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riers derived more benefit from clopidogrel treatment as compared with placebo
than did noncarriers (rate of primary outcome among carriers, 7.7% vs. 13.0%;
hazard ratio, 0.55; 95% CI, 0.42 to 0.73; rate among noncarriers, 10.0% vs. 12.2%;
hazard ratio, 0.85; 95% CI, 0.68 to 1.05; P=0.02 for interaction). The effect of clo-
pidogrel on bleeding did not vary according to genotypic subgroups. Among 1156
genotyped patients with atrial fibrillation, there was no evidence of an interaction
with respect to either efficacy or bleeding between the study treatment and the me-
tabolizer phenotype, loss-of-function carrier status, or gain-of-function carrier status.

METHODS

RESULTS

CONCLUSIONS
Among patients with acute coronary syndromes or atrial fibrillation, the effect of
clopidogrel as compared with placebo is consistent, irrespective of CYP2C19 loss-
of-function carrier status. (Funded by Sanofi-Aventis and Bristol-Myers Squibb;
ClinicalTrials.gov number, NCT00249873.)
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CYP2C19 GENOTYPE AND CLOPIDOGREL TREATMENT

LOPIDOGREL, WHEN ADDED TO ASPIRIN,

reduces the rate of major vascular events

among patients with acute coronary syn-
dromes and atrial fibrillation.»> Recent reports
suggest that certain common genetic variants,
involving the hepatic cytochrome P-450 system,
that are involved in the conversion of clopidogrel
to its active metabolite are associated with an
increased rate of recurrent cardiovascular events,
implying that the benefits of clopidogrel may be
attenuated in patients with these genetic vari-
ants. Specifically, in patients who are carriers of
a loss-of-function CYP2C19 allele (including the
*2 and *3 alleles), the conversion of clopidogrel
to its active metabolite may be reduced, resulting
in decreased inhibition of platelets. Analyses that
were limited to data from clopidogrel-treated pa-
tients showed a relative risk of major cardiovas-
cular events that was increased by a factor of 1.53
to 3.69 among carriers of loss-of-function alleles,
as compared with noncarriers.>> On the basis of
these findings and related pharmacokinetic and
pharmacodynamic data (ClinicalTrials.gov num-
ber, NCT01123824), the Food and Drug Adminis-
tration (FDA) has issued a black-box warning
about the reduced effectiveness of clopidogrel in
patients who are carriers of two loss-of-function
alleles (so-called poor metabolizers) and has
suggested that carriers of these alleles receive a
higher dose of clopidogrel or an alternative anti-
platelet agent.

Conversely, carriers of the ultrarapid enzyme
activity allele *17 (so-called ultrametabolizers)
have an increased platelet response to clopidogrel
and an increased risk of bleeding (but not great-
er efficacy).® However, observational analyses that
do not include untreated controls may be con-
founded by other factors. For example, the same
genetic marker may have pleiotropic effects,
which influence the metabolism of drugs other
than clopidogrel, or may affect outcomes through
independent mechanisms such as linkage dis-
equilibrium with other nearby CYP genes (e.g.,
CYP2C9, CYP2C18, and CYP2C8). To reduce the pos-
sibility of confounding, an evaluation of a poten-
tial interaction between genotype and treatment
should ideally be conducted as part of a random-
ized, controlled trial, because any heterogeneity
in event rates among carriers that is unrelated to
clopidogrel will then be paralleled by a similar
effect on event rates among controls who were
not treated with clopidogrel.

We hypothesized that the benefits of clopid-

ogrel as compared with placebo would be de-
creased in persons who carry a loss-of-function
CYP2C19 allele and increased in carriers of the
gain-of-function *17 allele. To test this hypoth-
esis, we examined the efficacy and safety of
clopidogrel as compared with placebo according
to genotype status among patients in two ran-
domized trials: the Clopidogrel in Unstable An-
gina to Prevent Recurrent Events (CURE) trial, in
which patients with acute coronary syndromes
were enrolled, and the Atrial Fibrillation Clo-
pidogrel Trial with Irbesartan for Prevention of
Vascular Events (ACTIVE) A, in which patients
with atrial fibrillation were enrolled.

METHODS

THE CURE STUDY
The design and results of the CURE study have
been described previously.>”# In brief, the CURE
study was a randomized, double-blind, placebo-
controlled trial comparing clopidogrel (at a dose
of 75 mg per day) with placebo — both in combi-
nation with aspirin — among 12,562 patients with
acute coronary syndromes without ST-segment
elevation. For the current analyses, we used the
same primary efficacy and safety outcomes as
those in the CURE trial.? The first primary out-
come was the composite of death from cardiovas-
cular causes, nonfatal myocardial infarction, or
stroke, and the second primary outcome was the
composite of the first primary outcome, recur-
rent ischemia, or hospitalization for unstable an-
gina. The main safety outcome was major bleed-
ing. Results are presented only for patients of
European or Latin American ancestry. Patients
with other ancestries were excluded because of
small numbers (99 patients in the next largest
group) and concern about the potential for popu-
lation stratification (see Fig. 1, 2, and 3 in the
Supplementary Appendix, available with the full
text of this article at NEJM.org).

ACTIVE A
The design and results of ACTIVE A have been
described previously.t® ACTIVE A was a random-
ized, double-blind trial comparing clopidogrel,
at a dose of 75 mg per day, with placebo — both
in combination with aspirin — for reducing the
risk of stroke among patients with atrial fibrilla-
tion and at least one additional risk factor for
stroke who were not eligible for warfarin thera-
py. We used the same primary efficacy and safety
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outcomes as those in ACTIVE A.* The primary
efficacy outcome was any major vascular event
(stroke, systemic embolism outside the central
nervous system, myocardial infarction, or death
from vascular causes). Major hemorrhage was
defined as any overt bleeding requiring transfu-
sion of at least 2 units of blood or any overt bleed-
ing meeting the criteria for severe hemorrhage.
The 58 patients who were of non-European an-
cestry were excluded (see Fig. 7 in the Supplemen-
tary Appendix).

STUDY OVERSIGHT
The institutional review board at each participat-
ing center approved each study, and all patients
provided written informed consent. Only patients
who also consented to participate in one of the
two genetic studies were eligible for this analysis.
The academic authors designed the study, gath-
ered and analyzed the data, vouch for the data
and the analysis, wrote all the drafts of the man-
uscript, and made the decision to submit the
manuscript for publication.

GENOTYPING AND GENOTYPE CLASSIFICATION
Genotyping of three single-nucleotide polymor-
phisms (SNPs) defining the major CYP2C19 alleles
was performed with the use of TagMan assays
from stored DNA. The call rate was greater than
98% for each of rs4244285, rs4986893, and
rs12248560, defining the *2, *3 and *17 allele,
respectively. Hardy—Weinberg equilibrium was
tested within each ethnic group and was nonsig-
nificant for all SNPs (P>0.05).

Patients were classified into categories of me-
tabolizer phenotypes with the use of established
common-consensus star allele nomenclature, %11
Thus, patients without a *2, *3 or *17 allele (i.e.,
*1/*1) were classified as “extensive metabolizers,”
those with one *2 or *3 allele (i.e., *1/*2 or *1/*3)
were classified as “intermediate metabolizers,”
and those with two *2 or *3 alleles (i.e., *2/*2,
*2[*3 or *3/*3) were classified as “poor metabo-
lizers.” Carriers of a single *17 allele (i.e., *1/*17)
and *17 homozygotes were classified as “ultra-
metabolizers,” and patients with one *17 allele
and one loss-of-function allele (i.e., *2/*17 or
*3/*17) were classified as having an “unknown”
metabolizer phenotype. Carriers of at least one
loss-of-function allele (i.e., *2 or *3) were classified
as “loss-of-function allele carriers” and carriers of
at least one gain-of-function allele (i.e., *17) were
classified as “gain-of-function allele carriers.”

STATISTICAL ANALYSIS

We first explored the effect of CYP2C19 genotypes
on efficacy and safety outcomes among partici-
pants of European or Latin American ancestry in
the CURE trial. The effect of clopidogrel as com-
pared with placebo according to the genetically
derived CYP2C19 metabolizer phenotype was as-
sessed with the use of Cox proportional-hazards
regression. No significant effect modification
according to ancestry was observed for any of the
pharmacogenetic effects described (data not
shown), and the results from Europeans and Lat-
in Americans were therefore combined (with ad-
justment for ancestry).

We used one model to adjust for age, sex, and
ancestry and another model to adjust for age,
sex, ancestry, revascularization procedure (percu-
taneous coronary intervention [PCI] with or with-
out stenting and coronary-artery bypass grafting
[CABG]), smoking status, waist-to-hip ratio, pres-
ence or absence of diabetes, blood pressure, and
country of origin. Similar results were obtained
with the two models, and therefore, only results
obtained with the parsimonious model are pre-
sented. Treatment effect according to loss-of-
function and gain-of-function carrier status was
examined with the use of analogous models.
Power estimates were derived through simula-
tions of genetic effects (5000 simulations) ac-
cording to the specified models with the use of
logistic regression to ensure that we had adequate
power to detect the range of interactions that has
been reported previously. Two-sided P values of
less than 0.05 were considered to indicate statisti-
cal significance. The same approach was used for
the analyses of data from the CURE and ACTIVE
A trials.

RESULTS

THE CURE STUDY
The characteristics of the genotyped patients are
presented in Table 1. A total of 5059 participants
of self-reported European or Latin American an-
cestry were successfully genotyped, of whom
2549 had been randomly assigned to clopidogrel
and 2510 to placebo. The benefit of clopidogrel
treatment as compared with placebo with respect
to the first primary composite efficacy outcome
was similar between participants who were geno-
typed for our analysis and the total cohort in the
parent study?: among the genotyped participants,
the primary outcome occurred in 9.1% of the pa-
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CYP2C19 GENOTYPE AND CLOPIDOGREL TREATMENT

Table 1. Baseline Characteristics of Genotyped Patients in the CURE and ACTIVE A Trials.*

Characteristic CURE Trial ACTIVEA
Placebo Clopidogrel Total Placebo Clopidogrel
(N=2510) (N=2549) (N=5059) (N=586) (N=570)

Ancestry (%)

European 85.7 86.2 85.9 100 100

Latin American 143 13.8 14.1 0 0
Female sex (%) 40.9 41.2 41.0 45.2 45.6
Age (yr) 63.9+11.1 63.8+11.0 63.8+11.0 71.1+9.7 70.8+10.1
Body-mass indexi 27.6+4.1 27.7+4.2 27.6+4.2 29.1+5.5 28.9+5.7
Diabetes (%) 21.5 20.7 21.1 20.6 21.8
Current smoker (%) 21.6 23.1 224 6.8 8.4
Blood pressure (mm Hg)

Systolic 134.6+22.0 135.5+22.3 135.0+22.1 136.3+18.9 136.6+19.0

Diastolic 78.3+13.8 78.6+13.6 78.4+13.7 80.3+11.4 80.9+11.5
PCl (%)

Without stent 3.9 3.2 3.5 NA NA

With stent 13.5 15.5 14.5 NA NA
CABG (%) 10.4 9.8 10.1 NA NA
Metabolizer phenotype (%)§

Poor 2.2 2.4 2.3 2.1 1.6

Intermediate 17.8 17.3 17.5 16.0 16.6

Extensive 39.7 40.8 40.3 40.9 35.5

Ultra 332 335 33.4 34.8 39.6

Unknown 7.1 6.0 6.5 6.1 6.6

Total
(N=1156)

100
0
45.4
71.0£9.9
29.0+5.6
212
7.6

136.4+18.9
80.6+11.5

NA
NA
NA

1.9
16.3
383
37.2

6.3

* Plus—minus values are means +SD. ACTIVE denotes Atrial Fibrillation Clopidogrel Trial with Irbesartan for Prevention of Vascular Events,
CABG coronary-artery bypass grafting, CURE Clopidogrel in Unstable Angina to Prevent Recurrent Events, NA not applicable, and PCI per-

cutaneous coronary intervention.
Ancestry was self-reported.

=

The body-mass index is the weight in kilograms divided by the square of the height in meters.
Patients with two *2 or *3 alleles (i.e., *2/*2, *2/*3, or *3/*3) were classified as having the poor-metabolizer phenotype, those with one

*2 or *3 allele (i.e., *1/*2 or *1/*3) were classified as having the intermediate-metabolizer phenotype, those without a *2, *3, or *17 allele
(i-e., *1/*1) were classified as having the extensive-metabolizer phenotype, those with a single *17 allele (i.e., *1/*17) and *17 homozy-
gotes were classified as having the ultrametabolizer phenotype, and those with one *17 allele and one loss-of-function allele (i.e., *2/*17
or *3/*17) were classified as having an unknown metabolizer phenotype.

tients receiving clopidogrel (231 of 2549 patients)
versus 12.6% of those receiving placebo (316 of
2510) (hazard ratio with clopidogrel, 0.71; 95%
confidence interval [CI], 0.60 to 0.84; P<0.001),
and in the parent study, the primary outcome oc-
curred in 9.3% of the patients receiving clopidogrel
(582 of 6259) versus 11.4% of those receiving pla-
cebo (719 of 6303) (hazard ratio, 0.80; 95% CI,
0.72 to 0.90; P<0.001).

Figure 1 shows the estimates of the relative
risk of the first and second primary composite
efficacy outcomes among patients treated with
clopidogrel as compared with those who re-
ceived placebo, stratified according to metabo-

N ENGLJ MED 363;18

lizer phenotype. The effects of clopidogrel were
consistent in subgroups defined according to
metabolizer status for both the first and second
primary composite efficacy outcomes (P=0.12
and P=0.29 for heterogeneity, respectively). The
effect of clopidogrel as compared with placebo
in reducing the first (and second) primary com-
posite efficacy outcome was similar between car-
riers of loss-of-function alleles and noncarriers
(hazard ratio with clopidogrel among carriers,
0.69; 95% CI, 0.49 to 0.98; hazard ratio among
noncarriers, 0.72; 95% CI, 0.59 to 0.87; P=0.84
for the interaction). In contrast, a significant in-
teraction was observed between gain-of-function
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Outcome and P Value for
Metabolizer Phenotype Placebo Clopidogrel Hazard Ratio (95% Cl) Heterogeneity
patients with events/total no. of patients(%)

First primary composite outcome

Poor 6/55 (10.9) 4/61 (6.6) —_— 0.44 (0.12-1.61)

Intermediate 54/442 (12.2) 37/437 (8.5) —a 0.72 (0.48-1.10)

Extensive 121/987 (12.3) 112/1033 (10.8) - 0.92 (0.71-1.19)

Ultra 112/826 (13.6) 66/847 (7.8) e 0.53 (0.39-0.72)

Unknown 18/176 (10.2) 11/152 (7.2) L 0.69 (0.33-1.47)

Total 311/2486 (26.7) 23072530 (9.1) ‘ 0.71 (0.60-0.84) 0.12
Second primary composite outcome

Poor 11/55 (20.0) 13/61 (21.3) e 0.93 (0.41-2.11)

Intermediate 84/442 (19.0) 70/437 (16.0) —m- 0.87 (0.63-1.19)

Extensive 206/987 (20.9) 193/1033 (18.7) » 0.90 (0.74-1.10)

Ultra 167/826 (13.6) 123/847 (14.5) e 0.68 (0.53-0.85)

Unknown 34/176 (19.3) 19/152 (12.5) —a—t 0.63 (0.36-1.11)

Total 502/2486 (20.2) 418/2530 (16.5) ‘ 0.79 (0.70-0.90) 0.29
Major bleeding

Poor 1/55 (1.8) 0/61 N/A

Intermediate 13/442 (2.9) 19/437 (4.3) | 161(0.79-3.28)

Extensive 29/987 (2.9) 42/1033 (4.1) N 1.43 (0.89-2.30)

Ultra 31/826 (3.8) 39/847 (4.6) - 1.19 (0.74-1.91)

Unknown 1/176 (0.6) 2/152 (1.3) 1.77 (0.15-20.33)

Total 75/2486 (3.0) 102/2530 (4.0) o 1.34 (1.00-1.81) 0.64

Ofl 0?5 1.0 2!0 3{0

Figure 1. Effect of Clopidogrel as Compared with Placebo on Clinical Outcomes among Patients with Acute Coronary Syndromes
in the CURE trial, Stratified According to Metabolizer Phenotype.
Hazard ratios for clopidogrel as compared with placebo are shown for efficacy and bleeding outcomes according to metabolizer pheno-
type. The size of each symbol is in inverse proportion to the standard deviation of the effect-size estimates. Analyses were performed on
data from patients of European or Latin American ancestry, with adjustment for age, sex, and ancestry. Patients with two *2 or *3 alleles
(i.e., *2/*2, *2/*3, or *3/*3) were classified as having the poor-metabolizer phenotype, those with one *2 or *3 allele (i.e., *1/*2 or *1/*3)
were classified as having the intermediate-metabolizer phenotype, those without a *2, *3, or *17 allele (i.e., *1/*1) were classified as
having the extensive-metabolizer phenotype, those with a single *17 allele (i.e., *1/*17) and *17 homozygotes were classified as having
the ultrametabolizer phenotype, and those with one *17 allele and one loss-of-function allele (i.e., *2/*17 or *3/*17) were classified as
having an unknown metabolizer phenotype. Only patients who were successfully genotyped for all three single-nucleotide polymor-
phisms were included in these analyses.

allele carrier status (i.e., *1/*17, *17/*17, *2/*17,
or *3/*17) and study-group assignment with re-
spect to the first primary composite efficacy
outcome, such that carriers had a more pro-
nounced reduction in cardiovascular events with
clopidogrel treatment as compared with placebo
than did noncarriers (hazard ratio with clopid-
ogrel among carriers, 0.55; 95% CI, 0.42 to 0.73;
hazard ratio among noncarriers, 0.85; 95% CI,
0.68 to 1.05; P=0.02 for the interaction). A simi-
lar interaction was observed with respect to the
second composite primary outcome (hazard ra-
tio with clopidogrel among carriers, 0.66; 95%
CI, 0.54 to 0.82; hazard ratio among noncarri-
ers, 0.90; 95% CI, 0.76 to 1.06; P=0.03 for het-
erogeneity). The corresponding Kaplan—-Meier
survival curves are shown in Figure 2 (see also

1708 N ENGL J MED 363;18

Fig. 4 in the Supplementary Appendix). The ben-
efits of clopidogrel as compared with placebo
were similar between patients with the poor-
metabolizer phenotype and patients with all other
metabolizer phenotypes, irrespective of whether
the patients with the intermediate metabolizer
phenotype were included (data not shown).

The rate of major bleeding with clopidogrel as
compared with placebo was similar between geno-
typed patients and the total cohort in the parent
study: 4.0% (102 of 2549 patients) versus 3.0% (76
of 2510) among genotyped patients (hazard ratio,
1.33; 95% CI, 0.99 to 1.79), and 3.7% (231 of 6259
patients) versus 2.7% (169 of 6303) in the total
cohort in the parent study (hazard ratio, 1.38;
95% CI, 1.13 to 1.67). The effects of clopidogrel,
as compared with placebo, on major bleeding were
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consistent in subgroups defined according to me-
tabolizer phenotype (Fig. 1) or functional allele
carrier status (Fig. 2).

ACTIVE A
The characteristics of the genotyped patients are
summarized in Table 1. A total of 1156 partici-
pants of self-reported European ancestry were suc-
cessfully genotyped, of whom 570 had been ran-
domly assigned to clopidogrel and 586 to placebo.
The effect of clopidogrel in reducing the primary
composite efficacy outcome was similar between
the genotyped patients and the total cohort in the
parent study’; the rate of the primary outcome
among the genotyped patients was 20.0% (114 of
570 patients) in the clopidogrel group versus
26.3% (154 of 586) in the placebo group (hazard
ratio with clopidogrel, 0.74; 95% CI, 0.58 to 0.94;
P=0.01), and the rate in the total cohort in the
parent study was 22.1% (832 of 3772 patients) ver-
sus 24.4% (924 of 3782) (hazard ratio, 0.89; 95%
CI, 0.81 to 0.98; P=0.01). The results were consis-
tent in subgroups defined according to metabo-
lizer phenotype (Fig. 3) or functional allele carrier
status (Fig. 4, and Fig. 8 in the Supplementary Ap-
pendix). The effect of clopidogrel as compared
with placebo in reducing the rate of cardiovascular
events was similar between carriers of loss-of-
function alleles and noncarriers (hazard ratio
among carriers, 0.78; 95% CI, 0.48 to 1.28; hazard
ratio among noncarriers, 0.72; 95% CI, 0.54 to
0.95; P=0.73 for heterogeneity). The benefits of
clopidogrel as compared with placebo were simi-
lar in patients with the poor-metabolizer pheno-
type and in patients with all other metabolizer
phenotypes, irrespective of whether the patients
with the intermediate metabolizer phenotype
were included (data not shown).

The rate of major bleeding with clopidogrel
as compared with placebo was similar between
genotyped patients and the total cohort in the
parent study: 5.8% (33 of 570 patients) versus
3.9% (23 of 586) among genotyped patients (haz-
ard ratio, 1.50; 95% CI, 0.88 to 2.55), and 6.7%
(251 of 3772 patients) versus 4.3% (162 of 3782)
among patients in the total cohort (hazard ratio,
1.57; 95% CI, 1.29 to 1.92). No interaction be-
tween metabolizer phenotype (Fig. 3) and func-
tional allele carrier status (Fig. 4) was observed.
Nevertheless, in an analysis of clopidogrel-treated
patients only, carriers of loss-of-function alleles,
as compared with noncarriers, had an increased

risk of bleeding (P=0.01 by log-rank test) (hazard
ratio, 2.47; 95% CI, 1.23 to 4.97; P=0.01) (Fig. 4).
However, when patients who received placebo
were included in the comparison, there was no
evidence of an interaction between study treat-
ment and loss-of-function carrier status (P=0.16
for heterogeneity), since a similar trend among
carriers as compared with noncarriers was also
noted for the patients who received placebo (haz-
ard ratio, 1.13; 95% CI, 0.45 to 2.89; P=0.79).

SECONDARY ANALYSIS
Previous studies of clopidogrel have shown a del-
eterious effect of loss-of-function alleles when
carriers are compared with noncarriers in an
analysis that includes clopidogrel-treated patients
only.?> Therefore, we tested whether loss-of-
function carrier status was associated with the
outcome in an analysis that was restricted to data
from clopidogrel-treated patients. Among these
patients, there were no significant increases in the
rates of the first primary composite outcome in
the CURE trial (hazard ratio, 0.86; 95% CI, 0.63
to 1.17), the second primary composite outcome
in the CURE trial (hazard ratio, 0.93; 95% CI,
0.74 to 1.10), or the primary outcome in ACTIVE
A (hazard ratio, 1.07; 95% CI, 0.70 to 1.63). When
we compared the poor-metabolizer phenotype
with all other metabolizer phenotypes, there was
no evidence of an increased risk of the first pri-
mary composite outcome in the CURE trial (haz-
ard ratio, 0.69; 95% CI, 0.26 to 1.87), the second
primary composite outcome in the CURE trial
(hazard ratio, 1.29; 95% CI, 0.74 to 2.25), or the
primary outcome in ACTIVE A (hazard ratio,
0.59; 95% CI, 0.08 to 4.24).

STUDY POWER
A hazard ratio of 1.53 is the smallest increase in
the risk of cardiovascular events that has been
reported to date in analyses of data from clopid-
ogrel-treated patients who are carriers of a loss-
of-function allele.* Among the participants in the
CURE trial who had an acute coronary syndrome,
our study had more than 85% power to detect an
interaction of treatment with carrier status with
respect to the primary efficacy outcome, assuming
such an effect size, and greater than 95% power
to detect an interaction with respect to the sec-
ond primary composite outcome. Among patients
with atrial fibrillation in ACTIVE A, our study
had much lower power (45%) to detect a similar
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Figure 2 (facing page). Kaplan—Meier Curves for Event-
free Survival According to CYP2C19 Loss-of-Function
and Gain-of-Function Allele Carrier Status among Euro-
pean and Latin American Patients with Acute Coronary
Syndromes in the CURE Trial.

Loss-of-function allele carriers were defined as patients
with at least one loss-of-function allele (i.e., *2 or *3):
][5, K1 [*3, %252, *2[*3, ¥3[%3, ¥2[*17, or ¥3/%17;
loss-of-function noncarriers were defined as patients
with no loss-of-function allele: *1/*1, *1/*17, or *17/*17.
Gain-of-function carriers were defined as carriers of at
least one gain-of-function allele (i.e., *17): *1/*17,
*17/*17, *2/*17, or *3/*17; gain-of-function noncarriers
were defined as patients with no gain-of-function allele:
K] JRL, K1 [*2, *1[*3, %2/%2, %2/%3, or ¥3/*3.

interaction. However, the consistent effects in
our two trials reinforce our results and suggest
that there was no difference in outcomes among
clopidogrel-treated patients in subgroups defined
according to loss-of-function carrier status.

SUBGROUP ANALYSES
Among the genotyped participants in the CURE
trial, the results of our analyses of the effects of
clopidogrel as compared with placebo were con-
sistent across subgroups defined according to
loss-of-function carrier status, whether or not
participants underwent PCI (see Fig. 5 and 6 in
the Supplementary Appendix). Even though only
736 patients who received stents were included
in the genetic analysis, there was a significant
treatment effect of clopidogrel on the first com-
posite primary outcome among loss-of-function
allele carriers (hazard ratio, 0.37; 95% CI, 0.14
to 0.96; P=0.04). A similar treatment effect was
observed among noncarriers (hazard ratio, 0.62;
95% CI, 0.37 to 1.02; P=0.06), and there was no
evidence of an interaction between carrier sta-
tus and study treatment with respect to either
the first or the second composite primary out-
come (P=0.37 and P=0.28, respectively). We
also tested for an interaction between loss-of-
function carrier status and both current smok-
ing status'>®3 and the time to the first event
after the initiation of clopidogrel treatment (<24
hours, <7 days, or <30 days).* No significant
interactions were observed (data not shown).

DISCUSSION

Our results suggest that the efficacy and safety of
clopidogrel as compared with placebo are not

modified by CYP2C19 loss-of-function alleles. No
significant difference in the effects of clopido-
grel treatment on clinical outcomes was observed
when patients were stratified according to me-
tabolizer phenotype. In contrast to findings in
previous studies,>>*5 the presence of loss-of-
function alleles in patients with acute coronary
syndromes or atrial fibrillation was not associ-
ated with an increased risk of major cardiovascu-
lar events, even when the analyses were restricted
to data on homozygous patients (poor-metabo-
lizer phenotype). However, clopidogrel showed
enhanced efficacy for the reduction of ischemic
events in patients with acute coronary syndromes
who were carriers of the gain-of-function allele,
although this effect was not observed in patients
with atrial fibrillation who were carriers of the
gain-of-function allele.

The absence of an effect of the CYP2C19 loss-
of-function alleles on cardiovascular risk among
patients treated with clopidogrel is in contrast to
findings from previous studies. One possible
explanation for the divergence between our
findings and those of previous studies involving
patients with acute coronary syndromes is the
difference in the rates of PCI with stenting. Only
18.0% of patients in the CURE population in-
cluded in our study underwent PCI, and only
14.5% underwent PCI with placement of a stent,
as compared with more than 70% in previous
studies.>>15 Results of randomized, controlled
trials have consistently shown that the greatest
benefit of clopidogrel, including its use in high
doses (as in the Clopidogrel and Aspirin Opti-
mal Dose Usage to Reduce Recurrent Events
[CURRENT] study, NCT00335452), and of newer
generation P2Y12 inhibitors such as prasugrel
and ticagrelor is the reduction in the rate of
stent thrombosis. We found no evidence of an
interaction between study treatment and geno-
type with respect to cardiovascular events among
patients who underwent PCI with or without
stenting, but we cannot definitely exclude the
possibility of an interaction in the subgroup of
patients who receive stents, particularly those
who receive drug-eluting stents, which were not
in use at the time of the CURE trial. In the study
by Collet et al.? and in the Trial to Assess Im-
provement in Therapeutic Outcomes by Optimiz-
ing Platelet Inhibition with Prasugrel (TRITON;
NCT00097591),* the greatest effect of loss-of-
function alleles on the outcome in clopidogrel-
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Figure 3. Effect of Clopidogrel as Compared with Placebo on Clinical Outcomes among Patients with Atrial Fibrillation in ACTIVE A,
Stratified According to Metabolizer Phenotype.

Hazard ratios for clopidogrel as compared with placebo are shown for efficacy and bleeding outcomes according to metabolizer pheno-
type. The size of each symbol is in inverse proportion to the standard deviation of the effect-size estimates. Analyses were performed on
data from patients of European ancestry, with adjustment for age and sex. Patients with two *2 or *3 alleles (i.e., *2/*2, *2/*3, or *3/*3)
were classified as having the poor-metabolizer phenotype, those with one *2 or *3 allele (i.e., *1/*2 or *1/*3) were classified as having
the intermediate-metabolizer phenotype, those without a *2, *3, or *17 allele (i.e., *1/*1) were classified as having the extensive-metabolizer
phenotype, those with a single *17 allele (i.e., *1/*17) and *17 homozygotes were classified as having the ultrametabolizer phenotype, and
those with one *17 allele and one loss-of-function allele (i.e., *2/*17 or *3/*17) were classified as having an unknown metabolizer phe-
notype. Only patients who were successfully genotyped for all three single-nucleotide polymorphisms were included in these analyses.
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treated patients was the effect on stent thrombo-
sis, a finding that is consistent with such an
interaction.

Previous studies that have shown an attenu-
ated benefit of clopidogrel among carriers of
loss-of-function alleles did not include a ran-
domized control group, and therefore potential
pleiotropic effects of loss-of-function alleles (i.e.,
independent of their effects on active metabolite
levels of clopidogrel) could not be excluded. For
instance, in analyses of the ACTIVE A database
that were confined to patients treated with clo-
pidogrel, we observed an increased risk of ma-
jor bleeding among carriers of loss-of-function
alleles as compared with noncarriers (P=0.01).
However, a similar pattern of increased bleeding
was also observed among those who received
placebo, such that there was no evidence of an
interaction between study drug and loss-of-
function carrier status (P=0.16 for heterogene-
ity). In other words, the association would have
been considered significant if we had not in-
cluded the placebo group in the analysis. This
illustrates the potential pitfalls of interpreting

N ENGL J MED 363;18

subgroup data and highlights the importance of
including a placebo group to control for poten-
tial confounding in analyses of pharmacoge-
netic data.

The increased benefit of clopidogrel in gain-
of-function allele carriers in the CURE trial is
consistent with pharmacodynamic data associat-
ing this genetic variant with increased enzymatic
activity, an enhanced platelet response to clopid-
ogrel, and an increased risk of bleeding.1%17
Although this is a new finding, the lack of vali-
dation of this observation among patients in
ACTIVE A highlights the need for replication in
larger studies. Apart from the modest sample
size in ACTIVE A, population-specific pharma-
cogenetic effects could also explain this obser-
vation.

Our study has some limitations. First, despite
the large number of participants and events in
the CURE genetic data sets, we cannot exclude
the possibility that there are smaller interac-
tions. Second, the ACTIVE A genetic data set
contained fewer participants and outcome events
than did the CURE data set and therefore had
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Figure 4. Kaplan—Meier Curves for Event-free Survival According to CYP2C19 Loss-of-Function and Gain-of-Function Allele Carrier Status
among European Patients with Atrial Fibrillation in ACTIVE A.
Loss-of-function allele carriers were defined as patients with at least one loss-of-function allele (i.e., *2 or *3): *1/*2, *1/*3, *2/*2,
*2/*3, *3/*3, *2/*17, or *3/*17; loss-of-function noncarriers were defined as patients with no loss-of-function allele: *1/*1, *1/*17, or
*17/*17. Gain-of-function carriers were defined as carriers of at least one gain-of-function allele (i.e., *17): *1/*17, *17/*17, *2/*17, or
*3/*17; gain-of-function noncarriers were defined as patients with no gain-of-function allele: *1/*1, *1/*2, *1/*3, *2/*2, *2/*3, or *3/*3.

less statistical power. Third, our results might
be specific to our patient population and the way
their cases were managed. Fourth, only partici-
pants of European or Latin American ancestries
could be adequately analyzed. Even though there
is no reason to suspect, a priori, that there
would be different results in other populations,
further studies in diverse populations will be
needed. Finally, we studied only the three most

common functional alleles. The low allele fre-
quency of other known alleles should not mate-
rially alter our conclusions but may be relevant
for individual patients.

Our study also has several strengths. First, the
inclusion of a randomized placebo group in our
analyses reduces various sources of confound-
ing, such as potential pleiotropic genetic effects
or population stratification. Second, the large
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numbers of patients and events in our study
ensure adequate statistical power and robust
estimates of genetic effect sizes. Third, we ob-
served consistent benefits of clopidogrel, irre-
spective of CYP2C19 genotype, in two different
patient populations, which validates our find-
ings and suggests that they could be generaliz-
able to other populations.

In conclusion, our study shows that CYP2C19
loss-of-function variants do not modify the ef-
ficacy and safety of clopidogrel. Therefore,
loss-of-function allele carrier status should not
preclude the use of clopidogrel at currently rec-
ommended doses in patients with acute coro-
nary syndromes whose condition is being man-
aged conservatively. Although similar results were
observed in patients with atrial fibrillation,
larger studies will be needed to definitively rule
out a genetic effect of the loss-of-function alleles
in this patient population.
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