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Abstract

Loss-of-function CYP2C19variants are associated with increased cumulative ischemic outcomes
warranting CYP2C19genotyping prior to clopidogrel administration. TAILOR-PCI was an
international, multicenter (40 sites), prospective, randomized trial comparing rapid point of

care (POC) genotype-guided vs. conventional anti-platelet therapy. The performance of buccal-
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based rapid CYP2C19 genotyping performed by non-laboratory-trained staff in TAILOR-PCI
was assessed. Pre-trial training and evaluation involved rapid genotyping of 373 oral samples,
with 99.5% (371/373) concordance with Sanger sequencing. During TAILOR-PCI, 5302 patients
undergoing PCI were randomized to POC rapid CYP2C19*2, *3, and *17 genotyping versus

no genotyping. At 12 months post-PCI, TagMan genotyping determined 99.1% (2364/2385)
concordance with the POC results, with 90.7-98.8% sensitivity and 99.2-99.6% specificity.

In conclusion, non-laboratory personnel can be successfully trained for on-site instrument
operation and POC rapid genotyping with analytical accuracy and precision across multiple
international centers, thereby supporting POC genotyping in patient-care settings, such as the
cardiac catheterization laboratory.

Keywords
Percutaneous coronary intervention; pharmacogenetics; clopidogrel; CYP2C19

INTRODUCTION

Clopidogrel remains the most widely prescribed antiplatelet drug in the US and Canada
(1, 2), and is administered as a prodrug, metabolized to its active form by cytochrome
P450 (CYP) enzymes. Clopidogrel, administered in combination with aspirin (i.e., dual
antiplatelet therapy [DAPT]), is used to reduce major adverse cardiovascular (CV) events
such as myocardial infarction, stroke, stent thrombosis, and CV death in patients with an
acute coronary syndrome (ACS) and following percutaneous coronary intervention (PCI).
Individual response to clopidogrel is highly variable and efficacy may be dependent on a
number of factors, including potential drug interactions with cytochrome (CYP) inhibitors
and substrates (e.g., lipophilic statins, calcium antagonists, proton-pump inhibitors), and
genetics.

One of the main enzymes that metabolizes the clopidogrel prodrug to its active form

is cytochrome P450 2C19, which is encoded for by CYP2C19(3). While CYP2C19

has several recognized loss-of-function (LOF) alleles and haplotypes, as annotated by

the Pharmacogene Variation Consortium (Pharmvar) (4), the two most common alleles
associated with clopidogrel drug action are *2and *3(5). These alleles are associated

with lower levels of the active metabolite of clopidogrel and a marked decrease in platelet
responsiveness to the drug (i.e., higher on-treatment platelet aggregation) (3, 6-8). CYP2C19
LOF alleles have been associated with an increased rate of adverse CV events, including
death, in patients taking clopidogrel (8-10).

In March 2010, the FDA issued a drug label boxed warning update to highlight the

risk of clopidogrel inefficacy in CYP2C19 poor metabolizers, and suggested that tests
were available to identify a patient’s CYPC2C19 genotype that could be used to direct

an appropriate therapeutic strategy. The TAILOR-PCI (Tailored Antiplatelet Initiation to
Lessen Outcomes Due to Decreased Clopidogrel Response after Percutaneous Coronary
Intervention, Clinicaltrials.gov: NCT01742117) clinical trial was initiated to determine the
clinical utility of prospective CYP2C19 genotyping of individuals prescribed clopidogrel
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(11). Results from the trial demonstrated that genotype-guided therapy resulted in 34%
fewer adverse events (death, stroke, myocardial infarction, and stent thrombosis) after 12
months and this effect was especially pronounced in the first 3 months with 79% fewer
adverse events.

Prospective genotyping should ideally be performed in a rapid manner in order to prescribe
the proper therapy in a timely fashion. Oftentimes, traditional CLIA-based laboratories are
unable to return genotyping results on the same day due to clinical workflow complexities,
including time involved for sample routing, DNA extraction, and sample set up and analysis.
There are many logistics involved, and oftentimes it isn’t feasible to perform genotyping on
demand as individual samples arrive at the lab. Furthermore, many hospitals do not have
molecular genetic testing on site, thereby requiring samples to be sent out to laboratory
facilities that can perform molecular genetic testing. Testing in CLIA-based laboratories

is typically performed by trained and certified laboratory personnel, for example clinical
laboratory technologists. However, with rapid genetic testing that involves limited sample
handling and closed systems, it may be possible to perform the genetic testing at the point
of care (such as the cardiac catheterization patient care setting) by personnel who are not
traditionally trained in laboratory testing. Herein, we describe the analytical evaluation of
the Spartan® RX platform, as well as its performance characteristics during the conduction
of TAILOR-PCI, providing the basis for its possible use as a POC assay by non-laboratory-
trained study personnel in the cardiac catherization laboratory and other patient care settings.

METHODS

For the pre-trial analytical evaluation of the rapid genotyping assay, the Spartan® RX

rapid genotyping instrument along with the companion consumable assay (Spartan® RX
CYP2C19 assay, Genomadix Inc., Ottawa, ON, Canada) were placed in each of the 40
United States and international clinical trial centers. Individual buccal sample collection Kits,
containing individual swabs and reagent tubes were provided. The Spartan® RX system

is a closed system that performs DNA extraction, amplification, and genotyping using
fluorescent-labeled oligonucleotide probes and optical detection channels. System set-up
and initial training of onsite testing staff was completed by a representative from Spartan
Bioscience. A standardized instrument validation protocol was developed and distributed to
each site.

For the volunteer testing phase, a minimum of seven healthy volunteers (maximum of ten
volunteers) from each center were tested using the rapid genotyping Spartan® RX assay
to detect the CYP2C19 *2, *3, and *17alleles, for a total of 373 samples. Inter-assay
reproducibility was tested by genotyping a subset of three volunteers who were assigned
as reproducibility candidates, undergoing buccal swabs for three Spartan® RX assays at
three different times. At least two instrument operators were required for all volunteer
testing to test inter-operator accuracy. A Spartan® RX report for each testing incident as
well as a saliva sample (Oragene saliva collection kit, DNA Genotek, Inc., Ottawa, ON,
Canada) from each volunteer was submitted to determine concordance of the genotypes
to a centralized Clinical Laboratory Improvement Amendments (CLIA)-certified laboratory
(Mayo Clinic, Rochester, MN, USA) for CYP2C19 Sanger sequencing (using a clinically

Pharmacogenomics J. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Baudhuin et al.

RESULTS

Page 4

validated laboratory developed test) confirmation of the genotypes obtained by the Spartan®
RX platform (primer information available upon request). Prior to sequencing, saliva DNA
was extracted using a Qiagen EZ1 Advanced automated DNA extraction system and a
Qiagen EZ1 DNA investigator kit (Thermo Fisher Scientific Inc., Waltham, MA, USA).

A set of three control DNA samples with known CYP2C19 genotypes (*1/*3, *2/*2, and
*2/#*17) was shipped to each of the testing sites along with a calibrated pipet and barrier
pipet tips. Each site tested the DNA samples by pipetting 1 ul of the low concentration
(0.01-0.1 ng/pL) DNA into the Spartan sample collection kits. A Spartan report was sent to
the centralized CLIA laboratory for a concordance check. New DNA control aliquots were
sent for retesting when inconclusive/failed genotype reports were received.

During the TAILOR-PCI trial, the outcomes of CYP2C19 LOF patients receiving point

of care (POC) genotype-guided (GG) anti-platelet therapy to conventional therapy with
clopidogrel were compared (11). Subjects in the GG arm underwent FDA-approved POC
rapid genotyping (Spartan® Rx) for CYP2C19 *2, *3, and *17. A total of 5302 patients were
enrolled, of which 26 patients were excluded from all analyses (19 improperly consented,
five did not have PCI or failed PCI, two were duplicate randomizations). This resulted

in inclusion of 5276 patients who were eligible for analysis with 2635 patients in the
conventional therapy arm and 2641 patients in the genotype-guided arm by point-of-care
CYP2C19 *2, *3and *17 analysis. After 12 months post-PCl, an alternative genotype
method (TagMan) was utilized to determine CYP2C19genotype in all randomized subjects,
as well as to compare results with those obtained from the Spartan® Rx platform in the GG
arm.

This study has been approved by the Mayo Clinical Institutional Review Board, and
participants gave written informed consent.

In the volunteer testing phase, inclusive of all 40 sites, a total of 373 volunteer samples
were analyzed for the pre-trial analytical validation of the Spartan Rx platform to detect the
CYP2C19 *2, *3,and *17alleles (Tables 1 and 2). Initial results demonstrated concordance
in 371/373 (99.5%) samples between the POC assay and Sanger sequencing results (Fig.
1A). Root cause for discordance in the two samples was pre-analytical sample mix-up at

the testing center. The two samples were re-collected and re-tested, after which concordance
was observed. Inter-operator accuracy was 100%.

Sanger sequencing revealed additional heterozygous missense variants in 4 samples that
were otherwise *1/*1 (c.629C>A, p.Thr210Asn and ¢.784G>A, p.Asp262Asn), *2/*2
(c.518C>T, p.Alal73Val), and *2/*17(c.614T>G, p.lle205Ser) by Spartan genotyping
(Table 1). None of these variants have been described by PharmVar, and they all have been
deemed to be of uncertain significance (details in Supplemental Table).

A set of 3 control DNA samples with known CYP2C19 genotypes (*1/%3, *2/*2, and
*2/*17) was analyzed at each of the testing sites. A Spartan report that was sent to the
centralized CLIA laboratory for a concordance check demonstrated the rate of success for
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genotyping the control DNA with the initial aliquots to be only 75% (30 of the 40 sites
successfully genotyped the control DNA with the initial aliquots sent). Root cause of failure
was determined to be the utilization of pipettors not made for pipetting the small volume (1
uL) of DNA needed for testing. New DNA control aliquots along with appropriate pipettors
for 0.5-2uL volumes were sent for retesting when inconclusive/failed genotype reports were
received, and 100% of the samples were successfully genotyped.

During the TAILOR-PCI study phase, there were 2641 subjects in the genotype-guided
(GG) arm of the trial, with initial genotype performed by the Spartan® Rx platform (Table
2). Of these, 54 (2%) did not have a Spartan test result available and 118 (4%) had
inconclusive results. In the subset of subjects (n=255) in which it was measured, the average
time for the Spartan test to complete the genotyping assay was 57 minutes. For the Spartan
rapid genotype, results were available within 24 hours of randomization for 99% of the 2587
subjects who underwent genotyping. Twelve months post-Spartan test, laboratory-based
TagMan genotyping was performed on each study sample. The overall concordance between
the Spartan and TagMan genotyping platforms among the 2385 subjects with both tests
providing conclusive results was 99.1% (2364/2385) (Fig. 1B). Sensitivity and specificity of
the Spartan analysis as compared to TagMan ranged from 90.7 — 99.6% depending on the
allele detected (Table 2).

There were 21 samples that had discordant genotypes between Spartan and TagMan
genotyping (Table 3). The discordant genotypes were not isolated to a few trial centers,

but rather involved 11 of the 40 trial sites. The highest number of discordant genotypes

that occurred at a single site was five samples. Out of the 21 samples, nine were called non-
carrier by Spartan, but had a *2or *3allele by TagMan (one of these cases was observed to
be homozygous *2by TagMan). There were 11/21 samples that were heterozygous *2or *3
by Spartan, but non-carrier by TagMan. And there was one sample that was heterozygous *2
by Spartan, but homozygous *2by TagMan. CLIA-based Sanger sequencing was performed
on 18 of the samples for which DNA was available, and it was observed that for 16/18
samples, the TagMan genotype matched with Sanger sequencing (Table 3). There were 2
samples for which the Spartan genotype matched with Sanger (samples #7 and #8, Table

3). These samples were both *1/%1 by Tagman, but heterozygous *2and *3by Spartan and
Sanger. The root causes of these discrepancies were not investigated further but may have
been due to allelic drop-out or sample mix-up.

DISCUSSION

The TAILOR-PCI study was the first clinical trial to prospectively address the potential
utility of POC GG oral P2Y12 inhibitor therapy as compared to conventional therapy with
clopidogrel. In order to ensure accuracy of results and competency of testing personnel
across all 40 sites, research-based validation studies prior to initiation of the trial were
necessary. The analytical performance of the POC genotyping was further assessed through
comparison of rapid genotyping via the Spartan instrument during the TAILOR-PCI

study and follow-up genotyping via a laboratory-based TagMan assay. The main findings
of our study are, 1) greater than 99% accuracy in POC genotyping for CYP2C19in

2385 subjects in the genotype-guided arm of TAILOR-PCI (as demonstrated by 99.1%
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concordance between Spartan and TagMan genotyping), 2) high sensitivity and specificity of
Spartan genotyping, and 3) non-laboratory trained personnel can successfully perform rapid
genotyping in a POC setting. Taken together, these findings are helpful for supporting the
application of rapid POC genotyping in patient care areas.

Although the FDA issued a drug label boxed warning update in March 2010 to highlight the
risk of clopidogrel inefficacy in CYP2C19 poor metabolizers, and 2013 and 2022 guidelines
from the Clinical Pharmacogenomics Implementation Consortium (CPIC) support genotype-
guided prescribing of clopidogrel, the widespread adoption of CYP2C19 genetic testing

has not yet occurred for clopidogrel prescribing (12, 13). This may be due, in part, to

the lack of recommendation for routine use of genotyping for screening purposes as per

the 2011 guidelines for PCI by the American College of Cardiology Foundation/American
Heart Association Task Force on Practice Guidelines and the Society for Cardiovascular
Angiography and Interventions (ACCF/AHA/SCAI) and other clinical groups (14, 15).
Other potential reasons for lack of widespread adoption of this test are the challenges of
implementing rapid genetic testing in the patient care setting to provide real-time results in
order to optimize treatment immediately post-PCI (10). Traditionally, CYP2C19 genotyping
has been performed in a clinical laboratory with turn-around time that could range from

1-7 days, depending on accessibility of testing. Another barrier to adoption of obtaining
real-time results, at least in the United States, is due to the FDA requirement for genetic
testing to be performed by a CLIA laboratory, even with FDA 510(k) clearance, such as is
the case for the Spartan rapid CYP2C19 assay. However, it may be possible to place a CLIA
laboratory near the point of care, for example near the cardiac catheterization laboratory.

In other countries, such as Canada, the Spartan CYP2C19 system may be utilized in both
patient care settings and clinical labs as long as the test is performed by a healthcare
professional.

Nonetheless, the results from TAILOR-PCI and other studies have emphasized the
importance of rapid, POC CYP2C19 genotyping testing prior to P2Y 12 inhibitor
administration. In TAILOR-PCI, patients with CYP2C19 LOF genetic variants in the
conventional therapy arm had significantly increased cumulative ischemic events compared
to those in the genotype-guided (GG) arm and the difference between the two arms in time
to first ischemic event was most significant at 3 months. Another CYP2C19 genotyping
strategy-based study, POPular Genetics, demonstrated that GG P2Y 12 inhibitor therapy was
non-inferior to routine care with ticagrelor (16).

POC testing, or analysis of patient specimens outside of the clinical laboratory near or at

the site of patient care, enables clinical decision making more rapidly than if the samples
were to be sent to the clinical laboratory. Since POC testing is usually performed by clinical
staff without laboratory training, staff training and competency are key to ensuring the
success of POC testing especially as it relates to quality assurance of the testing (17).

The RAPID GENE trial set the stage for POC genetic testing performed by non-laboratory
personnel (18). It demonstrated that a strategy of rapid CYP2C19*2 genotyping followed by
genotype-guided prasugrel administration resulted in a decreased rate of high on-treatment
platelet reactivity as compared to standard therapy. The RAPID GENE trial was a successful
proof of concept study, demonstrating the effectiveness of POC genotyping of a single
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CYP2C19variant in 91 subjects at a single center. Another more recent study demonstrated
the utility of rapid genotyping of 781 patients at a single site (19). The TAILOR-PCI study
has further expanded on the success of these trials by genotyping 3 CYP2C19variants in
2641 subjects at 40 international centers.

While training and competency testing of non-laboratory personnel was generally successful
in the study described here, the control DNA testing phase was uniquely challenging for the
on-site TAILOR PCI staff. The rate of success for genotyping the control DNA with the
initial aliquots was only 75% (30 of the 40 sites successfully genotyped the control DNA
with the initial aliquots sent). We hypothesize that the nurses/staff being trained to consent
patients and collect buccal samples for Spartan testing were not familiar with pipetting
techniques with small (1 uL) volumes of DNA. A future workaround could be to explore
testing larger volumes of DNA or utilizing an alternate process for testing blinded samples.
It should be emphasized that this aspect of the study did not impact the overall accuracy of
the POC genotyping nor the relevance of POC testing by non-laboratory personnel.

For the TAILOR-PCI study phase, overall concordance between Spartan and subsequent
TagMan genotype was high (99.1%) among those with a conclusive POC result,
demonstrating that the Spartan POC assay is reliable. For discordant samples that had
follow-up Sanger sequencing (n=18), in all but two of the samples, the TagMan genotype
matched the Sanger results. The more accurate results in the TagMan assay were not
surprising since the laboratory-based TagMan assay would be expected to be a more robust
and reliable method, compared to the rapid Spartan assay. Of the three methods utilized

in this study (Spartan, TagMan, and Sanger sequencing), Sanger sequencing is the gold
standard and additionally was the only method performed in a CLIA setting as a CLIA-
validated laboratory developed test. Sanger sequencing of the 373 samples in the volunteer
testing phase also demonstrated high concordance between Sanger and Spartan. Interestingly
there were 4 samples that were called *1/#*7 by Spartan but had variants of uncertain
significance by sequencing. While it is unclear if these variants would actually impact
clopidogrel metabolism, it does point to the issue that limited, targeted genotyping will
potentially miss genetic variants that could have clinical impact. While the *2, *3, and *17
variants in CYP2C19are the most common CYP2C19variants worldwide, there are other
rare variants that affect CYP2C19 protein function, and there is considerable variation in
allele frequencies amongst different ethnicities (5). The Association for Molecular Pathology
and College of American Pathologists have published recommendations for CYP2C19
alleles that should be included in clinical testing, and *2, #*3, and *I7are considered

tier 1 alleles, or the minimum panel of variant alleles (20). Whether or not a more
comprehensive CYP2C19 genotyping method can be implemented in a POC setting remains
to be determined.

The Spartan vs. TagMan discordance in 21 subjects was determined not to affect overall
clinical outcomes of the TAILOR-PCI study. This is because approximately the same
number of subject genotypes were switched from one anti-platelet to the other (i.e. 10
were Spartan wild-type and assigned clopidogrel, but should have been LOF and given
ticagrelor; whereas 11 were Spartan LOF and assigned ticagrelor and should have been
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given clopidogrel), and none of those 21 subjects had a primary endpoint or a bleeding
event.

A recent study also demonstrated the reliability of Spartan genotyping of CYP2C19*2, *3,
and *17 alleles in a traditional CLIA-certified lab setting (21). This study observed 100%
concordance of rapid genotyping of 23 matched blood and buccal samples as well as 26
reference samples. Our study presented here expands on these findings of high analytical
accuracy and precision of rapid genetic testing, but with the additional parameter of testing
occurring in the patient care setting (rather than CLI1A-certified lab) and at 40 international
sites in a large clinical trial setting. Our study further demonstrates that on-site instrument
research-based validation can be used to successfully train and ensure competency of non-
laboratory-trained staff performance of rapid genotyping analysis. Additionally, the rapid
genotype results from the TAILOR-PCI study were available in a timely fashion to ensure
same-day genotype-guided prescribing. Taken together, this study highlights the analytical
performance of a rapid POC genotyping assay and its potential for utilization in the cardiac
catheterization laboratory and other patient-care settings by non-laboratory-trained staff.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Validation and Performance of Spartan Rapid CYP2C19 genotyping in TAILOR-PCI
(A) Onsite Spartan instrument validation and training and competency of study personnel to

perform rapid genotyping at 40 international sites involved in TAILOR-PCI. (B) Assessment
of rapid, POC genotype results from genotype-guided study arm of TAILOR-PCI.
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Table 1.
CYP2C19 Genotypes Observed in 373 Samples in Volunteer (Pre-TAILOR-PCI) Testing Phase

CYP2C19 Genotype Number of Samples”

*1/+1 (Wildtype) 133
*1/%2 96

2172 19

*1/%3 7

*2/%3 5

*3/%3 1

*1/%17 i
2/*17 23
*17/417 14

t p.T210N, p.D262N, p.A173V, p.1205S

Additional variants detected by Sanger sequencing

*
Two samples (*1/*1 and *1/%2) initially showed discordant results with the Sanger sequencing not matching the Spartan RX genotype. Root cause
of the discordance was shown to be due to mislabeling of the samples (sample mix-up) at the testing site.

Tp.TZlON, p.D262N (both with *1/%1), p.AL73V (with *2/%2), and p.1205S (with *2/%17) 271D
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Table 2.

CYP2C19 Allele Frequency, Sensitivity and Specificity

CYP2C19 Pre-Trial TAILOR-PCI Trial
Allde Spartan Spartan Tagman Sensitivity ~ Specificity
n(frequency) n(frequency) n(frequency) (%) (%)
*2 162 (0.22) 767 (0.16) 765 (0.16) 98.8 99.4
*3 14 (0.02) 106 (0.02) 107 (0.02) 90.7 99.6
*17 128 (0.17) 621 (0.13) 667 (0.14) 91.2 99.2
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Discordant CYP2C19 Genotypes (Spartan vs. TagMan) and Follow-up Sanger Sequencing Results

Spartan  TagMan Sanger
Sample genotype genotype genotype

1 *1/%1 *1/%2 *1/%2
2 *1/%2 *1/*1 *1/%1
3 *1/%1 *1/*3 QNS *
4 *1/%1 *1/%2 *1/%2
5 *1/%2 *1/*1 *1/%1
6 *1/%1 *1/%2 *1/%2
7 *1/%2 *1/*1 *1/%2
8 *1/%3 *1/*1 *1/%3
9 *1/%2 *2/%2 *2/%2
10 *1/%2 *1/*1 *1/%1
11 *1/%2 *1/*1 *1/%1
12 *1/%1 *1/%2 *1/%2
13 *1/%2 *1/*1 *1/%1
14 *1/%2 *1/*1 *1/%1
15 *1/%2 *1/*1 *1/%1
16 *1/%1 *1/*%3 *1/%3
17 *1/%1 *2/%2 *2/%2
18 *1/%2 *1/*1 *1/%1
19 *1/%2 *1/*1 *1/%1
20 *1/%1 *1/*3 QNS
21 *1/%1 *1/%2 QNS

*

QNS = quantity not sufficient (insufficient sample quantity procluded further analysis)
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