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Abstract
Background—Common genetic variations influence rejection, infection, drug metabolism, and
side effect profiles after pediatric heart transplantation. Reports in adults suggest that genetic
background may influence post-transplant renal function. In this multicenter study we investigated
the association of genetic polymorphisms (GP) in a panel of candidate genes on renal function in
453 pediatric heart transplant recipients.

Methods—We performed genotyping for functional GPs in 19 candidate genes. Renal function
was determined annually after transplantation by calculation of glomerular filtration rate (eGFR).
Mixed effects and Cox proportional hazard models were used to assess recipient characteristics
and the effect of GPs on longitudinal eGFR and time to eGFR <60 mL/min/1.73m2.
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Results—Mean age at transplantation was 6.2 ± 6.1 years and mean follow-up was 5.1 ± 2.5
years. Older age at transplant and black race were independently associated with post-transplant
renal dysfunction. In univariate analyses, FASL (C-843T) T allele (p=0.014) and HO-1 (A326G)
G allele (p=0.0017) were associated with decreased renal function. After adjusting for age and
race, these associations were attenuated [FASL (p=0.075), HO-1 (p=0.053)]. We found no
associations of other GPs, including GPs in TGFβ1, CYP3A5, ABCB1, and ACE, with post-
transplant renal function.

Conclusions—In this multicenter, large sample of pediatric heart transplant recipients we found
no strong associations between GPs in 19 candidate genes and post-transplant renal function. Our
findings contradict reported associations of CYP3A5 and TGFβ1 with renal function and suggest
that genotyping for these GPs will not facilitate individualized immunosuppression for the purpose
of protecting renal function after pediatric heart transplantation.

INTRODUCTION
Renal dysfunction occurs commonly after solid organ transplantation [1–4] and severe renal
disease has been associated with increased risks of death in both pediatric and adult heart
transplant recipients [5–6]. Because of their well-established acute and chronic nephrotoxic
effects, calcineurin inhibitors (CNI) have long been considered the primary culprit in post-
transplant renal dysfunction [7–9]. However, despite the use of common
immunosuppression protocols, not all recipients show deterioration of renal function at the
same pace. Several other factors such as age at transplantation, hypertension, diabetes
mellitus, and hyperlipidemia have been shown to contribute to renal dysfunction after heart
transplantation [6], but these factors do not explain all the observed variation in renal
function. To what extent genetic polymorphisms (GPs) account for some of the variability in
renal outcomes after solid organ transplantation is unclear. In our previous work, we have
shown that GPs influence the risks of acute rejection, rejection with hemodynamic
compromise, infection, and immunosuppressant-related adverse effects after pediatric heart
transplantation [10–13]. Associations of post-transplant renal function with polymorphisms
of genes involved in inflammation, drug absorption, distribution and metabolism, and
regulation of the renin-angiotensin-aldosterone system have been reported, mainly in adult
transplant recipients [14–21]. In this multi-center prospective study we sought to explore
associations between GPs in a panel of candidate genes and renal function after pediatric
heart transplantation.

METHODS
Participants

This cohort consisted of pediatric heart transplant recipients from the six participating
centers of the National Heart, Lung and Blood Institute-sponsored Specialized Centers for
Clinically Oriented Research (SCCOR) program for “Optimizing Outcomes after Pediatric
Heart Transplantation,” comprising the University of Pittsburgh, Stanford University, Loma
Linda University, Washington University, Columbia University, and University of Alabama
at Birmingham. All patients in the study also participated in the Pediatric Heart
Transplantation Study (PHTS), an international, prospective, event-driven database of risk
factors for outcomes after listing for heart transplantation [22]. Patients were ≤18 years of
age at transplantation, received an allograft between January 1993 and December 2009, and
had at least one annual post-transplant serum creatinine recorded for use in calculation of
estimated glomerular filtration rate (eGFR). Between 2003 and 2008, past and current
transplant recipients were enrolled in the SCCOR study to collect blood for genetic analysis
after obtaining approval of the Institutional Review Boards of the participating centers and
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informed consent from parents or guardians. All patients were maintained on
immunosuppressive regimens according to individual institutional protocols.

Data collection
All clinical data were prospectively collected and entered in the PHTS database. Patient
characteristics (gender, race/ethnicity, age at transplantation, reason for transplant) were
collected at enrollment. Clinical data (including serum creatinine and height) were recorded
at transplantation and approximately annually thereafter. Detailed event data were collected
at the time of pre-specified serious adverse events including rejection, infection,
retransplantation and death. Due to sample size and observation time limitations, post-
transplant follow-up of eGFR was censored at the 8-year follow-up for this analysis.

Detection of genetic polymorphisms
A sample of 3 to 6 ml anti-coagulated venous blood was obtained from each patient enrolled
in the SCCOR study. DNA was extracted from peripheral blood mononuclear cells by a
standard phenol/chloroform procedure for genotype analysis of 19 genetic polymorphisms
(GPs) in 14 candidate genes that have either been associated with renal dysfunction after
transplantation or are theorized to play a role in renal response to injury (Table 1).
Genotypes were assessed by single specific primer-polymerase chain reaction (PCR) and/or
sequencing, as previously described [23]. PCRs were performed by a 7900HT v Fast Real-
Time PCR System instrument (Applied Biosystems, Foster City, CA), and data was
processed by SDS 2.2.2 software (Applied Biosystems).

Primary outcome measure and statistical analysis
The primary outcome measure was change in eGFR after transplantation, which was
calculated using the modified Schwartz formula [24]. In 10–20 instances at each annual
follow-up time where height data was missing, an imputed height based on the cohort’s
annual change in height was used.

Assessment of Hardy-Weinberg Equilibrium of genotypes was performed using the chi-
square test (1 degree of freedom). Two statistical approaches were used to assess renal
function after heart transplantation. Multivariable longitudinal linear mixed models were
used to analyze the repeated annual eGFR outcome measures adjusting for post-transplant
follow-up year and accounting for within-person correlation. Cox proportional hazard
models were used to analyze the time to onset of renal dysfunction, defined as eGFR
<60mL/min/1.73m2. This corresponds to the National Kidney Foundation’s chronic kidney
disease stages III – V and is an indication to treat in an attempt to slow progression of renal
disease, regardless of cause [25]. Because renal function at the time of heart transplantation
is often abnormal as a result of low cardiac output, only patients with eGFR ≥60mL/min/
1.73m2 at the one-year post-transplant assessment were included in the Cox models of post-
transplant renal dysfunction. The effects of clinical characteristics (recipient sex, recipient
race, age at transplant, CNI use) on renal function were examined. For each GP, models
without and with adjustment for recipient sex, race, and age at transplant were created to
estimate the effect of the level of exposure for each variant allele (absent, heterozygous,
homozygous) on longitudinal eGFR values and time to renal dysfunction after HTx. In
addition to assessments based on the ‘allelic content’ of the 19 GPs, we also tested pre-
specified genotypes and haplotypes that have been reported to be associated with renal
disease [19–20, 25–27] for association with post-transplant renal dysfunction. The
genotypes and haplotypes are: IL1-RN allele 2 homozygote, TGFβ1 high producer (TGFβ1
codon 10/25 alleles TC/GG, TT/GG), high IL6/low IL4 producers (IL6/IL4 -590C>T alleles
GG/CC), and high TNFα/low IL6/low IL4 producers (TNFα/IL6/IL4 -590C>T alleles AA/
CC/CC, AA/CG/CC, GA/CC/CC, GA/CG/CC). Adjusted beta-coefficients for longitudinal
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eGFR and hazard ratios (HR) for renal dysfunction with 95% confidence intervals are
reported.

All analyses were conducted based on a two-sided alpha of 0.05 and were performed using
SAS 9.1 software (SAS Institute, Cary, NC). Based on our sample size and the overall
observed event rate in the Cox models, we had 80% power to detect a hazard ratio of 1.52
for renal dysfunction for a polymorphism with 25% of patients in one group and 75% in the
other. For the longitudinal analyses we had 80% power to detect an absolute difference of
10.8 ml/min/1.73m2 between gene polymorphism groups assuming the same genotype
frequency (i.e. 25%:75%).

RESULTS
A total of 453 patients were included in the longitudinal analysis of eGFR following
transplantation. Mean post-transplant follow-up was 5.1 ± 2.5 years and 135 of these
patients had 8 year follow-up data. Mean age at HTx was 6.2 ± 6.1 years and 33% were <1
year old at HTx. The cohort was 58% male, 60% White, 13% Black, and 23% Hispanic. The
majority of listing diagnoses were cardiomyopathy (50%) and congenital heart disease
(45%). At each annual follow-up time nearly all patients (>98%)were taking a CNI. At 1
year post HTx, 56% of patients were taking cyclosporine and 43% tacrolimus and at 7 years
post HTx this distribution was 57% and 43%.

Three hundred two patients were also evaluated using the survival analysis approach. Except
for the IL4 -590 C>T polymorphism, there were no statistical differences in the level of
exposure for each variant allele between patients included and excluded from Cox modeling
(IL4 -590 CC genotype prevalence of included patients 58% vs. excluded 47%, p=0.026).
Despite this, there were no differences in the level of exposure for any of the IL4 containing,
pre-specified haplotypes between patients included and excluded from Cox modeling.

Figure 1 shows the mean eGFR annually post-HTx and freedom from eGFR <60 ml/min/
1.73m2 among all patients, regardless of eGFR at HTx. Among clinical characteristics
assessed, older age at transplant (p=0.02) and recipient Black race (p=0.038) were
independently associated with lower eGFR following HTx).

The GPs of CYP3A5, IL4, IL6, and HO-1(326A>G) were found to have statistically
significantly deviation from Hardy-Weinberg Equilibrium (p<0.05). Among the 19 GPs
assessed, only FASL (-844C>T) T allele (log rank p=0.033, unadjusted beta for repeated
measures annual eGFR p=0.014) and HO-1 (326A>G) G allele (log rank p=0.004,
unadjusted beta p=0.169) were associated with decreased renal function after heart
transplantation. Both alleles were observed more frequently in Blacks (p<0.0001). After
adjusting for age at HTx, race, and sex, the associations with renal function were no longer
significant (FASL adjusted HR=1.09 per T allele, 95% CI [0.80 – 1.48], p=0.58; adjusted
beta for repeated measures eGFR p=0.075 and HO-1 adjusted HR=1.67 per G allele, 95% CI
[1.00 – 2.82], p=0.053; adjusted beta for repeated measures eGFR p=0.754). We also found
no associations between renal function and any of the pre-specified genotypes or haplotypes.

DISCUSSION
The development of chronic renal insufficiency is a significant event after transplantation
that is associated with increased risk of death in adult and pediatric transplant recipients [5–
6]. Because not everyone is at equal risk, the ability to identify risk factors would be of
benefit by allowing for targeted interventions to minimize these adverse outcomes. Though
clinical risk factors have been identified, they do not fully account for the variability
observed in the development of renal dysfunction after solid organ transplantation. The
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discovery of genetically based risk factors should enable further explanation of the
variability in risk and, more importantly, may allow for alterations in standard post-
transplant care tailored to individual patients. This is the promise of personalized medicine
and was the primary rationale for undertaking the current study.

Unfortunately our study did not find any strong genetic markers of post-transplant renal
dysfunction among the GPs and pre-selected genotypes and haplotypes we examined. We
did find weak associations of FASL -843C>T and HO-1 326A>G with renal dysfunction
that did not persist in multivariable analysis. To our knowledge these associations have not
previously been reported in any population, post-transplant or otherwise. Both FASL and
HO-1 are expressed in the kidney and have been implicated in various experimental models
of renal dysfunction [26–31]. However, no role or mechanism in post-transplant renal
dysfunction has been described. It must also be considered that these associations may be
spurious, arising as a result of the many univariate statistical comparisons made.

A handful of studies have looked at GPs as risk factors for renal dysfunction after solid
organ transplantation. With regard to GPs in CYP3A5, our findings are consistent with those
of Klauke [14] and contradict the reported associations by de Denus [21]. Our findings with
regard to TGFβ1 also agree with Klauke [14] yet contradict those of others, including our
own group’s single center study in which TGFB1 codon 10 and 25 polymorphisms were
found to be associated with renal function after pediatric heart transplantation [15–17, 19].
While each of these studies differs to some extent methodologically or in sample size, our
study’s findings are important because they represent the first multi-center, ethnically
diverse study of this topic and the largest to date.

There are several limitations to our study. For the most part our analysis was performed on
the basis of the level of exposure to each variant allele. Thus we would not uncover
associations of haplotypes aside from the pre-specified haplotypes that we explored. Also
four GPs were found to have statistically significantly deviation from Hardy-Weinberg
equilibrium. This implies some ‘missingness’ of genotypes in our population due to chance,
genotyping error, or ascertainment bias [32]. Of these reasons, ascertainment bias is most
likely due possibly to the relatively small numbers of subjects in our study. Though we
included all enrolled patients with appropriate data, our sample size was fixed by the study’s
design - SCCOR cohort with accompanying PHTS clinical data. Our study is the largest of
its kind in the transplant literature; however the fixed sample size may have lead us to
falsely reject causality between GPs and post transplant renal function when in fact causality
exists (i.e. type II error) [32].

The use of estimated rather than serially measured GFR may have underestimated the degree
of renal dysfunction in this population [33]. While this could have hindered our ability to
find associations based on the survival analysis approach, it should not have affected our
ability to detect associations using the repeated measures approach. Finally it is important to
note that only a few of the GPs we explored have been associated with renal dysfunction
after solid organ transplantation (TGFβ1, CYP3A5, ABCB1, ACE). While many of the
other GPs we explored have been associated with end-stage renal disease in non-transplant
recipients (TNFα, IL-6, IL-4, IL-1RN, IL-10) or implicated to play a role in kidney injury
(HO-1, NOS2, FAS, FASL, IL15RA), the lack of associations for these GPs in this
exploratory analysis is not necessarily unexpected.

In summary, among 19 candidate GPs assessed in this large, multi-center, pediatric cohort,
we found no strong associations with renal function after heart transplantation. Previously
reported associations of TGFβ1 and CYP3A5 with post-transplant renal function were not
observed. These data suggest that genotyping for these GPs is unlikely to facilitate

Feingold et al. Page 5

J Heart Lung Transplant. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



individualized immunosuppression for the purpose of preserving renal function after
pediatric heart transplantation.
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Figure 1.
Figure 1a: Median and interquartile range eGFR for the cohort annually after
transplantation.
Figure 1b: Time is measured as years after transplantation among all patients, including
those who have eGFR<60 mL/min/1.73m2 on first post-transplant assessment.
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Table 1

Candidate genes and polymorphisms explored for association with renal dysfunction after pediatric heart
transplantation.

Class Gene Polymorphism SNP ID

Pharmacogenomic

CYP3A5 *1/*3 rs776746

ABCB1 2677 G>T(A) rs2032582

3435 C>T rs1045642

Cytokines, cytokine receptors and growth factors

TNFα −308 G>A rs1800629

TGFβ1 +869 T>C rs1800471

+915 C>G rs1800471

IL-6 −174 G>C rs1800795

IL-4 −590 C>T rs2243250

IL-1RN VNTRs in intron 2 rs380092

IL-10 −1082 G>A rs1800896

IL15RA +21G>A rs7913599

+5165T>A rs3736863

Other molecules

ACE 287-bp insertion/deletion (intron 16) rs4646994

HO-1 −489 A>T rs2071746

326 A>G rs17879828

NOS2 Ser608Leu rs2297518

+38 C>G rs10459953

FAS −670 A>G rs71800682

FASL −844 C>T rs763110
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