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Abstract

Ivosidenib is a potent, targeted, orally active, small-molecule inhibitor of mutant
isocitrate dehydrogenase 1 (IDH1) that has been approved in the United States for
the treatment of adults with newly diagnosed acute myeloid leukemia (AML) who
are greater than or equal to 75 years of age or ineligible for intensive chemother-
apy, and those with relapsed or refractory AML, with a susceptible /DH] mutation.
Ivosidenib is an inducer of the CYP2B6, CYP2CS8, CYP2C9, and CYP3A4 and an
inhibitor of P-glycoprotein (P-gp), organic anion transporting polypeptide-1B1/1B3
(OATP1B1/1B3), and organic anion transporter-3 (OAT3) in vitro. A physiologically-
based pharmacokinetic (PK) model was developed to predict drug-drug interactions
(DDIs) of ivosidenib in patients with AML. The in vivo CYP3A4 induction effect of
ivosidenib was quantified using 4p-hydroxycholesterol and was subsequently verified
with the PK data from an ivosidenib and venetoclax combination study. The verified
model was prospectively applied to assess the effect of multiple doses of ivosidenib
on a sensitive CYP3A4 substrate, midazolam. The simulated midazolam geometric
mean area under the curve (AUC) and maximum plasma concentration (C,,,,) ratios
were 0.18 and 0.27, respectively, suggesting ivosidenib is a strong inducer. The model
was also used to predict the DDIs of ivosidenib with CYP2B6, CYP2C8, CYP2C9,
P-gp, OATP1B1/1B3, and OAT3 substrates. The AUC ratios following multiple
doses of ivosidenib and a single dose of CYP2B6 (bupropion), CYP2C8 (repaglin-
ide), CYP2C9 (warfarin), P-gp (digoxin), OATP1B1/1B3 (rosuvastatin), and OAT3
(methotrexate) substrates were 0.90, 0.52, 0.84, 1.01, 1.02, and 1.27, respectively.
Finally, in accordance with regulatory guidelines, the Simcyp modeling platform was

qualified to predict CYP3A4 induction using known inducers and sensitive substrates.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
The physiologically-based pharmacokinetic (PBPK) model was developed previ-
ously to assess the drug interaction potential of ivosidenib as a victim.
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WHAT QUESTION DID THIS STUDY ADDRESS?

This study aimed to determine the drug interaction potential of ivosidenib as a perpe-
trator in patients with cancer (acute myeloid leukemia) at clinically relevant exposures.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

This study illustrates the utility of the PBPK modeling to assess drug-drug interac-
tions (DDIs) due to induction of CYPs (CYP2B6, CYP2C8, CYP2C9, and CYP3A4)
and inhibition of transporters (OATP1B1/1B3 and OAT-3) by ivosidenib and inform
drug labeling. This study also highlights the qualification of Simcyp software in pre-
dicting DDIs owing to CYP3A4 induction.

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

The concepts utilized in this study can be applied to prospectively predict DDIs in

INTRODUCTION

Isocitrate dehydrogenase 1 and 2 (IDH1/2) are key enzymes
involved in cellular metabolism, and mutated forms of
these enzymes in cancer produce an oncometabolite, D-2-
hydroxyglutarate (2-HG), thought to play a role in the for-
mation and progression of many cancers.' IDHI mutations
were reported in ~ 70% of conventional chondrosarcomas,
greater than 80% of lower-grade and secondary glioblasto-
mas, ~ 20% of intrahepatic cholangiocarcinomas, and 6-16%
of acute myeloid leukemias (AMLS).2 Ivosidenib (AG-120)
targets the mutant IDH1 enzyme and prevents accumulation
of 2-HG.? Ivosidenib is approved in the United States as a
single agent for the treatment of adults with newly diagnosed
AML who are greater than or equal to 75 years of age or in-
eligible for intensive chemotherapy, and those with relapsed
or refractory AML, with a susceptible IDH1 mutation.*

Physiologically-based pharmacokinetic (PBPK) modeling
approaches are emerging as an alternative to clinical studies to
quantitatively predict pharmacokinetic (PK)-based drug interac-
tions. PBPK modeling integrates physicochemical properties of
anew chemical entity and key in vitro data with species-specific
parameters to predict drug-drug interactions (DDIs).> PBPK
modeling provides benefits by adopting mechanistic approaches,
including simultaneous inhibition and induction effects, fraction
metabolized in the liver (f,,) and gut (f,), and changing the con-
centrations of substrate and perpetrator, as well as modification
of enzyme(s)/transporters. In addition, the PBPK approach al-
lows the evaluation of various doses and dosing schedules to
predict the DDI potential for untested scenarios. With appro-
priate verification and qualification, modeling approaches are
being used effectively to support drug labeling.6 Although
cytochrome P450 (CYP) inhibition-based PBPK modeling
approaches are well-established, examples of induction-based
DDI predictions by PBPK modeling are limited.

Ivosidenib is primarily metabolized by CYP3A4 and is an
inducer of multiple CYPs, including CYP3A4, CYP2B6, and
CYP2Cs. Ivosidenib is also an inhibitor of P-glycoprotein

patients with cancer using in vitro and healthy participant clinical data.

(P-gp), organic anion transporting polypeptide-1B1/1B3
(OATP1B1/1B3), and organic anion transporter-3 (OAT3).
The apparent clearance (CL/F) in patients with AML was ap-
proximately threefold lower than in healthy participants (HPs)
after a single oral dose of ivosidenib, and was attributed to a
food and dose-dependent effect on bioavailability and disease
or age effect on the systemic clearance (CL) of the drug.7"10
In addition, ivosidenib also exhibits autoinduction following
multiple-dose administration to patients with AML. Hence, it
is very important to build and verify a model that can capture
DDIs at steady-state. Owing to the difference in CL/F be-
tween HPs and patients with AML and lack of multiple dose
PKs in HPs, a separate model was developed to accurately
capture and verify multiple dose PKs of ivosidenib in the
patient population.10 Development of the model, predictive
performance of PKs, and drug interactions as a victim were
presented in another publication.10

The aim of the current the study was to (i) predict the ef-
fect of multiple doses of ivosidenib on venetoclax (sensitive
CYP3A4 substrate) and verify the model using results from
a clinical study; (ii) simulate the magnitude of DDIs between
ivosidenib and midazolam (a sensitive CYP3A4 substrate);
(iii) evaluate the effect of ivosidenib on the PK of the CYP2B6,
CYP2C8, CYP2C9, P-gp, OATP1B1/1B3, and OAT3 sub-
strates; and (iv) qualify the Simcyp platform for the assessment
of CYP3A4 induction predictability using sensitive CYP3A4
substrates and inducers. This article provides a comprehensive
summary of simulations of ivosidenib drug interactions as a
perpetrator in patients with cancer, and the predictive perfor-
mance of the Simcyp platform for CYP3A4 induction.

METHODS
In vitro studies

Hepatocyte cultures (3 donors; Xenotech LLC) were
treated with ivosidenib (0.05, 0.1, 1, 5, 10, 25, 50, or
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90 pM) or positive controls (omeprazole [CYP1A2], phe-
nobarbital [CYP2B6], and rifampicin [CYP3A4, CYP2CS,
and CYP2C9]), or a negative control (flumazenil) once
daily for 3 consecutive days to assess CYP induction.
After 72 h, cell lysates were prepared. Total RNA was
isolated and single-stranded cDNA was prepared from the
RNA.'"!" Quantitative real-time reverse transcription poly-
merase chain reaction (RT-PCR) was performed on cDNA
isolated from the RNA; the relative quantity of the target
cDNA versus control cDNA (glyceraldehyde 3-phosphate
dehydrogenase [GAPDH]) was determined by the AACt
method'? and half-maximal effective concentration (ECsp)
and maximum effect (E,,,,) were calculated.

A P-gp inhibition assay was performed using Caco-2
cells cultured on 24-well transwell plates (0.3 to 0.4 X 10°
cells). Incubation medium containing solvent control, di-
goxin (10 uM), control inhibitor (valspodar [1 uM] or ve-
rapamil [60 pM], or six concentrations of ivosidenib (0.5,
1,5, 10, 50, and 100 uM) was added to the donor chamber.
Samples were collected (donor: 0 and 120 min; receiver:
120 min) and analyzed. The inhibition of bidirectional per-
meability (A—B or B—A) of digoxin by ivosidenib was
assessed and the half-maximal inhibitory concentration
(ICsp) was calculated.

For the transporter inhibition assessment,11 human em-
bryonic kidney (HEK293) cells (transfected with vectors
containing human transporter cDNA) were pre-incubated
with medium containing ivosidenib (0.1, 0.3, 1, 3, 10,
30, and 100 uM for OATP1B1/1B3; 0.1, 0.3, 1, 3, 10, 30,
and 65 pM for OATI1/OAT3/OCT2) or positive control
(OATPs: rifampicin; OATs: probenecid; and OCT2: quini-
dine), or solvent control (0.3 ml) for 15 min. The medium
was replaced with an incubation medium containing ivos-
idenib, positive control, or solvent control, and the probe
substrates ([3H]—estradiol—17[5—g1ucuronide [OATPs], [SH]—
p-aminohippurate [OATI], [3H]-estrone-3-sulfate [OAT-
3], and [14C]-metf0rmin [OCT2]) and incubated for 2 min
for all transporters except OAT1 (1 min). The accumulation
of probe substrates was assessed using radioactivity mea-
surements and ICy, values were calculated.

Ivosidenib model development and verification

Full details on the development of the PBPK model have
been discussed elsewhere.'? Briefly, two ivosidenib drug
models, one in HPs and one in patients with AML, were
developed using Simcyp version V15.1 (Simcyp Ltd., a
Certara Company; Figure 1). The predictive performance
of the drug patient model was verified with single- and
multiple-dose (100 [b.i.d.], 300, 500, 800, 1200 mg once
daily [q.d.]) PK of ivosidenib. The autoinduction of
CYP3A4 under steady-state conditions in patients was
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supported by the in vivo effect of ivosidenib on the hepatic
CYP3A4 marker4p-OHC and its established relationship
with CYP3A4 induction. The f, (0.865) was also sup-
ported by the multiple-dose data (the time dependency in
ivosidenib CL/F) in patients at different dose levels. PBPK
simulations were performed at recommended daily oral
dose (500 mg) of ivosidenib. The predicted area under the
curve (AUC) and maximum plasma concentration (C,,,,)
values were within 0.78-fold and 1.11-fold of the observa-
tions, upon single and multiple doses of 500 mg ivosidenib.
The developed model was deemed robust for the subse-
quent model application at this dose level.

A sensitivity analysis was performed on the induction
parameters observed in vitro in relation to the observed
accumulation ratio. For DDI predictions (ivosidenib as a
perpetrator), the default Sim-in vivo (SV)-bupropion, SV-
repaglinide, Sim-S-Warfarin, Sim-midazolam, SV-digoxin,
and SV-rosuvastatin models (within Simcyp version 15.1)
were used without any modification. A methotrexate PBPK
model was developed as an OAT3/ multidrug resistance-
associated protein (MRP) substrate and the contribution of
OAT3 to methotrexate disposition was verified against the
observed DDI data, with probenecid as a perpetrator.

Venetoclax model development

The venetoclax PBPK model was built on the basis of pub-
lished data'*'* (Table S1). Simulations were performed with
default Simcyp parameter values and have been described
previously.15 Venetoclax PK exposure in healthy subjects
was similar to that in patients with cancer, based on a cross-
study comparison of PK and population PK analyses.“’ The
input parameters for intrinsic clearance (CL;,) were back-
calculated from the observed mean CL/F (14.9 L/h) using the
well-stirred liver model (Equation 1).

: : ey

CLuH,int = CLg
Uptake fu, [1 + ﬂ]
Qu

CLpo: oral clearance; B:P: blood to plasma ratio; fuy:
fraction unbound drug in blood; Qy;: blood flows in the he-
patic vein; f,: fraction escaping gut metabolism; CLy: renal
clearance; and f;: fraction absorbed.

Venetoclax exhibited a biphasic PK profile. The minimal
PBPK model with single adjusting compartment was applied
to all simulations of the plasma concentration-time profiles
for venetoclax. The value of volume of distribution at steady
state (V; =0.85 L/kg) was predicted by method 2'7 with a
global scalar of 3. The estimated mean V /F from clinical data
obtained from patients was 3.67 L/kg.16 This corresponds to
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Clinical Studies

Mass Balance Study

HV Model development [

In vitro and physchem data:
fmCYP3A4; CYP3A4 induction

Healthy volunteers
fa, CIr, fm

SD Study 250 and 500 mg

AML Model development

Healthy volunteers
Dose nonlinearity

4 Ivosidenib — Itraconazole DDI
Healthy volunteers
Verification of fmCYP3A4 for
ivosidenib

4BOH-cholesterol biomarker data
AML patients

And verification

MAD Study
100-1200 mg QD
AML patients

Optimization of CYP3A4 induction data
for ivosidenib

AML patients:
midazolam +/-
500 mg ivosidenib (QD)

Dose nonlinearity Ivosidenib — Venetoclax DDI
Assessment of CYP3A4 Cancer patients
induction Verification of CYP3A4 induction data
for ivosidenib
Model application N

500 mg ivosidenib (QD)

AML patients:
warfarin +/-
500 mg ivosidenib (QD)

AML patients:
bupropion +/-

AML patients:
repaglinide +/-
500 mg ivosidenib (QD)

Perpetrator of DDI -

500 mg ivosidenib (QD)

AML patients:
digoxin +/-

AML patients:

rosuvastatin +/-
500 mg ivosidenib (QD)

AML patients:
methotrexate +/-
500 mg ivosidenib (QD)

FIGURE 1
drug interaction; HV, healthy volunteer; MAD, multiple ascending dose

a Vg range of 0.36 to 1.78 L/Kg after correction for F (0.1
to 0.48 assumed). The model was applied to all simulations
without any modification using patients receiving multiple
oral doses of 400 mg venetoclax once daily in the absence
and presence of ivosidenib dosing (500 mg q.d.) for 14 days.

Simcyp platform qualification

The prediction accuracy of CYP3A4-mediated DDIs by
the Simcyp Simulator (version 15.1) was assessed using
CYP3A4 substrates (midazolam, nifedipine, triazolam, and
alfentanil). These substrates were selected based on their
high fmeypsag value (fmeypsas = 90%), as well as the avail-
ability of data to verify the fmeypsa4. The f, of the substrates
ranged from 0.52 to 0.71. The strong and moderate inducers
of CYP3A4 (rifampicin, carbamazepine, phenobarbital, efa-
virenz, and rifabutin) were used in this analysis. In Simcyp
version 15.1, the in vivo maximum fold induction expressed
as a fold over vehicle control; maximum fold induction
(Ind,,,,) for rifampicin was set to 16 on the basis of DDI pre-
dictions involving 10 intravenous (i.v.) and 19 oral studies

Schematic representation of ivosidenib physiologically-based pharmacokinetic model. AML, acute myeloid leukemia; DDI, drug-

(mainly midazolam) of rifampicin.'® The Ind,,,, values for
all other CYP3A4 inducers included were calibrated against
the rifampicin in vivo Ind,,, of 16. Values of the intrinsic
turnover of hepatic and gut CYP3A4 (kg,) used in the simu-
lations were 0.019 h™" and 0.03 h™", respectively.19

The University of Washington Database was used to
identify clinical studies in which DDIs involving greater
than 20% decreases in the exposure of CYP3A4 substrates in
the presence of the moderate and strong inducers mentioned
above were identified.'® The most representative rifampicin
DDI studies were included in the current analysis. Twenty
studies were identified for inclusion in the analysis: 15 in-
volved rifampicin, 1 involved carbamazepine, 2 involved efa-
virenz, 1 involved phenobarbital, and 1 involved rifabutin.

The AUC and C,,,, ratios were calculated with observed (or
predicted) values with or without inducers in a clinical study
(or PBPK model). The PBPK model predicted AUC and C,,,
ratios were compared with observed mean AUC or C,,,, ratios
from each clinical study. Several success criteria (1.25-fold or
2-fold range) have been used in the literature™ to assess model
accuracy for DDI predictions. The acceptance criteria proposed
by Guest et al. is a more sensitive measure of concordance in
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reflecting absolute changes in AUC, especially when these are
small.*! Equations 2 and 3 were used to calculate the mean-fold
error (MFE) and the root-mean square error (RMSE), which
were used to assess the bias and precision of the predictions,
respectively. In the presence of an enzyme inducer, the AUC
ratios were less than 1; for the calculation of MFE and RMSE,
the reciprocal of this ratio has been used to yield ratios greater
than 1 in the presence of an enzyme inducer.

predicted DDI

% s rpor )| 2
MFE = 10 number of predictions ( )

Y (predicted DDI — observed DDI)
Number of predictions

RMSE = 3)

RESULTS
In vitro studies

Ivosidenib showed no significant induction of CYP1A2
mRNA and increased CYP2B6 mRNA levels, with mean
E . and ECs 2.85 + 1.53 and 2.93 + 0.65 pM, respectively.
Ivosidenib also caused an increase in mean CYP3A4 (E_ ..
78.2 + 113; ECy(: 12.5 + 9.2 pM), CYP2CS (E,,: 3.79 & 1.28;
ECsy: 8.1 + 3.3 pM), and CYP2C9 (E,,: 3.39 + 0.63; ECsy:
3.23 + 1.04 pM) mRNA levels. Under the conditions of this
study, treatment of cultured human hepatocytes with prototypi-
cal inducers, omeprazole (CYP1A?2), phenobarbital (CYP2B6),
and rifampicin (CYP3A4) caused an increase in mRNA levels
of 104 + 97-fold, 13 + 4.7-fold, and 58.2 + 64-fold, respec-
tively. Because the positive control rifampicin failed to induce
CYP2C19 mRNA levels in all three hepatocyte cultures, the ef-
fect of ivosidenib on CYP2C19 mRNA levels was inconclusive
and this phenomenon is known in the literature.”

Ivosidenib inhibited human P-gp-mediated transport
of digoxin in a concentration-dependent manner, resulting
in an ICs, value of 19.6 pM. Under the conditions exam-
ined, ivosidenib appeared to be an inhibitor of OATP1B1-,
OATP1B3-, and OAT3-mediated uptake of the probe sub-
strate, resulting in ICs, values of 9.56, 22.8, and 0.322 uM,
respectively. In the presence of ivosidenib (up to 65 pM),
less than 50% inhibition of organic anion transporter-1
(OAT1)- and organic cation transporter-2 (OCT2)-mediated
uptake of the probe substrate (IC5, >65 uM) was observed.

Verification of the model and simulation of the
effect of ivosidenib on the PK of CYP3A4
substrates owing to induction

CYP3A4 induction parameters were optimized using 4f-
OHC data. 48-OHC increased by up to 371% (i.e., nearly
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4-fold) after 28 days of treatment with 100 mg b.i.d. and
100-1200 mg q.d. ivosidenib,'®* which is comparable with
the strong CYP3A4 inducer rifampicin.**

In the current study, the venetoclax PBPK model was de-
veloped to provide additional verification to the model. The
predicted mean AUC and C,,,, values were 1.04 to 1.11-
fold and 0.78 to 1.0-fold of the observed values, respectively
after 50 mg, 100 mg single dose and 400 mg steady-state
(Table S2). Venetoclax is a CYP3A4 substrate; the clini-
cal effects of the strong CYP3A inhibitor ketoconazole on
venetoclax PK have been evaluated in patients with non-
Hodgkin’s lymphoma.13 The results demonstrated that co-
administration of 400 mg ketoconazole q.d. with a single
50 mg venetoclax dose resulted in a 2.3- and 6.4-fold increase
in the venetoclax C,,, and AUC, respectively . Similarly,
multiple doses of rifampicin (600 mg q.d.) decreased vene-
toclax C,,,, and AUC by ~ 70% and 80%, respectively. The
predicted and observed AUC ratio on co-administration of
ketoconazole and rifampicin were 0.95 and 0.95, respec-
tively (Table S3). Based on the above data, the model was
considered verified. The verified model was applied to as-
sess the CYP3A4-mediated DDIs following multiple doses
of venetoclax (400 mg q.d.) as a victim owing to concurrent
ivosidenib treatment (500 mg q.d.) in patients with cancer.
The predicted AUC and C,,, ratios at steady-state of vene-
toclax were 0.27 and 0.40, versus the observed ratios of 0.36
and 0.42, respectively (Table 1 and Figure 2), after a 500 mg
g.d. dose of ivosidenib for 14 days.

Following multiple doses of ivosidenib (500 mg q.d.), the
CYP3A4-mediated CL,,, of midazolam increased by 3.1-fold
(Figure 3a). The interaction of ivosidenib and the sensitive
CYP3A4 substrate were simulated with subjects receiving
ivosidenib for 15 days and a single oral dose of 5 mg midaz-
olam on day 15 (Figure 3b). The predicted midazolam geo-
metric mean AUC and C,,,,, ratios were 0.18 (95% confidence
interval [CI]: 0.16-0.20) and 0.27 (95% CI: 0.26-0.29), re-
spectively (Table 1). The significant decrease in midazolam
exposure (AUC and C,,,,) following co-administration with
multiple doses of ivosidenib was indicative of a strong induc-
tion effect of ivosidenib on CYP3A substrates.

Simulation of the effect of ivosidenib on
CYP2B6, CYP2CS, and CYP2C9 substrates
owing to induction

The effect of co-administration of ivosidenib with CYP2B6,
CYP2CS8, and CYP2C9 substrates bupropion, repaglinide,
and warfarin, respectively, were simulated using the patient
PBPK model (Table 1). The predicted bupropion geometric
mean AUC and C,,, ratios were 0.90 and 0.92, respectively,
after a single oral dose of 150 mg bupropion (on day 15) in
the presence and absence of ivosidenib 500 mg (for 19 days;
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TABLE 1 Geometric mean plasma C,,,, and AUC (predicted) values and corresponding ratios after single and multiple oral doses of enzyme/
transporter substrates in the absence (control) and presence of multiple doses of ivosidenib

Enzyme/
Substrates of enzyme/transporter tran):[:lorter Cpax (ng/ml)  AUC (ng.hr/ml)  C,,, ratio® AUC ratio®
Bupropion 2B6 188.1 1357.6 0.92 0.90
Bupropion + ivosidenib 173.6 1218.1
Repaglinide 2C8 43 10.1 0.61 0.52
Repaglinide + ivosidenib 2.6 52
Warfarin 2C9 1033 41465 0.99 0.84
Warfarin + ivosidenib 1019 34856
Midazolam 3A4 20.8 69.5 0.27 0.18
Midazolam + ivosidenib 5.7 12.5
Venetoclax 3A4 2265 37,173 0.40 (0.42") 0.27 (0.36")
Venetoclax + ivosidenib 900 9855
Digoxin P-gp 2.4 333 1.02 1.01
Digoxin + ivosidenib 2.4 33.7
Rosuvastatin OATPI1B1 9.6 111.0 1.03 1.02
Rosuvastatin + ivosidenib 9.9 113.7
Methotrexate OAT3 90,830 63,540 1.00 1.27
Methotrexate + ivosidenib 90,897 80,965

Abbreviations: AUC, area under the curve; C,,,, maximum plasma concentration.
*AUC and C

Observed values.

10000 -

1000 §

Systemic Concentration (ng/mL)

100

Time (h)

FIGURE 2 Simulated mean plasma concentration-time profiles
of venetoclax following the administration of multiple doses of

400 mg q.d. in the absence of and on co-administration with ivosidenib
(500 mg q.d.) for 14 days. The gray lines represent the outcomes of
simulated individual trials (10 X 7) and the solid black line is the mean
data for the simulated population (n = 7)

Table 1). Simulated concentration-time profile of bupropion
(single dose) with and without co-administration of ivosidenib
(multiple doses) is shown in Figure 4a. A sensitivity analysis
revealed that lowering half-maximal induction (IndCs,) by 10-
fold (Figure 4b) resulted in a predicted bupropion area under
the curve ratio (AUCR) of 0.52. The predicted AUC and C

max

'nax Tatios were calculated by comparing the exposure of a substrate treated with and without ivosidenib.

ratios of the CYP2CS substrate repaglinide (0.25 mg orally) fol-
lowing co-administration with ivosidenib were 0.52 and 0.61,
respectively. In addition to CYP2C8 (fm = 61.3%), CYP3A4
(fm = 38.6%) also significantly contributed to the metabolism
of repaglinide; the induction effect on repaglinide could be
mainly driven by CYP3A4-mediated induction. To support
this, a separate repaglinide DDI simulation was conducted in
which the induction of CYP2C8 alone was considered: the sim-
ulated AUC and C,,,, ratio of repaglinide was 0.91 and 0.95,
respectively. Repaglinide also subjects to OATP1B1-mediated
hepatic uptake. However, the inhibitory effect on OATP1B1
is expected to be small as the simulated AUC ratios following
multiple doses of ivosidenib (500 mg q.d.) and a single dose
of rosuvastatin was 1.02, using the in vitro Ki for OATPI1B1.
Co-administration of ivosidenib with the CYP2C9 substrate
warfarin (10 mg orally) predicted AUC and C,,, ratios of 0.84
and 0.99, respectively (Table 1). A sensitivity analysis showed
that lowering IndCs;, by 10-fold resulted in a predicted warfarin
AUCR of 0.42.

Simulation of the effect of ivosidenib on the
PK of P-gp, OATP-1B1/1B3, and OAT-3
substrates owing to inhibition

The DDIs following multiple doses (19 days) of 500 mg
ivosidenib and a single oral dose (day 15) of 0.5 mg digoxin
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FIGURE 3 Simulated mean (a) gut intrinsic clearance profile for
the formation of 1-hydroxymidazolam after a single oral dose of 5 mg
midazolam in the presence (dashed line) and absence (solid line) of
ivosidenib and (b) midazolam after a single oral dose of 5 mg in the
presence (dashed line) and absence (solid line) of multiple daily doses
of ivosidenib (500 mg q.d. for 19 days)

(P-gp substrate), 20 mg rosuvastatin (OATP1B1/1B3 sub-
strate), and a 200 mg/m2 i.v. dose of methotrexate (OAT3
substrate) were simulated using a patient (AML) model.
Simulated AUC and C,,,, ratios of digoxin and rosuvasta-
tin (20 mg) ranged from 1.01 to 1.03 (Table 1). Simulated
concentration-time profile of rosuvastatin (single dose)
with and without co-administration of ivosidenib (multiple
doses) is shown in Figure 5a. Sensitivity analysis of both
P-gp and OATPs inhibition constant (K;) was performed at
1200 mg, the highest dose tested. A sensitivity analysis of
P-gp K| showed that digoxin AUCR is insensitive to P-gp
Ki greater than 5 uM; when P-gp K; was lowered by 15-fold,
the predicted digoxin AUCR was 1.12. Similarly, a sensi-
tivity analysis of OATPIB1/1B3 by a 10-fold lowering of

= CYP2B6 1ndC50 (Inh 1) |

FIGURE 4 (a) Simulated mean plasma concentration-time
profiles of bupropion after a single oral dose of 150 mg in the presence
(dashed line) and absence (solid line) of multiple daily doses of
ivosidenib (500 mg q.d. for 19 days). The gray lines represent the
outcomes of simulated individual trials (10 X 10) and the solid/dashed
black line is the mean data for the simulated population (n = 100). (b)
Sensitivity analysis of CYP2B6 IndCs, for ivosidenib in the range of

0.285-2.85 uM on the predicted bupropion area under the curve (AUC)
ratio

K, predicted (Figure 5b) that rosuvastatin AUCR was 1.36.
A mechanistic kidney model for methotrexate was devel-
oped and verified against clinical PK data arising from i.v.
15-200 mg/m2 and oral 7.5-15 mg doses of methotrexate in
patient populations (Table S4). The OAT3-mediated uptake
into the kidney cells and MRP2/4-mediated efflux into the
urine were incorporated into the model using in vitro uptake
data and fitted relative expression factor (REF) values of 12
and 20 for OAT3 and MRPs, respectively. The REF of 12 for
OAT3 was optimized to recover to plasma PK profiles for
methotrexate, and the REF of 20 for MRP was optimized to
recover to urine PK profiles for methotrexate. To verify the
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FIGURE 5 (a) Simulated mean plasma concentration-time
profiles of rosuvastatin after a single oral dose of 20 mg in the
presence (dashed line) and absence (solid line) of multiple daily doses
of ivosidenib (500 mg q.d. for 19 days). The gray lines represent the
outcomes of simulated individual trials (10 X 10) and the solid/dashed
black line is the mean data for the simulated population (n = 100). (b)
Sensitivity analysis of ivosidenib OATP1B1/1B3 K; on the predicted
rosuvastatin area under the curve ratio (AUCR)

contribution of OAT3 to methotrexate disposition, the meth-
otrexate model was applied to evaluate probenecid DDI. The
predicted methotrexate AUCRs of 1.64- to 1.68-fold, using
the lowest reported probenecid OAT3 K; (=0.76 uM), were
comparable with the reported AUCR of 1.57-fold. The pre-
dicted and observed total CL and CLj ratio in the presence
and absence of probenecid treatment ranged from 0.9 to 1.04
(Table S5).%° Based on a sensitivity analysis, the lowest re-
ported probenecid OAT3 K, (=0.76 uM) was used for DDI
simulation. A verified methotrexate model was used to pre-
dict ivosidenib DDIs owing to OAT-3 inhibition. The pre-
dicted AUC and C,, ratios were 1.27 and 1.0, respectively,
after a single i.v. administration of methotrexate and multiple

doses of ivosidenib in patients with AML. Sensitivity analy-
sis with 10-fold lower OAT3 Ki, model predicted an increase
of exposure of methotrexate by 60% suggesting a weak inter-
action of ivosidenib with OAT3 substrates.*

Simcyp platform qualification for predicting
CYP3A4 induction

To assess the prediction accuracy of the PBPK modeling
platform (Simcyp Simulator version 15.1) with respect to
the induction of CYP3A4-mediated DDIs, 20 clinical stud-
ies were identified for this analysis. The predicted versus
observed AUC and C,,, ratios for the 20 DDI simulations
are shown in Figure 6 (Tables S6 and S7). In 100% of the
cases, the predicted mean AUC ratios were within 2-fold of
the observed data or criteria described by Guest et al?! In
63% of the cases, the predicted AUCRs were within 1.25-fold
of the observed data. The MFE (bias) and RMSE (precision)
were estimated to be 1.23 and 3.73, respectively, for the pre-
dicted data relative to the observed 1/AUCRs. In 94% of the
cases, the predicted mean C,,, ratios were within 2-fold of
the observed data. In 50% of the cases, the predicted C,,,,
ratios were within 1.25-fold of the observed data. In 75% of
the cases, the predicted C,,,, ratios were within the criteria
described by Guest et al. The MFE (bias) and RMSE (preci-
sion) were estimated to be 1.31 and 2.77, respectively, for the

predicted ratios relative to observed 1/C,,,, ratios.

DISCUSSION

The patient PBPK model of ivosidenib was developed and
verified using single- and multiple-dose PK in patients with
AML.'% The verified model was used to determine CYP and
transporter-mediated drug interactions, and to support DDI
labeling. Ivosidenib is primarily metabolized by CYP3A4
and is an auto-inducer.

Ivosidenib exhibited lower CL/F in patients with AML
compared with HPs after a single oral dose. The reduced
CL/F in patients with AML was attributable to food- and
dose-dependent effects on bioavailability and potential ef-
fects of disease or age on the systemic CL of ivosidenib.””'*%
In addition, high levels of circulating cytokines, including
IL-6, were observed in patients with AML.?”?® Literature ev-
idence shows that increased cytokines suppress CYP3A4 ex-
pression and metabolic activity, which could also be a cause
of lower clearance of ivosidenib in patients with AML after
a single dose.”’ Because multiple dose studies in patients
present ethical (particularly induction) and safety challenges,
extensive PBPK modeling was used to predict the drug inter-
actions of ivosidenib as a perpetrator. The f cyp3as used in
the patient model was assumed to be the same as in HPs after



IVOSIDENIB PBPK MODEL TO PREDICT DDIS

| 585

(a)
1
2
s
o
9]
=]
<
® 01
5
e
[
a
0.01 1
0.01 0.1 1
Observed AUC Ratio
(b)
1
k)
]
o«
E
o
£
o
T 01
ke
]
g
a
0.01

0.01 0.1 1
Observed Cmax Ratio

FIGURE 6 Predicted versus observed (a) area under the curve
(AUC) (b) maximum plasma concentration (C,,,,) ratios for CYP3A4
substrates. Simulations were conducted as 10 trials of the number of
patients described in the clinical study, with study-matched dosage
regimen, age range, and proportion of female patients. Data points

are shown for midazolam i.v. (O), midazolam p.o. (@), nifedipine

i.v. (), nifedipine p.o. (), triazolam p.o. (¢), alfentanil i.v. (*),
and alfentanil p.o. (A). Lines represent unity (solid black), predicted/
observed fold error between 0.8 and 1.25 (solid gray) or within 2-fold
(dashed gray), according to the criteria described by Guest et al. (2011)
(dashed red)

a single dose and to increase under multiple-dose conditions
owing to autoinduction. The autoinduction of CYP3A4 under
steady-state conditions in patients was supported by the in
vivo effect of ivosidenib on the hepatic CYP3A4 marker 4f-
OHC and its established relationship with the effects of the
sensitive CYP3A4 substrate midazolam.** A study conducted
with 600 mg rifampicin (strong CYP3A4 inducer) once daily
for 14 days and single-dose midazolam (sensitive CYP3A4
substrate) gave rise to a 220% increase in 48-OHC plasma

ASCPT

concentration.*® Midazolam AUC was reduced by 92% and
51% following multiple oral and i.v. doses of rifampicin,
respectively. This relationship was also used to support the
PBPK prediction of the CYP3A4 induction effect of mido-
staurin and its metabolites at steady-state.’’ Similarly, in the
current study, the CYP3A4 induction effect of ivosidenib
was supported by the relationship between 43-OHC and oral
midazolam AUC.*** Mean 4B-OHC levels were increased
by ~ 199% following treatment with 500 mg ivosidenib,
corresponding to a midazolam AUCR of 0.15, suggesting a
strong induction effect of ivosidenib on CYP3A4 substrates.
Venetoclax is an oral targeted BCL2 inhibitor and a sensi-
tive CYP3A4 substrate.>>* Recently, a phase Ib/II study was
conducted to evaluate the safety, tolerability, PK profiles, and
efficacy of combined ivosidenib and venetoclax in patients
with myelodysplastic syndromes or AML with IDH] muta-
tions.** The verified ivosidenib model successfully predicted
the observed DDIs at steady-state (Table 1). The simulated
midazolam results showed that ivosidenib is a potent inducer
of CYP3A4 and can be classified as a strong inducer as per
regulatory guidance.” Hence, no clinical study was con-
ducted and the PBPK results informed drug labeling.

Apart from CYP3A induction, ivosidenib also induces
CYP2B6, CYP2CS8, and CYP2C9. Although the magnitude of
DDI owing to CYP2B6 induction tends to be underpredicted
by the Simcyp platform, the predicted versus observed values
seem to correlate well at lower magnitudes of CYP2B6 DDL*
Repaglinide is a substrate of CYP3A4, CYP2CS, and the he-
patic uptake transporter OATP1B1, and hence DDI potential
could be complex following co-administration with ivosidenib.
A simulated 50% reduction in repaglinide AUC could also be
because of the contribution of CYP3A4 induction. A negligible
DDI was observed with warfarin, a CYP2C9 substrate, follow-
ing repeated administration of ivosidenib. These predictions
are consistent with the available knowledge, indicating that the
effects of a PXR-activating inducer on CYP2C9 will be less
marked than the effects on CYP3A4.37 Thus, PBPK simu-
lations suggest that clinically significant interactions following
co-administration of ivosidenib with CYP2B6, CYP2CS, and
CYP2C9 substrates are minimal.

The use of PBPK models to predict enzyme-mediated drug
interactions is more established than for transporter-mediated
drug interactions. Competing passive and active processes,
along with lack of a good understanding of transporter biol-
ogy, make it challenging to predict the quantitative contribution
of transporters to drug disposition. There is a lot of uncer-
tainty associated with the determination of ICy values in vitro
for transporters and the values are often overpredicted.”’40
However, PBPK models are being used to delineate transporter
and transporter-enzyme interplay and predict in vivo outcomes
using in vitro parameters. In the current study, an independent
evaluation of the in vitro P-gp inhibition data (ICs or K;) of four
P-gp inhibitors, including clarithromycin, nifedipine, ritonavir,
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and verapamil, indicated that lower K; values were required
to recover the interaction in all four cases. The extent of this
decrease ranged from 4- to 26-fold (average 14.7-fold) when
comparing the lowest K| value of each compound (unpublished
data). These optimizations may reflect the fact that for some
P-gp substrates or inhibitors, the “intracellular” concentrations
are substantially higher than the measured concentration in the
medium. Thus, a sensitivity analysis of ivosidenib Ki showed
that digoxin AUCR is insensitive to P-gp at Ki greater than
5 uM; when P-gp K; was lowered by 15-fold, the predicted di-
goxin AUCR was 1.12, suggesting minimal impact of ivosid-
enib on P-gp inhibition compared with the model compounds
used in this study. Rosuvastatin is an index probe substrate that
has been used to regularly assess OATP-mediated DDI studies.
Multiple transporters, including OATPIB1, OATP1B3, and
sodium-taurocholate co-transporting polypeptide (NTCP; and/
or OATP2B1), are involved in hepatic uptake of rosuvastatin.
The Simcyp platform was successfully used to predict OATP-
mediated DDIs.*! In the current study, the relative contribu-
tions of OATP1B1/1B3 and NTCP transporters to the uptake
of rosuvastatin were 65% and 35%, respectively.41 A sensitivity
analysis showed that when both the OATP1B1 and OATP1B3
K; values were lowered by 10-fold (Figure 5b), the predicted ro-
suvastatin AUCR was 1.36. To assess the predictability of DDIs
owing to OAT3 inhibition, a separate model was built, with
methotrexate as a substrate and probenecid as a perpetrator.
This model was verified with the observed data (Table S5) and
used to predict ivosidenib DDI as a perpetrator.25 The predicted
renal DDI owing to inhibition of OAT3 by ivosidenib is mar-
ginal. In addition, the literature suggests that the maximum DDI
predicted with OAT3 substrates and a strong inhibitor, probe-
necid, is approximately twofold, supporting the predicted ivos-
idenib DDI owing to OAT3 inhbition.*” In a sensitivity analysis
with worst case scenario, ivosidenib showed a minimal DDI
effect owing to inhibition of P-pg, OATP1B1/1B3, and OAT3.
Although limited, there are a number of cases that have suc-
cessfully used PBPK models to predict transporter-mediated
drug interactions.** The PBPK model presented in this article
was considered adequate for prediction of DDIs of ivosidenib
with CYP3A4, CYP2B6, CYP2C8, CYP2C9, OATP1B1/
OATPI1B3, and OAT3 substrates by the US Food and Drug
Administration (FDA).”** The capability of the model to pre-
dict DDI owing to ivosidenib as a P-gp inhibitor was consid-
ered inadequate by the agency due to lack of mechanism-based
oral absorption model. 204 Although modeling results showed
that the inhibition of OAT3 and P-gp by ivosidenib will have
minimal clinical relevance at 500 mg dose level, based on the
agency’s feedback, the language for these two transporters was
derived for ivosidenib label.

PBPK modeling platforms, such as Simcyp, are being exten-
sively used to predict DDIs, and are qualified for various DDI
prediction applications and regulatory decision making.**/
The ability of PBPK modeling to predict the effect of strong

and moderate CYP3A inducers on drugs that are eliminated
through CYP3A4-catalyzed metabolism has been established
by Wagner et al.”” However, because CYP3A substrates were
selected from new drug applications, actual CYP3A4 substrates
were not disclosed in this study. The current analysis was per-
formed with known substrates and inducers. Simcyp performed
well (AUC: 100%; C,ax: 75%) in predicting CYP3A induction-
mediated DDIs within the criteria described by Guest et al.
(Figure 6).2! The results from this study demonstrated the suit-
ability of the SimCYP platform to predict CYP3A induction-
mediated DDIs. This is the first report of the qualification of the
Simcyp platform for predicting CYP3A induction.

In summary, PBPK modeling was used extensively to
predict multiple DDIs of ivosidenib as a perpetrator. In this
modeling and simulation exercise, along with in vitro data, au-
toinduction, 43-OHC, PK at various doses, and results from a
combination (venetoclax plus ivosidenib) study, were used to
build, verify, and assess the prediction accuracy of the PBPK
model. This multifactorial approach allowed to us to predicted
DDIs of ivosidenib with enough confidence to inform labeling.
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