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Abstract

Mutant isocitrate dehydrogenase 1/2 (mIDH1/2) proteins catalyze production of the oncometabolite D-2-
hydroxyglutarate (2-HG). Ivosidenib and enasidenib are oral inhibitors of mIDH1 and mIDH2, respectively.An open-label
phase 1 study is evaluating the safety and efficacy of ivosidenib or enasidenib combined with intensive induction and con-
solidation chemotherapy in adult patients with newly diagnosed mIDH1/2 acute myeloid leukemia (AML;NCT02632708).
In this population, we characterized the pharmacokinetics (PK), pharmacodynamics (PD), and PK/PD relationships for
ivosidenib and enasidenib.
Patients received continuous oral ivosidenib 500 mg once daily or enasidenib 100 mg once daily combined with
chemotherapy. Serial blood samples were collected for measurement of the concentrations of the mIDH inhibitors.
2-HG concentrations were measured in both plasma and bone marrow aspirates. Samples were collected from 60 pa-
tients receiving ivosidenib and 91 receiving enasidenib. For both drugs, exposures at steady state were higher than after
single doses, with mean accumulation ratios (based on area under the plasma concentration–time curve from time 0 to
24 hours) of 2.35 and 8.25 for ivosidenib and enasidenib, respectively. Mean plasma 2-HG concentrations were elevated
at baseline. After multiple ivosidenib or enasidenib doses,mean trough plasma 2-HG concentrations decreased to levels
observed in healthy individuals and were maintained with continued dosing. There was a corresponding reduction in
bone marrow 2-HG concentrations. When combined with intensive chemotherapy in patients with newly diagnosed
mIDH1/2 AML, ivosidenib and enasidenib demonstrated PK/PD profiles similar to those when they are given as single
agents. These findings support the dosing of ivosidenib or enasidenib in combination with intensive chemotherapy for
the treatment of patients with newly diagnosed mIDH1/2 AML.
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Isocitrate dehydrogenase 1 and 2 (IDH1/2) are criti-
cal metabolic enzymes that catalyze the oxidative de-
carboxylation of isocitrate to produce α-ketoglutarate.1

Somatic mutations in IDH1 or IDH2 have been iden-
tified in multiple solid and hematologic malignancies,
including ≈80% of lower-grade gliomas and ≈20%
of acute myeloid leukemias (AML).2–4 The cancer-
associated mutations in IDH1 occur at a single residue
in the active site, R132, whereas mutations in IDH2
occur at 2 residues within the active site, R140 and
R172.1,3,5 IDH2 mutations are more common in AML
than IDH1mutations, andmutations in both IDH1 and
IDH2 rarely occur simultaneously.2 Mutant IDH1/2
(mIDH1/2) proteins possess novel enzymatic activity,
catalyzing the reduction of α-ketoglutarate to pro-
duce the oncometaboliteD-2-hydroxyglutarate (2-HG),
which accumulates to high levels inmIDH1/2 tumors.5,6

It is thought that 2-HG drives multiple oncogenic pro-
cesses, including epigenetic dysregulation resulting in
impaired cellular differentiation.2,5,7,8

Ivosidenib and enasidenib are first-in-class, oral, re-
versible inhibitors of the mIDH1 andmIDH2 enzymes,
respectively.9,10 Ivosidenib is approved in the United
States for the treatment of AML with a susceptible
IDH1 mutation in adults with newly diagnosed AML
who are≥75 years of age or unable to undergo intensive
induction chemotherapy, and in adults with relapsed or
refractory (R/R) AML. Enasidenib is approved in the
United States for the treatment of R/R AML with an
IDH2 mutation. Both ivosidenib and enasidenib have
been shown to dramatically reduce 2-HG concentra-
tions in patients with mIDH1/2 malignancies to levels
seen in healthy individuals (72.6 ± 21.8 ng/mL) and to
restore cellular differentiation.11–15

Pharmacokinetic/pharmacodynamic (PK/PD) anal-
ysis of ivosidenib as a single agent in a phase 1 dose es-
calation and expansion study in patients with advanced
mIDH1 hematologic malignancies (NCT02074839)
demonstrated that ivosidenib 500 mg once daily had
a long half-life (93 hours) after a single dose, with
≈2-fold accumulation ratio after multiple doses, and
reached steady state within 14 days of dosing based on
observed trough concentrations (Ctrough).12 A substan-
tial reduction in 2-HG levels was observed at steady
state and persisted over time.12 After multiple doses
of ivosidenib, 71% of patients receiving 500 mg once
daily achieved a ≥90% reduction in plasma 2-HG con-
centrations, and a >90% reduction in bone marrow 2-
HG concentrations was also observed at this dose.12

No additional reduction in 2-HG concentrations was
observed at doses >500 mg once daily compared with
500 mg once daily.12 In the same study, in patients
with mIDH1 R/R AML who received ivosidenib 500
mg once daily, the overall response rate (ORR) was
41.6%.11 The level of 2-HG suppression was not found
to correlate with clinical response in these patients.11

The phase 1 study also provided data consistent with
the recognized cytochrome P450 (CYP) 3A4–mediated
metabolism of ivosidenib, as concomitant administra-
tion of moderate or strong CYP3A4 inhibitors re-
sulted in decreased ivosidenib clearance and a sub-
sequent increase in ivosidenib exposure.12 Similarly,
a study of ivosidenib in healthy participants demon-
strated increased area under the plasma concentration–
time curve (AUC) parameters when coadministered
with the CYP3A4 inhibitor itraconazole, although the
maximum observed plasma concentration (Cmax) was
unaffected, suggesting that CYP3A4-mediated intesti-
nal/hepatic first-pass metabolism of ivosidenib may
be minimal.16 In healthy male subjects, the primary
metabolic pathways of ivosidenib were via oxidation,
N-dealkylation, N-dearylation, and amide hydrolysis.17

The 500 mg once-daily ivosidenib dose was selected for
further investigation on the basis of the available effi-
cacy, safety, PK, and PD profiles.

Enasidenib was evaluated as a single agent in a phase
1/2 study in patients with advanced mIDH2 hemato-
logic malignancies (NCT01915498).15 Enasidenib had
a long terminal half-life (≈137 hours) with high plasma
exposure after multiple doses, and reached steady state
within 29 days of dosing.15 Accumulation is ≈10-
fold with once-daily administration (data on file). Me-
dian reduction in 2-HG concentrations from baseline
was 92.4%, 90.4%, and 93.1% for patients receiving
enasidenib doses of <100 mg, 100 mg, or >100 mg,
respectively.15 Among patients receiving enasidenib 100
mg once daily, plasma 2-HG levels were reduced from
baseline by a median of 93% and a maximum of 99%
in patients with IDH2-R140Q mutations and by a me-
dian of 28% and a maximum of 94% in patients with
IDH2-R172K mutations.15 The ORR was 38.5% for
all patients receiving enasidenib 100 mg once daily; the
ORR was 35.4% and 53.3% for patients with IDH2-
R140 and IDH2-R172 mutations, respectively.15 2-HG
suppression did not correlate with level of clinical re-
sponse in the overall patient population or within the
R140 and R172 mutation subgroups. Based on in vitro
data, metabolism of enasidenib is likely to be mediated
by multiple CYP enzymes.18 In a study of healthy hu-
man subjects, N-dealkylation was the major metabolic
pathway of enasidenib.19 Based on the phase 1/2 study
of enasidenib, and due to its favorable clinical efficacy,
safety, and PK profiles, and significant reductions in 2-
HG concentrations, the 100 mg once-daily enasidenib
dose was selected for further investigation.

An ongoing phase 1 study is evaluating the safety
and efficacy of ivosidenib or enasidenib combined with
intensive induction and consolidation chemotherapy in
patients with newly diagnosed AML with a susceptible
IDH1 or IDH2 mutation (NCT02632708).14 Detailed
methodology, and safety and efficacy findings from this
study have been previously described.14 Here, we report
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Figure 1. Study design and sampling schedule. aDuring induction and consolidation, sample collection occurred predose and at 0.5,
2, 4, 6, 8, and 24 h after dosing. bSampling for alternative enasidenib schedule (initiated C1D8) only. cPredose sampling only. AML,
acute myeloid leukemia; ARA-C, cytarabine; C, cycle; D, day; DNR, daunorubicin; ENA, enasidenib; IDR, idarubicin; IVO, ivosidenib; ME,
mitoxantrone with etoposide; mIDH1/2, mutant IDH1/2; PD, pharmacodynamics; PK, pharmacokinetics; QD, once daily.

the plasma PK; plasma and bone marrow PD; and the
PK/PD, PD/PD, and PD/clinical efficacy relationships
for ivosidenib and enasidenib from this study.

Methods
Study Design
This study was conducted in accordance with the Dec-
laration of Helsinki, and the protocol was approved by
human investigation committees at participating sites.14

The study was conducted at 17 sites across the United
States, Germany, and the Netherlands (Table S1). Writ-
ten informed consent was obtained before conducting
any study-related procedures.14 This was a multicenter,
open-label, nonrandomized, phase 1 study enrolling pa-
tients ≥18 years of age with newly diagnosed mIDH1
or mIDH2 AML (ClinicalTrials.gov NCT02632708).14

Treatment-naïve patientswithmIDH1 ormIDH2AML
received continuous oral ivosidenib 500 mg once daily
or enasidenib 100 mg once daily, respectively, in combi-
nation with standard chemotherapy regimens (cytara-
bine [ARA-C] with either idarubicin [IDR] or daunoru-
bicin [DNR] during induction [1-2 cycles], and ARA-
C alone, or mitoxantrone with etoposide [ME] during
consolidation).14 The duration of each treatment cycle
was 28 days. Patients in remission at the end of consol-
idation could receive maintenance ivosidenib or enasi-
denibmonotherapy until relapse, development of unac-
ceptable toxicity, or allogeneic hematopoietic stem cell
transplant.14

Schedules for drug administration and sampling for
PK/PD assessments are outlined in Figure 1. Blood

samples for PK/PD were collected any time during
screening. Blood samples for full PK/PD analysis were
collected within 30 minutes before dosing of ivosidenib
or enasidenib and at 0.5, 2, 4, 6, and 8 hours after
dosing on day (D) 1 and D14 in cycle (C) 1 of in-
duction and on C1D1 of consolidation; samples at 24
hours after dosing were derived from predose samples
on induction C1D2, induction C1D15, and consoli-
dation C1D2, respectively. Additional blood samples
were collected before dosing of ivosidenib or enasidenib
on consolidation C1D6 and every 12 weeks during
maintenance.

An alternative, less dose-intensive enasidenib dos-
ing schedule was also assessed in which enasidenib
once-daily dosing began on induction C1D8 instead
of C1D1. This delay in the administration of enasi-
denib until the completion of anthracycline (IDR or
DNR) and ARA-C dosing was prompted by early data
suggesting that patients treated with enasidenib expe-
rienced delayed hematologic recovery following induc-
tion chemotherapy (a concern that was later dismissed
with further experience starting enasidenib onC1D1).14

In this cohort evaluating delayed enasidenib adminis-
tration, blood samples for PK/PDwere collected within
30 minutes before enasidenib dosing, and at 0.5, 2, 4,
6, 8, and 24 hours after dosing on induction C1D8
and C1D21, and before enasidenib dosing on C1D1 of
consolidation. Additional blood samples were collected
before dosing on induction C1D1, C1D2, and C1D5
(days on which enasidenib was not administered) to as-
sess concentrations of 2-HG only. During the mainte-
nance phase of the study, predose PK/PD samples were
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collected for ivosidenib and enasidenib every 12 (±1)
weeks.

Bone marrow aspirates were collected for evalua-
tion of 2-HG. Bone marrow sampling was performed
at screening and on D28 (±7 days) of the induction cy-
cle(s). To confirm complete remission (CR) or CR with
incomplete hematologic/platelet recovery (CRi/CRp)
within 2 weeks of hematologic recovery following in-
duction, bone marrow sampling was again performed
before beginning consolidation C1. Further sampling
was taken at any time during consolidation andmainte-
nance if clinically indicated, at the end of consolidation,
at the end of treatment, and at any time that disease pro-
gression was suspected. Additional optional bone mar-
row samples could be collected onD14 (±3 days) of the
induction cycle(s).

Pharmacokinetic/Pharmacodynamic
Sample Bioanalysis
Plasma concentrations of ivosidenib and enasidenib
weremeasured using validated high-performance liquid
chromatography–tandem mass spectrometry methods.

Two methods were used for the quantification of
plasma ivosidenib, depending on the expected concen-
tration. A high-range method was used for quantifi-
cation of ivosidenib at concentrations of 50 to 50,000
ng/mL. The plasma sample (50 μL) was fortified with
an equal volume of stable isotope-labeled internal stan-
dard (AGI-0018070 in acetonitrile), and protein precip-
itation performed by addition of 400μL of acetonitrile.
After centrifugation, 50 μL of supernatant was mixed
with 200 μL acetonitrile/water (50:50, v/v), and the ex-
tract analyzed on an HPLC 1100 or 1200 system (Agi-
lent Technologies, Santa Clara, California) coupled to
an API 3000 (SCIEX, Redwood City, California). For
the low-range method, used for quantification of ivosi-
denib at concentrations of 1 to 1000 ng/mL, 100 μL of
plasma sample was fortifiedwith 100μLof the same in-
ternal standard (AGI-0018070 in acetonitrile), and pro-
tein precipitation performed by addition of 300μL ace-
tonitrile. After centrifugation, 300 μL of supernatant
was evaporated under a nitrogen stream at ≈45°C, and
the remaining residue reconstituted with 150 μL ace-
tonitrile/water (50:50, v/v). The sample extract was ana-
lyzed on anAgilent HPLC 1100 or 1200 system coupled
to a SCIEX API 4000.

For the quantification of plasma enasidenib, plasma
sample (50μL) wasmixed with 25μL of stable isotope-
labeled internal standard (AGI-0015819 in methanol)
and 125 μL filtered water. This was transferred to ISO-
LUTE SLE+ 200 mg Supported Liquid Extraction
plates (Biotage, Uppsala, Sweden), and elution was per-
formed twice with 500 μL of methyl t–butyl ether. The
eluate was evaporated under a nitrogen stream at ap-

proximately 45°C, and the remaining residue reconsti-
tuted with acetonitrile/water/formic acid (1000:1000:2).
The sample extract was analyzed on a Shimadzu LC
system (Shimadzu Corp., Kyoto, Japan) coupled to
a SCIEX API 4000. The lower limit of quantitation
(LLOQ) for enasidenib was 20 ng/mL.

As 2-HG is an endogenous compound, plasma and
bone marrow 2-HG concentrations were quantified
based on a qualified surrogate analyte approach in
which 13C5 2-HG was used as the surrogate analyte for
preparation of calibration standards and quality con-
trol samples. For 2-HG in plasma, 100 μL of sample
was mixed with 100 μL of internal standard (13C5 2-
HG-d5) and 600 μL of methanol. After centrifugation,
50 μL of supernatant was evaporated under a nitrogen
stream at ≈40°C, and the remaining residue reconsti-
tuted with 600 μL of 0.1% formic acid in water. For
2-HG in bone marrow, 30 μL of bone marrow aspi-
rate sample was mixed with 30 μL of internal stan-
dard (13C5 2-HG-d5) and 200 μL of methanol. After
protein precipitation and centrifugation, 100 μL of su-
pernatant was evaporated under a nitrogen stream at
approximately 40°C, and the remaining residue was re-
constituted with 300 μL of 0.1% formic acid in water.
Plasma and bone marrow sample extracts were ana-
lyzed on a Shimadzu LC system coupled to a SCIEX
API 5000. The LLOQ for plasma 2-HG was 30 ng/mL
and the LLOQ for bone marrow 2-HG was 10 ng/mL.

High-performance liquid chromatography and mass
spectrometry instrument settings for all analytes are
provided in Table S2.

Pharmacokinetic/Pharmacodynamic Data Analysis
PK parameters of ivosidenib and enasidenib included
area under the plasma concentration-time curve from
time 0 (before dosing) up to 24 hours after dosing
(AUC0-24), maximum observed plasma concentration
(Cmax), time to Cmax, and Ctrough, which were calculated
using a validated version of Phoenix WinNonlin 7.0
or later (Certara, Princeton, New Jersey). PD param-
eters of 2-HG were also calculated using Phoenix Win-
Nonlin 7.0 or later, and included area under the effect
concentration-time curve from time 0 (before dosing)
up to 8 hours and 24 hours after dosing (AUEC0-8 and
AUEC0-24), change from baseline in AUEC from time
0 up to 24 hours (BAUEC0-24), and observed response
value at the end of a dosing interval (Rtrough).

Pharmacodynamic/Clinical Efficacy
Plasma 2-HG reductions at C1D14 according to clin-
ical response category (as defined by best overall
response) were evaluated in patients treated with ivosi-
denib or enasidenib in combinationwith chemotherapy.
Response categories included CR, incomplete response
(comprising CRi, CRp, morphologic leukemia-free
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state, and partial response), and no response (compris-
ing stable disease and progressive disease).

Statistics
Predose concentrations of ivosidenib and enasidenib in
plasma that were reported as below the limit of quanti-
tation were set to 0 for PK and statistical analyses. Con-
centrations of 2-HG in plasma and bone marrow that
were reported as below the limit of quantitation were
set to the value of the LLOQ for PD and statistical
analyses. All plasma PK parameter calculations were
performed using actual time points calculated relative
to the time of study drug administration. Observed in-
dividual plasma and bone marrow concentrations and
percentage inhibition of 2-HG were analyzed using ac-
tual time points, calculated relative to the time of study
drug administration. The percentage reduction of 2-
HG was calculated as follows: (baseline 2-HG value –
2-HG value)/baseline 2-HG value × 100. Other plasma
2-HG PD parameters were computed without baseline
adjustment.

Results
Data Analyzed
As of the December 13, 2018, data cutoff, the induc-
tion and consolidation periods of the study were com-
pleted while the maintenance phase of the study was
ongoing. PK/PD samples were available from a total of
59, 55, and 35 patients receiving ivosidenib at induction
C1D1, induction C1D14, and consolidation C1D1, re-
spectively. In patients receiving enasidenib starting on
C1D1 or C1D8, PK samples were available from 90
and 42 patients, respectively, on induction C1D1/C1D8
and consolidation C1D1 visits. PD samples for patients
starting enasidenib at C1D1 were available from a to-
tal of 67 and 66 patients at induction C1D1 and induc-
tion C1D14, respectively. For patients starting enasi-
denib at C1D8, PD samples were available from a total
of 23 and 19 patients at induction C1D8 and induction
C1D21, respectively. Samples were excluded from sum-
mary statistics and PK/PD analysis for several reasons,
including: blood draw time deviations, changes from the
planned dose, and missed doses (where the patient took
≤70% of scheduled doses). For single-dose PK/PD pro-
files, where a patient had a missing predose value, the
PD parameters were excluded from the summary statis-
tics.

Pharmacokinetics
For both ivosidenib and enasidenib, PK parameters
(Cmax, Ctrough, and AUC0-24) were generally comparable
between induction chemotherapy regimens (ARA-C +
DNR vs ARA-C + IDR); therefore, the observations
reported here are for the 2 induction regimens (ARA-C

+ DNR or ARA-C + IDR) combined. For enasidenib,
summaries of PK parameters were generally compara-
ble between the dosing schedules (ie, enasidenib start-
ing on C1D1 or C1D8 of induction); therefore, some
of the observations reported here are for both dosing
schedules combined at the same point during treatment
with enasidenib (eg, C1D1 combined with C1D8, and
C1D14 combined with C1D21). For consolidation, all
summaries of ivosidenib and enasidenib PK param-
eters are combined for both regimens tested (ME or
ARA-C).

Ivosidenib and enasidenib were rapidly absorbed,
with peak plasma concentrations occurring at a me-
dian of ≈4 hours following single and multiple doses
(Table 1). Exposures at steady state were higher
than exposures after a single dose, with mean esti-
mated accumulation ratios (calculated as induction
C1D14/induction C1D1 or induction C1D21/induction
C1D8) of 2.35 and 8.25 using AUC0-24, and 1.69 and
6.51 using Cmax for ivosidenib and enasidenib, respec-
tively, following 14 days of once-daily dosing.

On the basis of Ctrough across treatment cycles,
steady-state PK was achieved within 14 days of con-
tinuous dosing for both ivosidenib and enasidenib
(Figure 2). For ivosidenib, mean Ctrough was generally
higher during induction, but was also highly variable,
compared with levels observed at the start of consol-
idation therapy, which remained constant throughout
themaintenance phase. For enasidenib, steady state was
maintained upon reaching consolidation; there were in-
sufficient data available during the maintenance phase
(n ≤ 3) to determine any meaningful trends.

Pharmacodynamics
For both ivosidenib and enasidenib, PD parame-
ters were generally comparable between induction
chemotherapy regimens (ARA-C + DNR vs. ARA-C
+ IDR); therefore, the observations reported here are
combined across induction regimens. There were differ-
ences in the PD parameters between the 2 enasidenib
dosing schedules (ie, starting on induction C1D1 or
C1D8); therefore, results reported here are given sepa-
rately for these 2 different enasidenib dosing regimens.
For consolidation, all ivosidenib and enasidenib PDpa-
rameters reported are combined across all treatment
regimens (ARA-C at different doses or ME).

The mean plasma 2-HG concentration in healthy
volunteers was previously shown to be 72.6 ng/mL.13

In comparison, the plasma 2-HG concentrations of
the patients treated in this study were elevated at base-
line and decreased after both single and multiple doses
of the ivosidenib or enasidenib combination regimens
(Figure 3A). After multiple doses, mean trough plasma
2-HG concentrations decreased to within the range ob-
served in healthy participants (up to a 99% reduction),
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Figure 2. Plasma trough (predose) concentrations over time of ivosidenib or enasidenib in combination with chemotherapy.Cohorts
for which enasidenib dosing was started on induction C1D1 or C1D8 are indicated by (D1) or (D8), respectively. Numbers above
box plots represent numbers of patients. Solid lines represent medians and boxes represent interquartile ranges. Error bars were
calculated using Tukey’s method. For timepoints with n < 5, data are presented as scatter plots with medians. Plasma concentrations
of ivosidenib and enasidenib reported as BLQ were set to 0. BLQ, below the limit of quantification; C, cycle; D, day; ENA, enasidenib;
IVO, ivosidenib; QD, once daily.

and 2-HG reduction was maintained with continued
ivosidenib or enasidenib dosing.

In the subset of patients who started enasidenib on
induction C1D8, reductions in 2-HG concentrations

had already occurred, reflecting the effect of the pre-
viously administered induction chemotherapy on the
leukemic blasts. By this point in time there were re-
ductions in 2-HG AUEC0-8, AUEC0-24, and Rtrough
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Figure 3. (A) Plasma 2-HG reduction over time before dosing and after multiple oral doses of ivosidenib or enasidenib in combination
with chemotherapy and (B) plasma 2-HG reduction over time after multiple oral doses of enasidenib in combination with chemother-
apy in patients with either IDH2-R140 or IDH2-R172 mutations.Cohorts for which enasidenib dosing was started on induction C1D1
or C1D8 are indicated by (D1) or (D8), respectively. Numbers above box plots represent numbers of patients. Solid lines represent
medians and boxes represent interquartile ranges. Error bars were calculated using Tukey’s method. For time points with n < 5, data
are presented as scatter plots with medians. Plasma 2-HG concentrations reported as BLQ were set to the value of the LLOQ for
PD analyses. aExcludes 1 patient at consolidation C1D1 with 2-HG reduction lower than –100%. 2-HG, D-2-hydroxyglutarate; BLQ,
below the limit of quantification; C, cycle; D, day; ENA, enasidenib; IVO, ivosidenib; LLOQ, lower limit of quantification;QD, once daily.

of 71.6%, 73.9%, and 82.8%, respectively. In contrast,
following the first enasidenib dose in the subset of pa-
tients who started enasidenib on inductionC1D1, arith-
metic mean percentage reductions of plasma 2-HG lev-
els based on change from baseline in AUEC from time
0 (before dosing) up to 8 hours (BAUEC0-8), 24 hours
(BAUEC0-24), and Rtrough were lower, with values of
7.1%, 18.7%, and 37.8%, respectively. Following 14 days
of treatment and at consolidation C1D1, plasma 2-HG
reductions in percentage terms were comparable be-
tween the 2 enasidenib dosing regimens.

In patients receiving the enasidenib combination, a
slightly lower plasma 2-HG reduction was observed in
those with IDH2-R172 mutations than in those with

IDH2-R140 mutations (Figure 3B). In patients who
started enasidenib on C1D1, those with R140 muta-
tions (n = 41) had a mean reduction in plasma 2-
HG concentration of 89.3% by induction C1D14, while
those with R172 mutations (n = 14) had a mean re-
duction in plasma 2-HG concentration of 76.9% at the
same point in treatment.

Mean trough bone marrow 2-HG concentrations
also decreased (up to 99% reduction) after multiple
doses of the ivosidenib or enasidenib combination reg-
imens (Figure 4). Based on the limited data, the 2-HG
concentration in bone marrow was reduced by 81.4% to
99.9% after multiple doses of ivosidenib, and by 63% to
99.7% after multiple doses of enasidenib.
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Figure 4. Bone marrow 2-HG reduction over time predose and after multiple oral doses of ivosidenib or enasidenib in combination
with chemotherapy. Cohorts for which enasidenib dosing was started on induction C1D1 or C1D8 are indicated by (D1) or (D8),
respectively.Numbers above box plots represent numbers of patients. Solid lines represent medians and boxes represent interquartile
ranges. Error bars were calculated using Tukey’s method. For timepoints with n < 5, data are presented as scatter plots with medians.
Bone marrow 2-HG concentrations reported as BLQ were set to the value of the LLOQ for PD analyses. aExcludes 1 patient at
induction C1D22 (D8) with 2-HG reduction lower than –100%. 2-HG, D-2-hydroxyglutarate; BLQ, below the limit of quantification;
C, cycle; D, day; ENA, enasidenib; IVO, ivosidenib; LLOQ, lower limit of quantification; QD, once daily.
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Figure 5. 2-HG reduction vs Ctrough for ivosidenib or enasidenib in combination with chemotherapy (induction C1D14). 2-HG, D-
2-hydroxyglutarate; C, cycle; Ctrough, observed concentration at the end of a dosing interval; D, day; ENA, enasidenib; IVO, ivosidenib;
QD, once daily; Rtrough, observed response value at the end of a dosing interval.

Figure 6. Comparisons of 2-HG concentrations in bone marrow and plasma after oral doses of ivosidenib or enasidenib in combi-
nation with chemotherapy. Plasma BLQ values were set to the value of the LLOQ (ie, 30 ng/mL) owing to the endogenous nature of
2-HG levels in humans. aExcludes 1 patient with unexpectedly high bone marrow 2-HG level at induction C1D14 that exceeded the
baseline level. 2-HG, D-2-hydroxyglutarate; BLQ, below the limit of quantification; C, cycle; D, day; ENA, enasidenib; IVO, ivosidenib;
LLOQ, lower limit of quantification; QD, once daily.

Pharmacokinetics/Pharmacodynamics
Exploratory analyses of the relationship between
plasma ivosidenib/enasidenib PK parameters and re-
duction of plasma 2-HGat inductionC1D14 are shown
in Figure 5. As more blood samples were collected
at trough level, prior to the dosing of ivosidenib or
enasidenib, Ctrough was determined to be the most suit-
able PK parameter on which to base the PK/PD anal-
yses. Across the range of plasma ivosidenib Ctrough,
plasma 2-HG reduction at Rtrough was mostly within
the range of 95% to 99.9%. Across the range of plasma
enasidenib Ctrough, plasma 2-HG reduction (Rtrough)
was mostly within the range of 60% to 100%. For
both ivosidenib and enasidenib, the exposure-response
curves showed no clear exposure-dependent 2-HG re-

duction since near-maximal suppression was observed
after multiple daily administration of 500 mg or 100
mg, respectively.

Pharmacodynamics/Pharmacodynamics
Exploratory analyses of visit-matched plasma and bone
marrow aspirate samples showed that 2-HG concentra-
tions in bone marrow samples correlated with those in
plasma following multiple daily doses of ivosidenib or
enasidenib in combination with induction and consoli-
dation chemotherapy (Figure 6).

Pharmacodynamics/Clinical Efficacy
Based on plasma 2-HG at C1D14 and best over-
all response, no differences were observed in plasma



Fan et al 439

Figure 7. Plasma 2-HG reduction at induction C1D14 by best overall response after multiple oral doses of ivosidenib or enasidenib
in combination with chemotherapy. Solid lines represent medians and boxes represent interquartile ranges. Error bars were calculated
using Tukey’s method. 2-HG,D-2-hydroxyglutarate;C, cycle;CR, complete remission;D, day; ENA, enasidenib; IR, incomplete remission
(comprising CR with incomplete hematologic/platelet recovery,morphologic leukemia-free state,and partial response); IVO, ivosidenib;
NR, no response (comprising stable disease and progressive disease); QD, once daily.

2-HG reductions among the clinical response categories
in patients treated with ivosidenib or with enasidenib
(Figure 7).

Discussion
When combined with intensive induction and consoli-
dation chemotherapy in patients with newly diagnosed
mIDH1 or mIDH2 AML, ivosidenib and enasidenib
demonstrated PK profiles similar to those observed
with their use as single agents, with high plasma expo-
sures relative to those needed for target inhibition. The
PK profiles for both ivosidenib and enasidenib were
similar between the two induction chemotherapy regi-
mens, demonstrating rapid absorption and the achieve-
ment of steady-state concentrations within 14 days of
dosing for both agents. The mean estimated accumula-
tion ratios for enasidenib of 7.62 based on AUC0-24 and
6.06 based on Cmax following 14 days of dosing indi-
cate the importance of accumulation during treatment
with this inhibitor. The PD profiles of ivosidenib and
enasidenib were also similar to those observed in pre-
vious studies,12,15 and appeared to be similar across the
chemotherapy cohorts.

As both ivosidenib and enasidenib are substrates
and potential inducers of multiple CYPs, drug-drug
interactions may be a possibility when either of these
drugs are coadministered with specific CYP substrates
and inhibitors or inducers. Given the clearance mech-
anisms of ivosidenib and enasidenib, there is low risk
of drug-drug interactions with the chemotherapy. The
PK profiles for each drug remained consistent whether
they were administered in combination with ARA-
C + DNR or ARA-C + IDR, suggesting that the
chemotherapy had minimal impact on ivosidenib or

enasidenib exposure. For enasidenib, this is further sup-
ported as PK profiles were consistent between the 2 dif-
ferent dosing schedules.

Overall, plasma concentrations of 2-HG were re-
duced to within the range found in healthy individu-
als, as observed in studies of ivosidenib and enasidenib
given as single agents.12,13 For patients who started
enasidenib on induction C1D8, the delay in starting
enasidenib treatment had no impact on overall plasma
2-HG reduction compared with those who started on
induction C1D1. However, we observed differences in
PD profiles between these patient groups at the start
of enasidenib treatment, with mean plasma 2-HG re-
ductions of 37.8% at C1D1 for patients starting enasi-
denib on C1D1 and 82.8% at C1D8 for those start-
ing on C1D8. This likely reflects the effect of induction
chemotherapy in the patients who started enasidenib on
induction C1D8, with a reduction in leukemic cells in
the period before the start of enasidenib treatment, re-
sulting in a reduction in plasma 2-HG. In addition, a
high coefficient of variability was observed for induc-
tion C1D1 2-HG levels in patients who started enasi-
denib on induction C1D1 based on %Rtrough (68%).

Across visits, 2-HG reduction following enasidenib
treatment was numerically lower in patients with IDH2-
R172 mutations than in patients with IDH2-R140 mu-
tations. However, the smaller sample size for IDH2-
R172 mutations than for IDH2-R140 mutations con-
tributed to the increased variability in reduction of
plasma 2-HG in the IDH2-R172 patient subgroup.
There was no association between 2-HG reduction ob-
served at C1D14 and clinical response, following enasi-
denib treatment. In the phase 1/2 study of enasidenib
as a single agent in patients with advanced mIDH2
myeloid malignancies, a greater ORR was observed
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for those with IDH2-R172 mutations than those with
IDH-R140 mutations.15 Any conclusions regarding
potential relationships between 2-HG reduction and ef-
ficacy in patients with IDH2-R140 or -R172 mutations
are limited by the small numbers of patients with IDH2-
R172 mutations receiving enasidenib in each of these
analyses. Preclinical and in vitro data suggest that enasi-
denib is less potent against IDH2-R172 than against
IDH2-R140.10 However, since the median 2-HG reduc-
tionwas>90% in patients with advanced hematological
malignancies who received enasidenib as a single agent
at a range of doses (50-650 mg/day)15 and >75% in this
study, these potency differences may not be relevant at
the doses used clinically.

Bone marrow 2-HG correlated with plasma 2-HG
concentrations followingmultiple daily administrations
of ivosidenib or enasidenib in combination with differ-
ent AML induction and consolidation therapies, sug-
gesting that plasma 2-HG concentrations can serve as a
potential surrogate marker for reduction of bone mar-
row 2-HG. Although there were modest decreases in
ivosidenib predose concentrations following the com-
pletion of induction therapy, likely due to the known
autoinduction of CYP3A by ivosidenib,12 there was
no associated effect on the reductions in mean trough
plasma 2-HG concentrations, which remained within
the range observed in healthy participants.

Overall, 2-HG levels in patients who received ivosi-
denib or enasidenib in combination with ARA-C +
DNR or ARA-C + IDR were reduced to levels ob-
served in healthy individuals, and PK parameters for
ivosidenib and enasidenib were similar for differing in-
duction chemotherapy regimens. Following enasidenib
treatment, minor differences in levels of 2-HG reduc-
tion were observed between patients with IDH2-R140
and IDH2-R172 mutations, and between patients start-
ing enasidenib on C1D1 and those starting on C1D8.

Conclusions
These findings support the dosing of ivosidenib or
enasidenib in combination with intensive induction and
consolidation chemotherapy with ARA-C + DNR or
ARA-C+ IDR for the treatment of patients with newly
diagnosed mIDH1/2 AML.
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