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Abstract

Background: The immunosuppressants tacrolimus and mycophenolate are important
components to the success of organ transplantation, but are also associated with adverse effects
such as nephrotoxicity, anemia, leukopenia and new onset diabetes after transplant (NODAT). In
this report, we attempted to identify genetic variants which are associated with these adverse
outcomes.

Methods: We performed a genome-wide association study (GWAS), using a genotyping array
tailored specifically for transplantation outcomes containing 722,147 SNPs, and two cohorts of
kidney allograft recipients, a discovery cohort and a confirmation cohort, to identify and then
confirm genetic variants associated with immunosuppressant pharmacokinetics and adverse
outcomes.

Results: Several genetic variants were found to be associated with tacrolimus trough
concentrations. We did not confirm variants associated with the other phenotypes tested although
several suggestive variants were identified.

Discussion: These results show that adverse effects associated with tacrolimus and
mycophenolate are complex and recipient risk is not determined by a few genetic variants with
large effects with but most likely are due to many variants, each with small effect sizes, and
clinical factors.

Introduction

The transplantation of kidney allografts into recipients with end stage kidney disease is
currently the best treatment to optimize patient health and quality of life. Though there has
been a continual improvement in graft survival in the first year after transplantation, the
degree of improvement has decreased in recent years and long term outcomes have not
improved as quickly and have shown little improvement in the last two decades.! Reasons
for the loss of graft function over time has been difficult to determine. Management of both
early and late acute rejection (AR) events are thought to be critical to the improvement of
transplant outcomes.?

An important component in the transplantation of kidney allografts is the use of
immunosuppressants, such as tacrolimus (TAC) and mycophenolate mofetil (MMF), to
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reduce the risk of acute rejection (AR) and subsequent chronic graft dysfunction and graft
loss. Though immunosuppressants greatly increase the length of graft life, there are several
adverse outcomes associated with these drugs, some of which can occur in high frequency.3
Mycophenolic acid (MPA), a metabolite of MMF, has been associated with several adverse
outcomes. MPA-related anemia occurs in 15 to 60% of recipients and MPA-related
leukopenia occurs in 10 to 45% of recipients, but neither of these outcomes has been
consistently associated with variation in MPA trough plasma concentrations or area under
the curve (AUC).#® Calcineurin inhibitor (CNI)-related nephrotoxicity occurs in up to 35%
of recipients and it has been proposed that all recipients using CNIs eventually develop
histological lesions consistent with toxicity in their allografts.5 A review of 12 studies
showed that the risk of CNI-related new onset diabetes after transplantation (NODAT)
ranges from 2 to 50%.’ Though there are several associated risk factors for NODAT, the
biological basis is currently unknown.8 Additionally, there is a high degree of variability of
immunosuppressant pharmacokinetics between individuals and optimization of trough
concentrations is critical to the reduction of associated adverse outcomes and reducing the
risk of rejection.

It has been hypothesized that genetic variation plays a role in an individual’s risk for
immunosuppressant drug adverse outcomes.® Identification of these genetic variants could
aid in the individualization of immunosuppressant selection and dosing of kidney allograft
recipients leading to better outcomes. Variation in the drug metabolizing enzymes
cytochrome P450 3A4 (CYP3A4) and CYP3ADS have been associated with variation in TAC
trough concentrations.10:11 There have been attempts to associate candidate variants with
adverse outcomes associated with the use of immunosuppressants, but few have been
validated, possibly due in part due to small sample sizes in the initial discovery cohort
resulting in spurious findings.12-15 An attempt to identify genetic variants associated with
long-or short-term allograft survival using a genome wide association study (GWAS) only
identified the HLA region.16

We developed two cohorts of kidney allograft recipients to identify genetic variants
associated with TAC trough blood concentrations and immunosuppressant adverse effects.
Our initial GWAS cohort was the Deterioration of Kidney Allograft Function (DeKAF)
Genomics study (n = 2,339) and was used to identify variants associated with these drug
phenotypes.1” A second cohort, Genomics of Kidney Transplantation (GEN-03; n = 874),
was created to confirm the findings of the initial DeKAF GWAS study.

Materials and Methods

Discovery and Confirmation Cohorts

Two prospective, observational, multicenter cohorts were used in this study; a discovery
cohort used to identify genetic variants associated with TAC trough blood concentrations
and immunosuppressant adverse effects and a confirmation cohort used to validate those
variants identified in the discovery cohort. Participants were included if they had end stage
renal dysfunction undergoing kidney or simultaneous kidney-pancreas transplant.
Participants were enrolled at the time of transplant. Signed informed consents were approved
by the Institutional Review Boards at each of the enrolling centers. The design of the
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discovery cohort, (DeKAF Genomics from 7 enrolling centers, transplanted from 2005 to
2011, www.clinicaltrials.gov NCT00270712) along with cohort characteristics has been
previously reported.1’-19 The confirmation cohort (Genomics of Kidney Transplantation
(GEN-03) study from 5 enrolling centers, transplanted from 2012 to 2016,
www.clinicaltrials.gov NCT01714440), was studied for the same clinical phenotypes as the
DeKAF Genomics cohort. Only the European American (EA) and African American (AA)
recipients were analyzed in this study. Recipients identified as EA and AA were determined
using principal component analysis with the GWAS genotypes. The discovery cohort
consisted of 1,948 EA and 391 AA kidney allograft recipients. The confirmation cohort
consisted of 698 EA and 176 AA kidney allograft recipients. Clinical information was
obtained from medical records. Clinical data were collected at the time of transplant and
regularly through the course of the transplant and maintained in a central database.

Definition of Phenotypes

TAC pharmacokinetics—Adult recipients receiving TAC with clinically measured TAC
trough concentrations in the first 6 months post-transplant for therapeutic drug monitoring
were eligible for analysis of TAC pharmacokinetics. Trough concentrations were dose
normalized prior to analysis (ng/ml per total daily dose in mg). When available, two trough
concentrations were obtained from the medical record in the first 8 weeks and two
concentrations per month in months 3, 4, 5 and 6 for a maximum of 24 trough
concentrations per subject. Doses were adjusted by the transplant center, based on trough
concentrations, to reach institution-specific trough goals. TAC troughs were measured at
each center, approximately 12-hours following the last dose, at steady state with the current
dose. Generally, troughs of 8-12 ng/mL were targeted for the first 3 months and 6-10 ng/mL
for 3—6 months post-transplant. A median (range) of 18 (1-24) troughs were obtained for
each subject in the first 6 months post-transplant. CNI doses were adjusted for toxicity and
high or low trough concentrations by center-specific preferences.

CNiI-related acute nephrotoxicity—Recipients receiving TAC or cyclosporine for any
period of time between days 7 and 180 post-transplant were eligible for analysis of CNI-
related acute nephrotoxicity. Acute nephrotoxicity was defined as any rise in serum
creatinine (SCr) that resulted in a lowering of the CNI dose, discontinuation of the CNI,
and/or switching to an alternate CNI within 14 days after the rise, followed by any reduction
in the SCr within 14 days after the last of these changes. Additionally, if a biopsy was
obtained in conjunction with the rise in SCr, the primary biopsy diagnosis must not rule out
CNI nephrotoxicity. An elevated CNI trough was not required for a diagnosis of
nephrotoxicity. Recipients were followed for nephrotoxicity for the first 6 months post-
transplant.

MPA-related anemia—Adult recipients receiving MPA maintenance at the time of
transplant were eligible for evaluation of MPA-related anemia. MPA-related anemia was
defined as the use of an MPA product (Cellcept, Myfortic or generic) for at least 14 days
before a hemoglobin level less than 10 g/dL occurred resulting in a clinical intervention.
Clinical interventions were a MPA dose reduction lasting more than or equal to 2 weeks,
discontinuation for =2 weeks and/or initiation of erythropoietin therapy within 30 days of
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the onset of anemia. Anemia was considered not to be MPA-related if the patient had an
active case of bleeding or antibody administration or a diagnosis of AR within 2 weeks of
anemia onset. The time to anemia was calculated from first MPA use to the date of the first
respective hemoglobin level less than 10 g/dL.

MPA-related leukopenia—Adult recipients receiving MPA maintenance at the time of
transplant were eligible for evaluation of MPA-related leukopenia. MPA-related leukopenia
was defined as the use of an MPA product (Cellcept, Myfortic or generic) at least 14 days
before a white blood cell (WBC) count less than 3,000 cells/mm? that resulted in a clinical
intervention. Clinical interventions were a dose reduction lasting more than or equal to 2
weeks, discontinuation for more than or equal to 2 weeks and/or initiation of granulocyte
colony stimulating factor or granulocyte-macrophage colony stimulating factor therapy
within 30 days of the onset of the leukopenia. The leukopenia was considered not to be
MPA-related if the subject had concurrent sepsis, an active CMV infection, or if the low
WBC count was within 2 weeks after antibody administration or acute rejection. The time to
leukopenia was calculated from first MPA use to the date of the first respective WBC less
than 3,000 cells/mm3,

CNiI-related New Onset Diabetes After Transplant (NODAT)—AII recipients
receiving CNI maintenance at the time of transplant, not receiving glucose lowering drugs
and did not receive a pancreas transplant at baseline were eligible for NODAT evaluation.
CNI-related NODAT was defined as the initiation of new glucose lowering therapy (insulin
or oral hypoglycemic) within 6 months post-transplant.

Genotyping—Details of genotyping, genotyping data quality control, imputation and the
determination of racial clusters using principle components (PCs) can be found in the
supplementary information.1%-28 Genotyping was conducted as previously described® using
a custom genome-wide genotyping tool, the Affymetrix Axiom Transplant Array, which was
tailored with content for transplantation outcomes.20

Statistical Analysis for Individual Phenotypes—The initial GWAS used measured
and imputed SNPs and was performed using the discovery cohort for each phenotype,
adjusting for recipient age, sex and the 4 top ancestry PCs and adjusting for transplant center
in mixed effect longitudinal models and stratifying by transplant center in Cox proportional
hazards models. EA and AA races were evaluated separately for each phenotype. SNPs were
coded using an additive genetic model. Variants were considered potentially associated with
the phenotype and then tested in the confirmatory cohort if the p-value was less than 1 x
1078, had a minor allele frequency (MAF) greater than 0.05, and the imputation info score
was =0.8. For all phenotypes tested, significant associations in the confirmatory cohort were
determined using a p-value of 0.05 with a Bonferonni correction, which was different for
each phenotype due to the different number of variants tested for each phenotype and cohort.
Analyses were conducted with SAS version 9.4 (SAS Institute, Cary, NC) and R software
version 3.3.

Dose-normalized TAC troughs in the first 6 months were analyzed using a mixed effects
longitudinal model with a spline at day 9, as previously described.1® The analyses were
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adjusted for transplant center, age, gender, and 4 PCs. Total daily dose-normalized TAC
troughs were natural log transformed to ensure normal distribution of model residuals. For
dose-normalized TAC troughs, the analysis was adjusted for the known loss-of-function
(LoF) variants CYP3A5*3 (rs776746), *6 (rs10264272), *7(rs41303343), and CYP3A4*22
(rs35599367) for the EA cohort and rs776746, rs10264272 and rs41303343 for the AA
cohort. This was done to remove the large number of SNPs in high LD with these variants
on chromosome 7.11:19

The time to TAC-related nephrotoxicity in the first 6 months was determined using a Cox
proportional hazards model for the discovery and the confirmatory cohorts. For the EA
confirmatory cohort, the analysis was stratified by transplant center and adjusted for age,
prior kidney transplant, gender, donor gender and the first 4 PCs. TAC-related
nephrotoxicity was not analyzed in AA cohort due to the low number of events.

The time to cyclosporine-related nephrotoxicity in the first 6 months was determined using a
Cox proportional hazards model for the discovery and the confirmatory cohorts. The EA
confirmatory analysis was stratified by transplant center and adjusted for age, prior kidney
transplant, gender, donor gender and the first 4 PCs. Cyclosporine-related nephrotoxicity
was not analyzed in AA cohort due to the low number of events.

The time to MPA-related anemia in the first 6 months was analyzed using a Cox
proportional hazards model for the discovery and the confirmatory cohorts. For the EA
confirmatory cohort, the anemia analysis was stratified by transplant center and adjusted for
recipient age and gender, prior kidney transplant, donor gender and the first 4 PCs. MPA-
related anemia was not analyzed in AA cohort due to the low number of events.

The time to MPA-related leukopenia in the first 6 months was determined using a Cox
proportional hazards model for the discovery and the confirmatory cohorts. For the EA and
AA confirmatory cohorts, the analysis was stratified by transplant center and adjusted for
recipient age and gender, prior kKidney transplant, donor gender and the first 4 PCs.

The time to NODAT in the first 6 months was analyzed using a Cox proportional hazards
model for the discovery and the confirmatory cohorts. For the EA and AA confirmatory
cohorts, the analysis was stratified by transplant center and adjusted for age, gender and the
first 4 PCs.

A comparison of the demographic and clinical factors between the discovery and the
confirmation cohorts for EA and AA recipients are found in Table 1. Significant differences
(p-value <0.002) between the discovery and confirmation EA cohorts included the cause of
end stage kidney disease where the confirmation cohort had a lower incidence of diabetes
and more glomerular disease (p-value <1x1074), the panel reactive antibodies where the
confirmation cohort had higher incidence of a greater than zero value (p-value <1x1074),
antibody induction where the confirmation cohort had fewer individuals given IL-2 blockers
and a higher number given monoclonal antibodies (p-value <1x1074) and calcineurin
inhibitor type where the confirmation cohort had higher TAC use compared to cyclosporine
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(p-value <1x1074). The only significant differences between the discovery and conformation
AA cohorts were a higher use of TAC compared to cyclosporine (p-value <1x1074).

The phenotypes tested in each cohort as well as the observed event rates for each phenotype
are shown in Tables 2 and 3. For TAC pharmacokinetics, EA and AA cohorts were tested
separately. The number of individuals tested, troughs and doses for each cohort are found in
Table 2. The tested phenotypes and event rates are shown in Table 3. The rate of adverse
outcomes in the EA discovery cohort were 6.7% for MPA-related anemia, 6.1% for CNI-
related NODAT, 16.1% for TAC-related nephrotoxicity, 21.1% for CSA-related
nephrotoxicity and 17.7% for MPA-related leukopenia. For the AA discovery cohort, only
MPA-related leukopenia and CNI-related NODAT were tested due to the low number of
events for the other phenotypes.

For dose-normalized TAC troughs in the EA discovery cohort, the Manhattan and qq plots
are shown in Figures S1A and S1B in the supplementary pages. 9 variants met criteria for
confirmation after adjustment for the known functional variants rs776746, rs41303343,
rs10264272, and rs35599367 and are shown in Table S1IA. When not adjusting for the 4
functional variants only rs776746 (p=3.84x10797) and rs35599367 (p=6.03 x10718) were
found to be significant. In the confirmation cohort only rs776746 (p= 9.5x10734) and
rs35599367 (p=2.8x10~") remained significant (Table S1B). Additionally, after adjusting for
time, time spline, transplant center, age group, donor age group, GFR group, weight group,
diabetes, gender, donor gender, steroid use, CCB use, ace inhibitor use, antiviral use,
antibody Induction, SPK, decease/living donor, and first 4 PCs, only rs776746
(p=2.6x10732) and rs35599367 (p=1.3x10~7) were significant (Table S1C).

For the dose-normalized tacrolimus troughs in the AA discovery cohort, the Manhattan and
qq plots are shown in Figures S1C and S1D in the supplementary pages. 17 variants were
identified for validation after adjustment for the known variants rs776746, rs10264272, and
rs41303343 and are shown in Table S2A. When not adjusting for the 3 functional variants,
all three were found to be significant (Table S2A). The results for each variant was rs776746
(p=5.424%1073%), rs10264272 (p=3.47 x1079) and rs41303343 (p=3.60 x10~27). In the
confirmation cohort only the variants, rs776746 (p=6.7x10710), rs10264272 (p=3.3x107°)
and rs41303343 (p=4.1x1078) remained significant when not adjusting for these variants
(Table S2B). After adjusting for time, time spline, transplant center, age group, donor age
group, GFR group, weight group, diabetes, gender, donor gender, steroid use, CCB use, ace
inhibitor use, antiviral use, antibody induction, SPK, decease/living donot, first 4 PCs,
rs776746, rs10264272, and rs41303343 rs776746 and rs41303343 remained significant
(Table S2C).

The Manhattan and qq plots from the EA discovery cohort for the time to cyclosporine and
TAC-related nephrotoxicity, the time to mycophenolate-related-related anemia, the time to
mycophenolate-related leukopenia, and the time to CNI-related NODAT are shown in
Figures S2A to S2J in the supplementary pages. The GWAS results for these phenotypes can
be found in Table S3. All variants identified in the discovery cohort with a p-value less than
1x107% and a MAF of greater than 0.05 are shown. Results of the confirmation of these
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variants identified in the discovery GWAS are shown in Table 4S. For all variants tested,
none remain significant after taking into account multiple-testing.

The Manhattan and qq plots from the AA discovery cohort for the time to MPA-related
leukopenia and the time to TAC-related nephrotoxicity are shown in Figures S3A to S3D in
the supplementary pages. The GWAS results for these phenotypes are shown in Table S5.
All variants identified in the discovery cohort with a p-value less than 1x107 and a MAF of
greater than 0.05 are shown. Results of the confirmation of these variants identified in the
discovery GWAS are shown in Table S6. For the time to MPA-related leukopenia, there were
no variants found to be statistically significant in the AA confirmatory cohort after multiple-
testing correction. For the time to CNI-related NODAT, there were 56 significant variants
identified in the AA discovery cohort (Table S5). In the confirmation cohort for NODAT
(Table S6), two suggestive variants were identified (a true association is p<9.0x10~4). The
variant rs62262402 (discovery cohort p = 9.47x10~ and confirmation cohort p=2.7x1073) is
located on chromosome 3 within the adenylate cyclase 5(ADCY5) gene. A second variant,
rs77260117 (discovery cohort p=8.81x10~7 and confirmation cohort p=6.8x1073), is located
on chromosome 12 but it is not adjacent to any loci associated with a known function.

Discussion

A key to successful solid organ transplantation is the immunosuppressants used to prevent
AR. The most common immunosuppressants used in transplant are TAC and MMF, both
with a narrow therapeutic range. There is significant variability in TAC trough
concentrations across patients, even when similar doses are administered. There are multiple
reasons for variability and genetic variants, which affect hepatic and gastrointestinal
metabolism, are critical factors with guidelines and publications on how to personalize
therapy using these variants.2%30 There is also high variability in CNI- and MPA-related
toxicities however there are no reliable predictive markers to identify those individuals at
high risk. This study sought to identify genomic markers associated with TAC metabolism
and several immunosuppressant related adverse effects.

We have developed a large study of kidney allograft recipients with GWAS data for
evaluation of immunosuppressant phenotypes. This study includes a discovery cohort and a
confirmation cohort to identify and validate genetic variants associated with these outcomes.
A comparison of these two cohorts showed that they are similar in clinical characteristics.
Genetic variants for several immunosuppressant associated toxicity and pharmacokinetic
outcomes were first identified in the discovery cohort and then retested in a smaller
confirmation cohort.

In our analysis of EA allograft recipients, one variant within the CYP3A5 gene and one
within the CYP3A4 gene were strongly associated with variation in TAC trough
concentrations. We have previously reported these two LoF variants in a GWAS analysis.3!
The LoF variants were associated with higher TAC troughs due to a lower rate of
metabolism of TAC. We did not identify any additional common variants in the genome
significantly associated with TAC troughs showing that these two functional variants are the
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only common polymorphisms associated with TAC trough variation in the EA population
with significance and large effect sizes.

In our analysis of AA allograft recipients, we identified three LoF variants within the
CYP3A5 gene which were strongly associated with variation in TAC trough concentrations.
As was shown in the EA cohort, these LoF variants are the only common polymorphisms
associated with TAC trough variation in the AA population with significance and large effect
sizes. There were two variants suggestive for CNI-related NODAT risk. One variant,
rs62262402 in ADCY5, has been previously associated with type 2 diabetes and may present
a possible pathway associated with this outcome (32). The occurrence of NODAT in our
discover cohorts was low (EA: 6.1%; AA; 10.9%) and therefore these variants we identified
should be evaluated in additional cohorts.

There have been a few studies attempting to associate genetic variants with NODAT after
kidney transplantation.33-35 There have been reports that variants in the peroxisome
proliferator-activated receptor a (PPARa) and P450 oxidoreductase (POR) genes are
associated with increased risk for NODAT, but other studies do not validate these
associations.36:37 A recent case control study evaluating variants in kidney transplant
recipients identified variants in the voltage-gated K+ channel (KCNQI) gene, matrix
metalloproteinase-2 (MMPZ2) gene and the glutathione peroxidans (GPXZ) gene along with
clinical factors have been reported to be associated with NODAT risk.38-41 A recent Swiss
study identified rs2114592 in the SP110 nuclear body protein (SP110) as conveying a 9.9
times higher risk for NODAT.#2 This variant was not significant in their analysis of a non-
transplant white population with type 2 diabetes and the investigators hypothesized a gene-
environment interaction may be present where immunosuppressants may unmask the gene
effect. This variant was also not significant in our study, however, the Swiss cohort had a
higher incidence (21.8% vs. 6.1%) of NODAT and possibly different immune suppression
protocols therefore our work does not rule out the possibility of an effect of this variant.
NODAT is a complex phenotype and it is possible that multiple genes, clinical factors and
varying immunosuppression protocols are important which will require exceptionally large
cohorts to study. Studies have also used varying definitions of NODAT which further
complicate comparing the published data. Two GWASs have been used to study NODAT.
Several variants were identified as being associated with NODAT, but these were not found
to be significant in this study.43:44

Other investigators have attempted to associate genetic variants with MPA-related toxicities,
such as a variant in CYP2C8 (rs11572076) and two variants in IMPDH1 (rs2228075,
rs2278294), which were associated with lower risk of leukopenia, and the UGT2B7 variant
rs7438135 associated with increased risk of anemia.*>~47 Variants have also been previously
reported to be associated with CNI-related nephrotoxicity including functional variants in
CYP3A4, CYP3A5 and ABCB14849 and variants in aldosterone synthase with interstitial
fibrosis.>% Our study could not replicate the association with some of these variants and for
others the variant was not present on our GWAS panel. Many of these studies used a small
sample size and differing definitions of the toxicity making direct comparisons difficult.
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There are several possible reasons why we did not identify genetic variants associated with
nephrotoxicity, anemia and leukopenia outcomes. First, we acknowledge that defining
phenotypes such as nephrotoxicity and MPA related hematologic toxicity is difficult. For
these reasons it was important to include a confirmation cohort to validate variants identified
in the discovery cohort. Second, variants which impact risk for complex outcomes typically
have very small effect sizes and our cohorts may not have sufficient statistical power to
detect them. Additionally, it is difficult to know if a specific drug is causative for a specific
phenotype. This has been a common theme for GWAS and in many cases expansion of the
cohort size has eventually led to the identification of variants which impact the outcome
being tested. Second, it may be that rarer variants, or other types of variants such as
insertion/deletions or HLA alleles, impact the risk for these outcomes and require a different
testing platform (eg, DNA sequencing) and a larger cohort to be identified. For future studies
we are working with additional investigators to expand the number of recipients to increase
the statistical power. The formation of the iGeneTRAIN consortium was created for this
purpose.22 Additionally, we did not have pharmacokinetic data for MPA or the CNI at the
time of the toxicity event and blood concentrations may have been transiently elevated and
contributed to the acute toxicity observed.

The outcomes studied in this report are important to the wellbeing of transplant allograft
recipients and identifying those factors which increase the risk of these adverse outcomes
need to be identified so that their incidence can reduced in the transplant population
resulting in better graft health and survival.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TAC tacrolimus

MMF mycophenolate mofetil

MPA Mycophenolic acid

AR acute rejection

NODAT new onset diabetes after transplantation
AUC area under the curve
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CNI Calcineurin inhibitor
SNPs single nucleotide polymorphisms
GWAS genome-wide association studies
DeKAF Deterioration of Kidney Allograft Function
EA European-Americans
AA African Americans
HWE Hardy-Weinberg Equilibrium
LD linkage disequilibrium
PCs principal components
IBD identity by descent
LoF loss-of-function

REFERENCES

1. Coemans M, Sisal C, Déhler B, et al. Analyses of the short- and long-term graft survival after
kidney transplantation in Europe between 1986 and 2015. Kidney Int. 2018;94(5):964-973.
[PubMed: 30049474]

2. Gaston RS, Fieberg A, Hunsicker L, et al. Late graft failure after kidney transplantation as the
consequence of late versus early events. Am J Transplant. 2018;18(5):1158-1167. [PubMed:
29139625]

3. Almeida CC, Silveira MR, de Aradjo VE, et al. Safety of immunosuppressive drugs used as
maintenance therapy in kidney transplantation: a systematic review and meta-analysis.
Pharmaceuticals (Basel). 2013;6(10):1170-1194. [PubMed: 24275847]

4. Sobiak J, Kaminska J, Gtyda M, Duda G, Chrzanowska M. Effect of mycophenolate mofetil on
hematological side effects incidence in renal transplant recipients. Clin Transplant.
2013;27(4):E4074-E4014.

5. Staatz CE, Tett SE. Clinical pharmacokinetics and pharmacodynamics of mycophenolate in solid
organ transplant recipients. Clin Pharmacokinet. 2007;46(1):13-58. [PubMed: 17201457]

6. Claus M, Herro R, Wolf D, et al. The TWEAK/Fn14 pathway is required for calcineurin inhibitor
toxicity of the kidneys. Am J Transplant. 2018;18(7):1636—1645. [PubMed: 29266762]

7. Montori VM, Basu A, Erwin PJ, Velosa JA, Gabriel SA, Kudva YC. Posttransplantation diabetes: a
systematic review of the literature. Diabetes Care. 2002;25(3):583-592. [PubMed: 11874952]

8. Suarez O, Pardo M, Gonzalez S, et al. Diabetes mellitus and renal transplantation in adults: is there
enough evidence for diagnosis, treatment, and prevention of new-onset diabetes after renal
transplantation? Transplant Proc. 2014;46(9):3015-3020. [PubMed: 25420813]

9. Oetting WS, Dorr C, Remmel RP, Matas AJ, Israni AK, Jacobson PA. Concepts of Genomics in
Kidney Transplantation. Curr Transplant Rep. 2017;4(2):116-123. [PubMed: 29123971]

10. Maldonado AQ, Asempa T, Hudson S, Rebellato LM. Prevalence of CYP3AS5 Genomic Variances
and Their Impact on Tacrolimus Dosing Requirements among Kidney Transplant Recipients in
Eastern North Carolina. Pharmacotherapy. 2017;37(9):1081-1088. [PubMed: 28605053]

11. Oetting WS, Wu B, Schladt DP, et al. Genome wide association study identifies the common
variants in CYP3A4 and CYP3AG5 responsible for variation in tacrolimus trough concentration in
Caucasian kidney transplant recipients. Pharmacogenomics J. 2018;18(3):501-505. [PubMed:
29160300]

Transplantation. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Oetting et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Page 13

Guo M, Wang ZJ, Yang HW, et al. Influence of Genetic Polymorphisms on Mycophenolic Acid
Pharmacokinetics and Patient Outcomes in Renal Transplantation. Curr Drug Metab. 2018;19(14):
1199-1205. [PubMed: 29283068]

Shi D, Xie T, Deng J, Niu P, Wu W. CYP3A4 and GCK genetic polymorphisms are the risk factors
of tacrolimus-induced new-onset diabetes after transplantation in renal transplant recipients. Eur J
Clin Pharmacol. 2018;74(6):723-729. [PubMed: 29546446]

Wu Z, Xu Q, Qiu X, Jiao Z, Zhang M, Zhong M. FOXP3 rs3761548 polymorphism is associated
with tacrolimus-induced acute nephrotoxicity in renal transplant patients. Eur J Clin Pharmacol.
2017;73(1):39-47. [PubMed: 27747372]

Xu QX, Qiu XY, Jiao Z, Zhang M, Zhong MK. FOXP3 rs3761549 polymorphism predicts long-
term renal allograft function in patients receiving cyclosporine-based immunosuppressive regimen.
Gene. 2018;644:93-100. [PubMed: 29101067]

Hernandez-Fuentes MP, Franklin C, Rebollo-Mesa I, et al. Long- and short-term outcomes in renal
allografts with deceased donors: A large recipient and donor genome-wide association study. Am J
Transplant. 2018;18(6):1370-1379. [PubMed: 29392897]

Israni A, Leduc R, Holmes J, et al. Single-nucleotide polymorphisms, acute rejection, and severity
of tubulitis in kidney transplantation, accounting for center-to-center variation. Transplantation.
2010;90(12):1401-1408 [PubMed: 21085059]

Jacobson PA, Schladt D, Oetting WS, et al. Genetic determinants of mycophenolate-related anemia
and leukopenia after transplantation. Transplantation. 2011;91(3):309-316. [PubMed: 21107304]

Oetting WS, Schladt DP, Guan W, et al. Genomewide Association Study of Tacrolimus
Concentrations in African American Kidney Transplant Recipients Identifies Multiple CYP3A5
Alleles. Am J Transplant. 2016;16(2):574-582. [PubMed: 26485092]

Li YR, van Setten J, Verma SS, et al. Concept and design of a genome-wide association genotyping
array tailored for transplantation-specific studies. Genome Med. 2015;7:90. [PubMed: 26423053]

Little J, Higgins JP, loannidis JP, et al. STrengthening the REporting of Genetic Association
Studies (STREGA)--an extension of the STROBE statement. Genet Epidemiol. 2009;33(7):581—
598. [PubMed: 19278015]

International Genetics & Translational Research in Transplantation Network (iGeneTRAIN).
Design and implementation of the International Genetics and Translational Research in
Transplantation Network. Transplantation. 2015;99(11):2401-2412. [PubMed: 26479416]

1000 Genomes Project Consortium, Auton A, Brooks LD, et al. A global reference for human
genetic variation. Nature. 2015;526(7571):68-74. [PubMed: 26432245]

Sudmant PH, Rausch T, Gardner EJ, et al. An integrated map of structural variation in 2,504
human genomes. Nature. 2015;526(7571):75-81. [PubMed: 26432246]

Genome of the Netherlands Consortium. Whole-genome sequence variation, population structure
and demographic history of the Dutch population. Nat Genet. 2014;46(8):818-825. [PubMed:
24974849]

Delaneau O, Howie B, Cox AJ, Zagury JF, Marchini J. Haplotype estimation using sequencing
reads. Am J Hum Genet. 2013;93(4):687-696. [PubMed: 24094745]

Howie B, Marchini J, Stephens M. Genotype imputation with thousands of genomes. G3
(Bethesda). 2011;1(6):457-470. [PubMed: 22384356]

Purcell S, Neale B, Todd-Brown K, et al. PLINK: a tool set for whole-genome association and
population-based linkage analyses. Am J Hum Genet. 2007;81(3):559-575. [PubMed: 17701901]
Birdwell KA, Decker B, Barbarino JM, et al. Clinical Pharmacogenetics Implementation
Consortium (CPIC) Guidelines for CYP3A5 Genotype and Tacrolimus Dosing. Clin Pharmacol
Ther. 2015;98(1):19-24. [PubMed: 25801146]

Sanghavi K, Brundage RC, Miller MB, et al. Genotype-guided tacrolimus dosing in African-
American kidney transplant recipients. Pharmacogenomics J. 2017;17(1):61-68. [PubMed:
26667830]

Oetting WS, Wu B, Schladt DP, et al. Attempted validation of 44 reported SNPs associated with
tacrolimus troughs in a cohort of kidney allograft recipients. Pharmacogenomics. 2018;19(3):175—
184. [PubMed: 29318894]

Transplantation. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Oetting et al.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 14

Roman TS, Cannon ME, Vadlamudi S, et al. A Type 2 Diabetes-Associated Functional Regulatory
Variant in a Pancreatic Islet Enhancer at the ADCY5 Locus. Diabetes. 2017;66(9):2521-2530.
[PubMed: 28684635]

Stapleton CP, Conlon PJ, Phelan PJ. Using omics to explore complications of kidney
transplantation. Transpl Int. 2018;31(3):251-262. [PubMed: 28892567]

Lancia P, Adam de Beaumais T, Elie V, et al. Pharmacogenetics of post-transplant diabetes mellitus
in children with renal transplantation treated with tacrolimus. Pediatr Nephrol. 2018;33(6):1045-
1055. [PubMed: 29399716]

Romanowski M, Dziedziejko V, Maciejewska-Karlowska A, et al. Adiponectin and leptin gene
polymorphisms in patients with post-transplant diabetes mellitus. Pharmacogenomics.
2015;16(11):1243-1251. [PubMed: 26282401]

Elens L, Sombogaard F, Hesselink DA, van Schaik RH, van Gelder T. Single-nucleotide
polymorphisms in P450 oxidoreductase and peroxisome proliferator-activated receptor-a are
associated with the development of new-onset diabetes after transplantation in kidney transplant
recipients treated with tacrolimus. Pharmacogenet Genomics. 2013;23(12):649-657. [PubMed:
24113216]

Kurzawski M, Malinowski D, Dziewanowski K, Drozdzik M. Impact of PPARA and POR
polymorphisms on tacrolimus pharmacokinetics and new-onset diabetes in kidney transplant
recipients. Pharmacogenet Genomics. 2014;24(8):397-400. [PubMed: 24921414]

Tavira B, Coto E, Diaz-Corte C, et al. KCNQ1 gene variants and risk of new-onset diabetes in
tacrolimus-treated renal-transplanted patients. Clin Transplant. 2011;25(3):E284—-E291. [PubMed:
21355884]

Tavira B, Coto E, Torres A, et al. Association between a common KCNJ11 polymorphism (rs5219)
and new-onset posttransplant diabetes in patients treated with Tacrolimus. Mol Genet Metab.
2012;105(3):525-527. [PubMed: 22264780]

Ong S, Kang SW, Kim YH, et al. Matrix Metalloproteinase Gene Polymorphisms and New-Onset
Diabetes After Kidney Transplantation in Korean Renal Transplant Subjects. Transplant Proc.
2016;48(3):858-863. [PubMed: 27234753]

Yalin GY, Akgul S, Tanrikulu S, et al. Evaluation of Glutathione Peroxidase and KCNJ11 Gene
Polymorphisms in Patients with New Onset Diabetes Mellitus After Renal Transplantation. Exp
Clin Endocrinol Diabetes. 2017;125(6):408-413. [PubMed: 28073131]

Quteineh L, Wojtowicz A, Bochud PY, et al. Genetic immune and inflammatory markers
associated with diabetes in solid organ transplant recipients. Am J Transplant. 2018;19(1):238-
246. [PubMed: 29920932]

Chand S, McKnight AJ, Shabir S, et al. Analysis of single nucleotide polymorphisms implicate
mTOR signalling in the development of new-onset diabetes after transplantation. BBA Clin.
2016;5:41-45. [PubMed: 27051588]

Benson KA, Maxwell AP, McKnight AJ. A HUGE Review and Meta-Analyses of Genetic
Associations in New Onset Diabetes after Kidney Transplantation. PLoS One.
2016;11(1):e0147323. [PubMed: 26789123]

Jacobson PA, Schladt D, Oetting WS, et al. Genetic determinants of mycophenolate-related anemia
and leukopenia after transplantation. Transplantation. 2011;91(3):309-316. [PubMed: 21107304]
Woillard JB, Picard N, Thierry A, Touchard G, Marquet P; DOMINOS study group. Associations
between polymorphisms in target, metabolism, or transport proteins of mycophenolate sodium and
therapeutic or adverse effects in kidney transplant patients. Pharmacogenet Genomics. 2014;24(5):
256-262. [PubMed: 24681964]

Varnell CD, Fukuda T, Kirby CL, et al. Mycophenolate mofetil-related leukopenia in children and
young adults following kidney transplantation: Influence of genes and drugs. Pediatr Transplant.
2017;21(7).

Hesselink DA, Bouamar R, van Gelder T. The pharmacogenetics of calcineurin inhibitor-related
nephrotoxicity. Ther Drug Monit. 2010;32(4):387-393. [PubMed: 20571464]

Ruiz-Palacios PC, Rodriguez-Castellanos FE, Mancilla-Urrea E, et al. Aldosterone synthase gene
polymorphism and renal histopathologic changes in kidney transplant patients receiving a

Transplantation. Author manuscript; available in PMC 2020 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Oetting et al.

Page 15

calcineurin inhibitor. J Renin Angiotensin Aldosterone Syst. 2014;15(3):301-306. [PubMed:
23257211]

50. Metalidis C, Lerut E, Naesens M, Kuypers DR. Expression of CYP3A5 and P-glycoprotein in renal
allografts with histological signs of calcineurin inhibitor nephrotoxicity. Transplantation.
2011;91(10):1098-1102. [PubMed: 21544031]

Transplantation. Author manuscript; available in PMC 2020 June 01.



Page 16

Oetting et al.

Author Manuscript

(28) 2012 (Tt eree (92) ere (29) 99°€ U ye<

(6€T) 86'8L (6¥2) 18°2L (229) 8296  (¥9L1) ¥E'96 uve=>

9,0 (0 (t0) 60 (0) (211) BuissiN
("ou) 95 WL elWaYds| PjoD

(96) 557§ (912) 96'S5 (oee) 8z (L06) T9°9¥ 3[eN

(08) s'sy (0L7) ¥0'17t (89€) zLes  (6€0T) 6E'ES aewsad

9.0 (0 ()] 9.0 (0 (@ Buissiin
("ou)9sp:48puas) Jouoqd
zz0o  (09'vT) 6188 (T6'€T) 09°9€ 6100 (15€T) 6627 (€9°€T) 85Ty  :(QS) ueaw sseak up abe souog

(99) z8'TE (0z1) 69°0€E (L6v) 02'TL  T6CT) T€'99 Buiay

(0zT) 8189 (TL2) 1€°69 (toz) 08’82 (959) 69°€E paseasad

6.0 (0) (0) 8100 (0) 9] BuisstiN
(ou) 94 :snyeis Jouoq

(8) TT'S (LeLt (Tv) L8'S (89) 6¥°€ umoudun

(1) 289 (L1) Se'v (ZtT) 92'9T  (80€) 28'ST aseasip Asupiy anshohjod

(¥1) G6°L (0g) 62721 (vt)o01e  (eev) veee 1810

(99) 05°2€ (6vT) TT'8E (28) 0g'S (veT) 889 uoisuapIadAH

(zv) 98°€2 (29) vT LT (L02) 9962 (L¥¥) 96°2C 8seasip JejnJswo|o

(ee) sL8t (tor) €8'S52 (6v1) €T (186) T9°'8C sajaqelq

S100 (0) (0  to000> (0 0] Buissin
:("ou) 94 aseasiq Asupryf abels pug Jo asned

Gz0 (602T) €08y (96'TT) 8L'9¥% 280 (98%T) Lc0S (eSvT) 2v'0s (as) uean
:S1eaA Ul JUBW|[04ud e aby

(co1) G6°LS (Lv2) LT1°€9 (tev) 52’19 (62¢T) 60°€9 3leN

v20 () soey (¥vT) €8'9€ €50  (L92)Ge8e  (6TL) T6'OE alewa
:('ou) 94 J8pusD) JUBIdI0RY
(91) v0'1E (T6€) 96'89 (869) 8e'9z  (8v6T) 29°€L ‘(syuedroned 4o "ou) 9
anfen-d4 €0-N3O JlWoUdY  anjeA-d €0-N3IO SOIWIOUD) o1Is1810eIRYD

ENEL ENAEl
suedllsWy uedlu)y suelisedne)

"S10Y09 Apmis EONTO pue 4>aq ay) JO SansLa1oeIeyd [edlul]d pue Jiydesbowsqg
‘T 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Transplantation. Author manuscript; available in PMC 2020 June 01.



Page 17

Oetting et al.

(6) 86°€S (961) €T°05 (eTv) LT'6S  (GTTT) L¥'LS [euojoAjod

(0 oo (oT) 952 (0 oo (62) L0y AUON

(69) z5'ee (ovT) T8°GE (9zT) so8T  (L02) L9°0T [euojo0uoN

(1) €zo1 (se) 56'8 (s¥1) 202 (68Y) Te'ST s1axj0019 2-11

) Lz (on) 95z 1) 10T (05) 852 uoReUIqWIOD

92'0 (0 (0)  T000> (0) (®) Burssiin
("ou) 9% :uononpuj Apognuy

(T1) 629 (e2) 88°S (81)sv'TT  (092) LE'€T 0197

(¥91) TL°€6 (89¢) 2T'v6 (e09) G588 (891) €998 0497 UeY} J31B3ID

S8°0 0] ()] 02°0 (1) (€) Burssin
("ou) 94 :seyorRWSIW WY H

(8) g5'¥ (9)eeT (02) 182 (6v) LL2 sisasaydelse|d

(8971) G7'S6 (cL€) L9'86 (8L9) €126 (T2LT) €T'L6 sisasaydewseld oN

0200 (0) 1) 060 (0) (821) Burssin
(‘ou) 94 :3UR|dSuel] 01 J0lud sisalaydewse|d

(5) 982 (G2) 9 (09) 91°2 (T11) 28'S 3A1ISOd

(oL1) ¥1'26 (59¢) 65°€6 (8v9) ¥8'26  (L6LT) 8T'¥6 aniyeboN

2800 0] 9] 120 (0) (ov) Burssin
("ou) 9% :yorewssolD |18 g 10 |

(€8) 9T'L¥ (91) ¥6'TY (tev) 52’19 (066) 86°0S 0437 Uey) Ja1eal

(¢6) ¥8'2S (£22) 9085 (L92) sz'8e  (2s6) 20'6Y % 0487

G20 (0) 00  T000™> (0) (9) Buissin
(ou) 95 :SBIPOQIIUY 8AIIORAY |auRd

(8€) 65'TC (e9) g€t (sv) av'9 (6eT) ¥T'L sisheig

9100  (8eT) TV'8L (8ee) sv'98 vs0  (€99) s5€6  (608T) 98'26 sisAfelq oN
(‘ou) 95 :3ueldsueal-isod sAep T 1s414 aY1 Ul sisAfelq

(02) 9g' 1T (6€) L6'6 (et)6T9T  (€T€) 80'OT juejdsued Jotd

(951) 988 (zgg) €0'06 (G89) 18'€8  (v€9T) 26°€8 syue|dsue. L 101 d ON

290 (0 (0) 760 )] m Buisstin
(‘ou)9sp :ue|dsuea] Asupiy Jolad
anjen-4 €0-N39 JIWOUD)  aNnjeA-d €0-N3I9 SOIWOUDD 211S14810BIRYD

dvea dvea
suedllswy uedlu)y sueliseane)

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Transplantation. Author manuscript; available in PMC 2020 June 01.



Page 18

(o1) 89'G (ee) 6.8 (zo2) 662 (26¥) 81'9C (-)4ouo@/(-)1uardiday

696€'0 (0) wT)  S920°0 (1) (69) Buisstin
("ou) 94 :sn1e1S Jouoqausididay snainofebawolf)

W) Lz (91) 60'% (el zeor  (BvR) vLTtT juejdsues L JoLid

(eLm)eLze (5L€) 16'56 (929) 89'68  (669T) 92'/8 sjue|dsue. L 101 d ON

2LL00 (0) (Moo 22600 (0) ™ Buisstin
(ou) 94 :sjuejdsued ] Asupid-uoN J0lid

(&)oLt (sT) v8°e (ze) 85y (221) 259 MdS

(eL1) 0E'86 (9.€) 91'96 (999) 2’56 (028T) 8Y'€6 MdS-UoN

¥08T°0 (0 (0  sv900 (0) ™ Buisstin
(‘ou) 94 :queldsuel] Asupiy| sealoued snosuelnwiIs

(027) 6596 (692) 2162 (9z9) 8968  (082T) 6269 snwijoloel

@11 wn) ety (eT) 98°T (L&) 20T BUON

W) Lze (99) Lv'91 (69) '8 (S15) 80'8¢C aurodsojoAD

(000 (1) 62°0 000 (@110 »hod

7000> (0 (ts)  1000> (0) ((299) Buisstin
(ou) 95 :adA1 1011GIYU| ULINBUIDIRD

(59) €6°9¢ (Lv1) veey (vL2)9z6e  (20L) 8T'8E SpI0Ja1S O

(TT1) L0°€9 (e6T) 92'95 (vev) v2'09  (2€TT) 2L'19 SpI0JaIS UO

L19T'0 (0) (ts)  v159°0 (0) ((299) Buisstin
(‘ou) 95 :3ueldsued ] -150d T Aeq 1e asn P1048lS

(02) 9g' 11 (€2) 88'S (0g2) zgse  (ogL) 6v'L€ anndwsaid

(951) 988 (89¢) ¢T'v6 (8vv) 8T'¥9  (L12T) 1629 anndwasid 10N

€200 (0 (0) ev'o (0) ™ Buisstin

("ou) o4 :3uB|dsued) anndwsaald

(201) 08'09 (ev2) eT'v9 (28¢) ¥'35  (220T) 05°95 J8/8N

(sv) L6'S¢ (06) GL°€T (rs2) 6e'9e  (6€9) 2€'SE 15ed

(¥2) v9'et (ov) vT2T (29) 118 (8v1) 81’8 LN

G0 (0 (t49)] 880 (0) (6€T) Buisstin

(‘ou) 94 :snye1s Bupjows

Oetting et al.

anjeA-d £0-N3O 21WOUSD)  anjeA-d £0-N3O SOILIOUD) ansusloRIRYD
4vXed d4ved
SUBOLISWY UedLIY sueiseane)

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Transplantation. Author manuscript; available in PMC 2020 June 01.



Page 19

Oetting et al.

AJuewoouod auiodsofoAd pue DL Yiog 8A13931 10U PIP PUB [ND 8410 8y} 0} PLIBAUOD 81aM SIUBITed
P

(s2) oz'vT (ov) oz'2T (esT) vezz  (69€) ¥9°6T (+)4ouoq/(-)usidioey
(Tv7) TT°08 (862) S0°6L (oge) 8T8y (8TOT) BT'¥S (+)uardioay
anjen-d4 €0-N39 JlWoUS)  anjeA-d €0-N3I9 SOIWOUD) 211S14810BIRYD
dvXed dv>ea
suedllswy uedlu)yy sueliseane)
Author Manuscript Author Manuscript Author Manuscript

Author Manuscript

Transplantation. Author manuscript; available in PMC 2020 June 01.



Page 20

Oetting et al.

Author Manuscript

0ge'e 7§ lw/Pwee LT 2006 ¥ wpbweg 662 wv
800'TT 8¢ |w/bwE'G 609 169'€cc 8¢ |wbwzg  €9g'T v3 8s0p OVL
oge'’e  TE w/bwgy LT 2006 g€ |wbwoL 662 wv
800'TT 67 Iw/Bwog 609 169'€c  ¥'€ |w/Pw g €9€'T v3a  sybnon OvL
s8soq 10 PiIS ues| uno) s8sog Jo0  pIS UesN  lunod  Moyod
sybnoay # €ONID  sybnoap # 4vXeq

"sonjauIyodeWIRYd SNwIjoIoR]

‘¢ slqeL

Author Manuscript Author Manuscript Author Manuscript

Transplantation. Author manuscript; available in PMC 2020 June 01.



Page 21

Oetting et al.

Author Manuscript

Je3A UosIad Jad arey - AdY

uonejndod - dod

jue|dsueli-1sod sAep 08T 1e pPaIosua)
¥

170
010
¢L0
8¢€'0
¢ro
00T
€Yo
Add

%9
%Ly
%¢'6¢
%¥'9T
%L°S
%¢'0€
%L LT

JuadJdad

9
€
0§

80T
G¢
6T
80T

|wod1nQo

v6
L8y
1.1
199
8ey

€9
609

unod

yim# - €0N3IO

74
€10
650
o
ST'0
790
o
Add

%6°0T

%19
%v'ee
%L LT

%.L'9
%T'TC
%T'9T

jusdJdad

8¢
72
6.
123
0ct
00T
8T¢

awod1NQO
unm #

95¢
Gee'T
8€€
G8L'T
G8.'T
77
25e'T

unod
dvXed

v
\E|
v
v3
\E|
v3
v3
dod

1VAON parefai-INO

eluadoyna| parejal-vdin
BIWaUR paje|al-YdIN
Anoixoloaydau pajejal-ysd
A191x0104ydau pajejal-Qv.L

Elt[vaigle}

‘€ 9lqeL

Author Manuscript

,.'Sa1el uana pue sadAjousyd s10ayss asanpe Juessaiddnsounwiw

Author Manuscript

Author Manuscript

Transplantation. Author manuscript; available in PMC 2020 June 01.



	Abstract
	Introduction
	Materials and Methods
	Discovery and Confirmation Cohorts
	Definition of Phenotypes
	TAC pharmacokinetics
	CNI-related acute nephrotoxicity
	MPA-related anemia
	MPA-related leukopenia
	CNI-related New Onset Diabetes After Transplant (NODAT)
	Genotyping
	Statistical Analysis for Individual Phenotypes


	Results
	Discussion
	References
	Table 1.
	Table 2.
	Table 3.



