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GUIDELINE UPDATES
The Clinical Pharmacogenetics Implementation Consortium (CPIC) guideline for
CYP2C19 and clopidogrel therapy is published in full on the CPIC website (1). Relevant

information will be reviewed periodically and updated guidelines published online.

LITERATURE REVIEW

The PubMed® database (1966 to September 2020) was searched for the following
keywords: (CYP2C19 OR cytochrome P450 2C19) AND (clopidogrel). The search was limited
to studies conducted in humans and written in the English language, and review articles were
excluded. Using these search terms, 770 publications were identified since the evidence review
for the 2013 CPIC guideline for clopidogrel was completed. Study inclusion criteria included
publications that incorporated analyses for the association between CYP2C19 genotype and
clopidogrel pharmacokinetic parameters or clopidogrel-related clinical outcomes in patients.
Following the application of these criteria, 275 publications were reviewed and included in the
evidence tables (Tables S1-S4). In addition to the references presented in these tables, the level
of evidence was also informed by data curated for the 2013 CPIC guideline for clopidogrel (2).

Due to publication on Oct 28, 2021 of the CHANCE-2 clinical trial(3), a large
randomized controlled clinical trial of CYP2C19 genotype-guided antiplatelet therapy in over
6,000 patients with an ischemic stroke or transient ischemic attack, an updated literature search
was completed to identify additional recent publications focused on neurovascular indications.
The PubMed® database (September 2020 to October 2021) was searched for the following
keywords: (CYP2C19 OR cytochrome P450 2C19) AND (clopidogrel) AND (neurovascular OR

stroke OR ischemic attack). Following the application of these criteria, 14 additional publications



were reviewed and included in the evidence tables for pharmacodynamics and neurovascular

indications (Tables S1, S3).

GENETIC TEST INTERPRETATION

Haplotypes, or star (*) alleles, are determined by a specific single nucleotide
polymorphism (SNP) or a combination of SNPs that are interrogated in the genotyping analysis.
Rare deletion and duplication events affecting the CYP2C gene locus have also been described
(see Botton et al for a comprehensive summary (4), the PharmVar GeneFocus on CYP2C19 (5),

and the PharmVar Structural Variation document at https://www.pharmvar.org/gene/CYP2C19).

Many of the gene deletion and duplication events involve more than one of the CYP2C genes and
can even encompass a large number of genes within this chromosomal region. To date,
PharmVar has defined deletion events encompassing the entire CYP2C19 gene under the
CYP2C19%*36 designation and those with partial CYP2C19 gene deletion events (that include at
least exon 1) as CYP2C19*37 (4, 5). CYP2C copy number variants appear to be rare and are
typically not part of clinical pharmacogenetic testing.

The genotypes that constitute the haplotypes, or star (*) alleles for CYP2C19, and the
rsIDs for each of the specific genomic nucleotide alterations that define the alleles, are described
in the CYP2C19 Allele Definition Table online (1, 6). The genotype results are generally
reported as a diplotype, which includes one maternal and one paternal allele (e.g.,
CYP2C19*1/*2). The functional assignment of CYP2C/9 alleles are summarized in the

CYP2C19 Allele Functionality Table online (1, 6).



AVAILABLE GENETIC TEST OPTIONS
Commercially available genetic testing options change over time. The Genetic Testing
Registry provides a central location for voluntary submission of genetic test information by

providers and is available at http://www.ncbi.nlm.nih.gov/gtr. Desirable characteristics of

pharmacogenetic tests, including naming of alleles and test report contents, have been
extensively reviewed by an international group, including CPIC members (7). CPIC recommends
that clinical laboratories adhere to these test reporting standards. CPIC gene-specific tables
adhere to these allele nomenclature standards. Moreover, these tables (CYP2C19 Allele
Definition Table, CYP2C19 Allele Functionality Table, and CYP2C19 Allele Frequency
Table) may be used to assemble lists of known functional and actionable genetic variants and
their population frequencies, which may inform decisions as to whether pharmacogenetic tests
are adequately comprehensive with the interrogated alleles (1, 6). Furthermore, the Association
for Molecular Pathology has published a recommendation for the key attributes of alleles
recommended for clinical testing and a minimum set of variants that should be included in

clinical genotyping assays for CYP2CI19 (8).

LEVELS OF EVIDENCE LINKING GENOTYPE TO PHENOTYPE

The evidence summarized in Tables S1-S3 is graded on a scale of high, moderate, and weak

based upon the level of evidence:
High: Evidence includes consistent results from well-designed, well-conducted studies.
Moderate: Evidence is sufficient to determine effects, but the strength of the evidence is
limited by the number, quality or consistency of the individual studies, generalizability to

routine practice, or the indirect nature of the evidence.



Weak: Evidence is insufficient to assess the effects on health outcomes because of
limited number or power of studies, important flaws in their design or conduct, gaps in

the chain of evidence, or lack of information.

STRENGTH OF RECOMMENDATIONS

CPIC’s therapeutic recommendations are based on weighing the evidence from a
combination of preclinical functional and clinical data, as well as on some existing disease-
specific consensus guidelines. Some of the factors that are taken into account in evaluating the
evidence supporting therapeutic recommendations include in vivo pharmacokinetic and
pharmacodynamic data, in vitro enzyme activity of tissues expressing wild-type/reference or
variant-containing CYP2C19, in vitro CYP2C19 enzyme activity from tissues isolated from
individuals of known CYP2C19 genotypes, and in vivo pre-clinical and clinical pharmacokinetic
and pharmacodynamic studies.

Overall, the therapeutic recommendations are simplified to allow rapid interpretation by
clinicians. CPIC uses a slight modification of a transparent and simple system for
recommendations adopted from the rating scale for evidence-based guidelines on the use of
antiretroviral agents (9):

e Strong recommendation for the statement: The evidence is high quality and the desirable

effects clearly outweigh the undesirable effects.

e Moderate recommendation for the statement: There is a close or uncertain balance as to

whether the evidence is high quality and the desirable effects clearly outweigh the

undesirable effects.



e Optional recommendation for the statement: The desirable effects are closely balanced
with undesirable effects, or the evidence is weak or based on extrapolations. There is
room for differences in opinion as to the need for the recommended course of action.

¢ No recommendation: There is insufficient evidence, confidence, or agreement to

provide a recommendation to guide clinical practice at this time.

RESOURCES TO INCORPORATE PHARMACOGENETICS INTO AN ELECTRONIC
HEALTH RECORD WITH CLINICAL DECISION SUPPORT

Clinical decision support (CDS) tools integrated within electronic health records (EHRs)
can help guide clinical pharmacogenetics at the point of care (10-12). See

https://cpicpgx.org/guidelines/guideline-for-clopidogrel-and-cyp2c19/ for resources to support

the adoption of CPIC guidelines within an EHR (1, 11). Based on the capabilities of various
EHRs and local preferences, we recognize that approaches may vary across organizations. Our
intent is to synthesize foundational knowledge that provides a common starting point for
incorporating CYP2C19 genotype results in an EHR to guide clopidogrel therapy.

Effective incorporation of pharmacogenetic information into an EHR to optimize drug
therapy should have some key attributes. Pharmacogenetic test results, an interpreted phenotype,
and a concise interpretation or summary of the result must be documented in the EHR. To
incorporate a phenotype in the EHR in a standardized manner, genotype test results provided by
the laboratory must be consistently translated into an interpreted drug metabolism phenotype
(Table 1, main manuscript; CYP2C19 Diplotype to Phenotype Table (1, 6)). Because
clinicians must be able to easily find the information, the interpreted phenotype may be

documented as a problem list entry or in a patient’s summary section; these phenotypes are best



stored in the EHR at the “person level” rather than at the date-centric “encounter level”.
Additionally, results should be entered as standardized and discrete terms to facilitate using them
to provide point-of-care CDS (see Clopidogrel Pre- and Post-Test Alerts and Flow Chart for

example CDS alerts; https://cpicpgx.org/guidelines/guideline-for-clopidogrel-and-cyp2¢19/) (1).

Because pharmacogenetic test results have lifetime implications and clinical significance,
results should be placed into a section of the EHR that is accessible independent of the test result
date to allow clinicians to quickly find the result at any time after it is initially placed in the
EHR. To facilitate this process, CPIC is providing gene-specific information figures and tables
that include complete diplotype to phenotype translation tables, diagram(s) that illustrate how
CYP2C19 pharmacogenetic test results could be entered into an EHR, example EHR
consultation/genetic test interpretation language and widely used nomenclature systems (see

https://cpicpgx.org/guidelines/guideline-for-clopidogrel-and-cyp2¢19/) (1, 13).

Point-of-care CDS should be designed to effectively notify clinicians of prescribing
implications at any time after the test result is entered into the EHR. CPIC is also providing
gene-drug specific tables that provide guidance to achieve these objectives with diagrams that
illustrate how point-of-care CDS should be entered into the EHR, example pre- and post-test
alert language, and widely used nomenclature systems for relevant drugs (see

https://cpicpgx.org/guidelines/guideline-for-clopidogrel-and-cyp2c19/ (1)).




TABLE S1. EVIDENCE LINKING CYP2C19 TO CLOPIDOGREL PHENOTYPE - PHARMACOKINETICS AND
PHARMACODYNAMICS

Type of Major Findings References Level of
Experimental Evidence®’
Model
Clinical CYP2C19 phenotype influences the pharmacokinetics of Braun, et al. (2013) (14) High
clopidogrel in a graded fashion, with CYP2C19 PMs having | Gurbel, e al. (2013) (15)
the lowest active metabolite levels and CYP2C19 UMs Gurbel, et al. (2014) (16)
having the highest active metabolite levels in patients treated | Erlinge, e al. (2014) (17)

Karazniewicz-Lada, ef al. (2014) (18)
Simon, et al. (2015) (19)

Wang, et al. (2015) (20)

Bin Sayeed, et al. (2015) (21)

Liang, et al. (2015) (22)

Danese, et al. (2016) (23)

Li, et al. (2017) (24)

Kitazono, et al. (2018)

Karazniewicz-Lada, ef al. (2020) (25)
Platelet Reactivity

with clopidogrel.

Clinical CYP2C19 IMs and PMs are associated with higher on- Amoah, et al. (2013) (26) High
treatment platelet reactivity in patients treated with Braun, et al. (2013) (14)
clopidogrel compared to CYP2C19 NMs (might include Kreutz, et al. (2013) (27)
CYP2C19 RMs and UMs). Tsantes, et al. (2013) (28)

Saucedo, et al. (2013) (29)
Zhang, et al. (2013) (30)
Nishio, et al. (2013) (31)
Zou, et al. (2013) (32)
Tousoulis, et al. (2013) (33)
Al-Azzam, et al. (2013) (34)
Correll, et al. (2013) (35)
El-Halabi, et al. (2013) (36)
Hong, et al. (2013) (37)

O



Palmerini, et al. (2014) (38)
Tresukosol, et al. (2014) (39)
Tan, et al. (2014) (40)
Mizobe, et al. (2014) (41)
Park, et al. (2014) (42)
Jeong, et al. (2014) (43)
Peace, et al. (2014) (44)
Siller-Matula, et al. (2014) (45)
Gurbel, et al. (2014) (16)
Hokimoto, et al. (2014) (46)
Erlinge, et al. (2014) (17)
Guo, et al. (2014) (47)
Zhang, et al. (2014) (48)
Simon, et al. (2015) (19)
Larsen, et al. (2015) (49)
Arya, et al. (2015) (50)

Cui, et al. (2015) (51)

Sun, et al. (2015) (52)

Peng, et al. (2015) (53)
Chen, et al. (2015) (54)
Wang, et al. (2015) (20)

Bin Sayeed, et al. (2015) (21)
Arima, et al. (2015) (55)
Konishi, et al. (2015) (56)
Nakamura, et al. (2015) (57)
Nooney, et al. (2015) (58)
Collet, et al. (2015) (59)
Kim, et al. (2015) (60)
Yang, et al. (2015) (61)
Golukhova, et al. (2015) (62)
Arima, et al. (2015) (55)
Qiu, et al. (2015) (63)

Han, et al. (2015) (64)
Wang, et al. (2016) (65)

Ou, et al. (2016) (66)
Carreras, et al. (2016) (67)
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Kirac, et al. (2016) (68)
Doll, et al. (2016) (69)

Choi, et al. (2016) (70)

Sun, et al. (2016) (71)

Choi, et al. (2016) (72)
Danese, et al. (2016) (23)
Forni Ogna, et al. (2016) (73)
Backovic, et al. (2016) (74)
Backovic, et al. (2016) (75)
Liu, et al. (2016) (76)

Yi, et al. (2016) (77)

Yi, et al. (2016) (78)

Lin, et al. (2016) (79)

Li, et al. (2017) (24)
Garcia-Lagunar, et al. (2017) (80)
Saydam, et al. (2017) (81)
Marchini, et al. (2017) (82)
Nie, et al. (2017) (83)

Forni Ogna, et al. (2017) (84)
Amin, et al. (2017) (85)
Siasos, et al. (2017) (86)
Oledzki, et al. (2017) (87)
Tan, et al. (2017) (88)
Marginean, et al. (2017) (89)
Alhazzani, et al. (2017) (90)
Li, et al. (2017) (91)

Li, et al. (2017) (92)

Yi, et al. (2017) (93)

Zhang, et al. (2017) (94)
Rao, et al. (2017) (95)

Ge, et al. (2017) (96)

Gross, et al. (2018) (97)
Mirzaev, et al. (2018) (98)
Wang, et al. (2018) (99)

Li, et al. (2018) (100)

Hou, et al. (2018) (101)
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Hassani Idrissi, et al. (2018) (102)
Ebisawa, et al. (2018) (103)

Nie, et al. (2018) (104)
Golukhova, et al. (2018) (105)
Hernandez-Suarez, ef al. (2018) (106)
Hernandez-Suarez, ef al. (2018) (107)
Tomek, et al. (2018) (108)

Lin, et al. (2018) (109)

Yi, et al. (2018) (110)

Su, et al. (2019) (111)

Pandey, et al. (2019) (112)
Cedillo-Salazar, et al. (2019) (113)
Akram, et al. (2019) (114)

Peng, et al. (2019) (115)

Lee, et al. (2019) (116)

Ma, et al. (2019) (117)

Patel, et al. (2019) (118)
Saiz-Rodriguez, et al. (2019) (119)
Saiz-Rodriguez, et al. (2019) (120)
Saiz-Rodriguez, et al. (2019) (121)
Alakbarzade, et al. (2020) (122)*
Jirungda, et al. (2020) (123)
Lewis, et al. (2020) (124)
Mohareb, et al. (2020) (125)
Zhang, et al. (2020) (126)
Gairolla, et al. (2020) (127)

Fu, et al. (2020) (128)

Sun, et al. (2020) (129)

Rath, et al. (2020) (130)

Lv, et al. (2021) (131)

Shi, et al. (2021) (132)

Shi, et al. (2021) (133)

Clinical

CYP2C19 IMs are associated with higher on-treatment
platelet reactivity in patients treated with clopidogrel
compared to CYP2C19 NMs (might include CYP2C19 RMs
and UMs).

Tang, et al. (2013) (134)
Nagashima, et al. (2013) (135)
Liu, et al. (2013) (136)
Nakata, et al. (2013) (137)

High
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Yang, et al. (2013) (138)

Jia, et al. (2013) (139)
Tatarunas, et al. (2014) (140)
Tresukosol, et al. (2014) (39)
Hokimoto, et al. (2014) (141)
Xie, et al. (2014) (142)

Park, et al. (2014) (42)
Gurbel, et al. (2014) (16)
Isshiki, et al. (2014) (143)
Karazniewicz-Lada, ef al. (2014) (18)
Liu, et al. (2014) (144)
Konishi, et al. (2015) (56)

Li, et al. (2015) (145)
Hokimoto, et al. (2015) (146)
Liu, et al. (2015) (147)

Tang, et al. (2015) (148)
Zhang, et al. (2016) (149)

Li, et al. (2016) (150)

Liu, et al. (2016) (151)

Dong, et al. (2016) (152)

Yi, et al. (2016) (77)

Yi, et al. (2016) (78)

Li, et al. (2017) (24)

Tatarunas, et al. (2017) (153)
Tatarunas, et al. (2017) (154)
Nie, et al. (2017) (83)

Zhang, et al. (2017) (155)
Amin, et al. (2017) (85)

Yi, et al. (2017) (93)

Tan, et al. (2018) (156)

Hou, et al. (2018) (101)
Chouchene, et al. (2018) (157)
Wang, et al. (2018) (99)

Li, et al. (2018) (100)

Joo, et al. (2018) (158)

Lin, et al. (2018) (109)
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Yi, et al. (2018) (110)

Tomek, et al. (2018) (108)

Li, et al. (2019) (159)

Akram, et al. (2019) (114)
Feng, et al. (2019) (160)
Lyerly, et al. (2019) (161)
Tanaka, ef al. (2019) (162)
Tan, et al. (2020) (163)
Shimamatsu, et al. (2020) (164)
Zhang, et al. (2020) (126)
Karazniewicz, et al. (2020) (25)
Li, et al. (2020) (165)

Clinical

CYP2C19 PMs are associated with higher on-treatment
platelet reactivity in patients treated with clopidogrel
compared to CYP2C19 NMs (might include CYP2C19 RMs
and UMs).

Nagashima, et al. (2013) (135)
Tang, et al. (2013) (134)
Yang, et al. (2013) (138)

Jia, et al. (2013) (139)
Hokimoto, et al. (2014) (141)
Xie, et al. (2014) (142)
Tresukosol, et al. (2014) (39)
Park, et al. (2014) (42)

Lai, et al. (2015) (166)

Cui, et al. (2015) (51)

Tang, et al. (2015) (148)
Konishi, et al. (2015) (56)
Li, et al. (2015) (145)
Hokimoto, et al. (2015) (146)
Liu, et al. (2015) (147)
Zhang, et al. (2016) (149)
Khalaf, et al. (2016) (167)
Li, et al. (2016) (150)

Liu, et al. (2016) (151)
Dong, et al. (2016) (152)

Li, et al. (2017) (24)

Zhang, et al. (2017) (155)

High
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Wang, et al. (2018) (99)
Li, et al. (2018) (100)

Joo, et al. (2018) (158)
Tahara, et al. (2018) (168)
Zhang, et al. (2018) (169)
Li, et al. (2019) (159)
Feng, et al. (2019) (160)
Tanaka, et al. (2019) (162)
Tan, et al. (2020) (163)
Shimamatsu, et al. (2020) (164)
Zhang, et al. (2020) (126)
Li, et al. (2020) (165)

Clinical

CYP2C19 PMs are associated with higher on-treatment
platelet reactivity in patients treated with clopidogrel
compared to CYP2C19 IMs.

Nagashima, et al. (2013) (135)
Nakata, et al. (2013) (137)
Liu, et al. (2013) (136)
Tousoulis, et al. (2013) (33)
Hokimoto, et al. (2014) (141)
Xie, et al. (2014) (142)

Liu, et al. (2014) (144)
Isshiki, et al. (2014) (143)
Konishi, et al. (2015) (56)
Li, et al. (2015) (145)
Hokimoto, et al. (2015) (146)
Liu, et al. (2015) (147)

Tang, et al. (2015) (148)
Dong, et al. (2016) (152)

Li, et al. (2016) (150)

Liu, et al. (2016) (151)

Li, et al. (2017) (24)

Amin, et al. (2017) (85)
Siasos, et al. (2017) (86)
Wang, et al. (2018) (99)

Li, et al. (2018) (100)

High
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Tahara, et al. (2018) (168)
Feng, et al. (2019) (160)
Shimamatsu, et al. (2020) (164)

Clinical

CYP2C19*17 allele carriers are associated with lower on-
treatment platelet reactivity in patients treated with
clopidogrel compared to non-*/7-allele carriers.

Hong, et al. (2013) (37)
Siller-Matula, et al. (2014) (45)
Lin, et al. (2016) (79)

Huang, et al. (2017) (170)*
Oledzki, et al. (2017) (87)
Lewis, et al. (2020) (124)
Rath, et al. (2020) (130)

Moderate

aRating scheme described in the Supplemental Material
®In addition to the references presented in this table, the level of evidence was also informed by data curated for the 2013 CPIC
guideline for clopidogrel and/or meta-analysis data (2). Meta-analyses are indicated by an asterisk (*).
IM, intermediate metabolizer; NM, normal metabolizer; PM, poor metabolizer; RM, rapid metabolizer; UM, ultrarapid metabolizer
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TABLE S2. EVIDENCE LINKING CYP2C19 TO CLOPIDOGREL PHENOTYPE — CARDIOVASCULAR INDICATIONS

Efficacy

Clinical CYP2C19 IMs and PMs are associated with higher risk of Carlquist, et al. (2013) (171) High
adverse cardiovascular outcomes (e.g., cardiovascular death, | Kang, et al. (2013) (172)
myocardial infarction, stroke, stent thrombosis) in ACS Tsantes, et al. (2013) (28)
and/or PCI patients treated with clopidogrel compared to Amoah, et al. (2013) (26)

CYP2C19 NMs (might include CYP2C19 RMs and UMs). Zou, et al. (2013) (32)
Nishio, et al. (2013) (31)
Cresci, et al. (2014) (173)
Palmerini, et al. (2014) (38)
Sorich, et al. (2014) (174)*
Xie, et al. (2014) (142)
Mizobe, et al. (2014) (41)
Martinez-Quintana, et al. (2014) (175)
Wei, et al. (2015) (176)
Chen, et al. (2015) (54)
Sun, et al. (2015) (52)
Arima, et al. (2015) (55)
Collet, et al. (2015) (59)
Depta, et al. (2015) (177)
Niu, et al. (2015) (178)*
Wang, et al. (2016) (65)
Kirac, et al. (2016) (68)
Ou, et al. (2016) (66)

Sun, et al. (2016) (71)
Khalil, et al. (2016) (179)
Tang, et al. (2016) (180)
Choi, et al. (2016) (70)
Doll, et al. (2016) (69)
Rytkin, et al. (2017) (181)
Marchini, et al. (2017) (82)
Li, et al. (2017) (24)
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Tornio, et al. (2018) (182)
Rodriguez-Gonzalez, et al. (2018)
Hou, et al. (2018) (101)
Bai, et al. (2018) (183)
Fathy, et al. (2018) (184)
Zhang, et al. (2019) (185)
Li, et al. (2019) (159)
Ayesh, et al. (2019) (186)
Wang, et al. (2019) (187)
Xi, et al. (2019) (188)*
Zhou, et al. (2020) (189)
Verma, et al. (2020) (190)
Lewis, et al. (2020) (124)
Tan, et al. (2020) (163)
Zhang, et al. (2020) (126)
Mohareb, et al. (2020) (125)
Lee, et al. (2021) (191)

Clinical

CYP2C19 IMs are associated with higher risk of adverse
cardiovascular outcomes (e.g., cardiovascular death,
myocardial infarction, stroke, stent thrombosis) in ACS
and/or PCI patients treated with clopidogrel compared to
CYP2C19 NMs (might include CYP2C19 RMs and UMs).

Peng, et al. (2013) (192)

Xie, et al. (2013) (193)

Kim, et al. (2013) (194)
Tang, et al. (2013) (134)
Hokimoto, et al. (2014) (141)
Sorich, et al. (2014) (174)*
Niu, et al. (2015) (178)*
Yang, et al. (2015) (61)
Kulmyrzaeva, et al. (2016) (195)
Zhang, et al. (2016) (149)
Mugosa, et al. (2016) (196)
Dong, et al. (2016) (152)

Li, et al. (2017) (24)

Hou, et al. (2018) (101)

Tan, et al. (2018) (156)

Rodriguez-Gonzalez, et al. (2018) (197)

Moderate
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Mohammad, et al. (2018) (198)
Joo, et al. (2018) (158)
Xi, et al. (2019) (188)*
Tan, et al. (2020) (163)

Clinical

CYP2C19 PMs are associated with higher risk of adverse
cardiovascular outcomes (e.g., cardiovascular death,
myocardial infarction, stroke, stent thrombosis) in ACS

and/or PCI patients treated with clopidogrel compared to
CYP2C19 NMs (might include CYP2C19 RMs and UMs).

Peng, et al. (2013) (192)
Paulu, et al. (2013) (199)
Xie, et al. (2013) (193)
Kim, et al. (2013) (194)
Tang, et al. (2013) (134)
Hokimoto, et al. (2014) (141)
Sorich, et al. (2014) (174)*
Lai, et al. (2015) (166)
Yang, et al. (2015) (61)

Liu, et al. (2015) (147)
Kupstyte, et al. (2015) (200)
Collet, et al. (2015) (59)

Li, et al. (2015) (145)
Konishi, et al. (2015) (56)
Niu, et al. (2015) (178)*
Chikata, et al. (2016) (201)
Afzal, et al. (2016) (202)
Komosa, et al. (2016) (203)
Zhang, et al. (2016) (149)
Dong, et al. (2016) (152)
Ma, et al. (2016) (204)
Park, et al. (2016) (205)

Li, et al. (2017) (24)
Tahara, et al. (2018) (168)
Joo, et al. (2018) (158)

Xi, et al. (2019) (188)*

Yu, et al. (2020) (206)

Tan, et al. (2020) (163)
Morales-Rosado, et al. (2021) (207)

High
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Clinical CYP2C19 IMs and PMs are associated with higher risk of Wallentin, et al. (2010) (208) Moderate
adverse cardiovascular outcomes (e.g., cardiovascular death, | Tousoulis, et al. (2013) (33)
myocardial infarction, stroke, stent thrombosis) in stable CAD | Viviani Anselmi, ef al. (2013) (209)
patients with or without PCI treated with clopidogrel Liu, et al. (2013) (136)
compared to CYP2C19 NMs (might include CYP2C19 RMs | Kim, et al. (2013) (194)
and UMs). Golukhova, et al. (2015) (62)
Arima, et al. (2015) (55)
Tabata, et al. (2016) (210)
Siasos, et al. (2017) (86)
Tan, et al. (2017) (88)
Verma, et al. (2020) (190)
Clinical CYP2C19 IMs and PMs are associated with higher risk of Pare, et al. (2010) (211) Moderate
adverse cardiovascular outcomes (e.g., cardiovascular death, | Guo, et al. (2014) (47)
myocardial infarction, stroke) in patients with vascular Diaz-Villamarin, et al. (2016) (212)
diseases (non-ACS and non-stable CAD patients) and atrial Lee, et al. (2019) (116)
fibrillation treated with clopidogrel compared to CYP2C19 Ferrari, et al. (2019) (213)
NMs (might include CYP2C19 RMs and UMs). Ma, et al. (2019) (117)
Patel, ef al (2021) (214)
Bleeding
Clinical CYP2C19 RMs and UMs are NOT associated with a Carlquist, et al. (2013) (171) Moderate
significantly increased bleeding risk in ACS and/or PCI Park, et al. (2013) (215)
treated with clopidogrel compared to CYP2C19 NMs (might | Cresci, et al. (2014) (173)
include CYP2C19 IMs and PMs). Kwon, et al. (2016) (216)
Wang, et al. (2016) (65)
Novkovic, et al. (2018) (217)
Sychev, et al. (2020) (218)
Lee, et al. (2021) (191)
High-dose Clopidogrel
Clinical High-dose clopidogrel (150 mg/day and higher) can increase | Jeong, et al. (2013) (219) High

the degree of platelet inhibition in ACS/PCI and stable CAD
patients who are CYP2C19 IMs or PMs compared to standard
dose clopidogrel (75 mg/day).

Latkovskis, et al. (2014) (220)
Samardzic, et al. (2015) (221)
Zhang, et al. (2015) (222)*
Rossi, et al. (2014) (223)
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Carreras, et al. (2016) (67)
Chen, et al. (2016) (224)
Chen, et al. (2017) (225)

Clinical In CYP2C19 IMs, high-dose clopidogrel (150 mg/day and Collet, et al. (2011) (226) Moderate
higher) can significantly increase the degree of platelet Mega, et al. (2011) (227)
inhibition compared to standard dose clopidogrel (75 Jeong, et al. (2013) (219)
mg/day). Horenstein, et al. (2014) (228)
Carreras, et al. (2016) (67)
Chen, et al. (2016) (224)
Clinical In CYP2C19 PMs, high-dose clopidogrel (150 mg/day and Collet, et al. (2011) (226) Weak
higher) can significantly increase the degree of platelet Mega, et al. (2011) (227)
inhibition compared to standard dose clopidogrel (75 Jeong, et al. (2013) (219)
mg/day). Rossi, et al. (2014) (223)
Horenstein, et al. (2014) (228)
Carreras, et al. (2016) (67)
Chen, et al. (2016) (224)
Clinical In CYP2C19 IMs, clopidogrel 225 mg/day can increase the Mega, et al. (2011) (227) Moderate
degree of platelet inhibition to a level comparable to standard | Rossi, ef al. (2014) (223)
dose clopidogrel (75 mg/day) in CYP2C19 NMs (might Horenstein, et al. (2014) (228)
include CYP2C19 RMs and UMs). Carreras, et al. (2016) (67)
Clinical In CYP2C19 PMs, clopidogrel 300 mg/day can increase the Mega, et al. (2011) (227) Weak
degree of platelet inhibition to a level comparable to standard | Rossi, ef al. (2014) (223)
dose clopidogrel (75 mg/day) in CYP2C19 NMs (might Horenstein, et al. (2014) (228)
include CYP2C19 RMs and UMs). Carreras, et al. (2016) (67)
Clinical CYP2C19 IMs and PMs are associated with higher on- Barker, et al. (2010) (229) High
treatment platelet reactivity compared to CYP2C19 NMs Cuisset, et al. (2011) (230)
(might include CYP2C19 RMs and UMs) in patients treated Jeong, et al. (2013) (219)
with high-dose clopidogrel. Latkovskis, et al. (2014) (220)
Horenstein, et al. (2014) (228)
Samardzic, et al. (2015) (221)
Clinical In CYP2C19 IM or PM ACS/PCI and stable CAD patients, Samardzic, et al. (2015) (221) Weak

high-dose clopidogrel (150 mg/day and higher) can improve

Zhang, et al. (2015) (222)*
Chen, et al. (2017) (225)
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clinical outcomes compared to standard dose clopidogrel (75

Tang, et al. (2018) (231)

mg/day).
Antiplatelet Treatment Comparison

associated with higher cardiovascular event risk compared
with treatment with prasugrel or ticagrelor.

Doll, et al. (2016) (69)
Zhang, et al. (2016) (240)
Dong, et al. (2016) (152)
Dieman, et al. (2016) (241)
Chen, et al. (2017) (225)
Cavallari, et al. (2018) (242)
Lee, et al. (2018) (243)
Williams, et al. (2019) (244)
Martin, et al. (2020) (245)
Hulot, et al. (2020) (246)
Sawayama, et al. (2020) (247)
Xi, et al. (2020) (248)
Mohareb, et al. (2020) (125)
Yoon, et al. (2020) (249)*

Clinical CYP2C19 IMs and PMs are associated with significantly Grosdidier, et al. (2013) (232) High
higher on-treatment platelet reactivity with clopidogrel Ogawa, et al. (2016) (233)
compared to prasugrel in ACS and/or PCI patients. So, et al. (2016) (234)
Ueno, et al. (2017) (235)
Ebisawa, et al. (2018) (103)
Shimamatsu, et al. (2020) (164)
Jin, et al. (2020) (236)
Clinical CYP2C19 IMs and PMs are associated with significantly Sardella, et al. (2012) (237) Moderate
higher on-treatment platelet reactivity with clopidogrel Gurbel, et al. (2014) (16)
compared to prasugrel in stable CAD patients with or without | Sardella, et al. (2015) (238)
PCL
Clinical CYP2C19 IMs and PMs are associated with significantly Sardella, et al. (2015) (238) Moderate
higher on-treatment platelet reactivity with clopidogrel Xiong, et al. (2015) (239)
compared to ticagrelor in stable CAD patients with or without
PCL
Clinical Among CYP2C19 IMs or PMs, treatment with clopidogrel is | Ogawa, ef al. (2016) (233) High
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Biswas, ef al. (2021) (250)*
Lee, et al. (2021) (191)

Clinical A CYP2C19-guided therapy strategy (treatment with an Roberts, et al. (2012) (251) High
alternative agent in CYP2C19 IMs or PMs and treatment with | Malhotra, ef al. (2015) (252)
clopidogrel in NMs [may include RMs and UMs]) is Lee, et al. (2016) (253)
associated with decreased risk of high on-treatment platelet Tam, et al. (2017) (254)
reactivity when compared to a strategy of standard-dose Koltowsky, et al. (2017) (255)
clopidogrel therapy in all patients.
Clinical A CYP2C19-guided therapy strategy (treatment with an Malhotra, et al. (2015) (252) Weak
alternative agent in CYP2C19 IMs or PMs and treatment with
clopidogrel in NMs [may include RMs and UMs)) is
associated with decreased risk of low on-treatment platelet
reactivity when compared to a strategy of ticagrelor therapy in
all patients.
Clinical A CYP2C19-guided therapy strategy (treatment with Xie, et al. (2013) (256) High
ticagrelor or prasugrel in CYP2C19 IMs or PMs and Shen, et al. (2016) (257)
treatment with standard-dose clopidogrel in NMs [may Sanchez-Ramos, et al. (2016) (258)
include RMs and UMs]) is associated with a decreased risk of | Li, ef al. (2017) (256)
major cardiovascular events when compared to a strategy of | Ozawa, et al. (2018) (259)
standard-dose clopidogrel in all patients. Notarangelo, et al. (2018) (260)
Cavallari, et al. (2018) (242)
Janssen, et al. (2019) (261)
Tan, et al. (2019) (262)
Tuteja, et al. (2020) (263)
Hulot, et al. (2020) (246)
Pereira, et al. (2020) (264)
Clinical A CYP2C19-guided therapy strategy (treatment with Xie, et al. (2013) (256) Weak

ticagrelor or prasugrel in CYP2C19 IMs or PMs and
treatment with standard-dose clopidogrel in NMs [may
include RMs and UMs) is NOT associated with a significantly
higher bleeding risk when compared to a strategy of standard-
dose clopidogrel in all patients.

Shen, et al. (2016) (257)
Sanchez-Ramos, et al. (2016) (258)
Notarangelo, et al. (2018) (260)
Tan, et al. (2019)

Janssen, et al. (2019) (261)

Hulot, et al. (2020) (246)

23




Pereira, et al. (2020) (264)

Clinical

A CYP2C19-guided therapy strategy (treatment with
ticagrelor or prasugrel in CYP2C19 IMs or PMs and
treatment with standard-dose clopidogrel in NMs [may
include RMs and UMs]) is NOT associated with a
significantly increased risk of major cardiovascular events
when compared to a strategy of ticagrelor or prasugrel therapy
in all patients.

Claassens, et al. (2019) (265)
Martin, et al. (2020) (245)

Moderate

Clinical

A CYP2C19-guided therapy strategy (treatment with
ticagrelor or prasugrel in CYP2C19 IMs or PMs and
treatment with standard-dose clopidogrel in NMs [may
include RMs and UMs]) is associated with a decreased risk of
bleeding when compared to a strategy of ticagrelor or
prasugrel therapy in all patients.

Claassens, et al. (2019) (265)

Moderate

aRating scheme described in the Supplemental Material
®In addition to the references presented in this table, the level of evidence was also informed by data curated for the 2013 CPIC
guideline for clopidogrel and/or meta-analysis data (2). Meta-analyses are indicated by an asterisk (*).
ACS, acute coronary syndrome; CAD, coronary artery disease; IM, intermediate metabolizer; NM, normal metabolizer; PCI,
percutaneous coronary intervention; PM, poor metabolizer; RM, rapid metabolizer; UM, ultrarapid metabolizer
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TABLE S3. EVIDENCE LINKING CYP2C19 TO CLOPIDOGREL PHENOTYPE — NEUROVASCULAR INDICATIONS

Type of Major Findings References Level of
Experimental Evidence®’
Model
Clinical CYP2C19 IMs and PMs are associated with a higher risk of a | Sen, et al. (2014) (266) High

new cardiovascular or cerebrovascular event in stroke Zhang, et al. (2014) (48)

patients while treated with clopidogrel compared to Spokoyny, et al. (2014) (267)

CYP2C19 NMs (might include CYP2C19 RMs and UMs). McDonough, ef al. (2015) (268)
Sun, et al. (2015) (269)
Qiu, et al. (2015) (63)
Han, et al. (2015) (64)

Yi, et al. (2016) (77)

Yi, et al. (2016) (78)
Zhao, et al. (2016) (270)
Wang, et al. (2016) (271)
Wang, et al. (2016) (272)
Pan, et al. (2017) (273)*
Yi, et al. (2017) (93)

Li, et al. (2017)

Zhang, et al. (2017) (94)
Rao, et al. (2017) (95)
Han, et al. (2017) (274)
Tornio, et al. (2018) (182)
Tomek, et al. (2018) (108)
Yi, et al. (2018) (275)

Yi, et al. (2018) (110)

Lin, et al. (2018) (109)
Tanaka, et al. (2019) (162)
Fu, et al. (2020) (128)

Lv, et al. (2021) (131)
Al-Rubaish, et al. (2021) (276)
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Li, et al. (2021) (277)

Clinical CYP2C19 IMs are associated with a higher risk of a new Jeong, et al. (2015) (278) Moderate
cardiovascular or cerebrovascular event in stroke patients Yi, et al. (2016) (77)
while treated with clopidogrel compared to CYP2C19 NMs Yi, et al. (2016) (78)
(might include CYP2C19 RMs and UMs). Pan, et al. (2017) (273)*
Yi, et al. (2018) (110)
Lyerly, et al. (2019) (161)
Liu, et al. (2020) (279)
Clinical CYP2C19 PMs are associated with a higher risk of a new Jeong, et al. (2015) (278) Moderate
cardiovascular or cerebrovascular event in stroke patients Zhu, et al. (2016) (280)
while treated with clopidogrel compared to CYP2C19 NMs Pan, et al. (2017) (273)*
(might include CYP2C19 RMs and UMs). Liu, et al. (2020) (279)
Clinical CYP2C19 IMs and PMs are associated decreased clopidogrel | Jia, et al. (2013) (139) Weak
response (e.g., modified Rankin scale) in stroke patients Yi, et al. (2016) (77)
compared to CYP2C19 NMs (might include CYP2C19 RMs | Yi, et al. (2016) (78)
and UMs). Wang, et al. (2016) (272)
Lan, et al. (2019) (281)
Wang, et al. (2020) (282)
Clinical CYP2C19 IMs are associated decreased clopidogrel response | Yi, et al. (2016) (77) Weak
(e.g., modified Rankin scale) in stroke patients compared to Yi, et al. (2016) (78)
CYP2C19 NMs (might include CYP2C19 RMs and UMs). Lan, et al. (2019) (281)
Clinical CYP2C19 PMs are associated decreased clopidogrel response | Lan, ef al. (2019) (281) Weak
(e.g., modified Rankin scale) in stroke patients compared to
CYP2C19 IMs and NMs (might include CYP2C19 RMs and
UMs).
Clinical CYP2C19 IMs and PMs are associated with a higher risk of a | Ge, et al. (2017) (96) Weak
new ischemic event and decreased clopidogrel response (e.g.,
modified Rankin scale) in patients with intracranial
aneurysms undergoing stent-assisted coiling while treated
with clopidogrel compared to CYP2C19 NMs (might include
CYP2C19 RMs and UMs).
Clinical CYP2C19 IMs and PMs are associated with higher risk of a | Lin, et al. (2014) (283) Weak

new ischemic event in patients undergoing a percutaneous

Zhu, et al. (2016) (280)

26



neurointervention procedure treated with clopidogrel
compared to CYP2C19 NMs (might include CYP2C19 RMs
and UMs).

Lin, et al. (2016) (79)
Saiz-Rodriguez, et al. (2019) (119)
Saiz-Rodriguez, et al. (2019) (120)
Saiz-Rodriguez, et al. (2019) (121)
Patel, et al. (2021) (214)

Li, et al. (2021) (284)

an adverse cardiovascular or cerebrovascular event in
intracranial atherosclerotic disease patients treated with
clopidogrel compared to CYP2C19 NMs (might include
CYP2C19 RMs and UMs).

Hoh, et al. (2016) (286)

Clinical CYP2C19 RMs and UMs are associated with lower risk of a | Lin, et al. (2016) (79) Weak
new ischemic event in patients undergoing a percutaneous Saiz-Rodriguez, et al. (2019) (119)
neurointervention procedure and treated with clopidogrel Saiz-Rodriguez, et al. (2019) (120)
compared to CYP2C19 NMs.

Clinical CYP2C19 IMs and PMs are associated with a higher risk of | Patel, et al. (2021) (285) Weak

are associated with differences in bleeding risk in patients
undergoing a percutaneous neurointervention procedure
treated with clopidogrel compared to CYP2C19 NMs.

Saiz-Rodriguez, et al. (2019) (119)
Saiz-Rodriguez, et al. (2019) (120)
Saiz-Rodriguez, et al. (2019) (121)
Patel, et al. (2021) (214)

Clinical CYP2C19 genotype is NOT associated with differences in McDonough, et al. (2015) (268) Moderate
bleeding risk in stroke patients treated with clopidogrel. Sun, et al. (2015) (269)
Wang, et al. (2016) (271)
Han, et al. (2017) (274)
Pan, et al. (2017) (273)*
Tomek, et al. (2018) (108)
Lin, et al. (2018) (109)
Wu, et al. (2018) (287)
Clinical CYP2C19 IMs and PMs are associated with lower bleeding Ge, et al. (2017) (96) Weak
risk in patients with intracranial aneurysms undergoing stent-
assisted coiling treated with clopidogrel compared to
CYP2C19 NMs.
Clinical CYP2C19 RMs and UMs, but not CYP2C19 IMs and PMs, Lin, et al. (2016) (79) Weak
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Li, et al. (2021) (284)

High-dose Clopidogrel

Clinical In CYP2C19 IM patients with minor ischemic stroke, high- Wu, et al. (2020) (288) Weak
dose clopidogrel (150 mg/day) can improve clinical
outcomes compared to standard dose clopidogrel (75

mg/day).
Antiplatelet Treatment Comparison
Clinical CYP2C19 IMs and PMs are associated with significantly Kitazono, et al. (2018) (289) Weak

higher on-treatment platelet reactivity with clopidogrel
compared to prasugrel in stroke patients. In CYP2C19 NMs,
no significant differences were found.

Clinical CYP2C19 IMs and PMs are associated with significantly Wang, et al. (2019) (290)
higher on-treatment platelet reactivity with clopidogrel Yang, et al. (2020) (291) Moderate
compared to ticagrelor in stroke patients. In CYP2C19 NMs, | Yang, ef al. (2020) (292)
no significant differences were found. Zhou, et al. (2020) (293)

Clinical CYP2C19 NMs, RMs, or UMs had a reduced rate of stroke Wang, et al. (2016) (271) Moderate

and composite events with clopidogrel (+ aspirin) compared | Mo, et al. (2020) (294)

to aspirin only in stroke patients. In CYP2C19 IMs and PMs, | Meschia, et al. (2020) (295)
the rate was not significantly different with clopidogrel vs.
aspirin-only treatment.

Clinical CYP2C19 IMs and PMs are associated with significantly Yi, et al. (2018) (275) Weak
higher risk for ischemic stroke, transient ischemic attack,
myocardial infarction, and death with clopidogrel in stroke
patients compared to CYP2C19 NMs (might include
CYP2C19 RMs and UMs). CYP2C19 polymorphisms were
not associated with the primary outcome in aspirin only
treated patients.

Clinical CYP2C19 IMs and PMs are associated with significantly Yi, et al. (2018) (296) Weak
lower incidence of early neurological deterioration with
clopidogrel (+aspirin) compared to aspirin only in stroke
patients. There was no significant difference in incidence of
early neurological deterioration in CYP2C19 NMs.
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Clinical

CYP2C19 IMs and PMs are associated with significantly
higher Modified Rankin Scale scores with clopidogrel
compared to aspirin in stroke patients. In CYP2C19 NMs, no
significant differences were found.

Lan, et al. (2019) (281)

Weak

Clinical

CYP2C19 IMs and PMs are associated with significantly
lower incidence of early neurological deterioration with
clopidogrel (+aspirin) compared to clopidogrel only in stroke
patients. There was no significant difference in incidence of
early neurological deterioration in CYP2C19 NMs.

Lin, et al. (2018) (109)

Weak

Clinical

Among CYP2C19 IMs or PMs, treatment with ticagrelor
(+aspirin) is associated with significantly lower risk of major
cardiac or cerebrovascular events compared to treatment with
standard-dose clopidogrel (+aspirin) in stroke patients.

Wang, et al. (2021) (3)

Moderate

Clinical

Among CYP2C19 IMs or PMs, treatment with ticagrelor
(+aspirin) is associated with significantly higher risk of minor
bleeding events compared to treatment with standard-dose
clopidogrel (+aspirin) in stroke patients. No significant
differences in major bleeding events were found.

Wang, et al. (2021) (3)

Moderate

aRating scheme described in the Supplemental Material
®In addition to the references presented in this table, the level of evidence was also informed by data curated for the 2013 CPIC
guideline for clopidogrel and/or meta-analysis data (2). Meta-analyses are indicated by an asterisk (*).
IM, intermediate metabolizer; NM, normal metabolizer; PM, poor metabolizer; RM, rapid metabolizer; UM, ultrarapid metabolizer
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TABLE S4. EVIDENCE LINKING CYP2C19 TO CLOPIDOGREL PHENOTYPE - META-ANALYSES SINCE 2013

Indication

# of
Studies

# of
Patients

Study
Inclusion
Date

CYP2C19 Genotype Risk (or Mitigation of
Risk)

References

ACS, PCI

9

16,132

April 2020

Prasugrel or ticagrelor versus clopidogrel in no
function allele (*2, *3, *4, *5, *6, *§) carriers:
MACE: RR 0.58 (0.45-0.76) p < 0.0001

CV death: RR 0.44 (0.25-0.74) p = 0.002

MI: RR 0.60 (0.44-0.81) p = 0.0008

Stent thrombosis: RR 0.67 (0.38-1.18) p=0.17
Bleeding: RR 1.06 (0.88-1.28) p = 0.55

Biswas, et al. 2021 (250)

ACS, PCI

6,708

April 2020

Genotype-guided antiplatelet therapy versus non-
genotype-guided antiplatelet therapy:

MACE: RR 0.71 (0.51-0.98) p = 0.04

MI: RR 0.56 (0.40-0.78) p < .01

Stent thrombosis: RR 0.56 (0.30-1.06) p = 0.07
Bleeding: RR 0.81 (0.56-1.16) p=0.25

Lyu, et al. 2020 (297)

ACS,
stable CAD

12

5,829

January
2020

Prasugrel or ticagrelor versus clopidogrel in no
function allele carriers (star alleles not specified):
MACE: RR 0.52 (0.38-0.73) p = 0.0001

CV death: RR 0.41 (0.18-0.95) p=0.04
All-cause death: RR 0.44 (0.26-0.74) p = 0.002
MI: RR 0.59 (0.35-0.99) p = 0.05

Stent thrombosis: RR 0.55 (0.41-0.74) p <
0.0001

Yoon, et al. 2020 (249)

Ischemic
stroke, TIA

21

4,312

March
2019

Clopidogrel treated *2 or *3 allele carriers versus
clopidogrel treated non-carriers:

High on-clopidogrel platelet reactivity: RR
1.69 (1.47-1.95) p <0.001

Alakbarzade, et al. (2020)
(122)

PCI

2,371

March
2018

Genotype-guided antiplatelet therapy versus non-
genotype-guided antiplatelet therapy:
MACE: RR 0.67 (0.35-1.27) p=10.22

Kheiri, et al. (2019) (298)
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MI: RR 0.44 (0.28-0.70) p < 0.01

CV death: RR 0.68 (0.27-1.74) p=0.42

Stent thrombosis: RR 0.37 (0.13-1.06) p =0.06
Bleeding: RR 0.68 (0.43-1.06) p = 0.09

PCI

13

6,845

March
2018

Genotype-guided antiplatelet therapy versus non-
genotype-guided antiplatelet therapy:

MACE: OR 0.64 (0.38-1.05)

Bleeding: OR 0.73 (0.45-1.25)

Kheiri, et al. (2019) (299)

PCI

20

15,056

January
2017

Clopidogrel treated *2 or *3 allele carriers versus
clopidogrel treated non-carriers:

MACE: OR 1.99 (1.64-2.42) p <0.001

Stent thrombosis: OR 4.77 (2.84-8.01) p <0.001
Bleeding: OR 0.66 (0.46-0.96) p <0.001

Xi, et al. (2019) (188)

Stroke,
TIA

15

4,762

June 2016

Clopidogrel treated *2, *3, or *§ allele carriers
versus clopidogrel treated non-carriers:
Stroke: RR 1.92 (1.57-2.35) p < 0.001
Vascular events: RR 1.51 (1.10-2.06) p=0.01
Bleeding: RR 0.89 (0.58-1.35) p=0.59

Pan, et al. (2017) (273)

CAD (no
PCI),
CVD, PCI

13

14,239

February
2016

Clopidogrel treated */7 allele carriers versus
clopidogrel treated non-carriers:

MACCE: OR 0.76 (0.60-0.98) p = 0.03

Stent thrombosis: OR 1.07 (0.47-2.41) p = 0.88
High platelet reactivity: OR 0.61 (0.43-0.88) p =
0.008

Bleeding: OR 1.89 (1.09-3.25) p =0.02

Huang, et al. (2017) (170)

PCI

19

10,960

June 2014

*2 allele carriers treated with high dose
clopidogrel versus non-*2 allele carriers treated
with standard dose clopidogrel:

MACE: RR 1.68 (1.19-2.37) p=0.003

Stent thrombosis: RR 1.75 (1.31-2.34) p =
0.0001

High on-treatment platelet reactivity: RR 1.21
(1.05-1.39) p=0.008

Zhang, et al. (2015) (222)
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PCI 8 2,331 February Clopidogrel treated *2 allele carriers versus Hou, et al. (2014) (300)
2014 clopidogrel treated non-carriers:

High on-clopidogrel platelet reactivity: OR

2.22 (1.85-2.65)
CAD (no 24 36,076 | November | Clopidogrel treated no function allele (*2 and Sorich, et al. (2014) (174)
PCI), PCI 2013 others not specified) carriers versus clopidogrel

treated non-carriers:

MACE: RR 1.32 (1.17-1.49)

Stent thrombosis: RR 2.03 (1.74-2.36)

Bleeding: RR 0.91 (0.73-1.13)
CAD (no 22 25,564 | August Clopidogrel treated no function allele (*2, *3, *4, | Niu, et al. (2015) (178)
PCI), PCI 2013 *5, *6, *7, *8) carriers versus clopidogrel treated

non-carriers:

MACE: RR 1.42 (1.18-1.71) p < 0.001

CV death: RR 2.07 (1.40-3.05) p <0.001

MI: RR 1.66 (1.35-2.04) p < 0.001

Stent thrombosis: RR 1.72 (1.44-2.05) p < 0.001
Bleeding: RR 1.20 (1.06-1.35) p = 0.003

ACS = acute coronary syndrome; CAD = coronary artery disease; CV = cardiovascular; CVD = cerebrovascular disease; MACCE =
major adverse cardiovascular and cerebrovascular events; MACE = major adverse cardiovascular events; MI = myocardial infarction;
PCI = percutaneous coronary intervention; TIA = transient ischemic attack
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TABLE S5. COMPARISON OF GUIDELINE AND LABEL RECOMMENDATIONS FOR CYP2C19-CLOPIDOGREL

Guideline Year | CYP2C19 UM CYP2C19 RM CYP2C19 NM CYP2C19 IM CYP2C19 PM Recommendations for
or Label CYP2C19 Testing
CPIC 2022 | ACS/PCI: If ACS/PCI: If ACS/PCI: If ACS/PCI: ACS/PCI: n/a

considering considering considering Avoid standard Avoid

clopidogrel, use | clopidogrel, use | clopidogrel, use | dose clopidogrel | clopidogrel if

at standard dose
(75 mg/day)

Non-ACS/PCI
CV: No
recommendation

NV: No
recommendation

at standard dose
(75 mg/day)

Non-ACS/PCI
CV: No
recommendation

NV: No
recommendation

at standard dose
(75 mg/day)

Non-ACS/PCI
CV:If
considering
clopidogrel, use
at standard dose
(75 mg/day)

NV: If
considering
clopidogrel, use
at standard dose
(75 mg/day)

(75 mg) if
possible. Use
prasugrel or
ticagrelor at
standard dose if
no
contraindication

Non-ACS/PCI
CV: No
recommendation

NV: Consider an
alternative P2Y 12
inhibitor at
standard dose if
clinically
indicated and no
contraindication

possible. Use
prasugrel or
ticagrelor at
standard dose if
no
contraindication

Non-ACS/PCI
CV: Avoid
clopidogrel if
possible. Use
prasugrel or
ticagrelor at
standard dose if
no
contraindication

NV:

Avoid
clopidogrel if
possible.
Consider an
alternative P2Y 12
inhibitor at
standard dose if
clinically
indicated and no
contraindication.
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DPWG 2018 | NO action is NO action is Standard dosing | PCL, STROKE, | PCI, STROKE, | n/a
required for this | required for this TIA: Choose an | TIA: Avoid
gene-drug gene-drug alternative or clopidogrel.
interaction. interaction. double the dose Prasugrel,
to 150 mg/day ticagrelor and
(600 mg loading | acetylsalicylic
dose). Prasugrel, | acid/
ticagrelor and dipyridamole are
acetylsalicylic not metabolised
acid/dipyridamol | by CYP2C19 (or
e are not to a lesser
metabolized by extent).
CYP2CI9 (or to
a lesser extent).
OTHER OTHER
INDICATIONS | INDICATIONS
No action Determine the
required level of
inhibition of
platelet
aggregation by
clopidogrel.
Consider an
alternative in
poor responders.
Prasugrel and
ticagrelor are not
metabolised by
CYP2CI19 (or to
a lesser extent)
RNPGx 2017 | No No Standard dosing | Alternative Alternative Testing for the main CYP2C19
recommendation | recommendation antiplatelet antiplatelet deficiency alleles before
therapy; based therapy; based instituting clopidogrel treatment
on current on current is recommended (a test is

knowledge, it is
not
recommended to
increase the

knowledge, it is
not
recommended to
increase the

essential for coronary
angioplasty with stenting and
based on the current state of
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clopidogrel dose
in patients
carrying the
CYP2C19%2 or
*3 allele

clopidogrel dose
in patients
carrying the
CYP2C19%2 or
*3 allele

knowledge this test is potentially
useful in the other indications).

FDA

2016

BOXED
WARNING:
Consider use of
another platelet
P2Y 12 inhibitor
in patients
identified as
CYP2C19 poor
metabolizers

Tests are available to identify
patients who are CYP2C19 poor
metabolizers

EMA

Accessed

2021

In patients who
are poor
CYP2C19
metabolizers,
clopidogrel at
recommended
doses forms less
of the active
metabolite of
clopidogrel and
has a smaller
effect on platelet
function.

Tests are available to identify
patients who are CYP2C19 poor
metabolizers

PMDA

Accessed

2021

In clinical
pharmacological
studies,
CYP2C19 poor
metabolizers had
diminished
inhibition of
platelet
aggregation.

No comment

HCSC

Accessed

2021

In patients who
are CYP2C19
poor
metabolizers,

No comment

35




clopidogrel at
recommended
doses forms less
of the active
metabolite of
clopidogrel and
has a smaller
effect on platelet
function. Poor
metabolizers
with acute
coronary
syndrome or
undergoing
percutaneous
coronary
intervention
treated with
clopidogrel at
recommended
doses may
exhibit higher
cardiovascular
event rates than
do patients with
normal
CYP2C19
function.
Consider
alternative
treatment or
treatment
strategies in
patients
identified as
CYP2C19 poor
metabolizers.

Swissmedic

Accessed

2021

The weak
metabolism by
CYP2C19 is

No comment
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associated with a
reduced
antiplatelet effect
of clopidogrel. A
higher dosage
(initial dose 600
mg, followed by
150 mg/day) in
slow
metabolizers
increases the
antiplatelet
effect. The use of
higher doses of
clopidogrel in
slow
metabolizers
should be
considered. An
appropriate dose
for this patient
population has
not yet been
determined in
clinical outcome
studies.

AHA

2016

There are specific drugs for
which pharmacogenetic variant
information can be reasonably
used today, and this has become
part of routine care at early
adopter centers. A common
philosophy in such centers is that
genetic variant data can be
viewed like physiological data or
other biomarkers (eg, of renal or
liver function) that have an
impact on drug effects...The
Clinical Pharmacogenetics
Implementation Consortium
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publishes guidelines for
implementation of
pharmacogenetic test results into
clinical practice and actionable
prescribing decisions, with
prioritization of tests offered in
Clinical Laboratory
Improvement Amendments—
approved laboratories. Notably,
the Clinical Pharmacogenetics
Implementation Consortium
guidelines center around how to
apply a pharmacogenetic test
result, not around whether and
when to order the test. Warfarin
and clopidogrel are two better
known examples of drugs used
commonly in heart disease
patients that have FDA
pharmacogenetic labeling to
guide choice and dose of drug.

AHA/ACC

2016

Refers to the
2011

Refers to the
2011

ACCF/AHA/ ACCF/AHA/
SCAI PCI SCAI PCI
Guideline: Guideline:
CLASS IIb CLASS IIb
When a patient When a patient
predisposed to predisposed to
inadequate inadequate
platelet platelet

inhibition with
clopidogrel is
identified by
genetic testing,
treatment with an
alternate P2Y12
inhibitor (e.g.,
prasugrel or
ticagrelor) might

inhibition with
clopidogrel is
identified by
genetic testing,
treatment with an
alternate P2Y 12
inhibitor (e.g.,
prasugrel or
ticagrelor) might

The role of platelet function
testing and genetic testing in
patients treated with DAPT is
addressed in the 2011 ACCF/
AHA/SCAI PCI guideline and
the 2014 ACC/AHA NSTE-ACS
guideline. To date, no RCT has
demonstrated that routine
platelet function testing or
genetic testing to guide P2Y12
inhibitor therapy improves
outcome; thus, the routine use of
platelet function and genetic
testing is not recommended
(Class III: No Benefit).

2011:
CLASS IIb
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be considered
(Level of
Evidence: C)

be considered
(Level of
Evidence: C)

Genetic testing might be
considered to identify whether a
patient at high risk for poor
clinical outcomes is predisposed
to inadequate platelet inhibition
with clopidogrel. (Level of
Evidence: C)

CLASS II: NO BENEFIT

The routine clinical use of
genetic testing to screen patients
treated with clopidogrel who are
undergoing PCI is not
recommended. (Level of
Evidence: C)

2014:

Although higher platelet
reactivity has been associated
with a greater incidence of
adverse events in patients
undergoing stent implantation, a
strategy of adjusting antiplatelet
therapy based on routine platelet
function testing has not been
beneficial in reducing ischemic
complications. Similarly, a
strategy of routine genetic
phenotype testing has also not
been beneficial and thus is not
recommended. A more detailed
discussion of these issues and
current recommendations about
platelet function testing and
genetic testing are in the 2011
PCI Guideline.

ESC

2020

Based on the results of the
Testing Responsiveness to
Platelet Inhibition on Chronic
Antiplatelet Treatment for Acute
Coronary Syndromes
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(TROPICAL-ACS) and
POPULAR Genetics trials, an
approach of DAPT de-escalation
guided by either platelet function
testing (TROPICAL-ACS:
NSTE-ACS and STEMI
patients) or CYP2C9-directed
genotyping (POPULAR
Genetics: STEMI patients) may
be considered in selected NSTE-
ACS patients as an alternative to
12 months of potent platelet
inhibition, especially for patients
deemed unsuitable for
maintained potent platelet
inhibition. For further details,
please refer to the updated expert
consensus statement on platelet
function and genetic testing for
guiding P2Y 12 receptor inhibitor
treatment in PCIL.

2019 Updated Expert
Consensus Statement (Updated
Expert Consensus Statement on
Platelet Function and Genetic
Testing for Guiding P2Y 12
Receptor Inhibitor Treatment in
Percutaneous Coronary
Intervention):

Patients with stable CAD
(elective PCI): CYP2C19
genotyping in patients on
clopidogrel treatment may
provide useful prognostic data
for cardiovascular risk prediction
(for both bleeding

and ischemic events) after
elective PCI in stable CAD.
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CYP2C19 genotyping to escalate
treatment in LoF allele carriers
(especially *2 and *3) during
clopidogrel treatment is not
recommended as a

routine but may be considered in
specific clinical scenarios
(heterozygous and homozygous
allele carriage should be taken
into account). CYP2C19
genotyping to screen for LoF
alleles to determine the drug that
would remain when DAPT de-
escalation (e.g., triple treatment
in which

one antiplatelet agent is planned
to be omitted) is being
considered is not recommended.

Patients with acute coronary
syndrome (NSTEMI/STEMI):
CYP2C19 genotyping in patients
on clopidogrel may provide
useful prognostic data for
cardiovascular risk prediction
(for both bleeding and_ischemic
events) after PCI for ACS.
Genotyping to escalate treatment
in LoF allele carriers is not
recommended, because of lack
of data from dedicated studies.
Genotyping to screen for LoF
alleles when DAPT de-
escalation is being considered in
an individual patient is not
recommended, because of lack
of

data from dedicated studies.

ACC, American College of Cardiology; ACCF, American College of Cardiology Foundation; ACS, acute coronary syndrome; AHA, American Heart Association; CAD, coronary
artery disease; CPIC, Clinical Pharmacogenetics Implementation Consortium; CV, cardiovascular indications; DAPT, dual antiplatelet therapy; DPWG, Dutch Pharmacogenetics
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Working Group; EMA, European Medicines Agency; ESC, European Society of Cardiology; FDA, U.S. Food and Drug Administration; HCSC, Health Canada (Santé Canada);
IM, intermediate metabolizer; LoF, loss of function; n/a, not applicable; NM, normal metabolizer; NSTE, non-ST elevation; NV, neurovascular indications; PCI, percutaneous
coronary intervention; PM, poor metabolizer; PMDA, Pharmaceuticals and Medical Devices Agency, Japan; RCT, randomized controlled trial; RM, rapid metabolizer; RNPGx,
French National Network of Pharmacogenetics; SCAI, Society for Cardiovascular Angiography and Interventions; UM, ultrarapid metabolizer
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FIGURE S1. HEPATIC METABOLISM OF CLOPIDOGREL.

For a detailed and updated description, please see:
https://www.pharmgkb.org/pathway/PA154424674. Image is available under a Creative
Commons BY-SA 4.0 license (301).
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