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Abstract

The immunosuppressant and narrow therapeutic index drug tacrolimus is me-
tabolized mainly via cytochrome P450 (CYP) 3A4 and CYP3AS5. For its phar-
macokinetics (PK), high inter- and intra-individual variability can be observed.
Underlying causes include the effect of food intake on tacrolimus absorption as
well as genetic polymorphism in the CYP3A5 gene. Furthermore, tacrolimus is
highly susceptible to drug-drug interactions, acting as a victim drug when coad-
ministered with CYP3A perpetrators. This work describes the development of a
whole-body physiologically based pharmacokinetic model for tacrolimus as well
as its application for investigation and prediction of (i) the impact of food intake
on tacrolimus PX (food-drug interactions [FDIs]) and (ii) drug-drug(—gene) in-
teractions (DD[G]Is) involving the CYP3A perpetrator drugs voriconazole, itra-
conazole, and rifampicin. The model was built in PK-Sim® Version 10 using a total
of 37 whole blood concentration-time profiles of tacrolimus (training and test)
compiled from 911 healthy individuals covering the administration of tacrolimus
as intravenous infusions as well as immediate-release and extended-release cap-
sules. Metabolism was incorporated via CYP3A4 and CYP3AS5, with varying ac-
tivities implemented for different CYP3A5 genotypes and study populations. The
good predictive model performance is demonstrated for the examined food effect
studies with 6/6 predicted FDI area under the curve determined between first
and last concentration measurements (AUC,, ) and 6/6 predicted FDI maximum
whole blood concentration (C,,,,) ratios within twofold of the respective observed
ratios. In addition, 7/7 predicted DD(G)I AUC,, and 6/7 predicted DD(G)I C,,,
ratios were within twofold of their observed values. Potential applications of the
final model include model-informed drug discovery and development or the sup-
port of model-informed precision dosing.
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WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

The pharmacokinetics (PK) of tacrolimus exhibit high inter- and intra-individual
variability. Tacrolimus is a substrate of cytochrome P450 (CYP) 3A4 and the
polymorphically expressed CYP3A5 enzyme, thus highly susceptible to drug-
drug(—gene) interactions. In addition, food intake shows a pronounced effect on
tacrolimus PK.

WHAT QUESTION DID THIS STUDY ADDRESS?

This study presents the development of a new whole-body physiologically based
pharmacokinetic (PBPK) model for tacrolimus that describes and predicts the
influence of food intake and CYP3A perpetrator drugs voriconazole, itraconazole,
and rifampicin on tacrolimus PK while incorporating different CYP3A5 activity
levels.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

The tacrolimus PBPK model helps investigate the underlying mechanisms for the
pronounced impact of food intake, CYP3A5 polymorphism, and coadministra-
tion of CYP3A perpetrators on tacrolimus exposure and highlights the impor-
tance of these individual factors in dosing decisions.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

The model can be applied to support model-informed drug development and a
holistic precision dosing approach incorporating a comprehensive set of factors

INTRODUCTION

Tacrolimus is the cornerstone of current immunosuppres-
sion for the prophylaxis of graft rejection following solid
organ transplantation.' Data from 2020 show that the cal-
cineurin inhibitor was included in approximately 90% of
immunosuppressive regimens for adult and pediatric kid-
ney transplant recipients in the United States.’

Tacrolimus is classified as a Biopharmaceutics Classi-
fication System Class II drug.’ It demonstrates incomplete
absorption across the entire intestine as well as a pro-
nounced intestinal and hepatic first-pass metabolism after
oral intake,*> resulting in a low relative bioavailability of
17%-23%.! Moreover, in vitro studies have indicated tacroli-
mus to be a substrate of P-glycoprotein (P-gp).® Due to exten-
sive binding to erythrocytes, considerably higher tacrolimus
whole blood concentrations compared with plasma levels
can be observed, with a reported mean blood-to-plasma con-
centration ratio of 15.” Tacrolimus is predominately metab-
olized via cytochrome P450 (CYP) enzymes 3A4 and 3AS5,
without contribution of its metabolites to the pharmacolog-
ical effect.®’

As a narrow therapeutic index drug with high inter-
and intra-individual pharmacokinetics (PK) variability,
the clinical application of tacrolimus can be challenging.'

affecting the PK of tacrolimus.

Thus, patients taking tacrolimus are subject to therapeutic
drug monitoring to reduce the risk of graft rejection in the
event of underdosing as well as to prevent overexposure
that might result in nephro- and neurotoxicity, infections,
and malignancies.’ Factors potentially influencing the PK
of tacrolimus include a pronounced food effect. Comparing
the application under fed versus fasted conditions, the
rate of tacrolimus absorption is reduced, resulting in a
33% decreased tacrolimus exposure when administered
after a standardized breakfast.'"'?> Moreover, the PK of
tacrolimus is affected by genetic polymorphisms, with the
CYP3A5 gene being of particular interest. Following, for
example, an oral single dose (SD) administration of tacro-
limus, CYP3A5 normal metabolizers (NMs) demonstrate
a 35% decreased tacrolimus area under the curve (AUC)
compared with a mixed group of intermediate metaboliz-
ers (IMs) and poor metabolizers (PMs)."* Clinical guide-
lines allow CYP3AS5 genotype-informed dosing.'*
Furthermore, tacrolimus is highly susceptible to drug-
drug interactions (DDIs), acting as a victim drug when co-
administered with CYP3A perpetrators. Hence, tacrolimus
is recommended as a sensitive substrate of CYP3A by the
US Food and Drug Administration for use in clinical DDI
studies.'” CYP3A inhibitors cause a significant increase in
tacrolimus exposure. Here, azole antifungal agents (e.g.,
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itraconazole, voriconazole) are of specific clinical rele-
vance, as invasive fungal infections are among the most
important posttransplant infections requiring frequent
concomitant use of tacrolimus and azoles.'® For in-
stance, pretreatment with voriconazole increases the AUC
of tacrolimus by more than fourfold, even reaching sixfold
in CYP2C19 PMs that express a reduced voriconazole me-
tabolism."” In contrast, pretreatment with the antibiotic
agent and CYP3A inducer rifampicin reduces the AUC of
tacrolimus by 68%.

To improve the safety and efficacy of tacrolimus ther-
apy, factors modulating the PK of tacrolimus, such as
food-drug interactions (FDIs) and drug-drug(—gene) in-
teractions (DD[G]Is), should be thoroughly investigated.
For this, physiologically based pharmacokinetic (PBPK)
modeling allows the study of a drug's PK in different
genotypes and interactions with food components or co-
administered drugs while covering various (patho-)phys-
iological characteristics.*>** By incorporating factors
contributing to a drug's interindividual variability, PBPK
modeling can be applied to support model-informed
precision dosing.** Moreover, PBPK modeling is widely
acknowledged for the use in model-informed drug dis-
covery and development (MID3), demonstrated by a
growing number of PBPK applications submitted to reg-
ulatory agencies to address specific research questions,
mainly related to DDIs.*

Objectives of the presented study were therefore (a) the
development of a whole-body PBPK model of tacrolimus
covering different CYP3A5 activities and clinically relevant
formulations as well as the prediction of (b) the influence
of food intake on tacrolimus PX and (c) DD(G)Is involving
different CYP3A perpetrators, especially azole antifungal
agents. The final model will be made publicly accessible
(https://github.com/Open-Systems-Pharmacology).

METHODS
Software

PK-Sim® and MoBi® Version 10 (Open Systems Pharma-
cology Suite, www.open-systems-pharmacology.org, 2021)
were used for the development of the tacrolimus PBPK
model, parameter identification (Levenberg-Marquardt
algorithm), and model sensitivity analyses. Published
clinical study data were digitized with the help of Engauge
Digitizer Version 12.1 (Mitchell et al.**) according to best
practices.” The compilation of plots as well as calculations
of PK parameters and quantitative model performance
measures were performed using the R programming
language Version 4.2.1 (R Foundation for Statistical
Computing).

Clinical study data

Whole blood concentration-time profiles of tacrolimus
in healthy volunteers were gathered from the literature,
covering a broad dosing range of tacrolimus adminis-
tered intravenously and orally in different formulations.
Digitized profiles were divided into a training dataset for
model development and a test dataset for model evalua-
tion (ratio 1:3). Here, profile assignment to the test and
training datasets was accomplished in a nonrandomized
fashion to maximize the set of profiles for model evalu-
ation (test dataset) while preferring information-dense
(frequent measurements within a long sampling period)
and heterogenous profile data to capture the range of dif-
ferent routes of administration, formulations, and dosage
regimens for the training dataset.

PBPK model building

Model development was initiated with an extensive lit-
erature search for physicochemical parameters as well as
information on the absorption, distribution, metabolism,
and excretion of tacrolimus.

For each included study, a representative virtual indi-
vidual was established based on the mean and mode for
age, sex, weight, height, body mass index, and ethnicity of
the respective study publication. If demographic informa-
tion was incomplete, default settings were adopted from
the population database accessible in PK-Sim®. Relative
expression of relevant transporters and enzymes in dif-
ferent organs was implemented according to the PK-Sim®
expression database as described in Table S1. A virtual
population of 1000 individuals was created for each study
population using the respective reported demographic
information to visually assess variability based on these
characteristics and metabolizing enzymes. If no data were
available, an age range of 20-50years was assumed. Table
S1 provides the geometric standard deviations used for the
modeled variation of the relevant transporter and enzyme
concentrations.

Unknown model parameters and parameters with a
high impact on the results of permeability and partition
quantitative structure-activity relationship (QSAR) mod-
els of PK-Sim® were fitted using the training dataset. Oral
formulations differing in release kinetics were incorpo-
rated via separate Weibull functions (Equation 1), with the
time to 50% dissolution and shape as model input parame-
ters. In a stepwise approach, tacrolimus model parameters
were first optimized based on intravenous and oral admin-
istration of immediate-release (IR) capsules (Prograf®).
Next, the model was adjusted to extended-release (ER)
capsules (Advagraf®) by estimating the respective release
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model parameters as well as the intestinal permeability,
the latter required to account for different permeability
behaviors of IR and ER tacrolimus.

—(f — b
fi()=1—exp <M> ()

a

where f4 (t) = fraction of administered dose dissolved at time
t, exp = exponential function, t;,, = lag time between drug
intake and the start of the dissolution process, b = shape pa-
rameter, and a = scale parameter.

Enzyme metabolism was implemented using
Michaelis-Menten kinetics (Equation S1). For CYP3AS5,
different levels of activity were implemented by activity-
specific CYP3AS5 catalytic rate constants (k). Here, the
Michaelis-Menten constant (K,;) was fixed for all activ-
ity levels to decrease the explorative space of the fitting
process. For each study population, the reported fraction
of functional *1 allele was used for activity assignment.
In the absence of genotype/phenotype information of a
study group, CYP3AS5 activity was assumed according to
the frequency of the *I allele observed in the respective
ethnic group published by Birdwell et al.'* Assumed rel-
ative activities for ethnicities and phenotypes relevant
to this work are listed in Table 1. A study investigating
CYP3A5 PMs (i.e., lack of CYP3AS5 activity) was used to
determine CYP3A5 independent metabolism.”* Genetic
variants in CYP3A4 (e.g., CYP3A4*22) were not consid-
ered due to missing information in the study cohorts.

PBPK model evaluation

The final tacrolimus model was evaluated both graphically
and statistically. For visual comparison, predicted whole blood

TABLE 1 Frequency of the CYP3A5 *I allele in different
populations,' including assumed activity relative to homozygous
carriers of the *I allele.

Frequency of the Assumed

Population CYP3A5 *]1 allele, % activity, %
Phenotype

Normal metabolizer ~ 100.0 100.0

Poor metabolizer 0.0 0.0
Race and Ethnicity

African American 60.5 60.5

Asian 25.8 25.8

Latin American 20.2 20.2

Caucasian 7.8 7.8

Abbreviation: CYP, cytochrome P450.

ASCPT

concentration-time profiles were plotted alongside their cor-
responding observed data points. Goodness-of-fit (GOF) plots
were generated to examine the deviation of predicted to ob-
served concentration measurements. Moreover, GOF plots
were used for comparison of the calculated AUC determined
between first and last concentration measurements (AUC,,q,)
and maximum whole blood concentration (C,,,,) values for
all predicted versus observed profiles. Predictions within the
twofold range of observed values were considered successful.
Statistical evaluation was conducted via calculation of mean
relative deviations (MRDs) for all predicted concentration-
time points (Equation 2) as well as geometric mean fold errors
(GMFEs) for predicted AUC,, and C,,,, values (Equation 3).

A~ 2
MRD = 10*: x = \/2%(:1 (10g10Ci_10gIOCi) ()
=10%; = -

where c; = i-th observed concentration, ¢; = predicted con-
centration corresponding to the i-th observed concentration,
and k = number of observed values.

T

log; ( g:: >

m

3
GMFE =10, x = )

where p;, = observed AUC, or C,,, value of study i, p; = cor-
responding predicted AUC,, or C,,. value of study i, and m
= number of studies.

Finally, a local sensitivity analysis was performed for each
investigated formulation (for details, see Section S2.8.1).

FDI modeling

The effect of food intake on tacrolimus exposure was
estimated based on studies providing whole blood
concentration-time profiles under both fed and fasted
conditions. Altered absorption of tacrolimus due to food
intake was implemented by adjusting not only the Weibull
parameters (time to 50% dissolution and shape) but also
the intestinal permeability to account for presumed bind-
ing of tacrolimus to lipoproteins and food components.
FDI modeling was evaluated by comparing predicted to
observed whole blood concentration-time profiles under
fed and fasted conditions. Furthermore, for each modeled
FDI, observed and predicted FDI AUC,,, and C,,,, ratios
were calculated (Equation 4) with subsequent compari-
sons applying the limits proposed by Guest et al.*® to de-
termine prediction accuracy (including 20% variability).

. PK parametery
FDI PK parameter ratio = 4
PK parametery,q.q
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where PK parameter = AUC,, or C,,.., PK parameteryy =
AUC,, or C,,,, of tacrolimus under fed conditions, and PK
parametery, .y =AUC, or C,,, of tacrolimus under fasted
conditions.

Finally, GMFE values were determined for all pre-
dicted and observed FDI AUC,,, and C,,, ratios according
to Equation (3).

DD(G)I modeling

The influence of CYP3A perpetrators on tacrolimus PK
was investigated by coupling the tacrolimus model with
previously published models of voriconazole, itraconazole,
and rifampicin.””*® The respective model files were down-
loaded from https://github.com/Open-Systems-Pharm
acology. PK-Sim® Version 10 model files for itraconazole
and rifampicin were obtained from https://github.com/
Open-Systems-Pharmacology/Itraconazole-Model/relea
ses/tag/v1.3 and https://github.com/Open-Systems-Pharm
acology/Rifampicin-Model/releases/tag/v1.2. Relevant in-
teraction parameters were incorporated from the literature
according to the respective types of interaction reported,
that is, induction, competitive inhibition, and mechanism-
based inactivation, as described in Section S4.1. One of the
voriconazole—-tacrolimus-DDIs was included in the train-
ing dataset to inform the contribution of intestinal and in-
trahepatic tacrolimus metabolism."

Evaluation of the modeled DD(G)Is was performed
analogously to the investigated FDIs as described in the
Methods section (“FDI modeling”).

RESULTS
PBPK model building and evaluation

The tacrolimus PBPK model was built and evaluated using
a total of 37 whole blood concentration—-time profiles (sum-
marized mean values with variance information if avail-
able) obtained from 25 clinical studies for the training and
test datasets. Included were five intravenous SD applica-
tions of 0.015-0.025 mg/kg body weight (BW) tacrolimus as
well as 32 oral administrations of therapeutic doses ranging
from 0.5 to 10 mg. IR and ER formulations of tacrolimus ac-
counted for 27 (SD) and five (SD and multiple dose [MD])
of the profiles used, respectively. Information on all pro-
files, including the frequency of the CYP3A5 *1 allele for
each study population, is provided in Table S2.

The metabolism of tacrolimus was implemented via
CYP3A4 and CYP3A5, with Ky, values adopted from the
literature and kg, values optimized during the model-
building process. For a CYP3A5 NM, the contribution of

CYP3A4 and CYP3AS5 to the overall metabolism accounted
for 67% and 33%, respectively. A total of 71% of CYP3A me-
tabolism occurred intestinally in a CYP3A5 NM compared
with 59% in a CYP3A5 PM. Moreover, weak mechanism-
based inactivation of CYP3A4 and CYP3A5 by tacrolimus
was incorporated using published inhibition data. Initial
Weibull starting parameters for IR and ER formulations
were derived from literature dissolution profiles according
to Langenbucher et al®3! During parameter optimization
steps, the respective shape values for both formulations
and the time to 50% dissolution for ER tacrolimus were ad-
justed. Furthermore, separate intestinal permeabilities were
optimized for IR and ER tacrolimus. A detailed overview of
all tacrolimus model parameters is provided in Table S3. A
summary of the key modeling assumptions, including the
resulting modeling decisions, is available in Table S4. The
tacrolimus PBPK model file can be found in Appendix S2.

Overall, the final tacrolimus model showed good de-
scriptive (training dataset) and predictive (test dataset)
performance. A representative sample of whole blood
concentration-time profiles from both the training and
test datasets is provided in Figure 1. Semilogarithmic and
linear plots of all predicted and observed profiles are listed
in Sections S2.1-52.2.

Figure 2 displays GOF plots of predicted versus ob-
served concentration measurements as well as AUC,
and C,,, values stratified by the training and test datasets.
A total of 96% of all predicted concentration measure-
ments as well as 37/37 of predicted AUC,, and 37/37 of
predicted C,,,, values were simulated within twofold of
their corresponding observed data. The good descriptive
and predictive performance of the model could be further
demonstrated by the calculated mean MRD of 1.43 as well
as mean GMFE ¢ and GMFE,,, values of 1.21 and
1.18, respectively. All individual MRD and GMFE values
are listed in Tables S5 and S6.

Local sensitivity analyses were performed for SD ad-
ministrations of intravenous (0.025mg/kg BW), oral IR
(10 mg), and oral ER tacrolimus (10 mg), respectively. The
AUC,, of intravenous tacrolimus was demonstrated to
be most sensitive to perturbations of the acid dissociation
constant (literature value), whereas for oral IR and ER tac-
rolimus, the lipophilicity (optimized) showed the greatest
impact on AUC,,. A detailed assessment of all sensitivity
analyses can be found in Section S2.8.2.

FDI modeling

The effect of food intake on the PK of tacrolimus was
modeled and evaluated using four FDI studies, with
kilocalories ingested ranging from 600 to 1000 and IR
tacrolimus administered 0.33 to 1.5 h after the start of

85UB01 7 SUOLUWIOD BA11e81D) 3|t (dde ay) Aq pausenob ae Sa e O ‘8sn JO SaInJ 10} Aeiq 18U UO /8|IA UO (SUOTHPUOD-PUR-SLLIBI WD A8 | M Ake.q| Ul |uo//Stiy) SUORIPUOD pue swie 1 8y} 88s *[£202/90/20] Uo Ariq)aul|uo A8|IM ‘sepue|ees sa BelseAlIN Aq 9v62T #dsd/z00T 0T/10p/ioo A | im Al jeul|uo-idose//sdny woiy pepeojumod ‘S ‘€202 ‘9088E9T2


https://github.com/Open-Systems-Pharmacology
https://github.com/Open-Systems-Pharmacology
https://github.com/Open-Systems-Pharmacology/Itraconazole-Model/releases/tag/v1.3
https://github.com/Open-Systems-Pharmacology/Itraconazole-Model/releases/tag/v1.3
https://github.com/Open-Systems-Pharmacology/Itraconazole-Model/releases/tag/v1.3
https://github.com/Open-Systems-Pharmacology/Rifampicin-Model/releases/tag/v1.2
https://github.com/Open-Systems-Pharmacology/Rifampicin-Model/releases/tag/v1.2

PBPK MODELING OF TACROLIMUS FDIS AND CYP3A DDGIS

| 729

TRAINING

TEST

FIGURE 1 Representative plots of whole blood concentration-time profiles of tacrolimus. Stratified by training (a-f) and test (g-1) dataset, solid
lines and ribbons represent population predictions (n = 1000; geometric mean and geometric standard deviation), whereas corresponding observed
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data are shown as dots (+ standard deviation, if available).">*>* Detailed information on all investigated profiles is provided in Table S2. ER,

extended-release; IR, immediate-release; IV, intravenous; MD, multiple dose; n, number of participants; po, oral; SD, single dose; Tac, tacrolimus.
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FIGURE 2 Goodness-of-fit plots of

(a) Blood concentrations (training)

(b) Blood concentrations (test)

the final tacrolimus model. Stratified by
training (left column) and test dataset
(right column), predicted whole blood
concentration measurements (a-b) as

v well as AUC,,, (c-d) and C,,, (e-f)

»e values are plotted against corresponding
observed data. The solid line represents
the line of identity, whereas dotted
lines indicate 1.25-fold and dashed lines
twofold deviation from the respective
observed value. Detailed information
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each meal.""'***** Two whole blood concentration—
time profiles of tacrolimus under fed conditions (668
and 849 kilocalories, 0.33 h after food intake) were used
to adjust the Weibull parameters (time to 50% dissolu-
tion and shape) as well as the intestinal permeability."*
Compared with parameters for fasted administrations,
a 3.3-fold increased time to 50% dissolution (63.0 vs.
18.9 min), a higher shape parameter (0.94 vs. 0.08, both
parabolic curves), and a 90% decreased intestinal per-
meability (3.79% 1077 vs. 3.42x107° cm/s) were esti-
mated for tacrolimus applications under fed conditions.
Information on all included studies is provided in Table
S8. The FDI model file is included in Appendix S2.

102 107
Observed Cyax [Ng/mL]

Figure 3a-f displays the predicted versus observed
whole blood concentration-time profiles of IR tacrolimus
under fed and fasted conditions, with Figure 3g,h showing
the corresponding predicted versus observed FDI AUC,,
and FDI C,,,, ratios. Overall, the FDI model demonstrated
good predictive performance regarding the effect of food
intake on tacrolimus exposure, as 6/6 of predicted FDI
AUC,, and 6/6 of predicted FDI C,,,, ratios were within
the limits proposed by Guest et al.,”® with respective GMFE
values averaging 1.21 and 1.19. A list of all individual
GMEFE values as well as semilogarithmic and linear plots
of all predicted and observed whole blood concentration-
time profiles are available in Sections S3.2-S3.5.
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FIGURE 3 Evaluation of the modeled FDIs. Presented are predicted whole blood concentration-time profiles (a-f) of IR tacrolimus

under fed and fasted conditions alongside corresponding observed data.'"'***3 Dashed (fed) and solid (fasted) lines and ribbons represent

population predictions (n = 1000; geometric mean and geometric standard deviation), whereas corresponding observed data are shown as

dots. Predicted versus observed FDI AUC,,, (g) and FDI C,,,, (h) ratios are shown with the solid line representing the line of identity and

dotted lines indicating 1.25-fold and dashed lines twofold deviation from the respective observed value, along with the curved lines marking

the prediction success limits proposed by Guest et al.,® including 20% variability. Detailed information on all investigated FDI studies is

provided in Table S8. AUC,,, area under the curve determined between first and last concentration measurements; C,,,,, maximum whole

blood concentration; FDI, food-drug interaction; IR, immediate-release; n, number of participants; po, oral; SD, single dose; Tac, tacrolimus.
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DD(G)I modeling

The DD(G)I model, centered around tacrolimusasa CYP3A
victim drug, was developed using four DD(G)I studies. For
the CYP3A4 mechanism-based inactivator and CYP3A5
competitive inhibitor voriconazole, two studies investigated
its pretreatment effect on the PK of IR tacrolimus,'®” with
one of the studies specifically examining the extent of inhi-
bition in different CYP2C19 phenotypes, that is, NMs, IMs,
and PMs."” Furthermore, one study assessed the impact of
pretreatment with the CYP3A4 and CYP3A5 competitive
inhibitor itraconazole on ER tacrolimus,'® whereas the last
study addressed the pretreatment influence of the CYP3A4
competitive inhibitor and inducer rifampicin on the PK of
intravenously and orally (IR) administered tacrolimus.’
In two of the aforementioned studies, the CYP3A4 victim
drug midazolam was additionally administered. However,
as no effect on the PK of tacrolimus was assumed, mida-
zolam administration was not included in the DD(G)I
model.'®'® Figure 4 presents a schematic overview of the
modeled DD(G)I network. Further details on all included
DD(G)I studies, as well as model parameters of the DD(G)I
partners, are provided in Sections S4.2-S4.3. The DD(G)I
model file is included in Appendix S2.

Figure 5 shows predicted versus observed whole blood
concentration-time profiles of tacrolimus administered
alone or concomitantly with the respective perpetrator
drug. For each DD(G)]I, predicted versus observed DD(G)I
AUC,, and C,,, ratios are displayed in Figure 6, with 7/7
and 6/7 within the limits proposed by Guest et al.,*® re-
spectively. The favorable DD(G)I prediction performance
of the model is further demonstrated by low mean GMFE
values for the predicted DD(G)I AUC,,; (1.10) and C,,,,
ratios (1.41). A list of all individual GMFE values as well
as semilogarithmic and linear plots of all predicted and
observed whole blood concentration-time profiles are
available in Sections S4.4-54.7.

Rifampicin
11
11

Vo

— — \Voriconazole \—|
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A

e
Itraconazole — — — —|
CYP3A5

=———>  Metabolism of victimdrugs = = = | Competitive inhibition

Polymorphism =———— Mechanism-based inactivation

DISCUSSION

In the present work, a whole-body PBPK model for tac-
rolimus was built and evaluated allowing the successful
description and prediction of whole blood concentration-
time profiles over a broad dosing range of intravenously
(0.015-0.025 mg/kg BW, SD) and orally (0.5-10 mg, SD and
MD, IR and ER) administered tacrolimus. Subsequently,
the final model was applied to predict the effect of food
intake on tacrolimus PK as well as DD(G)Is involving tac-
rolimus as a CYP3A victim drug in subjects with varying
CYP3AS5 and CYP2C19 activity levels.

The simulated total bioavailability for IR tacrolimus
ranges from 12% to 18% depending on the administered
dose, coinciding with reported total bioavailability values
of (18+5)% in healthy individuals. The three determin-
ing factors for fraction absorbed, fraction escaping gut
wall metabolism (Fg), and fraction escaping first-pass
liver metabolism (Fh) are also well reflected in the model:
(1) consistent with literature data, the developed model
simulates incomplete intestinal absorption of tacrolimus,
with 48% of the applied dose absorbed'; (2) as intravenous
profiles are reasonably predicted, we conclude that the he-
patic clearance is adequately described, and consequently
Fh should be well depicted in the model; (3) the success-
ful prediction of metabolic DDIs suggests a well-described
relationship between the fraction absorbed and Fg by the
model.

Numerous studies have demonstrated the predom-
inant involvement of CYP3A enzymes in the metab-
olism of tacrolimus, with CYP3A4 and CYP3AS5 being
of particular importance, resulting in their inclusion
in the model.® To account for interindividual variabil-
ity caused by the genetic polymorphism of the CYP3A5
gene, CYP3AS activity was incorporated for each study
population based on the frequency of the functional
*1 allele, either determined by genotyping or assumed

FIGURE 4 Schematic overview

of the modeled drug-drug(—gene)
interaction network. While tacrolimus
acts as a CYP3A4 and CYP3AS5 victim
drug, voriconazole, itraconazole, and
rifampicin represent CYP3A4 perpetrator
drugs. Voriconazole and itraconazole
additionally inhibit CYP3AS5. For
simplicity, the mechanism-based
inactivation of CYP3A4 and CYP3AS5 by
tacrolimus is not shown. CYP, cytochrome
P450.

Tacrolimus

= = =>» Induction
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FIGURE 5 Evaluation of the modeled DD(G)Is (Part I). Presented are predicted whole blood concentration-time profiles of tacrolimus
without (Control) and with (DD[G]I) intake of the respective perpetrator drug (voriconazole [a-d], itraconazole [e], rifampicin [f-g])
alongside their corresponding observed data.>%*® Solid (Control) and dashed (DD[G]I) lines and ribbons represent population predictions
(n =1000; geometric mean and geometric standard deviation), whereas corresponding observed data are shown as dots (+ standard
deviation, if available). Detailed information on all investigated DD(G)I studies is provided in Table S10. CYP, cytochrome P450; DDGI,
drug-drug—gene interaction; DDI, drug-drug interaction; ER, extended-release; IM, intermediate metabolizer; IR, immediate-release; IV,
intravenous; n, number of participants; NM, normal metabolizer; PM, poor metabolizer; Tac, tacrolimus.

based on the mode of the respective study participants' and complete PK dataset on specified CYP3A5 geno-
race and ethnicity."* However, as CYP3A5 genotyping  types might be required to further improve and refine
had not been performed in the majority of included the genotype-specific modeling of tacrolimus exposure.
studies, this lack of information might have led to biases =~ The same applies to CYP3A4 variants, which have not
in the modeling and estimation processes. Here, a larger ~ been considered so far.
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FIGURE 6 Evaluation of the modeled DD(G)Is (Part II). Predicted versus observed DD(G)I AUC,, (a) and DD(G)I C,,,, (b) ratios
are shown with the solid line representing the line of identity, dotted lines indicating 1.25-fold and dashed lines twofold deviation from
the respective observed value, along with the curved lines marking the prediction success limits proposed by Guest et al.? including 20%
variability. Detailed information on all investigated DD(G)I studies is provided in Table S10. AUC,,, area under the curve determined
between first and last concentration measurements; C,,,,, maximum whole blood concentration; DD(G)I, drug-drug(—gene) interaction;

DDI, drug-drug interaction.

To predict the release kinetics of IR and ER tacroli-
mus, separate Weibull parameter values were used in the
absorption model. In addition, it became apparent that
different intestinal permeability values had to be opti-
mized for IR and ER tacrolimus to adequately describe
the observed data, with a slightly higher permeability
value estimated for IR compared with ER tacrolimus
(3.42x107%vs. 1.91 x 10~® cm/s). For ER tacrolimus, the
adjusted permeability was within one order of magni-
tude of the published in vitro value (6.58 x 10"° cm/s).%°
No reference permeability could be found in the liter-
ature for IR tacrolimus. The underlying cause for the
observed differences in intestinal permeability for IR
and ER formulations is not clear yet, but it is reason-
able to assume that different pharmaceutical excipients
contained in IR and ER tacrolimus formulations might
be the driving factor. For example, only IR tacrolimus
capsules include the disintegrant croscarmellose so-
dium, which has been reported to significantly increase
the membrane permeability in the rat small intestine in
vitro."** Here, dedicated studies addressing oral tacro-
limus formulations would be of interest to investigate
possible permeability-modulating effects. During model
development, besides implementing different intesti-
nal permeabilities for IR and ER tacrolimus, alternative
approaches covering different solubilities, supersatura-
tion, or release modeling via particle dissolution were
tested. However, these approaches were not adopted be-
cause no support for their application could be found in
the literature and the prediction of the observed data did
not improve.

The final tacrolimus model was successfully applied
to predict the influence of food intake on IR tacrolimus
whole blood levels. Food effects may result from a vari-
ety of mechanisms arising from the interaction of post-
prandial physiology and compounds. For tacrolimus,
the influence of different meal compositions on the ex-
posure has been examined by Bekersky et al., however,
the underlying mechanisms are still unknown.''*%
Therefore, the food effect was empirically modeled. The
Weibull parameters were adjusted to represent food-
induced changes in release kinetics, for example, due to
altered gastric pH. In addition, the intestinal permeabil-
ity was estimated to account for altered absorption, pre-
sumably due to the binding of tacrolimus to lipoproteins
and food components, given its pronounced lipophilic-
ity.*® During model development, other approaches to
model the effect were pursued, such as a change in sol-
ubility, gastric pH, gastric emptying time, or intestinal/
hepatic blood flow. However, these approaches were
eventually not retained due to an inadequate description
of the observed food effect. In the case of a prolonged
gastric emptying time, this observation is consistent
with the findings of Kuypers et al. showing no signifi-
cant difference in the extent of absorption in patients
with and without delayed gastric emptying.’” According
to Deng et al., as tacrolimus is a low extraction drug,
a change in splanchnic blood flow would not be ex-
pected to affect tacrolimus kinetics; hence, the lack of
effect of an increase in intestinal/hepatic blood flow is
in line with the literature.’>*® The final model describes
a more pronounced release and slower absorption under
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fed conditions. Overall, a higher fraction of the tacro-
limus dose is absorbed than under fasting conditions,
with ultimately lower exposure due to increased intes-
tinal metabolism, a finding consistent with a hypothesis
proposed by Huppertz et al.'> Unfortunately, due to the
administration of 5 mg IR tacrolimus in all food effect
studies, the investigation of the FDI lacked diversity
in applied doses and formulations. Hence, additional
studies examining different doses and oral formula-
tions of tacrolimus would be necessary to increase the
prediction confidence and domain extrapolation of the
presented FDI model. In general, to pursue a modeling
approach that captures the underlying mechanisms of
the food effect, a more diverse set of training data and
further studies on mechanisms are needed.

Furthermore, DD(G)I modeling involving tacrolimus as
a CYP3A victim drug was successfully performed by cou-
pling the developed tacrolimus model with models of the
CYP3A perpetrator drugs voriconazole, itraconazole, and
rifampicin while considering different CYP3A5 activity
levels.””*® However, a slight underprediction of tacrolimus
Cax Values can be observed for each modeled DD(G)I. Here,
various approaches were explored to refine DD(G)I predic-
tions. Among others, the inclusion of P-gp in the model was
tested, as tacrolimus has been identified as a P-gp substrate
in vitro and inhibition of P-gp by itraconazole and rifampi-
cin is described in the literature.****° For the final model,
the implementation of P-gp was eventually discarded due
to its insignificant improvements for DD(G)I predictions.
Potential reasons for the remaining slight underprediction
of tacrolimus C,,, values could be, for example, the in-
volvement of additional, still unknown transporters in the
distribution of tacrolimus or a discrepancy between the in-
corporated expression profiles of CYP3A4 and CYP3AS5 and
the respective actual in vivo expression in different organs.
Overall, depending on the CYP2C19 phenotype, modeled
pretreatment with voriconazole increased the total bioavail-
ability of tacrolimus by 2.5-fold (NMs), 2.7-fold (IMs), and
3.1-fold (PMs). In the case of pretreatment with itraconazole
and rifampicin, the total bioavailability of tacrolimus in-
creased by 2.4-fold and decreased by 58%, respectively. All
three perpetrators showed no effect on the fraction absorbed
of tacrolimus.

Other whole-body PBPK models of tacrolimus are
available in the literature, focusing, for instance, on preg-
nant populations or DDIs between tacrolimus and Wuzhi
capsule ingredients.*"**

Other investigators used a minimal PBPK model of
tacrolimus to also investigate the impact of CYP3A5 gen-
otype on tacrolimus PK in addition to other factors such
as hematocrit.** Due to considerable structural differences
between whole-body and minimal PBPK models, signif-
icant differences in the observed study populations, and

ASCPT

differing implementation of CYP3AS5, a comparison of
the two models is difficult. Moreover, due to the minimal
overlap of estimated and used model input parameters as
well as vast differences in cardinality of training and test
datasets, comparing the predictive model performances
might not be reasonable.

The presented tacrolimus model provides new import-
ant insights by investigating the food effect of tacrolimus
as well as clinically relevant DD(G)Is involving CYP3A
perpetrators, particularly azole antifungal agents, while
considering different CPY3A5 activities. In addition, the
model was built and evaluated using a comprehensive
set of clinical data, including multiple clinically relevant
formulations over wide dosing ranges and a large num-
ber of 37 mean whole blood concentration-time profiles
obtained from a total of 911 study participants of differ-
ent ethnicities. However, further studies investigating MD
applications of tacrolimus would be beneficial to assess
possible tacrolimus accumulation.

To conclude, the developed tacrolimus whole-body
PBPK model demonstrates good descriptive and predic-
tive performance in healthy individuals. Moreover, the
model was successfully used to investigate and predict
the interaction between tacrolimus PK and food intake
as well as the influence of the CYP3A perpetrator drugs
voriconazole, itraconazole, and rifampicin on tacrolimus
exposure in DD(G)I scenarios. Potential applications of
the model include MID3 or the support of precision dos-
ing. Once clinical study data and corresponding PBPK
models on additional CYP3A perpetrators become avail-
able, the model can be extended to further investigate the
role of tacrolimus as a CYP3A victim drug. Here, DD(G)
I studies analyzing different CYP3A5 genotypes would be
of particular interest providing a more detailed under-
standing of the CYP3A5 polymorphism and its effects on
tacrolimus PK. Finally, the model could be expanded to
investigate tacrolimus PK in patients, especially recipients
of different types of solid organ transplants.
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