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Schwab2,3,4, Donato Teutonico5, Sebastian Frechen6, Maaike van der Lee7, Dirk Jan A. R.

Moes7, Jesse J. Swen7, Thorsten Lehr1

1Clinical Pharmacy, Saarland University, Saarbrücken, Germany
2Dr. Margarete Fischer-Bosch-Institute of Clinical Pharmacology, Stuttgart, Germany

3Departments of Clinical Pharmacology, and of Biochemistry and Pharmacy, University of
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5Translational Medicine & Early Development, Sanofi-Aventis R&D, Chilly-Mazarin, France
6Bayer AG, Pharmaceuticals, Research & Development, Systems Pharmacology & Medicine,

Leverkusen, Germany
7Department of Clinical Pharmacy & Toxicology, Leiden University Medical Center, Leiden,

The Netherlands

Funding:
This work is part of the Horizon 2020 INSPIRATION (Qualified Open Systems Pharmacology
Modeling Network of Drug-Drug-Gene-Interactions) project. The INSPIRATION project (FKZ
031L0241) is supported by the German Federal Ministry of Education and Research under the
framework of ERACoSysMed. Matthias Schwab was supported in parts by the Robert Bosch
Stiftung Stuttgart, Germany, and the Deutsche Forschungsgemeinschaft (DFG) under Germany’s
Excellence Strategy-EXC 2180-390900677.

Conflict of Interest:
Donato Teutonico is an employee of Sanofi. Donato Teutonico uses Open Systems Pharmacology
software, tools, or models in his professional role. Donato Teutonico and Thorsten Lehr are members
of the Open Systems Pharmacology Management Team. Sebastian Frechen uses Open Systems
Pharmacology software, tools, or models in his professional role. Sebastian Frechen is a member of
the Open Systems Pharmacology Sounding Board. All other authors declared no competing interests
for this work.

Corresponding Author:
Thorsten Lehr, PhD
Clinical Pharmacy
Saarland University
Campus C5 3
66123 Saarbrücken
Germany



Contents

S1 Physiologically Based Pharmacokinetic Model Building 3
S1.1 System-dependent Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
S1.2 Michaelis-Menten Kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
S1.3 Clinical Study Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
S1.4 Drug-dependent Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

S2 Physiologically Based Pharmacokinetic Model Evaluation 8
S2.1 Whole Blood Concentration-Time Profiles (Semilogarithmic) . . . . . . . . . . . . . . 8

S2.1.1 Intravenous Tacrolimus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
S2.1.2 Immediate-Release Oral Tacrolimus . . . . . . . . . . . . . . . . . . . . . . . . 9
S2.1.3 Extended-Release Oral Tacrolimus . . . . . . . . . . . . . . . . . . . . . . . . . 12

S2.2 Whole Blood Concentration-Time Profiles (Linear) . . . . . . . . . . . . . . . . . . . . 13
S2.2.1 Intravenous Tacrolimus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
S2.2.2 Immediate-Release Oral Tacrolimus . . . . . . . . . . . . . . . . . . . . . . . . 14
S2.2.3 Extended-Release Oral Tacrolimus . . . . . . . . . . . . . . . . . . . . . . . . . 17

S2.3 Urinary Excretion Profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
S2.4 Whole Blood Concentration Goodness-of-Fit Plots . . . . . . . . . . . . . . . . . . . . 18
S2.5 AUClast and Cmax Goodness-of-Fit Plots . . . . . . . . . . . . . . . . . . . . . . . . . . 19
S2.6 MRD of Whole Blood Concentration Predictions . . . . . . . . . . . . . . . . . . . . . 20
S2.7 Predicted and Observed AUClast and Cmax Values . . . . . . . . . . . . . . . . . . . . 21
S2.8 Local Sensitivity Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

S2.8.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
S2.8.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

S3 Food-Drug Interaction Modeling 26
S3.1 Clinical Study Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
S3.2 Whole Blood Concentration-Time Profiles (Semilogarithmic) . . . . . . . . . . . . . . 28
S3.3 Whole Blood Concentration-Time Profiles (Linear) . . . . . . . . . . . . . . . . . . . . 29
S3.4 FDI AUClast and FDI Cmax Ratio Goodness-of-Fit Plots . . . . . . . . . . . . . . . . . 30
S3.5 Predicted and Observed FDI AUClast and FDI Cmax Ratios . . . . . . . . . . . . . . . 31

S4 Drug-Drug(-Gene) Interaction Modeling 32
S4.1 Types of Interactions Implemented . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

S4.1.1 Competitive Inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
S4.1.2 Mechanism-Based Inactivation . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
S4.1.3 Induction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

S4.2 Clinical Study Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
S4.3 Drug-dependent Parameters DD(G)I Partner . . . . . . . . . . . . . . . . . . . . . . . 34

S4.3.1 Voriconazole . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
S4.3.2 Itraconazole . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
S4.3.3 Rifampicin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

S4.4 Whole Blood Concentration-Time Profiles (Semilogarithmic) . . . . . . . . . . . . . . 40
S4.5 Whole Blood Concentration-Time Profiles (Linear) . . . . . . . . . . . . . . . . . . . . 41
S4.6 DD(G)I AUClast and DD(G)I Cmax Ratio Goodness-of-Fit Plots . . . . . . . . . . . . 42
S4.7 Predicted and Observed DD(G)I AUClast and DD(G)I Cmax Ratios . . . . . . . . . . . 43

Bibliography 44

2



S1 Physiologically Based Pharmacokinetic Model
Building

S1.1 System-dependent Parameters

Table S1: System-dependent parameters

Enzyme/ Reference concentration Relative Localization/ Half-life Half-life

Transporter Meana [µmol/L] GeoSDb organ expressionc Direction liver [h] intestine [h]

AADAC 1.0d 1.40e RT-PCR [1] intracellular 36 23
CYP2C19 0.76 [2] 1.79 (liver) [3] RT-PCR [4] intracellular 26 23
CYP3A4 4.32 [2] 1.18 (liver) [3] RT-PCR [4] intracellular 36 23

1.45 (duodenum) [3]
CYP3A5 0.04 [2] 2.25 (liver) [3] RT-PCR [4] intracellular 36 23

OATP1B1 0.07f [5] 1.54 [5] RT-PCR [6] influx 36 23
P-gp 1.41 [7] 1.60 [5] RT-PCRg [6] efflux 36 23

AADAC: arylacetamide deacetylase, CYP: cytochrome P450, OATP: organic-anion-transporting polypeptide, P-gp:
P-glycoprotein, RT-PCR: reverse transcription polymerase chain reaction.
a: µmol protein/L in the tissue of highest expression
b: geometric standard deviation of the reference concentration
c: according to the PK-Sim® expression database
d: if no information was available, the mean reference concentration was set to 1.0 µmol/L and the catalytic rate
constant was optimized according to [8]
e: if no information was available, a moderate variability of 35% coefficient of variation was assumed (1.40 GeoSD)
f : calculated from transporter per mg membrane protein x 37.0 mg membrane protein per g liver [5]
g: relative expression in the intestinal mucosa increased by factor 3.57

S1.2 Michaelis-Menten Kinetics

v =
vmax · [S]
KM + [S]

=
kcat · [E] · [S]
KM + [S]

(S1)

where v = reaction velocity, vmax = maximum reaction velocity, [S ] = free substrate concentration,
KM = Michaelis-Menten constant, kcat = catalytic rate constant, and [E ] = enzyme concentration.
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S1.3 Clinical Study Data

Table S2: Clinical studies of tacrolimus used for PBPK model development

Tacrolimus dosing regimen n Females Ethnicitya Frequencya of Age Weight Height Dataset Reference

Route Dose [mg] [%] CYP3A5*1 [%] [years] [kg] [cm]

iv (inf, 4 h, SD) 0.015/kg 12 33 Black American 60.5 32.2±10.8 - - test Mancinelli 2001 [9]
iv (inf, 4 h, SD) 0.015/kg 12 42 White American 7.8 44.6±19.1 - - test Mancinelli 2001 [9]
iv (inf, 4 h, SD) 0.015/kg 12 50 Mexican American 20.2 35.7±11.6 - - test Mancinelli 2001 [9]
iv (inf, 4 h, SD) 0.025/kg 8 25 White American 7.8 28±10 78.1±12.9 - training Bekersky 2001 [10]

(20–50) (67.6–105)
iv (inf, 4 h, SD) 0.025/kg 1 0 White American 0 - - - test Floren 1997 [11]

po (IR cap, SD) 0.5 36 0 Asian 25.8 26.8±5.75 60.77±7.51 167.24±4.72 training Mathew 2011 [12]
(19–36) (50.0–77.6) (158.5–180.0)

po (IR cap, SD) 2 47 0 Asian 25.8 (19–30) 70.0±6.77 - training Kim 2017 [13]
po (IR cap, SD) 2 24 0 White American 7.8 37.6 - - test Wring 2019 [14]
po (IR cap, SD) 2 19 11 Japanese 25.8 (22–47) (50–90) - test Itagaki 2004 [15]
po (IR cap, SD) 3 18 0 White American 7.8 29±7.0 78.6±10.0 178±7.4 training Bekersky 1999 [16]

(20–44) (56–90) (168–188)
po (IR cap, SD) 3 32 34 White American 7.8 38±13.4 76.1±12.0 - test Bekersky 1998 [17]
po (IR cap, SD) 3.5 36 50 White American 7.8 25.8 69.8 173.5 test Sansone-Parsons

(20–40) (47.5–92.4) (156.0–195.0) 2007 [18]
po (IR cap, SD) 5 12 58 White American 0 23.5±3.5 66.5±13.5 - training Zheng 2012 [19]
po (IR cap, SD) 5 109 0 Asian 25.8 27.8±6.13 61.30±7.44 167.64±5.51 training Mathew 2011 [12]

(18–44) (46.8–83.0) (153.5–180.0)
po (IR cap, SD) 5 8 25 White American 7.8 28±10 78.1±12.9 - training Bekersky 2001 [10]

(20–50) (67.6–105)
po (IR cap, SD) 5 32 34 White American 7.8 31±11 74±11.1 174.5±8 test Bekersky 1999 [20]

(19–53) (54.9–94.5) (159–189)
po (IR cap, SD) 5 12 33 Black American 60.5 32.2±10.8 - - test Mancinelli 2001 [9]
po (IR cap, SD) 5 12 42 White American 7.8 44.6±19.1 - - test Mancinelli 2001 [9]
po (IR cap, SD) 5 12 50 Mexican American 20.2 35.7±11.6 - - test Mancinelli 2001 [9]
po (IR cap, SD) 5 41 81 White American 7.8 47±13 68.0±8.3 164.8±7.4 test Lainesse 2008 [21]

(21–66) (53.1–85.5) (151.5–180.5)

-: not given, a: implemented, cap: capsule, CYP: cytochrome P450, d: dosage period in days, ER: extended-release, inf: infusion, IR: immediate-release, iv: intravenous,
MD: multiple dose (once daily), n: number of participants, po: oral, SD: single dose; values for age, weight and height are shown as mean ± standard deviation (range).
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Table S2: Clinical studies of tacrolimus used for PBPK model development (continued)

Tacrolimus dosing regimen n Females Ethnicitya Frequencya of Age Weight Height Dataset Reference

Route Dose [mg] [%] CYP3A5*1 [%] [years] [kg] [cm]

po (IR cap, SD) 5 32 34 White American 7.8 31±11 74±11.1 174.5±8 test Bekersky 1999 [20]
(19–53) (54.9–94.5) (159–189)

po (IR cap, SD) 5 15 0 White American 7.8 32.6±10.1 85.2±9.42 179±5.77 test Bekersky 2001 [22]
(20–45) (70.9–102) (170–190)

po (IR cap, SD) 5 24 38 White American 7.8 35±11.4 75.2±14.5 - test Groll 2017 [23]
po (IR cap, SD) 5 36 50 European 7.8 27±8.3 72±13 175±9 test Huppertz 2021 [24]
po (IR cap, SD) 5 36 0 White American 7.8 26±6 75.5±10.4 - test Dowell 2007 [25]

(20–49) (52.7–100.1)
po (IR cap, SD) 5 16 0 White American 7.8 34.0±9.23 82.5±10.3 183±6.48 test Bekersky 2001 [26]

(22–45) (64.1–100) (173–193)
po (IR cap, SD) 5 25 44 White American 7.8 - - - test Alloway 2020 [27]
po (IR cap, SD) 7 18 0 White American 7.8 29±7.0 78.6±10.0 178±7.4 training Bekersky 1999 [16]

(20–44) (56–90) (168–188)
po (IR cap, SD) 7 18 67 European 7.8 39±16 - - test Stifft 2014 [28]
po (IR cap, SD) 8 1 0 White American 0 - - - test Floren 1997 [11]
po (IR cap, SD) 10 18 0 White American 7.8 29±7.0 78.6±10.0 178±7.4 training Bekersky 1999 [16]

(20–44) (56–90) (168–188)
po (IR cap, SD) 10 27 0 European 7.8 31.4±8.6 71.4±8.0 - test Tortorici 2013 [29]

(18–46) (57–91)

po (ER cap, SD) 2 21 0 White American 7.8 - 86.6 - training Mercuri 2016 [30]
po (ER cap, SD) 3 16 0 European 15.6 (18–28) - - test Vanhove 2019 [31]
po (ER cap, MD, 10d) 5 93 0 European 7.8 - - - training Gantar 2020 [32]
po (ER cap, SD) 5 113 - European 7.8 - - - test Gantar 2020 [32]
po (ER cap, SD) 10 20 0 European 7.8 34 75.2 - test Undre 2017 [33]

(20–54) (53.5–96.9)

-: not given, a: implemented, cap: capsule, CYP: cytochrome P450, d: dosage period in days, ER: extended-release, inf: infusion, IR: immediate-release, iv: intravenous,
MD: multiple dose (once daily), n: number of participants, po: oral, SD: single dose; values for age, weight and height are shown as mean ± standard deviation (range).
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S1.4 Drug-dependent Parameters

Table S3: Drug-dependent parameters of the final tacrolimus PBPK model

Parameter Unit Value Source Literature Reference Description

Tacrolimus

Molecular weight g/mol 804.03 Lit. 804.03 [36] Molecular weight
pKa, acid 9.96 Lit. 9.96 [36] Acid dissociation constant
Solubility (pH) mg/mL 0.01 (7.4) Lit. 0.01 (7.4) [36] Solubility
Lipophilicity log units 5.37 Opt. 2.74–5.594 [36–38] Lipophilicity
fu % 1.2 Lit. 1.2 [39] Fraction unbound
CYP3A4 KM → sink µmol/L 0.21 Lit. 0.21a, 1.5 [40, 41] Michaelis-Menten constant
CYP3A4 kcat → sink 1/min 4.42 Opt. 0.72, 8.0 [40, 41] Catalytic rate constant
CYP3A5 KM → sink µmol/L 0.21 Lit. 0.21a, 1.4 [40, 41] Michaelis-Menten constant
CYP3A5 NM (100%) kcat → sink 1/min 47.30 Opt. 1.1, 17.0 [40, 41] Catalytic rate constant
CYP3A5 PM (0%) kcat → sink 1/min 0 Calc. - - Catalytic rate constant

GFR fraction 1b Asm. - - Filtered drug in the urine
EHC continuous fraction 1 Asm. - - Bile fraction continously released
Intestinal permeability IR Tac fasted cm/s 3.42 · 10−6 Opt. - - Transcellular intestinal permeability
Intestinal permeability IR Tac fed cm/s 3.79 · 10−7 Opt. - - Transcellular intestinal permeability
Intestinal permeability ER Tac fasted cm/s 1.91 · 10−6 Opt. 6.58 · 10−6 [30] Transcellular intestinal permeability
Cellular permeability cm/min 0.02 Calc. Charge dependent Schmitt [42] Permeability into the cellular space
Partition coefficients Calc. Berezhkovskiy [43] Organ-plasma partition coefficients
Dissolution time (Weibull) IR Tac fasted min 18.85 Lit. 18.85c [44] Dissolution time (50%)
Dissolution shape (Weibull) IR Tac fasted 0.08 Opt. 0.12c [44] Dissolution shape
Dissolution time (Weibull) IR Tac fed min 63.03 Opt. - - Dissolution time (50%)
Dissolution shape (Weibull) IR Tac fed 0.94 Opt. - - Dissolution shape
Dissolution time (Weibull) ER Tac fasted h 3.40 Lit. 3.13c [30] Dissolution time (50%)
Dissolution shape (Weibull) ER Tac fasted 0.06 Opt. 0.12c [30] Dissolution shape
CYP3A4 Ki µmol/L 0.04 Lit. 0.04a [45] Diss. const. inhibitor-enzyme complex (CI)
CYP3A4 KI µmol/L 2.66 Lit. 2.66 [45] Conc. for half-maximal inactivation (MBI)
CYP3A4 kinact 1/min 0.30 Lit. 0.30 [45] Maximum inactivation rate constant (MBI)
CYP3A5 KI µmol/L 2.69 Lit. 2.69 [45] Conc. for half-maximal inactivation (MBI)
CYP3A5 kinact 1/min 0.21 Lit. 0.21 [45] Maximum inactivation rate constant (MBI)

-: not available, a: in vitro values corrected for binding in the assay (fu,mic) calculated according to [34], b: a GFR fraction of 1 corresponds to passive glomerular
filtration of a compound, c: obtained from literature dissolution profile according to [35], asm.: assumed, calc.: calculated, CI: competitive inhibition, conc.:
concentration, const.: constant, CYP: cytochrome P450, EHC: enterohepatic circulation, diss.: dissociation, ER: extended-release, GFR: glomerular filtration rate,
IR: immediate-release, lit.: literature, MBI: mechanism-based inactivation, NM: normal metabolizer, opt.: optimized, PM: poor metabolizer, Tac: tacrolimus.
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Table S4: Key modeling assumptions, including the resulting modeling decisions

Assumption Modeling Decision

The liberation of IR and ER tacrolimus can
be described using Weibull functions.

Different Weibull functions were imple-
mented for IR and ER tacrolimus.

The excipients contained in IR and ER
tacrolimus capsules may affect intestinal per-
meability differently.

A slightly higher intestinal permeability was
incorporated for IR tacrolimus than for ER
tacrolimus.

CYP3A4 and CYP3A5 are predominantly in-
volved in the metabolism of tacrolimus.

CYP3A4 and CYP3A5 were incorporated as
metabolizing enzymes.

The functional CYP3A5 *1 allele and the
nonfunctional *3 allele exhibit 100% and 0%
activity, respectively.

The reported fraction of functional *1 allele
in a study population was used for activ-
ity assignment relative to homozygous car-
riers of the *1 allele. Different levels of ac-
tivity were implemented by activity-specific
CYP3A5 kcat values, i.e., 100% relative ac-
tivity corresponded to a kcat of 100%.

Frequencies of *1 alleles reported for different
ethnic groups are representative for frequen-
cies in the study populations.

In the absence of genotype/phenotype infor-
mation of a study group, CYP3A5 activity
was assumed according to the frequency of
the *1 allele observed in the respective eth-
nic group.

Renal excretion of tacrolimus occurs via pas-
sive glomerular filtration.

In PK-Sim®, a GFR fraction of 1 was imple-
mented for tacrolimus.

Under fed conditions, the release kinetics dif-
fer from those under fasted conditions, e.g.,
due to altered gastric pH.

Different Weibull functions were imple-
mented for fasted and fed conditions.

Under fed conditions, the absorption of
tacrolimus is altered, presumably due to
the binding of tacrolimus to lipoproteins
and food components, given its pronounced
lipophilicity.

A lower intestinal permeability was incorpo-
rated for fed conditions compared to fasted
conditions.

CYP: cytochrome P450, ER: extended-release, GFR: glomerular filtration rate,
IR: immediate-release, kcat: catalytic rate constant.
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S2 Physiologically Based Pharmacokinetic Model
Evaluation

S2.1 Whole Blood Concentration-Time Profiles (Semilogarithmic)

S2.1.1 Intravenous Tacrolimus

Figure S1: Semilogarithmic plots of predicted whole blood concentration-time profiles of IV
tacrolimus (fasted). Solid lines and ribbons represent population predictions (n = 1000; geomet-
ric mean and geometric standard deviation), while corresponding observed data are shown as dots
[9–11]. IV: intravenous, n: number of participants, SD: single dose, Tac: tacrolimus.
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S2.1.2 Immediate-Release Oral Tacrolimus

Figure S2: Semilogarithmic plots of predicted whole blood concentration-time profiles of IR
tacrolimus (fasted). Solid lines and ribbons represent population predictions (n = 1000; geomet-
ric mean and geometric standard deviation), while corresponding observed data are shown as dots (±
standard deviation, if available) [12–19]. IR: immediate-release, n: number of participants, po: oral,
SD: single dose, Tac: tacrolimus.
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Figure S3: Semilogarithmic plots of predicted whole blood concentration-time profiles of IR
tacrolimus (fasted). Solid lines and ribbons represent population predictions (n = 1000; geomet-
ric mean and geometric standard deviation), while corresponding observed data are shown as dots (±
standard deviation, if available) [9, 10, 20–23]. IR: immediate-release, n: number of participants, po:
oral, SD: single dose, Tac: tacrolimus.
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Figure S4: Semilogarithmic plots of predicted whole blood concentration-time profiles of IR
tacrolimus (fasted). Solid lines and ribbons represent population predictions (n = 1000; geomet-
ric mean and geometric standard deviation), while corresponding observed data are shown as dots (±
standard deviation, if available) [11, 16, 24–29]. IR: immediate-release, n: number of participants, po:
oral, SD: single dose, Tac: tacrolimus.
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S2.1.3 Extended-Release Oral Tacrolimus

Figure S5: Semilogarithmic plots of predicted whole blood concentration-time profiles of ER
tacrolimus (fasted). Solid lines and ribbons represent population predictions (n = 1000; geomet-
ric mean and geometric standard deviation), while corresponding observed data are shown as dots
(± standard deviation, if available) [30–33]. ER: extended-release, MD: multiple dose, n: number of
participants, po: oral, SD: single dose, Tac: tacrolimus.
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S2.2 Whole Blood Concentration-Time Profiles (Linear)

S2.2.1 Intravenous Tacrolimus

Figure S6: Linear plots of predicted whole blood concentration-time profiles of IV tacrolimus (fasted).
Solid lines and ribbons represent population predictions (n = 1000; geometric mean and geometric
standard deviation), while corresponding observed data are shown as dots [9–11]. IV: intravenous, n:
number of participants, SD: single dose, Tac: tacrolimus.
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S2.2.2 Immediate-Release Oral Tacrolimus

Figure S7: Linear plots of predicted whole blood concentration-time profiles of IR tacrolimus
(fasted). Solid lines and ribbons represent population predictions (n = 1000; geometric
mean and geometric standard deviation), while corresponding observed data are shown as dots
(± standard deviation, if available) [12–19]. IR: immediate-release, n: number of participants, po:
oral, SD: single dose, Tac: tacrolimus.
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Figure S8: Linear plots of predicted whole blood concentration-time profiles of IR tacrolimus
(fasted). Solid lines and ribbons represent population predictions (n = 1000; geometric
mean and geometric standard deviation), while corresponding observed data are shown as dots
(± standard deviation, if available) [9, 10, 20–23]. IR: immediate-release, n: number of participants,
po: oral, SD: single dose, Tac: tacrolimus.
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Figure S9: Linear plots of predicted whole blood concentration-time profiles of IR tacrolimus
(fasted). Solid lines and ribbons represent population predictions (n = 1000; geometric
mean and geometric standard deviation), while corresponding observed data are shown as dots
(± standard deviation, if available) [11, 16, 24–29]. IR: immediate-release, n: number of participants,
po: oral, SD: single dose, Tac: tacrolimus.
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S2.2.3 Extended-Release Oral Tacrolimus

Figure S10: Linear plots of predicted whole blood concentration-time profiles of ER tacrolimus
(fasted). Solid lines and ribbons represent population predictions (n = 1000; geometric mean and
geometric standard deviation), while corresponding observed data are shown as dots (± standard
deviation, if available) [30–33]. ER: extended-release, MD: multiple dose, n: number of participants,
po: oral, SD: single dose, Tac: tacrolimus.

S2.3 Urinary Excretion Profiles
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Figure S11: Cumulative amount excreted in urine of IR tacrolimus. Solid lines and ribbons represent
population predictions (n = 1000; geometric mean and geometric standard deviation), while corre-
sponding observed data are shown as dots [19]. IR: immediate-release, n: number of participants, po:
oral, SD: single dose, Tac: tacrolimus.
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S2.4 Whole Blood Concentration Goodness-of-Fit Plots

Figure S12: Goodness-of-fit plots of the final tacrolimus model. Stratified by training (a) and test
dataset (b), predicted whole blood concentration measurements are plotted against corresponding
observed data. The solid line represents the line of identity, while dotted lines indicate 1.25-fold and
dashed lines 2-fold deviation from the respective observed value. ER: extended-release, IR: immediate-
release, IV: intravenous.
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S2.5 AUClast and Cmax Goodness-of-Fit Plots

Figure S13: Goodness-of-fit plots of the final tacrolimus model. Stratified by training (left column)
and test (right column) dataset, predicted AUClast (a–b) and Cmax (c–d) values are plotted against
corresponding observed data. The solid line represents the line of identity, while dotted lines indicate
1.25-fold and dashed lines 2-fold deviation from the respective observed value. AUClast: area under
the whole blood concentration-time curve determined between first and last concentration measure-
ments, Cmax: maximum whole blood concentration, ER: extended-release, IR: immediate-release, IV:
intravenous.

19



S2.6 MRD of Whole Blood Concentration Predictions

Table S5: MRD values of whole blood concentration predictions

Tacrolimus dosing regimen n Dataset MRD Reference

Route Dose [mg]

iv (inf, 4 h, SD) 0.015/kg 12 test 1.18 Mancinelli 2001 [9]
iv (inf, 4 h, SD) 0.015/kg 12 test 1.37 Mancinelli 2001 [9]
iv (inf, 4 h, SD) 0.015/kg 12 test 1.50 Mancinelli 2001 [9]
iv (inf, 4 h, SD) 0.025/kg 8 training 1.49 Bekersky 2001 [10]
iv (inf, 4 h, SD) 0.025/kg 1 test 1.35 Floren 1997 [11]

po (IR cap, SD) 0.5 36 training 1.81 Mathew 2011 [12]
po (IR cap, SD) 2 47 training 1.71 Kim 2017 [13]
po (IR cap, SD) 2 24 test 1.17 Wring 2019 [14]
po (IR cap, SD) 2 19 test 1.28 Itagaki 2004 [15]
po (IR cap, SD) 3 18 training 1.29 Bekersky 1999 [16]
po (IR cap, SD) 3 32 test 1.25 Bekersky 1998 [17]
po (IR cap, SD) 3.5 36 test 1.24 Sansone-Parsons 2007 [18]
po (IR cap, SD) 5 12 training 1.09 Zheng 2012 [19]
po (IR cap, SD) 5 109 training 1.68 Mathew 2011 [12]
po (IR cap, SD) 5 8 training 1.27 Bekersky 2001 [10]
po (IR cap, SD) 5 32 test 1.19 Bekersky 1999 [20]
po (IR cap, SD) 5 12 test 1.31 Mancinelli 2001 [9]
po (IR cap, SD) 5 12 test 1.53 Mancinelli 2001 [9]
po (IR cap, SD) 5 12 test 1.52 Mancinelli 2001 [9]
po (IR cap, SD) 5 41 test 1.59 Lainesse 2008 [21]
po (IR cap, SD) 5 32 test 1.17 Bekersky 1999 [20]
po (IR cap, SD) 5 15 test 1.25 Bekersky 2001 [22]
po (IR cap, SD) 5 24 test 1.27 Groll 2017 [23]
po (IR cap, SD) 5 36 test 1.32 Huppertz 2021 [24]
po (IR cap, SD) 5 36 test 1.20 Dowell 2007 [25]
po (IR cap, SD) 5 16 test 1.38 Bekersky 2001 [26]
po (IR cap, SD) 5 25 test 1.39 Alloway 2020 [27]
po (IR cap, SD) 7 18 training 1.25 Bekersky 1999 [16]
po (IR cap, SD) 7 18 test 1.57 Stifft 2014 [28]
po (IR cap, SD) 8 1 test 1.28 Floren 1997 [11]
po (IR cap, SD) 10 18 training 1.75 Bekersky 1999 [16]
po (IR cap, SD) 10 27 test 1.52 Tortorici 2013 [29]

po (ER cap, SD) 2 21 training 1.73 Mercuri 2016 [30]
po (ER cap, SD) 3 16 test 1.70 Vanhove 2019 [31]
po (ER cap, MD, 10d) 5 93 training 1.31 (D10) Gantar 2020 [32]
po (ER cap, SD) 5 113 test 2.46 Gantar 2020 [32]
po (ER cap, SD) 10 20 test 1.54 Undre 2017 [33]

Training dataset mean MRD (range) 1.49 (1.09–1.81)
Test dataset mean MRD (range) 1.40 (1.17–2.46)

Overall mean MRD (range) 1.43 (1.09–2.46)
MRD ≤ 2 36/37

Cap: capsule, d: dosage period in days, D: day of pharmacokinetic sampling, ER: extended-release,
inf: infusion, IR: immediate-release, iv: intravenous, MD: multiple dose (once daily), MRD: mean
relative deviation, n: number of participants, po: oral, SD: single dose.
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S2.7 Predicted and Observed AUClast and Cmax Values

Table S6: Predicted versus observed AUClast and Cmax values

Tacrolimus dosing regimen n Dataset AUClast Cmax Reference

Route Dose [mg] Pred [ng∗h
mL

] Obs [ng∗h
mL

] Pred/Obs Pred [ ng
mL

] Obs [ ng
mL

] Pred/Obs

iv (inf, 4 h, SD) 0.015/kg 12 test 142.45 162.45 0.88 27.98 28.48 0.98 Mancinelli 2001 [9]
iv (inf, 4 h, SD) 0.015/kg 12 test 229.85 296.55 0.78 28.69 27.74 1.03 Mancinelli 2001 [9]
iv (inf, 4 h, SD) 0.015/kg 12 test 229.01 323.52 0.71 28.60 28.26 1.01 Mancinelli 2001 [9]
iv (inf, 4 h, SD) 0.025/kg 8 training 465.95 575.58 0.81 54.48 45.62 1.19 Bekersky 2001 [10]
iv (inf, 4 h, SD) 0.025/kg 1 test 349.43 319.86 1.09 54.84 49.13 1.12 Floren 1997 [11]

po (IR cap, SD) 0.5 36 training 22.08 34.14 0.65 2.82 3.75 0.75 Mathew 2011 [12]
po (IR cap, SD) 2 47 training 92.55 108.25 0.85 11.07 11.18 0.99 Kim 2017 [13]
po (IR cap, SD) 2 24 test 65.42 72.57 0.90 8.39 8.07 1.04 Wring 2019 [14]
po (IR cap, SD) 2 19 test 32.10 26.08 1.23 9.96 7.04 1.42 Itagaki 2004 [15]
po (IR cap, SD) 3 18 training 121.73 139.67 0.87 13.56 12.67 1.07 Bekersky 1999 [16]
po (IR cap, SD) 3 32 test 114.33 127.30 0.90 13.47 16.19 0.83 Bekersky 1998 [17]
po (IR cap, SD) 3.5 36 test 142.77 174.46 0.82 17.75 21.55 0.82 Sansone-Parsons 2007 [18]
po (IR cap, SD) 5 12 training 189.89 202.54 0.94 22.27 24.35 0.91 Zheng 2012 [19]
po (IR cap, SD) 5 109 training 312.54 385.23 0.81 31.24 31.01 1.01 Mathew 2011 [12]
po (IR cap, SD) 5 8 training 204.75 241.76 0.85 23.95 25.57 0.93 Bekersky 2001 [10]
po (IR cap, SD) 5 32 test 205.19 192.78 1.06 23.57 21.83 1.08 Bekersky 1999 [20]
po (IR cap, SD) 5 12 test 155.34 176.64 0.88 19.82 19.52 1.02 Mancinelli 2001 [9]
po (IR cap, SD) 5 12 test 190.20 298.74 0.64 21.99 36.81 0.60 Mancinelli 2001 [9]
po (IR cap, SD) 5 12 test 185.79 241.11 0.77 20.37 32.25 0.63 Mancinelli 2001 [9]
po (IR cap, SD) 5 41 test 186.43 291.67 0.64 20.03 30.13 0.66 Lainesse 2008 [21]
po (IR cap, SD) 5 32 test 205.20 192.78 0.99 23.57 22.79 1.03 Bekersky 1999 [20]
po (IR cap, SD) 5 15 test 199.51 232.19 0.86 22.02 21.05 1.05 Bekersky 2001 [22]
po (IR cap, SD) 5 24 test 181.67 216.42 0.84 22.98 25.12 0.91 Groll 2017 [23]
po (IR cap, SD) 5 36 test 201.69 195.87 1.03 24.46 23.80 1.03 Huppertz 2021 [24]
po (IR cap, SD) 5 36 test 154.44 155.78 0.99 25.26 23.17 1.09 Dowell 2007 [25]
po (IR cap, SD) 5 16 test 207.86 259.59 0.80 22.75 21.35 1.07 Bekersky 2001 [26]
po (IR cap, SD) 5 25 test 219.83 309.41 0.71 21.96 28.95 0.76 Alloway 2020 [27]

AUClast: area under the whole blood concentration-time curve determined between first and last concentration measurements, cap: capsule, Cmax: maximum whole blood
concentration, d: dosage period in days, D: day of pharmacokinetic sampling, ER: extended-release, GMFE: geometric mean fold error, inf: infusion, IR: immediate-release,
iv: intravenous, MD: multiple dose (once daily), n: number of participants, obs: observed, po: oral, pred: predicted, SD: single dose.
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Table S6: Predicted versus observed AUClast and Cmax values (continued)

Tacrolimus dosing regimen n Dataset AUClast Cmax Reference

Route Dose [mg] Pred [ng∗h
mL

] Obs [ng∗h
mL

] Pred/Obs Pred [ ng
mL

] Obs [ ng
mL

] Pred/Obs

po (IR cap, SD) 7 18 training 322.03 310.92 1.04 33.96 27.61 1.23 Bekersky 1999 [16]
po (IR cap, SD) 7 18 test 197.83 207.83 0.95 31.76 32.55 0.98 Stifft 2014 [28]
po (IR cap, SD) 8 1 test 262.43 231.05 1.13 39.20 41.23 0.95 Floren 1997 [11]
po (IR cap, SD) 10 18 training 513.34 436.37 1.18 50.90 41.14 1.24 Bekersky 1999 [16]
po (IR cap, SD) 10 27 test 587.32 649.46 0.90 53.20 56.27 0.95 Tortorici 2013 [29]

po (ER cap, SD) 2 21 training 23.84 33.91 0.70 3.82 3.18 1.20 Mercuri 2016 [30]
po (ER cap, SD) 3 16 test 42.75 50.31 0.85 6.26 5.22 1.20 Vanhove 2019 [31]
po (ER cap, MD, 10d) 5 93 training 170.06 160.21 1.06 (D10) 16.29 11.73 1.39 (D10) Gantar 2020 [32]
po (ER cap, SD) 5 113 test 124.18 189.24 0.66 11.02 9.28 1.19 Gantar 2020 [32]
po (ER cap, SD) 10 20 test 295.89 305.64 0.97 23.16 12.56 1.71 Undre 2017 [33]

Training dataset mean GMFE (range) 1.21 (1.04–1.55) 1.17 (1.01–1.39)
Test dataset mean GMFE (range) 1.21 (1.01–1.57) 1.19 (1.01–1.71)

Overall mean GMFE (range) 1.21 (1.01–1.57) 1.18 (1.01–1.71)
GMFE ≤ 2 37/37 37/37

AUClast: area under the whole blood concentration-time curve determined between first and last concentration measurements, cap: capsule, Cmax: maximum whole blood
concentration, d: dosage period in days, D: day of pharmacokinetic sampling, ER: extended-release, GMFE: geometric mean fold error, inf: infusion, IR: immediate-release,
iv: intravenous, MD: multiple dose (once daily), n: number of participants, obs: observed, po: oral, pred: predicted, SD: single dose.
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S2.8 Local Sensitivity Analysis

S2.8.1 Methods

A local sensitivity analysis was performed for each modeled formulation, by calculating the sensitivity
to single parameter changes according to Equation S2. A relative perturbation of 1000% was applied
(variation range 10.0, maximum number of 9 steps) and parameters included were either optimized or
assumed to affect AUClast.

S =
∆AUClast

∆p
· p

AUClast
(S2)

where S = sensitivity, ∆AUClast = change of AUClast, ∆p = change of the analyzed parameter value,
p = original parameter value, and AUClast = simulated AUClast with the original parameter value.

The threshold for sensitivity was set at |0.5|, which corresponds to a 50% change in simulated AUClast

given a 100% change in the parameter value examined.

S2.8.2 Results

Table S7: Parameters evaluated during the local sensitivity analyses

Parameter Source Parameter Source

CYP3A4 Ki CI Literature Lipophilicity Optimized
CYP3A4 KI MBI Literature Solubility Literature
CYP3A4 Ki MBI Literature GFR fraction Assumed
CYP3A4 kinact MBI Literature Dissolution shape IR Tac Optimized
CYP3A5 KI MBI Literature Dissolution time IR Tac Literature
CYP3A5 Ki MBI Literature Dissolution shape ER Tac Optimized
CYP3A5 kinact MBI Literature Dissolution time ER Tac Optimized
Intestinal permeability IR Tac Optimized CYP3A4 KM Literature
Intestinal permeability ER Tac Optimized CYP3A5 KM Literature
pka, acid Literature CYP3A4 kcat Optimized
fu Literature CYP3A5 kcat Optimized

CI: competitive inhibition, CYP: cytochrome P450, ER: extended-release, fu: fraction un-
bound, GFR: glomerular filtration rate, IR: immediate-release, kcat: catalytic rate constant,
Ki: dissociation constant inhibitor-enzyme complex, KI: concentration for half-maximal
inactivation, kinact: maximum inactivation rate constant, KM: Michaelis-Menten constant,
MBI: mechanism-based inactivation, pKa: acid dissociation constant, Tac: tacrolimus.
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Figure S14: IV tacrolimus model sensitivity analysis (0.025 mg/kg body weight, 4 h infusion, sin-
gle dose [10]). Presented are parameters with a calculated sensitivity different from 0.00. CYP:
cytochrome P450, fu: fraction unbound, IV: intravenous, kcat: catalytic rate constant, KM: Michaelis-
Menten constant, lit.: literature, opt.: optimized, pKa: acid dissociation constant.
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Figure S15: IR tacrolimus model sensitivity analysis (10 mg, single dose [16]). Presented are param-
eters with a calculated sensitivity different from 0.00. CYP: cytochrome P450, fu: fraction unbound,
IR: immediate-release, kcat: catalytic rate constant, KI: concentration for half-maximal inactivation,
kinact: maximum inactivation rate constant, KM: Michaelis-Menten constant, lit.: literature, MBI:
mechanism-based inactivation, opt.: optimized, Tac: tacrolimus.
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Figure S16: ER tacrolimus model sensitivity analysis (10 mg, single dose [33]). Presented are param-
eters with a calculated sensitivity different from 0.00. CYP: cytochrome P450, ER: extended-release,
fu: fraction unbound, kcat: catalytic rate constant, kinact: maximum inactivation rate constant, KM:
Michaelis-Menten constant, lit.: literature, MBI: mechanism-based inactivation, opt.: optimized, Tac:
tacrolimus.
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S3 Food-Drug Interaction Modeling

Modulated absorption and distribution of tacrolimus due to food intake was implemented via adjustment of the Weibull parameters time (50% dissolved)
and shape, as well as the intestinal permeability. The final model parameters are listed in Table S3.

S3.1 Clinical Study Data

Table S8: Tacrolimus FDI model study table

Tacrolimus dosing regimen n Females Ethnicitya Frequencya of Age Weight Height Dataset Reference

Route Dose [mg] [%] CYP3A5*1 [%] [years] [kg] [cm]

po (IR cap, SD, fasted) 5 36 50 European 7.8 27±8.3 72±13 173±9 test Huppertz 2021 [24]
po (IR cap, SD, fed) 5 36 50 European 7.8 27±8.3 72±13 173±9 test Huppertz 2021 [24]
after 622 kcal

po (IR cap, SD, fasted) 5 15 0 White American 7.8 32.6±10.1 85.2±9.42 179±5.77 test Bekersky 2001 [22]
(20–45) (70.9–102) (170–190)

po (IR cap, SD, fed) 5 15 0 White American 7.8 32.6±10.1 85.2±9.42 179±5.77 training Bekersky 2001 [22]
0.33 h after 668 kcal (20–45) (70.9–102) (170–190)

po (IR cap, SD, fasted) 5 16 0 White American 7.8 34±9.23 82.5±10.3 183±6.48 test Bekersky 2001 [26]
(22–45) (64.1–100) (173–193)

po (IR cap, SD, fed) 5 16 0 White American 7.8 34±9.23 82.5±10.3 183±6.48 test Bekersky 2001 [26]
0.33 h after 848 kcal (22–45) (64.1–100) (173–193)

po (IR cap, SD, fasted) 5 16 0 White American 7.8 34±9.23 82.5±10.3 183±6.48 test Bekersky 2001 [26]
(22–45) (64.1–100) (173–193)

po (IR cap, SD, fed) 5 16 0 White American 7.8 34±9.23 82.5±10.3 183±6.48 test Bekersky 2001 [26]
1.5 h after 848 kcal (22–45) (64.1–100) (173–193)

a: implemented, cap: capsule, CYP: cytochrome P450, FDI: food-drug interaction, IR: immediate-release, kcal: kilocalories, n: number of participants, po: oral,
SD: single dose; values for age, weight and height are shown as mean ± standard deviation (range).
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Table S8: Tacrolimus FDI study table (continued)

Tacrolimus dosing regimen n Females Ethnicitya Frequencya of Age Weight Height Dataset Reference

Route Dose [mg] [%] CYP3A5*1 [%] [years] [kg] [cm]

po (IR cap, SD, fasted) 5 15 0 White American 7.8 32.6±10.1 85.2±9.42 179±5.77 test Bekersky 2001 [22]
(20–45) (70.9–102) (170–190)

po (IR cap, SD, fed) 5 15 0 White American 7.8 32.6±10.1 85.2±9.42 179±5.77 training Bekersky 2001 [22]
0.33 h after 849 kcal (20–45) (70.9–102) (170–190)

po (IR cap, SD, fasted) 5 41 81 White American 7.8 47±13 68.0±8.3 164.8±7.4 test Lainesse 2008 [21]
(21–66) (53.1–85.5) (151.5–180.5)

po (IR cap, SD, fed) 5 46 61 White American 7.8 43±12 65.5±9.4 166.0±8.6 test Lainesse 2008 [21]
0.5 h after 1000 kcal (19–61) (45.6–85.6) (149.0–181.5)

a: implemented, cap: capsule, CYP: cytochrome P450, FDI: food-drug interaction, IR: immediate-release, kcal: kilocalories, n: number of participants, po: oral,
SD: single dose; values for age, weight and height are shown as mean ± standard deviation (range).
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S3.2 Whole Blood Concentration-Time Profiles (Semilogarithmic)

Figure S17: Evaluation of the modeled food-drug interactions. Presented are predicted whole blood
concentration-time profiles (semilogarithmic plots) of IR tacrolimus under fed and fasted conditions,
alongside corresponding observed data [21, 22, 24, 26]. Dashed (fed) and solid (fasted) lines and ribbons
represent population predictions (n = 1000; geometric mean and geometric standard deviation), while
corresponding observed data are shown as dots. n: number of participants, IR: immediate-release, po:
oral, SD: single dose, Tac: tacrolimus.
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S3.3 Whole Blood Concentration-Time Profiles (Linear)

Figure S18: Evaluation of the modeled food-drug interactions. Presented are predicted whole blood
concentration-time profiles (linear plots) of IR tacrolimus under fed and fasted conditions, alongside
corresponding observed data [21, 22, 24, 26]. Dashed (fed) and solid (fasted) lines and ribbons rep-
resent population predictions (n = 1000; geometric mean and geometric standard deviation), while
corresponding observed data are shown as dots. n: number of participants, IR: immediate-release, po:
oral, SD: single dose, Tac: tacrolimus.
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S3.4 FDI AUClast and FDI Cmax Ratio Goodness-of-Fit Plots

Figure S19: Evaluation of the modeled food-drug interactions. Presented are predicted versus ob-
served FDI AUClast (a) and FDI Cmax (b) ratios with the solid line representing the line of identity,
dotted lines indicating 1.25-fold and dashed lines 2-fold deviation from the respective observed value,
along with the curved lines marking the prediction success limits proposed by Guest et al. [46] in-
cluding 20%. AUClast: area under the whole blood concentration-time curve determined between first
and last concentration measurements, Cmax: maximum whole blood concentration, FDI: food-drug
interaction, n: number of participants, IR: immediate-release.
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S3.5 Predicted and Observed FDI AUClast and FDI Cmax Ratios

Table S9: Predicted versus observed FDI AUClast and FDI Cmax ratios

Tacrolimus dosing regimen n Dataset FDI AUClast ratio FDI Cmax ratio Reference

Route Dose [mg] Pred Obs Pred/Obs Pred Obs Pred/Obs

po (IR cap, SD) 5 36 fasted/36 fed test 0.74 0.68 1.08 0.29 0.31 0.95 Huppertz 2021 [24]
after 622 kcal

po (IR cap, SD) 5 15 fasted/15 fed training 0.76 0.73 1.05 0.28 0.36 0.79 Bekersky 2001 [22]
0.33 h after 668 kcal

po (IR cap, SD) 5 16 fasted/16 fed test 0.77 0.61 1.26 0.29 0.29 0.98 Bekersky 2001 [26]
0.33 h after 848 kcal

po (IR cap, SD) 5 16 fasted/ 16 fed test 0.45 0.36 1.27 0.29 0.37 0.77 Bekersky 2001 [26]
1.5 h after 848 kcal

po (IR cap, SD) 5 15 fasted/15 fed training 0.76 0.64 1.20 0.28 0.27 1.06 Bekersky 2001 [22]
0.33 h after 849 kcal

po (IR cap, SD) 5 41 fasted/46 fed test 0.77 0.55 1.38 0.28 0.20 1.43 Lainesse 2008 [21]
0.5 h after 1000 kcal

Training Dataset mean GMFE (range) 1.12 (1.05–1.20) 1.17 (1.06–1.27)
Test Dataset mean GMFE (range) 1.25 (1.08–1.38) 1.20 (1.02–1.43)

Overall mean GMFE (range) 1.21 (1.05–1.38) 1.19 (1.02–1.43)
GMFE ≤ 2 6/6 6/6

AUClast: area under the whole blood concentration-time curve determined between first and last concentration measurements, cap: capsule, Cmax:
maximum whole blood concentration, GMFE: geometric mean fold error, FDI: food-drug interaction, IR: immediate-release, kcal: kilocalories,
n: number of participants, obs: observed, po: oral, pred: predicted, SD: single dose.
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S4 Drug-Drug(-Gene) Interaction Modeling

S4.1 Types of Interactions Implemented

S4.1.1 Competitive Inhibition

Competitive inhibition (CI) involves reversible binding of an inhibitor to the respective enzyme, thus
competing with substrates for the binding site, increasing the apparent Michaelis-Menten constant
(KM,app) while leaving the maximum reaction velocity (vmax) unaltered (Equations S3 and S4) [47].
Due to its reversibility, the inhibition can be overcome through an increase in substrate concentration
(concentration-dependent inhibition).

v =
vmax · [S]

KM,app + [S]
(S3)

KM,app = KM · (1 + [I]

Ki
) (S4)

where v = reaction velocity, vmax = maximum reaction velocity, [S ] = free substrate concentration,
KM,app = apparent Michaelis-Menten constant (inhibitor present), KM = Michaelis-Menten constant
(inhibitor absent), [I ] = free inhibitor concentration, and Ki = dissociation constant inhibitor-enzyme
complex.

S4.1.2 Mechanism-Based Inactivation

In the case of mechanism-based inactivation (MBI), the inactivator, in addition to reversibly binding
to the enzyme in question, is irreversibly converted into a reactive species that forms a covalent
complex with the respective target (time-dependent inhibition). Due to the irreversibility, MBI can
only be reversed by de novo synthesis of the relevant enzyme or transporter. In PK-Sim®, MBI and
its resulting impact on enzyme turnover is implemented according to Equation S5 [47].

d[T ]

dt
= kdeg · [T ]0 − (kdeg +

kinact · [I]
KI + [I]

) · [T ] (S5)

where d [T ]/dt = enzyme turnover, kdeg = degradation rate constant, [T ]0 = initial enzyme concen-
tration at time 0, kinact = maximum inactivation rate constant, KI = concentration for half-maximal
inactivation, [I ] = free inactivator concentration, and [T ] = enzyme concentration.

S4.1.3 Induction

Induction of enzymes is usually caused by activation of specific nuclear receptors through binding of
an inducer, resulting in increased de novo synthesis of the enzyme of interest. Equation S6 describes
the correlation between maximum induction effect (Emax), concentration for half-maximal induction
(EC50) and the magnitude of induction, with the first two parameters used for implementation of an
induction process in PK-Sim® [47, 48].

E =
Emax · [Ind]
EC50 + [Ind]

(S6)

where E = magnitude of induction, Emax = maximum induction effect, [Ind ] = free inducer concen-
tration (steady-state), and EC50 = concentration for half-maximal induction.
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S4.2 Clinical Study Data

Table S10: Tacrolimus DD(G)I model study table

Tacrolimus Perpetrator Perpetrator n Females Ethnicitya Frequencya of Age Weight Height Reference
application [mg] application [mg] [%] CYP3A5*1 [%] [years] [kg] [cm]

d4: 3 Voriconazole d1: 400 6 NM 0 Japanese 25.8 27.7 63.9 172.7 Imamura 2016 [49]
po (IR cap, SD) d2–4: 200 CYP2C19 (23–38) (57.4–68.7) (167.6–178.9)

po (tab, BID)

d4: 3 Voriconazole d1: 400 6 IM 0 Japanese 25.8 28.7 65.2 173.6 Imamura 2016 [49]
po (IR cap, SD) d2–4: 200 CYP2C19 (22–37) (57.0–74.3) (170.0–178.5)

po (tab, BID)

d4: 3 Voriconazole d1: 400 6 PM 0 Japanese 25.8 27.7 61.3 174.3 Imamura 2016 [49]
po (IR cap, SD) d2–4: 200 CYP2C19 (22–36) (57.0–74.3) (166.7–182.3)

po (tab, BID)

d2: 3 Voriconazoleb d1: 400 18 0 European 16.7 34±11 82±13 182±8 Huppertz 2019 [50]
po (IR cap, SD) d2–4: 200

po (tab, BID)

d5: 3 Itraconazolec d1–4: 200 16 0 European 15.6 (18–28) - - Vanhove 2019 [31]
po (ER cap, SD) po (cap, BID)

d8: 0.025/kg Rifampicin d1–18: 600 1 0 White American 100 - - - Hebert 1999 [51]
iv (inf, 4 h, SD) po (cap, MD)

d8: 8 Rifampicin d1–18: 600 1 0 White American 100 - - - Hebert 1999 [51]
po (IR cap, SD) po (cap, MD)

-: not given, a: implemented, b: plus midazolam (not included in the model): d2; 0.03 mg; po (solution, SD), c: plus midazolam (not included in the model): d5; 2 mg; po
(solution, SD), BID: multiple dose (twice daily), cap: capsule, CYP: cytochrome P450, d: day, DD(G)I: drug-drug(-gene) interaction, ER: extended-release, IM: intermediate
metabolizer, inf: infusion, IR: immediate-release, iv: intravenous, MD: multiple dose (once daily), n: number of participants, NM: normal metabolizer, PM: poor metabolizer,
po: oral, SD: single dose, tab: tablet; values for age, weight and height are presented as mean ± standard deviation (range).
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S4.3 Drug-dependent Parameters DD(G)I Partner

S4.3.1 Voriconazole

Table S11: Drug-dependent parameters of the voriconazole PBPK model [52]

Parameter Unit Value Source Description

Voriconazole

Molecular weight g/mol 349.30 Lit. Molecular weight
pKa, base 1.60 Lit. Acid dissociation constant
Solubility (pH) mg/L 3.20 (1.00), 2.70 (1.20), 0.10 (7.00) Lit. Solubility
Lipophilicity 1.80 Lit. Lipophilicity
fu % 42.00 Lit. Fraction unbound
CYP2C19 KM → sink µmol/L 3.50 Lit. Michaelis-Menten constant
CYP2C19 kcat → sink 1/min 1.19 Lit. Catalytic rate constant
CYP3A4 KM → sink µmol/L 15.00 Lit. Michaelis-Menten constant
CYP3A4 kcat → sink 1/min 2.12 Opt. Transport rate constant
GFR fraction 1a Asm. Filtered drug in the urine
EHC continuous fraction 1 Asm. Bile fraction continously released
Intestinal permeability cm/s 2.71 · 10−4 Opt. Transcellular intestinal permeability
Cellular permeability cm/min PK-Sim Standard, 2.58 · 10−3 Calc. [47] Permeability into the cellular space
Partition coefficients Poulin and Theil Calc. [53–56] Organ-plasma partition coefficients
Dissolution time (Weibull) min 30.00 Opt. Dissolution time (50%)
Dissolution shape (Weibull) 1.29 Opt. Dissolution shape
CYP2C19 Ki µmol/L 4.57 Lit. Diss. const. inhibitor-enzyme complex (CI)
CYP3A4 KI µmol/L 9.33 Meas. Conc. for half-maximal inactivation (MBI)
CYP3A4 kinact 1/min 0.02 Opt. Maximum inactivation rate constant (MBI)
CYP3A5 Ki µmol/L 0.20b Lit. [57] Diss. const. inhibitor-enzyme complex (CI)

a: a GFR fraction of 1 corresponds to passive glomerular filtration of a compound, b: added to the original model, asm.: assumed, calc.:
calculated, CI: competitive inhibition, conc.: concentration, const.: constant, CYP: cytochrome P450, diss.: dissociation, EHC: enterohepatic
circulation, GFR: glomerular filtration rate, lit.: literature, meas.: measured, opt.: optimized. CYP2C19 drug-gene interactions were modeled
by adjusting the reference concentration in the tissue of highest expression, i.e., for normal metabolizers 0.76 µmol protein/L was implemented,
for intermediate metabolizers 0.4 µmol protein/L, and for poor metabolizers 0.01 µmol protein/L.
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S4.3.2 Itraconazole

Table S12: Drug-dependent parameters of the itraconazole PBPK model [7]

Parameter Unit Value Source Description

Itraconazole

Molecular weight g/mol 705.63 Lit. Molecular weight
pKa, base 3.70 Lit. Acid dissociation constant
Solubility (pH) mg/L 8.00 (6.50) Lit. Solubility
Lipophilicity 4.62 Opt. Lipophilicity
fu % 0.60 Lit. Fraction unbound
CYP3A4 KM → OH-Itra nmol/L 2.07 Lit. Michaelis-Menten constant
CYP3A4 kcat → OH-Itra 1/min 0.04 Opt. Transport rate constant
GFR fraction 1a Asm. Filtered drug in the urine
EHC continuous fraction 1 Asm. Bile fraction continously released
Intestinal permeability dm/min 5.33 · 10−5 Opt. Transcellular intestinal permeability
Cellular permeability cm/min PK-Sim Standard, 0.01 Calc. [47] Permeability into the cellular space
Partition coefficients Rodgers + Rowland Calc. [58, 59] Organ-plasma partition coefficients
Dissolution time (Weibull) min 406.30 Opt. Dissolution time (50%)
Dissolution shape (Weibull) 1.43 Opt. Dissolution shape
CYP3A4 Ki nmol/L 1.30 Lit. Diss. const. inhibitor-enzyme complex (CI)
CYP3A5 Ki µmol/L 0.94b Lit. [57] Diss. const. inhibitor-enzyme complex (CI)

Hydroxy-Itraconazole

Molecular weight g/mol 721.63 Lit. Molecular weight
pKa, base 3.70 Lit. Acid dissociation constant

a: a GFR fraction of 1 corresponds to passive glomerular filtration of a compound, b: added to the original model, asm.: assumed, calc.:
calculated, CI: competitive inhibition, conc.: concentration, const.: constant, CYP: cytochrome P450, diss.: dissociation, EHC: entero-
hepatic circulation, GFR: glomerular filtration rate, Keto-Itra: keto-itraconazole, lit.: literature, N-Des-Itra: N-desalkyl-itraconazole,
OH-Itra: hydroxy-itraconazole, opt.: optimized.
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Table S12: Drug-dependent parameters of the itraconazole PBPK model [7] (continued)

Parameter Unit Value Source Description

Solubility (pH) mg/L 1.00 (7.00) Asm. Solubility
Lipophilicity 3.72 Opt. Lipophilicity
fu % 1.70 Lit. Fraction unbound
CYP3A4 KM → Keto-Itra nmol/L 4.17 Lit. Michaelis-Menten constant
CYP3A4 kcat → Keto-Itra 1/min 0.02 Opt. Transport rate constant
GFR fraction 1a Asm. Filtered drug in the urine
EHC continuous fraction 1 Asm. Bile fraction continously released
Intestinal permeability cm/min 1.52 · 10−5 Calc. Transcellular intestinal permeability
Cellular permeability cm/min PK-Sim Standard, 1.55 · 10−3 Calc. [47] Permeability into the cellular space
Partition coefficients Rodgers + Roland Calc. [58, 59] Organ-plasma partition coefficients
CYP3A4 Ki nmol/L 14.40 Lit. Diss. const. inhibitor-enzyme complex (CI)

Keto-Itraconazole

Molecular weight g/mol 719.62 Lit. Molecular weight
pKa, base 3.70 Lit. Acid dissociation constant
Solubility (pH) mg/L 1.00 (7.00) Asm. Solubility
Lipophilicity 4.21 Opt. Lipophilicity
fu % 1.00 Lit. Fraction unbound
CYP3A4 KM → N-Des-Itra nmol/L 2.22 Lit. Michaelis-Menten constant
CYP3A4 kcat → N-Des-Itra 1/min 0.39 Opt. Transport rate constant
GFR fraction 1a Asm. Filtered drug in the urine
EHC continuous fraction 1 Asm. Bile fraction continously released
Intestinal permeability cm/min 4.79 · 10−5 Calc. Transcellular intestinal permeability
Cellular permeability cm/min PK-Sim Standard, 4.92 · 10−3 Calc. [47] Permeability into the cellular space
Partition coefficients Rodgers + Roland Calc. [58, 59] Organ-plasma partition coefficients
CYP3A4 Ki nmol/L 5.12 Lit. Diss. const. inhibitor-enzyme complex (CI)

a: a GFR fraction of 1 corresponds to passive glomerular filtration of a compound, b: added to the original model, asm.: assumed, calc.:
calculated, CI: competitive inhibition, conc.: concentration, const.: constant, CYP: cytochrome P450, diss.: dissociation, EHC: entero-
hepatic circulation, GFR: glomerular filtration rate, Keto-Itra: keto-itraconazole, lit.: literature, N-Des-Itra: N-desalkyl-itraconazole,
OH-Itra: hydroxy-itraconazole, opt.: optimized.
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Table S12: Drug-dependent parameters of the itraconazole PBPK model [7] (continued)

Parameter Unit Value Source Description

N-Desalkyl-Itraconazole

Molecular weight g/mol 649.53 Lit. Molecular weight
pKa, base 3.70 Lit. Acid dissociation constant
Solubility (pH) mg/L 1.00 (7.00) Asm. Solubility
Lipophilicity 5.18 Opt. Lipophilicity
fu % 1.10 Lit. Fraction unbound
CYP3A4 KM → sink nmol/L 0.63 Lit. Michaelis-Menten constant
CYP3A4 kcat → sink 1/min 0.06 Opt. Transport rate constant
GFR fraction 1a Asm. Filtered drug in the urine
EHC continuous fraction 1 Asm. Bile fraction continously released
Intestinal permeability cm/min 7.37 · 10−4 Calc. Transcellular intestinal permeability
Cellular permeability cm/min PK-Sim Standard, 0.09 Calc. [47] Permeability into the cellular space
Partition coefficients Rodgers + Roland Calc. [58, 59] Organ-plasma partition coefficients
CYP3A4 Ki nmol/L 0.32 Lit. Diss. const. inhibitor-enzyme complex (CI)

a: a GFR fraction of 1 corresponds to passive glomerular filtration of a compound, b: added to the original model, asm.: assumed, calc.:
calculated, CI: competitive inhibition, conc.: concentration, const.: constant, CYP: cytochrome P450, diss.: dissociation, EHC: entero-
hepatic circulation, GFR: glomerular filtration rate, Keto-Itra: keto-itraconazole, lit.: literature, N-Des-Itra: N-desalkyl-itraconazole,
OH-Itra: hydroxy-itraconazole, opt.: optimized.
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S4.3.3 Rifampicin

Table S13: Drug-dependent parameters of the rifampicin PBPK model [7]

Parameter Unit Value Source Description

Rifampicin

Molecular weight g/mol 822.94 Lit. Molecular weight
pKa, base 7.90 Lit. Acid dissociation constant
pKa, acid 1.70 Lit. Acid dissociation constant
Solubility (pH) mg/L 2800.00 (7.5) Lit. Solubility
Lipophilicity 2.50 Opt. Lipophilicity
fu % 17.00 Lit. Fraction unbound
AADAC KM → sink µmol/L 195.10 Lit. Michaelis-Menten constant
AADAC kcat → sink 1/min 9.87 Opt. Catalytic rate constant
OATP1B1 KM µmol/L 1.50 Lit. Michaelis-Menten constant
OATP1B1 kcat 1/min 74.43a Opt. Transport rate constant
P-gp KM µmol/L 55.00 Lit. Michaelis-Menten constant
P-gp kcat 1/min 0.61 Opt. Transport rate constant
GFR fraction 1b Asm. Filtered drug in the urine
EHC continuous fraction 1 Asm. Bile fraction continously released
Intestinal permeability cm/min 1.24 · 10−5 Opt. Transcellular intestinal permeability
Cellular permeability cm/min PK-Sim Standard, 2.93 · 10−5 Calc. [47] Permeability into the cellular space
Partition coefficients Rodgers + Rowland Calc. [58, 59] Organ-plasma partition coefficients
Formulation Solution Formulation used in predictions

a: adjusted due to different reference concentrations in the original model and tacrolimus model, b: a GFR fraction of 1 corresponds
to passive glomerular filtration of a compound, AADAC: arylacetamide deacetylase, asm.: assumed, calc.: calculated, CI: competitive
inhibition, conc.: concentration, const.: constant, CYP: cytochrome P450, diss.: dissociation, EHC: enterohepatic circulation, GFR:
glomerular filtration rate, lit.: literature, OATP: organic-anion-transporting polypeptide, opt.: optimized, P-gp: P-glycoprotein.
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Table S13: Drug-dependent parameters of the rifampicin PBPK model [7] (continued)

Parameter Unit Value Source Description

Induction EC50 µmol/L 0.34 Lit. Conc. for half-maximal induction
AADAC Emax 0.99 Opt. Maximum induction effect
CYP3A4 Emax 9.00 Lit. Maximum induction effect
CYP3A4 Ki µmol/L 18.50 Lit. Diss. const. inhibitor-enzyme complex (CI)
OATP1B1 Emax 0.38 Opt. Maximum induction effect
OATP1B1 Ki µmol/L 0.48 Lit. Diss. const. inhibitor-enzyme complex (CI)
P-gp Emax 2.50 Lit. Maximum induction effect
P-gp Ki µmol/L 169.00 Lit. Diss. const. inhibitor-enzyme complex (CI)

a: adjusted due to different reference concentrations in the original model and tacrolimus model, b: a GFR fraction of 1 corresponds
to passive glomerular filtration of a compound, AADAC: arylacetamide deacetylase, asm.: assumed, calc.: calculated, CI: competitive
inhibition, conc.: concentration, const.: constant, CYP: cytochrome P450, diss.: dissociation, EHC: enterohepatic circulation, GFR:
glomerular filtration rate, lit.: literature, OATP: organic-anion-transporting polypeptide, opt.: optimized, P-gp: P-glycoprotein.
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S4.4 Whole Blood Concentration-Time Profiles (Semilogarithmic)

Figure S20: Evaluation of the modeled drug-drug(-gene) interactions. Presented are predicted whole
blood concentration-time profiles (semilogarithmic plots) of tacrolimus without (Control) and with
(DD(G)I) intake of the respective perpetrator drug (voriconazole (a–d), itraconazole (e), rifampicin
(f–g)), alongside corresponding observed data [31, 49–51]. Solid (Control) and dashed (DD(G)I) lines
and ribbons represent population predictions (n = 1000; geometric mean and geometric standard de-
viation), while corresponding observed data are shown as dots (± standard deviation, if available).
CYP: cytochrome P450, DD(G)I: drug-drug(-gene) interaction, ER: extended-release, IM: interme-
diate metabolizer, IR: immediate-release, IV: intravenous, n: number of participants, NM: normal
metabolizer, PM: poor metabolizer, Tac: tacrolimus.
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S4.5 Whole Blood Concentration-Time Profiles (Linear)

Figure S21: Evaluation of the modeled drug-drug(-gene) interactions. Presented are predicted whole
blood concentration-time profiles (linear plots) of tacrolimus without (Control) and with (DD(G)I)
intake of the respective perpetrator drug (voriconazole (a–d), itraconazole (e), rifampicin (f–g)), along-
side corresponding observed data [31, 49–51]. Solid (Control) and dashed (DD(G)I) lines and ribbons
represent population predictions (n = 1000; geometric mean and geometric standard deviation), while
corresponding observed data are shown as dots (± standard deviation, if available). CYP: cytochrome
P450, DD(G)I: drug-drug(-gene) interaction, ER: extended-release, IM: intermediate metabolizer, IR:
immediate-release, IV: intravenous, n: number of participants, NM: normal metabolizer, PM: poor
metabolizer, Tac: tacrolimus.
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S4.6 DD(G)I AUClast and DD(G)I Cmax Ratio Goodness-of-Fit Plots

Figure S22: Evaluation of the modeled drug-drug(-gene) interactions. Predicted versus observed
DD(G)I AUClast (a) and DD(G)I Cmax (b) ratios are shown with the solid line representing the line
of identity, dotted lines indicating 1.25-fold and dashed lines 2-fold deviation from the respective ob-
served value, along with the curved lines marking the prediction success limits proposed by Guest
et al.[46] including 20% variability. AUClast: area under the whole blood concentration-time curve
determined between first and last concentration measurements, Cmax: maximum whole blood concen-
tration, DD(G)I: drug-drug(-gene) interaction.
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S4.7 Predicted and Observed DD(G)I AUClast and DD(G)I Cmax Ratios

Table S14: Predicted versus observed DD(G)I AUClast and DD(G)I Cmax ratios

Tacrolimus Perpetrator Perpetrator n DD(G)I AUClast ratio DD(G)I Cmax ratio Reference

application [mg] application [mg] Pred Obs Pred/Obs Pred Obs Pred/Obs

d4: 3 Voriconazole d1: 400, d2–4: 200 6 NM 4.60 4.54 1.01 2.30 2.70 0.85 Imamura 2016 [49]
po (IR cap, SD) po (tab, BID) CYP2C19

d4: 3 Voriconazole d1: 400, d2–4: 200 6 IM 5.34 5.12 1.04 2.43 2.70 0.90 Imamura 2016 [49]
po (IR cap, SD) po (tab, BID) CYP2C19

d4: 3 Voriconazole d1: 400, d2–4: 200 6 PM 7.03 6.23 1.13 2.69 3.74 0.72 Imamura 2016 [49]
po (IR cap, SD) po (tab, BID) CYP2C19

d2: 3 Voriconazolea d1: 400, d2–4: 200 18 5.90 7.64 0.77 2.12 2.99 0.71 Huppertz 2019 [50]
po (IR cap, SD) po (tab, BID)

d5: 3 Itraconazoleb d1–4: 200 16 3.63 3.32 1.09 2.05 3.22 0.64 Vanhove 2019 [31]
po (ER cap, SD) po (cap, BID)

d8: 0.025/kg Rifampicin d1–18: 600 1 0.75 0.70 1.07 0.86 0.89 0.97 Hebert 1999 [51]
iv (inf, 4 h, SD) po (cap, MD)

d8: 8 Rifampicin d1–18: 600 1 0.32 0.30 1.09 0.31 0.67 0.46 Hebert 1999 [51]
po (IR cap, SD) po (cap, MD)

Overall mean GMFE (range) 1.10 (1.01–1.29) 1.41 (1.04–2.18)
GMFE ≤ 2 7/7 6/7

a: plus midazolam (not included in the model): d2; 0.03 mg; po (solution, SD), b: plus midazolam (not included in the model): d5; 2 mg; po (solution, SD),
AUClast: area under the whole blood concentration-time curve determined between first and last concentration measurements, BID: multiple dose (twice
daily), cap: capsule, Cmax: maximum whole blood concentration, CYP: cytochrome P450, d: day, DD(G)I: drug-drug(-gene) interaction, ER: extended-
release, IM: intermediate metabolizer, inf: infusion, iv: intravenous, GMFE: geometric mean fold error, IR: immediate-release, MD: multiple dose (once daily),
n: number of participants, NM: normal metabolizer, PM: poor metabolizer, po: oral, pred: predicted, SD: single dose, tab: tablet.
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