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ABSTRACT

Aims To perform a meta-analysis of the association
between CYP2C19 loss- and gain-of-function variants and
cardiovascular outcomes and bleeding in patients with
coronary artery disease treated with clopidogrel, and

to explore the causes of heterogeneity between studies.
Methods A comprehensive literature search was
conducted. A random-effects model was used to
summarise the results. In the presence of between-study
heterogeneity, a meta-regression analysis was
performed to identify study characteristics explaining this
heterogeneity.

Results Patients who carried a loss-of-function allele,
mainly CYP2C19*2, did not present an increased risk of
a cardiovascular event, HR =1.23 (95% Cl 0.97 to 1.55).
Substantial heterogeneity was observed between
studies (I =35.6), which was partially explained by the
study sample size: the pooled HR was higher among
studies with a sample size <500 patients (HR =3.55;
95% Cl 1.66 to 7.56) and lower among studies with

a sample size =500 (HR =1.06; 95% Cl 0.89 to 1.26).
CYP2C19*2 was associated with an increased risk of

a stent thrombosis (HR =2.24; 95% Cl 1.52 to 3.30).
The gain-of-function allele, mainly CYP2C19*17, was
associated with a lower risk of cardiovascular events
(HR =0.75; 95% Cl 0.66 to 0.87) and a higher risk of
major bleeding (HR =1.26; 95% CI 1.05 to 1.50).
Conclusions Not only CYP2C19 loss-of-function but also
gain-of-function alleles should be considered to define
the pharmacogenetic response to clopidogrel. The results
question the relevance of the CYP2C19 loss-of-function
alleles in the prediction of major cardiovascular events
beyond stent thrombosis in coronary patients treated
with clopidogrel. The gain-of-function variant is
associated with a lower risk of cardiovascular events but
a higher risk of bleeding.

INTRODUCTION

Dual antiplatelet therapy with aspirin and clopi-
dogrel is the standard of care following acute
coronary syndrome and percutaneous coronary
intervention (PCI) to prevent recurrent ischaemic
events and to improve other clinical outcomes.'™®
However, even with the use of such therapy,
a substantial number of subsequent ischaemic
events still occur in these groups of patients.! A

1.4,5

possible explanation is the documented interindi-
vidual variability in response to clopidogrel,* which
results in increased risk of ischaemic events among
those patients with attenuated response to this
drug®

The mechanisms leading to a poor response to
clopidogrel are not clearly understood, although it
has been suggested that clinical, cellular or genetic
factors may be involved.® The prodrug, clopidogrel,
is converted into an active metabolite, which selec-
tively and irreversibly binds to the P2Y12 receptor on
the platelet membrane.”~” Conversion is achieved by
the hepatic cytochrome P450 (CYP) system in a two-
step oxidative process, and CYP2C19 is involved in
both of these steps. In recent years, several studies
have reported a series of loss-of-function alleles in
CYP2C19, in particular the CYP2C19*2 allele, that
result in reduced activation of clopidogrel,'® !
a lower antiplatelet effect,'> ¥ and increased risk of
cardiovascular events in patients receiving clopi-
dogrel. Recently, four meta-analyses'® ® have
reported a significant association between the
CYP2C19*2 allele and adverse major cardiovascular
clinical outcomes and stent thrombosis in patients
with coronary artery disease (CAD) treated with
clopidogrel. However, most of these meta-analyses
report significant heterogeneity between studies,
although the causes of this heterogeneity have not
yet been established. Moreover, none of these meta-
analyses has explored the role of CYP2C19 gain-of-
function variants in major cardiovascular clinical
outcomes and the risk of bleeding.

The aims of this study were to: (i) perform an
updated systematic review and a meta-analysis of
previous studies that analysed the association
between CYP2C19 loss- and gain-of-function
variants and cardiovascular outcomes and major
bleeding in patients with CAD treated with
clopidogrel; (ii) explore the potential causes of
heterogeneity between studies.

MATERIALS AND METHODS

Study selection

A comprehensive search of the PubMed and ISI
Web of Science databases from its inception
through October 2010 was conducted to identify
studies that evaluated the relationship between
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manuscripts identified
by literature search:

Potentially relevant ’
n=179 unique citations

92 manuscripts
excluded after title review

manuscripts retrieved
for abstract evaluation

Potentially relevant
n=87

74 manuscripts
excluded after abstract review

manuscripts retrieved
for complete evaluation
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( )

1 manuscript
identified in the references +
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of the bleeding meta-analysis

s N
Studies included in the meta-
analyses of cardiovascular events
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1 manuscript excluded for not
meeting inclusion criteria
1 manuscript excluded for
being already included

Figure 1 Flow diagram of the systematic review process.

genetic variants in CYP2C19 and cardiovascular events and
bleeding. For cardiovascular events, we queried MeSH terms and
the article text for the following search terms: (‘clopidogrel’)
AND (‘angioplasty’, ‘revascularisation’, ‘outcome’, ‘cardiovas-
cular events’, ‘stent thrombosis’, ‘recurrence’, ‘acute coronary
syndrome’, ‘percutaneous intervention’) AND (‘genetics’,
‘genotype’, ‘gene’, ‘snp’, ‘polymorphism’). For bleeding events,
we substituted the list of clinical events for ‘bleeding’ and we
kept the rest of the terms previously mentioned.

The articles returned by this search were manually screened,
first on the basis of the title, then the abstract and finally
the complete manuscript, to assess their appropriateness for
inclusion in the meta-analysis. References cited in these articles
were also reviewed to identify additional published articles not
identified by the database search.

Case reports, abstracts, editorials and review articles were
excluded. The search strategy was limited to articles published
in English.

The meta-analysis included genetic association studies that
fulfilled the following criteria: (i) the study analysed genotype
data for the CYP2C19 loss- or gain-of-function polymorphisms;
(ii) study participants were patients with CAD receiving clopi-
dogrel treatment; (iii) the study used a case—control or prospec-
tive design; (iv) the study evaluated clinical outcomes; and (v) the
study reported data on the size and variance of the risk effect.

Data extraction

Two investigators (MZ and RE) independently extracted data.
The data extracted included information about the study design
characteristics, the outcomes assessed, the cohort characteristics,

Heart 2012;98:100—108. doi:10.1136/hrt.2011.227652

genotype, allele frequencies and genetic model used in the
analysis, and the reported results. The following design and
cohort characteristics were collected: number of patients, mean
age and mean body mass index of the participants, proportion of
women, proportion of patients with diabetes, race, clinical
inclusion criteria, clopidogrel dosages, primary outcomes of the
study, genotype distribution, time of follow-up, estimates of
associations, and adjustment for confounding factors.
Disagreements were resolved through consensus.

The quality of the reported information included in each
article was assessed following the STREGA statement' and
summarised with the approach used in other previous studies.”

Genetic variants

The following CYP2C19 genetic variants were included in the

meta-analysis:

» Loss-of-function: rs4244285 (*2), a 618 G— A substitution;
rs4986893 (*3), a 4903T — C substitution; rs28399504 (*4),
a 5001A—G substitution; rs56337013 (*5), a 1297C—>T
substitution

» Gain-of-function: rs12248560 (*17), a 4195C — T/A substitution.

Outcomes of interest

For the current meta-analysis, we defined three outcomes of
interest.

(a) Major adverse cardiovascular events. These were defined as
any cardiovascular event (fatal and non-fatal myocardial
infarction, stroke, unstable angina), recurrent ischaemia (symp-
toms compatible with ischaemia needing hospital readmission
and coronariography), or death from other cardiovascular causes
during follow-up.

(b) Definite or probable stent thrombosis. Definite stent
thrombosis was defined as acute coronary syndrome and either
angiographic or pathological confirmation of thrombosis.
Probable stent thrombosis was defined as unexplained death or
myocardial infarction in the territory supplied by a stented
vessel without angiographic confirmation.

(c) Major bleeding. Defined in most of the studies according to
the TIMI criteria (intracranial haemorrhage or clinically
significant overt signs of haemorrhage associated with a fall in
haemoglobin of >5 g/dl (or, when haemoglobin is not available,
an absolute fall in packed cell volume of >15%)).

Statistical analysis
Owing to the low frequency of the minor alleles analysed in this
study at the population level, most of the studies have defined
a genetic dominant model. We also defined a genetic dominant
model for this meta-analysis, in which the carriers of the rare allele
were compared with those homozygous for the wild-type allele.
Statistical analysis for the meta-analyses was performed using
the meta. DSL function from the R package rmeta. We calculated
the overall HR, 95% CI and two-sided p value under a random-
effects model (RE; DerSimonian and Laird).?! We tested for
heterogeneity of effects between studies by computing the
I? statistic. In the presence of between-study heterogeneity,
a meta-regression analysis was performed under a mixed-effects
model?? to establish whether any of the following study char-
acteristics could account for this heterogeneity: study design
(observational or clinical trial), clinical outcomes included in the
study (acute coronary syndrome or PCI), sample size (<500
patients or =500 patients), duration of follow-up (<1 year or
=1 year), type of patients according to risk (low- and high-risk
according to the incidence of cardiovascular outcomes <7% or
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=7% per year, respectively), adjustment for clinical covariates,
type of patients according to the mean or proportion of classical
risk factors also associated with prognosis in each study such as
diabetes, hypertension, proportion of female patients, mean age
and mean body mass index, and the study’s score on a reporting
quality scale based on the STREGA statement (compliance with
<70% or =70% of items).

To identify studies that individually had strong effects on the
pooled OR, a sensitivity analysis was performed by excluding one
study at a time and calculating the OR for the remaining studies.

HRs and OR were assumed to represent the same RR. Where
more than one result was given in the original report, we used
that obtained under the multivariate model with the most
complete adjustment for potential confounders. Where ORs or
HRs were not reported, effect size estimates were calculated
using genotype frequencies stratified according to the presence
of the cardiovascular event of interest.

Funnel plots of effect size against SE were examined to detect
the presence of publication bias.

RESULTS

Eligible studies

The process of selection of studies for inclusion in the meta-
analysis of major adverse cardiovascular events or stent throm-
bosis is summarised in figure 1. The database search identified
179 unique citations, of which 87 were judged to be of potential
interest on the basis of the title. On the basis of the abstract, 13
studies were reviewed in their entirety."* 273 One was excluded
because it did not meet the eligibility criteria® and a second one
was excluded®® because the data reported were available in
a previous study already included in the meta-analysis."' One
additional study® was identified after review of the references
cited, and a second one after review of the manuscripts of
the meta-analysis of major bleeding®™ (see below). Finally, 13
studies that met the criteria described above were included in
the meta-analysis.

For the meta-analysis of major bleeding, we identified 36
unique citations, of which seven were judged to be of potential
interest on the basis of the title. On the basis of the abstract,
three articles were reviewed in their entirety,® ! *° one of them
showing results from two different studies: CURE and ACTIVE
A% We also reviewed the previously identified 12 studies.
Finally, four studies were included in this meta-analysis.

The main characteristics of these studies are shown in table 1,
and the quality of the reported information according to the
STREGA criteria is presented in online supplementary table 1.

Meta-analysis

Using data from the studies described above, we performed four
distinct meta-analyses according to the presence of loss- or gain-
of-function alleles and the different clinical outcomes of interest.
We could not perform a meta-analysis of the association
between the gain-of-function alleles and stent thrombosis
because only two studies analysed this association.® *° We were
also unable to perform a meta-analysis of the association
between the loss-of-function alleles and bleeding because only
one study analysed this association.*

Association between CYP2C19 loss-of-function alleles and
cardiovascular outcomes

Eleven studies incorporating 16360 individuals were included
in this analysis. Patients that carried a loss-of-function allele,
mainly CYP2C19*2, did not have a statistically significant
increased risk of a subsequent cardiovascular event (HR =1.23
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Figure 2 Risk of major cardiovascular adverse events in coronary patients treated with clopidogrel according to the presence of CYP2C19 loss-of-
function alleles and stratified by the sample size of the studies. ACS, acute coronary syndrome; ACV, acute cerebrovascular disease; CV,
cardiovascular; MI, myocardial infarction; MACE, major adverse cardiovascular events; PCI, percutaneous coronary intervention; Revasc,

revascularisation; ST, stent thrombosis.

(95% CI 0.97 to 1.55)) (figure 2). Sensitivity analysis indicated
that no one study significantly affected the results of the meta-
analysis (pooled HR ranging from 1.11 to 1.31).

We observed substantial heterogeneity between the effect sizes
observed in each study (1°=35.6; p<0.001). When we analyse the
potential causes of this heterogeneity, only study sample size
partially explained the observed heterogeneity. Therefore, we
stratified the meta-analysis by sample size (N <500 or =500),
and observed an increase in the pooled HR of a cardiovascular
event among studies with a sample size <500 patients (HR
=3.55; 95% CI 1.66 to 7.56), and loss of the previously observed
association among studies with a sample size =500 (HR =1.06;
95% CI 0.89 to 1.26). Significant heterogeneity persisted among
the larger studies (I°=15.2; p=0.033) (figure 2), but not among
the smaller studies (I*=2.9; p=0.240) (figure 2).

The funnel plot of effect size versus SE constructed to
investigate possible publication bias was slightly asymmetric,
suggesting the presence of some statistical outliers among the
studies included (online supplementary figure).

Association between CYP2C19 loss-of-function alleles and stent
thrombosis

Seven studies incorporating 8686 individuals were included in
this analysis. Patients who carried a loss-of-function allele,

104

mainly CYP2C19*2, had an increased risk of a stent thrombosis
(HR =2.24; 95% CI 1.52 to 3.30; p<0.001) (figure 3). We
observed no significant heterogeneity between the reported
effect sizes (1°=8.8; p=0.184), and none of the studies had an
individually large effect on the result of the meta-analysis
(sensitivity analysis pooled HR =1.94—2.49).

Association between CYP2C19 gain-of-function alleles and
cardiovascular outcomes

Four studies incorporating 6584 individuals were included in this
analysis. Patients who carried a gain-of-function allele, mainly
CYP2C19*17, had a lower risk of clinical cardiovascular
outcomes (HR =0.75; 95% CI 0.66 to 0.87; p<0.001) (figure 4).
We observed no significant heterogeneity between the reported
effect sizes (I°=1.16; p=0.768), and none of the studies had an
individually large effect on the result of the meta-analysis
(sensitivity analysis pooled HR =0.74—0.78).

Association between CYP2C19 gain-of-function alleles and major
bleeding

Four studies incorporating 7660 patients were included in
the analysis. Patients who carried a gain-of-function allele
had a higher risk of major bleeding (HR =1.26; 95% CI 1.05 to
1.50; p=0.011) (figure 5). No significant heterogeneity between

Heart 2012;98:100—108. doi:10.1136/hrt.2011.227652
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Figure 3 Risk of stent thrombosis in coronary patients treated with clopidogrel according to the presence of CYP2C19 loss-of-function alleles. ACS,
acute coronary syndrome; CV, cardiovascular; PCI, percutaneous coronary intervention.

studies was observed (1°=0.8; p=0.849), and none of the studies
had an individually large effect on the result of the meta-analysis
(sensitivity analysis pooled HR ranged from 1.24 to 1.29).

DISCUSSION

In this study, we evaluated previous evidence regarding the
association between CYP2C19 gain- and loss-of-function poly-
morphisms and cardiovascular outcomes and major bleeding in
patients with CAD taking clopidogrel. We observed high
heterogeneity between studies analysing the relationship
between CYP2C19 loss-of-function alleles and major cardiovas-
cular outcomes. This heterogeneity was partially related to
study sample size: smaller studies reported a significant associ-
ation between the loss-of-function alleles and a higher risk of
cardiovascular outcomes, whereas no significant effect was
observed in the pooled analysis of studies with a sample size
>500 patients. However, these loss-of-function alleles were
associated with a higher risk of stent thrombosis. Moreover, the
presence of a CYP2C19 gain-of-function allele was associated
with a lower risk of major cardiovascular recurrences and
a higher risk of major bleeding.

In March 2010, the US Food and Drug Administration (FDA)
added a ‘boxed warning’ to the label of clopidogrel including
a reference to patients who do not effectively metabolise the
drug and therefore may not receive the full benefits on the basis
of their genetic characteristics,®” and more recently the Amer-
ican College of Cardiology Foundation and the American Heart
Association have published a consensus document addressing
this FDA warning.”® This guideline states that the role of genetic

Heart 2012;98:100—108. doi:10.1136/hrt.2011.227652

testing and the clinical implications and consequences of this
testing remains to be determined.

In this study and consistent with the previous meta-analyses,
we observed an association between the CYP2C19 loss-of-func-
tion alleles and a higher stent thrombosis risk.">!” In the
previously published meta-analyses, an association between the
CYP2C19 loss-of-function polymorphisms and a higher risk of
major cardiovascular events was reported.'” ' In our analyses
we included data from four recently published studies, and
when analysing all the available evidence, we did not observe an
association between these alleles and cardiovascular recurrences.
We conclude that a significant part of the effect size reported in
previous studies is driven by the higher effect size observed in
small sample size studies. Similar findings were observed in the
meta-analysis performed by Hulot er al.’” In their study, the
effect size of the association between the loss-of-function alleles
and cardiovascular outcomes was significantly higher in studies
with a sample size <1000 patients (OR =2.16; 95% CI 1.46 to
3.21) than in the studies with a sample size =1000 (OR =1.20;
95% CI 1.03 to 1.40). In our study, we selected a different cut
point a priori to analyse the effect of small studies (n <500) to
obtain a real estimation of the influence of such studies. We also
used the cut point defined by Hulot et a/'” and observed similar
results to those reported in that study, although the cut point
did not explain the heterogeneity observed among studies. The
overestimation of the effect size in small genetic association
studies is well known and could be related to different factors
such as spurious association due to biased publication of positive
results in these types of studies.®
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In some studies the association between the loss-of-function
allele and cardiovascular events was higher in those patients
treated with PCI and stenting,?” although not in others.”” In our
meta-analyses, most of the patients with an acute coronary
event were also treated with PCI (>70%)* ?? ' and stenting
except in the study of Paré et a/,*® in which only 19% were
treated with PCI. Therefore, we cannot determine whether the
risk of the CYP2C19 loss-of-function allele is similar in non-
stented patients.

To our knowledge, this is the first study that has meta-
analysed the effect of a CYP2C19 gain-of-function allele,
CYP2C19*17, on cardiovascular recurrence and major bleeding.
Although we only included four studies,?® % 32 *¢ we observed
a clear protective association between this variant and major
cardiovascular outcomes. This variant has also been associated
with a lower risk of stent thrombosis in one study.?! However,
the results of our meta-analysis indicate that this variant is also
associated with a higher risk of major bleeding. Therefore the
balance between potential benefits and harms should be
considered.

Several clinical trials have evaluated the utility of tailoring
antiplatelet therapy according to genotype or platelet reactivity
in coronary patients undergoing PCL* The results of the
GRAVITAS Study, a clinical trial designed to test if a high-
clopidogrel dose strategy for 6 months is superior to the classical
dose for the prevention of cardiovascular outcomes after PCI in
patients with high residual platelet activity, has shown that the
high dose strategy did not reduce the risk of further ischaemic
events.*! In other studies, alternative therapeutic strategies such
as triple antiplatelet therapies (adding cilotazol) or other drugs
also targeting the P2Y12 receptor such as prasugrel are being
tested. However, although the concept of platelet reactivity
monitoring of response to thienopyridenes is emerging,
a consensus has not yet been reached regarding the threshold of
platelet reactivity that should be achieved and the method of
assessing platelet reactivity that should be used.*?

Our study has several limitations, which are also inherent to
many meta-analyses. The retrospective nature of our meta-
analysis, incorporating data from published studies and not on
individual patients, limits the availability of information on
some issues, such as different clinical end points, comorbidities
or concomitant therapies. We observed substantial heterogeneity
between the results reported by different studies, which was
partly accounted for by sample size. We attempted to determine
if this heterogeneity might also be explained by other variables
such as the type of patient (with or without acute coronary
syndrome, with or without PCI, etc) included in the different
studies, but are unable to provide a reliable answer to this
question because we did not have access to individual level data
for these variables. Studies including a more homogeneous type
of patients are warranted. Finally, in this analysis we were able
to consider a dominant genetic model, but could not explore an
additive model. However, in the meta-analyses described by
Mega et al,'® it was reported that the effect size for major
cardiovascular events of the presence of one loss-of-function
allele (HR =1.55; 95% CI 1.11 to 1.27) was similar to that
observed when two alleles were present (HR =1.76; 95% CI 1.25
to 2.50).

The results of this meta-analysis indicate that not only
CYP2C19 loss-of-function but also gain-of-function alleles
should be considered to define the pharmacogenetic response to
clopidogrel. The main clinical outcome related to these genetic
variants is stent thrombosis. Our results question the relevance
of the CYP2C19 loss-of-function alleles on the prediction of

Heart 2012;98:100—108. doi:10.1136/hrt.2011.227652

major cardiovascular events and bleeding in coronary patients
treated with clopidogrel.
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