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Introduction

In recent years, outcomes for pediatric cardiac transplantation (PCTx) have steadily
improved, with current 5-year overall survival rates estimated at 83%.1 This progress may
be attributed to improvements in pre-transplant management, selection of donor hearts,
surgical technique, prevention and treatment of rejection, and minimization of treatment-
related adverse events. Despite these advances, children who receive cardiac transplants
suffer significant morbidity and mortality, and there is considerable variability in outcomes,
much of which cannot be explained by known clinical risk factors.

One source of inter-individual variability is genetic variation in the host. There is growing
evidence that genomic variation leads to differences in immune response, response to
therapies, and susceptibility to adverse outcomes such as malignancy and infection.2=* This
review will focus on the effect of variation in genes encoding enzymes, transporters and
drug target molecules influencing drug response. After review of the foundational principles
of pharmacogenomics, evidence for pharmacogenomic effects on cyclosporine, tacrolimus,
azathioprine, mycophenolate mofetil (MMF), and the mammalian target of rapamycin
(mTOR) inhibitors sirolimus and everolimus will be reviewed and clinical implications of
these findings discussed. Given the limited nature of evidence from studies of PCTx
patients, support will also be drawn from non-pediatric cardiac transplant research and
pediatric renal transplantation. Genetic studies of non-pharmacogenes such as those in
immunomodulatory pathways and variation in the donor genotype may contribute to risk
prediction, but are beyond the scope of this review.
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Principles of Pharmacogenomics

Genetic Variation

DNA variation can alter biologic function through several mechanisms (Figure 1). Variation
within the coding sequence or in intron/exon borders can change the protein product through
changes in start codons, stop codons, splice sites, or within the coding sequence, leading to
nonsense mediated decay or altered protein function. Other variants associated with
pharmacogenomic outcomes are not predicted to change the encoded protein. These
synonymous and intergenic variants may have direct functional effects via altered regulation
of expression, or they may serve as a marker for the presence of another functional variant.
Thus, important pharmacogenomic variation can occur anywhere in the genome. Individual
variants are denoted by their Reference SNP cluster ID (rsID, e.g. rs1045642). The pattern
of variants in an allele defines the haplotype, indicated by the “star allele” designation (e.g.
CYP3A5*3). The rates of occurrence for specific genotypes and haplotypes vary across
populations; some variants are ancestry-specific, while others have been identified with
varying frequency in all ancestries studied to date.

Pharmacogenomic Pathways

Pharmacogenomic variation may influence drug effect through pharmacokinetic
mechanisms, affecting absorption, distribution, metabolism, and excretion, or via
pharmacodynamic mechanisms, altering drug effects (Figure 1). Variations in drug
metabolism genes are among the most well characterized sources of pharmacogenomic
variability. For example, cytochrome P450 (CYP) 2D6 enzyme activity is required for O-
demethylation of the prodrug codeine to the active metabolite, morphine. Due to genetic
variation, a subset of the population has no CYP2D6 activity (“poor metabolizers”),
resulting in greatly reduced morphine formation and insufficient pain relief.>.6 Conversely,
individuals with multiple functional copies of CYP2D6 (“ultrarapid metabolizers™) rapidly
convert codeine to morphine, causing symptoms similar to those of overdose. Variations in
drug metabolism genes may also effect conversion of active drugs or metabolites to inactive
compounds. Warfarin is inactivated by CYP2C9; individuals with loss-of-function CYP2C9
variants require lower doses of warfarin to reach target levels of anticoagulation.’

Pharmacogenomic variants are not restricted to drug metabolism genes, but can also be
found in genes encoding drug transporters and targets. The OATP1B1 transporter (encoded
by SLCO1B1) facilitates hepatocellular uptake of statin medications. Individuals with
inactive OATP1B1 are at increased risk for muscle toxicity, specifically with high doses of
simvastatin.8 Vitamin K epoxide reductase (VKORC1) is the target of warfarin. Variation in
the promoter region of the VKORC1 gene affects gene transcription and thus modulates the
warfarin dose required to achieve therapeutic effect.” With increasing knowledge of the
pathways regulating the expression and function of enzymes, transporters, and drug targets,
variation in these important components of pharmacologic pathways are being discovered.

Pharmacogenomic Outcomes

Many pharmacogenomic studies have focused on pharmacokinetic outcomes such as drug
concentration or dose to achieve therapeutic levels. These outcomes are clinically and
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biologically relevant, particularly for drugs with a narrow therapeutic index where
maintenance of appropriate concentration is critical to achieve benefit without toxicity.
However, pharmacodynamic studies of drug efficacy, taking serum drug levels into account,
are required to determine genetic risk factors for ultimate clinical outcomes. Adverse drug
events such as drug intolerance due to side effects or drug toxicity are also crucial events
with individual differences in susceptibility, sometimes mediated by genetic variation
(Figure 1). A complete personalized therapeutic plan must consider the full spectrum of drug
effects, from therapeutic benefit to adverse event, in order to accurately determine the safest,
most effective combination of agents.

Special Considerations for Pediatric Cardiac Transplantation

The vast majority of pharmacogenomic data are from adult studies. While genomes are
stable throughout life, gene expression and function may vary with age. The developmental
ontogeny of drug metabolism and response genes is a topic of active research, as pathways
unique to children may contribute to individual differences in drug response. In addition,
developmental changes in the pediatric age range can lead to specific drug effects and
toxicities in children. For these reasons, it is important to validate pharmacogenomic
associations in children rather than extrapolating data from adults.

The specific case of cardiac transplantation also demands consideration of factors unique to
organ transplantation. After transplant, the patient has two genomes: their host genome,
present in the majority of cells relevant to drug response including the liver, kidneys,
immune cells, and vasculature; and the donor genome, present in the heart and passenger
cells (e.g. leukocytes). Specific variants affecting drug action or toxicity via action in heart
cells will be associated with donor, not host, genotype. The interaction of variants in the host
and donor genomes is an important topic of current research, but with very limited
information at this time in this patient population. Finally, given the need to balance risks for
rejection vs. drug toxicity, a broad spectrum of clinical outcomes must be studied including
rejection, cardiac function, graft loss and mortality, as well as infection, malignancy, and
tissue / organ toxicities in order to fully evaluate the effects of variants altering cellular
response to therapy.

Maintenance Immunosuppressive Agents in Pediatric Cardiac
Transplantation

Although immune suppression protocols vary among centers, broad principles apply.
Therapies include induction therapy (generally intravenous), maintenance therapies (usually
multi-drug oral medications), and rescue therapy for acute rejection events. Induction
therapy use is increasing; currently 71% of PCTx patients receive induction therapy with
either interleukin-2 receptor antagonists or T cell depleting polyclonal anti-thymocyte
antibodies.® The goals of induction therapy include protection against early rejection and
delayed introduction of nephrotoxic medications such as calcineurin inhibitors, as renal
function is typically impaired in patients immediately after transplant. The influence of
pharmacogenomic variation on the efficacy of induction therapies has not been reported for
PCTx patients. However, use of these agents can influence the interpretation and application
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Tacrolimus

of pharmacogenomic associations for maintenance therapy as described below. Many
studies reported herein were conducted in patients who did not receive induction therapy.
Whether the influence of genotype on outcomes such as acute rejection events, long-term
steroid dependency and drug toxicity is attenuated or amplified by induction regimens is the
focus of ongoing research.

Medications used for maintenance of immunosuppression in PCTx patients include long-
term use of a calcineurin inhibitor (CNI, tacrolimus or cyclosporine) in almost all cases.
Tacrolimus is currently used in approximately 78% of patients at the time of initial hospital
discharge (Table 1, Figure 2).° Most centers also use an antimetabolite agent (MMF or
azathioprine) as adjunctive therapy, with MMF being the most commonly prescribed
adjunctive agent at the present time and the use of azathioprine on the decline. In some
cases, a proliferation signal inhibitor (sirolimus or everolimus) is used as the adjunctive
agent in lieu of MMF or azathioprine.! These proliferation signal inhibitors are only very
rarely used as primary immunosuppressant as there is insufficient evidence that they offer
adequate protection against early rejection in the PCTx population. There is increasing use
of steroid avoidance or early steroid withdrawal after pediatric transplantation due to
significant adverse effects of long-term use of corticosteroids, including growth failure.
Steroid avoidance may be facilitated by the use of induction therapy. For each of these
agents, the clinical use profile, mechanism of action, and potential adverse events will be
discussed, followed by a summary of pharmacogenomic associations to date based on
review of published findings from cohorts of PCTx patients, pediatric renal transplant
patients, and/or adult cardiac transplant patients (Table 2, Supplemental Table 1).

Tacrolimus, the most commonly used CNI in PCTX, is a macrolide antibiotic compound
derived from the fungus Streptomyces tsukubaensis.! Tacrolimus binds FK binding protein;
this complex binds to and inhibits the phosphatase activity of the calcineurin-calmodulin
complex, leading to decreased translocation of NF-AT transcription factors to the nucleus.
This inhibits the transcription of cytokines including IL-2, IL-3, IL-4, TNF-alpha,
granulocyte-macrophage colony-stimulating factor (GMCSF), and interferon-gamma,
causing blunted T-cell activation and proliferation. Adverse events associated with
tacrolimus include nephrotoxicity such as acute reversible azotemia, chronic irreversible
renal disease, tubular disease or hemolytic uremic syndrome; hypertension; dyslipidemia;
neurotoxicity such as tremor; metabolic derangements such as glucose intolerance, diabetes
mellitus, hyperkalemia or hypomagnesemia; and gastrointestinal side effects such as
anorexia, nausea, vomiting, diarrhea, and abdominal discomfort. Like all
immunosuppressive agents, tacrolimus is also associated with increased risk for infection
and malignancy.

Tacrolimus is inactivated in the liver by cytochrome P450 enzymes in the 3A family
(CYP3A). Functional CYP3A alleles have been associated with more rapid tacrolimus
inactivation and higher dose requirements in pediatric renal transplant patients16-21 and
adult cardiac transplant patients.?2:23 The most well characterized CYP3A variant is
CYP3A5*3, which includes a splicing variant that prevents translation of active enzyme.
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One or more copies of the functional enzyme (encoded by CYP3A5*1) are present in the
majority of African-American individuals, but homozygosity for the non-functional
genotype, denoted by CYP3A5*3/*3, is more common among individuals of European and
Asian descent and Hispanic Americans. Several studies have investigated the influence of
CYP3A5*3 on tacrolimus disposition in PCTX, consistently finding significant associations
of CYP3A5*3 with lower required tacrolimus doses and higher tacrolimus dose-adjusted
trough levels.11.14.15 Gijsen et al. investigated the effect of CYP3A4*22 (defined by a
variation in intron 6) and CYP3A5*3, finding that CYP3A poor metabolizers required 17%
less tacrolimus than intermediate metabolizers and 48% less than extensive metabolizers.14

Tacrolimus is also a substrate for the drug transporter p-glycoprotein, encoded by the gene
ABCB1. Homozygosity for the C allele for the synonymous rs1045642 variant has been
associated with lower dose-adjusted serum tacrolimus levels and increased steroid
dependency at one year post-transplant in cohorts of over 60 patients.19-12 The mechanism
whereby this synonymous variant influences outcomes is uncertain. Patients homozygous
for the missense G allele at rs2032582 had lower dose-adjusted tacrolimus levels measured
at 6 and 12 months after transplantation.11 A smaller cohort did not find a statistically
significant difference in tacrolimus dose adjusted concentrations or per-kilogram dose to
achieve therapeutic goal by rs1045642, rs2032582, or rs1128503 genotype.1> In one study
of 38 pediatric renal transplant patients, ABCB1 variants were associated with early post-
transplant dose-adjusted tacrolimus levels, but other studies of pediatric renal and adult
cardiac transplant patients found no effect.19:22:24 The inconsistent impact of ABCB1
variation on tacrolimus may be due to small sample size or unique genetic structure in
specific populations. Alternately, the observation of increased steroid dependency with
ABCBL variation without differences in serum tacrolimus concentration led to the hypothesis
that functional p-glycoprotein pumps tacrolimus out of the target cells, leading to decreased
effect despite therapeutic blood levels.10

Cyclosporine

Cyclosporine, the older of the two CNIs, is an 11 amino acid cyclic peptide derived from the
fungus Tolypocladium inflatum. Use is decreasing due to the side effect profile and data
indicating higher incidence of rejection when compared to tacrolimus.1:25:26 Cyclosporine
inhibits calcineurin through binding to cyclophilin, with downstream mechanisms as
described for tacrolimus. Oral bioavailability is low because of poor absorption, metabolism
by enzymes in the bowel mucosa, and first-pass hepatic metabolism, though improved with
microemulsion formulations compared to the oil-based form. Toxicities are similar to
tacrolimus, including infection, malignancy, nephrotoxicity, hypertension, dyslipidemia,
hypokalemia, hypomagnesemia, tremor, and gastrointestinal side effects. The incidence of
hypertension and hyperlipidemia may be higher than with tacrolimus, with lower risk of new
onset diabetes mellitus, tremor, and gastrointestinal effects in some series. Cyclosporine is
unlike tacrolimus in causing gingival hyperplasia and hirsutism.

Pharmacogenomic studies of cyclosporine in PCTx patients have not been reported, perhaps
owing to the predominant use of tacrolimus in recent years. Cyclosporine is metabolized to
inactive compounds by the CYP3A family of enzymes, and one study of 25 adult cardiac
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transplant patients reported an increase in dose- and weight-corrected cyclosporine
concentrations in CYP3A5 poor metabolizers.22 However, in larger cohorts, including 87
teenagers and 104 pediatric patients who underwent renal transplant, CYP3A5*3 was not
associated with variation in cyclosporine pharmacokinetics.1927 Cyclosporine is also a
substrate for p-glycoprotein; the influence of ABCB1 variants on cyclosporine
pharmacokinetics have been studied in pediatric renal%:27:28 and adult cardiac
transplant22:29:30 patients. In all three pediatric studies, ABCB1 genotype influenced
cyclosporine concentrations, though in the adult cardiac transplant studies the effect was
inconsistent and dependent on the time point studied.

An additional candidate gene, NR1I2, encodes the steroids and xenobiotics receptor (SXR)
which regulates CYP3A4 expression. Three studies in pediatric renal transplant patients have
demonstrated that carriers of rs3842689, a 6 base-pair deletion in the NR1I2 promoter,
require lower cyclosporine doses.28:31:32

Mycophenolate mofetil and mycophenolate sodium

MMF is a prodrug that is rapidly metabolized to the active form, mycophenolic acid (MPA).
Enteric-coated mycophenolate sodium delivers MPA in the small intestine. MPA reversibly
inhibits inosine monophosphate dehydrogenase (IMPDH), which catalyzes purine synthesis.
Because activated lymphocytes are dependent upon the de novo synthesis of purine
nucleotides, IMPDH inhibition causes decreased B- and T-cell proliferation and decreased
antibody production. MPA preferentially binds to IMPDH isoform type Il, expressed in
active lymphocytes. In addition to malignancy and infection (specifically CMV and herpes
zoster infections), MMF toxicities include nausea, diarrhea, abdominal cramping, and bone
marrow suppression. MMF is not nephrotoxic.

Published pharmacogenomic studies of MMF have focused on drug-related toxicities.
Adverse events are common, especially in the infant population. In a cohort of 59 PCTx
patients, those homozygous for A at rs11706052 in IMPDH2 experienced less bone marrow
toxicity leading to MMF dose-holding, although the effect was no longer statistically
significant after adjustment for age, race and gender.13 In the same patient population,
homozygous G genotype at IMPDH1 rs2278294 or rs2228075 was associated with
decreased rates of gastrointestinal toxicity.13 Use of the IMPDH1 haplotype did not lead to
greater statistical confidence.33 These observations have not yet been validated in larger
cohorts.

The organic anion transporter multi-drug resistance protein 2, encoded by ABCC2, is
involved in the enterohepatic circulation of MPA. In the same 59 PCTx patients, ABCC2
rs717620 GG genotype was protective against MMF discontinuation secondary to
gastrointestinal side effects, attributed to decreased enterohepatic circulation and lower
intestinal MPA concentrations.13 In 290 patients enrolled in the Pediatric Heart Transplant
Study, rs717620 GG genotype conferred increased risk of rejection with hemodynamic
compromise and late rejection with hemodynamic compromise, consistent with lower drug
exposure in this subset of patients.3* An evaluation of four ABCC2 variants (rs717620,
rs2273697, rs8187694, and rs3740066) in 89 PCTx patients found no associations to MMF
pharmacokinetics.3° A study of 32 adult cardiac transplant and 36 lung transplant recipients
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had mixed results with respect to ABCC2, finding no association for rs717620, although
rs3740066 and rs17222723 in ABCC2 were associated with anemia and leukopenia.3®

MPA is metabolized through phase Il glucuronidation by UDP glucuronosyl transferases
(UGT’s). In pediatric renal transplant patients and adult cardiac transplant patients,
polymorphisms in UGT2B7 and UGT1A8 have influenced the metabolism, clearance, and
side effect profile.35-37 The rs1800629 variant in TNF-alpha has also been studied in
pediatric renal transplant patients treated with MMF and was associated with increased rates
of myelotoxicity.38

Azathioprine

Azathioprine is an alternate antimetabolite agent used less frequently than MMF.1 A prodrug
that is metabolized by glutathione in red blood cells to 6-mercaptopuring, this agent inhibits
adenine and guanine ribonucleotide production, resulting in decreased numbers of
circulating B and T lymphocytes, reduced immunoglobulin synthesis, and diminished
interleukin-2 secretion. Thiopurine methyltransferase (TPMT) is important for 6-
mercaptopurine metabolism. Side effects of azathioprine include gastrointestinal effects
(anorexia, nausea, vomiting), infection, malignancy, and bone marrow suppression.

No pharmacogenomic studies of azathioprine in PCTx have been reported. In multiple other
patient populations, TPMT variants conferring decreased enzyme function have been shown
to increase formation of 6-thioguanine in patients treated with azathioprine, an outcome
associated with higher risk for side effects such as bone marrow suppression.3%-41 However,
a recent study of 93 adult cardiac transplant patients paradoxically found that patients with
decreased TMPT activity experienced earlier, more severe rejection without an increase in
incidence of leukopenia;*2 these data indicate that azathioprine may be less efficacious in
patients with decreased TPMT activity, perhaps due to decreased production of active
metabolites.#2 Guidelines for the use of TPMT genotype data in clinical care have been
published, and the FDA label recommends TPMT genotype or enzyme function testing in
patients treated with azathioprine.43

Sirolimus & Everolimus

Sirolimus and everolimus are macrocyclic triene antibiotics that block the response of T-
and B-cell activation by cytokines through the binding of FK binding protein and
modulation of mTOR. These drugs have infrequent and decreasing use in PCTx.! Toxicities
include anemia, thrombocytopenia, leukopenia, hyperlipidemia, nephrotoxicity, progressive
interstitial pneumonitis, and gastrointestinal effects (constipation, diarrhea, dyspepsia,
nausea, vomiting). Delayed wound healing is sometimes observed, raising concerns about
early use after transplantation surgery. When sirolimus is used in conjunction with
cyclosporine, hemolytic uremic syndrome has been reported. These are substrates for
CYP3A and p-glycoprotein. CYP3A5 and ABCB1 variants have been studied in adult cardiac
transplant patients treated with everolimus (N=30 and 59 patients), but no significant
associations of genotypes to pharmacokinetics were found.23:44
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Clinical Implications

In the current literature, the evidence for the influence of pharmacogenetic variation on
response to maintenance immunotherapy used in PCTX is sparse and in some cases
contradictory. Consistent findings from multiple studies in distinct populations are required
for clinical implementation of genotype-guided therapy. Consistent evidence for
pharmacokinetic outcomes has been established for azathioprine and TPMT, and tacrolimus
and CYP3A5. Additional data, pending validation, suggest that variation in drug transporters
and drug targets affect drug disposition and effect, including ABCB1’s influence on
tacrolimus and IMPDH effects on MMF intolerance. All of these data are limited by small
sample size, evaluation of a limited number of variants, and lack of statistical correction for
multiple comparisons. There are several unanswered questions regarding the clinical
relevance of these associations. The impact of pharmacovariants on outcomes beyond drug
trough concentrations has not been firmly established. Prior knowledge of drug metabolism
genotype may facilitate individualized dosing to achieve early therapeutic concentrations
and avoid toxic supratherapeutic levels; however, this effect has not been proven. The
impact of pharmacovariants on clinical outcomes must be assessed. Given that both
morbidity and mortality are increasingly due to medication toxicities rather than rejection,
accurate prediction models for efficacy and toxicity have the potential to individualize
therapy and further improve PCTx outcomes.

Potential Clinical Implementation: Tacrolimus and Azathioprine

The Pharmacogenomic Resource for Enhanced Decisions in Care & Treatment (PREDICT)
program at VVanderbilt University Medical Center was launched to evaluate evidence for
clinical pharmacogenomic testing, develop genotype-guided clinical decision support
(CDS), and implement pharmacogenomic testing.#>4¢ Given the well-established
associations of drug metabolism variants to tacrolimus and azathioprine disposition and the
potential to reduce drug toxicity, the PREDICT program has implemented testing and CDS
for CYP3A5 and TPMT variants. Beyond the burden of scientific evidence, obstacles to
implementation include technical challenges (e.g. laboratory testing protocols and reporting,
genotype data storage, development and maintenance of clinical decision support), practical
challenges (e.g. test turnaround time, physician workflow, communication of results to
patients and providers, reimbursement), and educational challenges (for both providers and
patients). PREDICT provides proof-of-principle that preemptive genotyping and real time
CDS can be operationalized in clinical practice, and offers the opportunity to evaluate the
impact of pharmacogenomic testing.

For azathioprine, the FDA label recommends testing for TPMT genotype or phenotype and
use of alternate agents or reduced dosage in patients with low or absent TPMT activity.
Clinical guidelines for use of TPMT genotype or phenotype information for dosage
adjustment of these drugs in adults and children have been published and are also available
at the Pharmacogenomics Knowledgebase (PharmGKB).43:47:48 Given the low prevalence of
nonfunctional TPMT alleles, patients rarely have two such alleles (1 in 178 to 1 in 3736
patients); however, intermediate TPMT activity due to heterozygosity for functional and
nonfunctional alleles is much more common (3-14% of patients), and also merits dosage
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adjustment. Pre-prescription testing for TPMT status prior to initiation of azathioprine
therapy is advocated for many clinical contexts.*9-53 Through PREDICT, clinical testing for
TPMT genotype is available at this institution, with CDS activated for patients with
genotypes indicating low or intermediate TPMT activity (Figure 3A). A website has also
been developed to provide genotype-specific information and a review of evidence for
patients and providers outside of Vanderbilt.>*

For tacrolimus, the presence of CYP3A5*1 genotype has been established to increase the
tacrolimus dose required to achieve target drug concentrations in multiple populations,
including children.11:14-18.20-23,55 | pediatric renal transplant patients, CYP3A5*1 was
associated with lower tacrolimus serum concentration despite therapeutic drug monitoring,
perhaps due to clinician hesitancy to prescribe the high doses of tacrolimus required in these
patients.1”:18 Through PREDICT, clinical CYP3A5 genotyping is available for both pediatric
and adult patients receiving tacrolimus. CDS alerts providers of the potential for drug
resistance in CYP3A5*1 carriers and homozygotes; further information is available at the
MyDrugGenome.org website (Figure 3B).>

Biologic Factors Contributing to Health Disparity

Transplant outcomes have improved considerably, but significant differences in morbidity
and mortality are evident when comparing outcomes across race and ethnicity, especially for
late mortality rates.56-60 Many factors contribute to these disparities, including complex
interactions of recipient-donor match, etiology of transplant, access to care, socioeconomic
status, and cultural differences affecting health care delivery. However, some outcome
disparity may be attributed to biological factors conferred by genetic differences. In
comparison with Caucasian PCTx recipients, African-American patients have a higher
burden of genetic variants predisposing to inflammation, which may require more intensive
maintenance immunosuppression.8? In addition, African-American patients are more likely
to be carriers of pharmacogenotypes associated with reduced drug availability and
efficacy.51 Thus, it seems rational to prescribe tacrolimus dosing to African-American
transplant recipients based on CYP3A genotype rather than an assumed ‘most likely’
genotype based on recipient race. Refinement of predictive models that incorporate clinical
and genetic risk factors in order to personalize therapy holds particular promise to improve
outcomes for at-risk populations.

Future Directions

Many of the limitations to the evidence base for pharmacogenomics in PCTx are due to
small sample size. Multicenter consortia such as the Pediatric Heart Transplant Study have
the potential to assemble and follow a large, diverse cohort to determine the impact of
genetic variants on pharmacokinetics and pharmacodynamics through investigation of
endpoints such as drug levels, drug toxicity, transplant rejection and mortality. Coupling
such resources with modern statistical analyses (e.g. implementation of propensity score
techniques), sophisticated biomarker analyses, and precise phenotyping for covariates and
outcomes including adverse drug events will enable incorporation of dense clinical and
genetic data to determine independent predictors of drug response and ultimate transplant
outcomes. Evaluation of the impact of pharmacogenetic variants in the context of current
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therapeutic regimens, including induction agents, is ongoing. A key component for these
studies is inclusion and study of patients at the highest risk for poor outcomes, including
African-Americans. Validation of the effects of known variants and discovery of additional
pharmacogenes may enable not only personalized care for these at-risk patients, but also
lead to better understanding of the mechanisms of rejection and drug action, leading to novel
therapies.

Conclusions

We have the technology to perform rapid, low-cost genotyping, sophisticated data analyses,
and personalized CDS based on patient data, clinical parameters, and genotypes. The wide
variability in PCTx outcomes, not predicted by clinical factors alone, provides the
opportunity for implementation of pharmacogenomic testing and continued research. There
is consistent evidence that genetic variation in CYP3A5 and TPMT alter the
pharmacokinetics of tacrolimus and azathioprine, respectively, and the impact of preemptive
pharmacogenomic testing for these genes on clinical outcomes in PCTx can only be
established through application and evaluation of pharmacogenomic programs. There are
many additional genes encoding drug metabolism enzymes, drug transporters, drug targets
and regulatory genes relevant to PCTx recipients. We envision use of clinical and
pharmacogenomic factors for personalizing therapeutic decisions for PCTx. This approach
has the potential to minimize rejection events while avoiding the serious, and sometimes
fatal, complications of immunosuppressive therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Mechanisms of Pharmacogenomic Effect. Several types of genetic variation may lead to

alterations in gene products. Pharmacogenes include those coding for a variety of cellular
functions, and may alter drug response via pharmacokinetic (absorption, distribution,
metabolism or excretion) or pharmacodynamic (direct drug effect) pathways.
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Figure 2.
Maintenance Immunosuppressant Use in Pediatric Heart Transplantation. Maintenance

immunosuppression at 1 year (black bars) and 5 year (white bars) follow up in pediatric
heart transplant recipients with visits from 2007 onwards. Percent of all patients receiving
each drug is plotted on the Y axis. Sum across medications is greater than 100% due to
concomitant use of two or more medications. MMF — mycophenolate mofetil; MPA —
mycophenolic acid; mTOR — mammalian target of rapamycin. Based on published data.®
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Thiopurine Therapy Intermediate Metabolizer Rules

Genomic testing has been performed and indicates that this patient is at

INCREASED risk for myelotoxicity with thiopurine therapy.

This patient has been tested for TPMT variants which has identified the presence of one copy of a risk allele which is associated with intermediate
metabolism of thiopurine therapy. Intermediate metabolizers have reduced TPMT activity and are at increased risk for myelotoxicity when treated
with thiopurine therapy.

(See StarPanel for patient-specific TPMT gene result.)

Dose reduction and close monitoring is strongly recommended if thiopurine therapy is continued.

Cick here for more information Proceed with Thiopurine Therapy

NOTE: The Vanderbilt P&T Committee has approved this recommendation based on the detailed review of the literature and consensus guidelines,

Back || Home -

X

my GENOME
The right drug, the right dose, the first time. overview drug genome interactions (DGIs) meettheteam | faq

RESULTS INTERPRETATION

Select genetic result to view interpretation or see see

CYP3AS5 *1/"1 v

Genetic Result  Tacrolimus Response  Adult Drug Guidance = Pediatric Drug Guidance

CYP3AS *1/*1 Hypo-Responder Guidance applies Guidance &

1The *5, "6, *7, and *10 alleles have been shown to be low-functioning or non-functioning in in vitro studies. Dosing guidance is not available at this time,
however, due to limited clinical evidence. These alleles and others are considered uncharacterized with respect to tacrolimus dosing

PRESCRIBING GUIDANCE

HYPORESPONDER TO STANDARD DOSE

Tacrolimus dose increase and close monitoring is strongly recommended to achieve therapeutic effect.

Figure 3.
Clinical Implementation of Pharmacogenomics for Pediatric Cardiac Transplantation. A)

Example of clinical decision support implemented by the Vanderbilt University Medical
Center Pharmacogenomic Resource for Enhanced Decisions in Care & Treatment. This
warning is shown in the inpatient order system for individuals with one functional and one
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nonfunctional TPMT allele if an order is entered for a thiopurine drug. B) Result
interpretation and prescribing guidance for CYP3A5*1 homozygosity, available at
MyDrugGenome.org.>*
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