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BACKGROUND: Studies have demonstrated increased risk of major atherothrombotic events in CYP2C179 loss-of-function (LOF)
variant carriers versus non-carriers treated with clopidogrel after percutaneous coronary intervention (PCI). We sought to
evaluate real-world outcomes with the clinical implementation of CYP2C179-guided antiplatelet therapy after PCI.

METHODS AND RESULTS: Data from 9 medical centers where genotyping was performed in the setting of PCI were included.
Alternative therapy with prasugrel or ticagrelor was recommended for patients with a CYP2C19 LOF variant. The primary
outcome was the composite of major atherothrombotic events (all-cause death, myocardial infarction, ischemic stroke, stent
thrombosis, or hospitalization for unstable angina) within 12 months following PCI. Moderate or severe/life-threatening bleed-
ing within 12 months was a secondary outcome. Among 3342 patients, 1032 (31%) were LOF carriers, of whom 571/1032
(55%) were treated with alternative therapy. In LOF carriers, the rate of major atherothrombotic events was lower in patients
treated with alternative therapy versus clopidogrel (adjusted HR, 0.56; 95% CI 0.39-0.82). In those without a LOF allele, no
difference was observed (adjusted HR, 1.07; 95% CI 0.71-1.60). There was no difference in bleeding with alternative therapy
versus clopidogrel in either LOF carriers or those without a LOF allele.

CONCLUSIONS: Real-world data demonstrate lower atherothrombotic risk in CYP2C19 LOF carriers treated with alternative
therapy versus clopidogrel and similar risk in those without a LOF allele treated with clopidogrel or alternative therapy. These
data suggest that PCI patients treated with clopidogrel should undergo genotyping so that CYP2C79 LOF carriers can be
identified and treated with alternative therapy.
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CLINICAL PERSPECTIVE
What Is New?

Results in a real-world setting expand the gen-
eralizability of recent randomized ftrials and
suggest patients treated with clopidogrel after
percutaneous coronary intervention should be
genotyped to ensure the absence of CYP2C719
LOF variants.

e Although alternative P2Y,, inhibitors are pre-
ferred over clopidogrel in the setting of acute
coronary syndrome, many patients remain poor
candidates for alternative therapy.

What Are the Clinical Implications?

e Implementation of CYP2C79 genotyping can
help guide which patients derive the great-
est clinical benefit from alternative agents and
those in whom clopidogrel may be effective and
safe.

Nonstandard Abbreviations and Acronyms

CYP2C19 cytochrome P450 2C19

LOF loss-of-function

TAILOR-PCI Tailored Antiplatelet Initiation to
Lessen Outcomes due to
Decreased Clopidogrel
Response After Percutaneous
Coronary Intervention

individuals carry a loss-of-function (LOF; defined as
the combination of no function and decreased func-
tion alleles?) variant in CYP2C19 that results in reduced
or absent enzyme activity, and diminished antiplate-
let effects in clopidogrel-treated patients.® As a con-
sequence, clopidogrel is less effective at preventing
adverse cardiovascular events after PCI in LOF allele
carriers compared to non-carriers,* whereas neither
prasugrel nor ticagrelor are affected by CYP2C719
genotype.5~’

Two randomized controlled trials recently exam-
ined outcomes after PCl with CYP2C79 genotype-
guided P2Y,, inhibitor therapy (ie, alternative therapy
prescribed to LOF allele carriers and clopidogrel pre-
scribed to those without a LOF allele).° The POPular-
Genetics trial found genotype-guided treatment to be
non-inferior to universal use of ticagrelor or prasugrel
with regard to net adverse atherothrombotic or major
bleeding events while also significantly reducing the
risk of bleeding events requiring clinical intervention.®
In the tailored antiplatelet initiation to lessen outcomes

J Am Heart Assoc. 2022;11:e024159. DOI: 10.1161/JAHA.121.024159

Outcomes With CYP2C19-Guided Antiplatelet Therapy

due to decreased clopidogrel response after percu-
taneous coronary intervention (TAILOR-PCI) trial, the
reduction in major atherothrombotic events with use
of alternative therapy versus clopidogrel in LOF allele
carriers did not reach statistical significance (P=0.06),
although there was a significant reduction in the pre-
specified analysis of cumulative major atherothrom-
botic events over 12 months and in the post hoc
analysis of events at 90 days.® A recent meta-analysis
that included 15 949 genotyped patients from 7 ran-
domized trials, including TAILOR-PCI, reported that
treatment with prasugrel or ticagrelor reduced major
atherothrombotic events compared to clopidogrel in
CYP2C19 LOF allele carriers (relative risk [RR], 0.70;
95% ClI 0.59-0.83)."% In contrast, no difference was
observed in patients without a LOF allele (RR, 1.0; 95%
Cl 0.80-1.25) and a significant genotype*treatment in-
teraction was reported (P=0.013), suggesting that the
benefits conferred by using prasugrel or ticagrelor over
clopidogrel was primarily evident in LOF allele carriers.
Multiple health care institutions offer clini-
cal CYP2C19 genotyping to assist with antiplate-
let selection after PCIL'"'? On behalf of the NHGRI
Implementing Genomics in Practice (IGNITE) Network
Pharmacogenetics Working Group, we conducted an
initial observational examination of outcomes in 1815
patients from 7 US institutions who received clinical
CYP2C19 genotyping at the time of PCI. We reported a
lower rate of atherothrombotic events among LOF allele
carriers who were treated with prasugrel or ticagrelor
versus clopidogrel.’® We have continued to follow the
original patients up to a year and expanded our co-
hort to 2 additional sites, and 1527 additional patients.
Herein, we report outcomes with CYP2C179-guided
antiplatelet therapy in our expanded study population
of patients who underwent PCI for either an acute cor-
onary syndrome (ACS) or chronic coronary syndrome
indication and received clinical CYP2C179 genotyping.

METHODS

Data and analytic codes that support findings from this
manuscript are available from the authors upon rea-
sonable request.

Study Population

Nine institutions (University of Florida, Gainesville;
University of Florida, Jacksonville; University of North
Carolina, Chapel Hill; University of Maryland, Baltimore;
University of Alabama, Birmingham; University of
Pennsylvania; University of Pittsburgh; University of
lllinois, Chicago; and Indiana University) contributed
data for 3342 patients. All patients were >18 years
of age, underwent PCI for an ACS (n=2290) or a
chronic coronary syndrome (n=1052) indication, were
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genotyped clinically for CYP2C19, and received a P2Y,
inhibitor (clopidogrel, prasugrel, or ticagrelor). Patients
were included regardless of length of follow-up.

The processes for performing genotype-guided
therapy across our sites have been previously de-
scribed.” Data collection procedures were approved
by the Institutional Review Board at each institution.
Depending on the site, subjects gave informed con-
sent or the requirement was waived. Briefly, genotyping
was performed in a Clinical Laboratory Improvement
Amendments (CLIA)-licensed laboratory at each institu-
tion, with results returned via the electronic health re-
cord (EHR). All sites genotyped for the CYP2C79*2 and
*3 LOF alleles, with additional rare LOF alleles detected
at 5 of the 9 sites (Table S1). The *77 (gain-of-function)
allele was also detected at all sites. The poor metab-
olizer (PM, 2 LOF alleles) and intermediate metabolizer
(IM, one LOF allele) phenotypes were assigned in ac-
cordance with CPIC guidelines.® Alternative antiplatelet
therapy with prasugrel or ticagrelor was recommended
at each site for LOF carriers in the absence of contrain-
dications, whereas no recommendations were made for
those without a LOF allele. No treatment alterations were
recommended based on the presence of a *77 allele ac-
cording to Clinical Pharmacogenetics Implementation
Consortium (CPIC) guidelines. The ultimate prescribing
decision was left to the clinician’s discretion.

Data Abstraction

Data were manually abstracted from the EHRs at each
site using a common data collection form as previously
described'® but with slight modifications for this studly.
Data were collected through review of patient encoun-
ters, beginning with the hospitalization for the index
PCl, defined as the PCI performed in association with
CYP2C19 genotyping, and including subsequent out-
patient encounters and hospitalizations. We followed
patients until the outcome of interest, discontinua-
tion of any P2Y,, inhibitor, up to 12 months post-PCl,
whichever was the earliest.

Qutcomes were identified from provider-reported
diagnoses at each encounter or clinical notes in the
event of death. One site also called patients to assess
for the occurrence of events. Type of antiplatelet ther-
apy was assigned to each patient at the time of each
event or at the time of last follow-up in which treatment
with a P2Y,, inhibitor was documented.

Study End Points

The primary outcome was the composite of major
atherothrombotic events, defined as the composite
of all-cause death or first occurrence of myocardial
infarction, ischemic stroke, stent thrombosis, or hos-
pitalization for unstable angina within 12 months fol-
lowing the index PCI, consistent with the TAILOR-PCI
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trial.® Secondary outcomes were major atherothrom-
botic events within 90 days of the index PCI (consist-
ent with the TAILOR-PCI trial®) and clinically significant
bleeding events, defined as Global Use of Strategies to
Open Occluded Arteries (GUSTO) moderate (requiring
blood transfusion but not resulting in hemodynamic
compromise) or severe/life-threatening (intracerebral
hemorrhage or bleeding resulting in hemodynamic
compromise requiring treatment)'* within 12 months of
the index PCI.

Statistical Analysis
Data were curated and aggregated at the University
of Florida, Gainesville. The primary analysis compared
rates between LOF allele carriers treated with alterna-
tive therapy (LOF-alternative group) versus clopidogrel
(LOF-clopidogrel group) and between patients with-
out a LOF allele on clopidogrel (non-LOF-clopidogrel
group) versus alternative therapy (non-LOF-alternative
group). The interaction between LOF allele carrier sta-
tus and P2Y,, inhibitor therapy at event or last follow-up
was also assessed. Pre-specified subgroup analyses
were completed in patients with an ACS indication
(ST-segment elevation or non-ST-segment elevation
myocardial infarction or unstable angina) for PCI ver-
sus those with a non-ACS/elective indication for PCI.
To adjust for differences between groups, we fit
logistic regression models to estimate the probability
(propensity score) of receiving clopidogrel versus al-
ternative therapy conditional on baseline characteris-
tics (socio-demographics, BMI, smoking status, stent
indication, stent type, medical history, and discharge
medications). Propensity scores, estimated separately
for each comparison (ie, LOF carriers, non-LOF carri-
ers and ACS-specific strata), were then used to gener-
ate stabilized inverse probability of treatment weights
(SIPTWSs)."® Non-LOF propensity scores were further
trimmed to remove non-overlap between treatment
groups. We evaluated differences in all covariates
between treatment groups before and after weight-
ing using appropriate test for univariate comparisons.
We then used Cox proportional hazard models of the
weighted comparison groups to estimate hazard ratios
for atherothrombotic and bleeding events for LOF car-
riers and the non-LOF groups. We also present Kaplan
Meier Plots using the SIPTW weighted comparison
groups. All statistical analyses were performed using R
statistical software (version 4.0).'

RESULTS

Patient Characteristics

Patient characteristics are shown in Table 1. Among the
3342 patients, the mean age was 63 years, 32% were
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female, 20% were of African ancestry, and 69% had an
ACS indication for PCI. A total of 1032 (31%) patients
were LOF allele carriers (28% IMs, 3% PMs), of whom
571 (65%) were treated with alternative therapy and 461
(45%) with clopidogrel 75 mg/day (Figure 1); 77% of PMs
and 53% of IMs received alternative therapy (Figure S1).
Among patients in the LOF group treated with alterna-
tive therapy, 337 received prasugrel, 219 received tica-
grelor, and 15 received high-dose clopidogrel (Figure 1).
Among patients in the non-LOF group (n=2310, 69%),
378 (16%) were treated with alternative therapy and
1932 (84%) with standard-dose clopidogrel.

There were differences in age, sex, medical history, and
anticoagulant use between LOF allele carriers prescribed
alternative therapy versus clopidogrel (Table 1), pointing
to an older population with more comorbidities receiving
clopidogrel. These characteristics along with body mass
index, stent type, and statin use also differed between
the non-LOF-alternative and non-LOF-clopidogrel
groups with a similar trend toward older patients with
more comorbidities receiving clopidogrel. These
imbalances were negligible after propensity score
adjustment. All standardized differences were <10%
in LOF allele carriers, suggesting adequate covariate
balance between groups (Table S2). Among patients in
the non-LOF group, the standardized difference between
treatments for history of gastrointestinal or intracranial
hemorrhage was 10.5%. Adjusting for this variable in
the Cox proportional hazard model of the weighted
comparison groups did not affect results (Table 2).

Clinical Outcomes

The median follow-up after PCl was 6.3 months (in-
terquartile range: 1.0-11.0 months), during which 353
patients (10.6%) had a major atherothrombotic event
(event rate 21 per 100 patient-years). For the primary
analysis (Table 2 and Figure 2A), the rate of major
atherothrombotic events was lower among LOF allele
carriers receiving alternative therapy versus clopidogrel
(171 versus 34.4 per 100 patient-years, unadjusted
HR, 0.50; 95% CI: 0.35-0.72; P<0.001) and remained
lower after propensity score adjustment (adjusted HR,
0.56; 95% CI: 0.39-0.82; P=0.002). In contrast, major
atherothrombotic event rates in patients without a LOF
allele did not significantly differ between the alternative
therapy and clopidogrel-treated groups (18.1 versus
19.9 per 100 patient-years, respectively; adjusted HR,
1.08; 95% ClI, 0.72-1.62; P=0.715; Table 2) (P=0.030
for interaction between LOF carrier status and P2Y,,
inhibitor therapy at event or last follow-up). Consistent
with previous reports,® clopidogrel-treated patients
with a LOF allele had a higher rate of atherothrombotic
events compared with clopidogrel-treated patients
without a LOF allele (34.4 versus 19.9 per 100 patient-
years, HR, 1.67; 95% ClI, 1.27-2.19; P<0.001).
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The difference in risk of major atherothrombotic events
between the LOF-alternative and LOF-clopidogrel
groups was more pronounced at 90 days (18.9 versus
52.5 per 100 patient-years, adjusted HR, 0.40; 95%
Cl 0.23-0.71; P=0.002), while no difference was ob-
served at 90 days between non-LOF treatment groups
(adjusted HR, 1.09; 95% CI 0.64-1.86; P=0.752). In ad-
dition, CYP2C19 IMs receiving alternative therapy had
lower major atherothrombotic event rates when com-
pared with IMs receiving clopidogrel (16.0 versus 35.1
per 100 patient-years, HR, 0.46; 95% CI, 0.31-0.68;
P<0.001).

The majority of atherothrombotic events (280 of
358 total events, 79%) occurred in patients presenting
with an ACS at the time of PCI (Table 3 and Figure 2B).
Among ACS patients, the rate of atherothrombotic
events was lower in the LOF-alternative group (17.8 per
100 patient-years) compared to the LOF-clopidogrel
group (46.3 per 100 patient-years; adjusted HR, 0.49;
95% C10.32-0.76, P=0.001). However, rates were simi-
lar in the non-LOF-alternative and non-LOF-clopidogrel
groups (19.6 and 23.8 per 100 patient-years, respec-
tively; adjusted HR, 1.05; 95% CI 0.67-1.66, P=0.834).
Atherothrombotic event rates were lower overall in pa-
tients without an ACS indication for PCI, ranging from
12.5 to 15.2 per 100 person-years, and did not differ
between the alternative therapy and clopidogrel groups
in either LOF carriers or non-LOF patients (Table 3 and
Figure 2C).

A clinically significant bleeding event occurred in 124
(3.7%) patients (Table 2 and Figure 3). Bleeding rates
were similar in the LOF-alternative and LOF-clopidogrel
groups (7.9 and 7.1 per 100 patient-years, respectively;
adjusted HR, 1.15; 95% CI 0.60-2.20; P=0.685), and
in the non-LOF-alternative and non-LOF-clopidogrel
groups (7.4 and 6.8 per 100 patient-years, respectively;
adjusted HR, 1.30; 95% CI 0.71-2.38; P=0.397).

DISCUSSION

To date, this is the largest real-world investigation
of clinical outcomes from clinical implementation of
CYP2C19 testing to guide antiplatelet therapy pre-
scribing for patients undergoing PCI. We demonstrate
the feasibility of a genotype-guided strategy across
multiple institutions, as evidenced by frequent use of
prasugrel or ticagrelor in CYP2C19 LOF allele carriers.
We also observed lower atherothrombotic event rates
in LOF allele carriers treated with alternative therapy
compared with clopidogrel, particularly among pa-
tients with an ACS indication for PCI. In contrast, no
difference in atherothrombotic event risk was observed
in those without a LOF allele treated with clopidogrel
compared to alternative therapy. There were also no
significant differences in bleeding event rates between
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Total patients with genotype

data who underwent PCI

n=3342

v

LOF allele

n=1032 (30.9%)

v

v

Clopidogrel 75 mg
n=461 (44.7%)

Alternative APT*
n=571 (55.3%)

v

Non-LOF allele

n=2310 (69.1%)

v

v

Clopidogrel 75 mg
n=1932 (83.6%)

Alternative APTT
n=378 (16.4%)*

Figure 1.

Study population by CYP2C19 group and antiplatelet therapy.

A total of 22/461 (5%) of patients in the LOF-clopidogrel group were CYP2C19 PMs. A total of 76/571 (13%)
of patients in the LOF-alternative group were CYP2C19 PMs. APT indicates antiplatelet therapy; LOF,
loss-of-functio; and PCI, percutaneous coronary intervention. *Alternative therapy in patients with 1 or 2
LOF alleles consisted of prasugrel (n=337), ticagrelor (n=219), or high-dose clopidogrel (150 mg/day, n=4;
225 mg/day, n=11). TAlternative therapy in the non-LOF group consisted of prasugrel (n=231), ticagrelor
(n=146), or high-dose clopidogrel (150 mg/day, n=1). #P<0.001 for use of alternative therapy in the non-LOF

group compared with the LOF group.

clopidogrel and alternative therapy regardless of LOF
carrier status. These findings validate results from
prior nonrandomized studies, small randomized trials,
and meta-analyses demonstrating that a genotype-
guided strategy, with use of prasugrel or ticagrelor
in CYP2C19 LOF allele carriers, lowers atherothrom-
botic event risk compared with conventional treatment

strategies without significantly increasing major bleed-
ing risk.1017-24

Our findings also extend those from recent large
randomized clinical trials to a real-world clinical setting,
providing further evidence of the safety and effective-
ness of CYP2C19 genotype-guided antiplatelet therapy
following PCI. The TAILOR-PCI trial was conducted in

Table 2. Primary and Secondary Outcomes by CYP2C19 and Antiplatelet Therapy

Clinical outcome by CYP2C19- Event rate (per Unadjusted HR Adjusted HR*
P2Y,, inhibitor Event no.* 100 patient years)t (95% CI) P value (95% CI) P value
Primary outcome
Major atherothrombotic events
LOF-clopidogrel 7 34.4 Reference Reference
LOF-alternative 51 171 0.50 (0.35-0.72) <0.001 0.56 (0.39-0.82) | 0.002
Non-LOF-clopidogrel 197 19.9 Reference Reference
Non-LOF-alternative 34 1841 0.91 (0.63-1.30) 0.591 1.08 (0.72-1.62)8 | 0.715
Secondary outcomes
Major atherothrombotic events at 90 d
LOF-clopidogrel 40 52.5 Reference Reference
LOF-alternative 20 18.9 0.37 (0.22-0.63) <0.001 0.40 (0.23-0.71) 0.002
Non-LOF-clopidogrel 104 30.8 Reference Reference
Non-LOF-alternative 18 26.1 0.84 (0.51-1.39) 0.502 1.09 (0.64-1.86) 0.752
Clinically significant bleeding events
LOF-clopidogrel 15 71 Reference Reference
LOF-alternative 25 7.9 113 (0.60-2.15) 0.705 1.15 (0.60-2.20) 0.685
Non-LOF-clopidogrel 69 6.8 Reference Reference
Non-LOF-alternative 15 7.4 110 (0.63-1.92) 0.745 1.30 (0.71-2.38) 0.397

GIB indicates gastrointestinal bleed; HR, hazard ratio; ICH, intracerebral brain

intervention.

*Data are presented as the number of patients in each group who experienced the event over 12 months of follow-up after the index PCI.
The event rate was calculated as the number of events per 100 patient-years of follow-up.
*The hazard ratio was adjusted with stabilized inverse probability weights derived from exposure propensity scores.
§The HR after adjusting for history of GIB or ICH: adjusted HR 1.08; 95% Cl, 0.72-1.62; P=0.726.

J Am Heart Assoc. 2022;11:e024159. DOI: 10.1161/JAHA.121.024159

hemorrhage; LOF, loss-of function; and PCI, percutaneous coronary




Beitelshees et al

Outcomes With CYP2C19-Guided Antiplatelet Therapy

40.0% A 40.0% B

— LOF-Clopidogrel

— Non-LOF-Alternative
30.0% = - LOF-Alternative 20.0% |
oy Non-LOF-Clopidogrel

20.0% 20.0%

Cumulative Incidence (%

10.0% P 10.0%

40.0% C

30.0%

20.0%

10.0%

6
Time (Months)

6
Time (Months)

6
Time (Months)

Figure 2. Major atherothrombotic events with clinical implementation of CYP2C19-guided antiplatelet therapy after PCI.
A, All patients. B, Patients with an ACS indication for PCI. C, Patients with a non-ACS/elective indication for PCI. ACS indicates acute
coronary syndrome; LOF, loss-of-function; and PCI, percutaneous coronary intervention. Weighted data are shown for patients with
a CYP2C19 loss-of-function (LOF) allele treated with clopidogrel (LOF-clopidogrel) or alternative therapy (LOF-alternative) and for
patients without a LOF allele treated with clopidogrel (non-LOF-clopidogrel) or alternative therapy (non-LOF-alternative). Note that
patients were standardized to 2 different populations based on LOF allele status.

patients with either an ACS or chronic coronary syn-
drome indication for PCl and compared the efficacy of
ticagrelor versus clopidogrel in the subset of patients
with a LOF allele. While the reduction in major athero-
thrombotic events between groups at 12 months did
not reach statistical significance (HR, 0.66; 95% ClI
0.43-1.02, P=0.06), post hoc analysis showed a signif-
icant reduction in events at 90 days (HR, 0.21; 95% CI
0.08-0.54, P=0.001).° We similarly observed lower ath-
erothrombotic event rates in LOF allele carriers treated
with alternative therapy versus clopidogrel at 90 days
(adjusted HR, 0.40; 95% CI 0.23-0.71, P=0.002), and
unlike TAILOR-PCI, the difference was also evident
at 12 months (adjusted HR, 0.56; 95% CI 0.39-0.82,
P=0.003). The observed effect sizes in our study were

similar to TAILOR-PCI. Additionally, there was no differ-
ence in clinically significant bleeding events between
LOF carriers treated with alternative therapy compared
to clopidogrel in either our real-world study (HR, 1.15;
95% CI 0.60-2.21) or TAILOR-PCI (HR, 1.22; 95% CI
0.60-2.51).°

Most atherothrombotic events in our study popula-
tion occurred in those presenting with an ACS indica-
tion for PCI, and subgroup analyses were in line with
previous analyses suggesting that the strongest asso-
ciations between CYP2C179 LOF allele status and clopi-
dogrel treatment outcomes occur in ACS patients.?%:26
It is worth noting that, we were likely underpowered
to confidently determine whether treatment of LOF
allele carriers with prasugrel or ticagrelor significantly

Table 3. Major Atherothrombotic Events in acute coronary syndrome and Chronic Coronary Syndrome (Non-ACS)

Subgroups by CYP2C19 and Antiplatelet Therapy

Major atherothrombotic events by Event rate Unadjusted Adjusted HR*
CYP2C19-P2Y,, inhibitor Event no. (%)* (per 100)f HR (95% ClI) P value (95% Cl) P value
ACS

LOF-clopidogrel 60 (19.6) 46.3 Reference Reference

LOF-alternative 38(9.2) 17.8 0.39 <0.001 0.49 (0.32-0.76) 0.001

(0.26-0.59)

Non-LOF-clopidogrel 154 (12.0) 23.8 Reference Reference

Non-LOF-alternative 28 (9.7) 19.6 0.82(0.55-1.23) | 0.346 1.05 (0.67-1.66) 0.834
Non-ACS

LOF-clopidogrel 1(7.9) 14.3 Reference Reference

LOF-alternative 13(8.2) 15.2 1.06 (0.48-2.37) | 0.883 1.02 (0.44-2.36) 0.957

Non-LOF-clopidogrel 43 (6.6) 12.5 Reference Reference

Non-LOF-alternative 6 (6.8) 13.3 1.03 (0.44-2.42) | 0.946 0.74 (0.30-1.84) 0.522

ACS indicates acute coronary syndrome; and LOF, loss-of-function.
*Data are presented as the number (%) of patients in each group who experienced the event over 12 months of follow-up after the index PCI.

The event rate was calculated as the number of events per 100 patient-years of follow-up.
The HR was adjusted with inverse probability weights derived from exposure propensity scores.

J Am Heart Assoc. 2022;11:e024159. DOI: 10.1161/JAHA.121.024159
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Figure 3. Clinically significant bleeding events with clinical
implementation of CYP2C19-guided antiplatelet therapy
after PCI.

Weighted data are shown for patients with a CYP2C19 LOF allele
treated with clopidogrel (LOF-clopidogrel) or alternative therapy
(LOF-alternative) and patients without a LOF allele treated with
either clopidogrel (non-LOF-clopidogrel) or alternative therapy
(non-LOF-alternative). Note that patients were standardized to
2 different populations based on LOF allele status. The number
of patients in each group was slightly different than for the
atherothrombotic end point as patients were stratified based
on antiplatelet therapy prescribed at the time of the bleeding
event or last follow-up. LOF indicates loss-of-function; and PCI,
percutaneous coronary intervention.

lowers atherothrombotic event risk compared to clopi-
dogrel in patients without an ACS indication for PCI
due to the relatively small subgroup sample size and
lower event rates. This is evidenced by the differences
in the major atherothrombotic events rates between
LOF allele carriers receiving clopidogrel for ACS and
stable CAD (46.3 versus 14.3 event per 100 patient-
years). Also, given our pragmatic study design and
high frequency of alternative therapy use in CYP2C19
PMs, the overwhelming majority of LOF allele carriers
prescribed clopidogrel in our study population were
CYP2C19 IMs. Thus, while we observed no difference
in atherothrombotic event risk across groups in elective
PCI patients, we cannot rule out a higher risk of ath-
erothrombotic events in PMs prescribed clopidogrel.
Given the lower magnitude of clinical benefit in elective
PCI, a cost-effectiveness analysis of genotype-guided
antiplatelet therapy in ACS relative to non-ACS patients
is warranted.

The POPular Genetics trial focused on patients un-
dergoing PCI following ST-segment elevation MI and
demonstrated that a genotype-guided approach, with
CYP2C19 LOF allele carriers treated with ticagrelor or
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prasugrel and non-LOF patients treated with clopido-
grel, was non-inferior to universal ticagrelor or pras-
ugrel use for risk of developing major cardiovascular
or bleeding events after primary PCI.2 Consistent with
these results and a recent meta-analysis,'® we ob-
served no significant difference in atherothrombotic
event rates in patients without a LOF allele treated with
clopidogrel compared to those treated with prasugrel
or ticagrelor. Notably, there remained no significant dif-
ference in event rate when focusing on patients with an
ACS indication for PCI. Together, these data suggest
that in patients without a LOF allele, clopidogrel is sim-
ilarly effective as prasugrel or ticagrelor. The POPular
Genetics trial also reported lower bleeding rates with
genotype-guided therapy compared with alternative
therapy, which we did not observe in our study. Lower
bleeding rates in the POPular Genetics trial were driven
by a reduction of minor bleeding, defined as bleeding
requiring clinical intervention. Minor bleeding is more
difficult to detect from electronic health records, and
was not comprehensively captured in our study.?”

The 2020 European Society of Cardiology guide-
lines for the management of ACS considers CYP2C179-
guided antiplatelet therapy an alternative to 12 months
of dual antiplatelet therapy with prasugrel or ticagrelor
based on results from POPular Genetics.2?® These
recommendations are consistent with those from ex-
pert consensus on the use of genetic testing in pa-
tients undergoing PCI.2%3% Qur real-world data support
these recommendations, and demonstrate the safety
and effectiveness of using CYP2C19 testing to guide
an antiplatelet therapy after an ACS. Given the emer-
gence of important questions regarding the relative
clinical effectiveness of prasugrel versus ticagrelor in
ACS patients,® it is important to point out that alterna-
tive therapy in both TAILOR-PCI and POPular Genetics
was comprised almost exclusively ticagrelor (prasugrel
was not used in TAILOR-PCI, and was only used in
~2% of patients in POPular Genetics).?3 Thus, our
real-world data in which either prasugrel or ticagrelor
was used as alternative therapy add to the body of ev-
idence on outcomes with genotype-guided antiplatelet
therapy after PCI, and specifically suggest that treat-
ment of LOF carriers with either ticagrelor or prasugrel
is associated with improved outcomes.

The real-world nature of our data allowed for evalua-
tion of higher-risk patients than those included in other
clinical trials. For example, =40% of our study popu-
lation had diabetes, 80% had hypertension, 30% had
chronic kidney disease, 25% had history of myocardial
infarction, and 10% were treated with an oral anticoag-
ulant. In TAILOR-PCI and POPular Genetics, respec-
tively, ~28% and 12% had diabetes, 62% and 40% had
hypertension, 10% and 10% had chronic kidney dis-
ease, 15% and 8% had history of myocardial infarction,
and 0% (excluded) and 4% were treated with an oral
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anticoagulant. This likely contributed to higher athero-
thrombotic and bleeding event rates in our real-world
study population than reported in the randomized
clinical trials of CYP2C79 genotype-guided antiplate-
let therapy. Importantly, the results from our study,
together with the TAILOR-PCI and POPular Genetics
randomized trials and recent meta-analyses,®'%%4 pro-
vide compelling data supporting the effectiveness of
a genotype-guided strategy. We also observed higher
atherothrombotic event rates in clopidogrel-treated pa-
tients with a LOF allele compared with those without a
LOF allele, as has been reported in multiple studies. 3337
In addition, prior studies have demonstrated that the
increased function CYP2C19*17 allele does not impact
atherothrombotic or bleeding outcomes in clopidogrel-
treated patients without a LOF allele.3238 Collectively,
these data lend additional evidence supporting current
CPIC guideline recommendations that recommend
the use of prasugrel or ticagrelor in patients found to
carry a CYP2C19 LOF allele (both IMs and PMs)® and
also suggest that clopidogrel should not be prescribed
following PCI in the absence of CYP2C19 genotyping
to reduce the risk of adverse clinical consequences of
clopidogrel use in LOF allele carriers.

Study Limitations

We recognize several limitations of our study. The real-
world nature of our study meant that prescribers could
choose to follow the genotype recommendations or
not. Together with the non-randomized design, this re-
sulted in imbalances between groups, which could po-
tentially confound results. While balance was achieved
across comparison groups after weighting, we cannot
rule out residual confounding around the selection of
antiplatelet therapy, especially since we did observe
some channeling of clopidogrel toward older more
multi-morbid patients with conceivably higher risk for
atherothrombotic events. The minor differences in HRs
before and after adjustment might alleviate some of
these concerns. Another limitation was that there was
not a control group who did not receive genetic testing,
thus this study cannot evaluate the effectiveness of
genetic testing against a genotype agnostic treatment
approach. Further, outcomes were determined based
on EHR data, without event adjudication and variable
length of follow-up. As such, clinical events that were
treated in other health systems and deaths may have
been missed. Our focus on clinically actionable bleed-
ing (GUSTO moderate or severe/life-threatening bleed-
ing) yielded a low number of bleeding events, which
limited power to detect differences between drug-
phenotype groups. Finally, while there is interest in
prasugrel versus ticagrelor treatment outcomes,®' and
it would be of interest to evaluate outcomes by LOF
carrier status across clopidogrel, prasugrel, ticagrelor
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treated patients, the numbers in the subgroups are too
small in our study to compare outcomes with appropri-
ate propensity score matching. Future studies in larger
populations are needed to evaluate effectiveness and
safety of using prasugrel versus ticagrelor in a real-
world setting of genotype-guided antiplatelet therapy
after PCI.

CONCLUSIONS

In summary, our prospective, real-world outcomes
data expand the generalizability of what has been re-
ported in recent prospective randomized controlled
trials and demonstrate the clinical effectiveness of
incorporating CYP2C19 genotyping into antiplatelet
therapy prescribing decisions after PCI. Furthermore,
these data suggest patients with ACS undergoing
PCI especially benefit from a genotype-guided strat-
egy and support multiple recent economic analyses
demonstrating that CYP2C19-guided antiplatelet ther-
apy is a cost-effective strategy for ACS patients un-
dergoing PCI.3%40 Although the use of prasugrel and
ticagrelor has been increasing in the post-ACS/PCI
setting in recent years, a significant portion of patients
remain poor candidates for these alternative antiplate-
let agents due to higher bleeding risk, lower tolerabil-
ity, difficulty with adherence and access, as well as
higher copay costs compared with clopidogrel.’ The
cumulative data suggest that when clopidogrel is pre-
scribed as part of dual antiplatelet therapy post-PClI
in ACS, CYP2C19 genotype should be assessed to
avoid clopidogrel use in patients carrying a LOF allele
due to the increased risk of major atherothrombotic
events.
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Table S1. CYP2C19 Genotyping Platform and Alleles Detected at Each Institution.

Institution Genotyping Platform Alleles Indication for Genotyping

University of Florida, GenMark Diagnostics, Inc. | *2, *3, *4, *5, *6, *8§, Year 1: left heart

Gainesville eSensor technology *9, *10, *13, *17 catheterization.
(Carlsbad, CA) After Year 1: PCI for ACS or
stable CAD
University of North Life Technologies™ *2,*3, *17 Ordered per interventional
Carolina, Chapel Hill Tagman® (custom assay) cardiologist discretion post-PCI

for an ACS indication or a non-
ACS indication with high-risk

anatomic findings

University of Maryland, | Life Technologies™ *2,*3,*4,*6,*8, *17 | Year 1: Left heart

Baltimore Tagman® (custom assay) catheterization.

After Year 1: Part of post-PCI
order set (optional). Ordered
per interventional cardiologist
discretion for an ACS

indication or “high-risk” non-

ACS indication.
University of Spartan RX, Spartan *2,*3,*17 Ordered as part of a prospective
Pennsylvania Bioscience Inc. clinical implementation trial.

(Ottawa, ON) (PMID: 31928229)




University of Florida,

Jacksonville

Spartan RX, Spartan
Bioscience Inc.

(Ottawa, ON)

*2,*3,*17

Ordered as part of a prospective
clinical implementation trial of
patients undergoing LHC with
intent to undergo PCI.

University of Alabama,

Birmingham

Spartan RX, Spartan
Bioscience Inc.

(Ottawa, ON)

*2,*3,*17

Ordered per interventional
cardiologist discretion post-PCI
for ACS or elective /elective
indication based on patient

specific determination of risk.

University of Pittsburgh

GenMark Diagnostics, Inc.

eSensor technology

(Carlsbad, CA)

*2, *3, *4, *5, *6, *7,
*8, *9, *10, *17

Ordered per interventional
cardiologist using the post-PCI
order set (defaulted; the
prescriber could choose to

deselect the test).

University of Illinois,

Chicago

GenMark Diagnostics, Inc.

eSensor technology

(Carlsbad, CA)

*2 *3 *4 *5 *6 *8
*9, *10, *13, *17

PCI for ACS or stable CAD
(with high-risk anatomic

findings)

Indiana University

Life Technologies™

Tagman® (custom assay)

*2,*3, %4, *4B, *6, *8,
*10, *17

PCI for ACS or stable CAD




Table S2. Patient Characteristics after Adjustment for Stabilized Inverse Probability of Treatment

Weights
Characteristic LQF— LOF—. Standardized Non?LOF— Non—LQF— Standardized
Clopidogrel | Alternative Difference’ Clopidogrel | Alternative Difference”
(n=460) (n=571) (n=1891) (n=372)
Age, years 62+ 12 62+ 11 0.004 63+ 12 63+ 11 0.007
Female 145 (32) 178 (31) 0.008 612 (32) 122 (33) 0.012
Race
White 323 (70) 403 (71) 1407 (74) 274 (74)
Black 104 (23) 127 (22) 0.011 354 (19) 73 (20) 0.02
Other 32(7) 41 (7) 129 (7) 26 (7)
BMI, kg/m? 30+7 30+7 0.007 30+ 6 30+6 0.024
Current Smoker 146 (32) 178 (31) 0.011 540 (29) 111 (30) 0.029
ACS indication for 320 (70) 396 (69) 0.006 1302 (69) 257 (69) 0.004
PCI
Drug-eluting stent 387 (84) 483 (85) 0.009 1647 (87) 320 (86) 0.027
Medical history
Diabetes 180 (39) 220 (39) 0.013 782 (41) 160 (43) 0.032
Hypertension 365 (80) 451 (79) 0.012 1538 (81) 306 (83) 0.028
Dyslipidemia 323 (70) 401 (70) 0.002 1309 (69) 269 (72) 0.067
CKD 147 (32) 180 (32) 0.013 501 (27) 102 (28) 0.021
MI 128 (28) 156 (27) 0.009 482 (26) 99 (27) 0.028
Coronary stent 104 (23) 126 (22) 0.016 443 (23) 99 (27) 0.072
Stroke/TTA 49 (11) 60 (10) 0.01 172 (9) 29 (8) 0.044
PVD 51(11) 64 (11) 0.001 167 (9) 23 (6) 0.097
Heart failure 75 (16) 93 (16) 0.004 287 (15) 62 (17) 0.039
Atrial fibrillation 43 (9) 52(9) 0.004 154 (8) 3509) 0.043
Gastrointestinal or 22 (5) 28 (5) 0.002 52 (3) 18 (5) 0.105
intracranial
hemorrhage
Cancer 21 (5) 26 (5) 0.004 104 (6) 19 (5) 0.011
Discharge medication
Aspirin 450 (98) 559 (98) 0.001 1846 (98) 364 (98) 0.027
Statin 438 (95) 543 (95) 0.002 1777 (94) 351 (94) 0.015
ACE inhibitor or 310 (68) 386 (68) 0.001 1259 (67) 237 (64) 0.057
ARB
B-blocker 382 (83) 475 (83) <0.001 1626 (86) 318 (86) 0.011
Anticoagulant 41 (9) 48 (8) 0.015 168 (9) 38 (10) 0.044

Values are mean + SD or n (%). © Weighted absolute standardized differences were calculated using

stabilized inverse probability of treatment weighting.




Figure S1. Antiplatelet therapy in poor metabolizers (PMs), intermediate metabolizers

(IMs), and patients without a loss-of-function allele.

Total patients
n=3342

Clopidogrel 75 mg/day, n=22/98 (22%)

- PMs
I n=98 (3%)
Alternative APT:
«| Prasugrel, n=35/98 (36%)
7| Ticagrelor, n=40/98 (41%)
Clopidogrel 150 mg/day, n=1/98 (1%)
> Clopidogrel 75 mg/day, n=439/934 (47%)
- IMs
I n=934 (28%)
Alternative APT:
Prasugrel, n=302/934 (32%)
»Ticagrelor, n=179/934 (19%)
Clopidogrel 150 mg/day, n=3/934 (<1%)
Clopidogrel 225 mg/day, n=11/934 (1%)
> Clopidogrel 75 mg/day, n=1932/2310 (84%)
- Mon-LOF
- n=2310 (69%)
Alternative APT:
| Prasugrel, n=231/2310 (10%)

Ticagrelor, n=146/2310 (6%)
Clopidogrel 150 mg/day, n=1/2310 (<1%)

APT, antiplatelet therapy; IM, intermediate metabolizer; LOF, loss-of-function; PM, poor

metabolizer.





