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Cyclosporine (CsA) and tacrolimus (TAC) are immunosuppressant drugs characterized by
a narrow therapeutic range and high pharmacokinetic variability. The effect of
polymorphisms in genes related to the metabolism and transport of these drugs,
namely CYP3A4, CYP3A5, MDR1 and POR genes, has been evaluated in diverse
populations. However, the impact of these polymorphisms on drug disposition is not
well established in Latin American populations. Using TagMan® probes, we determined
the allelic frequency of seven variants in CYP3A4, CYP3A5, MDR1 and POR in 139 Chilean
renal transplant recipients, of which 89 were treated with CsA and 50 with TAC. We tested
associations between variants and trough and/or 2-hour concentrations, normalized by
dose (Co/D and C,/D) at specific time points post-transplant. We found that CYP3A5*3/*3
carriers required lower doses of TAC. In TAC treated patients, most CYP3A5*3/*3 carriers
presented higher Co/D and a high proportion of patients with Cq levels outside the
therapeutic range relative to other genotypes. These results reinforce the value of
considering CYP3A5 genotypes alongside therapeutic drug monitoring for TAC treated
Chilean kidney recipients.

Keywords: polymorphisms, pharmacogenetics, kidney transplant, cyclosporine, tacrolimus

INTRODUCTION

Chronic kidney disease is a global public health problem which in 2017 constituted the second and
fifth cause of death in Central and Andean Latin America, respectively (Bikbov et al., 2020). These
patients require dialysis or kidney transplant as renal replacement therapies. Patients that undergo
transplantation require multimodal immunosuppression where a calcineurin inhibitor, either
cyclosporine (CsA) or tacrolimus (TAC), is the mainstay of regimens. These drugs exhibit a
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narrow therapeutic index: overexposure may result in outcomes
such as viral infections, nephrotoxicity and post-transplant
diabetes, and underexposure puts patients at risk of allograft
rejection (Cotovio et al, 2013; Egeland et al,, 2017). Blood
concentration levels of calcineurin inhibitors exhibit high
inter- and intra-individual variability and associate with
clinical outcomes (Webster et al., 2005; Rodrigo et al., 2016).
Consequently, dosing is individualized based on measured blood
concentrations, or therapeutic drug monitoring.

CsA and TAC are metabolized by the cytochrome P450
enzyme system, primarily the CYP3A4 and CYP3A5 isoforms.
Their absorption is influenced by the P-glycoprotein transporter,
ABCB1/MDRI1. CYP3A4 and CYP3A5 activities are modulated
by cytochrome P450 oxidoreductase enzyme, POR (Jiang et al.,
2008; Jonge et al, 2011). The genes of these proteins harbor
common genetic polymorphisms that are known to influence
CsA and TAC disposition, and to affect clinical outcomes
(Hesselink et al., 2014; Traynor et al, 2015; Sun et al., 2017;
Gelder et al., 2020).

The CYP3A5%3 (rs776746, ¢.219-273-1A > G) polymorphism
can cause alternative splicing that generates a truncated enzyme
with reduced activity. The polymorphic allele (G) is more
common than the wild type allele (A) in most populations
(Kuehl et al., 2001). The impact of this polymorphism on
TAC disposition is well established, as evidenced by its
inclusion in an international dosing guideline from the
Clinical ~ Pharmacogenetics ~Implementation = Consortium
(CPIC) (Birdwell et al., 2015). CsA is less significantly affected,
likely due to different relative affinities of CYP3A5 for TAC and
CsA. CYP3A4*1B (rs2740574, c¢.—392A > G) is purported to cause
increased enzymatic activity (Amirimani et al., 2003). The gene
encoding P-glycoprotein, MDRI, contains several common
polymorphisms, however, the impact of individual
polymorphisms or common haplotypes has exhibited divergent
results (Staatz et al.,, 2010). POR*28C > T at nucleotide 1508
(rs1057868) has exhibited reduced CYP3A5 activity (Elens et al.,
2013).

We investigated the association of common polymorphisms in
CYP3A4, CYP3A5, MDRI and POR genes with blood
concentrations and dose requirements in kidney transplant
recipients treated with CsA or TAC from two hospitals in
Chile. While the impact of these polymorphisms has been
evaluated, the populations studied have not been from the
Latin American region. Our work adds further support to the
existing body of literature and is the first report in a particular
admixed Latin American population. In addition, data from
observational work adds support for genotyping relevant
polymorphisms in these patients in order to more quickly
achieve levels within a target range, and keep within range
over the course of prolonged treatment.

MATERIALS AND METHODS
Patients and Study Design

We performed two observational studies involving transplant
units at two hospitals in Chile, where 85-90% of the
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transplantations were performed with deceased donors. The
first study was of a retrospective cohort design and involved
adults treated with CsA, transplanted at San Juan de Dios
Hospital (HSJD), Santiago, between 2002 and 2013 (n = 89,
CsA cohort). Clinical data for this cohort were collected at weeks
1, 2 and 4 post-transplant. The second study was of a cross-
sectional design and involved adults treated with TAC,
transplanted at Valdivia Base Hospital (HBVAL) between 2003
and 2018 (n = 50, TAC cohort). Data for this cohort were
collected at a single time point, 6 months to 14 years post-
transplant.

Inclusion criteria for both studies were kidney transplant, CsA
or TAC as the primary immunosuppressant. All TAC patients
used diltiazem as a tacrolimus-sparing agent. Patients receiving
an alternative primary immunosuppressant after 3 months, or
receiving drugs that inhibit or induce CYP3AS5 significantly, were
excluded. CsA and TAC doses were routinely monitored and
adjusted based on C, and/or C, levels to achieve the respective
therapeutic range (CsA C, 180-250 ng/ml: TAC C, 5-10 ng/ml).
Levels were monitored beyond week 1 post-transplant to ensure
steady state had been reached.

Ethics

Ethical approval was obtained from the corresponding
Institutional Review Board (Faculty of Medicine of University
of Chile and Health Service for HSJD, and the hospital committee
and Health Service for HBVAL). This study was performed
according to the Declaration of Helsinki, Good Clinical
Practice and Chilean Legislation (laws 20.120, 20.584 and
19.628). All patients signed an informed consent form prior to
providing a sample for genotyping. Clinical data collection,
including blood concentration levels and doses, was retrospective.

Drug Measurement and Quantification

CsA and TAC blood levels were determined by a homogeneous
immunoassay at both HSJD and HBVAL (Cobas E-411, Roche
Diagnostics). Blood samples were obtained pre-dose for CsA or
TAC (Cp) and 2 h after administration for CsA (C,). CsA and
TAC levels were registered and normalized by dose (Cy/D) to
perform analyses between genotypes.

Genotype Analyses

Blood samples were collected between 2014 and 2018. For
genotyping, 3-5ml of venous blood was centrifuged for 25 min
at 2500xg and 10°C to obtain the buffy coat. DNA was isolated from
the peripheral blood mononuclear cells using the High Pure PCR
Template Preparation kit (Roche® Diagnostics Gmbh, Mannheim,
Germany) or the Whole Blood Genomic DNA Purification kit
(ThermoFisher®). Purified DNA was stored at —200C until use.
Commercial TaqMan® probes (ThermoFisher®) were used to
determine seven polymorphisms. The thermocyclers used were
Stratagene mx3000p (Agilent®) or RotorGeneQ (Qiagen®) for
HSJD and HBVAL, respectively. We randomly selected 40% of
the samples to validate genotype results obtained by the TagMan
assay. We used direct sequencing and/or PCR-RFLP for validation
and concordance between assays was 100%. Confirmed samples
representing different genotypes (homozygous reference allele,
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TABLE 1 | Baseline characteristics of patients.

Total (n = 139)

Cohort

HBVAL 50 (36.0%)
HSJD 89 (64.0%)
Sex

Female 67 (48.2%)
Male 72 (51.8%)
Age (years)

Mean (SD) 41.8 (14.0)
Median [Min, Max] 42.0 [11.0-71.0]
Weight (Kg)

Mean (SD) 65.1 (11.6)
Median [Min, Max] 65.5 [31.0, 91.0]
Height (mt)

Mean (SD) 1.62 (0.100)
Median [Min, Max] 1.63 [1.30, 1.86]
BMI (Kg/mt2)

Mean (SD) 24.6 (3.43)
Median [Min, Max] 24.1[18.3, 34.2]
Cold ischemia (hr)

Mean (SD) 20.1 (6.19)
Median [Min, Max] 21.3[1.00, 33.0]

HBVAL: hospital base valdivia; HSJD: Hospital San Juan de Dios; BMI: body mass index.

heterozygous, homozygous variant allele) were used as internal
controls in each assay. Each assay contained four controls: one
sample representing each genotype as positive controls (with the
exception of very rare genotypes), and one negative sample with
nuclease-free pure water to volume.

Statistical Analyses

Analyses were performed using R version 4.02 (R studio version
March 1, 1056). Cy and C, levels were adjusted by dose (Cy/D and
C,/D), and dose was normalized by weight. Normality and
homoscedasticity were tested for these variables using Shapiro-
Wilks and Levene tests, respectively. To meet normality
assumptions, square-root transformations were applied to Coy/
D and C,/D, and logl0 transformation was applied to TAC-D.

Repeated measures ANOVA was performed to evaluate the
differences between genotypes along 1, 2 and 4 weeks after
transplantation on continuous variables (Cy/D, Dose and eGFR).
Pairwise comparisons between genotypes and weeks were analyzed
by t-tests corrected by Bonferroni adjustment. TAC-D was
compared between genotypes by ANOVA, and pairwise
comparisons between genotypes were analyzed by t-tests
corrected by Bonferroni adjustment. We also compared TAC-D
between G-carriers (G/G + A/G) and A/A CYP3A5 genotypes, and
between A-carriers (A/A + A/G) and G/G CYP3A5 genotypes using
ANOVA. We also compared TAC-D adjusted by weight between
G-carriers and A/A CYP3A5 genotypes, and between A-carriers and
G/G CYP3A5 genotypes using Kruskal-Wallis tests.

Differences in proportion of patients in the therapeutic range
between genotype groups was performed using the Chi-square
test or Fisher test. Estimated Glomerular Filtration (eGFR) was
calculated using weight, self-reported ethnicity and serum
creatinine as variables (“transplantr” package version 2.0).
Statistical evaluations were considered in the context of the
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TABLE 2 | Genotype frequencies of patients.
Total (n = 139)

CYP3A4*1B rs2740574-392A > G

AA 115 (84%)
AG 22 (16%)
GG 0 (0%)
CYP3A5*3 rsT76746 6986A > G

AA 10 (7.2%)
AG 48 (35%)
GG 81 (58%)
CYP3A422 rs35599367 C191T

cc 133 (96%)
cT 5 (3.6%)
inl 0 (0%)
MDR1 3435 rs1045642 C3435T

cc 46 (33.1%)
cT 65 (46.8%)
inl 28 (20.1%)
MDR1 1236 rs1128503 C1236T

cc 32 (23.0%)
cT 71 (51.1%)
in 36 (25.9%)
MDR1 2677 rs2032582 C2677T

cc 88 (64%)
cT 38 (8.7%)
in 12 (28%)
POR*28 rs1057868 1508C > T

cc 72 (53%)
cT 53 (39%)
Nl 11 (8.1%)

functional consequence of each polymorphism (increased
activity expected, decreased activity expected or controversial
consequence). For all analyses, two-sided p-values < 0.05 were
considered significant.

RESULTS

Demographic Characteristics of Patients
We studied 139 adult Chilean kidney transplant patients
receiving CsA (64%) or TAC (36%). Demographic and clinical
data are shown in Table 1. Most patients had undergone their
first transplant (97.8% for the CsA-cohort and 91.1% for the
TAC-cohort). A majority received organs from deceased donors
(98.9% for CsA and 86.5% for TAC). The etiology of renal failure
was diverse, and for most patients it was unknown or
unregistered.

All patients were genotyped for CYP3A4*IB, CYP3A5*3,
CYP3A4*22, MDRI1 1236 C > T, MDR1 2677 A > T, MDRI
3435C > T and POR*28 polymorphisms. Genotype frequencies
are shown in Table 2. None of the genotypes exhibited deviation
from Hardy-Weinberg equilibrium.

Genetic Association Between

Polymorphisms and Drug Levels
We tested associations between polymorphisms and drug levels
normalized by dose. Data from CsA treated patients were
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FIGURE 1| Levels of cyclosporine (CsA) normalized by dose before dose administration (CsA-C0/D) after 1, 2 and 4 weeks of renal transplant for 139 patients with
different (A) CYP3A4*1B, (B) CYP3AS5, (C) MDR1-3435, (D) MDR1-1236, (E) CYP3A4*22, (F) MDR1-2677, and (G) POR28 genotypes. For CsA-CO/D, non-differences
were found between genotypes, but significance differences were found along time after transplantation (see Supplementary Table S1). Paired week comparisons
using Bonferroni-adjusted t- tests are indicated as non-significant (ns: p > 0.05) or significant (*p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001).
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FIGURE 2 | Levels of cyclosporine (CsA) normalized by dose after 2 h of administration (CsA-CO/D) after 1, 2 and 4 weeks of renal transplant for 139 patients with
different (A) CYP3A4*1B, (B) CYP3AS5, (C) MDR1-3435, (D) MDR1-1236, (E) CYP3A4*22, (F) MDR1-2677, and (G) POR28 genotypes. For CsA-CO/D, non-differences
were found between genotypes, but significance differences were found along time after transplantation (see Supplementary Table S1). Paired week comparisons
using Bonferroni-adjusted t- tests are indicated as non-significant (ns: p > 0.05) or significant (*p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001).
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obtained at week 1, 2 and 4 after transplantation. We tested
associations between genotypes and Co/D (Figure 1) and C,/D
(Figure 2), at the different weeks of follow-up. We also tested
combinations of CYP3A polymorphisms for associations,
according to previous reports (Staatz et al., 2010; Okubo et al.,
2013). We defined two groups: 1) low enzymatic activity: CYP3A4
(*1A/*1A), CYP3A4 (*22/*22), CYP3A5 (*3/*3); and 2)
intermediate or high enzymatic activity: CYP3A4 (*1A/*1B)
and CYP3A5 (*1/*1 or *1/*3) (data not shown). Carriers of the
MDRI 1236 C/C genotype exhibited lower mean Co/D at week 1
compared to carriers of C/T (Figure 1D). No other genotype or
genotype combination exhibited associations with Co/D or C,/D.

For TAC treated patients, we tested associations between genotypes
and Cy/D 6 months to 14 years post-transplant (Figure 3). CYP3A5%3
A/A carriers and A/G carriers each exhibited lower mean Cy/D levels
compared to G/G carriers (Figure 3B, p < 0.05 for both). Carriers
of MDRI 1236 T/T exhibited lower mean Cy/D levels compared to

C/T carriers (p = 0.012, Figure 3D). No other genotype exhibited
associations with Cy/D.

We explored inheritance models for CYP3A5*3, MDRI
1236 and 2677. For CYP3A5*3 the strongest model
suggested dominant inheritance, where G/G carriers
exhibited 3-fold lower mean CO/D levels than A/A + A/G
carriers (Figure 4). MDRI 1236 C/C + C/T carriers
exhibited higher mean Cy/D levels compared to T/T
carriers, suggesting a recessive model (p = 0.026,
Supplementary Figures S1A,B). MDRI 2677 C/C carriers
exhibited higher mean C¢/D compared to C/T + T/T
carriers, suggesting a dominant mode (p = 0.017,
Supplementary Figures S2A,B). The most common
haplotype for MDRI is TTT (carriage of the polymorphic
base T at 1236, 2677 and 3435). We did not find a
difference in mean Cy/D between MDRI TTT carriers and
those with alternative haplotypes (Supplementary Figure S3).
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TABLE 3 | Proportion of patients in therapeutic range per genotype.

CYP3A4*1B rs2740574-392A > G

Pharmacogenetics in Kidney Transplanted Patients

CYP3A4*22 rs35599367 C191C

Wt (AA) Het (AG) p-value
In range 23 (71.8%) 5 (83.3%) 1 In range
Out range 9 (28.2%) 1(16.7%) Out range
CYP3A5*3 rs776746 6986 A > G
Wt (AA) Het (AG) + Mut (GG) p-value
In range 5 (83.3%) 25 (67.6%) 0.649 In range
Out range 1 (16.7%) 12 (32.4%) Out range
CYP3A5*3 rs776746 6986 A > G
Wt (AA) Het (AG) Mut (GG) p-value
In range 5 (83.3%) 12 (85.7%) 13 (56.5%) 0.168
Out range 1 (16.6%) 2 (14.3%) 10 (43.5%)
POR*28 rs1057868 1508C > T
Wt (CC) Het (CT) + Mut (TT) p-value
In range 22 (66.7%) 8 (80%) 0.696 In range
Out range 11 (33.3%) 2 (20%) Out range
POR*28 rs1057868 1508C > T
Wt (CC) Het (CT) Mut (TT) p-value
In range 22 (66.7%) 5 (71.4%) 3 (100%) 0.841
Out range 11 (33.3%) 2 (28.6%) 0 (0%)
MDR1 rs1045642 C3435T
Wt (CC) Het (CT) + Mut (TT) p-value
In range 8 (61.5%) 22 (73.3%) 0.4854 In range
Out range 5 (38.5%) 8 (26.7%) Out range
MDR1 rs1045642 C3435T
Wt (CC) Het (CT) Mut (TT) p-value
In range 8 (61.5%) 19 (73.1%) 3 (75.0%) 0.780
Out range 5 (38.5%) 7 (26.9%) 1(25.0%)
MDR1 rs1128503 C1236T
Wt (CC) Het (CT) + Mut (TT) p-value
In range 6 (75%) 24 (68.6%) 1 (%) In range
Out range 2 (25%) 11 (31.4%) Out range
MDR1 rs1128503 C1236T
Wt (CC) Het (CT) Mut (TT) p-value
In range 6 (75%) 15 (65.2%) 9 (75%) 0.907
Out range 2 (25%) 8 (34.8%) 3 (25%)
MDR1 2677 rs2032582 C2677T/A
Wt (CC) Het (CT) + Mut (TT) p-value
In range 12 (66.7%) 18 (72.0%) 0.7466 In range
Out range 6 (33.3%) 7 (28.0%) Out range
MDR1 2677 rs2032582 G2677T
Wt (CC) Het (CT) Mut (TT) p-value
In range 12 (66.7%) 17 (73.9%) 1 (50%) 0.646
Out range 6 (33.3%) 6 (26.1%) 1 (50%)
MDR1 TTT haplotype MDR1 non-TTT haplotype p-value
In range 10 (66.7%) 20 (71.4%) 0.7422
Out range 5 (33.3%) 8 (28.6%)

p-value: Fisher’exact test.

Wt (CC) Het (CT) p-value
28 (68.3%) 2 (100%) 1
13 (31.7%) 0 (0%)
CYP3A5*3 rs776746 6986 A > G
Wt (AA) + Het (AG) Mut (GG) p-value
17 (85.0%) 13 (56.5%) 0.053
3 (15.0%) 10 (43.5%)
POR*28 rs1057868 1508C > T
Wt (CC) + Het (CT) Mut (TT) p-value
27 (67.5%) 3 (100%) 0.5418
13 (32.5%) 0 (0%)
MDR1 rs1045642 C3435T
Wt (CC) + Het (CT) Mut (TT) p-value
27 (69.2%) 3 (75%) 1
12 (30.8%) 1 (25%)
MDR1 rs1128503 C1236T
Wt (CC) + Het (CT) Mut (TT) p-value
21 (67.7%) 9 (75%) 0.7272
10 (32.3%) 3 (25%)
MDR1 2677 rs2032582 G2677T
Wt (CC) + Het (CT) Mut (TT) p-value
29 (70.7%) 1 (50%) 0.5183
12 (29.2%) 1 (50%)
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Genetic Association Between

Polymorphisms and Dose Requirements
For CsA treated patients, we tested associations between
genotypes and weight adjusted dose requirement at week 1, 2
and 4 and found no associations (Supplementary
Figures S4A-G). For TAC treated patients, we found
CYP3A5*3 A/A carriers had the highest weight normalized
dose requirement, followed by A/G carriers and G/G carriers
(ANOVA p < 0.05, Supplementary Figures S5,56).

Genetic Association Between
Polymorphisms and Proportion of TAC

Patients in Therapeutic Range

TAC treated patients were categorized as being inside or outside the
therapeutic range at 6 months post-transplant (Cy 5-10 ng/ml), and
we tested the influence of genotypes. CYP3A5*3 GG carriers were
more frequently out of range compared to A/G and A/A carriers
combined (p = 0.053, Table 3). CsA patients were not tested as they
receive frequent drug monitoring in the period corresponding to the
data available (within 1-month post-transplant).

DISCUSSION

Our aim was to test associations between genetic polymorphisms
involved in the absorption and metabolism of CsA and TAC, and
drug disposition variables in two groups of Chilean kidney
transplant patients, adding to an existing body of work
performed in predominantly Caucasian, Asian and African
American populations (Staatz et al, 2010). Consistent with
existing work, we found CYP3A5*3/*3 (G/G) carriers required
lower doses of TAC, presented higher Co/D and a higher
proportion of patients with C, levels outside the therapeutic
range relative to other genotypes (Birdwell et al., 2015). Of note,
in the TAC group the A allele is more frequent in patients within
the therapeutic range, possibly due to a more stable drug
disposition when at least one functional allele is expressed. As
expected, no significant associations were found for this allele in the
CsA cohort, likely due to a lower affinity of CYP3AS5 for this drug.

We found MDRI 2677 C/C associated with higher TAC trough
levels. This is consistent with MDR1-2677 C resulting in decreased
protein expression and causing reduced drug efflux. MDRI 1236 T/
T associated with lower TAC levels and higher doses, although the
functional consequence of this variant is unclear and divergent
results have been published (Staatz et al., 2010). The MDRI1 TTT
haplotype, combining polymorphic variants at positions 1236,
2677 and 3435, did not associate with C, or TAC dose. We
therefore conclude MDRI variants do not significantly affect
drug disposition, or may have a minor impact likely to be
clinically irrelevant (Phuthong et al., 2017; Robertsen et al., 2018).

Our work has a number of limitations. Firstly, both cohorts
received limited follow-up. Further, we did not take into account
multi-drug immunosuppressive regimens that may have varied
between patients (secondary immunosuppressant and/or
corticosteroid). Thirdly, we did not perform a sample size
calculation as for a Latin American population the effect size

Pharmacogenetics in Kidney Transplanted Patients

for the impact of each polymorphism on the variables studied,
and for each immunosuppressant studied, is uncertain, and the
unpredictable frequency of kidney transplants at both hospitals
during the enrolment period.

The CYP3A5 genotyping to guide a tacrolimus starting dose is
a clinically relevant practice that is currently undertaken in
several centers around the world. It may indeed prove a cost-
effective addition to the clinical tool kit to ensure that patients,
that already receive therapeutic drug monitoring, achieve levels
within the therapeutic range faster. Further, it could flag patients
that require closer monitoring to ensure levels within the
therapeutic range at 6 months post-transplant and beyond,
such as those out of range in our cohort. The ultimate aim is
to ensure patients receive adequate immunosuppression, keep
their graft patent and avoid adverse effects related to
overexposure. Data on cost effectiveness and important clinical
endpoints are deficient, especially for lower/middle income
countries, including those in Latin America. Further work on
these aspects is warranted.
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Supplementary Figure S1 | CO of TAC patients associated to MDR1 1236
polymorphism. (A) Co-dominant model. (B) Dominant model. (C) Recessive
model. Significance level: p-value < 0.05. See genetic polymorphisms details in
Supplementary Table S1.

Supplementary Figure S2 | CO of TAC patients associated to MDR1 2677
polymorphism. (A) Co-dominant model. (B) Dominant model. (C) Recessive
model. Significance level: p-value < 0.05. See genetic polymorphisms details in
Supplementary Table S1.

Supplementary Figure S3 | CO of TAC patients associated to MDR1 TTT
haplotype. MDR1 haplotype configured by C3435T, C1236T and C2677T/A.
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