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Abstract

Purpose Pharmacokinetics, absorption, metabolism, and excretion of ivosidenib, a mutant isocitrate dehydrogenase-1 inhibi-
tor, were determined in healthy male subjects.

Methods In this open-label phase I study, a single dose of ['*CJivosidenib (500 mg, 200 uCi/subject) was orally admin-
istered to eight subjects (CYP2D6 extensive, intermediate, or poor metabolizers) under fasted conditions. Blood, plasma,
urine, and fecal samples were assayed for radioactivity and profiled for metabolites. Ivosidenib plasma concentrations were
determined using LC-MS/MS. Metabolites were separated using reverse-phase HPLC and analyzed using high-resolution
LC-MS and LC-MS/MS.

Results Ivosidenib was readily absorbed and slowly eliminated from plasma. Median T,,,, of both unchanged ivosidenib and
radioactivity in plasma was 4 h. Plasma #,, values for total radioactivity and ivosidenib were 71.7 and 53.4 h, respectively.
The mean AUC,,_,, blood-to-plasma total radioactivity concentration ratio was 0.565, indicating minimal partitioning to
red blood cells. CYP2D6 genotype had no effect on ivosidenib exposure. The mean recovery of radioactivity in excreta was
94.3% over 360 h post-dose; the majority was excreted in feces (77.4 £9.62%) with a low percentage recovered in urine
(16.9+5.62%), suggesting fecal excretion is the primary route of elimination. Unchanged [!*C]ivosidenib accounted for
67.4% of the administered radioactivity in feces. Only ['*Clivosidenib was detected in plasma, representing 92.4% of the
total plasma radioactivity. Thirteen metabolites were structurally identified in excreta.

Conclusion Ivosidenib was well-absorbed, slowly metabolized to multiple oxidative metabolites, and eliminated by fecal
excretion, with no CYP2D6 effect observed. Unchanged ivosidenib was the only circulating species in plasma.

Keywords Absorption - Metabolism - Excretion - Isocitrate dehydrogenase-1 (IDH1) - Ivosidenib (AG-120) - Metabolites -
LC-MS/MS - Cytochrome P450

Introduction IDH1/2 mutations have been identified in a range of solid

and hematologic malignancies, including approximately

The isocitrate dehydrogenase (IDH) 1, 2, and 3 proteins are
metabolic enzymes that catalyze the oxidative decarboxyla-
tion of isocitrate to produce CO, and alpha-ketoglutarate
(-KG). IDH1 and IDH2 produce the reduced form of nicoti-
namide adenine dinucleotide phosphate (NADPH), whereas
IDH3 produces nicotinamide adenine dinucleotide (NADH).
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20% of patients with acute myeloid leukemia (AML) [1].
Cancer-associated mutations in IDH1 and IDH2 are almost
always mutually exclusive and occur at very early stages
of tumor development suggesting that they promote for-
mation and progression of tumors [2]. Cancer-associated
IDH1/2 mutations lead to a gain-of-function, resulting in
the abnormal production of (D)-2-hydroxyglutarate (2-HG)
[3-5]. 2-HG inhibits a-KG dependent dioxygenases, includ-
ing histone and DNA demethylases that regulate the epi-
genetic state of cells, impairing cellular differentiation and
contributing to oncogenesis [6—9]. Inhibition of the IDH1
mutant protein can suppress 2-HG production and induce
cell differentiation [10, 11]. These effects may provide a
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therapeutic benefit to patients with IDH1 mutant cancers,
including AML.

Ivosidenib (TIBSOVO®), (S)-N-((S)-1-(2-chlorophenyl)-
2-((3,3-difluorocyclobutyl)amino)-2-oxoethyl)-1-(4-cyan-
opyridin-2-yl)-N-(5-fluoropyridin-3-yl)-5-oxopyrrolidine-
2-carboxamide, is a first-in-class, oral, reversible, potent,
targeted inhibitor of the IDHI mutant protein, for which
no significant off-target activity has been observed [10].
Ivosidenib reduced 2-HG levels by >95% in a tumor xeno-
graft model and induced differentiation ex vivo in mutant
IDH1 leukemic cells from patients with AML [10]. Clinical
data from two phase I trials in patients with advanced hema-
tologic or solid malignancies harboring an IDH1 mutation
have shown that ivosidenib is well-tolerated and has clini-
cal activity in both solid and hematologic tumors [12—14].
Ivosidenib has recently been approved for the treatment of
adult patients with relapsed or refractory AML with a sus-
ceptible IDH1 mutation as detected by an US Food and Drug
Administration (FDA)-approved test [15], and further stud-
ies in different patient populations are ongoing.

Ivosidenib is readily absorbed after single and mul-
tiple doses both in healthy subjects and in patients with
AML across the dose range studied (100 mg twice daily to
1200 mg once daily); time to maximum plasma concentra-
tion (7,,,) was 3—4 h post-dose [16, 17]. In subjects with
advanced hematologic malignancies, mean terminal half-life
(t,,) values after single doses were 72—138 h and therefore
once-daily dosing was determined to be appropriate [12].
Moderate accumulation was observed after 500 mg once-
daily dosing, with mean area under the concentration—time
curve (AUC) from time zero to infinity (AUC,,_,,) and maxi-
mum observed concentration (C,,,,) accumulation ratios of
approximately 1.9- and 1.5-fold in advanced hematologic
malignancies, respectively [12, 15]. The apparent clear-
ance at steady state (CL/F) increased with increasing dose
after multiple doses (2.68—6.09 L/h at steady state across
the 100 mg twice daily to 1200 mg once daily dose range,
unpublished data).

Preliminary in vitro studies using human liver micro-
somes have suggested that ivosidenib undergoes hepatic
metabolism, with the involvement of multiple cytochrome
P450 (CYP) enzymes (CYP2B6, CYP2C8, CYP2D6, and
CYP3A4, unpublished data). Additional phenotyping
experiments using human liver microsomes with chemical
inhibitors and recombinant human CYP enzymes suggest
that ivosidenib is mainly metabolized by CYP3A4 (unpub-
lished data).

An understanding of the disposition of ivosidenib is
important to identify its metabolic profile; to assess the cov-
erage of metabolites in preclinical species used for long-term
safety evaluations; to understand the pharmacokinetics (PK)
of total radioactivity compared with parent compound and
dose recovery; and to understand mechanisms of clearance,
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which can then inform the potential for drug—drug interac-
tions [18, 19].

The objectives of the present study were to character-
ize the disposition of ivosidenib in healthy male subjects
and to identify and quantify its excretory and circulating
metabolites. Safety and tolerability were also evaluated. A
single dose of ['“Clivosidenib was orally administered to
eight human subjects categorized by CYP2D6 genotype as
CYP2D6 extensive metabolizers (EM), intermediate metab-
olizers (IM), or poor metabolizers (PM). Urine, feces, and
plasma were collected and assayed for radioactivity and PK,
and profiled for metabolites.

Materials and methods
General chemicals

Commercially obtained chemicals and solvents were of
high-performance liquid chromatography (HPLC) or ana-
lytical grade. HPLC-grade acetonitrile, methanol, and water,
and certified ACS-grade ammonium formate and formic
acid were from Fisher Scientific Company (Springfield, NJ,
USA).

Radiolabeled study drug

["*Clivosidenib, labeled at the carboxamide moiety (Fig. 1)
was obtained from Moravek Biochemicals, Inc. (Brea, CA,
USA). ["*C]Ivosidenib hypromellose acetate succinate solid
dispersion intermediate was prepared as an oral suspension
using methyl cellulose 4000 cP 0.5% w/v and polysorbate 80
0.2% w/v in sterile water as the vehicle. The specific activ-
ity of the [**CJivosidenib hypromellose acetate succinate
solid dispersion intermediate was 0.171 mCi/g, and radio-
purity was >99% as confirmed by HPLC with radioactivity
detection.

Subjects and dosing

This was a single-center, open-label, non-randomized study
conducted in eight healthy male subjects. All subjects pro-
vided written informed consent prior to enrollment. The
study followed the ethical principles of the Declaration of
Helsinki, the International Conference on Harmonization
Guideline for Good Clinical Practice, and local regulations
(US Code of Federal Regulations Title 21). The protocol,
informed consent, and amendments were approved by the
Institutional Review Board (Salus IRB; Austin, TX, USA).

After a screening period of up to 27 days (day —28 to
day —2), eight subjects (categorized by CYP2D6 genotype
as 5 EM, 1 IM, and 2 PM) checked into the clinical site on
day — 1 for baseline assessments. On the morning of day 1,
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Fig. 1 Proposed metabolic pathways of ivosidenib in humans. Asterisk denotes site of radiolabel. CYP cytochrome P450

after an overnight fast, subjects were administered a single
oral dose of approximately 500 mg (approximately 200 pCi)
['*Clivosidenib as a suspension in water (50 mL). The dose
was immediately followed by two rinses and then by water
at room temperature (240 mL total [dose, rinses and water]).
Water consumption by subjects was restricted for 1 h prior to
dosing and for 2 h post-dosing; at all other times during the
study, subjects were allowed to consume water ad libitum.
On the basis of data from a tissue distribution study
in male pigmented rats, the overall whole-body radiation
dose in a male subject following administration of a single
200 uCi (7.4 MBq) dose of ['*Clivosidenib was calculated
to be 30.8 mrem (0.308 mSv), well below the US FDA

exposure limit of 3000 mrem after a single dose for human
isotope studies (per FDA 21 CFR 361.1) [20].

Sample collection

Serial blood samples were collected on day 1 at pre-dose
(hour 0) and 0.5, 1, 2, 3, 4, 6, 8, 12, 24, 48, 72, 96, 120,
144, 168, 240, 336, 408, and 504 h post-dose. Blood was
immediately cooled with iced water. Plasma samples were
obtained from whole blood by centrifugation at 4 °C within
30 min of collection and kept on ice until aliquoted. Aliquots
of blood and plasma were stored at —20 °C and — 70 °C,
respectively. Plasma samples were used to analyze PK and
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metabolism, total radioactivity was determined in whole
blood and plasma, and additional blood samples were col-
lected for clinical laboratory analyses.

Urine samples were collected on day — 1 (—12 to 0 h) and
on day 1 at 0-6, 6-12, 12-24, 24-48, 48-72, and 72-96 h
post-dose, and then at 24-h intervals until the subject was
discharged. During each time interval, urine samples were
pooled, mixed thoroughly, weighed, portioned into aliquots,
and stored at <—70 °C.

Fecal samples were collected on day — 1 (—24 to 0 h) and
on day 1 at 0-24 h post-dose, and then at 24-h intervals until
the subject was discharged.

Radioactivity measurements
Dose vial residue analysis

A weighed amount of methanol: water (1:1, v:v; on aver-
age 229 g) was added to each empty treatment vial from all
subjects to extract any residual radioactivity. Residual radio-
activity in each vial was determined by counting duplicate
0.5 g aliquots of each extract by liquid scintillation counting
(LSC) using Ultima Gold XR scintillation cocktail (Perkin
Elmer; Waltham, MA, USA). Residual radioactivity recov-
ered from each treatment vial was subtracted from the dose
administered to the respective subject.

Biological sample (blood, plasma, urine, and feces) analysis

Radioactivity measurements in plasma and urine were per-
formed by LSC. Duplicate samples of plasma (0.4-0.5 g)
and urine (0.2-0.5 g) from each sampling time point were
added to Ultima Gold XR scintillation cocktail (Perkin
Elmer; Waltham, MA, USA) and counted in a liquid scin-
tillation counter. Blood samples were mixed and duplicate
weighed aliquots (0.2-0.3 g) were combusted and analyzed
by LSC. Fecal samples were combined by subject at 24-h
intervals, weighed, and homogenized with methanol:water
(1:1, v:v) using a probe-type homogenizer (Polytron Model
PT 10-35 [Kinematica; Lucerne, Switzerland]). Triplicate
weighed aliquots (0.2-0.3 g) were combusted and analyzed
by LSC.

All sample combustions were done in a Model 307 Sam-
ple Oxidizer (Packard Instrument Company, Perkin Elmer;
Shelton, CT, USA) and the resulting '“CO, was trapped in
Carbo-Sorb and diluted with 10 mL PermaFluor®E + scin-
tillation cocktail (Perkin Elmer; Waltham, MA, USA) and
counted in a liquid scintillation counter. Oxidation efficiency
was evaluated on each day of sample combustion by ana-
lyzing a commercial radiolabeled standard both directly in
scintillation cocktail and by oxidation. Acceptance crite-
ria were combustion recoveries of 95-105%. All samples
were analyzed for radioactivity in a Model 2900TR liquid

@ Springer

scintillation counter (Perkin Elmer; Waltham, MA, USA) for
at least 5 min or 100,000 counts. Each sample was homog-
enized or mixed before radioanalysis (unless the entire sam-
ple was used for PK/metabolite analysis). All samples were
analyzed in duplicate (blood, plasma, and urine) or triplicate
(feces).

Scintillation counting data (in disintegration per min-
ute [dpm]) were automatically corrected for counting effi-
ciency using the external standardization technique and an
instrument-stored quench curve generated from a series of
sealed quenched standards. Radioactivity less than twice the
background value was considered to be below the limit of
determination. Fecal samples collected prior to dosing were
used as the control samples and provided the background
count rate.

Mass balance calculations

The actual dose of radioactivity administered to each subject
was determined by subtracting the residual radioactivity in
the dosing container following dose administration from the
total radioactive dose in the dosing container. When deter-
mining the amount of radioactivity excreted at each time
point as a proportion of the amount administered, the net
radioactivity in the actual dose was considered to be 100%.
The cumulative excretion of radioactivity in urine and feces
during the continuous sampling phase (0-504 h) was calcu-
lated by summing the percentages of dose excreted during
the 24-h collection intervals.

The amount of radioactivity in plasma at each time point
was calculated using the specific activity of the dose admin-
istered and was expressed as ng equivalents of parent drug
per milliliter.

Preparation of samples for metabolite profiling
and identification

Samples were protected from potential degradation by
performing procedures under either yellow- or ultraviolet-
filtered light.

Plasma

Plasma samples obtained at 2, 4, 8, 12, 24,48, 72, and 96 h
post-dose were pooled by subject to generate a 2-96 h AUC-
representative pooled sample using a time-weighted pooling
method [21]. The radioactivity in each pooled sample was
determined by LSC.

Duplicate 2.5 g portions of each pooled plasma sample
were mixed with 6 mL of 1% (v/v) formic acid in acetoni-
trile, and the samples were sonicated, vortex mixed, and cen-
trifuged. The supernatants were removed and the extraction
repeated. The supernatants were combined, and duplicate



Cancer Chemotherapy and Pharmacology (2019) 83:837-848

841

aliquots of each sample were analyzed by LSC to determine
extraction recoveries. The average extraction recoveries
(duplicate samples) ranged from 76.8 to 98.8%. The super-
natants from the duplicate samples were combined, evapo-
rated to dryness under nitrogen, and reconstituted in 300 pL
of 1:1 (v/v) reverse osmosis water:methanol. Samples were
sonicated, vortex mixed, centrifuged, and duplicate aliquots
were analyzed by LSC to determine reconstitution recover-
ies, which ranged from 89.5 to 116%. The reconstituted sam-
ples were analyzed by liquid chromatography with tandem
mass spectrometry (LC-MS/MS).

Urine

Urine samples collected up to 216 h were pooled by sub-
ject to generate a 0—216 h pool. The radioactivity in each
pooled sample was determined by LSC. The pooled samples
accounted for 90.7-92.4% of the total excreted radioactivity
in the urine.

A solid-phase extraction column for each sample was
conditioned with 5 mL of methanol, followed by 10 mL of
water. Approximately 10 mL of each pooled urine sample
was applied and the eluents collected. The columns were
then washed with 10 mL of water and the eluents collected,
and then eluted with 10 mL of methanol and the eluents col-
lected. Duplicate aliquots of each eluent were analyzed by
LSC to determine recoveries. The methanol eluent recover-
ies ranged from 99.7 to 105%. The methanol eluents were
evaporated to dryness and reconstituted in 300 pL of reverse
osmosis water and 150 pL of methanol. The reconstituted
samples were sonicated, vortex mixed, and centrifuged, and
duplicate aliquots were analyzed by LSC to determine recon-
stitution recoveries, which ranged from 89.2 to 130%. The
reconstituted samples were analyzed by LC-MS/MS.

Feces

Feces samples were pooled by subject to generate 0-168 h
(subjects 101 and 105), 0-264 h (subject 102), 0-192 h
(subject 103), 0-96 h (subject 104), 0-240 h (subject 106),
0-144 h (subject 107), and 0—120 h (subject 108) pooled
samples. Aliquots of each sample were combusted and ana-
lyzed by LSC to determine the radioactivity. The pooled
samples accounted for 93.2-96.3% of the total radioactivity
excreted in the feces.

Approximately 2.5 g of each pooled feces sample was
combined with 6 mL of 1% (v/v) formic acid in acetonitrile,
sonicated, vortex mixed, and centrifuged. The supernatants
were removed and the extraction repeated. The supernatants
were combined, and duplicate aliquots of each sample were
analyzed by LSC to determine extraction recoveries, which
ranged from 72.7 to 97.7%. The supernatants were evapo-
rated to dryness under nitrogen and reconstituted in 500 uL

of 2:2:1 (v/v/v) reverse osmosis water: 1% (v/v) formic acid
in acetonitrile:methanol. Samples were sonicated, vortex
mixed, centrifuged, and duplicate aliquots were analyzed
by LSC to determine reconstitution recoveries, which ranged
from 98.7 to 106%. The reconstituted samples were analyzed
by liquid chromatography with mass spectrometry (LC-MS)
and LC-MS/MS.

HPLC

The HPLC system consisted of an Agilent 1200 binary deliv-
ery pump, membrane degasser, HiP-ALS SL + autosampler
and FC/ALS thermostat (6 °C or 15 °C) (Agilent; Lexing-
ton, MA, USA) and a LEAP Technologies (Ringwood, Aus-
tralia) PAL HTS-xt fraction collector. Chromatography was
performed on a Waters Atlantis T3, (4.6 X250 mm, 5 um;
Waters Corporation, Peabody, MA, USA) and a Phenome-
nex C18 guard column (4 X 3 mm; Torrance, CA, USA) with
a mobile phase containing a mixture of 0.1% (v/v) formic
acid in water (solvent A) and acetonitrile (solvent B). The
mobile phase was initially composed of A/B (90:10), was
then linearly programmed to A/B (30:70) over 48.9 min, and
then changed to A/B (5:95) over 0.1 min, followed by an A/B
(5:95) 5 min wash. Then, the mobile phase composition was
returned to the starting solvent mixture over 0.1 min. The
system was allowed to equilibrate for approximately 5 min
before making the next injection. The flow rate was 1.0 mL/
min and separation was at ambient temperature.

LC-MS/MS

Identification of the metabolites was performed on an Agi-
lent 6530 Q-TOF with dual electrospray ionization source
(Agilent, Lexington, MA, USA). The effluent from the
HPLC column was split in a 1:3 ratio to mass spectrom-
eter and fraction collector. The fractions were collected at
10 s intervals into 96-well plates containing solid scintillant.
Radioactivity in each well was determined using TopCount
analysis, and radiochromatograms were generated on the
basis of radioactivity counts. The MS interface was set at
4000 V and the spectrometer was operated with capillary
temperature set at 325 °C. Mass spectrometric data analysis
was performed using Xcalibur v.1.4 vSR1 (Thermo Electron,
Waltham, MA, USA).

Quantitative assessment of metabolite profiles

Peaks in the '*C-chromatograms were integrated using
QuantaSmart software (Perkin Elmer; Waltham, MA, USA).
Quantities of individual radiolabeled components were cal-
culated from the relative peak areas and the concentrations
(plasma) or amounts (urine, feces) of total 14C-labeled com-
ponents in the respective original sample pools. Peaks were
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quantitated as follows: a background of 3 cpm was applied
to all chromatograms. The net amount of radioactivity in
each peak was expressed as a percentage of total radioactiv-
ity in the chromatogram or sample. Metabolite profiles in
plasma are reported as a percentage of total radioactivity.
The relative abundance of metabolites in urine and feces
was based on the cumulative percentage of recovered dose in
that matrix and was calculated using the following equation:

Extrapolated % of total radioactive dose
= (% of total radioactivity in peak/100)

X total percent of recovered dose in excreta.

LC-MS/MS determination of ivosidenib in plasma
and urine

Plasma and urine concentrations of ivosidenib were deter-
mined by Covance Labs (West Trenton, NJ, USA) using vali-
dated LC-MS/MS methods. The assay had a dynamic range
of 50 ng/mL (lower limit of quantitation [LLOQ])-50,000 ng/
mL for plasma and 1 ng/mL (LLOQ)-1000 ng/mL for urine
using an aliquot volume of 100 uL each.

Pharmacokinetic analysis

PK parameters were determined using Phoenix WinNonlin
version 6.2.1 (Pharsight Corporation [now Certara; Prince-
ton, NJ, USA]). C,,,, of ivosidenib in plasma and total radio-
activity (parent drug equivalents) in plasma and blood were
estimated directly from the experimental data, with T, ,,
defined as the time of first occurrence of C, .. Terminal
phase rate constants (k,;) were estimated using least squares
regression analysis of the plasma concentration—time data
obtained during the terminal log-linear phase. Half-life (z,,)
was calculated as 0.693/k,. AUC from time O to the last time
with a measurable concentration (AUC,,_,) was estimated
using the linear trapezoidal rule. AUC from time ¢ to infin-
ity (AUC,_,) was estimated as C_y/k, where C_ represents
the estimated concentration at time ¢ on the basis of the
aforementioned regression analysis. Mean blood-to-plasma
total radioactivity concentration ratios were calculated to
determine the association of radioactivity with red blood
cells (RBCs). The effect of CYP2D6 genotype on the PK of
total radioactivity and unchanged ivosidenib in healthy male
subjects was assessed by comparing the PK between subjects
with CYP2D6 PM genotypes and non-PM genotypes.

Safety assessments
Safety assessments (including vital signs, laboratory

evaluations, electrocardiograms, and adverse events) were
conducted throughout the study. The nature, time of onset,
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duration, and severity were documented, together with an
investigator’s opinion of the relationship to ivosidenib.
Any clinically significant abnormalities found during the
course of the study were followed up until they returned
to normal or could be clinically explained.

Results
Demographics, disposition, and safety

The subjects enrolled were healthy males aged between
25 and 53 years, inclusive, with a mean [standard devia-
tion (SD)] body mass index of 23.98 (4.481) kg/mz, mean
(SD) body weight of 75.7 (10.01) kg, vital signs within
the normal range, and no clinically significant abnormali-
ties. Four subjects were white and four subjects were black
or African American. There were no clinically significant
safety findings during the study and no subjects discon-
tinued because of an adverse event. Two subjects expe-
rienced four mild to moderate (grade 1) adverse events
that were suspected to be related to ivosidenib (abnormal
dreams, muscle spasms, increased erection, and diarrhea).
There were no clinically significant changes in vital signs,
electrocardiography, clinical laboratory evaluations, and
physical examinations.

Dose administration

The doses administered ranged from 476 to 500 mg
(166—-174 pCi), and were close to the target dose of
500 mg (200 pCi). Doses were calculated using the spe-
cific activity of ['*Clivosidenib in the dose formulation
(0.171 mCi/g), the individual drug concentration, and
radioactivity concentrations.

Mass balance of radioactivity

The percentages of radioactive dose recovered in urine and
feces are presented in Table 1, and the cumulative percent-
age recovery in Fig. 2. Most of the administered radioactiv-
ity was recovered in the first 192 h post-dose (88.2 + 8.38%).
The overall mean (+ SD) recovery of radioactivity in urine
and feces samples was 94.3 +6.8% over 360 h post-dose,
with recovery in individual subjects ranging from 82.1 to
106%. There was no difference in the excretion pattern of
radioactivity between CYP2D6 PM and non-PM (Table 1).
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Table 1 Recovery (%) of radioactive dose over 0-360 h

Subject CYP2D6  Recovery of radioactive dose, %
genotype -

Urine Feces Total
101 EM 24.0 58.2 82.1
102 EM 25.6 69.9 95.4
103 EM 15.3 76.6 91.9
104 M 10.0 85.8 95.8
105 EM 18.8 87.0 105.8
106 EM 14.6 76.2 90.8
107 PM 16.4 82.5 98.9
108 PM 10.8 82.9 93.7
Mean+SD - 169+5.62  77.4+9.62 94.3+6.8

CYP cytochrome P450, EM extensive metabolizer, /M intermediate
metabolizer, PM poor metabolizer, SD standard deviation
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Fig.2 Mean (+standard deviation) cumulative urinary, fecal, and
total excretion of radioactivity after a single oral dose of 500 mg
['*Clivosidenib

Pharmacokinetics of radioactivity and ivosidenib

There was no difference in the PK of radioactivity between
CYP2D6 PM and non-PM; therefore, mean PK data for
total radioactivity in blood and plasma and for ivosidenib
in plasma for all eight subjects are summarized in Table 2,
and concentration—time profiles are shown in Fig. 3. Radi-
oactivity was detected in plasma and whole blood at a
median 7, of 4 and 5 h, respectively. C,,,, of ivosidenib
in plasma was reached at 4 h. After reaching C,,,,
ivosidenib and total radioactivity steadily declined, gener-
ally in a multiphasic manner, with arithmetic mean (+ SD)
t,, values of 53.4+12.0 and 71.7 +16.6 h, respectively.

The mean C,,,, AUC, ;,, and AUC,__ values for
unchanged ivosidenib were only slightly lower than those
for total radioactivity in plasma, suggesting that most of
the circulating radioactivity was comprised of unchanged
ivosidenib. The geometric mean AUC,, 5, blood-to-plasma
ratio was 0.565, indicating minimal association of radioac-
tivity with RBCs. Levels of radioactivity were below the
LLOQ for all subjects by 336 h (14 days) post-dose in blood
and 504 h (21 days) post-dose in plasma. Moderate to high
between-subject variability was observed in C,,, and AUC
values, demonstrated by CV% values ranging from 23.6 to
65.6%.

The arithmetic mean renal clearance (CLy) of ivosidenib
was 0.537 L/h, less than the typical glomerular filtration rate
of approximately 7.5 L/h.

Metabolite profiles

The limit of quantitation for radioactivity in all matrices
was set at 1% of the total radioactivity injected and 10 cpm
peak height; radioactive peaks less than these are reported
as not detected. The relative abundance of metabolites as
percentages of radioactive dose in urine, feces, and plasma
are presented in Table 3.

Urine

A total of 14 radioactive peaks were detected in the radi-
ochromatogram of human urine (Fig. 4a). Unchanged ['“C]
ivosidenib and ten metabolites (M1, M3, M4, M16, M25,
M30, M35, M36, M37, and M44) were tentatively identi-
fied by LC-MS/MS. Unchanged ['*C]ivosidenib was the
most abundant radioactive component in pooled urine, rep-
resenting 9.92% of the total recovered dose. M1 was the next
most abundant component, representing 3.11% of the total
recovered dose. The other 12 metabolites (M3, M4, M16,
M25, M30, M35, M36, M37, M38, M40, M42, and M44)
each represented < 1% of the total dose. ['*C]Ivosidenib and
the identified metabolites accounted for a mean of 92.9% of
the radioactivity (15.9% of the dose) recovered in the urine.

Feces

A total of nine radioactive peaks were detected in the radi-
ochromatogram of human feces (Fig. 4b). Unchanged ['*C]
ivosidenib and seven metabolites (M3, M4, M30, M31, M39,
M41, and M44) were tentatively identified. Unchanged ['C]
ivosidenib was the most abundant radioactive component
in pooled human feces, representing approximately 67.4%
of the total recovered dose. M3, M44, and M31 were the
most abundant metabolites in human feces, representing
2.58, 1.74, and 1.28% of the total dose, respectively. The
other five metabolites (M4, M30, M39, M41, and M43),
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Table 2 Pharmacokinetic
parameters for total
radioactivity in blood and
plasma, and for ivosidenib in
plasma and urine (N=28)

Parameter Ivosidenib Total radioactivity
Urine Plasma Plasma Whole blood

AUC,_7,, h-ng/mL - 43,500 (45.4) 53,800 (42.0) 30,400 (37.7)
AUC,_,, h-ng/mL - 72,400 (56.9) 99,900 (56.2) 44,800 (65.6)
AUC,_,, h-ng/mL - 79,300 (54.0) 10,8000 (51.9) 79,200 (42.9)*
Cax> Ng/mL - 990 (28.5) 1160 (23.8) 635 (23.6)
T 1 - 4.00 (3.05-48.00) 4.00 (3.00-48.00) 5.00 (3.00-72.00)
A h! - 0.0133 (23.2) 0.00989 (23.8) 0.0114 (38.7)
fy, B - 53.4 (12.0) 71.7 (16.6) 64.9 (26.1)
CL/F, L/h - 6.31 (54.0) NA NA
V./F,L - 475 (43.0) NA NA
Blood/plasma total - - - 0.565 (5.4)

radioactivity

AUC,_;, ratio
Blood/plasma total - - - 0.556 (7.2)*

radioactivity

AUC,_, ratio
Ae, mg 42.2 (14.1) - - -
% excreted 8.44 (2.83) - - -
CLg, L/h 0.537 (0.189) - - -
Chax and AUC values are expressed as ng equiv/mL and ng equiv h/mL, respectively

Ae amount of drug excreted in urine, AUC,_, area under the concentration—time curve from time zero to
the time of the last measurable concentration, AUC,_, area under the concentration—time curve from time
zero to infinity with extrapolation of the terminal phase, CL/F apparent total plasma clearance, CLy renal
clearance, C,,,, maximum observed concentration, CV coefficient of variation, F' absolute bioavailability,
NA not applicable, T,,,, time to reach C,,,,,, t,, elimination half-life associated with the terminal slope, V/F
apparent terminal volume of distribution, % excreted percentage excreted in urine, A, apparent terminal

elimination rate constant. T, is presented as median (range) and 1,,, Ae, % excreted, and CLy as arithme-
tic mean (standard deviation). All other values are presented as geometric mean (CV%)

iIN=5

Plasma ivosidenib --®- Plasma radioactivity

4 \Whole blood radioactivity
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Fig.3 Mean (+standard deviation) concentration—time profiles of
total radioactivity in blood and plasma, and ivosidenib in plasma,
after a single oral dose of 500 mg [*Clivosidenib
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each represented <0.5% of the total dose. Ivosidenib and
the identified metabolites accounted for a mean of 95.6%
of the excreted radioactivity (74.0% of the dose) recovered
in the feces.

Plasma

['*C]Ivosidenib was the only radioactive component
detected in AUC,_g¢ pooled plasma samples, with no radio-
active metabolites detected in samples from any of the eight
subjects (Fig. 4c). On average, ['*Clivosidenib represented
92.4% of the radioactivity in these samples.

Identification of metabolites

The structures of metabolites were elucidated by electro-
spray LC-MS/MS using a combination of Q1 and CID prod-
uct ion (MS?) scanning techniques [22]. The CID product
ion spectrum of ivosidenib protonated molecular ion [MH*]
at m/z 583 gave the characteristic fragment ions at m/z 476,
370, 214, and 186. The fragment ion at m/z 476 resulted
from loss of the difluoro-cyclobutylamine moiety after
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Table 3 Mean relative abundance (% dose) of ivosidenib and metabo-
lites in urine and feces

Metabolite Retention time, min Extrapolated percentage
designation of dose

Urine Feces Total
M35 19.67 0.12 - 0.12
M36 20.67-20.83 0.55 - 0.55
M37 21.67 0.05 - 0.05
M38 24.67 0.03 - 0.03
M39 25.67 - 0.16 0.16
M16 26.33 0.03 - 0.03
M40 27.83 0.15 - 0.15
M41 28.17 - 0.51 0.51
M42 28.67 0.04 - 0.04
M43 29.67 - 0.10 0.10
M25 30.67 0.03 - 0.03
M44 31.00-31.17 0.08 1.74 1.82
M30 34.00-34.33 0.58 0.18 0.76
M31 35.00 - 1.28 1.28
M1 35.83-36.00 3.11 - 3.11
M3 39.33-39.83 0.18 2.58 2.76
M4 39.67-40.17 1.04 0.22 1.26
Ivosidenib 43.6744.17 9.92 67.4 77.3

cleavage of the amide bond. Cleavage of the other amide
bond produced the fragment ion at m/z 370 representing the
chorophenyl-(difluorocyclobutyl)amino-2-oxoethyl-N-(5-
fluoropyridin-3-yl) moiety. The fragment ion at m/z 214 rep-
resented the pyridinyl-pyrrolidone moiety and the ion at m/z
186 was formed by loss of CO from the fragment ion at m/z
214. Analogous fragment ions were observed in the mass
spectra of the metabolites, which allowed the localization of
metabolic changes to the cyclobutyl, pyridinyl-pyrrolidone,
or cyanopyridine parts of the molecule. This information,
together with accurate mass data on [MH*] ions and frag-
ments, allowed the assignment of the metabolite structures
as shown in Fig. 1.

Proposed biotransformation pathways

The proposed biotransformation pathways for [!*C]
ivosidenib are shown in Fig. 1. The primary metabolic
pathways for [**CJivosidenib in human male subjects were
due to oxidation, N-dealkylation, N-dearylation, and amide
hydrolysis. The other metabolites were a result of the com-
bination of these primary pathways and glucuronide con-
jugation. The contributions of different biotransformation
pathways to the metabolism of ivosidenib were estimated
on the basis of the percentage of dose accounted for by the
respective metabolites in urine and feces. Oxidation at the
chlorobenzyl-N-5-fluoropyridinyl moiety accounted for

approximately 3.81% of the dose and resulted in the for-
mation of four identified metabolites (M1, M16, M35, and
M36). Oxidation at the cyanopyridinyl-pyrrolidone moiety
accounted for approximately 2.79% of the dose and resulted
in the formation of two metabolites (M3 and M25). Oxida-
tion at the difluoro-cyclobutyl moiety accounted for approxi-
mately 2.03% of the dose and resulted in the formation of
two metabolites (M4 and M30). Amide hydrolysis, which
accounted for 1.49% of the dose, resulted in the formation
of M31, M37, and M39. N-dearylation of the cyanopyri-
dine moiety accounted for 2.33% of the dose and resulted in
the formation of M41 and M44 (Fig. 1). Unchanged ['*C]
ivosidenib accounted for approximately 9.92 and 67.4% of
the total recovered dose in urine and feces, respectively.

Discussion

In this study, we characterized the routes of elimination,
metabolism, excretion, and mass balance of ['4C]ivosidenib
after a single oral dose of approximately 500 mg to humans.
A radioactivity dose of 200 uCi ['*Clivosidenib was selected
for this study on the basis of radioactivity dosimetry estima-
tions from the tissue distribution of ['*CJivosidenib in rats.
The administered radioactive dose was almost completely
(~94%) recovered in humans, indicating that the mass bal-
ance of ivosidenib was well-characterized. A major portion
of the administered radioactive dose was eliminated via the
fecal route (approximately 77%), and urinary elimination
accounted for approximately 17% of the dose.

Ivosidenib was readily absorbed following the administra-
tion of a single dose of [**Clivosidenib, and was slowly elim-
inated from plasma. The median T, values of unchanged
ivosidenib and radioactivity in plasma were similar (4 h).
After reaching C, ., ivosidenib and total radioactivity in
plasma declined in a multiphasic manner, which indicated
an approximately parallel decrease in unchanged ivosidenib
and total radioactivity, and no significant accumulation of
metabolites in the body. Absorbed ivosidenib was distributed
into the tissues and was metabolized slowly. The apparent
terminal volume of distribution was high, and the apparent
clearance was low. The geometric mean plasma ivosidenib/
plasma total radioactivity ratio for AUC,, 5, was 0.810, sug-
gesting that the majority of circulating radioactivity was
comprised of unchanged ivosidenib. The geometric mean
AUC,_;, blood/plasma ratio of 0.565 suggests minimal asso-
ciation of radioactivity with RBCs. No marked difference
in systemic exposure to ivosidenib, as assessed by mean
AUC and C,,, values, was observed between CYP2D6 PM
and non-PM genotypes, and any differences observed were
within the general variability among the individual subjects.
These data suggest that CYP2D6 plays a minor role, if any,
in the elimination of ivosidenib.
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Unchanged ['“Clivosidenib accounted for, on average,
67.4% of the total recovered dose in feces. These data sug-
gest that at least 32.6% of the dose was absorbed from the
suspension (assuming that non-absorption was responsible
for all of the 67.4% of the total recovered dose excreted
in feces as unchanged drug). These results are consistent
with data from the preclinical toxicology studies in rats,
in which ivosidenib was also eliminated primarily in feces
(unpublished data). The half-life of ivosidenib observed in
this study was similar to that in the phase I study in healthy
subjects [17]. However, compared with the current study
in which healthy subjects received a suspension of powder
made by dry blending, the plasma levels of ivosidenib were

@ Springer
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1.8-fold higher in clinical trials conducted in healthy sub-
jects who were administered tablets [17]. These data suggest
that > 58% of the dose was absorbed in healthy subjects
when tablets were administered under fasting conditions.
Lower absorption of dry blended formulations compared
with commercial tablet/capsule formulations has been
observed for other drugs, such as sonidegib [23].

The urine and feces radiochromatograms indicated that
ivosidenib is slowly metabolized after a single oral dose in
human male subjects. Ivosidenib and a total of 13 metabo-
lites were structurally identified using LC-MS and LC-MS/
MS. Unchanged ['“Clivosidenib accounted for, on aver-
age, 77.3% of the total recovered radioactivity. Only ['*C]
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ivosidenib was detected in plasma, representing on average
92.4% of the total radioactivity in pooled plasma samples
from the human male subjects.

The elimination of absorbed ivosidenib occurred predom-
inantly by metabolism; the mean CLy of ivosidenib was less
than the typical glomerular filtration rate. The current study
indicates that the primary metabolic clearance of ivosidenib
is achieved through oxidative (68%), dearylation (18%), and
amide hydrolysis (12%) pathways.

In vitro studies using human liver microsomes with chem-
ical inhibitors and recombinant human CYP enzymes have
suggested that the oxygenated metabolites M1, M3, and M4
are formed by CYP3A4, and that CYP3AS does not play
any role in their formation (unpublished data). Because the
dealkylated metabolite M30 and the dearylated metabolite
M44 were not detected in vitro, it was speculated that these
metabolites are formed by further metabolism of oxygenated
metabolites M4 and M3, respectively. These results are in
agreement with those of phase I clinical trials evaluating
CYP3A4 involvement in ivosidenib metabolism via co-
administration of the potent CYP3A4 inhibitor itraconazole
[17], in which the ivosidenib AUC was increased by 169%
with itraconazole co-administration. This AUC change is
consistent with CYP3A4 involvement of approximately 65%
in clearance.

In conclusion, this open-label phase I study has pro-
vided a good understanding of ivosidenib PK, metabolism,
and clearance mechanisms in humans. Ivosidenib is well-
absorbed and slowly metabolized to multiple oxidative
metabolites, primarily by CYP3A4, and eliminated primar-
ily via the fecal route. Unchanged parent ivosidenib is the
only circulating species in plasma.
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