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Abstract: Background: This study examines the impact of CYP3A4 and CYP 3A5 genotypes on
tacrolimus (Tac) pharmacokinetics in Romanian kidney transplanted patients. Methods: We included
112 kidney recipients genotyped for CYP3A5*3, CYP3A4*1.001, and CYP3A4*22. Patients were
categorized into poor, intermediate, rapid, and ultra-rapid metabolizers based on the functional
defects linked to CYP3A variants. Results: Predominantly male (63.4%) with an average age of
40.58 years, the cohort exhibited a high prevalence of the CYP3A4*1/*1 (86.6%) and CYP3A5*3/*3
(77.7%) genotypes. CYP3A4*1.001 and CYP3A5*1 alleles significantly influenced the Tac concentration-
to-dose (C0/D) ratio in various post-transplant periods, while the CYP3A4*22 allele showed no such
effect (p = 0.016, p < 0.001). Stepwise regression highlighted the CYP3A4*1.001’s impact in early
post-transplant phases, with hematocrit and age also influencing Tac variability. Conclusions: The
study indicates a complex interaction of CYP3A4 and CYP3AS5 genotypes on Tac metabolism, sug-
gesting the necessity for personalized medication approaches based on genetic profiling in kidney
transplant recipients.
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1. Introduction

Immunosuppression is the treatment of choice for kidney transplant recipients to avoid
rejection and the loss of transplanted kidneys. The development of new immunosuppres-
sive drugs has expanded therapeutic options, reduced adverse reactions, and simplified
long-term care for kidney transplant recipients. It is important to note that transplant
centers worldwide follow different protocols for administering immunosuppressive drugs.

Tacrolimus (Tac) is a macrolide lactone isolated from Streptomyces tsukubaensis [1].
It functions by inhibiting T-cell activation and the production of cytokines, ultimately
helping in the prevention of graft rejection. Tac has a high affinity for erythrocytes and
binds to albumin, proteins, and «-1-acid glycoproteins [2]. The distribution of Tac between
plasma and whole blood is influenced by several variables, including the temperature at
which plasma is separated, the concentration of the drug, and the concentration of plasma
proteins [2].

Tac is extensively metabolized in the gastrointestinal tract and liver, utilizing the
cytochrome P450 enzymes [3,4]. Therefore, the majority of the variability in Tac pharma-
cokinetics may be explained by allelic variation in the CYP3A5 and CYP3A4 genes. The
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CYP3A5%3 allele is a mutant allele with a mutation in intron 3, resulting from deficient
mRNA splicing and limited conversion of a functional protein [5]. The CYP3A5*1 allele,
being a functional allele, is associated with increased Tac metabolism. Consequently, in-
dividuals expressing this allele (homozygous *1/*1 or heterozygous *1/*3), referred to
as “expressers”, require higher doses of Tac to achieve therapeutic drug levels compared
to non-expressers (CYP3A5*3/*3 genotype) [6,7]. The CYP3A4*1.001 (previously known
as CYP3A4*1B) allele [8] is associated with a specific genetic variation involving a T-to-C
substitution in the promoter region of the CYP3A4 gene [9]. CYP3A4*22 is a mutant allele
that results from a G-to-A allele substitution (rs35599367) [10]. It is associated with a
decrease in the expression or enzyme activity of CYP3A4 and has a slow metabolism rate
and an increased risk of adverse reactions [11].

Pharmacokinetic studies with Tac have shown significant inter- and intra-individual
differences in its kinetics in kidney transplant patients [12]. It is critical to obtain and
maintain a therapeutic level of immunosuppressants using adequate dosages, especially
during the immediate post-transplant period. In clinical practice, to optimize the balance
between graft rejection risk and immunosuppressive drug toxicity, the therapeutic drug
monitoring strategy has been the measurement of Tac blood concentration (C0). According
to the CPIC dosing guidelines, they recommend increasing the starting dose to 1.5 to
2 times that of the recommended starting dose, with a total starting dose of no more than
0.3 mg/kg/day, while subsequent doses should be determined based on the therapeutic
drug monitoring strategy [13]. The Dutch Pharmacogenetics Working Group (DPWG)
recommends a dose of 1.5 times normal for heterozygote expressers and 2.5 times normal for
homozygous expressers. Also, subsequent dosing should be based on the therapeutic drug
monitoring strategy [14]. The International Association of Therapeutic Drug Monitoring
and Clinical Toxicology (IATDMCT) presents information on genotype-based Tac doses [15].
While genotype-based dosing has shown promise in tailoring initial Tac doses based on
an individual’s genetic profile, the clinical evidence supporting its significant impact on
improving clinical outcomes after solid organ transplantation has been inconclusive. All
these expert groups have highlighted that while pharmacogenetic testing, particularly
involving genes like CYP3AS5 and CYP3A4, can help predict an individual’s ability to
metabolize Tac, there may be limitations regarding its direct impact on clinical outcomes
post-transplantation. It is important to note that pharmacogenomics and its applications in
personalized medicine are evolving. The conclusions and recommendations may change as
more evidence from larger, well-designed studies becomes available.

We have selected to investigate CYP3A5*3, CYP3A4*22, and CYP3A4*1.001 since there
is published evidence that these single nucleotide polymorphisms (SNPs) influence Tac
dose requirements.

This observational and retrospective single-center study aimed to analyze the as-
sociation between the CYP3A SNPs and Tac pharmacokinetics in the first year after
kidney transplantation.

2. Materials and Methods
2.1. Patients

A retrospective analysis was conducted on 112 kidney transplant recipients treated
between 2019 and 2022 at the Fundeni Clinical Institute, Bucharest. The exclusion criteria
included retransplants, those aged under 18 years, a history of hepatitis B and C virus
infections, immunization with anti-HLA class I and class II antibodies, and patients with a
history of chronic use of substances known to interfere with Tac absorption, distribution,
metabolism, and excretion (macrolides, rifampicin, phenytoin, and carbamazepine). All
patients included in the study were treated with Tac in the first year after transplantation. A
written informed consent was obtained from each of the patients. The study was approved
by the Ethical Committee of Fundeni Clinical Institute (No. 61439/24 November 2023).
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2.2. Immunosuppressive Therapy

All patients received induction therapy with an anti-interleukin-2 receptor monoclonal
antibody (Basiliximab 20 mg on days 0 and 4) or with anti-thymocyte globulin (ATG
1.5 mg/kg/day during the first four days). The immunosuppressive maintenance therapy
after renal transplantation consisted of triple therapy based on immediate-release Tac
(*Prograf) or extended-release Tac (*Advagraf), mycophenolate mofetil, and prednisone.
Based on the internal protocol in the Nephrology Clinical Ward from Fundeni Clinical
Institute, all the patients had the initial Tac dose of 0.15-0.20 mg/kg, administered orally
once daily or twice daily. Afterward, clinicians adjust doses to achieve target Tac blood
levels: 12-15 ng/mL in the first 14 days, 10-12 ng/mL during 15-30 days, 8-10 ng/mL
during 31-60 days, and 6-8 ng/mL after 60 days. These adjustments considered patient
comorbidities, the risk of rejection, and calcineurin inhibitor nephrotoxicity.

2.3. Tac Blood Levels

Tac CO levels were assessed before administering the morning doses at 2 weeks in the
first month, then monthly until the end of the first year of post-kidney transplantation. The
quantitative determination of Tac concentrations in human whole blood was performed
using the chemiluminescent microparticle immunoassay (CMIA) technology with the
Architech System® i2000 (Abbott, Abbott Diagnostic, Green Oaks, IL, USA). The measuring
range is 2 ng/mL to 30 ng/mL.

2.4. DNA Extraction and Genotyping

Following the manufacturer’s instructions, we used whole blood collected in EDTA-
coated vacutainers for DNA extraction. Genomic DNA was extracted using the QIAmp
DNA Blood Mini Kit (Qiagen, Hilden, Germany). A Nanophotometer Implen P300 spec-
trophotometer was used to measure the concentration and purity of DNA samples.

The recipients were genotyped for CYP3A4*1.001 (rs2740574, T = CYP3A4*1,
C = CYP3A4*1.001), CYP3A4*22 (1535599367, G = CYP3A4*1, A = CYP3A4*22), and CYP3A5*3
(rs776746, T = CYP3A5*1, C = CYP3A5*3) alleles using TagMan® Drug Metabolism Geno-
typing Assays (Life Technologies Corporation, Pleasanton, CA, USA). SNP genotyping was
performed on the Applied Biosystems 7300 Real-Time PCR System (7300 System v.1.4.0).
The final volume for 96 reactions was 25 pL, consisting of 12.5 uL. TagMan Universal PCR
Master Mix, 1.25 uL. TagMan Genotyping Assay Mix, and 11.25 uL. DNA. The PCR program
consisted of an initial denaturation step of 10 min at 95 °C and 50 cycles at 92 °C for 15 s
and 60 °C for 1 min. After PCR amplification, we performed an endpoint plate read on
Applied Biosystems 7300 using the Sequence Detection System Software Core Application.

2.5. Statistical Analysis

We used IBM SPSS version 20 for conducting statistical analyses. For variables demon-
strating a normal distribution, we reported mean =+ standard deviation (SD), while for those
exhibiting an abnormal distribution, we utilized median and interquartile range (IQR).
Qualitative variables’ frequency and percentage were examined using Fisher’s exact or
Chi-Square tests. Categorical data was expressed as percentages. To compare two groups,
the Mann-Whitney U test was employed, while the Kruskal-Wallis test assessed more than
two groups. We used the formula described by Kang et al. [16] to compute D’ values for
linkage disequilibrium (LD).

The CO0/D ratio was calculated using the formula: C0/D ratio = Tac CO (ng/mL)/Tac
dose (mg/kg). All available Tac blood levels for a patient were included in the statistical
analysis. To explore the impact of multiple factors on the C0/D ratio variability, we used
stepwise linear regression. The analysis considered only the rare variants *1.001 and *22 of
CYP3A4 and CYP3A5*1 and additional parameters such as age, albumin, and hematocrit.
The mean Tac CO levels were compared with the mentioned range values for each studied
period. The time therapeutic range (TTR) was calculated using the Rosendaal method [17].
The Wilcoxon test was utilized to compare TTR between two groups (with and without
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complications). Additionally, variations in survival curves were assessed using the log-rank
test. A multivariate Cox proportional hazard model was used to evaluate the influence of
Tac CO levels and TTR on complications. Adjusted factors included recipient ages and the
CYP3A gene profile. Statistical significance was defined as p-values < 0.05.

3. Results
3.1. Demographic Characteristics of Patients

The recipients had an average age of 40.58 £ 11.05 years and a mean body mass
index (BMI) of 23.8 & 4.09, with the majority being male (1 = 71). Most patients (89.3%)
were on hemodialysis, and 29.5% presented with hypertension on admission, while 13.4%
had diabetes. The major cause of transplantation was IgA nephropathy (16.1%). Table 1
illustrates other causes of chronic kidney disease. Regarding transplant characteristics, the
median cold ischemia time was 10.9 h. Most patients (98.2%) underwent induction therapy
with Basiliximab, and 66.1% required maintenance therapy with Prograf.

Table 1. Demographic characteristics of patients.

Demographic Characteristics Mean =+ Standard Deviation
Age 40.58 £+ 11.05
Male 71 (63.4%)
Female 41 (36.6%)
Body mass index (BMI) (kg/ m?) 23.8 £4.09
Comorbidities
Hypertension 33 (29.5%)
Diabetes 15 (13.4%)
Active/past smoker 26 (23.3%)
Hemodialysis 100 (89.3%)
Peritoneal dialysis 3(2.7%)
Chronic kidney disease causes
Undetermined etiology 45 (40.2%)
Glomerular disease 9 (8%)
Diabetes kidney disease 7 (6.3%)
Autosomal dominant polycystic kidney disease 7 (6.3%)
Tubulointerstitial disease 4 (3.6%)
IgA Nephropathy 18 (16.1%)
Nephritis due to vesicoureteral 6 (5.4%)
reflux
Systemic lupus erythematosus 2 (1.8%)
Alport syndrome 6 (5.4%)
Wegener granulomatosis 1 (0.9%)
Hypertensive nephropathy 1 (0.9%)
Fabry disease 2 (1.8%)
ANCA positive Vasculitis 1 (0.9%)
Goodpasture syndrome 1 (0.9%)
Pyonephrosis 2 (1.8%)
Laboratory parameters
Albumin (g/dL) 437 £0.48
Creatinine (mg/dL) 213 +0.94
eGFR (mL/min/1.73 m?) 48.31 + 18.47
Urea (mg/dL) 722 £24.6
Hematocrit (%) 36.32 £ 4.26
Transplant characteristics
Cold ischemia time (mean, mins) 656.94
Warm ischemia time (mean, mins) 37.12

HLA-MM (mean, range) 3 (0-6)
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Table 1. Cont.
Demographic Characteristics Mean =+ Standard Deviation
Treatment characteristics
Induction therapy
Anti-thymocite globuline 2 (1.8%)
Basiliximab 110 (98.2%)
Maintenance therapy
Prograf 74 (66.1%)
Advagraf 38 (33.9%)
Tac concentration (C0) (ng/mL) 7.23 +£2.46
Tac dose (mg/kg) 9.44 4+ 1.04
Concentration/Dose (C0/D) Ratio (ng/mL per mg/kg) 52.89 + 21.87
Complications
Delayed graft function 9 (8%)
Rejection 4 (3.6%)
BK infections viral 7 (6.3%)
Acute graft pyelonephritis 3(2.7%)
Suspected calcmeu.n.n inhibitor 1(0.9%)
nephrotoxicity

The predominant genotype among the patients was CYP3A4*1/*1, with the absence
of the CYP3A4*1.001/*1.001 and CYP3A4*22/*22 genotypes. Notably, 78.6% of individuals
carried the CYP3A4*1/*22 genotype. In the case of CYP3AS5, the vast majority were
homozygous for the CYP3A5*3/*3 variant.

According to the observed variability of pharmacokinetics, we separated the patients
into four groups, using the same approach as Hannachi et al.’s research: (1) poor metabo-
lizers: CYP3A4*22 carriers with CYP3A5*3/*3; (2) intermediate metabolizers: CYP3A4*22
carriers plus one CYP3A5*1 allele or CYP3A4*1/*1 plus CYP3A5*3/*3; (3) rapid metaboliz-
ers: CYP3A4*1.001 allele in combination with CYP3A5*3/*3 or CYP3A4*1/*1 carriers with
CYP3A5*1 allele; and (4) ultra-rapid metabolizers: CYP3A4*1.001 allele in combination
with CYP3A5*1 carriers or CYP3A4*1.001/*1.001 [18]. Five patients did not meet the criteria
for any of the metabolization groups defined by Hannachi et al. and therefore were not
included in these groups. The frequencies of the studied genotypes and metabolizer status
groups are shown in Table 2.

Table 2. Genotype frequency of patients.

Genotype Total (n = 112)
CYP3A4*1.001 (rs2740574)
TT (*1/*1) 97 (86.6%)
TC (*1/*1.001) 15 (13.4%)
CC (*1.001/*1.001) 0 (0%)
CYP3A5*3 (rs776746)
TT (*1/*1) 7 (6.3%)
TC (*1/*3) 18 (16.1%)
CC (*3/*3) 87 (77.7%)
CYP3A4*22 (rs35599367)
GG (*1/*1) 24 (21.4%)
GA (*1/*22) 88 (78.6%)
AA (*22/%22) 0 (0%)
Poor metabolizers 78 (69.6%)
Intermediate metabolizers 18 (16.1%)
Rapid metabolizers 1 (0.9%)

Ultra-rapid metabolizers 10 (8.9%)
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An analysis of the variants in our study revealed that there were strong linkages
between pairs of alleles from different loci: CYP3A4*1.001 and CYP3A5*3 alleles (D' = 1),
CYP3A4*22 and CYP3A5*3 allele pairs (D’ = 0.95), or between CYP3A4*1.001 and CYP3A5*1
(D' = 0.77). On the other hand, a weak linkage was between the CYP3A4*22 and CYP3A5*1
allele pairs (D’ = 0.01). Additionally, there was a negative D’ value in the case of CYP3A4*1.001
and CYP3A4*22 allele pairs (D’ = —0.32).

3.2. CYP3A Genotype and C0O/D Ratio over Time Intervals

The mean Tac doses received during specific post-transplant periods (1-14 days,
15-30 days, 31-60 days, and beyond 60 days) were 13.02 + 3.34, 12.62 £ 4.69, 9.58 + 4.55,
and 4.78 £+ 1.99 mg/kg, respectively. The overall average dose was 9.45 &+ 1.04 mg/kg.
Corresponding CO averages for these periods were 12.21 &+ 3.30, 14.10 & 3.38, 12.32 4= 3.21,
and 7.79 £ 0.72 ng/mL, with a global average of 7.23 &+ 2.46 ng/mL. The C0/D ratio for
these periods was 69.28 + 31.96, 88.06 + 46.44, 108.25 & 63.02, and 134.56 £ 74.79 ng/mL
per mg/kg, respectively, with a global average ratio of 52.89 + 21.88 ng/mL per mg/kg.

Regardless of the genotype group, the C0/D ratio was observed to vary significantly
at different post-transplant time intervals. However, the specific changes depended on the
genotype and the phase of the post-transplant period.

The statistical analyses were conducted using the Mann-Whitney U test. Concerning
the CYP3A4*1.001 allele, the CO/D ratio exhibited a statistically significant difference be-
tween carriers and non-carriers across different periods (overall p = 0.016, during 1-14 days
p =0.015, during 31-60 days p = 0.011, and beyond 60 days p = 0.015). In the case of the
CYP3A5%1 allele, a significant difference in the C0O/D ratio was observed between carriers
(CYP3A5*1/%1 and CYP3A5*1/%3) and individuals with the CYP3A5*3/*3 genotype during
all post-transplant phases (p < 0.001) (Figure 1). For the CYP3A4*22 allele, the C0/D ratio
did not differ significantly between non-carriers and carriers (p = 0.413).

140+ 140

120+ 1204

100+ T

80

CO/D ratio (all periods)
CO0/D ratio (all periods)

T T T T
CYP3A4%1.001 non carriers CYP3A4%1.001 carriers CYP3AS5*1 non carriers CYP3AS*1 carriers
CYP3A4%1.001 CYP3A5*1

(a) (b)

Figure 1. Analyzing Tac exposure between carriers and non-carriers of CYP3A4*1.001 (a) and
CYP3A5%1 (b).

When analyzing the demographic and clinical parameter variation based on the
metabolizer status, no statistically significant differences were found in age and weight
across all metabolizer clusters.

3.3. Effects of Various Clinical and Laboratory Parameters on CO/D Ratio over Time Intervals

A stepwise regression model was employed to assess the impact of various clinical
and laboratory parameters on the variability of the C0/D ratio, both regardless of and
according to the post-transplant period.

Table 3 illustrates the influence of these independent parameters on the normalized
dose of Tac during different post-transplant periods.
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Table 3. Effect of different parameters and allelic distribution on the normalized dose of Tac according
to the post-transplant phase.

Post-Transplant Period (Days) Independent Parameter Partial 12 p-Value
CYP3A4*1.001 0.213 0.009
CYP3A4*22 0.237 0.755
1-14 days CYP3A5*1 0.332 0.099
Age 0.236 0.008
Hematocrit 0.088 0.002
CYP3A4*1.001 0.204 0.116
CYP3A4*22 0.207 0.774
15-30 days CYP3A5*1 0.277 0.173
Age 0.184 0.011
Hematocrit 0.130 <0.001
CYP3A4*1.001 0.140 0.010
CYP3A4*22 0.181 0.504
31-60 days CYP3A5*1 0.220 0.406
Age 0.177 0.036
Hematocrit 0.080 0.004
CYP3A4*1.001 0.230 0.022
CYP3A4*22 0.232 0.809
>60 days CYP3A5*1 0.287 0.272
Age 0.192 0.002
Hematocrit 0.119 <0.001
CYP3A4*1.001 0.247 0.023
CYP3A4*22 0.250 0.564
Regardless oefrliooo(;;—transplant CYP3A5*] 0.336 0.100
p Age 0.210 0.004
Hematocrit 0.149 <0.001

p-value calculated with a stepwise regression model. Bold values are significant values.

In the early post-transplant phase (1-14 days), the CYP3A4*1.001 polymorphism
showed a significant correlation with the Tac C0/D ratio, explaining 21.3% of its variability
(p = 0.009). At the same time, CYP3A4*22 and CYP3A5*1 did not demonstrate a significant
association. Hematocrit is also strongly correlated with the C0/D ratio in this phase,
accounting for 8.8% of the variability (p = 0.002).

During the 15-30-day post-transplant period, hematocrit maintained a strong and sig-
nificant correlation (partial r? = 0.130, p < 0.001). Similarly, age was significantly correlated,
explaining 18.4% of the Tac variability.

In the 31-60-day post-transplant period, the CYP3A4*1.001 allele maintained a sig-
nificant correlation with the Tac C0/D ratio (partial 2 =0.140, p =0.010), and hematocrit
again demonstrated a strong association, accounting for 8% of the variability (p = 0.004).
Additionally, age (partial r? = 0.177, p = 0.036) showed a significant association with
Tac variability.

Beyond 60 days post-transplant, the CYP3A4*1.001 allele significantly correlated with
the Tac CO/D ratio (partial r* = 0.230, p = 0.022). The results indicated that hematocrit and
age continued to be highly associated, accounting for 11.9% and 19.2% of the variability
(p <0.001 and p = 0.002).

The regression model showed that CYP3A4*1.001, hematocrit, and age were identified
as significant variables over the entire period.

3.4. Therapeutic Range of Tac Level

Patients receiving Tac were classified based on whether their CO levels fell within
or outside the therapeutic range at different post-transplant periods. Specifically, the
therapeutic range was set at 12-15 ng/mL during the 1-14-day post-transplant period,
10-12 ng/mL during the 15-30 days, 8-10 ng/mL during the 31-60 days, and 6-8 ng/mL
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after 60 days (Table 4). The influence of different genotypes on this categorization was
examined across various genetic groups.

Table 4. Patients in the therapeutic range based on genotype.

Post-Transplant Period (Days) Genotype Therapeutic Range (ng/mL)  p-Value

1-14 12-15 0.492
15-30 10-12 0.533
31-60 CYPSA4TLO0L 8-10 0292

>60 6-8 0.916
1-14 12-15 0.689
15-30 10-12 0.126
31-60 CYPSAL'22 8-10 0.035

>60 6-8 0.526
1-14 12-15 0.854
15-30 . . 10-12 0.220
31-60 CYP3A4*1.001/*22 810 0.185

>60 6-8 0.436
1-14 12-15 0.639
15-30 10-12 0.314
31-60 CYP3AS'S 8-10 0.189

>60 6-8 0.834

p-value calculated by Fisher’s test. Bold values are significant values.

For the CYP3A4*1.001 genotype, during the first 14 days post-transplant (therapeutic
range: 12-15 ng/mL), there was no significant difference in the proportion of patients
falling inside or outside the therapeutic range (p = 0.492). This lack of significant influence
of the CYP3A4*1.001 genotype on Tac levels persisted in subsequent periods: 15-30 days
(p = 0.533), 31-60 days (p = 0.292), and beyond 60 days (p = 0.916).

In contrast, for the CYP3A4*22 genotype, a significant difference emerged during
the 31-60-day post-transplant period (therapeutic range: 8-10 ng/mL), with a p-value of
0.035, indicating that this genotype might influence Tac levels specifically during this time
frame. However, for the combined CYP3A4*1.001/*22 genotype, no significant differences
were observed in any of the post-transplant periods across the varying therapeutic ranges
(p-values: 0.854 for 1-14 days, 0.220 for 15-30 days, 0.185 for 31-60 days, and 0.436 for
>60 days).

Regarding the CYP3A5 genotype, no significant differences were observed in the pro-
portion of patients within or outside the therapeutic range in any of the periods (p-values:
0.486 for 1-14 days, 0.190 for 15-30 days, 0.420 for 31-60 days, and 0.103 for >60 days).

In summary, while certain genotypes, like CYP3A4*22, showed a significant association
with Tac levels during the 31-60-day post-transplant period, other genotypes did not con-
sistently influence the different therapeutic ranges defined for each post-transplant phase.

TTR levels were significantly lower in patients carrying the CYP3A4*1.001 (p = 0.001)
and CYP3A5*1 genes (p < 0.001) within the 1-14-day period compared to those who do not
carry these genes (Figure 2).

There was no significant interaction effect between genotype status and therapeutic
range on TTR. This means that the effect of being a genotype carrier on TTR is not different
for subjects within or beyond the 60-day post-event range.

Lastly, when considering the broader categorization of metabolizer status, no signifi-
cant association was found between metabolizer groups and being within or outside the
therapeutic range of Tac levels in any of the post-transplant periods (p-values: 0.783 for
1-14 days, 0.283 for 15-30 days, 0.040 for 31-60 days, and 0.341 for >60 days).
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Figure 2. TTR at 1-14 days across carriers and non-carriers of CYP3A4*1.001 (a) and CYP3A5*1 (b).

4. Discussion

Kidney transplant recipients treated with a combination of drugs respond to im-
munosuppressive drugs in different ways. In this study, we investigated the influence of
genetic variations, including CYP3A5*1, CYP3A5*3, CYP3A4*22, and CYP3A4*1.001, on
Tac pharmacokinetics among Romanian kidney transplant recipients during their first year
post-transplant. We aimed to analyze the association between these genetic polymorphisms
and Tac dose requirements, with the ultimate goal of contributing to the advancement of
personalized immunosuppressive therapy, thereby improving the efficacy and safety of
kidney transplantation.

Our findings revealed intricate connections between specific genetic variations in
CYP3A4 and the pharmacokinetics of Tac across different post-transplantation periods.
Additionally, we explored the impact of age and hematocrit on Tac exposure in Romanian
kidney transplant patients.

The CYP3A4*1.001 allele is present in 13.4% of our patients, indicating that they
are predominantly carriers of CYP3A4*1/*1. The majority of our patients are carriers
of CYP3A5*3/*3 and CYP3A5*1/%*3. Our data align with those of Caucasian and Asian
populations [19-23].

Our study revealed strong LD between CYP3A4*1.001 and CYP3A5*1 [4,24], CYP3A4*1.001
and CYP3A5*3 [25-27], or CYP3A4*22 and CYP3A5*3. However, the effect of CYP3A4*1.001
is not influenced by CYP3A5, C0/D being significantly reduced in CYP35, independently
of the CYP3A4 variant [18,28]. The negative D’ value for CYP3A4*1.001 and CYP3A4*22
allele pairs (D' = —0.32) indicates that these variants are less likely to be inherited together.

Our findings indicate a statistically significant difference in the C0/D ratio between
carriers and non-carriers of the CYP3A4*1.001 alleles, with p-values of 0.016. These ge-
netic variations are associated with higher Tac exposure, which differs from other studies
conducted in Tunisia [29].

The CYP3A5*1 allele also significantly impacted the CO/D ratio, particularly between
carriers and individuals with the CYP3A5*3/*3 genotype (p < 0.001). These findings align
with studies conducted by Thervet et al. and MacPhee et al. They discovered that individuals
with the CYP3A5*1 genotype exhibited a higher hepatic and intestinal metabolism rate,
necessitating a larger daily dosage to obtain sufficient Tac blood levels [30,31]. Aouam et al.
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observed that patients with CYP3A5*1 carriers required significantly higher Tac doses,
specifically during the early post-transplant phase (1 to 90 days) [28].

In contrast to our findings, Wanas et al. reported that individuals with the CYP3A4*1/*22
genotype had significantly higher C0/D at day 10, and there was no significant difference
between the CYP3A4*1/*1 and CYP3A4*1 /%22 genotypes in terms of trough CO levels at
different time points [32].

The study also observed significant differences in the C0/D ratio when comparing
metabolizer statuses. Our patients were predominantly poor metabolizers (69.6%), pos-
sibly because CYP3A4*1/*22 was present in 78.6% of our patients and only 16.1% were
intermediate metabolizers. This result differs from the Spanish, Polish, and German pop-
ulations, where it was observed that intermediate metabolizers were more common and
slow metabolizers were less common [18,33-35].

The metabolizer status, particularly at the extremes of ultra-rapid and poor metabo-
lizers, influences the CO/D ratio. At the same time, demographic factors such as age and
weight did not exhibit significant variations across different metabolizer groups. This under-
scores the complexity of the relationship between metabolizer status and Tac metabolism.

Through a stepwise regression model, we observed that certain genetic factors consis-
tently influence the Tac C0/D ratio across various post-transplant periods. The CYP3A4*1.001
variant explains a considerable percentage of this variability (21.3% during the first weeks,
14% during the second month, and 23% after 60 days), indicating a significant difference in
Tac CO/D between CYP3A4*1.001 carriers and non-carriers, especially during the early post-
transplant period. These findings are inconsistent with recent results by Youssef et al. [24]
and Hannachi et al. [18], who reported a significant difference in Tac trough per dose based
on CYP3A5*3. It has been shown in previous studies [36-38] that the hematocrit of a patient
can have an impact on the way drugs are metabolized. Therefore, in our improved model
for predicting within-patient variability in Tac drug metabolism, we considered the clinical
relevance of each factor, including CYP3A genotype and hematologic parameters.

In our study, hematocrit and age also play a crucial role, particularly in the later
post-transplant phases. Similar to our study, Jonge et al. identified hematocrit as a predictor
factor of the Tac CO/D ratio [39]. These findings underscore the importance of both genetic
and clinical factors in managing Tac dosing in transplant patients.

Furthermore, the study investigated the influence of different genotypes on patients
Tac levels within defined therapeutic ranges during various post-transplant periods. Only
the CYP3A4*22 genotype demonstrated a significant association with Tac levels during
a specific post-transplant period (31-60 days). This partially differs from the findings of
Hu et al. [40] and Santoro et al. [41], who reported a lack of influence of CYP3A4*22 on Tac
exposure in the first months post-transplant. However, other genetic variations did not
consistently impact Tac levels across the various therapeutic ranges.

According to our study, significant differences were observed only in TTR during
the 1-14 days when comparing carriers and non-carriers of CYP3A4*1.001 and CYP3A5*1,
as calculated using the Rosendaal method. Also, there was no association between TTR
and metabolizer groups or any pot-transplant complications across any study period. The
same results were also met in the study by Hernandez et al. on adult heart transplant
recipients [42]. However, Liu et al. observed a generally reduced TTR (18-35%) throughout
the lung transplant cohort [43]. The differences between our results and those of other
similar studies could be related to the TTR calculation methodologies used [42,43].

Moreover, we studied the potential impacts of CYP3A4 and CYP3A5 genotypes on
post-kidney transplant complications such as delayed graft function, rejection, BK infec-
tions, viral acute graft pyelonephritis, and suspected calcineurin inhibitor nephrotoxicity.
Throughout the first year, we found no significant associations between the studied genes
and the complications following kidney transplantation. Similarly, Sienkiewicz et al. in
Polish patients could not find an association between CYP3A5 genotypes and calcineurin
inhibitor drug levels at any investigated time point [44].
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This study has some limitations. It is a retrospective analysis involving only Romanian
patients, and there may be discrepancies in CYP3A genotype cluster activity compared
to other studies. Our single-center study included a relatively small number of patients
(n = 112), which may explain why we did not observe a significant impact of the tested
genotypes on clinical outcomes.

5. Conclusions

The consistent significance of the CYP3A4*1.001 allele across different periods, along
with hematocrit and age in the later stages, underscores the necessity for personalized Tac
dosing strategies that consider these variables. Moreover, the variability in the influence
of these factors over different post-transplant periods emphasized the dynamic nature of
drug metabolism following transplantation, necessitating the importance of continuous
monitoring and adjustment of drug dosing.
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