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Abstract

The development of new knowledge around the genetic determinants of variable drug action has
naturally raised the question of how this new knowledge can be used to improve the outcome of
drug therapy. Two broad approaches have been taken: a point-of-care approach in which
genotyping for specific variants(s) is undertaken at the time of drug prescription, and a pre-
emptive approach in which multiple genetic variants are typed in an individual patient and the
information archived for later use when a drug with a “pharmacogenetic story” is prescribed. This
review will address the current state of implementation, the rationale for these approaches, and
barriers that must be overcome. Benefits to pharmacogenetic testing are only now being defined
and will be discussed.

One important goal of the broad field of pharmacogenomics is an improved understanding of
the mechanisms underlying variability in drug action. However, in addition to knowledge for
knowledge’s sake, the great promise of pharmacogenetics is that the information can be used

to improve the outcome of drug therapy: reduce variability in drug actions by dose

adjustment, develop new drugs or targeted to specific disease mechanisms, and avoid certain

drugs altogether in subjects at high risk for serious adverse drug reactions. It has been

argued that drug selection or dose adjustment based on pharmacogenetic factors should be as
self-evident as dose adjustment based on pharmacokinetic factors, such as dose reduction for

renally excreted drugs in the face of renal dysfunction. An opposing view is that
pharmacogenetic factors may only account for a small proportion of variability in drug
response, and rigorous evidence demonstrating improved clinical outcomes, preferably from
randomized clinical trials (RCTs), should be required before pharmacogenetic testing is
widely implemented. This ongoing controversy has motivated attention to how evidence
should be generated to support tailoring drug therapy based on pharmacogenetics. The
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rationale for a pre-emptive, multiplexed approach is outlined below. It is clear that this
strategy is still in its infancy and the first data on process and clinical outcomes are only now
being reported.

Lessons from individual drugs

For some drugs, clinical trials and other data are available that can guide individualization of
treatment, and lessons learned with specific drugs can then be applied to the development of
implementation programs. Initial implementation programs focused on delivery of genetic
information at the point of care when a specific drug was prescribed (sometimes termed
“reactive”), while more recently multiplexed, pre-emptive approaches have been developed
at a number of centers as described below.

Vitamin K antagonists:

One drug that has been extensively studied is warfarin, because metrics of drug effect, such
as time in therapeutic range or time to therapeutic range or steady-state dose requirement to
achieve target INR values are readily obtained; the genetic basis for variability in steady-
state dose requirements is well supported; the drug is widely used; inter-individual
variability in dose requirement is substantial; and a narrow therapeutic window exists to
achieve effective anticoagulation and avoid bleeding complications. Indeed, warfarin was
one of the first drugs for which specific genetic variants (in this case CY2C9*2 and
CYP2C9*3) were associated with reduced dose requirement in Caucasian subjects.1—3
Discussions to conduct trials to determine the efficacy of CYP2C9 genotyping on warfarin
dose requirement in the early 2000s were shelved when it was discovered that a common
promoter variant in VKORCI, encoding the warfarin target,* contributes at least as
importantly as variants in CYP2C9to warfarin dose requirements, particularly during drug
initiation.5:6

Four large trials have randomized subjects to a pharmacogenetically-guided dosing strategy
versus a clinical dosing strategy.” The COAG trial® randomized patients to a dose defined by
a complex clinical algorithm that included variables such as interacting drugs and gender, or
an algorithm that included these factors plus pharmacogenetic determinants of drug dose.
COAG failed to demonstrate any difference in primary outcome (time in therapeutic range
for the first 30 days of therapy) and in fact the pharmacogenetic arm performed less well
than the clinical only arm in African-American subjects. The latter result likely reflects the
different variants driving warfarin dose requirements among African Americans: CYP2C9*2
and *3 are much less common; other variants (CYP2C9*5, *6, *8, and *11) are more
frequent but were not included in the COAG dosing algorithm.®10 Like COAG, a European
group randomized patients receiving the vitamin K antagonists acenocoumarol or
phenprocoumon to a clinical + genetic algorithm versus a clinical algorithm only and found
no difference in time in therapeutic range during the first 12 weeks of treatment.11 On the
other hand, the EU-PACT study group randomized patients to a standard dosing regimen or
a genetically-guided one — one that may highlight the “real-world” impact of genetic
variation — showed an improvement to time in therapeutic range during the first 3 months of
treatment.12 Most recently,13 GIFT (the Genetic Informatics Trial) demonstrated a
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statistically significant improvement in an adverse event-focused primary outcome (a
composite of death, major bleeding, INR=4, or venous thromboembolism) in subjects
randomized to a clinical algorithm + genotype information versus clinical algorithm after
orthopedic surgery. Time in therapeutic range during the first 30 days was slightly but not
significantly (P=0.06) better in the genotype-guided group. The genotypes assessed included
not only the common VKORCZI promoter and CYP2C*2 and *3, but also CYP4F2\VV433M
(a determinant of vitamin K metabolism that also affects warfarin dosel4). GIFT stratified by
ancestry and included fewer African-American subjects (6.4%) compared to COAG (27%).
In GIFT, the primary endpoint was driven mainly by cases of INR>4; 10/1597 subjects had a
major bleeding event, similar to the rate observed in COAG (14/1015). The genetic
determinants of major bleeding during warfarin have also been assessed by accumulating
cases from administrative or electronic health record (EHR) databases.1>16 While these
were not randomized studies, they did include far more bleeding cases (h=250-265), and
implicated CYP2C9*315 and CYP4F2\V/433M18 as risk factors. The major lessons for
pharmacogenetic implementation (Table 1) are that it is important to define as completely as
possible the pharmacogenetic determinants of variable drug response; inclusion of subjects
of diverse ancestries is important and requires further consideration of specific variants to be
tested; and the diseases to be studied, the comparator arms, and the primary outcome
definitions are important. Whether prospective pharmacogenetic testing is routinely applied
to warfarin therapy will further depend on payer attitudes, professional society opinions, and
the extent to which newer anticoagulants replace warfarin in the marketplace.

HLA variants — abacavir and carbamazepine:

Early studies with the antiretroviral abacavir implicated HLA-B*57:01 as a critical
determinant of drug-related Stevens-Johnson syndrome/toxic epidermal necrolysis (SJS/
TEN).17 Subsequently, a double-blind prospective clinical trial randomized 1,956 patients
starting antiretroviral therapy to be genotyped, and to exclude abacavir in the treatment arm
if HLA-B*57:01 was present.18 No genotyping was performed in the controls, and cases of
possible SIS/TEN underwent skin testing for confirmation. The trial demonstrated abolition
of immunologically-proven SJS/TEN in the genetically-guided group and a 2.7% incidence
of SJS in the control group. These data led to endorsement by professional societies of HLA
testing in subjects starting abacavir, inclusion of this recommendation in a black box in the
drug’s FDA approval label, and thus widespread clinical use of this pharmacogenetic test.
Similarly, initial studies implicated HLA-B*15:02 as a risk factor for carbamazepine-related
SJS/TEN in Asians.1? Subsequent studies replicated this signal in Asians?? and identified
HLA-A*31:01 as a risk factor in Caucasians.?! National efforts to implement HLA-B*15:02
testing in Southeast Asia have met with variable outcomes. In Taiwan, there was a striking
decrease in carbamazepine-related SJIS/TEN.29 However, in Hong Kong, the incidence of
carbamazepine-related SJIS/TEN fell but this was attributable to wholesale avoidance of the
drug and prescription of other anticonvulsants (which also can cause SIS/TEN): the overall
incidence of the adverse drug reaction did not change.?2 Lessons here include the ability of
pre-RCT data to predict the outcome of the RCT, the power and resource expense of
mounting and RCT, the need for precise diagnosis of endpoints, the need for studies across
ancestries, and a need for practitioner education during introduction of an implementation
program.
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Multiple retrospective analyses of very large clinical trials comparing clopidogrel and
comparator treatments (generally placebo) have shown that CYP2C19 genetic variants
(predominately *2, as well as *3 in Asian populations) confer an increased risk of
thrombotic events (i.e. failure of drug efficacy due to reduced bioactivation23) in patients
presenting with acute coronary syndrome and treated with coronary stenting.24-28 In other
settings, such as atrial fibrillation, in which clopidogrel efficacy is less compelling, genetic
variants have not been shown to play a role in determining outcome.2” Most recently, a large
trial in China showed decreased efficacy among CYP2CI19 variant carriers treated with
clopidogrel for stroke or TIA.28 Reasons that this trial could demonstrate efficacy whereas
previous studies in this indication did not29 may include the large number of subjects
studied, and the fact that variants are more common in Asian subjects, increasing the
likelihood of detecting a genotype-dependent effect.

Azathioprine:

The theme that the likelihood that a trial can demonstrate efficacy across a large population
when only a portion of that population carries genetic variants is further highlighted by a
trial of 7PMT testing in patients with inflammatory bowel disease treated with azathioprine.
30 Excess bone marrow suppression (hematologic toxicity) is a risk in patients with 7PMT
loss of function variants. The trial randomized 783 patients to undergo genetic testing and
subsequent dose adjustment, or to be treated with standard doses. Importantly, there was no
difference in disease outcomes in the two groups, nor was there a difference in overall
hematologic toxicity, the primary endpoint, across the two groups. However, in a planned
secondary analysis, there was a striking difference in incidence of hematologic toxicity
among 74 TPMT carriers randomized to genetically-guided therapy (1/39, 2.2%) compared
to those randomized to standard therapy (8/35, 22.9%). An earlier British trial was limited
by slow recruitment thought to reflect in part the fact that TPMT genotyping was already
clinically available.3! The lessons learned here, therefore, are that genetic testing for a single
drug in a broad population is likely to benefit only a subset of that population, the size of
that subset is determined by the frequency of risk alleles, and that equipoise with respect to
clinical trials can change with availability and dissemination of genotype information.

Regulatory agency response to pharmacogenomic risks

Pharmacogenetic variants can be used to identify subjects at high risk for serious drug
toxicity, and therefore to avoid those drugs in those patients. The US Food and Drug
Administration (FDA) has since 2007 included pharmacogenetic information, sometimes
with dosing recommendations, in drug labels.32 In some instances, however, the FDA has
chosen to issue dosing recommendations that downplay a potential role of pharmacogenetics
in adverse drug reactions. Two prominent examples are codeine and simvastatin. In the case
of codeine, the ultra-rapid metabolizer (UM) genotype for CYP2D6 confers increased
biotransformation to the active metabolite morphine, and thus respiratory depression; this
has been a particular problem in children treated for postoperative pain after tonsillectomy
as well as a cause of respiratory depression in neonates being breastfed by UM mothers.
33-35|n the case of simvastatin, a specific variant in SLCO1B1 has been associated with a
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dramatically increased risk of biochemically proven myopathy among patients receiving
high-dose (80 mg per day) simvastatin.38 In both of these settings, therefore, pre-emptive
genotyping could be useful (as suggested in the current CPIC guideline37), and indeed for
over a decade, the FDA has included pharmacogenetic data in drug labels,38:39 However, in
the case of codeine and simvastatin, the FDA took the view that public interest is better
served by relabeling the drugs to recommend avoidance in at-risk populations. The black
box warnings now recommend avoiding codeine in all children under 12 and limiting
simvastatin doses to 40 mg per day, or even lower in the presence of potentially interacting
drugs. Others have argued that a genetically-based approach would allow effective pain
management in the pediatric population.40

Beyond point of care gene testing

Rationale:

Performing genetic testing at the time of prescription of a target drug represents the point of
care approach evaluated in the studies outlined above. A “pre-emptive” approach represents
an alternative model in which pharmacogenetic testing is performed for multiple variants
that are thought to affect drug response (either efficacy or toxicity); these are saved for later
use in an EHR system, and deployed with appropriate clinical decision support (CDS) when
a target drug is prescribed.

The rationale for preemptive multiplexed testing has been supported through retrospective
studies of electronic health records. Schildcrout et al*? examined 52,942 subjects followed
for long term care at Vanderbilt University Medical Center (VUMC) and determined the
frequency with which 56 medications with outcomes known to be influenced by variant
pharmacogenes were prescribed. Over the course of five years, they estimated that 64.8% of
subjects were exposed to at least one such medication and over 12% were exposed to four or
more such medications. Their modeling suggested that at least 383 serious adverse drug
events (associated with only 6 medications) would have occurred over 5 years in these
subjects, and therefore their frequency could be reduced or abolished with an effective pre-
emptive pharmacogenetic genotyping program. This modeling study illustrates many of the
potentially intuitively obvious advantages of pre-emptive testing: pharmacogenomic data can
be used over long periods of time, data can be reused, the risk of serious adverse outcomes
across multiple drugs can be mitigated, and the incremental cost to obtain multiple
pharmacogenomic genotypes is small. It is also been argued that many patients require
multiple drug trials before settling on an effective therapy and that use of pharmacogenetic
data embedded in EHRs should shorten this “therapeutic odyssey”.42

Choosing a target population:

While it is convenient to envision a future delivery model in which all common
pharmacogenetic variants have been cataloged and embedded across all EHRs, pre-emptive
pharmacogenetic testing programs generally have launched with a focus on specific “high
risk” patients, in order to demonstrate use of the data and ultimately utility.4344 Examples of
populations that have been initially tested or proposed for testing include algorithmically
defined high-risk subjects being seen in medicine clinics,*14° subjects with specific diseases
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such as childhood leukemia and other cancers that mandate therapy with many drugs with
known pharmacogenetic variation,*8 or patients being seen for initiation of one drug with
known pharmacogenetic variants. Investigators at Indiana identified 7,039 patients who
started one or more of 30 target medications within a year at 73 sites in a safety net health
care system, and have therefore proposed that this is a target population for pharmacogenetic
implementation.8 They interpreted these data as justifying a prospective multi-gene/multi-
drug approach to pharmacogenetic testing. Examples of these programs are described further
below.

Barriers to a pre-emptive program:

Despite the intuitive appeal of the pre-emptive approach,*? there are obstacles that need to
be overcome. One is the problem of evidence, outlined above for single drugs which still
holds for multiple drugs. Indeed, demonstrating the value of a pre-emptive approach may be
more difficult given that the drugs and genes tested represent a spectrum of variable risk
allele frequencies and variable efficacy and susceptibility to serious adverse drug events over
time. A second issue is assay validity. Some variants, such as CYP2C19%2 or CYPCI*2 or
*3, represent single nucleotide polymorphisms (SNPs) and are relatively simple to assay in a
reliable fashion. However, two important pharmacogenes, CYP2D6 and HLAB, present
specific assay difficulties. CYP2D6 has the problems of an adjacent pseudogene CYP2D7,
and of copy number variation,®® while the HLA region is one of the most polymorphic in the
human genome and calling variant haplotypes is a process that may require either
specialized computational methods (whose efficacy can vary by ancestry®l) or long read
sequencing.®? Increasing enthusiasm over the use of sequencing platforms also raises the
issue, common across genomic medicine, that rare variants will be discovered but their
contribution to variable drug effects will be more difficult to assess than common variants.
Further, use of sequence data also raises the problem of reinterpretation; that is, a variant
designated of uncertain significance may subsequently be reclassified as pathogenic and thus
mechanisms to alert providers and patients need to be developed.

As programs have been designed and implemented, other barriers have been identified and
solutions developed. In some programs, the multiplexed genotyping platform deployed
includes variants of uncertain significance, so mechanisms have been developed to save
these data outside the EHR, and to only deploy variants judged to be clinically important in
the EHR environment. Early programs developing pre-emptive genotyping strategies relied
on internal data reviews to decide which variants should be clinically deployed; the
development of consensus guidelines by the Clinical Pharmacogenetics Implementation
Consortium (CPIC) has relieved individual institutions of this burden.#4:5455 The Dutch
working group in pharmacogenetics working group has produced a similar set of guidelines.
56 A pre-emptive pharmacogenetic program requires the development and implementation of
CDS, and again individual early adopter institutions have had to develop their own
mechanisms for this portion of the program and it is hoped that consortia and multi-
institutional efforts will results in common CDS code and availability, perhaps based in part
on CPIC guidelines.*4>7 Healthcare providers are in general are unfamiliar with
pharmacogenetic data and the way in which it can be used to make clinical decisions, so
engaging the provider community and undertaking educational efforts is an important
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component of any such program.8:59 The payer community has been reluctant to support
multiplexed pharmacogenetic testing, but has in some instances been willing to support
targeted genotyping during initiation of specific drugs.5°

Early adopter implementation approaches:

The pre-emptive model has been implemented in a number of academic centers. A common
theme is very strong institutional support since efforts like this apply knowledge across a
healthcare system, and thus require engagement of multiple constituencies, notably
physicians and other providers, pharmacists, informatics experts, and ethicists. The VUMC
program, Pharmacogenomic Resource for Enhanced Decisions In Care and Treatment
(PREDICT), was launched in 2010.4° The initial platform was the VeraCode ADME core
panel which tested 184 variants and 34 genes. The program started with a focus on patients
homozygous for the CYP2C19*2 loss-of-function variant in whom cardiac catheterization
with stenting was anticipated, and has since expanded to 6 drug gene pairs, including
CYP2C19heterozygotes. The majority of the VeraCode variants were thus held outside the
EHR; CYP2ZD6 variants are not called on this platform. More recently the PREDICT
program has moved to a QuantStudio platform that includes common CYP2D6 variants.
CDS has been developed and validated,®! and PREDICT results are displayed prominently
in the EHR and delivered to the patient through the EHR-based patient portal.

St. Jude built on its experience using 7PMTand CYP2D6 single gene testing®? to
implement the Pharmacogenetics for Kids program in 2011.46 The St. Jude program
includes EHR-delivered alerts if a drug is prescribed and pharmacogenetic testing has not
been obtained as well as EHR-based CDS once the result is obtained. The University of
Florida (UF) personalized medicine program launched in 2011 with a focus on point of care
genotyping targeted at clopidogrel use.*” The platform used, from QuantStudio, allowed
interrogation of 256 SNPs, most of which are currently held in escrow pending activation of
a planned pre-emptive program. The Mayo Clinic “Right drug right dose right time using
genomic data to individualize treatment (RIGHT)” uses the PGRN-Seq next generation
sequencing platform and a specialized CYP2D6 assay and aims to integrate high-risk
pharmacogenetic results in the EHR coupled to point of care CDS.83:64 As in other
programs, internal evidence review was necessary and has since been complemented by
CPIC. This program also includes testing for HLA-B*15:02 and HLA-B*57:01; both UF
and Mayo also plan to implement /FNL3for hepatitis C treatment.> The Mount Sinai
CLIPMERGE pharmacogenetics program, initiated in 2013, enrolls subjects who are
participants in the institution’s DNA biobank and bases implementation decisions on CPIC
guidelines.56 The Indiana INGENIOUS trial is using the pre-emptive model to deliver point
of care CDS for 28 drugs, focusing on engaging the most expensive patients in a safety net
program, anticipating this may represent a cost-savings opportunity.48:67 Other institutions
that have reported on development of single drug or multi-drug based on pharmacogenetic
testing programs include the Cincinnati Children’s Hospital’s Christine program focusing on
epilepsy and attention deficit hyperactivity disorder,®® the University of Chicago’s 1200
patients project,59 and the Ohio State University program that includes a focus on engaging
genetic counsellors.”®
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NIH-supported consortia:

Many of these programs were put in place with support from the Pharmacogenetics
Research Network (PGRN), an effort supported by the National Institute for General
Medical Sciences Institute and other NIH institutes.”! The National Human Genome
Research Institute’s (NHGRI) eMERGE (electronic MEdical Records and GEnomics)
network also includes a pre-emptive pharmacogenomics program, eMERGE-PGx, 2 that has
now genotyped over 9000 subjects on a next generation platform developed by PGRN.
NHGRI’s IGNITE network includes sites which have a major focus on pharmacogenomics.
73 The PGRN’s Translational Pharmacogenetics Program (TPP) recently reviewed
commonalities and differences across eight participating US healthcare systems.*4 With
time, there has been an increasing reliance on CPIC guidelines and CDS methods common
across the sites, with high quality genotype data being delivered. Differences across sites
include the point of care versus pre-emptive testing paradigm, platforms being deployed, and
clinical sites (inpatient vs outpatient, distinct subspecialties, pediatrics vs adult). A total of
20,258 subjects had been tested and the common drug-gene pairs were CYP2C19-
clopidogrel (at 7 sites), 7PMT-thiopurine (6) and SLCO1BI1-simvastatin (5).

TPP also outlined important advances in education, reimbursement, and informatics
development across the sites.** UF reported 85% reimbursement rate for the point of care
testing for CYP2C19-clopidogrel.®0 Individual sites created educational materials ranging
from online courses to websites to newsletters. St. Jude and UF established American
Society for Health System Pharmacist’s-Accredited residency in clinical
pharmacogenomics, and other institutions offer fellowships accredited by the American
Board of Clinical Pharmacology. Vanderbilt and UF have recently been awarded NHGRI-
supported training grants in genomic medicine.

Impact of pharmacogenetic programs on outcomes

Two types of outcomes can be tracked: process outcomes which describe what happens
when a program is put place (e.g. How many patients? How often is advice delivered and
how often are medications changed?) and clinical outcomes (Do patients have increased
efficacy or fewer adverse events?) To date, very few programs have reported on either
outcome.

Most patients carry a variant pharmacogene:

The Vanderbilt PREDICT program has tested >14,000 subjects to date and has reported
outcomes in a number of areas. An analysis of the first 10,000 patients tested revealed that
the frequency of “highly actionable” genetic variants (e.g. CYP2C19*2 homozygotes) varied
from 0% (CYP3AS5tacrolimus) to 2.5% (CYP2C19-clopidogrel) while the frequency of
other actionable variants (e.g. CYP2C19*2 heterozygotes) varied from 68.7% (VKORC1/
CYP2C9warfarin) to 8.9% ( 7PMT-thiopurine).”# Overall, 91% of subjects tested had a
variant in one of five drug-gene pairs tested including 4.8% with “highly actionable”
variants. These data reinforce the appeal of the pre-emptive approach since virtually all
patients carry at least one pharmacogenetic variant, and with the pre-emptive approach these
data are available at the point of care. Further, modeling indicated that point of care
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genotyping would have generated 14,656 tests, so the pre-emptive approach, by
implementing a multiplexed strategy, saves genotyping test costs. Similar data were reported
by the Mayo Clinic RIGHT program which reported that among 1,013 subjects tested, 99%
carried an actionable variant in SLCO1B1, CYP2C19, CYP2C9, or VKORCI1.5* Analysis of
the first 5,000 subjects tested in eMERGE-PGx found that >96% of samples had CPIC-
designated high priority actionable variants.”

The Vanderbilt PREDICT program reported that 22% of patients tested (2,676/12,157) were
prescribed clopidogrel. In this group, there were 450 carriers of a single loss-of-function
variant (intermediate metabolizers) and 64 carriers of two loss-of-function alleles,
predominantly CYP2C19*2 (poor metabolizers).”® A year after initiation of clopidogrel
CDS, only 8.3% of the normal metabolizer group (those lacking loss-of-function variants)
had switched to alternate therapy. By contrast, 33.2% of the intermediate metabolizers and
57.6% of poor metabolizers had been switched to alternate antiplatelet therapy. Factors
associated with reduced “conversion” of clopidogrel to alternate therapy included perception
of increased risk of bleeding (a problem with alternate antiplatelet treatments such as
prasugrel) and delayed delivery of genotype information after initiation of treatment.
Interestingly, there was also striking variability in the extent to which high volume
practitioners (those caring for at least forty patients within the cohort) adopted alternate
antiplatelet therapy, from 23% to 68%. Further questioning of practitioners revealed that
virtually all agree that genetic variants influence drug response, and the vast majority (92%)
favored immediate notification when a clinically action variant was detected in a patient on a
target drug.’” However, there was variability in perception of who was responsible for
changing the drug dose, and whether patients should be notified of their results.

The IGNITE Pharmacogenetics Working Group’® has reported on the impact of CYP2C19
point of care testing on the development of major adverse cardiovascular events
(cardiovascular events, MI, stroke and instant thrombosis) over six months after initiation of
clopidogrel CDS. There was a lower incidence of MACE in subjects with loss-of-function
alleles switched to alternate therapies, compared to those with loss-of-functional alleles
maintained on clopidogrel. However, there was no significant difference between subjects
with loss-of-function alleles prescribed alternate therapy and those without loss-of-function
alleles. These outcome data support the use of clopidogrel CYP2C19testing to reduce the
incidence of MACE."®

Cost-effectiveness:

To date, cost-effectiveness analyses have largely examined single-gene scenarios.8% One
study suggested a benefit of the strategy of genotyping for CYP2C19and using alternate
antiplatelet therapy instead of clopidogrel in variant carriers compared to just using more
expensive alternate therapies (that have also been associated with increased bleeding risk).
81.82 Similarly, cost-effectiveness analysis suggested that HLA-B*57:01 testing for abacavir
was less expensive and more beneficial than not testing;83 interestingly, this result was
reported several years prior to the RCT that demonstrated benefit. In the case of warfarin,
cost-effectiveness was suggested only if the cost of testing were low (<$200), if testing were
limited only to patients at high risk of bleeding, or if the testing reduced major bleeding by a
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third and results were available within 24 hours.84 Other studies have similarly suggested
only marginal benefit8 or testing would be cost-effective only if it markedly reduced major
bleeding complications or substantially increased time in therapeutic range, by >5-9%.86

There are limited data available on the potential cost-effectiveness of multiplexed pre-
emptive strategies. Reusing panel results over time would incur near-zero marginal
acquisition cost for any additional genes on the panel, but the scale and scope of benefits are
dependent on variant frequencies, penetrance and a host of other gene, clinical, and health
system factors mediating the clinical impact of reporting each additional genetic variant.
Further, the individual with the genotype data must be exposed to the relevant drug to accrue
any benefit; for example, as mentioned above, only 22% of patients in the Vanderbilt
PREDICT program received clopidogrel. Thus, the use of clinical sequencing in routine
clinical care depends on the population selected for genotyping, the ability for front-line
clinicians to effectively incorporate genomic data into their clinical decision-making, and the
impact of tailored screening or diagnosis to alter patients’ clinical course. In an approach
using simulation to project benefits over patients’ lifetimes, one study has shown that
screening patients with a broad panel covering all top CPIC drug-gene interactions would
approach cost effectiveness (Incremental Cost-Effectiveness Ratio <$150,000 per quality-
adjusted life year) assuming the information was used at a high rate by clinicians and
pharmacogenomic variants had moderate efficacy at reducing adverse events.87

Future directions

To date, data from individual sites have generated relatively small data sets reporting
outcomes using multiplexed approaches. As mentioned above, IGNITE has begun to
examine outcomes across sites, and the eMERGE-PGx program has used a common
genotyping platform across sites, although CDS varies across sites and the collection of
clinical outcome data is still slow. The Ubiquitous Pharmacogenomics (U-PGx) Consortium
is a group funded by the European Union to examine pharmacogenetic implementation.88
Their PREPARE (PREemptive Pharmacogenomic testing for prevention of Adverse drug
Reactions) project is using a multiplexed pre-emptive genotyping strategy implementing the
Dutch Pharmacogenetics working group guidelines across seven European countries. The
projected enrollment is 8,100 subjects, randomized to pharmacogenetic-guided therapy or
standard of care; 50 variants in 13 pharmacogenes and 43 drug-gene pairs will be studied
with standardized outcome measures established. The goal is to focus on prevention of
adverse drug reactions across all drug-gene pairs. The study has launched and anticipates a
three-year recruitment and follow-up period to end in 2020. Notably, U-PGx, TPP, and other
efforts have focused largely on populations of European ancestry, and as with discovery
highlighted above, implementation efforts will require studies across diverse ancestries.
Thus information from ongoing programs that continue to accrue subjects as well as national
and international consortia should start to provide data on process and clinical outcomes in
pre-emptive pharmacogenetic programs.
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Figure 1:
Comparison of the point of care and the pre-emptive approaches to acquiring and delivering

pharmaco genetic variant data
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Table 1:

Major lessons learned from studies of single drug pharmacogenetic outcomes

Drug Major lessonslearned
Warfarin « Define multiple genetic pathways and specific variants modulating drug action prior to mounting trials

« Include multiple ancestries
* Specific endpoints chosen (e.g. efficacy versus adverse events) determine ability to detect an effect

Abacavir, carbamazepine

« Pre-clinical data may align with RCT outcomes

« Endpoints should be defined as precisely as possible

* Practitioner education is critical to successful implementation
« Include multiple ancestries

Clopidogrel

* Include multiple ancestries
« Variant allele frequency determine the likelihood of defining a pharmacogenetic outcome effect

Azathioprine

« A potentially beneficial outcome of pharmacogenetic testing is confined to patients with variant alleles
« Equipoise can change as genotypes become available and used
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