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Synopsis
There is significant inter-patient variability in clopidogrel effectiveness, which is due in part to
cytochrome P450 (CYP) 2C19 genotype. Approximately 30% of individuals carry CYP2C19loss-
of-function (LOF) alleles, which have been consistently shown to reduce clopidogrel effectiveness
after an acute coronary syndrome and percutaneous coronary intervention (PCI). Guidelines
recommend consideration of prasugrel or ticagrelor in these patients. A clinical trial examining
outcomes with CYP2C19-genotype guided antiplatelet therapy in ongoing. In the meantime, based
on the evidence available to date, several institutions have started clinically implementing
CYP2C19genotyping to assist with antiplatelet selection after PCI.
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Introduction

Clopidogrel is commonly prescribed in combination with aspirin for the prevention of
ischemic events in patients with an ACS, whether managed medically or with percutaneous
coronary intervention (PCI).1: 2 However, there is substantial interpatient response variability
with clopidogrel. Contributions to this variability have been well studied and include both
clinical factors and genotype.3-5 Prasugrel and ticagrelor are alternative agents shown to be
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superior to clopidogrel in clinical trials, but are associated with increased bleeding risk.5: 7
This review describes genetic contributions to variable response to platelet P2Y 15 inhibitors,
guidelines for selecting antiplatelet therapy based on genotype, and examples of clinical
implementation of genotype-guided antiplatelet therapy after PCI.

Pharmacology of ADP Antagonists / P2Y, Receptor Inhibitors

Clopidogrel and prasugrel are thienopyridines that irreversibly bind to platelet P2Y 15
receptors thereby inhibiting ADP-mediated platelet activation and aggregation. Both are
administered as prodrugs that require hepatic bioactivation to their active moieties.8 As
shown in Figure 1, a number of cytochrome P450 (CYP) enzymes are involved in the two-
step biotransformation of clopidogrel to its active compound (R1309641).8: 9 Notably, only
15% of ingested clopidogrel is converted into the active compound, and the remainder is
inactivated by carboxyl esterases.8: 10

A lack of uniformity in platelet inhibition after clopidogrel treatment has been observed, and
patients with high pre-treatment platelet reactivity tend to respond poorly to the drug, with
an increased risk for major adverse cardiovascular events (MACE), including stent
thrombosis.11-14 Clopidogrel response variability has been attributed to factors such as age,
body mass index, co-medications, diabetes, renal failure, cardiac failure and most
importantly loss-of-function (LOF) polymorphisms in the CYP2C19gene.3-

Prasugrel also undergoes hepatic bioactivation mediated by multiple enzymes, as shown in
Figure 2.8 It has a more rapid onset of action and exhibits greater platelet inhibition than
clopidogrel, with much less variability in response.1®> However, prasugrel is associated with
an increased risk of major bleeding compared to clopidogrel, which has led to reduced dose
(5mg per day) recommendations for patients weighing 60 kg or less and those 75 years of
age or older, who have excess formation of active metabolites.1 16 Like clopidogrel, high
on treatment platelet reactivity has been reported with prasugrel, which confers a higher risk
of MACE after PCI.17 Prasugrel is contraindicated in patients with pathological bleeding or
a history of transient ischemic attack or stroke.

Ticagrelor is a non-thienopyridine that reversibly binds the P2Y 1, receptor and does not
require bioactivation. It has a quicker onset and offset of antiplatelet activity compared to
clopidogrel and this results in greater efficacy in terms of reduction in the risk for MACE in
ACS patients.” 18 While risk for major bleeding is similar between ticagrelor and
clopidogrel, ticagrelor is associated with an increased risk of non-coronary artery bypass
graft related bleeding. Other adverse events with ticagrelor include dyspnea,
bradyarrhythmia and minor spikes in serum creatinine and serum uric acid levels.’- 1920
Ticagrelor is contraindicated in patients a history of intracranial hemorrhage, active
bleeding, moderate to severe hepatic impairment and any hypersensitivity reactions to
ticagrelor.20
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Genetic Determinants of Clopidogrel Response
CYP2C19 Genotype

Polymorphisms in the CYP2C19gene (specifically loss-of-function variants) have been
consistently implicated in clopidogrel response heterogeneity in both candidate gene and
genome-wide association studies (GWAS).21-26 CypP2C19 or cytochrome P450, family 2,
subfamily C, polypeptide 19, is located on chromosome 10 among a cluster of CYP genes
including CYP2C18, CYP2CY, and CYP2C82 Like many other cytochrome P450 genes,
CYP2C19possesses genetic polymorphisms that lead to variable hepatic expression, which
in turn alters the function of the resultant protein (i.e. CYP2C19 enzyme).

Over 30 CYP2C19alleles have been identified.(http://www.cypalleles.ki.se/). The
CYP2C197%1 allele represents a fully functional or normal activity allele. The most common
loss-of-function (LOF) allele is the *2allele (c.681 G>A, rs4244285), which occurs
secondary to an aberrant splice site in exon 5 leading to a truncated protein.2” The less
common CYP2C19*3(c.636G>A; rs4986893) variation results in loss of enzyme activity
secondary to premature termination of the amino acid sequence. CYP2C19*4through *8are
LOF alleles observed in less than 1% of the general population.2”- 28 Approximately 60% to
70% of East Asians carry a LOF allele, while the rate is lower (about 30%) in an ethnically
and racially diverse population.28: 22 The CYP2C19*17allele (c. -806C>T) occurs in the
gene promoter region and results in enhanced enzymatic activity and is thus called a gain-of-
function allele. While several groups have observed greater clopidogrel-induced platelet
inhibition and high bleeding risk in patients with a *Z7allele compared to noncarriers, data
are inconsistent.22 30-32

As shown in Table 1, CYP2C19 genotype confers 5 phenotypes:

. Normal (or extensive) metabolizers (NMs)
. Poor metabolizers (PMs)

. Intermediate metabolizers (IMs)

. Rapid metabolizers (RMs)

. Ultra-rapid metabolizers (UMs)

The prevalence of CYP2C19 phenotypes by race is shown in Table 2. Consistent with having
a higher frequency of LOF alleles, Asians have the highest prevalence of the PM and IM
phenotypes.

CYP2C19 genotype and clopidogrel pharmacokinetics and pharmacodynamics

Carriers of a CYP2C19LOF allele (i.e. PMs and IMs) have diminished capacity to bioactive
clopidogrel. A relative reduction of 32% in plasma concentrations of the active metabolite
was reported in LOF carriers following clopidogrel exposure.33 Consistent with this, LOF
genotype is associated with high on-treatment platelet reactivity (HTPR) after PCI, which is
an independent risk factor for MACE.3# Therefore, it would follow that clopidogrel-treated
LOF allele carriers may be at greater risk for MACE after PCI compared to non-carriers.
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CYP2C19 genotype and clinical outcomes with clopidogrel

In an early study of nearly 800 PCI patients, a 3-fold increase in the incidence of death and
myocardial infarction at one year was observed in CYP2C19*2allele carriers compared to
the non-carriers.2! This association was replicated in a number of subsequent studies.22-2 In
a meta-analysis including 9 studies and over 9600 patients (54% with ACS and 91% with
PCI), carriers of a LOF allele had an increased risk for MACE compared to noncarriers
(hazard ratio, 1.57; 95% confidence interval, 1.13-2.16).3% The risk for stent thrombosis was
even more marked, with a hazard ratio of 2.67 (95% ClI, 1.69-4.22) in IMs and 3.97 (95%
Cl, 1.75-9.02) in PMs compared to non-LOF allele carriers.

The association between CYP2C19 genotype and adverse outcomes has not been
demonstrated with all indications of clopidogrel. Specifically, among lower risk patients,
such as those receiving clopidogrel for stable coronary disease, atrial fibrillation, or with
ACS managed medically, no difference in clinical outcomes has been reported by
genotype.32 36 Similarly, a meta-analysis including studies of lower risk patients found only
a modest association between genotype and clinical outcomes, which was abrogated when
smaller studies were excluded.3”

A more recent meta-analysis specifically aimed to assess outcomes among patients with and
without PCI.38 In non-PClI patients, no increased risk of cardiovascular events was apparent
(relative risk 0.99, 95% CI 0.84-1.17). However, among those who underwent PCl, there
were significantly more events among LOF allele carriers compared to noncarriers (relative
risk 1.20, 95% CI 1.10-1.31). Overall, the data strongly and consistently support reduced
clopidogrel effectiveness in carriers of a CYP2C19 LOF allele after ACS and PCI, but not in
those at lower risk for adverse cardiovascular events.

Other genes associated with clopidogrel response

Other genes involved in the metabolic and pharmacodynamics pathways of clopidogrel have
also been examined for their association with clopidogrel effectiveness. These include the
ABCBI, CES1, CYP2B6, CYP2CY, CYP3A4, PONI, and P2Y12 genes.?2: 39-43 However,
none of these have been consistently shown to contribute to clopidogrel response
heterogeneity. In a GWAS conducted in healthy Amish volunteers given clopidogrel, only a
cluster of polymorphisms on chromosome 1024 in linkage disequilibrium with
CYP2C19*2reached genome wide significance for its association with platelet aggregation,
suggesting that no other gene has major contributions to clopidogrel response.23

Therapeutic approaches based on CYP2C19 genotype

Clopidogrel dose escalation

Clopidogrel dose escalation as a means of compensating for reduced clopidogrel activation
in the presence of a CYP2C19LOF allele has been the subject of several studies. In healthy
volunteers, a clopidogrel maintenance dose of 150 mg in IMs and 300 mg in PMs resulted in
similar inhibition of ADP-induced platelet aggregation as a 75 mg dose in NMs.** However,
among patients with coronary heart disease, a 300 mg dose failed to reduce platelet
reactivity in PMs to a level achieved with a 75 mg dose in NMs.#> In IMs, a dose of 225 mg
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in non-diabetics and 300 mg in diabetics resulted in desired on-treatment platelet reactivity.
Taken together, these data suggest that while adequate antiplatelet activity may be attained
with tripling or quadrupling the dose in IMs, such an approach may not be effective in PMs.
Use of alternative agents whose effects are not influenced by CYP2C19genotype is a more
viable option in IMs and PMs.

Alternative antiplatelet therapy

Unlike clopidogrel, CYP2C19genotype does not affect prasugrel pharmacokinetics or
pharmacodynamics despite being involved in prasugrel bioactivation.22 This is likely
because CYP2C19 has a minor role in the bioactivation of prasugrel compared to other
enzymes involved.#® Since ticagrelor does not require bioactivation, CYP450 enzymes do
not influence the amount of drug initially entering the body.

Genetic sub-studies of large randomized controlled trials that compared the efficacy of
clopidogrel to prasugrel or ticagrelor have been conducted.#”: 48 In carriers of a CYP2C19
LOF allele, both prasugrel and ticagrelor were shown to significantly reduce ischemic events
compared to clopidogrel. However, prasugrel and clopidogrel were similarly effective in
patients without a LOF allele.8 Ticagrelor tended to remain superior to clopidogrel in the
absence of the LOF genotype (p=0.06).47 The test for interaction between genotype and
treatment group was not significant, leading the authors to conclude that ticagrelor is
superior in reducing ischemic events compared to clopidogrel regardless of genotype.

Guidelines for CYP2C19 genotyping with clopidogrel

In March, 2010, the FDA approved a revision to the clopidogrel labeling to add a boxed
warning stating that:4°

. The efficacy of clopidogrel is reduced in PMs with ACS or undergoing
PCI;

. Tests are available to determine genotype for clinical purposes; and

. Alternative treatment strategies should be considered for PMs.

This followed two previous revisions to the label, the first of which added initial information
about reduced clopidogrel response in PMs, and the second of which advised avoidance of
clopidogrel in patients with decreased CYP2C19 enzyme activity secondary to LOF
genotype or concomitant use of CYP2C19 inhibitors.

Following the clopidogrel label revision, the American College of Cardiology Foundation
and the American Heart Association issued guidance on the use of genetic testing to guide
antiplatelet selection after PCI.4° They state that the evidence base is insufficient to
recommend routine genetic testing, citing a lack of data that routine testing improves
outcomes. However, genetic testing may be considered before starting clopidogrel in patients
at moderate to high risk for poor outcomes, such as those undergoing high-risk PCI
procedures. For patients found to be PMs, then alternative therapy is recommended in the
absence of contraindications.
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The Clinical Pharmacogenetics Implementation Consortium (CPIC) also provides guidelines
for clopidogrel use based on CYP2C19 genotype.?® The guidelines do not provide
recommendations on whether or not to order a genetic test, but rather on how to interpret
genetic test results and use them to optimize drug therapy. The clopidogrel guidelines were
the second of 17 CPIC gene-drug pair guidelines available as of mid-2016, indicating the
high level of evidence supporting CYP2C19-guided clopidogrel use relevant to genotype-
guided therapy for other drugs. The recommendations are outlined in Figure 3, with
prasugrel or ticagrelor recommended after ACS and PCI in patients with a loss-of-function
allele.? The recommendations are graded as strong for PMs, meaning that the desirable
effects clearly outweigh the undesirable effects, and moderate for IMs, meaning that there is
close or uncertain balance between desirable and undesirable effects.

Clinical implementation of CYP2C19 genotyping

Examples of clinical implementation

A number of institutions have established a process for providing CYP2C19 genotyping to
help direct antiplatelet prescribing for patients undergoing PCI. Approaches vary from
preemptive genetic testing in advance of patients needing dual antiplatelet therapy to
reactive testing at the time of PCI when dual antiplatelet therapy is deemed necessary. For
example, Vanderbilt University and University of Maryland implemented CYP2C19testing
for patients scheduled to undergo left heart catheterization so that results would be available
in the event that the patient proceeded to PCI.%0: 51 At the University of Florida, the
approach is more reactive, with the genotype test order defaulted on the post-PCI order set
so that patients are automatically genotyped unless the physician chooses to unselect the
order.>2

Patient selection for genotyping also varies by site, with some sites broadly genotyping all
patients undergoing left heart catheterization or PCI, such as described above. Other sites
focus on high risk patients. This is the approach at the University of North Carolina where
testing is recommended in PCI patients with high-risk anatomic findings.>3 Rather than
being a defaulted order, genetic testing is actively ordered after angiography-guided risk
stratification by the interventional cardiologist.

In the U.S., genotyping must be performed in Clinical Laboratory Improvement
Amendments (CLIA)-certified laboratory for results to be entered into the electronic health
record and used for clinical purposes. Recommendations for alternative antiplatelet therapy
for patients with LOF genotype may be provided to physicians via electronic decision
support tools or through other forms of communication (e.g. telephone call, secure

email). 50-52 For example, at the University of Florida, an alert will pop up in the EHR in
response to an order for clopidogrel for a patient with a loss-of-function genotype, warning
the clinician of potential reduced clopidogrel effectiveness and advising consideration of
prasugrel or ticagrelor. Dosing information and contraindications for alternative agents are
included in the alert to assist with prescribing decisions, and the physician may place the
order for alternative therapy directly from the alert. Ultimately, the choice of antiplatelet
therapy is left to the discretion of the physician. Recent preliminary data suggest that
patients with a LOF allele who are switched to alternative therapy have a significant
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reduction in risk for major adverse cardiovascular events compared to loss-of-function allele
carriers continued on clopidogrel.>*

Barriers to clinical implementation

Implementation of CYP2C19testing requires overcoming a number of barriers. These
include establishing a process for genetic testing and the need to obtain genotype results
prior to or soon after PCI. Ideally, a point-of-care platform would be available in the cardiac
catheterization laboratory to rapidly provide genotype results. While such a platform is
available, placing it in the cardiac catheterization laboratory is inconsistent with quality
standard in the U.S., which requires that testing be done in a CLIA-licensed laboratory.
Thus, a process must be established to transport samples efficiently to a CLIA-licensed
laboratory for testing and efficient return of genotype results.

Another major barrier is the lack of data from large randomized clinical trials showing
improved outcomes with genotype-guided clopidogrel use. Obviously, many sites feel that
the available data linking CYP2C19 genotype to poor outcomes with clopidogrel are
sufficient to support clinical implementation. However, others argue that implementation is
premature in the absence of prospective clinical trial data. While a clinical trial is currently
underway, it is not expected to be completed until 2019.(clinical trials.gov identifier:
NCT01742117) In the meantime, it is anticipated that clinical outcome data will emerge
from sites implementing genetic testing, which may influence the landscape of clopidogrel
pharmacogenetics.

The need for clinician preparedness to utilize genetic testing results is an additional barrier.
Equipping clinicians with tools to translate genetic results into prescribing decisions at the
time of care may be addressed through electronic decision support, as described above at the
University of Florida, consultation with pharmacogenetic experts, or other means.
Recognizing the knowledge and awareness barrier for pharmacogenetic testing, the National
Institutes of Health and other stakeholders have also taken steps to better educate the
clinician workforce on genomic medicine.(Genetics/Genomics Competency Center http://
g-2-c-2.org/l)

Pharmacogenetics of prasugrel and ticagrelor

Several investigators have examined associations between CYP450 genotypes and prasugrel
response. One study reported overrepresentation of the CYP2C9*2 variant among
individuals with a lower level of platelet inhibition with prasugrel > whereas others have
found no significant effect of CYP2C9, CYP2C19, CYP2B6, CYP3A4, or CYPIAZ
genotypes on either prasugrel metabolite concentrations or antiplatelet effects.22: 41

A GWAS was conducted to identify associations with ticagrelor pharmacokinetics and
clinical response.>® A variant in the CYP3A44 gene was found to be associated with
ticagrelor concentrations. Two additional polymorphisms, one in the SLCO1B1 gene,
encoding for the organic anion transporter polypeptide, and another in UGT72B7, encoding
for UDP-glucuronosyltransferase 2B7, were associated with concentrations of the major
active metabolite of ticagrelor. However, effects were modest, and none of the
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polymorphisms were associated with reductions in ischemic events or risk for bleeding or
dyspnea with ticagrelor.

Summary and future projections for antiplatelet pharmacogenomics

Data clearly and consistently demonstrate reduced clopidogrel effectiveness in preventing
ischemic events in patients with a CYP2C19LOF allele. Given the high prevalence of the
LOF genotype, a substantial portion of the population is at risk for inadequate anti-platelet
response to clopidogrel. The data have accumulated to the extent that an increasing number
of institutions are beginning to offer CYP2C19 genotyping for patients undergoing PCI to
assist with antiplatelet selection. Randomized controlled trial data, considered the gold
standard evidence needed to broadly influence practice patterns, are forthcoming on the
efficacy of genotype-guided antiplatelet therapy. In the meantime, efforts to implement
CYP2C191testing into practice to predict clopidogrel response will help to establish
procedures for overcoming implementation barriers and may also provide useful “real
world” data on outcomes with pharmacogenetics testing to complement clinical trial
findings.
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Key Points

. There is significant inter-patient variability in clopidogrel effectiveness
in patients with an acute coronary syndrome and percutaneous coronary
intervention (PCI).

. Clopidogrel is a prodrug that requires bioactivation, and cytochrome
P450 (CYP) 2C19 is involved in both steps of the bioactivation process.

. Data consistently demonstrate reduced clopidgrel effectiveness after
PCI in patients with the CYPC19 loss-of-function genotype.

. Neither prasugrel nor ticagrelor are affected by CYP2C19 genotype,
and guidelines recommend consideration of one of these agents for PCI
patients with the CYP2C19 loss-of-function genotype.

. A number of institutions have implemented CYP2C19 genotyping for
patients undergoing PCI to assist with antiplatelet selection.
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Figure 1. Depiction of clopidogrel metabolic pathway
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Figure 2.
Depiction of prasugrel metabolic pathway
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ACS/PCI Patients

CYP2C19 Genotype

RM (*1/*17) or
UM (*17/*17)

l
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Page 16
|
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(e.q. *2/*2)

1

Clopidogrel

Prasugrel or Ticagrelor

Figure 3.

Recommendations by the Clinical Pharmacogenetics Implementation Consortium (CPIC)
for CYP2C19-guided antiplatelet therapy; ACS, acute coronary syndrome; IM, intermediate
metabolizer; PCI, percutaneous coronary intervention; PM, poor metabolizer; RM, rapid

metabolizer; UM, ultra-rapid metabolizer
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Table 1

CYP2C19 phenotypes derived from CYP2C19 genotype

Genotype

Phenotype

*1/*1

Normal metabolizer (NM)

*2/%2, *2/*3, or other combination of two loss-of-function alleles

Poor metabolizer (PM)

*1/42, *1/%3,*2/*177 or other genotypes with a single loss-of-function allele

Intermediate metabolizer (IM)

*1/*17

Rapid metabolizer (RM)

*17/*17

Ultra-rapid metabolizer (UM)

Page 17

fThe IM phenotype assignment for genotypes with one loss-of-function and one gain-of-function allele (e.g. *2/*17) is based on evidence of
increased platelet aggregation among clopidogrel treated patients with this genotype compared to the *2/*1 genotype, indicating that that the *17

allele is unable to completely compensate for reduced activity with the *2allele.29 However, the data are not completely consistent, and thus the

IM phenotype assignment is considered provisional.
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Prevalence of CYP2C19 phenotypes by race

Race Phenotype

PMs | IMs | RMsor UMs
White 2% 25% 40%
Black 4% 30% 45%
Asian | 14% | 50% <5%

PMs, Poor metabolizers; IMs, intermediate metabolizers; RMs, rapid metabolizers; UMs, ultra-rapid metabolizers
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