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Introduction

Dual antiplatelet therapy with aspirin and a P2Y12 inhibitor is a cornerstone in the treatment of acute coronary syndrome [START_REF] Valgimigli | ESC focused update on dual antiplatelet therapy in coronary artery disease developed in collaboration with EACTS: The Task Force for dual antiplatelet therapy in coronary artery disease of the European Society of Cardiology (ESC) and of the European Association for Cardio-Thoracic Surgery (EACTS)[END_REF]. The variability of the biological response to antiplatelet drugs has been investigated for around 15 years and shown to be a predictor of recurrent ischemic events, particularly in high risk cardiovascular patients [START_REF] Reny | Vascular risk levels affect the predictive value of platelet reactivity for the occurrence of MACE in patients on clopidogrel. Systematic review and meta-analysis of individual patient data[END_REF]. Important questions remain unanswered, such as the best tailored antiplatelet regimen according to platelet reactivity and the causes of suboptimal inhibition of platelet reactivity by these drugs. Although non-genetic factors play a definite role in the variability of antiplatelet drug responsiveness [START_REF] Fontana | Clinical predictors of dual aspirin and clopidogrel poor responsiveness in stable cardiovascular patients from the ADRIE study[END_REF][START_REF] Geisler | The Residual Platelet Aggregation after Deployment of Intracoronary Stent (PREDICT) score[END_REF], familybased studies suggest a moderate to strong heritability of platelet reactivity, with a h 2 ranging from 0.38 to 0.78 for epinephrine-and adenosine diphosphate-induced aggregation, respectively [START_REF] Bray | Heritability of platelet function in families with premature coronary artery disease[END_REF], and a strong heritability when assessing the effectiveness of one major anti-P2Y12 drug, clopidogrel, with a h 2 =0.73 [START_REF] Shuldiner | Association of cytochrome P450 2C19 genotype with the antiplatelet effect and clinical efficacy of clopidogrel therapy[END_REF]. However, the first candidate-based studies aiming to identify gene variations associated with clopidogrel responsiveness yielded disappointing results and the identified variants explained only around 10% of the observed variability [START_REF] Fontana | Tailored Thienopyridine therapy: no urgency for CYP2C19 genotyping[END_REF], and genome-wide association studies did not add much yet [START_REF] Shuldiner | Association of cytochrome P450 2C19 genotype with the antiplatelet effect and clinical efficacy of clopidogrel therapy[END_REF] precluding a relevant clinical application [START_REF] Fontana | Tailored Thienopyridine therapy: no urgency for CYP2C19 genotyping[END_REF]. Genetic determinants of clopidogrel response is of particular importance nowadays, since antiplatelet de-escalation strategies from more potent anti-P2Y12 drugs to clopidogrel are contemplated in selected clinical settings [START_REF] Sibbing | Updated Expert Consensus Statement on Platelet Function and Genetic Testing for Guiding P2Y12 Receptor Inhibitor Treatment in Percutaneous Coronary Intervention[END_REF] and that genotyping could be useful to tailor antiplatelet strategy [START_REF] Claassens | A Genotype-Guided Strategy for Oral P2Y12 Inhibitors in Primary PCI[END_REF].

Other high throughput technologies such as whole exome sequencing (WES) may help in the identification of the molecular basis involved in the interindividual response variability to antiplatelet drugs such as clopidogrel. One of the first attempts investigated two groups of 4 patients each, with either low or high on-treatment platelet reactivity, and identified only one synonymous variant in the gene B4GALT2 as a potential determinant of clopidogrel response [START_REF] Scott | Exome sequencing of extreme clopidogrel response phenotypes identifies B4GALT2 as a determinant of ontreatment platelet reactivity[END_REF]. Several factors may explain the relative poor yield of this approach, including a small sample size and the overall method of interpretation based on single and independent variants rather than combined variants with potential synergistic effects. In the present work, we performed an exome sequencing of 2x48 cardiovascular patients with extreme platelet phenotype in a discovery and a replication cohort in order to identify candidate genes and biological pathways that may explain the high heritability of clopidogrel responsiveness.

Methods

Research plan

The research plan was pre-specified and filed with the Swiss National Research Fund P 3 database (http://p3.snf.ch/project-153206). Both studies for the present discovery and the replication populations were approved by each local ethics committees and all patients provided an informed written consent also covering sample and data sharing.

Discovery population

The discovery population has been described in detail elsewhere [START_REF] Fontana | Clinical predictors of dual aspirin and clopidogrel poor responsiveness in stable cardiovascular patients from the ADRIE study[END_REF][START_REF] Reny | Antiplatelet Drug Response Status Does Not Predict Recurrent Ischemic Events in Stable Cardiovascular Patients: Results of the Antiplatelet Drug Resistances and Ischemic Events Study[END_REF]. Briefly, the ADRIE study (Antiplatelet Drug Resistance and Ischemic Events; ClinicalTrials.gov identifier NCT00501423) is a prospective study focusing on the clinical relevance of the platelet response to aspirin and/or clopidogrel in stable cardiovascular patients.

The patients attended a first outpatient visit (V1) at least one month after the last acute ischemic event and at least 10 days after any NSAID intake, for a physical examination and blood sampling. Blood samples were collected for DNA extraction. Laboratory analyses included platelet function tests, including the quantification of the phosphorylation status of the vasodilator phosphoprotein (VASP assay), highly specific for platelet P2Y12 receptor inhibition by clopidogrel. In total, 534 patients treated with clopidogrel 75 mg daily for less than 5 years were included for a selection of extreme platelet reactivity phenotype patients.

Replication population

The replication population has been described in detail elsewhere [START_REF] Cuisset | Clinical implications of very low ontreatment platelet reactivity in patients treated with thienopyridine: the POBA study (predictor of bleedings with antiplatelet drugs)[END_REF]. Briefly, consecutive patients admitted for non-ST-elevation acute coronary syndromes to the Timone Hospital (Marseille) were eligible for this study if they had undergone successful coronary stenting.

Patients were discharged with the following dual antiplatelet therapy: aspirin 75 mg and clopidogrel 150 mg daily. Blood samples were collected for DNA extraction. Laboratory analyses included platelet function tests, including the VASP assay, were performed at clinical follow-up one month after hospital discharge. The study protocol was approved by the ethics committee of the institution, and patients gave written informed consent for participation.

Selection and matching of extreme platelet reactivity patients

In both the discovery and replication populations, extreme platelet reactivity phenotype patients (low and high platelet reactivity -LPR and HPR) were randomly selected with matching of patients on diabetes and body weight, both variables shown to be determinant of platelet reactivity [START_REF] Fontana | Clinical predictors of dual aspirin and clopidogrel poor responsiveness in stable cardiovascular patients from the ADRIE study[END_REF]. VASP cut-offs of 70% and 35 % for the HPR and LPR groups in the discovery cohort were an arbitrary compromise between the extremeness of the platelet reactivity phenotype and the ability to reach a close to perfect matching with respect to known important confounding factors. Similarly, for the replication cohort VASP cut-offs of 60% and 40 % were selected for the HPR and LPR groups.

Compliance to clopidogrel

In order to evaluate the compliance to clopidogrel prescription in HPR patients, plasma samples were analyzed for the quantitation of the major inactive metabolite of clopidogrel (clopidogrel carboxylic acid). Compared to the unstable clopidogrel active metabolite that has a very short half-live (20-30 min) and unchanged clopidogrel found at very low concentrations, clopidogrel carboxylic acid is present at very high concentration and can be easily monitored at any time between two successive doses [START_REF] Mani | Determination of clopidogrel main metabolite in plasma: a useful tool for monitoring therapy? Therapeutic drug monitoring[END_REF]. After oral administration of a 75-mg tablet of clopidogrel, a mean Cmax of 2735 ng/ml was measured for clopidogrel carboxylic acid while only a Cmax of 0.7 ng/ml of clopidogrel was detected [14]. Trough levels, 24h post dosing, were 100 ng/ml for carboxylic acid and below the limit of detection for clopidogrel. Therefore, 50 ng was selected as a cut-off concentration for compliance taking into account interindividual variability.

Clopidogrel metabolite quantification was performed using 50 μL of plasma mixed to 200 μL of acetonitrile. After centrifugation, the supernatant was directly injected to the LC-MSMS system composed of an Agilent 1290 LC system (Agilent, Paolo Alto, USA) coupled to a 6500 QTtrap® triple quadrupole linear ion trap mass spectrometer (AB Sciex, Darmstadt, Germany) in positive electrospray ionization mode. The method was fully validated and showed acceptable performances in terms of trueness and precision according to FDA guidelines for bioanalytical methods validation [START_REF] Marsousi | Impact of Boosted Antiretroviral Therapy on the Pharmacokinetics and Efficacy of Clopidogrel and Prasugrel Active Metabolites[END_REF].

Whole exome and custom capture -sequencing

Sequencing was performed at the iGE3 Genomics Platform of the University of Geneva. The SureSelect Target Enrichment technology was used for library preparation (Agilent Technologies, Santa Clara, CA, USA). For exome capture, the XT2 enrichment system (protocol version B, April 2012) was used for one third of the samples and the XT system (protocol version 1.3.1, February 2012) for the rest. The Human All Exon v4 capture was used for the 96 samples. For the custom capture, the QXT enrichment system (transposase based) was used (protocol version C0, January 2015).

Library molarity and quality was assessed with the Qubit and Tapestation using a DNA High sensitivity chip (Agilent Technologies). Pools of 8 and 40 libraries were prepared respectively for exome and custom captures. Pools were loaded at 10 pM for clustering on 2 and 1 Pairedend Illumina Flow cell lanes, respectively. Reads of 100 bases were generated using the TruSeq SBS HS v3 chemistry on an Illumina HiSeq 2500 sequencer.

Average coverage of the exome bait region was about 70-fold, with more than 98% of bases having at least 10x coverage. Sequence reads were aligned to the GRCh37 reference assembly using BWA MEM [START_REF] Li | Fast and accurate short read alignment with Burrows-Wheeler transform[END_REF] and duplicate reads marked with Picard tools [START_REF] Li | The Sequence Alignment/Map format and SAMtools[END_REF]. After local realignment at indels and base recalibration, nucleotide variants were identified in a two-step procedure implemented in version3.2-2 of the Genome Analysis Tool Kit (GATK) [START_REF] Depristo | A framework for variation discovery and genotyping using next-generation DNA sequencing data[END_REF] which compares base calls across all 96 samples to improve accuracy. The GATK VQSR algorithm was subsequently used to dynamically filter the variants, employing statistical methods with external data sets of known quality.

Statistical analysis

Comparison of variant frequencies between HPR and LPR patients

We reasoned that variants contributing to the LPR/HPR phenotype should be over-represented in either the HPR or the LPR group. To test for this we created a contingency table for each variant, counting the occurrence of the reference or the variant allele in each group (LPR_variant, LPR_reference, HPR_variant, HPR_reference), and derived a p-value based on a Fisher test. P-values were corrected for multiple comparisons using the Benjamini Hochberg method.

Logistic regression analysis was performed on data from both the discovery population and the replication population. Prior to applying a logistic regression test to each variant location, the data set was filtered to exclude variant locations with very little variability across subjects.

Subjects have 0, 1, or 2 alleles that differ from the reference genome. For the filtering, this allele count was treated as a numerical measurement, and variant locations with variance < 0.5 across all subjects were removed. A basic logistic regression model was set up as follows:

the platelet reactivity phenotype (LPR or HPR) was used as the binary response variable; presence or absence of non-reference alleles was included as binary predictor variable (nonreference allele absent (0); present in one to two copies [START_REF] Valgimigli | ESC focused update on dual antiplatelet therapy in coronary artery disease developed in collaboration with EACTS: The Task Force for dual antiplatelet therapy in coronary artery disease of the European Society of Cardiology (ESC) and of the European Association for Cardio-Thoracic Surgery (EACTS)[END_REF]). This logistic regression model was first applied to variants from all genes in the discovery population in order to identify genes with variants showing a statistically significant association with the PR phenotype. The same logistic regression model was then applied on these latter genes in the replication cohort. The result lists contain one row per variant location and are sorted by p-value. P-values were adjusted for multiple testing within each of the two results lists by the Benjamini-Hochberg method, which controls for false discovery rate, counting a single test for each variant.

Principal Component Analysis (PCA)

Since our goal was to find genetic variants that can be used to in some way to "define" the PR phenotype, a principal component analysis (PCA) using all significant variants in the discovery cohort was performed. PCA is a dimensionality reduction analysis that reduces multidimensional data (in this case the different variants) into a smaller number of dimensions; these are termed the principal components (PCs) of the variation, PC1 represents the largest fraction of the total variation then PC2, then PC3 etc. A scatterplot of the first 2 PCs allows a visual evaluation of the ability of the identified variants to separate HPR and LPR patients.

Discriminant Analysis of Principal Components (DAPC)

Provided that the genetic variation is able to separate the HPR and LPR groups by PCA, we want to find the minimum number of variants that could distinguish between the two groups.

Finding such a set of variants is a prerequisite for testing in a separate cohort of patients. For this we performed discriminant analysis of the principal components [START_REF] Jombart | adegenet 1.3-1: new tools for the analysis of genome-wide SNP data[END_REF]. The goal of DAPC is to construct one or more linear discriminants from a set of principal components that maximally separate samples into predefined groups. In our case we have 2 groups, HPR and LPR. A common problem with this type of analysis is that if too many principal components are used for the discriminant analysis, the resulting linear discriminant can overfit the data. One way for testing for this is to randomize the sample labels and repeat the analysis; if the linear discriminant is able to still separate randomly assigned groups then there is an overfitting problem. Another way is to perform a cross-validation, where 10% of the samples are removed randomly N times, and the performance of the resulting linear discriminant measured on these samples. If too many PCs are used, the cross-validation performance will be lower, indicating overfitting. To try to minimize overfitting, two scores were calculated for different numbers of PCs, and the number of PCs to use was taken as the lowest number predicted from both scores. The first score, the a score, was calculated measuring the proportion of true assignments in the original data compared to assignments made on randomized data; the second score (b score) was a cross-validation test removing 10% of samples 100 times and measuring the average performance. The analysis was performed with different numbers of genetic variants, ordered by increasing p-value starting from 10 up to 300 in order to identify the minimum number of variants required to achieve a success rate of 100%.

Simulation of the effect of increasing extreme patients on variant discovery

The 96 patients in the discovery cohort were ranked according to PR phenotype. Three different methods were used for the ranking: (i) the difference in PR between matching pairs was calculated and the patients ranked according to this difference (high to low); (ii) the PR value of the HPR individual in the matching pair was used to rank the patients (high to low);

(iii) the PR value independent of pair was used to rank the patients (high to low). Contingency tables for testing HPR versus LPR differences were then created with 12, 24, 36, 48, 60, 72 and 96 patients for each of the three ranked lists by including first the most extreme patients and then including successively less extreme patients. Fisher P values were then calculated for each variant with increasing numbers of patients and corrected for multiple comparisons using Benjamini Hochberg FDR correction. The mean numbers of significant variants after multiple testing correction from the three ranked methods were then plotted against number of extreme phenotype patients.

Network construction and pathway analysis

We investigated the variant genes associated with HPR in the ADRIE cohort further by building a molecular network using two complementary sources. Firstly, we manually curated literature around these genes and extracted information from the relevant publications on the type (e.g. activation or inhibition, binding) and description of experimentally determined interactions (evidence tags), what cell type or tissue the interaction was observed and the conditions of the experiment. We used several databases to search for relevant information, including Pubmed, Google Scholar, iHOP, EVEX and GeneCards. All interactions were evaluated by tracing back to the original article text and figures and were only included if the curator judged that there was sufficient evidence for a functional link between two genes. In addition to annotating direct links between the genes selected from the discovery cohort based on the statistically significant variants, we also searched manually for additional genes, which may 'bridge the gap' between the selected genes. Such linking genes are not part of the list of 417 genes, but were included to help complete the network of functional interactions. Since it is difficult to be exhaustive using a manual annotation approach, we also complemented the network by searching the STRING database and extracting all experimentally determined interactions between the selected genes. These interactions were then merged with the manually created network.

Results

Characteristics of extreme platelet reactivity patients

Extreme platelet reactivity phenotype patients from the discovery ADRIE population were treated with 75 mg clopidogrel once daily. Extreme platelet reactivity phenotype patients from the replication MARSEILLE population were treated with 150 mg clopidogrel once daily.

Patients in both discovery and validations samples were matched for diabetes and body weight as shown in Table 1. Compliance to clopidogrel was confirmed in all HPR patients. A pair of matched samples in the validation population had to be excluded because of an unnoticed duplicate inclusion of one patient that was identified with the exome sequencing and confirmed with the original patient identification. Further analyses were thus performed on 94 samples from the validation population.

Whole exome sequencing (WES) identified a set of variants able to segregate extreme patients in the discovery ADRIE population

WES was performed in the 96 patients from the discovery ADRIE population as described in the Methods, which led to the discovery of a total of 474'896 variants.

The evaluation of the putative over-representation of genetic variants in either groups (LPR or HPR) identified 585 variants in 417 genes with an adjusted p-value < 0.05 (Table S1 in the supplementary online-only material). Figure 1 shows a Manhattan plot of the results indicating the top 10 significant gene variants. The most significant variants identified were CYP2C19 and CYP2C18 (MTND4P19 is a pseudo gene that is in linkage disequilibrium (LD) with CYP2C19/18; Figure 1). CYP2C19, CYP2C18, CYP2C8 are all three cytochrome P450 genes mapped to chromosome 10. CYP2C18 and 2C8 variants were in linkage disequilibrium with CYP2C19*2 (rs4244285), a variant involved in the bio-activation of clopidogrel. The next most significant variant was in NOC3L, which is also mapped to chromosome 10 and encodes for a nucleolar complex-associated protein 3 previously shown to play a role in adipogenesis [START_REF] Tominaga | Fad24, a mammalian homolog of Noc3p, is a positive regulator in adipocyte differentiation[END_REF].

In addition to the well-known cytochrome P450 variants, and NOC3L, we identified several other variants in additional genes, such as SVIL, CD82, HLA-B, MED16 and TBCD1 (Figure 1), which could potentially define yet unknown molecular pathways underlying the platelet reactivity phenotype. In order to gain more insight into whether such a panel of gene variants could, in theory, be sufficient to segregate HPR and LPR patient groups, we performed a principal component analysis (PCA) using the 585 selected variants on the ADRIE samples.

Figure 2 shows a scatterplot of the first two principal components and indicates clear separation of the HPR (red) and LPR (blue) patient groups. This analysis informed us that, whilst many of the variants identified might differ only by chance between HPR and LPR patient groups in this population, 585 variants were sufficient to clearly separate the patient groups based solely on their genotypes.

We next estimated the minimum number of variants that are needed to separate HPR and LPR patients in this cohort. To do this we performed a discriminant analysis of principal components (DAPC) [START_REF] Jombart | adegenet 1.3-1: new tools for the analysis of genome-wide SNP data[END_REF]. The analysis was performed with different numbers of genetic variants, ordered by increasing p-value starting from 10 up to 300, and using cross-validation (repeating the analysis 100 times, leaving out 10% of samples at random each time) to minimize overfitting.

The minimum number of variants required to achieve perfect separation of HPR and LPR samples was 130 (top 130 variants in table S1). Figure 3 shows a density plot of the individual patient scores on the discriminant function.

Using a conventional logistic regression with multiple testing adjustment based on 143'490 filtered different variants not accounting for LD, 11 variants located in four different genes (CYP2C8, CYP2C19, CYP2C18, NOC3L) were identified as significant, with adjusted p-values < 0.05 (Table 2). Of note, these 11 variants were not sufficient to discriminate HPR and LPR on PCA analysis. In summary, our results from the ADRIE discovery cohort predicted 585 variants corresponding to 417 differing genes between HPR and LPR individuals. These variants were able to separate HPR and LPR patient groups by PCA. We predicted that at least 130 variants would be required to separate HPR from LPR groups in this population using a supervised discriminant analysis, while from a conventional and more stringent logistic regression selection, only 11 variants in 4 genes were associated with the platelet reactivity phenotype. These 11 variants in four genes, though robustly associated with the PR phenotype, were not sufficient to discriminate between HPR and LPR patients. We therefore used the initial 417 genes predicted from our initial analysis as the most likely potential candidates for the construction of a network and for further validation in an independent cohort.

Sample size issue

There is no formal method to evaluate the number of subjects needed for this kind of whole exome study or to assess its power to identify new genes and pathways relevant to the platelet reactivity phenotype of interest. We thus simulated the incremental contribution of increasing number of patients on the number of significant variants identified as described in Methods.

Figure S1 (see supplementary online-only material) shows with various approaches that, from 12 up to 96 patients, the number of discovered variants levels off from 48 to 96 patients, indicating that the addition of further patients from the discovery cohort is not likely to lead to the identification of many more variants significantly associated with PR phenotype.

Curated network of variant genes able to segregate extreme patients of the discovery cohort

A curated molecular network was built as described in the Methods section using the variant genes identified in the ADRIE discovery cohort (n=417). A representation of the network is shown in Figure 4. This network allows the visualization of the interaction of the genes most significantly associated with HPR and LPR, including CYP2C18, CYP2C19 and CYP2C9.

When considering clusters of this network, we identify genes with a high density of connections such as the gene coding for mitogen-activated protein kinase 1 (MAP2K1), fibronectin 1 (FN1) and phosphoinositide-3-Kinase regulatory subunit 1 (PIK3R1).

Targeted exome sequencing of a gene panel in an independent replication cohort

Based on our findings from the ADRIE cohort, we performed a targeted exome capture of the 417 selected genes and sequencing on the independent MARSEILLE replication cohort to determine which of these genes would bear variants associated to the PR phenotype. A total of 23'285 variants in 417 genes were identified which, after filtering, lead to 7'698 different variants. We performed logistic regression comparing HPR and LPR variants as described in Methods. When focusing on the genes identified in the discovery ADRIE cohort (CYP2C8, CYP2C19, CYP2C18 and NOC3L) only 18 out of 38 variants were significantly different between HPR and LPR patients using the same logistic regression approach in the MARSEILLE replication cohort. These significant variants are in the CYP2C8, CYP2C19, CYP2C18 and NOC3L genes (Table 3).

Discussion

This study demonstrates that the genes more consistently associated with the variability of clopidogrel responsiveness both in the derivation and validation cohorts are most likely related to the activation of the prodrug and include CYP2C8, CYP2C18 and CYP2C19. As expected, the well-known CYP2C19*2 polymorphism (rs 4417205) belongs to the variants associated with clopidogrel responsiveness in both cohorts.

It is however likely that numerous other genes with a minor magnitude of impact on this phenotype are implicated [START_REF] Kunicki | The genetics of normal platelet reactivity[END_REF][START_REF] Trenk | Genetics of platelet inhibitor treatment[END_REF]. Indeed, in our derivation cohort, several other genes were pointed out, with 130 of them being able to perfectly discriminate between the two groups of extreme patients with LPR and HPR. The construction of a network enabled a representation of the connections between those genes with the identification of highly connected genes that may delineate important players in the variability of clopidogrel responsiveness. One of them is fibronectin 1, a component of subendothelial matrices and abundant in plasma [START_REF] Cho | Role of fibronectin assembly in platelet thrombus formation[END_REF].

Fibronectin binds to platelet, at least in part through the fibrinogen GPIIbIIIa receptor and could impact VASP phosphorylation through outside-in signaling via cAMP-dependant protein kinase [24,[START_REF] Li | A predominant role for cAMP-dependent protein kinase in the cGMP-induced phosphorylation of vasodilator-stimulated phosphoprotein and platelet inhibition in humans[END_REF]. Another highly connected gene is the regulatory subunit 1 of phosphoinositide-3-Kinase (PI3K), also named p85α and encoded by the PIK3R1 gene. This protein is a key regulator of one of the main two signaling pathways downstream the P2Y12 receptor, PI3K, which is activated upon P2Y12 stimulation by ADP, while VASP phosphorylation occurs via activation of adenylate cyclase [START_REF] Gachet | Antiplatelet drugs: which targets for which treatments?[END_REF]. It is of importance to mention that VASP phosphorylation does not play a key part in integrin activation but is rather a marker of the P2Y12 activation state [START_REF] Gachet | Antiplatelet drugs: which targets for which treatments?[END_REF], highlighting the role of PI3K and its regulators in P2Y12-related platelet activation.

Together with the well-known CYP2C19 gene, the CYP2C18 and CYP2C8 genes were also validated, consistent with the findings of an association between single-nucleotide polymorphisms in the CYP2C18-CYP2C19-CYP2C9-CYP2C8 cluster with diminished clopidogrel response in healthy subjects [START_REF] Shuldiner | Association of cytochrome P450 2C19 genotype with the antiplatelet effect and clinical efficacy of clopidogrel therapy[END_REF]. This emphasizes the potential relevance of these two genes that were not investigated up to now in vitro. Indeed, the metabolism of clopidogrel is still not totally understood, even though the CYP3A4, CYP2C19, and CYP1A2 seem to be the genes most implicated [START_REF] Ancrenaz | Impact of genetic polymorphisms and drug-drug interactions on clopidogrel and prasugrel response variability[END_REF][START_REF] Storelli | Pharmacogenomics of Oral Antithrombotic Drugs[END_REF]. The use of human microsomes or supersomes could delineate the in vitro contribution of CYP2C18 and CYP2C8, as it was done for other cytochrome P450 enzymes [START_REF] Kazui | Identification of the human cytochrome P450 enzymes involved in the two oxidative steps in the bioactivation of clopidogrel to its pharmacologically active metabolite[END_REF]. Finally, the NOC3L gene was identified in both cohorts. This gene codes for a protein shown to play a role in adipogenesis [START_REF] Tominaga | Fad24, a mammalian homolog of Noc3p, is a positive regulator in adipocyte differentiation[END_REF], and we can speculate that the NOC3L gene may impact the pharmacokinetics and pharmacodynamics of clopidogrel through adipogenesis since the impact of obesity on clopidogrel response is well documented [START_REF] Norgard | Obesity and Inflammation and Altered Clopidogrel Pharmacokinetics and Pharmacodynamics[END_REF].

Scott et al. reported that the B4GALT2 gene variants rs1061781 and rs1859728 were more likely present in the LPR controls in their study [START_REF] Scott | Exome sequencing of extreme clopidogrel response phenotypes identifies B4GALT2 as a determinant of ontreatment platelet reactivity[END_REF]. We find that they are equally-represented in both LPR and HPR in the ADRIE discovery cohort (p value of 0.57 and 0.76 respectively), and therefore were not selected for validation in the MARSEILLE cohort. Several causes may account for this apparent discrepancy, including differences in populations and in platelet function evaluation. Indeed, aggregation-based assays used in this previous study [START_REF] Scott | Exome sequencing of extreme clopidogrel response phenotypes identifies B4GALT2 as a determinant of ontreatment platelet reactivity[END_REF] are less specific than the VASP assay [START_REF] Reny | Poor responsiveness to antiplatelet drugs in acute coronary syndromes: clinical relevance and management[END_REF]. In addition, our data are in line with another study not able to confirm the association between B4GALT2 gene variants and VASP [START_REF] Pallet | Beta-1,4-galactosyltransferase 2 c.909C>T gene variant is predictive of onclopidogrel platelet reactivity[END_REF].

There are some limitations in this study. Our validation cohort did not allow validation of the majority of the genes depicted in the network, although 18% of genes (11 out of 62 genes) from the top 100 variants ranked based on increasing p-value of the derivation cohort belong to the top 100 variants of the validation cohort. The difference in the characteristics of the 2 cohorts of patients may have accounted for this finding, allowing to validate only genes with the strongest impactthose affecting the activation of the prodrug. Indeed, while patients of the derivation cohort were on clopidogrel 75 mg/day, those of the validation cohort were on 150 mg/day. We speculate that doubling the maintenance dose of clopidogrel may have affected the validation of genes, with a minor impact on clopidogrel responsiveness. The different clopidogrel doses in the discovery and replication cohorts, 75 and 150 mg daily respectively, may have decreased the sensitivity to replicate primary cohort findings in the discovery cohort. Although there does not appear to be an interaction between clopidogrel doses and the association between CYP2C19*2 status and platelet reactivity [33], this cannot be extrapolated to other variants. The time from drug intake to dosing for PR may also have differed between the discovery and replication cohorts, which could also have interfered.

However, this was studied and shown to have no major impact for the discovery cohort [START_REF] Fontana | Clinical predictors of dual aspirin and clopidogrel poor responsiveness in stable cardiovascular patients from the ADRIE study[END_REF],

although it has not been verified in the replication cohort. The present data cannot be extrapolated to African or Asian descent populations as those were not represented in our cohorts. Finally, due to a predefined need to have HPR and LPR matched on important determinants of PR the cutoffs to define HPR and LPR in the discovery cohort (70 and 35% respectively) and in the replication cohort (60 and 40% respectively) were rather close, thus limiting the extremeness of PR between the groups under comparison. These cut-offs still allowed to have very contrasted VASP-PRI (%) mean (SD) values with 25.8 (7.5) versus 76.0 
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Table 1 .

 1 Extreme phenotype patients in the discovery (A) and replication (B) populations CRP : 1 data missing in the HPR group LPR: low platelet reactivity; HPR: high platelet reactivity; VASP-PRI: vasodilator stimulated phosphoprotein platelet reactivity index; CRP: C reactive protein

	A			
		LPR	HPR	P value
		(n=48)	(n=48)	
	VASP-PRI (%) mean (SD)	25.8 (7.5)	76.0 (4.8)	<0.0001
	Age (year) mean (SD)	62.3 (12.1)	61.8 (11.1)	0.8
	Females n	6	7	0.8
	Diabetes n	11	11	1
	Weight (kg) mean (SD)	80.4 (12.6)	82.5 (14.4)	0.4
	CRP≥0.6mg/l n	37*	41	0.7
	* CRP : 3 data missing in the LPR group			
	B			
		LPR	HPR	P value
		(n=47)	(n=47)	
	VASP-PRI (%) mean (SD)	23.9 (8.6)	69.5 (6.6)	<0.0001
	Age (year) mean (SD)	65.6 (13.8)	66.5 (11.5)	0.7
	Females n	11	13	0.2
	Diabetes n	17	17	1
	Weight (kg) mean (SD)	76.9 (15.0)	75.4 (12.9)	0.6
	CRP≥0.6mg/l n	42	44*	0.3
	*			

Table 2 :

 2 Genes with their variants significantly associated with the PR phenotype in the discovery cohort. P values are from a logistic regression performed in the discovery cohort and adjusted for the total number of filtered variants (6191 variants from 395 genes).

	VARNAME	GENE	coef	p	padj
	CYP2C18_rs1126545	CYP2C18	-2.940219564	2.04E-07 0.000300236
	CYP2C19_rs3758580	CYP2C19	-2.940219564	2.04E-07 0.000300236
	CYP2C19_rs4244285	CYP2C19	-2.940219564	2.04E-07 0.000300236
	CYP2C19_rs4986894	CYP2C19	-2.940219564	2.04E-07 0.000300236
	CYP2C18_rs1042192	CYP2C18	-2.734367509	3.39E-07 0.000300236
	CYP2C19_rs12769205	CYP2C19	-2.734367509	3.39E-07 0.000300236
	CYP2C19_rs4417205	CYP2C19	-2.734367509	3.39E-07 0.000300236
	NOC3L_rs12572897	NOC3L	-2.481276882	3.22E-05 0.018572252
	NOC3L_rs3758526	NOC3L	-2.481276882	3.22E-05 0.018572252
	CYP2C8_rs1058932	CYP2C8	-1.935774927	3.30E-05 0.018572252
	CYP2C8_rs11572101	CYP2C8	-1.935774927	3.30E-05 0.018572252

(4.8) in the LPR and HPR discovery cohort groups respectively and 23.9 (8.6) versus 69.5(6.6) in the LPR and HPR replication cohort groups respectively.Altogether, this study emphasizes the role of CYP-related genes as major regulators of clopidogrel response, including poorly-investigated CYP such as 2C8 and 2C18, and through an original network approach pointed to other candidate genes, such as a regulator of PI3K, a key-actor in downstream signaling pathway of the P2Y12 receptor. This gene warrants to be tested in other studies for validation, including those with other anti-P2Y12 inhibitors.
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