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Quantitative Systems Toxicology Predicts
lvacaftor-Induced Oxidative Stress Contributes
to CFTR Modulator Hepatotoxicity

Alan Shi! @, Cole Cornwell’, Kyunghee Yang2

and Paul M. Beringer1’3’*

Cystic fibrosis (CF) is a chronic hereditary disease that affects tens of thousands of people worldwide. The
introduction of CFTR modulator therapies such as elexacaftor/tezacaftor/ivacaftor (ETI) has significantly improved
the quality of life of people with CF. However, ETI has been shown in clinical trials to cause elevations in liver
enzymes, and real-world cases of drug-induced liver injury (DILI) have also been reported. The mechanism of ETI-
mediated DILI is currently unknown, hindering the development of more effective mitigation strategies for this
adverse reaction. Through in vitro assays and quantitative systems toxicology modeling using DILIsym, this study
revealed that ivacaftor contributed most significantly to ETI-mediated DILI, primarily via reactive oxygen species
production, resulting in mitochondrial dysfunction due to electron transport chain inhibition. DILIsym modeling also
predicted liver enzyme elevations following daily dosing of ETl at a comparable frequency (6.0%) to that of clinical
data (8.0%). Simulations of the therapeutic effects of DILI mitigation strategies for ETI showed that dose reduction
and antioxidant administration may significantly reduce the frequency of liver enzyme elevations due to ETI.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

[V] Elexacaftor/tezacaftor/ivacaftor, a highly effective CFTR
modulator therapy, has been observed in clinical trials and case
reports to cause liver enzyme elevations and drug-induced liver
injury (DILI). However, the mechanism(s) of ETI-mediated
DILI are unknown, making it difficult to identify an optimal
treatment strategy to mitigate this potentially severe adverse
reaction.

WHAT QUESTION DID THIS STUDY ADDRESS?

M This study incorporated iz vitro hepatotoxicity assays and
quantitative systems toxicology (QST) modeling to understand
the mechanistic basis of ETI-mediated DILI, simulate DILI
biomarker levels, and predict the therapeutic benefits of ETT
dose reduction or experimental antioxidant treatments.

Cystic fibrosis is a serious chronic illness caused by mutations to
the cystic fibrosis transmembrane conductance regulator (CFTR)
protein, and it affects ~89,000 people worldwide. Clinical man-
ifestations of CF include airway obstruction, inflammation, in-
creased lung infection risk, pancreatic insufficiency, diabetes, and
nutrient malabsorption.1 Improvements in treatments for CF over
time have resulted in significantly improved median predicted
survival for people with CF in the United States, from 30years
among those born 1990-1994 to S53yecars among those born
2017-2021.%

WHAT DOES THIS STUDY ADD TO OUR
KNOWLEDGE?

M In vitro assays and modeling identified the major mecha-
nism of ETI-mediated DILI (oxidative stress due to ivacaftor).
The predicted decrease in the frequency of liver enzyme eleva-
tions due to dose reduction and antioxidant therapies supports
their use as mitigation strategies for ETI-mediated DILL
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY ORTRANSLATIONAL SCIENCE?

M Our study shows how iz vitro mechanistic assays coupled
with QST modeling can be used to reveal the DILI mechanisms
of approved drugs and forecast the impact of DILI mitigation
strategies, which can directly improve management of DILI in
the clinic.

Elexacaftor/tezacaftor/ivacaftor (ETI) is a highly effective
CFTR modulator therapy for cystic fibrosis. In clinical trials,
ETT has significantly improved both lung function and nutri-
tional status in people with cystic fibrosis.” ETT is generally well
tolerated with few safety concerns; however, drug-induced liver
injury (DILI), a rare but potentially life-threatening adverse re-
action, has been identified in clinical trials and post-marketing

-11 . L o
reports.”™ ! Our group also confirmed the statistically signif-
icant disproportionate association between ETI and DILI on

a larger scale by conducting a pharmacovigilance analysis of
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adverse event reports in the FDA adverse event reporting system
(FAERS) database.'”

DILI is an adverse drug reaction caused by medication-
induced damage to the liver. The clinical presentation of DILI
may involve one or more of the following symptoms: fatigue,
nausea, malaise, pruritus, fever, rash, and jaundice.13 Diagnosis
of DILI involves assessing the temporal relationship between
drug exposure, confounding risk factors, and the development
of signs and symptoms of liver disease.!® Outcomes for DILI
range from complete resolution to hospitalization, acute liver
failure requiring transplantation, and death (at roughly 10% of
patients for highly toxic drugs).13’14 Criteria for treatment dis-
continuation are based on elevation of liver enzymes: alanine
aminotransferase (ALT) >8x upper limit of normal (ULN),
ALT >5x ULN for 3weeks, ALT >3x ULN + total bilirubin
>2x ULN, prothrombin time (PT)-international normalized
ratio (INR) >1.5x ULN or in the presence of symptoms sug-
gesting liver injury.B’15 Major mechanisms for DILI include mi-
tochondrial toxicity, oxidative stress, and disruption of bile acid
transport in the liver."* DILI is one of the most common causes
of drug failure in clinical development and a major cause of drug
withdrawal from the market because of pharmacovigilance find-
ings in the post-marketing phase.l4

Despite accumulating evidence of DILI from clinical tri-
als, real-world case reports, and pharmacovigilance analysis, a
clear mechanistic basis of ETI-mediated DILI is not known.'®
Because treatment discontinuation of ETT due to DILI would
have a devastating effect on the quality of life of people with
CF, understanding the mechanism of ETT-mediated DILI is ur-
gently needed to identify potential interventions (e.g., emerging
biomarkers, dose adjustments, and therapeutic compounds) to
mitigate DILL

For drugs removed from the market due to DILI, preclinical
testing in animal models has poorly predicted the occurrence of
DILIin humans, likely due to species-specific differences in drug
metabolism pathways.w‘18 However, the mechanistic assessment
of reference hepatotoxic drugs using human-derived iz vitro
models coupled with quantitative systems toxicology (QST) has
been demonstrated to accurately predict the DILI potential of
19728 QST models such as DILIsym incorporate

pharmacokinetic variability, patient susceptibility factors, and

new compounds.

in vitro mechanistic data to simulate liver toxicity and predict
DILI in a simulated population with inter-individual variabil-
ity in susceptibility to liver injury.zo’25 This approach provides
the ideal framework for post-marketing exploration of the DILI
mechanisms of ETT and for optimizing the dosing protocol to
mitigate DILL

This study aimed to determine the mechanism of ETT-mediated
DILI through iz vitro hepatocyte assays and QST modeling of the
in vitro data. Furthermore, QST modeling was used to determine
the relative contribution of each mechanism and each ETI com-
pound to DILI, evaluate potential emerging biomarkers for DILI,
and predict the efficacy of therapeutic strategies for DILI such as
dose reduction or coadministration of mechanism-targeting ther-
apeutic compounds.
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METHODS

In vitro mechanistic assays

ETT hepatotoxicity was assessed in iz vitro assays corresponding to the
three major mechanisms of hepatotoxicity represented in DILIsym:
mitochondrial dysfunction, oxidative stress, and bile acid transporter
inhibition. A deuterated analog of ivacaftor has recently been ap-
proved by the FDA as part of a triple-combination CFTR modulator
therapy vanzacaftor/tezacaftor/deutivacaftor.”” The hepatotoxicity of
this deuterated ivacaftor (deutivacaftor, D9 Iva) was also assessed in
vitro. Intracellular concentrations of ETI in mitochondrial dysfunc-
tion and oxidative stress assays were estimated using physiologically-
based pharmacokinetic (PBPK) modeling of the liver:blood exposure
ratio (liver:blood Kp) in Simcyp. Steady-state plasma and liver C_
levels for ETT parent compounds were predicted using our previously
validated PBPK model of ET1.*° For ETI primary metabolites (M23
elexacaftor, M1 tezacaftor, M1 ivacaftor), the plasma and liver C___
values were scaled from the predicted values for the parent compounds
based on published steady-state AUC values of ETT parent compounds
and metabolites.*!*?

Mitochondrial  dysfunction. Cellular respiration assays were
conducted in HepG2 cells using the Seahorse XFe96 (Agilent
Technologies, CA) after a 1-hour incubation with each ETI com-
pound, metabolite, and deutivacaftor following the Seahorse Mito
Stress Test Kit protocol.” The resulting bascline oxygen consump-
tion rate (OCR) measurement was analyzed as the fold change of each
ETI compound/metabolite compared with the negative control (0.2%
DMSO vehicle). Ciglitazone was used as a positive control, as it was
previously shown to significantly impair mitochondrial function.>*
The nominal concentration range for each compound encompassed
their predicted plasma C___and liver C___values.

Oxidative stress. In accordance with a previous study by Longo ez al”
oxidative stress assays were conducted in HepG2 cells using the Cytation
5 high-content imager after a 1-hour and 24-hour incubation with each
ETI compound, metabolite, and deutivacaftor, followed by a 30-minute
incubation with dihydroethidium (DHE), a fluorescent probe for reac-
tive oxygen species (ROS). The measured fluorescence intensity of DHE
was analyzed as the fold change of each ETT compound/metabolite com-
pared with the negative control (0.2% DMSO vehicle). Troglitazone, a
known inducer of ROS,36 was used as a positive control. The nominal
concentration range for each compound encompassed their predicted
plasma C_ andliver C__values.

Bile acid transporter inhibition. ETI-induced BSEP inhibition was
assessed in HEK293 human BSEP vesicles using a taurocholate up-
take (BSEP substrate) assay with cyclosporin A as a positive control
(Pharmaron, Waltham, MA). ATP-dependent uptake activity was calcu-
lated after measuring intracellular taurocholate in the presence/absence
of ATP viaLCMS/MS and was analyzed as the percentage of vehicle con-
trol (DMSO) activity.

In silico modeling

DILIsym is a mathematical and mechanistic model of DILI that takes
inputs from in vitro hepatotoxicity data, PBPK predictions of drug
concentration-time data, and built-in simulated human populations
(SimPops) to simulate the occurrence of liver injury for a given com-
pound or compounds.37 DILIsym version 10 (DSX) was used for all sim-
ulations described in this manuscript.

Translation into DILIsym parameters. The in vitro results for each
of the three mechanisms (mitochondrial dysfunction, oxidative stress,
and bile acid transport inhibition) were translated into DILIsym
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input parameters used in conducting simulations of liver injury due
to ETT. MITOsym, a companion program of DILIsym incorporating
a mechanistic model of in vitro hepatocellular respiration, was used
to derive parameter values for ETI-mediated mitochondrial dysfunc-
tion.*® The OCR-concentration data for elexacaftor and ivacaftor was
reproduced in MITOsym simulations through a sensitivity analysis
approach to obtain the ETC inhibition parameters resulting from in
OCR predictions that most closely matched the observed i vitro data.
The mitochondrial dysfunction parameters from MITOsym were
converted to DILIsym input parameters using previously established
scaling factors, which were derived from exemplar compounds known
to cause mitochondrial toxicity—specifically, rotenone (ETC inhi-
bition), FCCP (uncoupling), and oligomycin (ATP synthase inhibi-
tion).”*® For oxidative stress, ROS-concentration data for elexacaftor
and ivacaftor was predicted using DILIsym through a similar sensi-
tivity analysis process; the ROS production rate constants that most
closely matched observed iz vitro data were used as DILIsym input pa-
rameters. For bile acid transporter inhibition, the BSEP IC50 value for
clexacaftor was directly entered into DILIsym as the inhibition con-
stant. Since elexacaftor, tezacaftor, and ivacaftor are not known to be
substrates or modulators of other hepatic transporters (e.g., NTCP),
we have chosen to include only BSEP in our DILI model. Tezacaftor
and ETT metabolites were not included in the DILIsym model because
they did not achieve significant levels of OCR reduction, ROS produc-
tion, or bile acid transporter inhibition in the physiologically relevant
range of plasma C___to liver C__ .

PBPK modeling. Plasma and liver concentrations were simulated
using validated Simcyp PBPK models of elexacaftor and ivacaftor.®
Specifically, ivacaftor exposure was simulated at 150 mg twice daily
and clexacaftor exposure was simulated at 200 mg daily under high-
fat fed conditions for a dosing gcriod of 24 weeks, matching that of a
Phase III clinical trial for ET1.” The plasma and liver concentration-
time profiles were imported into DILIsym using the Specify Data
function.

SimPops. DILIsym contains built-in simulated human populations
that incorporate variability in biochemical and physical parameters.
For this study, the normal healthy volunteer SimPops (Human_ROS_
apop_mito_BA_v8A_1, »=285) included in DILIsym X were used.
This SimPops includes variability in oxidative stress, caspase activation
(apoptosis), mitochondrial function, and bile acid transporter expres-
sion. Additionally, mitochondrial biogenesis, an adaptive mechanism by
which cells produce mitochondria in response to environmental stressors
or developmental signals,” was turned on for the simulations to better
characterize the observed DILI in clinical trials.

Simulations. Simulations were performed for ivacaftor and elexacaftor,
both alone and in combination, in accordance with a previous study as-
sessing the liver effects of cannabidiol and valproate.*’ The software can
accommodate up to three drugs in total simultaneously. Ivacaftor and
clexacaftor were chosen as the compounds for the ETI model because
tezacaftor did not show significant toxicity within its predicted physio-
logical range (plasma C_ to liver C_).

To accommodate simulating two compounds simultancously, the
translated DILIsym parameters for ivacaftor were input under the
Compound Y model scaffold and the parameters for elexacaftor were
input under the Compound X model scaffold (Table S1). All simula-
tions were performed sequentially using the 7z=285 Human_ROS_
apop_mito_BA_v8A_1 SimPops with a high-fat diet.

The following simulations were conducted (Table 1): standard dose
elexacaftor (200 mg/day) and ivacaftor (150 mg twice daily) in combi-
nation with sequential omission of individual DILI mechanisms (ROS
production, ETC inhibition, BSEP inhibition) (Rows 1-3), standard
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dose of elexacaftor or ivacaftor alone vs. both compounds in combina-
tion (Rows 4-6). Additional simulations were performed to assess the
therapeutic effects of ETT dose reduction (Row 7) or the effects of hypo-
thetical antioxidant therapy (Row 8). For dose reduction, the simulation
included ivacaftor and elexacaftor in combination with their doses set to
half (150 mg daily and 100 mg daily, respectively) with all hepatotoxicity
mechanisms on. For the effects of antioxidant therapy, ivacaftor and cl-
exacaftor in combination were set at standard doses (150 mg twice daily
and elexacaftor 200 mg daily) with all hepatotoxicity mechanisms on,
while the ROS production rate constants in DILIsym were adjusted pro-
portionally to reflect the impact of antioxidant administration on levels
of glutathione (GSH, an endogenous ROS scavenger). In iz vivo studies,
intravenous administration of n-acetyl cysteine (NAC) in rats resulted
in a 50% increase in levels of GSH in the liver, while intravenous admin-
istration of NAC in mice after a toxic dose of acetaminophen resulted
in a 75% recovery of liver GSH and a 45% recovery of mitochondrial
GSH compared with untreated values.*"* Since an increase in ROS-
scavenging GSH would correspond to a decrease in ROS levels, the ROS
production rate constant 1 and ROS production Vmax 4 were reduced
to 50% for the antioxidant effect simulation to approximate the iz vivo

effect of GSH.

RESULTS

In vitro mechanistic assays

Among the three components of ETT, ivacaftor was found to be
the most toxic for both oxidative stress and mitochondrial dys-
function, with significant toxicity occurring at physiological levels
(between the predicted plasma C__, 2.8 uM, and predicted liver
C. .. 69.9uM). All physiological ranges described in this study

are between the predicted plasma C___and predicted liver C___of
max max
their respective compounds.

Oxidative stress. The ETI parent compounds elexacaftor,
tezacaftor, and ivacaftor induced concentration-dependent
increases in ROS, but only ivacaftor had significant increases
within the predicted physiological range. Elexacaftor induced
significant increases in ROS at 40 uM (physiological range 12.1-
17.2puM) (Figure la). Tezacaftor induced significant increases
in ROS at 40 and 80puM (physiological range 11.3-14.2 pM)
(Figure 1b). Ivacaftor induced significant ROS increases at 10 and
25puM, within the predicted physiological range (2.8-69.9 pM).
Additionally, the magnitude of ROS increases due to ivacaftor
matched or surpassed that of the positive control, troglitazone
(Figure Ic). Deutivacaftor induced nearly identical levels of ROS
increases at the same concentrations as ivacaftor (Figure SI).
Note: the results described reflect the ROS data from the 24-hour
assay, as there were no significant increases in ROS for the 1-hour
assay.

The ETT primary metabolites M23 clexacaftor, M1 tezacaftor,
and M1 ivacaftor also induced concentration-dependent increases
in ROS; however, the effects occurred at concentrations that are
predicted to exceed their physiological ranges or were not greater
than that of the positive control. Like its parent compound, M23
elexacaftor induced significant increases in ROS at 40 and 80 pM
(physiological range 4-5.8pM) (Figure 1d). M1 tezacaftor in-
duced significant increases in ROS at 20, 40, and 80 pM (predicted
physiological range 11.5-14.5 pM) (Figure 1e). Unlike its parent
compound, M1 ivacaftor only induced a significant ROS increase

VOLUME 119 NUMBER 1 | January 2026 | www.cpt-journal.com



ARTICLE

Table 1 ETI DILI simulation results

Mechanisms

Row Compound(s) Dose ON

Simulated ALT
>3x ULN

Simulated
Hy’s Law

Simulated
Bilirubin >2x ULN

Mechanisms
OFF

1 Ilvacaftor and
elexacaftor

Standard (lva 200mg
daily / Elx 200 mg daily)

ETC inhibition,
BSEP
inhibition

ROS
production

0/285 0/285 0/285

Standard ROS
production,
BSEP

inhibition

2 lvacaftor and
elexacaftor

ETC inhibition 17/285 0/285 0/285

Standard ROS
production,

ETC inhibition

3 lvacaftor and
elexacaftor

BSEP
inhibition

17/285 0/285 0/285

4 lvacaftor Standard ROS
production,
ETC inhibition,
BSEP

inhibition

None 14/285 0/285 0/285

Standard ROS
production,
ETC inhibition,
BSEP
inhibition

5 Elexacaftor

None 0/285 0/285 0/285

Standard ROS
production,
ETC inhibition,
BSEP
inhibition

6 lvacaftor and
elexacaftor

None 17/285 0/285 0/285

ROS
production,
ETC inhibition,
BSEP
inhibition

7 Ilvacaftor and
elexacaftor

Half (lva 100 mg daily /
Elx 50 mg daily)

None 0/285 0/285 0/285

Standard ROS
production
(50%
reduction
in ROS rate
constant 1
and Vmax 4),
ETC inhibition,
BSEP
inhibition

8 Ivacaftor and
elexacaftor

None 0/285 0/285 0/285

The following simulations were conducted: elexacaftor and ivacaftor in combination with sequential omission of DILI mechanisms (Rows 1-3), administration of
elexacaftor or ivacaftor alone vs. both compounds in combination (Rows 4-6), dose reduction of elexacaftor and ivacaftor in combination (Row 7), and elexacaftor
and ivacaftor in combination with hypothetical antioxidant coadministration (Row 8).

at 100 uM (predicted physiological range 14.4-359.3 pM), and
with a lower level of ROS compared with that of troglitazone
(Figure 1f).

Mitochondrial dysfunction. Among ETI parent compounds,
clexacaftor and tezacaftor induced less pronounced decreases
in OCR compared with ivacaftor. Elexacaftor induced a
decrease in OCR within the predicted physiological range
(12.1-17.2pM) and more notable decreases at 30 pM and
beyond, yielding an IC of 21.71 uM (Figure 2a). Tezacaftor
did not induce a notable decrease in OCR within physiological
concentrations (11.3-14.2 pM) (Figure 2b). Ivacaftor induced
the most prominent decrease in OCR within the predicted
physiological range (2.8-69.9 uM), with a ~50% decrease at

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 119 NUMBER 1 | January 2026

10pM and yielding an IC of 10.33 pM, more potent than
that of ciglitazone (~50-100uM) (Figure 2c). Deutivacaftor
induced a similar ~50% decrease at 10uM and an IC of
11.05 pM (Figure S1).

Across the ETT primary metabolites, M23 elexacaftor induced
a greater decrease in OCR at physiological concentrations than
either M1 tezacaftor or M1 ivacaftor. M23 elexacaftor yielded
an ICSO of 4.74pM, more potent than that of its parent com-
pound (IC, of 21.71 uM) and ciglitazone but has a relatively
flat inhibition curve compared with its parent compound,
with only a small decrease in OCR of less than 20% within
its predicted physiological range (4.0-5.8pM) (Figure 2d).
M1 tezacaftor, like its parent compound, did not induce a no-
table decrease in OCR within physiological concentrations
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Figure 1 Relative change in reactive oxygen species (represented by dihydroethidium fluorescence intensity) measured by the Cytation 5
high-content imager for the ETI parent compounds (a) elexacaftor (Elx), (b) tezacaftor (Tez), and (c) ivacaftor (lva), and metabolites (d) M23
elexacaftor, (e) M1 tezacaftor, and (f) M1 ivacaftor. Troglitazone (Tro) was used as the positive control and 0.2% DMSO was used as the
negative control (NC). Error bars represent standard deviation. Significant differences between treatment conditions were determined by the

Kruskal-Wallis test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

(11.5-14.5 uM) (Figure 2e). M1 ivacaftor also did not induce
any notable decrease within the predicted physiological range

(14.4-359.3 uM) (Figure 2f).

Bile acid transporter inhibition. Elexacaftor was the most potent
BSEP inhibitor among all ETT compounds; however, its IC
of 37.05uM (95% CI: 15.63-87.83uM) exceeds its predicted
physiological range (predicted plasma C__, 12.1 pM, to predicted
liver C__, 17.2uM) and is less potent than that of the positive
control, cyclosporin A (IC, of 1.98 pM, 95% CI: 1.74-2.26 pM)
(Figure 3). In contrast, ivacaftor and tezacaftor both yiclded a
BSEP IC,;>100pM. (Ivacaftor and tezacaftor were omitted
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from Figure 3 due to their high BSEP IC,, values, which were not
physiologically relevant.)

In silico modeling

Simulations. Ivacaftor and elexacaftor were chosen as the
compounds from ETI used to build the DILI model within
DILIsym. Ivacaftor was the most hepatotoxic compound within
predicted physiological concentrations from the iz vifro assays
for mitochondrial dysfunction and oxidative stress. Though
elexacaftor was not a significant inhibitor of BSEP at predicted
physiological concentrations, its BSEP IC, was included in the
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Figure 2 Relative change in oxygen consumption rate measured by the Seahorse XFe96 bioanalyzer for the ETI parent compounds (a)
elexacaftor, (b) tezacaftor, and (c) ivacaftor, and metabolites (d) M23 elexacaftor, (e) M1 tezacaftor, and (f) M1 ivacaftor. Concentrations of
0.3, 1, 3, 10, 30, and 100 uM were used for all compounds and the positive control, cigilitazone, except for tezacaftor, (0.1, 0.3, 1, 3, 10, and
20uM). Parent compounds and metabolites are represented by solid red squares, the negative control (0.2% DMSO) is represented by solid
blue circles, and the positive control is represented by solid green triangles. Error bars represent standard deviation. Vertical dashed lines
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Figure 3 Inhibition of BSEP transporter by elexacaftor compared

with the positive control, cyclosporin A, at concentrations of 0.3, 1,

3, 10, 30, and 100pM. The IC,, of elexacaftor was 37.05uM (95%

Cl: 15.63-87.83uM), while the ICg, for ivacaftor and tezacaftor were
both greater than 100uM. The IC,, of the positive control, cyclosporin
A was 1.98uM (95% CI: 1.74-2.26 pM). Ivacaftor and tezacaftor

are not shown because they did not have significant inhibition of
BSEP below 100 uM. Vertical dashed lines represented predicted

physiological range from plasma C__ (in red) to liver C__ (in black).

max max

model to assess the contribution of BSEP inhibition to ETT DILI.
The calculated DILIsym input parameters for the ETT model are
included in Table S1.

In simulations of relative mechanistic contribution to DILI,
oxidative stress was predicted to be the main driver of ETI hep-
atotoxicity. The »=285 SimPops dosed with both ivacaftor and

in red) to liver C
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max (i black). Best-fit lines were determined by a 4-parameter

elexacaftor with oxidative stress (ROS production rate constants)
turned off resulted in a 0% (0/285) predicted occurrence of ALT
elevations > 3x ULN or bilirubin >2x ULN (Table 1). In com-
parison, the SimPops dosed with both ivacaftor and elexacaftor
with either ET'C inhibition coefficients turned off or BSEP inhibi-
tion turned off resulted in a 6.0% (17/285) predicted occurrence
of significant LFT elevations, revealing that ETC inhibition and
BSEP inhibition have a minimal predicted impact on hepatotox-
icity of ETI (Table 1).

In simulations of ivacaftor and elexacaftor alone vs. in com-
bination, an increased hepatotoxic effect with the combination
was predicted. The 7=285 SimPops dosed with ivacaftor alone
resulted in a 4.9% (14/285) predicted occurrence of ALT eleva-
tions >3x ULN or bilirubin >2x ULN, and the SimPops dosed
with elexacaftor alone resulted in a 0% (0/285) predicted occur-
rence of significant LFT elevations, while the SimPops dosed with
both ivacaftor and elexacaftor resulted in a greater 6.0% (17/285)
predicted occurrence of DILI (Table 1). The greater predicted oc-
currence of DILI for ivacaftor alone vs. elexacaftor alone also cor-
roborates with the results from our iz vifro investigations, where
ivacaftor was found to be the most hepatotoxic of the three ETI
compounds.

Predicted time course data for ALT showed a maximal concen-
tration peak at a~ 500 hours (21days) with a slow decline after-
ward, which was relatively consistent across the different simulation
conditions to predict DILI occurrence (ivacaftor alone, elexacaftor
alone, ivacaftor, and elexacaftor in combination) (Figure 4a).
Predicted levels of AST were about half of those of ALT while still
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following the same trend of a peak around 500 hours and decreasing
over time (Figure 4b). In contrast, the predicted plasma total bili-
rubin levels for ivacaftor alone and ivacaftor with elexacaftor sim-
ulations rose steadily from 0.55 mg/dL and plateaued at 0.8—1 mg/
dL near the ULN, while bilirubin levels for elexacaftor alone rose
modestly from around 0.55 to 0.56 mg/dL (Figure 4c,d). In addi-
tion to ALT, AST, and bilirubin, elevations of emerging liver in-
jury biomarkers such as glutamine dehydrogenase (GLDH) were
also predicted. The predicted plasma levels of GLDH were lower
than those of ALT or AST, but also aligned with the trend, peaking
around 500 hours and slowly decreasing and plateauing afterward
(Figure 4f).

In simulations of a 50% dose reduction of ETI or hypothetical
antioxidant effects, a significant reduction in DILI occurrence was
predicted for both therapeutic approaches. The 50% dose reduction
simulation (elexacaftor 100 mg daily and ivacaftor 150 mg daily) re-
sulted in a 0% (0/285) predicted occurrence of ALT elevations > 3x
ULN or bilirubin >2x ULN with a maximum ALT of 2.4x ULN
(Table 1, Figure Sa). The antioxidant simulation (halved ROS pro-
duction rate constant 1, halved ROS production rate Vmax 4) also
resulted in a 0% (0/285) predicted occurrence of ALT elevations
>3x ULN or bilirubin >2x ULN, but had a slightly lower maxi-
mum ALT of 2.2x ULN (Table 1, Figure 5b). In comparison, a full
dose of ETT had a 6.0% (17/285) predicted occurrence of ALT ele-
vations >3x ULN or bilirubin >2x ULN with a maximum ALT of
8.5x ULN (Table 1, Figure 5c). Thus, both a 50% dose reduction of
ETT and the hypothetical antioxidant effect were predicted to have
roughly the same impact on reducing ALT elevations below 3x ULN
for all individuals in the =285 SimPops.

DISCUSSION

ETT is a highly effective modulator therapy for cystic fibrosis;
however, clinical trials, case reports, and a pharmacovigilance
analysis of real-world adverse event data have shed light on the
risk of DILI associated with ET1.>7'* This study uncovered the
previously unknown mechanisms of hepatotoxicity due to ETI
through in vitro assays and assessed the relative contribution
of each mechanism and each ETI compound to DILI using in
silico quantitative systems toxicology modeling. Additionally,
the in silico modeling predicted the impact of therapeutic mod-
ifications of half-dose ETT and antioxidant administration on
transaminase levels.

The in vitro results in HepG2 cells revealed that ivacaftor was
the most significant driver of hepatotoxicity through the mecha-
nisms of oxidative stress and mitochondrial dysfunction. For those
mechanisms, ivacaftor caused toxicity within its predicted physio-
logical concentration range and with higher potency than the pos-
itive controls, ciglitazone and troglitazone. For BSEP inhibition,
clexacaftor was the most potent of the three ETT compounds; how-
ever, the concentrations needed for BSEP transport inhibition ex-
ceeded its predicted C. .in plasma and liver. Thus, across the three
components of ETT, ivacaftor was the strongest iz vitro contributor
to hepatotoxicity through oxidative stress and mitochondrial dys-
function, with elexacaftor playing a secondary role as a mild BSEP
inhibitor. The contribution of ETT metabolites to hepatotoxicity
was also relatively minor in comparison to that of ivacaftor.
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Mechanistic modeling performed in DILIsym confirmed that
ROS production due to ivacaftor was the primary driver of LFT
elevations due to ETT, while ETC inhibition and BSEP inhibition
had a relatively negligible effect. Accordingly, therapeutics with ROS-
scavenging and/or antioxidant activity could be ideal for counteract-
ing DILI due to ETL. While the DILIsym predictions matched our
in vitro observations that the oxidative stress due to ivacaftor was a
major contributor to hepatotoxicity, they did not align with the fact
that mitochondrial dysfunction due to ivacaftor was also highly toxic
in vitro. This discrepancy may be due to the fact that it was necessary
to turn on mitochondrial biogenesis in the DILIsym model in order
to avoid overprediction of ETT DILI (preliminary simulations using
an 7 =32 SimPops while omitting mitochondrial biogenesis resulted
in predicted occurrences of 22/32 (68.8%) for ALT >3x ULN, 9/32
(28.1%) for bilirubin >2x ULN, 9/32 (28.1%) for Hy’s Law cases,
and 1/32 (3.1%) for deaths).

The DILIsym modeling results also recapitulated the relative
compound toxicities from iz vitro assays and approximated the
observed occurrence of liver enzyme elevations from clinical tri-
als. Simulations of ivacaftor alone predicted a 4.9% occurrence of
ALT elevations > 3x ULN, while simulations of elexacaftor alone
predicted no ALT elevations >3x ULN. Additionally, the sim-
ulations also revealed a synergistic toxic effect between ivacaftor
and elexacaftor. Simulations of ivacaftor and elexacaftor combined
predicted a 6.0% occurrence of ALT >3x ULN, similar to the 8%
published occurrence of ALT elevations >3x ULN from the piv-
otal Phase I1I clinical trial for ETL?

Furthermore, the time course of ALT elevations closely matched
the onset time of DILI from our previous pharmacovigilance study
of the association between ETT and DILI in the FAERS database.
Peak plasma concentrations for ALT and AST in the simula-
tions were reached at ~500 hours (21 days), which is close to the
<2month median onset time for DILI from our pharmacovigi-
lance study and also aligns with new FDA guidance for LFT mon-
itoring for ETT starting from 1month after initiation.'*"® This
highlights that the predicted peak plasma LFT levels from QST
modeling could be used to estimate the onset time for DILI for
hepatotoxic compounds. Additionally, the nearly identical 77 vitro
toxicity profile of deutivacaftor when compared to ivacaftor sug-
gests that the newest CFTR modulator, vanzacaftor/tezacaftor/
deutivacaftor, may induce LFT elevations in a pattern similar to
that of ETT. Because translation of 7z vitro toxicity to clinical DILI
needs to account for clinical exposure, further simulations will be
needed to confirm that the hepatic concentration of deutivacaftor
is comparable to that of ivacaftor.

Regarding emerging biomarkers of DILI, the simulated levels of
GLDH tended to peak at the same time as ALT and AST but did
not surpass ALT in magnitude, suggesting that GLDH does not
offer an improvement over established biomarkers ALT and AST
for detecting ETT-mediated DILIL

A limitation of the study was that LCMS analysis of cell ly-
sate produced unreliable and low measurements of intracellu-
lar ETT; a possible cause could be that ETT has high binding to
cell membrane proteins that impede full extraction of the com-
pounds during sample processing for LCMS. Because there was
no published data available to verify the results of the LCMS
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Table 2 Sensitivity analysis for toxicity parameters

Simulated ALT Simulated
>3x ULN bilirubin >2x ULN

Unchanged ROS and ETC 1/32 0/32
Inhibition Parameters

0.25% parameters 0/32 0/32
0.5x parameters 0/32 0/32
2x parameters 10/32 1/32
4x parameters 27/32 12/32

measurements, the PBPK-derived liver:blood Kp value was used as
an approximate conversion factor to calculate the intracellular ETT
concentrations from the nominal concentrations. Since variation
in intracellular concentrations is directly linked to toxicity param-
eterization in DILIsym, the uncertainty in modeled intracellular
concentrations was addressed by conducting a sensitivity analy-
sis on ROS and ETC inhibition toxicity parameters in DILIsym
by varying the parameters in a range of 0.25x, 0.5%, 2x, and 4x,
and running simulations in a small cohort (7 =32) of the built-in
Human_ROS_apop_mito_BA_v8A_1 Simpops. The sensitivity
analysis demonstrated that the tested parameter range captured
outcomes both below and above the observed clinical incidence of
ALT >3x ULN (8%) in Phase III trials. The baseline (unchanged)
parameters provided the closest approximation of the clinical out-
come (Table 2). Overall, these findings indicate that hepatotoxic-
ity predictions in DILIsym are sensitive to assumptions regarding
intracellular concentrations. The current parameters, informed by
in silico-estimated intracellular concentrations using a validated
liver Kp, appear to reasonably replicate observed clinical hepato-
toxicity outcomes, supporting their continued use.

A second limitation of DILIsym is that it was not designed to
directly incorporate the effect of antioxidant coadministration. To
conduct the simulations of antioxidant coadministration with ETT,
a 50% reduction in both ivacaftor’s ROS production rate constant
1 and elexacaftor’s ROS production Vmax 4 was implemented
to approximate the increase in GSH levels in the liver following
administration of NAC in animals. A 25% reduction in the ROS
parameters was also tested, resulting in a frequency of 3/285 for
ALT >3x ULN slightly higher than the effect of a 50% reduction
(07285 for ALT >3x ULN).

Given our newfound knowledge of the mechanisms of ETI-
mediated DILI, future studies exploring novel DILI biomarkers
and for validating the predicted effect of therapeutic approaches
(dose reduction and antioxidant treatment) are warranted.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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