levels of high-density lipoprotein, and high levels of low-density lipoprotein were independent risk factors for CR in children with KD in China. This may benefit pediatricians in choosing appropriate individualized antiplatelet therapy.
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Introduction

Kawasaki disease (KD) is an acute systemic vasculitis that occurs predominantly in children younger than 5 years old. Coronary artery thrombosis (CAT) is the most severe complication of KD, placing patients at risk for coronary artery occlusion or stenosis, myocardial infarction, and even sudden cardiac death (1, 2). Given that thrombocytosis and platelet activation are high-risk factors for CAT, antiplatelet therapy has become a mainstay in the prevention of CAT in KD (3). Antiplatelet agents recommended by current guidelines for KD include aspirin, dipyridamole, and clopidogrel (3, 4). Although aspirin is the first-line antiplatelet treatment of KD, some children with KD need to replace or combine it with other antiplatelet agents due to intolerance or resistance to aspirin (2). Additionally, dipyridamole may lead to “coronary artery steal” and further progression of myocardial ischemia (4). Based on the above reasons, clopidogrel is increasingly used in KD patients. However, how to optimally apply clopidogrel in children with KD has become a practical problem.

Clopidogrel is an adenosine diphosphate (ADP) receptor P2Y12 antagonist, which can effectively inhibit platelet aggregation. Many large clinical trials have identified the efficacy and safety of clopidogrel in adults with cardiovascular and cerebrovascular diseases (5–8). At the same time, studies have confirmed that there is substantial interpatient variability in the response to clopidogrel, some patients still experience thrombosis following long-term oral clopidogrel therapy (9). This failure of inhibiting platelet aggregation in clopidogrel users refers to clopidogrel resistance (CR) in adults (10). Although the mechanism of CR has not been fully elucidated in adults, existing studies have established its relationship with genetic and clinical factors (10–12). On the one hand, some studies showed that CYP2C19 gene polymorphisms can be used as predictors of CR in adults (13). Among them, carrying the CYP2C19 loss-of-function (LOF) alleles (especially the most common CYP2C19 *2 and CYP2C19 *3 variants) is associated with insufficient inhibition of platelet activity or increased risk of CR (14–16). Simultaneously, carrying the CYP2C19 gain-of-function (GOF) allele (CYP2C19 *17) contributes to the antiplatelet effect of clopidogrel and may be associated with increased risk of bleeding complications (17). On the other hand, clinical factors such as clopidogrel dosage, drug interaction (e.g., statins), platelet function, liver metabolic function, and renal dysfunction can also affect the antiplatelet effect of clopidogrel (10, 13, 18–20). In pediatric population, the clinical application of clopidogrel is limited, and it is mainly used for pediatric cardiac conditions, such as congenital heart disease, intracardiac stents or devices, and KD (21, 22). Likewise, published information about the efficacy and safety of clopidogrel in pediatric diseases such as KD is very insufficient, and the currently available literatures are mainly case series reports and small retrospective studies, lacking evidence-based medical data from prospective multicenter randomized controlled trials (21, 22). Besides, children’s physiological characteristics and disease states are different from adults’, so it remains uncertain whether the findings in adults are applicable to children. To provide a better basis for the application of clopidogrel in KD children, this study focused on KD children and assessed the distribution of the CYP2C19 gene polymorphisms (*2, *3, *17) in them. Then, we evaluated the antiplatelet effect of clopidogrel in children with KD and further analyzed the impact of CYP2C19 gene polymorphisms (especially LOF alleles) and laboratory indicators on CR.



Materials and methods


Patients and study design

This study was a prospective study in a single center. We recruited children with KD hospitalized in the cardiology department at the Children’s Hospital Capital Institute of Pediatrics between January 2019 and October 2021.

The inclusion criteria were as follow: (1) patients who were first diagnosed with KD based on the guidelines of the American Heart Association (AHA) published in 2017 (3); (2) patients who signed the informed consent form to receive clopidogrel and completed the detection of platelet aggregation function, CYP2C19 genotype (*2, *3, *17 alleles) and related laboratory indicators during hospitalization.

The exclusion criteria were as follow: (1) Comorbidity with serious dysfunction of bleeding and blood coagulation; (2) contraindications to clopidogrel (e.g., severe liver damage, active bleeding, drug allergy); (3) incomplete clinical data; (4) patients who could not cooperate with the research or withdraw informed consent.

According to the light transmission aggregometry (LTA) test results, KD patients treated with clopidogrel were divided into CR group and non-CR (NCR) group. CR was defined as ADP-induced platelet aggregation rate (ADP%) ≥ 50% at a concentration of 5 μmol/L, and NCR was ADP% < 50% (23).

The study was approved by the Ethics Committee of the Capital Institute of Pediatrics (No. SHERLL 2018020). Informed consent was obtained from a parent or guardian of each patient before the study.



Platelet function measurement

Peripheral blood was taken from each participant into citrate anticoagulant tube on an early morning fasting after 3–5 days of the clopidogrel treatment. After inversion and mixing for 3 times, it was immediately sent to the laboratory for testing (Agg-RAM platelet aggregator, Helena company, United States), and the inducer was ADP (5 μmol/L). The contact between blood collector and glassware was strictly avoided during blood draw.



CYP2C19 genotyping and phenotyping

From each patient, we acquired a 2 ml sample of peripheral blood in an EDTA anticoagulant tube following early morning fasting before the treatment. Serum was separated by centrifugation and 200–500 μl of blood cells were stored in a refrigerator at –80°C. DNA was extracted from blood cells for genotyping according to the Genomic DNA extraction kit instructions. Genotyping of the CYP2C19 (*1*2*3*17) was performed using the Sequenom MassARRAY iPLEX platform (Sequenom, San Diego, CA). The locus–specific PCR primers were designed by the MassARRAY Assay Design software package (v4.0). The PCR products were dephosphorylated with Shrimp Alkaline Phosphatase enzymes before undertaking the iPLE X GOLD primer extension reactions. The desalted iPLEX reaction product was spotted onto a 384-format SpectroCHIP. Mass determination was discriminated by the MALDI-TOF mass spectrometer. Data acquisition was done by the MassARRAY Typer 4.0 software.

According to clinical guidelines issued by the Clinical Pharmacogenetics Implementation Consortium (CPIC) (16), the CYP2C19 alleles were categorized into functional groups as follows: normal function allele (CYP2C19 *1), LOF allele (CYP2C19 *2, CYP2C19 *3), and GOF allele (CYP2C19 *17). The combination of alleles determined the genotypes (also referred to as diplotypes), which included the wild genotype (*1/*1) and the mutated genotype. CYP2C19 LOF allele carriers were defined as patients with at least one LOF allele (*1/*2, *1/*3, *2/*2, *2/*3, *3/*3, *2/*17, or *3/*17). The CYP2C19 phenotypes were defined by allele function combinations and were grouped into the following 5 predicted metabolic phenotypes: (1) Normal metabolizers (NMs): Patients carried two normal function alleles (*1/*1); (2) intermediate metabolizers (IMs): patients carried one normal function allele and one LOF allele (*1/*2*1/*3) or carried one LOF allele and one GOF allele (*2/*17*3/*17); (3) poor metabolizers (PMs): patients carried two LOF alleles (*2/*2, *2/*3, *3/*3); (4) rapid metabolizers (RMs): patients carried one normal function allele and one GOF allele (*1/*17); (5) ultrarapid metabolizers (UMs): patients carried two GOF alleles (*17/*17).



Clinical data

We collected a range of clinical data, including age, sex, clopidogrel dosage, and the following laboratory indicators before clopidogrel treatment: (1) Platelet-related indicators: platelet (PLT), mean platelet volume (MPV), platelet distribution width (PDW), plateletcrit (PCT); (2) Liver metabolism indicators: Alanine aminotransferase (ALT), aspartate aminotransferase (AST), albumin (ALB), high-density lipoprotein (HDL), low-density lipoprotein (LDL), triglyceride (TG); (3) Renal function indicators: Blood urea nitrogen (BUN) and serum creatinine (SCr). If these laboratory indicators were performed several times before treatment, the lowest value was adopted for HDL and ALB, while the highest value was adopted for the remaining indicators.



Statistical analysis

All analyses were conducted by SPSS Version 26.0. P < 0.05 was considered statistically significant (two-tailed). For continuous variables, Kolmogorov-Smirnov test was carried out to test for normality of the distribution. Non-normally distributed continuous variables were presented as median and interquartile range (IQR, P25-P75), and Mann-Whitney U-test was used for comparing two groups. Categorical variables were presented as frequency and percentages (%) in each category, and Pearson’s chi-squared test was used to compare between groups. Multivariable logistic regression analysis was performed using stepwise logistic regression with forward selection and backward elimination by removing variables that had a p-value greater than 0.05. Results were expressed as odds ratio (OR) with 95% confidence interval (CI). Finally, to evaluate the markers’ ability to predict CR, analysis of the receiver operating characteristics curve (ROC) by the area under the curve (AUC) was performed according to logistic regression.




Results


Demographic data

A flow diagram of the study is shown in Figure 1. A total of 346 patients were successfully genotyped for CYP2C19 to assess the genotypic and phenotypic distributions of the CYP2C19: 209 males and 137 females (male/female = 1.53:1) with the median age of 2.00 years old (IOR, 1.08–3.50 years). Of the 346 cases, 114 cases were included in the multivariable regression analysis of CR in children with KD: 75 males and 39 females (male/female = 1.92:1), with a median age of 1.67 years old (IOR, 0.96–3.00 years). In this study, 8.57% (10/118) of children with KD were found to have minor bleeding events during oral clopidogrel, including 4 cases of mild epistaxis and 6 cases of skin ecchymosis. No serious bleeding events such as gastrointestinal bleeding was found.
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FIGURE 1
Flow diagram of the study. KD, Kawasaki disease; LTA, light transmission aggregometry; CR, clopidogrel resistance.




Distribution of CYP2C19 gene polymorphisms in children with Kawasaki disease

Regarding CYP2C19 in 346 KD patients, the distribution of CYP2C19 alleles was 64.5% for normal allele, 33.8% for LOF allele, and 1.7% for GOF allele. The CYP2C19 genotypes included 41.3% (143/346) wild genotype and 58.7% (203/346) mutated genotype, and the rate of LOF mutated allele carriers was 56.9% (197/346). According to the different genotypes of CYP2C19, they were divided into 4 metabolic phenotypes: NMs (41.3%), RMs (1.7%), IMs (46.2%), and PMs (10.7%) (Table 1). Patient of UMs type was not found in this study.


TABLE 1    Distribution of CYP2C19 gene polymorphisms in children with KD.
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Factors associated with the efficacy of clopidogrel in children with Kawasaki disease


Gene polymorphisms of CYP2C19

According to the results of LTA, 118 children with KD who received clopidogrel were divided into the CR group and NCR group, of which the CR group accounted for 31.4% (37/118). There were no statistically significant differences in the baseline characteristics between the two groups in terms of sex, age and clopidogrel dosage (P > 0.05). Tests of CYP2C19 gene polymorphisms showed that the proportion of CYP2C19 LOF allele carriers in the CR group was significantly higher than that in the NCR group (78.4 vs. 45.7%, P = 0.001) (Table 2).


TABLE 2    Comparison of CYP2C19 gene polymorphisms in CR group and NCR group.
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Laboratory indicators

After excluding the 4 children without laboratory indicators, 114 children were divided into the CR group and NCR group to analyze the effect of laboratory indicators on the efficacy of clopidogrel in children with KD. There were no statistically significant differences in the baseline characteristics between two groups in terms of sex, age and clopidogrel dosage (P > 0.05). The results showed that HDL and LDL were statistically different between the two groups (P < 0.05). Levels of HDL [0.65 (0.50–0.84) vs. 0.77 (0.64–1.01) mmol/L, P = 0.005] were significantly lower, and levels of LDL [3.00 (2.27–3.46) vs. 2.51 (1.98–3.10) mmol/L, P = 0.025] were significantly higher in the CR group than in the NCR group. No statistically significant difference was found in other examined laboratory indicators such as the levels of PLT, MPV, PDW, PCT, ALT, AST, ALB, BUN, and SCr between the two groups (Table 3).


TABLE 3    Comparison of laboratory indicators in CR group and NCR group.
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Multivariable logistic regression and receiver operating characteristics curve analysis for clopidogrel resistance in children with Kawasaki disease

The results revealed carrying CYP2C19 LOF allele and high levels of LDL were independent risk factor for CR (OR > 1, P < 0.05), while low levels of HDL (OR < 1, P < 0.05) was an independent protective factor for CR (Table 4). The validity of these factors in predicting CR in patients with KD was assessed using ROC curve analysis. The AUC of the various variables for predicting CR were 0.664, 0.630, and 0.671 for HDL, LDL, and carrying the CYP2C19 LOF allele, respectively. The HDL cut-off value of 0.70 mmol/L, LDL cut-off value of 2.92 mmol/L, and carrying the CYP2C19 LOF allele yielded sensitivities of 64.9, 62.2, and 78.4%, and specificities of 67.5, 68.8, and 55.8% for predicting CR, respectively (Table 5). Besides, the AUC of the multivariate logistic regression model (including HDL, LDL, and CYP2C19 LOF allele carriers) for predicting CR was 0.769. The sensitivity and specificity were 70.3 and 74.0%, respectively (Figure 2).


TABLE 4    Multivariable logistic regression analysis for CR in children with KD.
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TABLE 5    The cut-off values of prediction CR with CYP2C19 LOF, HDL, and LDL.
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FIGURE 2
The ROC curve of the multivariable logistic regression model. ROC, receiver operating characteristics curve.





Discussion

In this study, the incidence of CR was 31.4% in children with KD, which was higher than that in adults with acute coronary syndrome (ACS) and/or undergoing percutaneous coronary intervention (PCI) (18, 24). The results also showed that carrying the CYP2C19 LOF allele, low levels of HDL, and high levels of LDL were independently associated with CR. The sensitivity and specificity of the combination of the above indicators for predicting CR in children with KD were 70.3 and 74.0%, respectively.

Clopidogrel, an inactive prodrug, needs to be converted to its active metabolite by hepatic cytochrome P450 (CYP) enzymes to exert its antiplatelet effect, and CYP2C19 is the most important enzyme involved in clopidogrel metabolism (13). Previous studies have identified the possession of CYP2C19 LOF alleles as an independent risk factor for CR, because it lowers the conversion rates of clopidogrel by the CYP2C19 enzyme (25). Randomized clinical trial and real-world implementation data also have demonstrated that CYP2C19 genotype-guided selection is expected to improve efficacy and reduce adverse effects of antiplatelet therapy in adults (26, 27). However, there is a lack of clinical data in the pediatric population (16). The frequency of CYP2C19 LOF alleles in the present study of Chinese KD patients was 56.9%, which was similar to previous data in other East Asian populations (approximately 60%) and higher than data in other populations (approximately 30% in African American and Caucasian populations) (28–30). Furthermore, this study found that the possession of CYP2C19 LOF alleles was an independent risk factor for CR in Chinese KD children, which was consistent with studies in adults (25).

In this study, it was found that the patients’s phenotypes were not matched to the genotypes, that is, some KD patients carrying CYP2C19 LOF allele still presented with NCR. The possible mechanisms are as follows, existing studies strongly suggest that insufficient plasma concentrations of the active metabolite of clopidogrel resulted in CR. Low levels of the active metabolite of clopidogrel might be resulted from limited intestinal absorption, which may be affected by ABCB1 gene polymorphism; functional variability in P450 isoenzyme activity influenced by drug-drug interactions as well as other clinical factors; and the genetic variations in CYP450 isoenzymes genes (CYP2C19, CYP1A2, CYP2B6, CYP2C9, and CYP3A4) (9, 13). Therefore, carrying only the CYP2C19 LOF allele is not equivalent to CR. Carrying the CYP2C19 LOF allele is one of factors for poor metabolism of clopidogrel. It is a complex process, may be affected by other gene polymorphisms and a variety of complex clinical factors. In order to research the clinical efficacy of clopidogrel more accurately, plasma concentrations of the active metabolite of clopidogrel will be measured in the future studies.

As a prodrug, clopidogrel is absorbed through the intestine, metabolized in the liver, and excreted to urine (50%) or feces (46%) (31, 32). After absorption in the intestine, approximately 85% of clopidogrel is transformed by hepatic carboxylesterase 1 into an inactive carboxylic acid while 15% is available to undergo hepatic metabolism mediated by CYP450 enzyme (especially the CYP2C19) to yield the active metabolite (31, 32). Therefore, in addition to genetic factors, clinical factors such as clopidogrel dosage, platelet function, liver metabolic function, and renal function can also affect the antiplatelet effect of clopidogrel (10, 13, 18–20). In this study, there was no difference in the dosage of clopidogrel between the different response groups of KD children treated with clopidogrel, thus excluding the effect of clopidogrel dosage on CR. We further comprehensively analyzed the remaining laboratory indicators on the effectiveness of clopidogrel in children with KD, and found that low levels of HDL and high levels of LDL were independent risk factors for the occurrence of CR in children with KD in China. Our result aligned with a study in adults with coronary artery disease (CAD), which demonstrated that high levels of LDL and low levels of HDL were correlated with low response to clopidogrel (33).

Lipoproteins can influence platelet count and characteristics and modulate the risk of atherothrombosis via the megakaryocyte-platelet hemostatic axis (34). In the present study it was found that HDL was a protective factor for the occurrence of CR in children with KD. Our finding was in line with a previous study of Wadowski et al. suggesting that low HDL levels were linked to impaired clopidogrel-mediated platelet inhibition after angioplasty (35). Similarly, another study found that low HDL levels were associated with CR in CAD patients (36). Moreover, it was shown that patients with low HDL levels might be more prone to platelet hyperreactivity in the period after clopidogrel cessation (34), and the infusion of reconstituted HDL was highly effective in inhibiting platelet hyperactivity in diabetic patients (37). However, a study of ACS patients undergoing PCI suggested that HDL was inversely associated with platelet activation parameters but not with clopidogrel response variability (38). Although the specific mechanism of the effect of HDL on the antiplatelet effect of clopidogrel is still unclear, it is generally considered that in addition to its role in reverse cholesterol transport, HDL also inhibits platelet activation in vivo and in vitro to mediate antithrombotic effects (39). Studies have shown that HDL can prevent platelet hyperreactivity by limiting the excessive accumulation of cholesterol in platelet membranes and regulating platelet signaling pathways by binding specific receptors on the platelet surface (34, 39). Meanwhile, HDL also stimulates the endothelial production of nitric oxide and prostacyclin, which are potent inhibitors of platelet activation (39). Altogether, HDL may inhibit platelet function through various pathways, thereby reducing the occurrence of CR.

Studies have shown that LDL promotes platelet activation and platelet-dependent thrombus formation (40). in the study it was found that LDL was an independent risk factor for CR in children with KD, which was consistent with the conclusion of Bobescu et al. that elevated LDL levels significantly increased the occurrence of CR in CAD patients (33). Previous studies showed that LDL augmented platelet activation in vitro and in vivo (40, 41). There are specific lipoprotein binding sites on the surface of platelets, and LDL, especially oxidized LDL, can specifically bind to them to activate platelets (42). Additionally, LDL can also act on the phospholipase A2 pathway to stimulate platelet release and induce platelet aggregation (40, 42). In brief, high levels of LDL may induce platelet activation, leading to decreased antiplatelet function, which may induce the occurrence of CR.

Our study has several limitations. First, this study was performed at a single center, the sample size was small, lacking multi-center data verification. Second, due to the absence of long-term follow-up, we cannot evaluate the impact of the CR on the long-term complications of coronary artery in children with KD. Finally, the population in the study only featured Chinese children, whether these results generalize to other ethnicities may require further investigation and validation.



Conclusion

In conclusion, CR was found in children with KD and its incidence was 31.4%. Carrying CYP2C19 LOF allele, low levels of HDL, and high levels of LDL were independent risk factors for CR in children with KD. These indicators may serve as valuable biomarkers for predicting CR in children with KD and further guide the pediatricians to choose individualized antiplatelet therapy.
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