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ABSTRACT

Introduction: The triple-combination (TC)
cystic fibrosis transmembrane conductance
regulator (CFTR) modulator regimen elexa-
caftor, tezacaftor, and ivacaftor was shown to be
safe and efficacious in phase 3 trials of people
with cystic fibrosis (pwCF) C 12 years of age
with C 1 F508del-CFTR allele. Here, a simula-
tion study predicted ivacaftor, tezacaftor, and
elexacaftor exposures and impacts on CFTR
modulation following transition from ivacaftor
[a cytochrome P450 3A (CYP3A) substrate],
lumacaftor (a CYP3A inducer)/ivacaftor, or
tezacaftor/ivacaftor to TC.
Methods: Physiologically based pharmacoki-
netic (PBPK) modeling was used to evaluate
plasma exposures during transition from mono-
or dual-combination CFTR modulator regimens
to TC. PBPK models were parameterized using
data from human hepatocytes to account for

CYP3A induction by lumacaftor and validated
to match clinical data from healthy volunteers
and pwCF. Using dosing regimens for
pwCF C 12 years of age, simulations were per-
formed for ivacaftor, lumacaftor/ivacaftor, and
tezacaftor/ivacaftor dosing for 14 days followed
by immediate transition to elexacaftor/teza-
caftor/ivacaftor dosing for 14 days. Drug expo-
sures during transitions were compared with
respective half-maximal effective concentra-
tions (EC50) estimated from efficacy endpoint
data from clinical studies.
Results: In simulations of immediate transition
from ivacaftor or tezacaftor/ivacaftor to TC, the
preceding treatment had no impact on iva-
caftor, tezacaftor, or elexacaftor exposures. In
simulations of immediate transition from
lumacaftor/ivacaftor to TC, ivacaftor exposure
decreased to 64% of maximum effective con-
centration (EC), due to reduction in ivacaftor
dose and residual CYP3A4 induction, then
returned to 90–95% of maximum EC. Luma-
caftor-mediated CYP3A induction resolved
within approximately 2 weeks. In all simula-
tions, ivacaftor, tezacaftor, and elexacaftor
exposures approached steady state within
2 weeks following transition and, at all times,
ivacaftor and C 1 CFTR corrector remained
above EC50.
Conclusion: PBPK modeling indicates that
immediate transition to the elexacaftor/teza-
caftor/ivacaftor regimen from an ivacaftor,
lumacaftor/ivacaftor, or tezacaftor/ivacaftor
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regimen results in sustained CFTR modulation
in pwCF C 12 years of age.
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Key Summary Points

Why carry out this study?

Some people with cystic fibrosis (pwCF)
currently receiving cystic fibrosis
transmembrane conductance regulator
(CFTR) modulator regimens of ivacaftor,
lumacaftor/ivacaftor, or tezacaftor/
ivacaftor are transitioning to the triple-
combination (TC) regimen of elexacaftor/
tezacaftor/ivacaftor.

The impact of these transitions on CFTR
modulator exposures, and whether
adequate exposures to achieve clinical
efficacy are maintained during transition,
have not been directly addressed in
clinical trials.

We used physiologically based
pharmacokinetic (PBPK) modeling to
evaluate whether CFTR modulation is
sustained during the transition from
ivacaftor, lumacaftor/ivacaftor, or
tezacaftor/ivacaftor to the TC regimen;
this study tested the hypotheses that (1)
lumacaftor induction of cytochrome P450
3A (CYP3A) would resolve within 14 days
after transitioning from lumacaftor/
ivacaftor to TC and (2) that during all
three transitions, the exposure of each
CFTR modulator with ongoing or newly
initiated dosing would stay above its half-
maximal effective concentration (EC50)
value during the transition.

What was learned from the study?

Lumacaftor-mediated CYP3A induction
resolved within approximately 2 weeks; in
all simulations, ivacaftor, tezacaftor, and
elexacaftor exposures approached steady
state within 2 weeks following transition
and, at all times, ivacaftor and C 1 CFTR
corrector remained above EC50.

PBPK modeling indicates that immediate
transition to the elexacaftor/tezacaftor/
ivacaftor regimen from an ivacaftor,
lumacaftor/ivacaftor, or tezacaftor/
ivacaftor regimen results in sustained
CFTR modulation in pwCF C 12 years of
age.

INTRODUCTION

Cystic fibrosis (CF) is a life-shortening, multi-
system disease caused by mutations in the CF
transmembrane conductance regulator (CFTR)
gene that lead to reduced quantity or function
of the CFTR protein [1]. Small-molecule CFTR
modulators include correctors (e.g., lumacaftor,
tezacaftor, and elexacaftor) that improve CFTR
processing and trafficking [2–4] and potentia-
tors (e.g., ivacaftor) that increase CFTR channel-
open probability [5]. In studies of participants
with CF, clinical benefit was observed with
ivacaftor in those 6 months of age and older
with CFTR gating mutations [6–10] and in those
12 years of age and older heterozygous for the
F508del-CFTR mutation and a residual function
CFTR mutation (F/RF) [11]. Clinical benefit was
observed with lumacaftor/ivacaftor in studies of
participants with CF 2 years of age and older
homozygous for the F508del-CFTR mutation (F/
F genotype) [12–14]. Tezacaftor/ivacaftor also
showed clinical benefit in studies of participants
6 years of age and older with F/F or F/RF geno-
types [11, 15, 16].
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The triple-combination (TC) regimen of
elexacaftor, tezacaftor, and ivacaftor was shown
to be highly efficacious in clinical studies of
participants 12 years of age and older who were
heterozygous for the F508del-CFTR mutation
and a minimal function CFTR mutation (F/MF)
[17] or who had the F/F genotype [18]. In par-
ticipants with the F/F genotype, this TC regi-
men showed superior efficacy across all
endpoints over tezacaftor/ivacaftor [18]. Results
from the study of participants with F/MF
genotypes showed that one copy of the F508del-
CFTR allele is sufficient for TC to show strong
efficacy [17]. Elexacaftor/tezacaftor/ivacaftor
was approved by the US Food and Drug
Administration in October 2019 to treat people
with CF (pwCF) 12 years of age and older
with C 1 copy of the F508del-CFTR mutation
[19].

Some pwCF currently receiving ivacaftor,
lumacaftor/ivacaftor, or tezacaftor/ivacaftor are
transitioning to this TC regimen. However, the
impact of these transitions on CFTR modulator
exposures, and whether adequate exposures to
achieve clinical efficacy are maintained during
transition, have not been directly addressed in
clinical trials. Transition from lumacaftor/iva-
caftor is of particular interest, as lumacaftor is a
strong cytochrome P450 3A (CYP3A) inducer
[20] and may lead to reduced exposures of drugs
that are CYP3A substrates. Ivacaftor, tezacaftor,
and elexacaftor are CYP3A substrates, with iva-
caftor being a particularly sensitive CYP3A
substrate [19, 21, 22]. Here, we used modeling
and simulation to evaluate whether CFTR
modulation is sustained during the transition
period. This approach required integrating
results from multiple models. First, qualified
physiologically based pharmacokinetic (PBPK)
models were used to simulate ivacaftor, luma-
caftor, tezacaftor, and elexacaftor exposures
during immediate transitions between these
treatment regimens. Exposures during the
transition periods were then compared to half-
maximal effective concentration (EC50) values,
as estimated from efficacy endpoint data (sweat
chloride or percent predicted forced expiratory
volume in 1 s) from clinical studies (data on file,
unpublished) to determine impacts on CFTR
modulation. This study tested the hypotheses

that lumacaftor induction of CYP3A would
resolve within 14 days after transitioning and
that the exposure of each CFTR modulator with
ongoing or newly initiated dosing would stay
above its EC50 value during the transition.

METHODS

Ivacaftor PBPK Model

The physiochemical properties of ivacaftor [e.g.,
permeability, blood-to-plasma ratio, plasma
protein binding, logarithm of acid dissociation
constant (pKa)] were obtained from internal
sources. All ivacaftor PBPK model parameters
are available in Supplementary Table S1. The
PBPK base model for oral absorption of ivacaftor
was developed using an advanced dissolution,
absorption, and metabolism model (ADAM) in
SimcypTM version 16 (Certara). The absorption
rate constant (ka) was predicted by the Sim-
cypTM built-in simulator using Caco-2 perme-
ability values measured in vitro and further
validated to capture clinical data. For distribu-
tion, an initial steady-state volume of distribu-
tion (Vss) of 1.89 L/kg was estimated by
allometric scaling from three species (mouse,
rat, and dog) and later optimized to 1.74 L/kg.
Using this initial value, the Vss, single adjusted
compartment volume of distribution (Vsac) and
blood flow (SAC Q) were estimated by fitting
clinical study data. Because ivacaftor is a sensi-
tive substrate of CYP3A, and only approxi-
mately 3% parent ivacaftor was found in fecal
samples in an in vivo human absorption, dis-
tribution, metabolism, and excretion (ADME)
study, a fraction metabolism (Fm) value of
greater than 95% was assigned to CYP3A. A
bottom-up approach was used to model elimi-
nation of ivacaftor in SimcypTM. Mechanistic
human liver microsome (HLM) kinetics data
[maximum rate (Vmax); Michaelis–Menten con-
stant (Km)] were estimated and further opti-
mized to capture the clinical oral
pharmacokinetic (PK) profile. Drug interaction
parameters Ki (inhibitory constant) and fumic

(fraction unbound in microsome) for CYP3A
inhibition were obtained from in vitro
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experiments. The base model was validated
against phase 1 clinical data (data on file,
unpublished).

Lumacaftor PBPK Model

The physiochemical properties of lumacaftor
(e.g., permeability, blood-to-plasma ratio,
plasma protein binding, pKa) were obtained
from internal sources. All lumacaftor PBPK
model parameters are available in Supplemen-
tary Table S2. First-order absorption was used to
model oral absorption of lumacaftor. Absorp-
tion parameters [fraction absorbed (Fa), ka, and
lag time (Tlag)] were optimized based on clinical
PK data. For distribution, Vss, Vsac, and SAC
Q were estimated by fitting clinical trial data.
Lumacaftor is not extensively metabolized, and
the majority is excreted unchanged in feces
[20]. Intrinsic clearance (CLint), additional hep-
atic clearance (HLM CLint), and additional sys-
temic clearance were captured in the PBPK
model using a built-in retrograde calculator.
Lumacaftor is an inducer of CYP3A. Enzyme
induction parameters used in SimcypTM [maxi-
mum fold change in CYP3A4 mRNA (Indmax)
and concentration at half-maximum induction
(IndC50)] were obtained from in vitro experi-
ments. PBPK models were parameterized using
data from human hepatocytes to account for
CYP3A induction by lumacaftor. The base
model was validated against phase 1 clinical
data (data on file, unpublished).

Tezacaftor PBPK Model

The physiochemical properties of tezacaftor
(e.g., permeability, blood-to-plasma ratio,
plasma protein binding, pka) were obtained
from internal sources. Tezacaftor PBPK model
parameters are available in Supplementary
Table S3. The tezacaftor absorption model was
developed similarly to the lumacaftor absorp-
tion model. Fa and ka were estimated based on
clinical PK data for tezacaftor. For distribution, a
minimal PBPK model was used, and Vss, Vsac,
and SAC Q were estimated by fitting clinical
study data. The Fm by CYP3A for tezacaftor was
estimated to be 73.2% from the human ADME

study. Therefore, the CYP3A CLint and HLM
CLint were calculated using the built-in Sim-
cypTM retrograde calculator assuming that
CYP3A accounts for 73.2% of the systemic oral
clearance. The interaction parameters Ki and
fumic were obtained from in vitro experiments.
The base model was validated against phase 1
clinical data (data on file, unpublished).

Elexacaftor PBPK Model

The physiochemical and ADME properties of
elexacaftor (e.g., permeability, blood-to-plasma
ratio, plasma protein binding), as well as rele-
vant clinical data, were obtained from internal
sources. Elexacaftor PBPK model parameters are
available in Supplementary Table S4. First-order
absorption parameters ka, Fa, and Tlag were
estimated using clinical PK data. The drug dis-
tribution parameters of the minimal PBPK
model were first estimated by optimizing three
distribution parameters [Vss, Vsac, and inter-
compartmental clearance (Q)] based on avail-
able clinical PK data obtained following
intravenous dosing. Elexacaftor is primarily
metabolized by CYP3A. The contribution of
CYP3A metabolism (Fm) to the overall elimina-
tion of elexacaftor was estimated to be 67% for
CYP3A; 33% of elexacaftor elimination occurs
via other pathways. With this information,
CYP3A CLint was back-calculated in SimcypTM

using a built-in retrograde calculator. Enzyme
interaction parameters Ki and fumic were
obtained from in vitro experiments. The base
model was validated against phase 1 clinical
data (data on file, unpublished).

Simulation Design

PK simulations were performed for the transi-
tion from ivacaftor, lumacaftor/ivacaftor, and
tezacaftor/ivacaftor to the TC regimen using the
previously developed and validated PBPK mod-
els for the four CFTR modulators (Supplemen-
tary Fig. 1). All simulations were performed with
the default Sim-Healthy Volunteers population
from the SimcypTM virtual population library;
the population was Caucasian and between 20
and 50 years of age. Information for each
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simulation is reported in Tables 1, 2, and 3. All
simulations used ivacaftor, lumacaftor/iva-
caftor, or tezacaftor/ivacaftor dosing regimens
for pwCF 12 years of age and older for 14 days
followed by the TC dosing regimen for pwCF
12 years of age and older for 14 days. PK
parameters for independent PBPK modeling are
reported in Supplementary Table S5. See Sup-
plementary Methods for additional
information.

Software

The PBPK analyses were performed using Sim-
cypTM. All plots were generated by GraphPad
Prism software, version 8.1.2.

Compliance with Ethics Guidelines

This article is based on previously conducted
studies and does not contain any studies with
human participants or animals performed by
any of the authors.

RESULTS

Ivacaftor to TC Transition

No change in the plasma drug exposure profile
of ivacaftor during the transition from ivacaftor
to the TC regimen was predicted (Fig. 1a);
tezacaftor and elexacaftor exposures increased
and reached steady state within 1 week (Fig. 1b,
c).

Lumacaftor/Ivacaftor to TC Transition

Simulations showed that when transitioning
from lumacaftor/ivacaftor (lumacaftor 400 mg
and ivacaftor 250 mg once every 12 h) to the TC
regimen (elexacaftor 200 mg once daily, teza-
caftor 100 mg once daily, and ivacaftor 150 mg
once every 12 h), ivacaftor plasma exposure
transiently decreased upon immediate transi-
tion and then gradually increased to steady
state on day 14 after the transition (Fig. 2a),
decreasing to a nadir of 64% of maximum
effective concentration (EC) and then

Table 1 Transition modeling simulation design for ivacaftor to elexacaftor/tezacaftor/ivacaftor

Compound type Substrate Inhibitor 1 Inhibitor 2

Compound name Ivacaftor Elexacaftor Tezacaftor

Route Oral Oral Oral

Dose 150 mg 200 mg 100 mg

Time of administration 9:00 AM and 9:00 PM (days 1–28) 9:00 AM (days 15–28) 9:00 AM (days 15–28)

Regimen Once every 12 h Once daily Once daily

Fasting/fed Fed Fed Fed

Metabolite NA NA NA

Population Sim-healthy volunteersa

Trial number 3

Subject number 3

Gender ratio (female proportion) 0.5

Age (years) 20–50

NA not applicable
a SimcypTM version 16 (Certara)
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increasing to 90–95% EC (EC90–95) within
approximately 3 days. The exposure of luma-
caftor decreased slowly and was completely
eliminated on day 8 after discontinuation of
lumacaftor/ivacaftor (Fig. 2b); CYP3A induction
due to lumacaftor was predicted to resolve
within approximately 2 weeks. The plasma
exposures of tezacaftor and elexacaftor
increased over time, reaching steady state on
day 14 after transition (Fig. 2c, d); these expo-
sures were maintained above EC50 at all times.
Exposures of tezacaftor and elexacaftor were not
greatly impacted by lumacaftor-mediated
CYP3A induction during this transition. At all
times during the transition period, exposures
of C 1 corrector (lumacaftor, tezacaftor, or
elexacaftor) remained above their respective
EC50.

Tezacaftor/Ivacaftor to TC Transition

When transitioning from tezacaftor/ivacaftor to
the TC regimen, ivacaftor and tezacaftor expo-
sures were maintained (Fig. 3a, b). The exposure
of elexacaftor increased and reached steady
state within 1 week (Fig. 3c).

DISCUSSION

Our PBPK models of ivacaftor, lumacaftor,
tezacaftor, and elexacaftor were developed and
validated in an adult healthy Caucasian volun-
teer population between 20 and 50 years of age.
This virtual population was the most appropri-
ate SimcypTM population to use compared with
other available virtual populations of differing
races or functional renal or hepatic status

Table 2 Transition modeling simulation design for lumacaftor/ivacaftor to elexacaftor/tezacaftor/ivacaftor

Compound type Substrate Inhibitor 1 Inhibitor 2 Inhibitor 3

Compound name Ivacaftor Lumacaftor Elexacaftor Tezacaftor

Route Oral Oral Oral Oral

Dose 250 mg 150 mg 400 mg 200 mg 100 mg

Time of

administration

9:00 AM and 9:00 PM

(days 1–14)

9:00 AM and 9:00 PM

(days 15–28)

9:00 AM

(days

1–14)

9:00 AM

(days

15–28)

9:00 AM (days

15 to 28)

Regimen Once every 12 h Once every

12 h

Once daily Once daily

Fasting/fed Fed Fed Fed Fed

Metabolite NA NA NA NA

Population Sim-healthy volunteersa

Trial number 3

Subject number 3

Gender ratio (female

proportion)

0.5

Age (years) 20–50

NA not applicable
a SimcypTM version 16 (Certara)
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because most pwCF are white [23, 24], and PK
parameters are not expected to be substantially
different between healthy volunteers and pwCF.
Protein expression and enzyme activity of
CYP3A are expected to be similar for all people
12 years of age and older, including those with
CF [25]. Moreover, the differences between
simulated plasma exposures in the virtual
healthy population and those observed in pwCF
12 years of age and older were negligible, and
the extent of drug–drug interactions is similar
between adults and adolescents [26], indicating
that the developed PBPK relationship can be
applied to pwCF 12 years of age and older.

Using the PBPK modeling approach, we
simulated transitions from ivacaftor, luma-
caftor/ivacaftor, and tezacaftor/ivacaftor to the
TC regimen elexacaftor/tezacaftor/ivacaftor to
evaluate whether CFTR modulation was main-
tained during transitions between these CFTR
modulator regimens. This question is particu-
larly germane when transitioning from luma-
caftor/ivacaftor, because lumacaftor is a strong
CYP3A inducer and ivacaftor is a sensitive
CYP3A substrate whose exposure is impacted by

lumacaftor [20]. When transitioning from
lumacaftor/ivacaftor to TC, pwCF lower their
ivacaftor dose from 250 mg once every 12 h to
150 mg once every 12 h and discontinue luma-
caftor. Following this switch in therapies,
lumacaftor exposure is predicted to decrease
and ivacaftor exposure is predicted to increase,
reaching steady state on day 14 after the tran-
sition. During the transition, tezacaftor and
elexacaftor were minimally impacted and
remained above their respective EC50 through-
out. Based on the simulations in this study,
ivacaftor exposure is predicted to remain above
EC50 throughout the transition, decreasing to a
nadir of 64% of maximum EC and then
increasing to EC90-95 within approximately
3 days. Lumacaftor-mediated CYP3A induction
is predicted to resolve within approximately
2 weeks.

Tezacaftor and elexacaftor have low poten-
tial to inhibit or induce CYP3A [19]. In all
simulated transitions, no change in ivacaftor
exposure due to addition of tezacaftor and/or
elexacaftor was predicted. Similarly, no change
in tezacaftor exposure during the transition

Table 3 Transition modeling simulation design for tezacaftor/ivacaftor to elexacaftor/tezacaftor/ivacaftor

Compound type Substrate Inhibitor 1 Inhibitor 2

Compound name Ivacaftor Elexacaftor Tezacaftor

Route Oral Oral Oral

Dose 150 mg 200 mg 100 mg

Time of administration 9:00 AM and 9:00 PM (days 1–28) 9:00 AM (days 15–28) 9:00 AM (days 1–28)

Regimen Once every 12 h Once daily Once daily

Fasting/fed Fed Fed Fed

Metabolite NA NA NA

Population Sim-healthy volunteersa

Trial number 3

Subject number 3

Gender ratio (female proportion) 0.5

Age (years) 20–50

NA not applicable
a SimcypTM version 16 (Certara)
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from tezacaftor/ivacaftor to TC was predicted.
Finally, no change in the plasma exposure pro-
file was predicted for elexacaftor after transition
in any simulation.

Each individual CFTR modulator in the TC
regimen has its own target EC. In these simu-
lations, EC50 was chosen as the threshold above
which CFTR modulator exposures should
remain during the transition period; however,
after transitioning, all modulators reached or
returned to their target EC. EC50 is commonly
used when analyzing drug exposure and was
used in a previous analysis of simulated transi-
tions between lumacaftor/ivacaftor and teza-
caftor/ivacaftor [27]; during those simulated
transitions, the CFTR modulators remained
above EC50 and CFTR modulation was sus-
tained. Keeping exposures above EC50 is
important during transitions between treat-
ments, because the more time that is spent
above EC50, the more likely it is that the drug
will show efficacy.

A limitation of this study is that all the
simulations were based on available clinical
data from study participants 12 years of age and
older. Additional simulations will be needed to
address transitions in the pediatric CF popula-
tion due to the impact of CYP3A enzyme
ontogeny, which typically occurs between 0
and 2 years of age, as well as potential differ-
ences in pediatric dosing regimens.

CONCLUSIONS

The PBPK modeling approach is useful for
integrating all available in vitro and in vivo
ADME and PK data to predict the impact of an
immediate transition from ivacaftor, luma-
caftor/ivacaftor, or tezacaftor/ivacaftor to elex-
acaftor/tezacaftor/ivacaftor on the exposures of
those CFTR modulators in pwCF 12 years of age
and older. Given the CYP3A-inducing effects of
lumacaftor, these simulations predict that dur-
ing all three of these transitions to the TC reg-
imen, exposures of ivacaftor, tezacaftor, and
elexacaftor will reach steady state within
2 weeks of the transition and CFTR modulation
will be sustained.

Fig. 1 Plasma exposure of CFTR modulators after
transition from ivacaftor to elexacaftor/tezacaftor/iva-
caftor. a Ivacaftor exposure. b Tezacaftor exposure.
c Elexacaftor exposure. In all figures, shaded area indicates
5th–95th percentile. Cavg average concentration, Ctrough

trough concentration, EC effective concentration
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