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Abstract

Aims: Voriconazole is the mainstay for the treatment for invasive fungal infections in heart transplant patients and significantly

increase tacrolimus exposure because of drug-drug interaction (DDI). However, the magnitude of this DDI is highly variable and

hard to predicted. The purpose of this study was to present the characteristics of DDI between tacrolimus and voriconazole,

and further identify the predictors of tacrolimus dose modification. Methods: We retrospectively enrolled 69 heart transplant

recipients without using voriconazole as the control and 68 patients received voriconazole treatment in voriconazole group.

CYP3A4*1G, CYP3A5*3 and CYP2C19*2 or *3 were genotyped by Sanger sequencing. The requirement of tacrolimus dose for

therapeutic concentrations and tacrolimus dose-corrected trough concentration (C0/D) before and after VRC administration

were evaluated. Results: The DDI between tacrolimus and voriconazole was in a large inter-individual variability with more than

ten-fold changes in tacrolimus dose (range 1.28–13.00) and C0/D (range 1.43–13.75). Besides, the fold changes of tacrolimus

dose were associated with CYP2C19 genotype, which was significantly lower in CYP2C19 extensive metabolizers than that in

CYP2C19 intermediate metabolizers or poor metabolizers (4.06±1.85 vs 5.49±2.47, p=0.0031). While no significant difference

was found in both CYP3A4 and CYP3A5 genotypes. Moreover, CYP2C19 genotype and hematocrit were independent predicting

factors for tacrolimus dose modification after voriconazole co-therapy. Conclusions: This study provided a potential basis for

comprehensive factors to adjust tacrolimus dosage when co-administrated with voriconazole in individual patients. CYP2C19

genotype and hematocrit should be considered in tailoring tacrolimus dose.
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What is already known about this subject?

Drug-drug interaction between voriconazole and tacrolimus are inevitable after transplantation and usually
result in tacrolimus overexposure and toxicities.

The extent and predictors of the drug-drug interaction between voriconazole and tacrolimus in heart trans-
plant recipients are unknown, making tacrolimus dose modification a challenge.

What this study adds?

The magnitude of dug-drug interaction between voriconazole and tacrolimus is in large inter-individual
variability with more than ten-fold change in tacrolimus modification.

CYP2C19 genotype and hematocrit were independent factors affecting tacrolimus dose adjustment after
voriconazole combination.

Abstract

Aims : Voriconazole is the mainstay for the treatment for invasive fungal infections in heart transplant
patients and significantly increase tacrolimus exposure because of drug-drug interaction (DDI). However,
the magnitude of this DDI is highly variable and hard to predicted. The purpose of this study was to
present the characteristics of DDI between tacrolimus and voriconazole, and further identify the predictors
of tacrolimus dose modification.

Methods : We retrospectively enrolled 69 heart transplant recipients without using voriconazole as the
control and 68 patients received voriconazole treatment in voriconazole group. CYP3A4*1G ,CYP3A5 *3
and CYP2C19*2 or *3 were genotyped by Sanger sequencing. The requirement of tacrolimus dose for the-
rapeutic concentrations and tacrolimus dose-corrected trough concentration (C0/D) before and after VRC
administration were evaluated.

Results : The DDI between tacrolimus and voriconazole was in a large inter-individual variability with
more than ten-fold changes in tacrolimus dose (range 1.28–13.00) and C0/D (range 1.43–13.75). Besides,
the fold changes of tacrolimus dose were associated with CYP2C19 genotype, which was significantly lower
in CYP2C19 extensive metabolizers than that in CYP2C19 intermediate metabolizers or poor metabolizers
(4.06±1.85 vs 5.49±2.47,p =0.0031). While no significant difference was found in bothCYP3A4 and CYP3A5
genotypes. Moreover, CYP2C19genotype and hematocrit were independent predicting factors for tacrolimus
dose modification after voriconazole co-therapy.

Conclusions : This study provided a potential basis for comprehensive factors to adjust tacrolimus dosage
when co-administrated with voriconazole in individual patients.CYP2C19 genotype and hematocrit should
be considered in tailoring tacrolimus dose.

Keywords

heart transplantation, tacrolimus, voriconazole, CYP2C19, CYP3A5
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. 1. Introduction

Fungal infections (FIs), especially invasive aspergillosis (IA) is one of the common complications in heart
transplant (HT) recipients and cause significant morbidity and mortality. The incidence of IA is 3.5% to
26.7% in HT patients,1,2 and with risk factors including isolation of aspergillus fumigatus from bronchoal-
veolar lavage, re-operation, cytomegalovirus infection and post-transplant hemodialysis, et al.3 Patients who
receiving immunosuppressive therapy after solid organ transplantation are particularly vulnerable to severe
infections. Triazole antifungal drugs such as voriconazole (VRC), posaconazole and itraconazole are the first
or second line for IA treatment.3,4 These agents are inhibitors of cytochrome P450 3A4 (CYP3A4), which
plays an important role in metabolizing immunosuppressants such as cyclosporine A, tacrolimus (TAC)
and sirolimus. Thus, drug-drug interactions (DDIs) are inevitable between azole antifungals and these im-
munosuppressants in patients received transplantation. Since changes in immunosuppressants exposure put
patients at a high risk of rejection or toxicity, and the DDIs cannot be precisely predicted, it is really a
complex task for clinicians to maintain immunosuppressants concentrations within the therapeutic window
when concomitant with azole antifungals.

Among the triazole antifungal drugs, VRC is recommended as a first-line option for prophylaxis and treatment
of IA and also commonly used after HT.4,5 According to the VRC package insert, when initiation with VRC
in patients already receiving TAC, the TAC dose should be reduced to one-third of the original dose and
followed with frequent monitoring of TAC blood levels.6 Despite this recommendation, the magnitude of
DDI differs among patients and the pre-emptive dose modification can still result in TAC overexposure or
even severe toxicity. In a retrospective analysis of renal and lung recipients, the change of TAC dose-adjusted
concentration (C0/D) between baseline and VRC co-therapy was 5.0±2.7 (range 1.0–20.2) and TAC dose
decreased more than fourfold in 64% of patients.7 These results suggested that VRC metabolism is complex in
vivo and usually affected by clinical and genetic factors. Identification of predictors for TAC dose adjustment
is extremely important for individualized therapy, however, little information is available for HT patients at
present.

TAC is predominantly metabolized by hepatic and intestinal CYP3A4/5 enzymes.8Single-nucleotide po-
lymorphism in CYP3A5*3 (rs776746; 6985A>G ) causes alternative splicing and protein truncation re-
sult in the absence of CYP3A5 , contributing to inter-individual and inter-racial differences in CYP3A-
dependent drug clearance.9 It is well recognized that patients carrying at least one functional CYP3A5
allele (CYP3A5*1 ) require approximately two folds higher TAC dose than patients withCYP3A5*3/*3
genotype.10 Moreover,CYP3A4*1G (rs2242480, 20239G>A ),CYP3A4*1B (rs2740574, -392A>G ) and a
novelCYP3A4*22 (rs35599367, 15389C>T) are also significantly associated with TAC C0/D.11-13 While the
frequencies ofCYP3A4*1B and CYP3A4*22 are less than 1% in Asian patients,14 indicating a limited role
in our study population. With regard to VRC, CYP2C19 is the primarily responsible for the metabolism
of it into VRC N-oxide, though CYP3A4, CYP2C9 and members of the flavin containing mono-oxygenase
(FMO) family also contribute to the metabolism.15 Also, VRC has the potential to be both a substrate
and an inhibitor of the CYP2C19, CYP3A4 and CYP2C9 enzymes. Of note, the CYP2C19 genotype is a
significant determinant of the wide pharmacokinetics variability for VRC. Therapeutic recommendations for
the use of VRC should be based onCYP2C19 genotype, subtherapeutic and supratherapeutic VRC concen-
trations could be avoided by choosing alternative agents in ultrarapid/rapid metabolizers (UMs *17/*17 or
RMs, *1/*17 ) and poor metabolizers (PMs, *2/*2 or *2/*3 or*3/*3 ).16

Our previous study in HT patients using a population pharmacokinetic (PopPK) approach revealed that
TAC clearance was reduced by 63% inCYP3A5 expressers (*1/*1 or *1/*3 ) and 81% inCYP3A5 nonex-
pressers (*3/*3 ) when co-administrated with VRC.17 Another study showed that CYP3A5genotype and
several clinical variables should be taken into considerations as modulators of the TAC–azole interaction.7 A
pharmacokinetic study from healthy volunteers demonstrated that the AUC0-24 of TAC in CYP2C19 inter-
mediate metabolizers (IMs, *1/*2, *1/*3, *2/*17 ) and PMs were significantly higher than that in extensive
metabolizers (EMs,*1/*1 ) when co-administrated with VRC.18 This finding indicated that CYP2C19 geno-
types may be a potential determinant for DDI between TAC and VRC. Previous study from hematopoietic
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. stem cell transplantation (HSCT) implied that the DDI between TAC and VRC is affected by the gene-
tic polymorphisms in bothCYP3A5 and CYP2C19 g enes.19 However, the influences of CYP3A4/5 and
CYP2C19 genotypes on TAC dose adjustment with VRC are poorly understood. Therefore, the present
study was conducted to evaluate the potential factors that can elucidate and predict the magnitude of DDIs
between TAC and VRC in HT recipients so as to help TAC individualized therapy.

2. Methods

2.1 Study design and population

This is a retrospective study investigating the characteristics of DDI between TAC (Prograf, FK-506; Astellas
Ireland Co., Ltd, Kerry, Ireland) and VRC (Pfizer, Karlsruhe, Germany) in HT patients. Patients were
enrolled into the control group and the VRC group according to whether VRC was used or not. The study
was carried out in accordance with the Declaration of Helsinki and with approval from the Ethics Committee
of Tongji Medical College, Huazhong University of Science and Technology (Ethical code: [2018]S331). None
of the heart donors came from executed prisoners. Informed consent was obtained from the enrolled patients.

Eligible recipients were adults ([?]18 years) who received first HT at Union hospital, Tongji Medical Col-
lege, Huazhong University of Science and Technology from February 2015 to November 2020. The exclusion
criteria were as follows: (1) pregnancy or lactation; (2) hepatic or renal dysfunction; (3) incomplete dose
information and clinical data; (4) receiving concomitant drugs that could interact with TAC (such as flu-
conazole, posaconazole, diltiazem, etc.) but except VRC. Moreover, the inclusion criteria of VRC group
were the following: (1) concomitant administration of TAC and VRC for at least 7 days, (2) availability of
at least 2 TAC trough concentrations (C0) before and after VRC concomitant therapy. The demographic
and clinical data were collected by reviewing electronic medical records.

2.2 Administration of immunosuppressants and VRC

All of patients received a triple immunosuppressive therapy, which included TAC, mycophenolate mofetil
(CellCept, MMF; Roche, Shanghai, China) and corticosteroids according to the local clinical protocol as
previously reported.20 Briefly, oral TAC initiation was given approximately 48 h after transplantation surgery
at a dose of 0.02–0.12 mg/kg/day and continued twice daily to achieve individualized target range (10–
15 ng/mL, in the early postoperative days [0–60]) under standard of care of therapeutic drug monitoring
(TDM).21 MMF was initiated at a dose of 1 g every 12 h with dose adjustment for toxicity or allograft
rejection. Oral prednisone was started 3 days after transplantation with an initial dose of 1 mg/kg/day
(twice daily), and decreased 5 mg every 3 days to a maintenance dose of 10 mg/day. In Co-VRC group,
patients with suspected or confirmed fungal infection was orally administrated VRC at the dose of 200 mg
every 12 h.

2.3 TAC sampling and measurement

Blood samples were collected 2–3 times a week for C0measurement during hospitalization and whenever
deemed necessary by the attending physician (but not before day 3). The whole blood TAC C0 was measured
using an automated electrochemiluminescence immunoassay (ECLIA) by the Cobas e411 analyzer series
(Roche, Switzerland), according to the manufacturer’s protocol. Linearity was verified from 1.1 to 27.1
ng/mL for TAC, with total imprecision ranged from 3.9 to 9.4% for TAC.22

2.4 Genotyping of CYP3A4 /5 and CYP2C19

Genomic DNA was extracted from 200 μL ethylenediaminetetraacetic acid-treated peripheral bloods using
the QIAampR DNA Blood Mini Kit (Qiagen, Hilden, Germany). DNA was quantified using a spectropho-
tometer (Thermo, Inc., DE, USA) to determine the concentration and purity and stored at -80*C until detec-
tion. CYP3A4*1G(rs2242480, 20239G>A) , CYP3A5*3 (rs776746, 6986A>G), CYP2C19*2 (rs4244285,
681G>A) andCYP2C19*3 (rs4986893, 636G>A) genotyping were performed by Sanger sequencing using
ABI3730xl analyzer (Applied Biosystems, CA, USA). All samples were analyzed in triplicate and both neg-
ative and positive controls were included to ensure authenticity of the results.
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. 2.5 Statistical Analysis

All TAC concentrations were corrected for daily TAC dose (using the dose ingested the day before trough
concentration measurement). Creatinine clearance (Ccr) was estimated using the Cockcroft-Gault formula.23

All continuous variables were described as median (25th to 75th percentiles) or mean ± standard deviation.
Continuous data were tested for normality using the Kolmogorov-Smirnov test. TAC C0/D were not normally
distributed. The nonparametric Mann–Whitney U and Fisher exact test or χ2 test were used, respectively,
to assess the quantitative and categorical differences between data from the 2 groups. These statistical
analyses were carried out using GraphPad Prism 9 (version 9.0.0 121; GraphPad Software, Inc., La Jolla,
CA). Univariate and multivariate logistic regression analyses were carried out using SPSS Statistics version
20.0 (IBM Corp., Armonk, NY, USA). All reported P values were two-tailed, and aPvalue <0.05 was
considered statistically significant.

3. Results

3.1 Patient characteristics

A total number of 137 HT patients were enrolled for analysis, with 69 patients in the control group and
the others in the VRC group (before VRC concomitant were named as Pre-VRC group, concomitant with
VRC were named as Co-VRC group). Demographics of the study populations when reaching the TAC
target concentration range were summarized in Table 1. There were no significant differences between the
three groups with respect to age, sex, body weight, hematocrit, creatinine clearance,CYP3A5 genotype and
CYP2C19 genotype. The frequencies ofCYP3A4*1G , CYP3A5*3 , CYP2C19*2 and CYP2C19*3alleles
were distributed in concordance with Hardy–Weinberg equilibrium. No patient was found to carry with
CYP2C19*3/*3genotype.

3.2 Effects of VRC on the dose and C0/D of TAC

As showed in Table 1 and Figure 1, to maintain therapeutic concentration level of TAC, the requirements of
TAC dose were significantly lower and the C0/D of TAC were significant higher in Co-VRC group than those
in Pre-VRC and control groups. Compared to Pre-VRC group, the TAC dose reduced 4.75±2.42 folds and
the TAC C0/D increased 5.00±2.27 folds in Co-VRC group. The magnitude of DDI between TAC and VRC
showed large individual variabilities with more than ten-fold changes in TAC dose (range 1.28–13.00) and
TAC C0/D (range 1.43–13.75). In detail, a fourfold reduction of TAC dose was needed for 63.24% patients
(43/68) to obtain the same TAC concentration level before co-therapy with VRC (Figure 2).

3.3 Effects of CYP3A4/5 genotypes on the dose and C0/D of TAC

To investigate the influence of CYP3A4/5 genotypes on this DDI, recipients were divided into different
groups based on different genotypes. In the present study, the requirement of TAC dose was significantly lower
in CYP3A5 nonexpressers than that ofCYP3A5 expressers in control group (p<0.001), Pre-VRC group (p
<0.001) and Co-VRC group (p =0.0028) (Figure 3A). Likewise, significant differences in TAC C0/D between
CYP3A5 expressers and nonexpressers were observed in these three groups (Figure 3B). While there was
no significant difference in TAC dose and C0/D between CYP3A4*1Gallele and CYP3A4*1/*1 genotype
in all groups (Figure 1S A and B). Besides, to reach similar target concentrations, no significant difference
in fold changes of TAC dose and C0/D were observed before and after VRC co-therapy both in different
CYP3A5genotypes (Figure 3C and D) andCYP3A4 genotypes (Figure 1S C and D). Moreover, according
toCYP3A4/5 genotypes, we divided CYP3A into CYP3A EMs (CYP3A5*1 allele and CYP3A4*1G allele),
CYP3A IMs (CYP3A5*1 allele and CYP3A4*1/*1 , or CYP3A5*3/*3and CYP3A4*1G allele) and CYP3A
PMs (CYP3A4*1/*1 andCYP3A5*3/*3 ). There was also no significant difference in fold changes of TAC
dose and C0/D before and after VRC co-therapy in all groups (Figure 2S).

3.4 Effect of CYP2C19 genotype on the dose and C0/D of TAC

Due to the small number of CYP2C19 PMs, we put CYP2C19 PMs together with IMs for further analysis.
As showed in Figure 4, the requirement of TAC dose in CYP2C19 IMs/PMs were significant lower than that
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. of EMs in Co-VRC group (p =0.0395) (Figure 4A). The TAC C0/D in CYP2C19 IMs/PMs were obviously
higher than that of EMs (p =0.0417) (Figure 4B). CYP2C19 genotypes were not associated with the changes
of TAC dose and C0/D in both control and Pre-VRC groups (Figure 4A and B). Furthermore, both the fold
changes of TAC dose (4.06±1.85 vs 5.49±2.47, p =0.0031) and C0/D (4.14±1.91 vs 5.91±2.59, p =0.0019)
before and after VRC co-therapy in CYP2C19 EMs were significantly lower than these in CYP2C19 IMs/PMs
(Figure 4C and D).

3.5 Combined effects of CYP3A5 and CYP2C19 genotypes on the dose and C0/D of TAC concomitant with
VRC

To further investigate the interpreted effects of CYP2C19 andCYP3A5 genotypes on the DDI between VRC
and TAC, we subdivided the Co-VRC group into four groups based on genotypes. In CYP2C19 EMs, the
TAC dosage needed to achieve target concentration were significantly lower in CYP3A5 nonexpressers than
those inCYP3A5 expressers (p =0.0286). And TAC C0/D was significantly higher in CYP3A5 nonexpressers
than expressers (p =0.0018). However, in CYP2C19 IMs/PMs, only TAC C0/D showed significant difference
between patients carried CYP3A5*1 allele and CYP3A5*3/*3 genotype (p =0.0341). Interestingly, both in
CYP3A5 expressers and nonexpressers, there were no significant difference in TAC dose and C0/D between
CYP2C19 EMs and IMs/PMs (Figure 5A and B). Moreover, we analyzed the fold changes of TAC dose and
C0/D before and after VRC initiation in different genotypes. Both in CYP2C19 EMs and IMs/PMs group,
there were no significant difference in the fold changes of TAC dose and C0/D between CYP3A5 expressers
and nonexpressers. Similarly, in CYP3A5 expressers group, there were no significant difference in the fold
changes of TAC dose and C0/D between CYP2C19 EMs and IMs/PMs. However, in CYP3A5 nonexpressers
group, the fold changes of TAC dose (4.02±1.44 vs 5.50±2.42,p =0.0173) and C0/D (4.21±1.64 vs5.88±2.37,
p =0.0076) in CYP2C19 EMs were significantly lower than those in CYP2C19 IMs/PMs (Figure 5C and D).

3.6 Predicted factors for the TAC dose adjustment with VRC co-therapy

Although CYP2C19 genotype had an effect of on TAC dose adjustment in combination with VRC, we
further investigated whether other factors from characteristics of HT recipients may also affect the TAC dose
adjustment. The median fold change of TAC dose was 4.17, which defined as the cut-off value for further
analysis. Risk factors for TAC dose adjustment, such as age, gender, steroid dose, days after transplantation,
CYP3A4 , CYP3A5 and CYP2C19genotypes were first analyzed by univariate analysis. Covariates that
showed significant correlations (p <0.10) were further evaluated in the multivariate analysis. CYP2C19
IM/PM (OR 4.592, 95% CI 1.417–14.879; p =0.011) and hematocrit (OR 1.192, 95% CI 1.053–1.35; p
=0.006) were associated with the fold changes of TAC dose in both univariate and multivariate analysis,
indicating that they were independent factors for TAC dose reduction in concomitant with VRC (Table 2).
Moreover, the fold changes of TAC dose when co-treated with VRC were positively correlated with the levels
of hematocrit (R=0.2681, p =0.027, Figure 6)

4. Discussion

Precise dose adjustment of TAC is crucial to avoid graft rejection and toxicities after organ transplantation.24

The DDI between VRC and TAC is inevitable and highly variable in solid organ transplantation, which is
a challenge for TAC dose modification. To the best of our knowledge, this is the first study to assess the
magnitude of DDI between VRC and TAC in HT patients during the early stage of transplantation. The
present study demonstrated that TAC dose adjustment was in a large inter-individual variability after VRC
initiation and TAC dose could be approximately reduced to 1/4-1/5 of the original dose to maintain the same
level. Moreover, it was CYP2C19 but notCYP3A4 and CYP3A5 genotypes that significantly correlated with
the adjustment of TAC dose. In multivariate analysis,CYP2C19 genotype and hematocrit were independent
factors affecting TAC dose modification after VRC combination.

Currently, the recommendation of TAC dose reduction in VRC package insert was arose from the results
of pharmacokinetics study in healthy volunteers,6 which didn’t consider the potential factors from hema-
tocrit, hepatic and renal function, DDIs as well as the genetic polymorphisms of metabolic enzymes and
transporters.25-28 Our results indicated that TAC dose adjustment due to DDI with VRC was complex and
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. largely variable in organ transplant patients, which was in line with some previous studies. A retrospec-
tive study in HSCT patients demonstrated that the TAC dose should be reduced to one-fifth after VRC
co-administered.29 Other studies from renal and liver transplant patients reported that the rule-of-thumb
reduction of the TAC dose by one-third may not be satisfactory.30,31A reduction of 75% TAC dosage might
be more appropriate for TAC dose when co-treated with VRC from a cohort of renal and lung recipients.7

Therefore, TAC dose should not be reduced based on a fixed ratio when considering DDI, but should be
individually modified according to patient characteristics.

As is commonly known, TAC is mainly metabolized by hepatic and intestinal CYP3A4/5 enzymes. Alt-
hough CYP3A4 was the basis of DDI between TAC and VRC, the CYP3A4*1G was not found to be
associated with the fold changes of TAC dose and C0/D after VRC co-therapy. As expected, the requi-
rements of TAC dose in patients carried CYP3A5*1allele were about 1.5–2 fold higher than those car-
ried with CYP3A5*3/*3genotype in all groups, which was in line with previous studies.10,32 Nevertheless,
CYP3A5*3 also didn’t affect TAC dose modification and C0/D changes in concomitant with VRC. Perhaps
this could be explained by that VRC was a stronger suppressor of CYP3A enzyme and weakened the effect
ofCYP3A5 genetic variants on TAC metabolism. Although CYP3A5genotype significantly affect TAC me-
tabolism, genotype-based TAC dose adjustment may sometimes be inappropriate, especially in combination
with drugs that strongly interact with TAC.

CYP2C19 is the primary enzyme responsible for VRC metabolism and the genetic polymorphism may affect
the DDIs of VRC. Consistent with previous studies,18,33 in Co-VRC group, the requirement of TAC dose was
significant lower and TAC C0/D was significant higher in CYP2C19 IMs/PMs compared to CYP2C19 EMs.
More importantly, the fold changes of TAC dose to achieve therapeutic concentration range in CYP2C19
IMs/PMs were significantly higher than that of CYP2C19 EMs. In CYP2C19 EMs and CYP2C19 IMs/PMs,
the TAC dose was reduced to approximately a quarter and one fifth of the initial dose, respectively. Besides,
both univariate and multiple regression analysis revealed that CYP2C19 IMs/PMs was independent factors
significantly contributing to the changes of TAC dose modification before and after VRC co-therapy. The-
se illustrated that CYP2C19 genotype played a more prominent role in TAC dose adjustment after VRC
initiation, although TAC is mainly metabolized by CYP3A. When co-administered with VRC, CYP2C19
genotype-dependent changes of TAC dose and C0/D was a result of CYP2C19 genotype-related VRC expos-
ures. Previous study in liver transplant patients indicated that VRC trough levels were significantly higher
in CYP2C19 IMs/PMs and lower in CYP2C19 EMs.34,35 Experiments in vitro also demonstrated that the
magnitude of inhibition of the metabolism of TAC by CYP3A was dependent on VRC concentration within
a specific range.31,36 However, this speculation needs to be further validated in HT patients and we will
continue to pay attention to it.

Additionally, we also found that hematocrit was another determinant for dose adjustment of TAC when
co-administrated with VRC. TAC almost extensively binds to red blood cells, as a consequence, the TAC
concentrations are measured in whole blood instead of plasma and strongly affected by hematocrit.8 Lower
hematocrit level was previously identified as a covariate enhancing TAC clearance.37 In renal transplant
recipients, a 10% absolute decrease in hematocrit may increase TAC clearance by more than 50–100%.38,39

Another study in liver transplant recipients showed a significant positive correlation between hematocrit
and TAC ratio.40 Of note, our study may be responsible for the fact that changes of TAC dose adjustment
was positively correlated with levels of hematocrit. This indicated that TAC concentration fluctuation was
insensitive in the low hematocrit level but more sensitive with the increased hematocrit level. Consequently,
we need to realize that the combination of high whole-blood TAC concentrations with low hematocrit levels
may result in extremely high unbound plasma concentrations and further lead to toxicity.

Although DDIs between VRC and TAC is inevitable, some strategies can be used to help dose adjustment.
Many PopPK studies regarding TAC in organ transplantation had been published, TAC dose when con-
comitant with VRC can be recommended with model simulation or Bayesian estimation.17,41,42 Besides,
prolonged-release (PR) TAC formulations had been gradually applied in clinical practice, due to the ad-
vantages in improved medication compliance and less concentration fluctuations. Interestingly, the effects of
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. VRC on TAC exposure were substantially smaller and less variable after administrated with PR-TAC for-
mulation than that in conventional formulation.43Because the absorption of PR-TAC is mainly in the distal
small intestine or in the colon,44 where CYP3A plays a minor role,45,46 presumably decreasing the magnitude
of DDI. Therefore, PR-TAC may be an optimal choice when considering the DDI between TAC and VRC,
if the above findings could be further validated in organ transplant patients. Although these findings can
provide some options, TDM of TAC is still essential and really an effective means to guide dose adjustment.

Some limitations exist in this study. Firstly, VRC trough concentrations were not routinely monitored, thus
it’s difficult to confirm whether DDI between TAC and VRC is associated with VRC metabolism. Secondly,
TAC concentrations after eliminating VRC were not obtained so that we can’t evaluate the TAC dose
increment. Thirdly, the present study was performed in a single center with a relatively small sample size and
the results should be further validated in a large population. In future, prospective studies with multi-center
and larger scales should be encouraged to investigate DDIs between TAC and VRC in HT patients. Regardless
of the limitations described above, our study demonstrated that CYP2C19 genotype and hematocrit were
predictors for TAC dose optimization after VRC combination. These results may potentially have clinical
implications and will provide some references for TAC dose modification when combined with VRC.

Acknowledgments : We are grateful to the staff in the Department of Cardiovascular Surgery, Union Hos-
pital, Tongji Medical College, Huazhong University of Science and Technology providing patient information.

Funding : This study was funded by the Hubei Provincial Key Research and Development Program
(No.2020BCA060), the National Key Research and Development Program (No.2017YFC0909900), and the
National Natural Science Foundation of China (No.81903723, No. 81703630).

Conflict of Interest : There are no conflicts of interest to disclose.

Author contributions : X.H., Y.Z., H.Z. and Y.Z. designed the research and wrote the manuscript. J.Z.,
H.X, H.M., L.L. and L.T. performed the research. X.H., Y.Z., F.Z., and Y.H. analyzed the data. H.Z. and
Y.Z. contributed analytical tools.

References

1. Neofytos, D., Garcia-Vidal, C., Lamoth, F., Lichtenstern, C., Perrella, A. & Vehreschild, J.J. Invasive
aspergillosis in solid organ transplant patients: diagnosis, prophylaxis, treatment, and assessment of respon-
se.BMC Infect. Dis. 21 , 296 (2021).

2. Munoz, P. et al. Invasive aspergillosis among heart transplant recipients: a 24-year perspective. J Heart
Lung Transplant33 , 278-288 (2014).

3. Husain, S. & Camargo, J.F. Invasive Aspergillosis in solid-organ transplant recipients: Guidelines from
the American Society of Transplantation Infectious Diseases Community of Practice. Clin. Transplant.33 ,
e13544 (2019).

4. Husain, S. et al. The 2015 International Society for Heart and Lung Transplantation Guidelines for the
management of fungal infections in mechanical circulatory support and cardiothoracic organ transplant
recipients: Executive summary. J Heart Lung Transplant35 , 261-282 (2016).

5. Danziger-Isakov, L. & Kumar, D. Vaccination of solid organ transplant candidates and recipients: Guide-
lines from the American society of transplantation infectious diseases community of practice. Clin. Trans-
plant.33 , e13563 (2019).

6. Pfize. (New York: Pfize, 2006).

7. Vanhove, T. et al. Determinants of the Magnitude of Interaction Between Tacrolimus and Voriconazo-
le/Posaconazole in Solid Organ Recipients.Am. J. Transplant. 17 , 2372-2380 (2017).

8. Staatz, C.E. & Tett, S.E. Clinical pharmacokinetics and pharmacodynamics of tacrolimus in solid organ
transplantation. Clin. Pharmacokinet.43 , 623-653 (2004).

8



P
os

te
d

on
A

u
th

or
ea

13
F

eb
20

22
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

47
54

79
.9

81
34

49
8/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. 9. Kuehl, P. et al. Sequence diversity in CYP3A promoters and characterization of the genetic basis of
polymorphic CYP3A5 expression.Nat. Genet. 27 , 383-391 (2001).

10. Birdwell, K.A. et al. Clinical Pharmacogenetics Implementation Consortium (CPIC) Guidelines for
CYP3A5 Genotype and Tacrolimus Dosing. Clin. Pharmacol. Ther. 98 , 19-24 (2015).

11. Elens, L., Hesselink, D.A., van Schaik, R.H. & van Gelder, T. The CYP3A4*22 allele affects the predictive
value of a pharmacogenetic algorithm predicting tacrolimus predose concentrations. Br J Clin Pharmacol75
, 1545-1547 (2013).

12. Ben-Fredj, N. et al. Dosing algorithm for Tacrolimus in Tunisian Kidney transplant patients: Effect of
CYP 3A4*1B and CYP3A4*22 polymorphisms.Toxicol Appl Pharmacol 407 , 115245 (2020).

13. Zuo, X.C. et al. Effects of CYP3A4 and CYP3A5 polymorphisms on tacrolimus pharmacokinetics in
Chinese adult renal transplant recipients: a population pharmacokinetic analysis. Pharmacogenet Genomics
23 , 251-261 (2013).

14. Elens, L., van Gelder, T., Hesselink, D.A., Haufroid, V. & van Schaik, R.H. CYP3A4*22: promising
newly identified CYP3A4 variant allele for personalizing pharmacotherapy. Pharmacogenomics 14 , 47-62
(2013).

15. Mikus, G. et al. Potent cytochrome P450 2C19 genotype-related interaction between voriconazole and
the cytochrome P450 3A4 inhibitor ritonavir. Clin. Pharmacol. Ther. 80 , 126-135 (2006).

16. Moriyama, B. et al. Clinical Pharmacogenetics Implementation Consortium (CPIC) Guidelines for
CYP2C19 and Voriconazole Therapy. Clin. Pharmacol. Ther. 102 , 45-51 (2017).

17. Han, Y. et al. Prediction of tacrolimus dosage in the early period after heart transplantation: a population
pharmacokinetic approach.Pharmacogenomics 20 , 21-35 (2019).

18. Imamura, C.K., Furihata, K., Okamoto, S. & Tanigawara, Y. Impact of cytochrome P450 2C19 polymor-
phisms on the pharmacokinetics of tacrolimus when coadministered with voriconazole. J Clin Pharmacol 56
, 408-413 (2016).

19. Iwamoto, T. et al. Effect of Genetic Polymorphism of CYP3A5 and CYP2C19 and Concomitant Use of
Voriconazole on Blood Tacrolimus Concentration in Patients Receiving Hematopoietic Stem Cell Transplan-
tation. Ther. Drug Monit. 37 , 581-588 (2015).

20. Zhang, M. et al. Risk Factors for New-Onset Diabetes Mellitus after Heart Transplantation in Chinese
Patients: A Single Center Experience.Ann. Nutr. Metab. 74 , 331-338 (2019).

21. Costanzo, M.R. et al. The International Society of Heart and Lung Transplantation Guidelines for the
care of heart transplant recipients.J Heart Lung Transplant 29 , 914-956 (2010).

22. Fung, A., Knauer, M.J., Blasutig, I.M., Colantonio, D.A. & Kulasingam, V. Evaluation of electrochemi-
luminescence immunoassays for immunosuppressive drugs on the Roche cobas e411 analyzer.F1000Res 6 ,
1832 (2017).

23. Cockcroft, D.W. & Gault, M.H. Prediction of creatinine clearance from serum creatinine. Nephron 16 ,
31-41 (1976).

24. Ong, S.C. & Gaston, R.S. Thirty Years of Tacrolimus in Clinical Practice.Transplantation 105 , 484-495
(2021).

25. Thervet, E. et al. Optimization of initial tacrolimus dose using pharmacogenetic testing. Clin. Pharmacol.
Ther. 87 , 721-726 (2010).

26. Santoro, A.B., Struchiner, C.J., Felipe, C.R., Tedesco-Silva, H., Medina-Pestana, J.O. & Suarez-Kurtz, G.
CYP3A5 genotype, but not CYP3A4*1b, CYP3A4*22, or hematocrit, predicts tacrolimus dose requirements
in Brazilian renal transplant patients. Clin. Pharmacol. Ther. 94 , 201-202 (2013).

9



P
os

te
d

on
A

u
th

or
ea

13
F

eb
20

22
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

47
54

79
.9

81
34

49
8/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. 27. Kuypers, D.R., de Loor, H., Naesens, M., Coopmans, T. & de Jonge, H. Combined effects of CYP3A5*1,
POR*28, and CYP3A4*22 single nucleotide polymorphisms on early concentration-controlled tacrolimus
exposure in de-novo renal recipients. Pharmacogenet Genomics 24 , 597-606 (2014).

28. Chow, F.S., Piekoszewski, W. & Jusko, W.J. Effect of hematocrit and albumin concentration on hepatic
clearance of tacrolimus (FK506) during rabbit liver perfusion. Drug Metab. Dispos. 25 , 610-616 (1997).

29. Kawazoe, H. et al. Change of the blood concentration of tacrolimus after the switch from fluconazole to
voriconazole in patients receiving allogeneic hematopoietic stem cell transplantation. Biol. Pharm. Bull. 29
, 2528-2531 (2006).

30. Capone, D. et al. Effects of voriconazole on tacrolimus metabolism in a kidney transplant recipient.
Journal of Clinical Pharmacy & Therapeutics 35 , 121-124 (2010).

31. Venkataramanan, R., Zang, S., Gayowski, T. & Singh, N. Voriconazole Inhibition of the Metabolism of
Tacrolimus in a Liver Transplant Recipient and in Human Liver Microsomes. Antimicrob. Agents Ch. 46 ,
3091-3093 (2002).

32. Kuypers, D.R., de Jonge, H., Naesens, M. & Vanrenterghem, Y. Effects of CYP3A5 and MDR1 sin-
gle nucleotide polymorphisms on drug interactions between tacrolimus and fluconazole in renal allograft
recipients.Pharmacogenet Genomics 18 , 861-868 (2008).

33. Fujita, Y. et al. Analysis of cytochrome P450 gene polymorphism in a lupus nephritis patient in whom
tacrolimus blood concentration was markedly elevated after administration of azole antifungal agents.Journal
of Clinical Pharmacy & Therapeutics 38 , 74-76 (2013).

34. Hashemizadeh, Z., Badiee, P., Malekhoseini, S.A., Shahraki, H.R., Geramizadeh, B. & Montaseri, H.
Associations between Voriconazole Therapeutic Drug Monitoring, Toxicity and outcome in Liver Transplant
Patients; an Observational Study. Antimicrobial Agents & Chemotherapy , 1211-1217 (2017).

35. Lamoureux, F. et al. Impact of CYP2C19 genetic polymorphisms on voriconazole dosing and exposure
in adult patients with invasive fungal infections.Int J Antimicrob Agents 47 , 124-131 (2016).

36. Zhang, S., Pillai, V.C., Mada, S.R., Strom, S. & Venkataramanan, R. Effect of voriconazole and other
azole antifungal agents on CYP3A activity and metabolism of tacrolimus in human liver microsomes. Xeno-
biotica42 , 409-416 (2012).

37. Cai, X. et al. Population pharmacokinetics and dosing regimen optimization of tacrolimus in Chinese
lung transplant recipients.Eur. J. Pharm. Sci. 152 , 105448 (2020).

38. Benkali, K. et al. Population pharmacokinetics and Bayesian estimation of tacrolimus exposure in renal
transplant recipients on a new once-daily formulation. Clin. Pharmacokinet. 49 , 683-692 (2010).

39. de Jonge, H., de Loor, H., Verbeke, K., Vanrenterghem, Y. & Kuypers, D.R. In vivo CYP3A4 activity,
CYP3A5 genotype, and hematocrit predict tacrolimus dose requirements and clearance in renal transplant
patients.Clin. Pharmacol. Ther. 92 , 366-375 (2012).

40. Limsrichamrern, S. et al. Correlation of Hematocrit and Tacrolimus Level in Liver Transplant Recipients.
Transplant Proc 48 , 1176-1178 (2016).

41. Monchaud, C. et al. Population pharmacokinetic modelling and design of a Bayesian estimator for
therapeutic drug monitoring of tacrolimus in lung transplantation. Clin. Pharmacokinet. 51 , 175-186 (2012).

42. Fukudo, M. et al. Forecasting of blood tacrolimus concentrations based on the Bayesian method in adult
patients receiving living-donor liver transplantation. Clin. Pharmacokinet. 42 , 1161-1178 (2003).

43. Huppertz, A. et al. Prolonged-Release Tacrolimus Is Less Susceptible to Interaction With the Strong
CYP3A Inhibitor Voriconazole in Healthy Volunteers. Clin. Pharmacol. Ther. 106 , 1290-1298 (2019).

10



P
os

te
d

on
A

u
th

or
ea

13
F

eb
20

22
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

47
54

79
.9

81
34

49
8/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. 44. Garnock-Jones, K.P. Tacrolimus prolonged release (Envarsus(R)): a review of its use in kidney and liver
transplant recipients. Drugs 75 , 309-320 (2015).

45. Drozdzik, M. et al. Protein Abundance of Clinically Relevant Drug-Metabolizing Enzymes in the Human
Liver and Intestine: A Comparative Analysis in Paired Tissue Specimens. Clin. Pharmacol. Ther. 104 ,
515-524 (2018).

46. Bergheim, I., Bode, C. & Parlesak, A. Distribution of cytochrome P450 2C, 2E1, 3A4, and 3A5 in human
colon mucosa. BMC Clin Pharmacol5 , 4 (2005).

Figure 1. Comparison of the TAC dose (A) and C0/D (B) in reaching the target levels after heart transplan-
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