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Abstract
This multicenter clinical study was aimed at conducting a targeted pharma-
cogenomic association analysis of residual on-clopidogrel platelet reactivity in 
474 Caribbean Hispanic patients. Platelet reactivity was measured using the 
VerifyNow P2Y12 assay and clopidogrel resistance was defined as P2Y12 reaction 
units (PRUs) greater than or equal to 208. Genotyping was performed using the 
whole-genome Infinium MEGA BeadChip array. An ancestry-adjusted, weighted 
polygenic risk score (wPGxRS) was developed to account for the effect of mul-
tiple variants on PRU and compared between clopidogrel responders and non-
responders. The mean PRU across the study cohort was 173.8 ± 68.5 and 33.5% 
of patients were defined as clopidogrel resistant. Multivariate linear regression 
showed that 19% of PRU variability was attributed to nine independent predic-
tors, with CYP2C19*2 (rs4244285) accounting for ~ 7% of observed PRU variation 
(p  <  0.001). PON1 rs662, ABCB1/MDR1 rs2032582, PEAR1 rs12041331 carrier 
status, and the interaction between African ancestry and rs12041331 carriers also 
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INTRODUCTION

Clopidogrel, a P2Y12 receptor inhibitor, is widely recom-
mended for secondary prevention of coronary artery dis-
ease (CAD) to reduce major adverse cardiovascular events 
(MACEs) among patients with acute coronary syndrome 
(ACS) or stable CAD undergoing percutaneous coronary 
intervention (PCI). Despite its proven effectiveness as part 
of dual antiplatelet therapy (DAPT), some patients do not 
attain adequate antiplatelet effects.1,2 Studies have shown 
that certain genetic variants in clinically relevant phar-
macogenes (e.g., CYP2C19*2) are significantly associated 
with an impaired response to clopidogrel.1,3,4 Moreover, 
carrying at least one nonfunctional CYP2C19 allele results 

in reduced formation of the active clopidogrel metabolite 
when compared with patients with a wild-type genotype.5 
However, CYP2C19 accounts for only a small fraction of 
observed variability in response to clopidogrel. In addi-
tion, poor responders to clopidogrel (~ 30%) can also be 
identified among patients who are noncarriers of any 
known reduced-function CYP2C19 allele, suggesting that 
other genetic markers for clopidogrel response predic-
tion remain to be discovered. Notably, most of these stud-
ies have been conducted among individuals of European 
ancestry with Hispanics and other minorities being 
under-represented.6,7

Although routine implementation of CYP2C19 test-
ing to guide antiplatelet therapy selection has remained 

predicted PRU among the participants (p ≤ 0.05). A clear gene-dose effect was de-
tected between PRU and CYP2C19*2 genotype, consistent with previous studies 
in European patient populations, as well as rs12777823. Importantly, a significant 
positive correlation was detected between our novel wPGxRS (4 variants) and 
PRU among the Hispanic patient population (rp = 0.35, p < 0.001). Moreover, 
the wPGxRS discriminated between nonresponders and responders (p = 0.003), 
indicating that this multigene-based score is a useful predictor of clopidogrel re-
sistance among Caribbean Hispanics. Taken together, these results help close the 
gap of knowledge on clopidogrel pharmacogenomics and its potential clinical im-
plementation in this under-represented population.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
CYP2C19*2 is significantly associated with an impaired response to clopidogrel in 
patients of mainly European ancestry, but this genetic variant accounts for only a 
small fraction of observed variability in clopidogrel resistance.
WHAT QUESTION DID THIS STUDY ADDRESS?
This study answers the question of whether there is an association of relevant 
candidate pharmacogenes involved in clopidogrel absorption, metabolism, and 
pharmacodynamics with antiplatelet response among Caribbean Hispanics using 
a multigene-based score approach.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
This study closes the existing gap of knowledge about clopidogrel pharmacog-
enomics in Caribbean Hispanics by both confirming and identifying relevant 
genetic determinants of clopidogrel responsiveness in this underrepresented 
population after developing an ancestry-based polygenic risk score model.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
By gaining a better understanding of underlying determinants of poor clopidogrel 
response among marginally represented groups, such as Caribbean Hispanics, 
worldwide efforts to translate such findings into a global precision medicine para-
digm of true benefit for everyone can finally bring cardiovascular health equity to 
the population at large.
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controversial due to a lack of large randomized controlled 
trials evaluating this approach, the American College 
of Cardiology Foundation/American Heart Association 
(ACC/AHA) ACS guidelines noted that genetic testing 
might be considered on a case-by-case basis to identify 
whether a high-risk patient is predisposed to inade-
quate platelet inhibition with clopidogrel.8 Likewise, the 
Clinical Pharmacogenetics Implementation Consortium 
(CPIC) guidelines recommend an alternative anti-
platelet therapy (if not contraindicated) for carriers of 
CYP2C19 risk alleles, particularly for those with a poor 
metabolizer (PM) status, when CYP2C19 genotype status 
is known.9 A CYP2C19 genotype-guided strategy for op-
timal selection of antiplatelet therapy has been proven 
beneficial in several clinical utility studies; however, 
none of these trials were performed with Caribbean 
Hispanic patients.10,11

To date, there is a gap of knowledge about clopido-
grel pharmacogenomics in Caribbean Hispanics, as 
they make up less than 1% of participants in previous 
studies. This lack of representation tends to exacerbate 
already existing healthcare disparities.12,13 Our study 
assessed the association of relevant candidate pharma-
cogenes involved in clopidogrel pharmacokinetics and 
pharmacodynamics with antiplatelet response among 
Caribbean Hispanics to identify genetic determinants 
of clopidogrel responsiveness using a multigene-based 
score approach in this under-represented population. 
Because genetic variants on these candidate pharmaco-
genes were chosen from published reports of significant 
association with clopidogrel response in other popula-
tions, it provides justification of their use to predict risk 
scores in our study sample rather than applying to an 
independent cohort.

METHODS

This is a multicenter, cross-sectional, clinical proto-
col to perform a combined targeted and untargeted 
pharmacogenomic association analysis of clopidogrel 
resistance in Caribbean Hispanics (institutional re-
view board [IRB] approval #A4070417). To this pur-
pose, 549 patients of Hispanic origin who reside in the 
Commonwealth of Puerto Rico and received either a 
600 or 300  mg loading dose plus a daily 75  mg main-
tenance dose or only a 75mg daily maintenance dose 
of clopidogrel for more than 7 days (i.e., alone or as a 
component of DAPT in mainly post-PCI patients with 
ACS or stable CAD) were enrolled in this study between 
January 2018 and June 2020 (Figure  S1). Inclusion 
and exclusion criteria are described as Supplementary 
Table S1.

Blood samples (20 ml) for genetic testing and rapid ex 
vivo residual platelet function analysis were collected at a 
single time point on the day of recruitment while under 
clopidogrel maintenance dosing. Platelet reactivity was 
measured within 4  h after blood withdrawal using the 
VerifyNow P2Y12 assay (i.e., PRUTest; Accumetrics) fol-
lowing the manufacturer’s instructions. The results of re-
sidual platelet function tests were expressed as PRU and 
used as the primary end point to determine platelet inhibi-
tion by clopidogrel in each participant. High on-treatment 
platelet reactivity (HTPR) was defined as PRU greater 
than or equal to 208,14,15 which indicates poor clopidogrel 
response (i.e., resistant status). Additionally, MACEs were 
evaluated in a subset of patients (n = 305) in whom clini-
cal outcomes data were available. Further details are pro-
vided as Supplementary Material.

Genotyping

Genotyping was performed using a HiScan system with 
the whole-genome Infinium Multi-Ethnic Hispanic 
AMR/AFR MEGA BeadChip array, according to the 
manufacturer’s instructions (Illumina). Single-nucleotide 
polymorphisms (SNPs) occurring on candidate genes of 
clinical relevance were chosen to perform the correspond-
ing targeted analysis based on prior literature and pre-
liminary unpublished data from our studies in Caribbean 
Hispanics.6,15 Only SNPs at these loci that were present 
on the array with a minor allele frequency (MAF) greater 
than 1% were included in our analyses. The mean geno-
type call rate of these ~ 1.4 M SNPs was greater than 99%. 
All SNPs within the regions of interest on preselected 
pharmacogenes were in Hardy-Weinberg equilibrium 
(p ˃ 0.05). Genotype results of selected sites in candidate 
genes were confirmed by TaqMan SNP genotyping assay 
methodology using a StepOne Plus Real-Time polymer-
ase chain reaction (PCR) system, according to standard 
protocols (Applied Biosystems). Genotype concordance 
was greater than 97% in a subset of duplicate samples. 
Standard quality control measures were conducted using 
PLINK version 1.07. Ancestral proportions were esti-
mated using ADMIXTURE and used as covariates in sta-
tistical analyses to account for the potential confounder 
effect of such a varying degree of ancestry on the expected 
pharmacogenetic associations of clopidogrel resistance in 
Caribbean Hispanics.

Statistical analysis

Summary statistics (e.g., means [SDs]) and frequen-
cies for the study population as well as measures of 
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Hardy–Weinberg equilibrium and linkage disequilibrium 
(LD) metrics were calculated using PLINK version 1.07. A 
linear regression analysis under an additive genetic model 
without conditioning was conducted to assess whether 
relevant covariates (see in Supplementary Material) sig-
nificantly predicted PRU in Caribbean Hispanic patients. 
A binary logistic regression was also performed to exam-
ine whether carrier status at certain loci had a significant 
effect on the odds of observing clopidogrel resistance (i.e., 
HTPR). Kruskal-Wallis rank sum test was conducted to 
assess if there were significant differences in PRU be-
tween genotypes at preselected loci. Pairwise post hoc 
comparisons were also examined. Additionally, a two-
tailed Mann-Whitney U test was used to examine such 
differences in PRU by carrier status at some loci. All sta-
tistical tests were two-sided.

A weighted polygenic pharmacogenomic risk score 
(wPGxRS) was applied to determine the cumulative ef-
fects of significantly associated candidate SNPs on PRU 
measures (see Supplementary Material for details). The 
wPGxRS of responders and nonresponders were com-
pared by Wilcoxon signed-rank test with continuity cor-
rection. Furthermore, a Pearson’s correlation analysis was 
conducted between the derived wPGxRS and PRU values, 
with Cohen’s standard used to evaluate the strength of the 
relationship.

RESULTS

Table 1 describes the baseline characteristics of the partici-
pants from the study population with full genetic and clini-
cal data available (n = 474; Figure S1). The average age of 
all participants in this study was ~ 68 years old, with 55% 
identified as men. Overall, 78.3% of participants are greater 
than or equal to 60 years old and 18.6% were within the 45–
59 years old range. Largely, most were middle-aged men, 
with high prevalence of conventional risk factors (i.e., over-
weight [28.4 kg/m2]; hypertension [83.8%]; hypercholester-
olemia/ dyslipidemias [71.9%], and type-2 diabetes [54.8%], 
among others). Furthermore, 20% of participants were 
on proton pump inhibitors (PPIs; mainly pantoprazole); 
whereas statins and calcium channel blockers (CCBs) were 
prescribed in 79.1% and 26.8% of patients, respectively. 
Patients who were taking aspirin administered as part of 
DAPT represented 63.3% of the total cohort. In 72.6% of par-
ticipants, clopidogrel was given for a stable CAD/ ACS in-
dication. Figure 1 depicts the distribution of PRU values in 
all individuals of the study cohort (mean = 173.75 ± 68.5; 
range: 2–328). Among all enrolled patients, 33.5% were 
deemed to be resistant to clopidogrel, based on a PRU cut-
off value of 208. PRU values among women were signifi-
cantly higher than men (i.e., 186 vs. 163, p < 0.001).

Figure 2 illustrates the genotype frequency distribution 
at 12 of the 17 relevant SNP sites within the predefined 
pharmacogenes of clinical relevance for clopidogrel respon-
siveness.6 No deviations from expected Hardy–Weinberg 
proportions were found at any of these loci (p > 0.05). The 
overall MAFs of all tested SNPs in the entire study cohort 
are shown in Table 2. This table also shows the correspond-
ing MAFs at all these loci for participants with resistant 
(PRU  ≥  208) or sensitive (PRU  <  208) phenotypes and 
African-enriched ancestry (≥0.25), as well as the odds ratios 
(ORs; 95% confidence intervals [CIs]) for the association 
with resistance and the p values for the MAF comparisons 
among relevant subgroups. Notably, only CYP2C19*2 (plus 
rs12777823, which is in LD) were significantly associated 
with the resistant phenotype in this subgroup.

Associations with platelet reactivity

The stepwise multivariate linear regression model was 
significant (F(10,198)  =  4.79, p  <  0.001, R2  =  0.19), in-
dicating that 19% of PRU variability is accounted for by 
these predictors (Table 3). Gender was found to be a vari-
able that significantly predicted PRU values in Caribbean 
Hispanics (p = 0.04). In our findings, men had a decreased 
mean value of PRU by 17.9 units on average versus women. 
As expected, the rs4244285 SNP (CYP2C19*2) was found 
to be a highly significant predictor of platelet reactivity to 
clopidogrel (p  <  0.001). Carriers of a single copy of the 
rs4244285-A variant increased the mean PRU value by 
40.5 units on average when compared to wild-type indi-
viduals; whereas, homozygous carriers of this allele had a 
mean PRU increase of 89.3 units. In our study cohort, this 
variant accounted for ~ 7% of observed PRU variation. In 
addition, the PON1 rs662, ABCB1/MDR1 rs2032582, and 
PEAR1 rs12041331 carrier status significantly predicted 
PRU values in participants (p ≤ 0.05). Compared with wild 
type patients, carriers of rs662 and rs2032582 increased 
the corresponding PRU value by 19.4 and 31.9 units on 
average, respectively. In contrast, carriers of the PEAR1 
rs12041331 variant had a decrease in mean PRU by 19.3 
units. Surprisingly, African ancestry was a slight but still 
significant predictor of PRU (p = 0.047). An interaction 
component (i.e., African ancestry to rs12041331 carrier) 
was also added to the final model (B = −83.67; p = 0.05), 
suggesting that the possible effect of this PEAR1 variant 
on platelet function is likely driven by African heritage. In 
fact, a significantly higher allele frequency was observed 
among patients with a relatively large African contribu-
tion as compared to the overall MAF (i.e., 0.34 vs. 0.22; 
p = 0.009; Table 2). Finally, as expected, diabetes also pre-
dicted platelet function in participants (p = 0.03), increas-
ing the mean value of PRU by 19.8 units on average.
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Figure 3 shows the results of both the Kruskal-Wallis 
and the two-tailed Mann-Whitney U tests for assess-
ing the relationship between median PRUs and either 
the number of risk alleles at CYP2C19 rs4244285 and 
rs12777823 or the carrier status at PEAR1 rs12041331, 
PON1 rs662, and ABCB1 rs2032582, respectively. 
Statistically significant associations were found in the 
performed analyses (p  <  0.01), suggesting that signifi-
cant differences in PRU distribution were found across 
all occurring genotypes at each loci regardless of the 

direction of the relationship (Supplementary Material). 
No significant difference in median PRU values between 
wild-type and carriers of the other tested SNPs were ob-
served (p > 0.05). Furthermore, the rs4244285 and rs662 
carrier status, patient age, gender (male), and diabetes 
were also found to be significant predictors of clopido-
grel resistance (PRU > 208) in a binary logistic regression 
analysis (Supplementary Material).

The wPGxRS was calculated by the sum of each indi-
vidual effect size (i.e., β coefficients) of associated genetic 

T A B L E  1   Characteristics of participants in the study cohort

Variable Mean SD SEM Min Max Median

Age (years) 68.01 10.95 0.51 27.00 94.00 69.00

BMI (kg/m2) 28.40 5.71 0.27 11.48 52.67 27.67

Ancestrya proportions

European (Iberians) 0.70 0.13 0.01 0.23 0.93 0.72

Native American 0.11 0.04 0.00 0.03 0.50 0.11

African (Yoruba) 0.19 0.13 0.01 0.03 0.72 0.15

Variable n %

Diabetes mellitus 260 54.85

Hypertension 397 83.75

Dyslipidemias 341 71.94

Smoking 64 13.50

MACEb 42 13.77

Myocardial infarctions (i.e., STEMI and NSTEMI)b 19 6.23

Stent thrombosisb 15 4.92

Strokes/TIAb 14 4.59

Deathsb 4 1.31

Bleedings eventsc 77 16.24

Aspirin users 300 63.29

Statins users 375 79.11

CCBs users 127 26.79

PPIs users 95 20.04

LVEF ≤40% 39 8.22

ACS and stable CAD 344 72.57

Coronary artery stentingd 177 37.34

Peripheral artery disease 114 24.05

Gender

Female 212 44.73

Male 262 55.27

Note: Due to rounding errors, percentages may not equal 100%.
Abbreviations: ACS, acute coronary syndrome; BMI, body mass index; CAD, coronary artery disease; CCB, calcium channel blocker; LVEF, left ventricular 
ejection fraction; MACE, major adverse cardiovascular event; NSTEMI, non-ST-elevation myocardial infarction; PPI, proton pump inhibitor; STEMI, ST-
elevation myocardial infarction; TIA, transient ischemic attack.
aAverage European, Native American and African ancestral genomic proportions at population level were estimated by ADMIXTURE software using the 
whole-genome Infinium Multi-Ethnic Hispanic AMR/AFR MEGA BeadChip array from Illumina.
bMACE reports available only in a subset of 305 patients.
cBleeding events is a combination of major and minor events.
dAll patients with ACS and some with CAD underwent PCI (i.e., percutaneous coronary intervention) or coronary artery stenting.
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signals in the linear regression model (i.e., PON1 rs662; 
ABCB1 rs2032582; PEAR1 rs12041331; and CYP2C19*2 
rs4244285 variants) multiplied by the number of risk al-
leles (0, 1, and 2) at such loci, and adjusted by the cor-
responding ancestral proportions. A significant positive 
correlation was observed between wPGxRS and PRUs 
(rp = 0.35, p < 0.001, 95% CI: 0.22–0.46). The correlation 
coefficient between wPGxRS and PRUs was 0.35, indicat-
ing a moderate effect size (Figure 4, left panel). We also 
assessed the impact of carrying multiple risk alleles on 
PRU (Figure  4, right panel). Specifically, we tested the 
four SNPs that were found to be significantly associated 
with platelet reactivity in the regression analysis to de-
rive the wPGxRS, after adjustment for covariates, plus the 
rs12777823 variant. Each allele that correlated with PRU 
was coded as a “risk” allele. Collectively, these SNPs ac-
counted for ~  12% of the variation in platelet reactivity 
(F(5,205) = 5.79, p < 0.001, R2 = 0.12).

The two-tailed Wilcoxon signed rank test was statisti-
cally significant (V = 166.00, z = −2.97, p = 0.003) for the 

F I G U R E  1   Histogram and probability density function (PDF) 
to show distribution of P2Y12 reaction unit (PRU) values in all 
individuals of the study cohort who received clopidogrel treatment. 
Class intervals include data greater than the lower limit and equal 
to the upper limit of each interval

F I G U R E  2   Frequency distributions of genotypes at different tested genetic loci of clinical relevance. Homozygous for major allele are 
shown in blue color, heterozygous in black, and homozygous for minor allele in orange
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comparison of the wPGxRS between nonresponders and re-
sponders. The median wPGxRS among responders (μ = 3.00) 
was significantly lower than the corresponding median value 

among nonresponders (μ = 3.50), underscoring the poten-
tial utility of the multigene-based wPGxRS as a predictor of 
clopidogrel resistance among Caribbean Hispanics.

T A B L E  3   Results for multivariate linear regression with different variables predicting PRU values in Caribbean Hispanics on 
clopidogrel

Variable B SE 95% CI β t
p 
value

(Intercept) 118.70 14.60 [89.90, 147.50] 0.00 8.13 <0.001

Diabetes 19.81 9.10 [1.86, 37.76] 0.15 2.18 0.031

Gender (M) −17.87 8.63 [−34.88, −0.85] −0.13 −2.07 0.040

African ancestry (YRI) −68.54 34.27 [−136.11, −0.97] −0.14 −2.00 0.047

rs662 carriers 19.37 9.41 [0.82, 37.92] 0.13 2.06 0.041

rs2032582 carriers 31.90 14.25 [3.79, 60.01] 0.15 2.24 0.026

rs12041331 carriers −19.37 9.87 [−38.83, 0.09] −0.14 −1.96 0.051

rs4244285 single carrier 40.54 11.05 [18.76, 62.33] 0.24 3.67 <0.001

rs4244285 double carrier 89.27 36.63 [17.03, 161.52] 0.16 2.44 0.016

African ancestry: rs12041331 −83.67 42.28 [−167.04, −0.30] −0.19 −1.98 0.049

Note: F(10,198) = 4.79, p < 0.001, R2 = 0.19.
Unstandardized Regression Equation: PRU = 118.70 + 19.81 * [Diabetes] − 17.87 * [Gender: males] − 68.54 * [African Ancestry status] + 19.37 * [rs662 
carrier] + 31.90 * [rs2032582 carrier] − 19.37 * [rs12041331 carrier] + 40.54 * [rs4244285 single carrier] + 89.27 * [rs4244285 double carrier] − 83.67 * [African 
Ancestry: rs12041331 interaction].
Abbreviations: CI, confidence interval; PRU, P2Y12 reaction unit.

F I G U R E  3   Boxplots of P2Y12 reaction unit (PRU) values (VerifyNow) by genotyping or carrier status to illustrate the association of different 
tested genetic variants with platelet function measures post clopidogrel administration in participants of the study. Due to their low minor allele 
frequencies (MAFs), no homozygous for the rs12041331, rs662, and rs2032582 single-nucleotide polymorphisms (SNPs) were identified
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Associations with MACEs

Finally, we also assessed the effect of carrying multiple 
risk alleles on the occurrence of cardiovascular events 
in a subset of our study cohort (n  =  305). Results in 
Table 4 were significant for the association between an 
increasing number of risk alleles and MACEs (OR: 8.17, 
p  =  0.04). No significant effects were observed for the 
odds of having a single cardiovascular event in the study 
cohort.

DISCUSSION

Our study sought to assess the role of candidate genes 
and variants implicated in clopidogrel response among 
Caribbean Hispanic patients with ACS/CAD with or without 
PCI, as antiplatelet therapy with clopidogrel is still widely 
used in this under-represented population. Importantly, our 
results are consistent with previous association studies with 
largely European patient populations but extend these find-
ings by identifying novel associations and effect sizes with 
on-treatment platelet reactivity in Caribbean Hispanics. 
Moreover, our candidate gene approach also identified a 
novel pharmacogenomic polygenic risk score that can effec-
tively distinguish clopidogrel responders and nonrespond-
ers in this historically under-represented patient population.

Participants in our study cohort were on-average 
older than those in an International Clopidogrel 
Pharmacogenomics Consortium (ICPC)-led genomewide 
association study (GWAS) of platelet reactivity and cardio-
vascular response to clopidogrel (i.e., 68.01 vs. 64.6 years 
old, respectively).6 However, our patients were also more 
admixed and genetically heterogeneous than those enrolled 
in the ICPC study (all self-reported Whites of European an-
cestry). Although the relative proportion of men in both 
studies was, as expected, greater than women (i.e., 77% in 
the ICPC cohort and 55% in our cohort), gender was more 
balanced in our study (Table  1). Compared to the ICPC 
study, a larger proportion of patients from our study had 
comorbidities that are known to be risk factors for MACEs 
(i.e., type-2 diabetes: 55% vs. 24.7% and hypercholesterol-
emia: 71.9% vs. 64.5%, respectively).6 Finally, indications 
for clopidogrel use were similar between both studies, with 

F I G U R E  4   Scatterplot between the weighted polygenic risk score (wPG × Rs) and P2Y12 reaction units (PRUs) with the regression 
line added for the Pearson’s correlation analysis (left panel) and PRU changes based on increasing number of risk alleles at genetic loci of 
predictive value for clopidogrel responsiveness in Caribbean Hispanics (right panel). Note: For each box plot, the horizontal line within 
each box indicates the median; the top and bottom borders of each box indicate the interquartile range. The whiskers extending from each 
box indicate the 95% confidence interval (CI) and the points beyond the whiskers indicate outliers beyond ±2.5% CI. PG × RS, weighted 
polygenic risk score

T A B L E  4   Effect of cumulative number of risk alleles associated 
with platelet reactivity (PRU) on the occurrence of cardiovascular 
end points in the study cohort

Outcomes
adjusted 
ORs 95% CI

p 
value

MACE (n = 42/305) 8.17 [1.30, 51.4] 0.041

MI (n = 19/305) 1.27 [0.70, 2.28] 0.431

Stent thrombosis 
(n = 15/305)

1.09 [0.62, 2.77] 0.551

Bleeding (n = 77/474) 0.37 [0.069, 1.91] 0.297

Note: The ORs were calculated using Fisher’s exact probability test by 
comparing patients who carried three or more risk alleles associated with 
increased platelet reactivity with patients who carried two or fewer of 
these alleles. ORs were adjusted by critical covariates (e.g., sex, coronary 
artery stenting, and diabetes). Analyses were conducted in the subset of 
participants in which clinical event data were available.
Abbreviations: CI, confidence interval; MI, myocardial infarction; MACE, 
major adverse cardiovascular events; OR, odds ratio; PRU, P2Y12 reaction 
unit.
Italicized p-values indicate statistical significance.
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ACS plus CAD accounting for prescriptions in most partic-
ipants (72% vs. 97%). Overall, our study sample was smaller 
but a more diverse group than that from the ICPC study.

The estimated allele frequencies of CYP2C19*2 (12.8%), 
CYP2C19*17 (15.3%), and PON1 p.Q192R (45.6%) were 
comparable to those earlier reported by our group in both 
a previous association study in Puerto Ricans15 and a sec-
ondary analysis of prevalence in 1863 Puerto Ricans from 
the Hispanic Community Health Study/Study of Latinos 
(HCHS/SOL) cohort,16 although a slightly lower than ex-
pected prevalence of the CYP2C19*2 variant was observed 
in the current cohort. Approximately 25% of participants 
carried at least one copy of both the rs12777823 A and 
CYP2C19*2 (rs4244285 A) alleles, which were the two 
variants with the largest effect on PRU. This is because 
these two SNPs on chromosome 10q24 are inherited to-
gether and, therefore, in strong LD within our study pop-
ulation (D’: 0.91; R2: 0.79; χ2: 165.5; p < 0.0001). Notably, 
about 97% of participants had at least one allelic variant at 
any of these seven loci, and ~ 42% were carriers of three or 
more alleles, highlighting the rich repertoire of unique al-
lelic combinations within admixed Caribbean Hispanics.

We found a strong association between rs4244285 and 
platelet reactivity in Caribbean Hispanics (Tables  2 and 3, 
Figure 3). The rs4244285 SNP in the CYP2C19 gene, which 
defines the *2 haplotype, is a synonymous transition in exon 5 
(NM_000769.1: c.681G>A, p. Pro227=) that creates an aber-
rant splice site. This splicing defect alters the mRNA reading 
frame, by causing a premature stop codon downstream that 
results in a truncated, nonfunctional protein responsible for 
its null enzymatic activity.17 More important, the presence of 
this nonfunctioning CYP2C19*2 variant correlates with a PM 
status for several commonly prescribed drugs, including the 
prodrug clopidogrel. Consequently, a resistant phenotype to 
antiplatelet therapy with clopidogrel is genetically inferred 
in those patients who are carriers of the rs4244285-A risk 
allele. Notably, this SNP has been found to be significantly 
associated with lower exposure to the active thiol metabolite 
in patients treated with clopidogrel, with a diminished plate-
let responsiveness to clopidogrel ex vivo and a higher rate 
of MACEs in different studies worldwide.5,6 Furthermore, 
GWAS for platelet reactivity revealed a strong association for 
the CYP2C19*2 signal, accounting for most of all the relation-
ship with diminished responsiveness to clopidogrel in both 
healthy volunteers and patients (i.e., p = 1.5·10−13 in the PAPI 
study and p = 1.7·10−33 in the ICPC study, respectively).2,6

The vast majority of these prior reports were based on 
studies conducted in individuals of mostly European an-
cestry, and Asians to a lesser extent. This study confirmed 
our preliminary report of a strong association between 
CYP2C19*2 and ADP-stimulated platelet reactivity in a co-
hort of admixed Caribbean Hispanic patients on clopido-
grel.15 Accordingly, our findings provide further evidence 

in support of a global pharmacogenetic-guided antiplate-
let approach to tailoring DAPT that is based on CYP2C19 
genotyping. However, a polygenic risk score-driven ap-
proach improved the predictability of responsiveness to 
clopidogrel and risk of resistance that may ultimately fa-
cilitate DAPT optimization in Caribbean Hispanics.

Carriers of ABCB1 rs2032582 were also correlated 
with decreased response to clopidogrel due to a higher-
than-expected platelet function (p  <  0.05 vs. noncarri-
ers). This is a nonsynonymous SNP located in exon 21 of 
the ABCB1 gene, also known as G2677T (p. Ala893Thr), 
which has been reported as a predictor of lipid-lowering 
response.18 This polymorphism seems to correlate with 
the well-known and more commonly reported rs1045642 
variant, also known as ABCB1 C3435T. According to pre-
vious report, the ABCB1 C3435T plays an important role 
in intestinal absorption of clopidogrel that further affects 
the exposure to the active metabolite of clopidogrel and 
platelet aggregation.19

The PON1 rs662 (p.Q129R) variant was also found to 
be associated with resistant status in our study cohort. 
This PON1 variant has been previously found to be signifi-
cantly associated with clopidogrel resistance in our study 
population.15 The failure by Verma et al.6 to see signals for 
the ABCB1 and PON1 SNPs in their recent large GWAS on 
clopidogrel response seems at odds with what is reported 
here. However, we believe it is a direct consequence of the 
differences in genetic backgrounds and individual admix-
ture proportions between our study cohort of Caribbean 
Hispanics with multiple ethno-geographic architecture 
and that in the ICPC study (Whites and Europeans). It 
is clear that the effect sizes of certain SNPs of predictive 
value differ across different ethnicities.20

There were no obvious effects of other studied genes 
on platelet reactivity to clopidogrel (see Supplementary 
Material), including the SNP defining the CYP2C19*17 
increased function allele. This last finding provides 
further confirmatory evidence that even in Caribbean 
Hispanics CYP2C19*17 is not a true independent pre-
dictor of on-treatment platelet reactivity, but rather de-
pendent on rs4244285 genotype. Because rs12248560-T 
allele seems to occur only when the rs4244285-G allele 
is present, we might speculate that any potential associa-
tion of rs12248560-T allele (CYP2C19*17) with PRU could 
significantly be attenuated in patients who were also ei-
ther homozygous or heterozygous for the major allele at 
rs4244285.

In our study cohort, we found that the minor “A” allele 
of rs12041331 was independently associated with signifi-
cantly lower platelet aggregation (p  =  0.004; Figure  3). 
PEAR1 (platelet endothelial aggregation receptor 1 gene, 
chromosome 1q23.1) encodes a platelet cell surface re-
ceptor that, upon activation, results in the amplification 
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of the glycoprotein IIb/IIIa pathway and sustained plate-
let aggregation.21 Prior studies have postulated that SNP 
rs12041331, located in the first intron of PEAR1, regulates 
expression of PEAR1 protein level in a dose-dependent 
manner. The major G allele at rs12041331 has been linked 
to greater PEAR1 protein expression in human platelets.

The PEAR1 rs12041331 A-allele has been previously 
found to be significantly associated with decreased 
agonist-induced platelet aggregation in both European 
and African Americans, accounting for ~  15% of total 
phenotypic variation in platelet function and providing 
a plausible biologic mechanism to explain the observed 
pharmacogenetic association (Figure 3).22–24 A GWAS of 
platelet aggregation in African Americans confirmed the 
association of the rs12041331 intronic variant in PEAR1 
with multi-agonist-induced aggregation.22 However, this 
specific PEAR1 rs12041331 SNP was only replicated in 
European Americans for ADP-induced aggregation and 
its impact on platelet response in Caribbean Hispanics 
receiving DAPT is yet to be determined. Accordingly, the 
observed association with PRU (i.e., ADP-induced aggrega-
tion) in our study cohort of admixed Caribbean Hispanics, 
as well as its interaction with the African ancestry propor-
tion of participants, is novel. Platelet hyperaggregability ex 
vivo is associated with greater risk of MACEs in cardiovas-
cular patients receiving antiplatelet therapy for secondary 
prevention.25 Likewise, it also correlates with lower CAD 
survival rates, mainly among African Americans, after 
adjusting for confounders.26 Furthermore, platelet aggre-
gation seems to show higher heritability in African than 
European descendants. Therefore, the genetics of this 
physiologically relevant biochemical process can be a key 
factor accounting for this racial difference.

For PEAR1, the literature also suggests a role in aspi-
rin response.27–29 Because a subset of participants were on 
aspirin as part of DAPT, an additional analysis was per-
formed to examine whether aspirin is also playing a role 
in this association with on-treatment platelet function 
(Supplementary Material). After filtering by aspirin use, 
the association analysis showed that the PRUs were sig-
nificantly different between rs12041331-A variant carri-
ers and noncarriers, but in aspirin users only (p = 0.004). 
No significant differences were observed among patients 
who do not use aspirin (p = 0.42). Based on this finding, 
it seems that the effect of rs12041331 on platelet function 
was linked in part to the use of aspirin. However, all aspi-
rin users in our study cohort were also receiving clopido-
grel. Therefore, an impact of this variant on clopidogrel 
response cannot be completely discarded.30 Indeed, car-
riers of the rs12041331-A allele had an altered response 
to clopidogrel in a previous clinical trial.31 Besides, the 
interaction between aspirin use and rs12041331 carrier 
status did not have a significant effect on PRU (p = 0.47; 

see Supplementary Material). Accordingly, the use of as-
pirin does not seem to significantly alter the relationship 
between rs12041331 SNP and PRU.

Our novel polygenic risk score (wPGxRS) revealed that 
patients who carry an increasing number of risk alleles 
that are independently associated with PRU measures were 
more likely to experience HTPR compared to those who do 
not (p < 0.001). Consistent with these findings, when com-
paring patients by the number of risk alleles, patients who 
carried three or more alleles associated with platelet reac-
tivity were more likely to experience higher PRU compared 
with patients who carried two or fewer of these alleles. We 
also found that carrying multiple risk alleles significantly 
increased the odds of experiencing a composite of cardio-
vascular events (OR: 8.17, 95% CI: 1.30, 51.4; p = 0.04) in 
our study subcohort (Table 4). Similarly, a group of inves-
tigators from the ICPC also found no significant associa-
tion of any individual risk allele across 31 candidate loci 
with cardiovascular events in a cohort of patients from 13 
countries (n = 2134, all of European descent), but the gen-
eration of a pharmacogenomic polygenic response score 
by this group revealed that patients who carried a greater 
number of alleles previously found associated with in-
creased on-treatment platelet reactivity were more likely 
to experience both cardiovascular events (p  =  0.01) and 
cardiovascular-related death (p  =  0.007).32 The clinical 
implications of such enhanced risk of MACEs in patients 
who carried multiple risk alleles in our cohort is notewor-
thy, suggesting that a polygenic risk approach for the clin-
ical management of these Caribbean Hispanic patients on 
DAPT not only improve predictability of responsiveness to 
clopidogrel but also of the risk of MACEs and, therefore, 
should be a critical component of any future strategies for 
prevention of poor outcomes at clinical settings.

Overall, we were able to find significant pharmacog-
enetic associations with on-clopidogrel platelet reactivity 
in Caribbean Hispanics among the predefined candidate 
loci. The effect sizes of these significantly associated loci 
could likely be a direct consequence of the relative per-
centage of heritability explained by them combined in this 
population and the well-defined biological nature of the 
PRU phenotype. In fact, Shuldiner et al. have previously 
established that platelet response to clopidogrel is highly 
heritable (h(2) = 0.73; p < 0.001).2

In conclusion, the results of this study represent 
the largest pharmacogenomic investigation to date of 
Caribbean Hispanic patients treated with clopidogrel, 
which is notable as there is an urgent need to increase 
representation of diverse populations in PGx studies.33–36 
Such a European-centric bias of earlier genetic studies, 
if not properly mitigated, will limit our understand-
ing of underlying determinants of poor clopidogrel re-
sponse among Caribbean Hispanics. We strongly believe 
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pharmacogenomics can bring cardiovascular health eq-
uity to our medically underserved populations by foster-
ing efforts to achieve proper representation of the true 
human diversity in clinical protocols. The current paucity 
of data from individuals of non-European ancestry will 
preclude any further extrapolation of derived prediction 
models to the population at large. Consequently, findings 
from this work are expected to help in part by addressing 
such an unmet need and, hence, avoiding the potential 
harm of extrapolating genetic results from one popula-
tion to another.
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