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OBJECTIVES: Earlier studies have indicated that the pharmacokinetics of mycophenolic acid (MPA) is
influenced by polymorphisms of ABCC2, which encodes for the membrane transporter MRP2. The ABCC2
rs717620 A allele has been associated with enterohepatic recirculation of MPA, and our previous work had
correlated the discontinuance of MPA with this allele in pediatric heart transplant patients. Therefore, we
hypothesized that the ABCC2 rs717620 A allele would be associated with poorer outcomes including rejec-
tion with hemodynamic compromise (RHC), graft failure, and death in the pediatric heart transplant (PHTx)
population receiving MPA.

METHODS: PHTx recipients from 6 institutions in the Pediatric Heart Transplantation Study (PHTS) from
the period of 1993-2009, receiving MPA therapy, were genotyped for ABCC2 rs717620. Genotyping was
accomplished by direct sequencing. Demographic and outcome data were limited to the data routinely
collected as part of the PHTS and included RHC and mortality.

RESULTS: Two hundred ninety patients were identified who received MPA at some point post transplan-
tation, of which 200 carried the GG genotype, 81 carried the AG genotype, and 9 carried the AA genotype.
Follow-up time after transplantation was 6 years. RHC occurred in 76 patients and 18 patients died. In the
281 patients followed up more than 1 year, late RHC (>1 year post transplantation) occurred in 42 patients.
While both RHC and late RHC were associated with the ABCC2 rs717620 GG genotype (hazard ratios: 1.80
and 4.57, respectively, p<0.05) in all patients, this association was not significant in PHTx patients receiving
only MPA as the antiproliferative agent from the time of transplant (n=142).

CONCLUSIONS: ABCC2rs717620 polymorphisms varied within racial groups. As a candidate gene assess-
ment, the ABCC2rs717620 AG and AA genotypes may be associated with improved, rather than poorer, RHC
in PHTx patients receiving MPA therapy. ABCC2rs717620 polymorphisms should be included in any expanded
pharmacogenomic analysis of outcomes after pediatric heart transplantation.

INDEX TERMS: ABCC2 polymorphisms, heart transplantation, mycophenolic acid, pediatrics, pharmaco-
genetics, rejection
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INTRODUCTION organ function, and management of the immune

response, infections, and drug adverse effects and

Organ transplantation and its management is interactions. The influence of donor and recipient

a complex process that requires maintenance of ~ genetics on this process is still being worked out.
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One approach that has been taken is a candidate
gene approach where single nucleotide poly-
morphisms (SNPs) are first tested individually,
and then those SNPs with promise are tested as
a group for associations with a disease state.!
The Pediatric Heart Transplant Study (PHTS)
has taken this candidate gene approach, and the
results of several multiple SNP analyses have
been published.?* These previous studies had
not examined SNPs for an important membrane
transporter called the multidrug resistance protein
2 (MRP2).

The ABC transporter family plays a role in
the disposition of multiple drugs, and MRP2
is encoded by ATP-binding cassette subfamily
C member 2 (ABCC2). A genetic influence on
the function of MRP2 is well known due to the
inborn genetic error in ABCC2 in Dubin-Johnson
syndrome of conjugated hyperbilirubinemia.
MRP2 plays a role in the liver with enterohepatic
recirculation, in gastrointestinal absorption, and
in drug elimination in the renal proximal tubule.
While multiple SNPs can be identified in ABCC2,*
ABCC2 rs717620 (formerly referred to as C-24T)
has been most extensively studied in transplant
patients in association with mycophenolic acid
(MPA) therapy.>®

MPA and its metabolites are transported in
the liver and kidney primarily by MRP2. This
transport process in liver was initially recognized
as having a role in the drug interaction between
cyclosporine and MPA.? In our previous study in
pediatric heart transplant (PHTx) patients, 36%
of the study population had MPA temporarily
stopped or discontinued owing to gastrointesti-
nal (GI) intolerance.!® While the exact mechanism
of the intestinal adverse effects is not understood,
this discontinuation of MPA or a reduction in
MPA dosage due to GI intolerance has been as-
sociated with an increased risk of rejection and
graft failure in renal allograft patients." Dose
reduction for MPA due to GI intolerance has
also been reported as a risk factor for increased
rejection rates in adult heart transplant patients.'>

Given the preliminary evidence for the as-
sociation of ABCC2 polymorphisms with MPA
discontinuation and the association of MPA dose
reduction or discontinuation with organ trans-
plant rejection, we hypothesized that ABCC2
polymorphisms may be a risk factor for rejection
episodes, rejection with hemodynamic compro-
mise (RHC), or death in PHTx patients. With an

increasingly diverse set of transplant immuno-
suppressive agents available, a pharmacogenetic
effect on clinical outcomes could have important
implications for drug selection algorithms for
PHTXx patients in the future. In accordance with
the candidate gene approach of the PHTS, the
objective of this study was to conduct an initial
examination of the association between the long-
term outcomes in PHTx patients receiving MPA
and the ABCC2 rs717620 polymorphism.

MATERIALS AND METHODS

Participants

This study included PHTx recipients under-
going a transplant between January 1993 and
December 2009 and followed up at 1 of the 6
centers participating in the National Heart, Lung
and Blood Institute-sponsored Specialized Cen-
ters for Clinically Oriented Research (SCCOR)
program “Optimizing Outcomes After Pediatric
Heart Transplantation” and the PHTS. This SC-
COR program included University of Pittsburgh,
Stanford University, Loma Linda University,
Washington University, Columbia University,
and University of Alabama at Birmingham. Pa-
tients were enrolled in the study after obtaining
approval of the institutional review boards of
the participating centers, informed consent from
parents or guardians, and assent from children
of age to provide this. All participants were
separately enrolled in the PHTS, a prospective,
event-driven database study.* All patients were
maintained on immunosuppressive regimens
and underwent rejection surveillance as per in-
dividual institutional protocols. For the purpose
of this evaluation, patients were included if they
received any product formulation of MPA.

Data Collection and Clinical Outcomes

All demographic, clinical, and rejection data
were extracted from the PHTS database. Race
was determined by parent-described response
recorded at study entry. The PHTS defines rejec-
tion as “an event (biopsy or other criteria) leading
to acute augmentation of immunosuppressive
therapy,” and rejection episodes are reported on
designated event forms."*¢ For each rejection
event, hemodynamic status is reported and he-
modynamic compromise, if present, is classified
as mild, with worsening of cardiac function, or
severe, requiring inotropic support. In this study,
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we investigated episodes of RHC, both mild and
severe.

Only patients who received any formulation of
MPA as part of their immunosuppressive regimen
were eligible for inclusion in this analysis. Since
the hypothesis related outcome to MPA therapy, a
separate analysis was performed for patients who
received MPA from the time of transplantation
(initial immunosuppressive therapy) to reduce
confounding factors. Mycophenolate plasma
concentrations and drug doses were not collected
as part of this study. No attempt to analyze the
results by clinical center was made because of the
relatively small number of patients.

Detection of Genetic Polymorphisms

A sample of 3 to 6 mL anticoagulated periph-
eral venous blood was obtained from each study
participant. Genomic deoxyribonucleic acid
(DNA) was extracted from each blood sample by
using QIAamp DNA Blood Midi Kit and ampli-
fied by using REPLI-g Mini/Midi Kit (Qiagen
Inc, CA). Genotypes were obtained by direct
nucleotide sequencing at the ABCC2 locus (G > A
transition; rs717620) by using nested polymerase
chain reaction (PCR). The primary PCR prim-
ers were F1 5-AACAACAATTCTCCTTCCT-
CAC-3" and R1 5-TAGGCTCACACTGGATA-
AGC-3'. The secondary PCR primers were F2
5-TCTTGTTGGTGACCACCCTAAG-3" and R2
5-AGCTCTGTTGACATCTTTCAGTG-3'. For
primary PCR, a 20 uL reaction was prepared
and a 50 uL reaction was used for secondary
PCR. Each reaction consisted of the following: 1x
PCR buffer, 2 mmol/L of each deoxynucleotide
triphosphate, 0.2 mmol/L magnesium chloride,
20 mmol/L forward and reverse primers, 1 unit
of Platinum Taq DNA polymerase (Invitrogen,
Carlsbad, CA), and 5 uL DNA. The conditions
for the primary PCR amplification were 94°C
for 5 minutes, followed by 20 cycles of 94°C for
30 seconds, 68°C for 30 seconds, and 72°C for 30
seconds, with a final extension step at 72°C for
7 minutes. The secondary PCR conditions were
94°C for 5 minutes, followed by 40 cycles of 94°C
for 30 seconds, 64°C for 30 seconds, and 72°C for
30 seconds, with a final extension step at 72°C for
7 minutes. Shrimp Alkaline Phosphatase (SAP)"”
and Exonuclease I (Exo I) (USB, Cleveland, OH)
were used to remove excess amplification prim-
ers and deoxyribonucleotide (dANTPs) before
genotyping. The purification reaction was pre-

pared with 1 unit SAP, 3 units Exo I, 1 unit SAP
Dilute Buffer (10x), and 15 uL PCR product. The
reaction conditions were 90 minutes at 37°C fol-
lowed by 20 minutes at 70°C. Direct nucleotide
sequencing PCR was performed by using the
Big Dye Terminator Cycle Sequencing Ready
Reaction kit V3.1 on an ABI Prism 3130x] Genetic
Analyzer (Applied BioSystems, Foster City, CA).
The following primers were used for sequencing:
F3 5-ACTAACTACCACTTGTTCTGAG-3" and
R3 5-AACTGGTGAGTCTCCCTGTC-3".

Statistical Analyses

Participating PHTx patients were grouped
according to their ABCC2 rs717620 genotype.
Clinical and demographic characteristics were
compared between ABCC2 rs717620 groups by
using chi-square statistics. Sixty-day rejection
rates and severity of RHC were compared with
Mantel-Haenszel chi-square statistics for ordered
data. Time-to-event analyses were performed for
rejection outcomes, for graft failure and death
among all study patients, and for time to late
rejection and late RHC events among patients
with atleast 1 year of follow-up. Unadjusted RHC
rates at 5 years post transplantation were esti-
mated by Kaplan-Meier methods and compared
among subgroups defined by recipient race, age
at transplantation, and genotype, using log-rank
statistics. Individual Cox proportional hazards
regression models were created to estimate the
hazard ratio (HR) of the ABCC2 rs717620 geno-
type on the specified clinical outcomes, adjusting
for recipient race and age at transplantation. A
dominant model was used to compare patients
with ABCC2rs717620 GG to those with AG or AA.
The main effect and interaction terms between the
SNP and black race were included in the model to
test whether the effect of the SNP on RHC varied
significantly by race. In addition, the age-adjusted
HR for the genotype was examined separately
within each racial group. Adjusted HRs and
95% confidence intervals (Cls) are reported. All
analyses were performed with SAS version 9.1
(Cary, NC). p values less than 0.05 were consid-
ered statistically significant. A subanalysis was
conducted for patients receiving MPA as initial
therapy from the time of transplantation.

RESULTS

From the PHTS population, 290 patients were
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Table 1. Demographics of Patient Population (n=290)

Total Patient Population ABCC2 GG ABCC2 AG ABCC2 AA p Value
n=290 n=200 n=81 n=9
Sex (%) 0.28
Male 53.1 50.0 60.5 556
Female 46.9 50.0 395 444
Race (%) 0.01
White 74.1 71.0 82.7 66.7
Black 18.6 235 74 11.1
Other 7.2 5.5 9.9 22.2
Hispanic ethnicity (%) 0.65
Yes 22.8 225 24.7 1.1
No 77.2 77.5 753 88.9
Age at transplantation (%) 0.71
<lyr 259 25.0 28.4 22.2
1-5yr 23.8 23.5 22.2 444
5-12yr 26.9 26.0 29.6 222
213 yr 235 255 19.8 11.1
Etiology (%) 0.07
Cardiomyopathy 50.3 53.0 43.2 55.6
Congenital heart disease 441 43.0 49.4 22.2
Myocarditis/other 55 4.0 7.4 222
100 for most of the patients was cyclo-
90 sporine (71%), and tacrolimus was
80 used in the remaining group (29%).
Induction therapy was administered
70 in 62% of the patient population.
60 526 When drug therapy was compared
50 across ABCC2 rs717620 genotypes,
40 368 no significant difference was ob-
30 served for any given genotype. The
20 average patient follow-up time was
105 6 years post transplantation.
10 The demographic characteristics
. . i of the patients are given in Table 1.
Vzl::fs,\gl;-' B(Iﬁczlzg)H H('rfzgg;c (gt:h6e6r) The patients were evenly divided

Figure 1. ABCC2 genotype frequency by race/ethnicity (p=0.042).

NH, non-Hispanic.
H AA; O AG E GG

between males and females, and
74% were of white race with 23%
of all patients having Hispanic
ethnicity. In this group, 26% were

identified as having received MPA at some time
post transplantation. Fifty-four percent of the
patients received only MPA as an antiprolifera-
tive agent, and 46% of patients had received both
azathioprine and MPA during their posttransplant
course. One hundred forty-two patients had
received MPA as part of initial immunosuppres-
sive therapy from the time of transplantation. The
calcineurin antagonist immunosuppressant used

infants defined as younger than
1 year, and 24% were aged 13 years or older.
Fifty percent had cardiomyopathy and 44% had
congenital heart disease. While the patient char-
acteristics for age, sex, Hispanic ethnicity, and
etiology did not differ significantly, race varied
by genotype group. The prevalence of the ABCC2
rs717620 genotypes by combined race/ethnicity
categories is presented in Figure 1. The ABCC2
genotypes differed significantly by racial /ethnic
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Table 2. Association of Clinical Outcomes and ABCC2 rs717620 GG vs ABCC2 rs717620 AA or AG Polymorphisms

Adjusted for Age and Race

Total Patients (n=290)

Initial Therapy MPA Patients (n=142)

Outcome No. Hazard Ratio p Value No. Hazard Ratio p Value
Death 18 1.67 0.44 7 0.40 0.26
Graft failure 28 241 0.11 10 0.90 0.88
Second rejection 125 1.13 0.55 28 0.73 0.73
RHC 76 1.80 0.045 22 1.41 0.51
Rejection after 1 yr 116* 1.28 0.26 28t 1.05 0.90
RHC after 1 yr 42% 4.57 0.0045 12+ 243 0.26

MPA, mycophenolic acid; RHC, rejection with hemodynamic compromise

*Among 281 patients with greater than 1 year follow-up
tAmong 133 patients with greater than 1 year follow-up

groups, such that the black non-Hispanic group
was more likely to have a GG genotype and
was significantly less likely to be heterozygous
(p=0.045; chi-square test). Only 1 homozygous
ABCC2 rs717620 AA patient was found among
the 46 black non-Hispanic patients. All genotypes
within racial groups were in Hardy-Weinberg
equilibrium.

Of the 290 patients receiving MPA as immu-
nosuppressive therapy, 28 suffered graft failure
and 18 died (see Table 2). ABCC2 rs717620
polymorphisms were not associated with graft
failure or death. One hundred and twenty-five
patients had more than 1 episode of rejection, and
ABCC2 rs717620 genotype was not associated
with the occurrence of a second rejection episode.
Seventy-six patients had RHC, and patients with
ABCC2 rs717620 GG were more likely to have
RHC after transplantation than those with AA
or AG (5 year freedom from RHC: 69.4% GG vs
82.5% AG or AA, p=0.0016, Figure 2). Account-
ing for age and black race,"® patients with ABCC2
rs717620 GG had significantly greater risk of
RHC than those with AA or AG (HR=1.80, 95%
CI=1.01 to 3.20, p=0.045).

Most of the patients (n=281) had been followed
up for greater than 1 year post transplantation.
Of this group, 116 patients had an episode of
rejection after 1 year post transplantation. Forty-
two patients had RHC greater than 1 year post
transplantation, and the adjusted risk of late RHC
was associated with ABCC2 rs717620 GG vs AA
or AG (HR=4.57,95% CI=1.60 to 13.0, p=0.0045).
When the sample was limited to those patients
receiving MPA as their initial immunosuppres-
sive therapy, the relationships between ABCC2
rs717620 and RHC and late RHC were not sta-
tistically significant, and the estimated effects,

as measured by the HR, were attenuated in this
patient subset (see Figure 3).

DISCUSSION

Rejection with hemodynamic compromise in
PHTx patients predicts a very poor outcome,
with a 50% mortality within 5 years of the event."
Most deaths occur within 6 months of the event,
and these statistics have not changed in the last 15
years.' Therefore, any factor contributing to RHC
has to be seriously considered in PHTx patients.
Risk factors previously associated with RHC
have included older age of recipients, nonwhite
race,'® and genetic polymorphisms of IL-10, FAS,
and ACEIL.2

Drug therapy is the primary defense against
RHC, and MPA is currently the most commonly
used antiproliferative drug therapy. The dis-
position and effect of MPA may be controlled
by a number of gene polymorphisms and drug
interactions. The target of MPA is inosine 5-mo-
nophosphate dehydrogenase (IMPDH), and
IMPDH is the product of 2 polymorphic genes,
IMPDH1 and IMPDH?2. Polymorphisms in the
human genes IMPDH1 and IMPDH?2 have been
associated with IMPDH-MPA activity*** and
acute rejection in organ transplant patients.”
Glucuronidation of MPA to MPA glucuronide is
an important route of metabolism, and polymor-
phisms in UGT1A9 can affect the MPA gluronide
(MPAG), and to a lesser extent, MPA exposure.*
Studies with MRP2 were driven by the docu-
mented interaction of MPA with cyclosporine,®*
and previous reports® have associated ABCC2
polymorphisms with a change in MPA exposure
or trough plasma concentration.

The long-term implications of ABCC2 poly-
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U 1 to drug discontinuation
= | were significantly associ-
o
£ 0.9 %- e mmemecenn .| 825% ated with the A variant
£ 0.8 \ 69.4% allele. In that study, only
$ 0.7 e 2.4% of carriers of the GG
uE 0.6 genotype di§continued
= MPA for GI intolerance,
2 0.5 compared with 44.4% of
£ 04 patients with an A allele
© 0.3 at this locus (p< 0.001),
_S ' with an adjusted odds ra-
£ 02 tio of 0.025 and a 95% CI
g 0.1 of 0.002 to 0.27 (p=0.004).
a 0 : : : : . . . Transplant patients re-
0 1 2 3 4 5 6 7 g ceiving MPA that have

Years after Transplantation
Figure 2. Rejection with hemodynamic compromise for patients with ABCC2 genotypes

GG (solid line) and AG or AA (dashed line).
Log rank statistic p=0.016.

Gl intolerance have been
reported to be at greater
risk of graft rejection or
graft loss. In a study us-

morphisms on transplant outcome have not been
reported previously. This is the first report in a
large group of PHTx patients with long-term
follow up to document the association between
serious episodes of rejection affecting heart func-
tion and ABCC2 rs717620 genotypes. Previous
reports of ABCC2 genotypes in organ transplant
patients have focused on effects on MPA kinetics
and MPA-associated GI intolerance.

Cyclosporine-mediated inhibition of MRP2
does affect MPA plasma concentrations and MPA
dosage requirement.”® However, the effect of
ABCC2 polymorphisms on the pharmacokinetics
of MPA is unclear. A report in 2006 suggested that
the ABCC2 rs717620 A allele is associated with
enhanced MPA enterohepatic recirculation and
diarrhea in the first year after renal transplanta-
tion.® Later findings in 2007* and in 2009® in renal
allograft recipients could not confirm that there
was any pharmacokinetic effect of the ABCC2
polymorphisms on plasma concentrations of
MPA or the metabolite MPAG.

The GI adverse effects and diarrhea produced
by the administration of MPA in either of its com-
mercially available forms are a major problem in
maintaining therapy. In a study of 72 PHTx pa-
tients at 1 center, Ohmann et al'° found that GI ad-
verse effects were found in 36% of patients, lead-
ing to holding the drug for more than 2 days or
drug discontinuation. While the incidence of any
adverse Gl effects did not differ between ABCC2
rs717620 genotypes, severe side effects leading

ing the US Renal Data
System database, 3675 renal transplant patients
were identified who were receiving MPA at the
diagnosis of a GI disorder." In these patients,
an MPA dose reduction of 50% or more or MPA
discontinuation was strongly associated with
graft loss. In another study of adult heart trans-
plant patients, sustained significant rejection
was observed in 35% of patients not requiring
an MPA dose reduction vs 67% of patients re-
quiring an MPA dose reduction for adverse GI
effects (p=0.002)."? In the current study, it was
not possible to tell how many patients ultimately
discontinued MPA therapy. However, our initial
hypothesis that patients carrying an A allele at
rs717620 would do poorly, based on their GI
intolerance of MPA, was shown to be incorrect.

This analysis of a larger multicenter cohort
suggests that carriers of the ABCC2 rs717620
A allele may in fact do better long term. When
coupled with the results of the previous study
by Ohmann et al,'* the ABCC2 rs717620 A allele
may be associated with the positive attributes of
increased enterohepatic recirculation of MPA and
less RHC, while carrying an increased likelihood
of GI adverse effects. This observation could
also imply that the A allele patients are more
responsive to the drug for reasons that we do
not currently understand.

RHC continues to carry a very poor prognosis
in PHTx patients, especially when associated
with need for inotropic agents.'® Death most
commonly occurs within 6 months of the RHC
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organ, and regulation
of the immune response
in a transplant patient
receiving MPA. This may
be particularly true for
vulnerable populations,
such as black transplant

Death Graft Failure

HR, hazard ratio.

[] Pts. Who Received MPA as Initial Therapy (n=142); E All Pts. Who Received MPA

(n=290)

RHC
Figure 3. ABCC2 rs717620 genotypes and posttransplantation outcomes.

The age and race-adjusted HRs for GG vs AA or AG are shown, and an asterisk (*) signi-
fies a significant association (p<0.05). The dashed line represents HR=1

recipients. As newer im-
munosuppressive regi-
mens emerge, the ABCC2
rs717620 genotype could
be 1 component of a drug
selection algorithm in
PHTXx patients.

RHC>1yr

episode, and rejection is frequently the cause of
death. Continued efforts at identifying those pa-
tients at risk for RHC are necessary so that alter-
native means of preventing RHC can be explored.
Since cytokines such as IL-1, TNEF, and IL-6 sup-
press the expression of MRP2 in animal models,*”
patients with less enterohepatic recirculation of
MPA, on the basis of ABCC2 polymorphisms,
may be at further risk for diminished MPA ef-
ficacy with recurrent episodes of rejection. Drug
concentration monitoring in PHTx patients for
MPA has been recommended,* but more complex
blood sampling strategies may be necessary for a
drug with enterohepatic recirculation.”

The current analysis has several important
limitations. The PHTS database did not list
specific MPA doses over time, plasma MPA
concentrations, or reasons for switching antip-
roliferative therapy to or from MPA. Multiple
centers were involved in caring for the PHTx
patients, which could potentially affect manage-
ment and outcome. Since this was a candidate
gene study, interactions with other gene poly-
morphisms could not be assessed concurrently.
Also, restriction of the patient population to only
those initiating MPA therapy from the time of
transplant reduces the number of patients, and
the statistical significance of this observation
is lost. Alternatively, patients whose therapy is
switched to MPA after being initially treated with
other adjunctive agents (notably azathioprine), or
given adjunctive therapy for the first time, may
be at greater risk for RHC than patients given
MPA from the time of transplant

The ABCC2 rs717620 polymorphism, as a can-
didate gene SNP, may play a role in the complex
interaction between the recipient, the donor
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