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Abstract

Background and Objective Lenvatinib is a multikinase inhibitor that inhibits enzyme activity but induces gene expression
of cytochrome P450 3A4 (CYP3A4), an important enzyme for drug metabolism. We evaluated the impact of lenvatinib
on CYP3A4 using midazolam as a probe substrate in patients with advanced solid tumors. The primary objective was to
determine the pharmacokinetic effects of lenvatinib on midazolam, and the secondary objective was to assess the safety of
lenvatinib.

Methods This multicenter, open-label, nonrandomized, phase 1 study involved patients with advanced cancer that progressed
after treatment with approved therapies or for which no standard therapies were available.

Results Compared with baseline, coadministration of lenvatinib decreased the geometric mean ratio of the area under the
concentration—time curve for midazolam on day 1 to 0.914 (90% confidence interval [CI] 0.850-0.983) but increased it on
day 14 to 1.148 (90% CI 0.938-1.404). Coadministration of lenvatinib also decreased the geometric mean ratio of the maxi-
mum observed concentration for midazolam on day 1 to 0.862 (90% CI 0.753-0.988) but increased it on day 14 to 1.027
(90% CI 0.852-1.238). There was little change in the terminal elimination phase half-life of midazolam when administered
with lenvatinib. The most common treatment-related adverse events were hypertension (20.0%), fatigue (16.7%), and diar-
rhea (10.0%).

Conclusions Coadministration of lenvatinib had no clinically relevant effect on the pharmacokinetics of midazolam, a
CYP3A4 substrate. The adverse events were consistent with the known safety profile of lenvatinib, and no new safety con-
cerns were identified.

ClinicalTrials.Gov Identifier NCT02686164.
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Coadministration of lenvatinib with midazolam appears
to have no clinically relevant effects on the pharmacoki-
netics of midazolam, a cytochrome P450 3A4 substrate.

Treatment-emergent and treatment-related adverse events
were manageable and consistent with the known safety
profile of lenvatinib.

file). Midazolam is a short-acting benzodiazepine (used for
sedation [11]) and is metabolized by CYP3A4 in the liver to
1'-hydroxy-midazolam (1'-OH midazolam) [12, 13]. Mida-
zolam has been validated as a probe in other studies investi-
gating CYP3A4 activity [14-17].

As a known CYP3A4 substrate, midazolam was used to
support the recommendation that lenvatinib could be given
with other drugs metabolized by the same pathway. A physi-
ologically based pharmacokinetic model of this interaction
was published previously [18], in which lenvatinib was
shown to have negligible effects on midazolam metabolism.
To confirm the model predictions, we conducted a phase
1 open-label study to evaluate the potential effects of len-
vatinib on the induction and inhibition of CYP3A4 using
midazolam as a probe substrate in patients with advanced
solid tumors.

The primary objective of the study was to determine the
effect of lenvatinib on CYP3A4 activity by using midazolam
as a probe. The secondary objective of the study was to
assess the safety of lenvatinib in this cohort of patients with
advanced solid tumors.

2 Methods
2.1 Patients

Eligible patients were adultsaged > 18 years with a histolog-
ically or cytologically confirmed diagnosis of advanced solid
tumors that had progressed following standard therapy or for
which no standard therapy existed. Patients with radioio-
dine-refractory differentiated thyroid cancer were also eligi-
ble. Patients had to have adequate liver, bone marrow, blood
coagulation, renal, and cardiac function. Patients could not
be pregnant or lactating. Additional inclusion criteria were
an Eastern Cooperative Oncology Group performance sta-
tus of 0 to 1; adequately controlled blood pressure (defined
as < 150/90 mmHg at screening) with or without antihy-
pertensive medications, and no change in antihypertensive
medications within 1 week prior to onset of the lenvatinib
dosing period; and any prior therapy-related toxicities being
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resolved to grade O or 1 by study entry per Common Termi-
nology Criteria for Adverse Events (version 4.03).

Exclusion criteria comprised patients with hepatocellular
carcinoma, anaplastic thyroid carcinoma with major blood
vessel invasion, leptomeningeal metastases, or untreated
brain metastases; urine protein levels of > 1 g/24 h; patients
taking medications known as potent CYP3A4 inducers or
inhibitors; and patients who had previously taken lenvatinib.

Studies were conducted in accordance with the World
Medical Association Declaration of Helsinki, the Interna-
tional Conference on Harmonisation of Pharmaceuticals for
Human Use, the United States Code of Federal Regulations,
the institutional review boards of the University of Pennsyl-
vania (FWA 00004028) and the University of Texas, San
Antonio (FWA 00005928), the Western Institutional Review
Board, and the Biomedical Research Alliance of New York,
LLC. (FWA 00003433), as well as any other applicable reg-
ulatory authorities. Informed consent was obtained from all
individual patients included in the study.

2.2 Study Design and Treatment

This was a multicenter, open-label, nonrandomized, phase
1 study in patients with advanced cancer (solid tumors).
Patients received lenvatinib (24 mg) orally once daily in
28-day cycles. Following the 14-day pharmacokinetic
analysis presented here, patients could continue on in the
extension phase. The patients received 3 single doses of
midazolam (4 mg) orally on day —3 (D -3) (baseline), day
1 (D1), and day 14 (D14) (Fig. 1). D -3 was designated as
the baseline evaluation point for midazolam, D1 was the
evaluation point for midazolam with a single dose of len-
vatinib, and D14 was the evaluation point for midazolam
with lenvatinib at steady state. The variability of midazolam
and magnitude of the effect considered relevant to detect
a 25% difference in the mean area under the curve (AUC)
between midazolam administered alone versus in combina-
tion with lenvatinib were used to calculate an ideal study size
of approximately 18 patients.

2.3 Pharmacokinetics and Safety Assessments

To achieve the primary objective, we assessed exposure to
midazolam and its metabolite 1'-OH midazolam when mida-
zolam was administered alone or with lenvatinib. Exposure
was measured by using the pharmacokinetic parameters of
area under the concentration—time curve from time 0 to 24 h
post dose (AUC,, ,,) and the maximum (peak) observed drug
concentration (C,,,,,). Additional parameters measured were
the time at which the maximum (peak) plasma concentra-
tion was observed (t,,,,) and the terminal elimination phase

half-life (¢,/,). The apparent oral clearance (CL/F) and the
apparent volume of distribution (Vz/F) were measured only
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Fig. 1 Treatment schedule. “The Midazolam Midazolam Midazolam
treatment phase for this pharma- 4 mg 4 mg 4 mg
cokinetic analysis spanned day
—3 to day 14. ®The extension l l l
phase started on day 15 for all
patients remaining in the study | | | | >
Day -3 Day 1 Day Day
(Baseline) 14 15

>

Lenvatinib 24 mg once daily

> >

for midazolam. Fisai internal data have shown that the pop-
ulation mean value for lenvatinib apparent clearance was
independent of dose and time, making a noncompartmental
analysis appropriate for this study.

Per the US Food and Drug Administration (FDA) [19]
and the European Medicines Agency (EMA) [20] guidance
documents, the effect of lenvatinib on CYP3A4 activity was
defined based on its effect on mean oral clearance of mida-
zolam and 1'-OH midazolam. A mild inhibitor is character-
ized by a 1.25-fold to 2-fold increase in plasma AUC. If the
geometric mean ratio of AUC was > 1 but<1.25, then the
inhibition of CYP3A4 by lenvatinib would not be considered
clinically significant. This assessment was performed com-
paring baseline (D —3) to steady state (D14).

Safety was assessed by monitoring and recording all
adverse events (AEs), treatment-emergent AEs (TEAEs),
treatment-related TEAESs, and serious AEs (SAEs).

2.4 Bioanalytical Assays

Blood samples (2 mL each) in K2EDTA were collected
for the assessment of the pharmacokinetics of midazolam
and its metabolite 1'-OH midazolam. The concentrations of
midazolam and its metabolite in plasma were determined by
protein precipitation followed by analyte quantification using
high-performance liquid chromatography (HPLC)—mass
spectrometry (AB Sciex API 4000) operated under multiple
reaction monitoring positive ion mode. The HPLC system
used a Luna C8(2) 5 um, 50 2.00 mm column, with a gra-
dient flow of water with 10 mM ammonium formate, pH
4.0 (Mobile Phase A) and methanol:acetonitrile (1:1, v/v)
(Mobile Phase B) at a rate of 0.6 mL/min. The column was
set to ambient temperature. The assay monitored m/z (mass-
to-charge ratio) for midazolam (m/z 326.0 - m/z 291.2) and
1’-OH midazolam (m/z 342.0 - m/z 203.1), and for their
internal standards, midazolam-D4 maleate (m/z 333.0 — m/z
295.3) and 1'-OH midazolam-D4 (m/z 346.1 — m/z 203.2),
respectively. The lower limit of quantification of the assay

Treatment Phase?

Extension Phase®

was 0.100 ng/mL for midazolam and its metabolite, with the
linear calibration ranging from 0.100-20.0 ng/mL. Appro-
priate bioanalytical noninterference of coadministered len-
vatinib was demonstrated before the study-sample analysis.
The validated method had an inter- and intra-day precision
and accuracy of < 6%, with incurred sample re-analysis
passing the criteria in the study-sample analysis.

2.5 Statistical Methods and Assessments

The pharmacokinetic analysis included all patients who had
sufficient pharmacokinetic data to derive at least 1 pharma-
cokinetic parameter. The safety analysis included all patients
who received at least 1 dose of midazolam or lenvatinib and
had at least 1 post-dose safety assessment. Pharmacokinetic
parameters were derived by noncompartmental analysis
using Phoenix WinNonlin software (version 6.2 or higher)
according to the standard working practices for noncom-
partmental pharmacokinetic analysis [21]. Plasma mida-
zolam concentrations less than the lower limit of quantita-
tion (0.100 ng/mL) were set to ‘missing’ in WinNonlin. To
evaluate potential drug—drug interactions, the primary phar-
macokinetic parameters (AUC,_,, and C,,,,) for midazolam
(and 1'-OH midazolam) were logarithmically transformed
and used as the dependent variable, exploring treatment day
as a fixed effect and patient as a random effect. The ratios
(test value/reference value) of geometric means of AUC, ,,
and C,,,, and 2-sided 90% confidence intervals (Cls) for the
ratios of these parameters were estimated.

Safety data included AEs, clinical laboratory tests, vital
sign measurements, and electrocardiogram findings. TEAEs
were summarized and reported as the number of patients
with TEAEs by system/organ/class and Medical Diction-
ary for Regulatory Activities preferred term. A patient was
counted only once within a system/organ/class and preferred
term, even if they experienced > 1 TEAE within a specific
system/organ/class and preferred term. Shifts in toxicity
grade were assessed from baseline Common Terminology
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Criteria for Adverse Events (version 4.03) grade to maxi-
mum (worst) grade on D14. Patients were counted only
once in the ‘high’ and in the ‘low’ categories, as applicable.
Statistical analyses were performed using SAS version 9.3.

3 Results
3.1 Patient Disposition

A total of 30 patients were included in this study. Fifteen
patients were male and most were white (19/30). The median
age was 60 years (minimum, maximum: 27, 84) (Table 1).

All patients received the reference dose of midazolam, 29
patients received at least 1 dose of lenvatinib, and 19 patients
received all 14 doses of lenvatinib (Fig. 2). All patients
(n=30) were included in the safety analysis set, and 29
patients were included in the pharmacokinetic analysis set.
Only the 19 patients who received all 14 doses of lenvatinib
were included in the comparison analysis of lenvatinib at
steady state versus previous timepoints.

3.2 Pharmacokinetics of midazolam with lenvatinib

A summary of the pharmacokinetic parameters for midazolam
and 1'-OH midazolam can be found in Table 2. Compared
with D -3, the coadministration of lenvatinib decreased the
geometric mean ratio (GMR) of the AUC for midazolam on
D1 but increased the GMR of the AUC on D14 (Table 3 and
Fig. 3). The coadministration of lenvatinib increased the GMR
of the AUC of 1'-OH midazolam on D1 and increased the
GMR of the AUC on D14 (Table 3 and Fig. 3).

Compared with D -3, the coadministration of lenvatinib
decreased the GMR of C,,,,, for midazolam on D1, but non-
significantly increased the GMR of C,,, on D14 (Table 3
and Fig. 3). Compared to D -3, the coadministration of len-
vatinib did not produce these effects on the GMR for C,,,
of 1'-OH midazolam on D1 or D14 (Table 3 and Fig. 3).
For midazolam, median #_,, (minimum, maximum) was
0.75h (0.25,2.02) on D -3; 0.63 h (0.25, 6.00) on D1; and
0.75h (0.25, 1.58) on D14 (Table 2). There was no statisti-
cal difference in median ¢,,,, between D -3 (0.00 h; 90% CI
—0.23-0.25) and D1 or D14 (0.00 h; 90% CI —0.25-0.25) for
midazolam. For 1’-OH midazolam, median (minimum, max-
imum) ¢, was 0.75 h (0.25, 2.02) on D -3; 0.75 h (0.25,
2.00) on D1; and 0.77 h (0.25, 1.50) on D14 (Table 2). There
was no statistical difference in median ¢,,,, between D -3
and D1 (0.00 h; 90% CI —0.25-0.25) or D14 (0.00 h; 90%
CI —0.25-0.25) for 1'-OH midazolam. There was no statisti-
cally significant change in the #,,, of midazolam and 1'-OH
midazolam when administered with lenvatinib (Table 2).
There was no statistically significant change in the CL/F and
Vz/F of midazolam over time (Table 2). Coadministration
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Table 1 Summary of selected demographic and baseline characteris-
tics

Category Midazolam Lenvatinib + midazolam
n=30% n=29%
Age (years)b
Mean (SD) 59.4 (12.66) 59.7 (12.82)
Median 60 60
Q1,Q3 51.0,67.0  51.0,67.0
Minimum, maximum 217, 84 217, 84
Sex, n (%)
Female 15 (50.0) 15 (51.7)
Male 15 (50.0) 14 (48.3)
Ethnicity, n (%)
Hispanic or Latino 6 (20.0) 6 (20.7)
Not Hispanic or Latino 24 (80.0) 23 (79.3)
Race, n (%)
White 19 (63.3) 18 (62.1)
Black or African American 5 (16.7) 5(17.2)
Asian (non-Japanese) 1(3.3) 1(3.4)
Other 5(16.7) 5(17.2)
ECOG performance status
0 9 (30.0) 9 (31.0)
1 21 (70.0) 20 (69.0)
Weight (kg)
Mean (SD) 82.8 (20.10) 82.1(20.04)
Median 84.0 83.36
Q1,03 66.1,97.0  66.1,96.7
Minimum, maximum 40.9,111.5 4009,111.5
BMI (kg/m?)
n 29 28
Mean (SD) 29.33 (5.97) 29.38 (6.07)
Median 29.19 29.53
Q1,Q3 25.06, 32.56 24.68, 32.83

Minimum, maximum 20.12,40.91 20.12,40.91

The total number of patients in the treatment group were used in all
calculations, unless otherwise noted

BMI body mass index, ECOG Eastern Cooperative Oncology Group,
Q1I, O3 first, third quartiles, SD standard deviation

*The two groups represent the same patients. Of the 30 patients who
entered the treatment phase, 1 patient received only midazolam at
baseline (day —3). The remaining 29 received at least 1 dose of len-
vatinib

®Age was calculated on the date informed consent was obtained

of lenvatinib did not have a significant effect on the mean
plasma concentration—time profiles of midazolam and 1'-OH
midazolam (Table 4, Fig. 4).

3.3 Safety
Most patients (n =26 [86.7%]) had at least 1 TEAE in the

treatment phase, with 10 (30.0%) experiencing an SAE
(Table 5). The most frequently reported TEAESs (occurring
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51 patients assessed
for eligibility

30 patients included in study

27 patients completed the study

3 patients discontinued the study:

Adverse event (n = 1)
Withdrew consent (n = 1)
Clinical progression (n = 1)

19 patients received all 14 doses
of lenvatinib and continued to the
extension phase

Fig.2 Patient disposition

in >20% of patients) were fatigue (26.7%), diarrhea (23.3%),
and hypertension (23.3%) (Table 5). The most common
treatment-related TEAEs were hypertension (20.0%), fatigue
(16.7%), and diarrhea (10.0%) (Table 5). Twelve patients
(40%) experienced TEAEs leading to lenvatinib dose modi-
fication. Four patients (13.3%) underwent a dose reduction

and eight patients (26.7%) experienced lenvatinib treatment
interruption. Two patients (6.7%) discontinued treatment due
to a TEAE (one from cerebral hemorrhage and one from a
Clostridium difficile infection and rectal hemorrhage). One
patient died during the treatment phase due to a grade 5
TEAE (intestinal obstruction) that was determined to be
related to the patient’s underlying colon cancer. The most
frequently reported SAE was hypertension (n=3 [10%]),
followed by abdominal pain (n=2 [6.7%]) (Table 5). Four
patients had SAEs that were considered to be treatment
related—one patient had hypertension; one patient had brad-
ycardia and hypertension; one patient had stress cardiomyo-
pathy and hypertension; and one had severe upper abdominal
pain. All treatment-related SAEs were < grade 3. No new
AEs were seen in the extension phase (FEisai, data on file).

4 Discussion

This study demonstrates the lack of a statistically significant
drug—drug interaction between lenvatinib and CYP3A4 sub-
strates, which has crucial clinical implications because of
the large number of drugs that are metabolized by CYP3A4.
The data presented here are consistent with prior in vitro,
modeling, and drug—drug interaction data.

Eisai internal data have shown that in human liver micro-
somes, lenvatinib showed time-dependent inhibition of
midazolam 1'hydroxylation with a K; of 72.3 pmol/L. The
highest C,,, seen in this study was 28.3 ng/mL, which con-
verts to a maximum free concentration of 0.07 umol/L. This
is more than 100 times less than the in vitro Kj, suggesting
minimal inhibitory effects of lenvatinib upon midazolam
metabolism in vivo.

Table 2 Summary of the pharmacokinetic parameters of midazolam and 1’-OH midazolam without (day —3) or with (days 1 and 14) lenvatinib

Pharmacokinetic parameter Midazolam 1'-OH midazolam

Day -3 Day 1* Day 14* Day —3* Day 1* Day 14*

n=29° n=28" n=19 n=29" n=28" n=19°
AUC,,_ys, ngXh/mL 92.5 (34.5) 89.7 (42.0) 117 (61.1) 38.5 (26.5) 48.6 (47.8) 41.3 (34.3)
Cphax> NZ/mML 26.5 (10.7) 24.8 (17.4) 28.3 (13.9) 11.0 (8.64) 12.7 (11.6) 10.7 (11.6)
oo 11 0.75(0.25,2.02) 0.63 (0.25,6.00) 0.75(0.25,1.58) 0.75(0.25,2.02) 0.75(0.25,2.00) 0.77 (0.25, 1.50)
tip h 5.87 (1.46) 6.48 (1.38) 6.76 (1.40) 5.58 (1.15) 5.48 (2.26) 5.53(1.99)
CL/F, L/h 46.1 (15.2) 51.4 (23.1) 55.2(39.6) ND ND ND
Vz/F,L 382 (130) 481 (232) 544 (430) ND ND ND

Data are shown as mean (standard deviation) except for ¢, for 1,

max;
24 h after administration

max?®

median (minimum, maximum) is shown. Last sampling time point was

AUC_,, area under the concentration—time curve from time O to 24 h after midazolam dose, CL/F apparent oral clearance (midazolam only),

C

max

maximum observed (peak) drug concentration, ND not determined, ¢,,,,

time to reach maximum observed (peak) concentration after drug

administration, #,, terminal elimination phase half-life, Vz/F apparent volume of distribution (midazolam only)

#One patient took a known potent CYP3A4 inducer/inhibitor and was excluded from the analysis

"Number of patients in the pharmacokinetic analysis set at the specified time point
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Table 3 Geometric means and ratios for the AUC and C,,,, of midazolam and 1'-OH midazolam

Agent Parameter Comparison n Midazolam Lenvatinib+ midazolam Ratio (test/ 90% CI
(reference) (test) reference)
Geometric mean Geometric mean
midazolam AUC,_,,, ng xh/mL DlvsD-3 27  89.90 82.19 0914 0.850-0.983
Dl14vsD-3 19 88.30 101.37 1.148 0.938-1.404
Caxe Ng/mML D1vsD -3 28 2473 21.32 0.862 0.753-0.988
Dl4vsD-3 19 24.10 24.76 1.027 0.852-1.238
1'-OH midazolam  AUC_,,, ngxXh/mL DlvsD -3 20 3334 3791 1.120 0.940-1.335
D14vsD-3 14 30.81 36.93 1.199 1.057-1.360
Caxe NE/mML DlvsD -3 28 9.04 9.54 1.055 0.879-1.268
Dl14vsD-3 19 8.76 8.24 0.940 0.845-1.046

Last sampling time point was 24 h after administration. The geometric mean ratio and confidence intervals are based on natural log-scale data

and converted to the original scale

AUC,_,, area under the concentration—time curve from time 0 to 24 h after midazolam dose, D# day number, CI confidence interval, C,

mum observed (peak) drug concentration

'y MAXI-

Fig. 3 Forest plot of drug—drug 0.914
interactions of midazolam and D1vsD-3 -
1"-OH midazolam coadminis- AUC ,,
o . 1.148
tered with single and multiple g D14vsD -3 4 } Py I
doses of lenvatinib in the ©
pharmacokinetic analysis set _tgi 0.862
(n=29). D —3 midazolam only, s D1vsD-3 o
D1 1 dose of lenvatinib and C. o
midazolam, D14 multiple doses D14vsD-3 4 } 1.027 ° |
of lenvatinib and 1 dose of
midazolam, AUC,,_,, area under 1.120
the concentration—time curve D1vsD-3 - I ® {
from time O to 24 h after mida- £ AUC
© 0-24 1.199
zolam dose, D# day number, 5 D14vsD-3 -
C,... maximum observed (peak) ]
drug concentration E 1.055
T D1vsD-3 o f ® i
o
T o 0.940
D14vs D-3 4 —e—

Modeling data for the interaction between lenvatinib and
midazolam that were presented at the American Society for
Clinical Pharmacology and Therapeutics annual meeting in
2018 suggested that there is negligible drug—drug interac-
tion [18]. A physiologically based pharmacokinetic model
was used to run 10 simulated trials, each with 10 patients.
The output showed that the GMR of the AUC for the con-
comitant use of lenvatinib plus midazolam (2 mg) remained
steady across the trials for both 24 mg (GMR AUC: 1.18;
95% CI 1.16-1.20) and 32 mg (GMR AUC: 1.22; 95% CI
1.20-1.24) lenvatinib. In addition, there was no significant
difference in the GMR AUC between the 2 dose levels
[18]. These data correspond with the current study; when
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lenvatinib (24 mg) was at steady state (day 14), the GMR
of the AUC for midazolam was 1.15 (90% CI 0.94-1.40).
The upper limit of the 90% CI of the GMR of the AUC was
beyond the upper limit of 1.25, which was likely due to the
small sample.

While this study investigated the implications of len-
vatinib given in combination with a CYP3A4 substrate,
other studies have assessed lenvatinib in conjunction with
medications that affect CYP3A4 in other ways. In a phase
1, open-label, sequential study in healthy volunteers,
rifampicin was used to examine the impact of CYP3A4
induction on lenvatinib pharmacokinetics [22]. After multi-

ple doses of rifampicin, the C,,, estimates of free lenvatinib
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Table 4 Summary of the concentration—time plasma concentrations for midazolam and 1'-OH midazolam

Plasma concentration (ng/mL), mean (standard deviation)

Time D -3 D1 D14
® Midazolam 1’-OH midazolam Midazolam 1'-OH midazolam Midazolam 1’-OH midazolam
n=29 n=29 n=28 n=28 n=19 n=19
0.25 16.129 4.498 17.301 5.889 16.111 3.556
(13.4861) (6.2968) (19.3296) (7.3114) (15.0542) (5.9824)
0.5 21.886 7.929 21.625 10.433 23.667 8.048
(1.4840) (8.1952) (18.2575) (11.8436) (15.1951) (12.1629)
0.75 21.263 8.628 18.937 10.297 24.699 9.192
(9.2104) (7.0569) (11.5098) (10.8869) (13.1080) (10.3337)
1 19.034 8.259 16.518 9.230 23.114 8.884
(7.4484) (6.9675) (7.2939) (9.8222) (10.3937) (8.9281)
1.5 16.738 7.307 13.601 8.265 17.785 7.314
(6.4538) (5.9056) (5.8970) (9.0440) (7.7671) (6.7286)
2 13.067 5.736 11.343 6.921 13.893 5.767
(5.7168) (4.1774) (5.2202) (8.0144) (6.5863) (5.0953)
3 8.778 3.698 7.889 4.888 9.926 4.027
(4.0722) (2.9719) (3.3642) (7.3050) (5.0974) (3.2372)
4 6.120 2.359 5.666 3.395 7.581 2919
(2.9680) (1.9899) (2.7007) (5.2011) (4.2465) (2.1611)
6 4.186 1.447 4.080 2.059 5.211 1.773
(1.8802) (1.4379) (2.0545) (2.3381) (2.9541) (1.4213)
8 3.237 1.024 2.961 1.132 4.051 1.372
(1.5474) (0.9525) (1.5831) (1.0593) (2.4980) (1.2790)
10 2.506 0.767 2.391 0.852 3.472 1.055
(1.3283) (0.6376) (1.4822) (0.7166) (2.3036) (1.0511)
24 0.530 0.158 0.628 0.186 1.255 0.282
(0.3470) (0.1110) (0.3785) (0.1472) (1.0514) (0.1998)

D -3 midazolam only, DI 1 dose of lenvatinib and midazolam, D14 multiple doses of lenvatinib and 1 dose of midazolam, D# day number

were 8.7% higher than that of lenvatinib alone, which fell
below the prespecified lower boundary for bioequivalence.
This contrasts with the effect of rifampicin on other tyrosine
kinase inhibitors, which exhibit more profound decreases
in C,,,« and AUC. These results indicate that the clinical
implications of coadministration of lenvatinib with CYP3A4
inducers are minimal. Similarly, examination of lenvatinib
in combination with an inhibitor of CYP3A4 (ketoconazole)
also revealed interactions that were not clinically significant
[23]. However, as the previous studies assessed lenvatinib
pharmacokinetic interactions in healthy patients, the cur-
rent study in a clinically relevant population of patients with
solid tumors is particularly valuable.

The goal of an interaction study such as this one is to
provide clinical information related to increases or decreases
in exposure to study drugs when coadministered with other
therapeutics. This is crucial information in oncology as many
cancer treatments are combination therapies. Lenvatinib in
combination with everolimus is approved for the treatment
of patients with advanced renal cell carcinoma following 1
prior antiangiogenic therapy [5]. Everolimus is a CYP3A4
substrate, and the FDA recommends caution or avoidance

of concomitant administration with CYP3A4 inducers or
inhibitors [24], so the potential for interaction is particu-
larly important. In a phase 1 study assessing this combina-
tion treatment, no significant pharmacokinetic drug—drug
interactions were observed [25]. In addition to their cancer
therapies, many patients are taking concomitant medications
to ameliorate other symptoms or to ease TEAEs. The infor-
mation that lenvatinib does not have clinically significant
effects on medications metabolized by CYP3A4 is critical
for physicians in prescribing these additional therapies.
Selecting a study design for a drug—drug interaction study
is complicated, with no single optimal design because of the
complexities involved [26]. A crossover-study design is the
preferred design of both the FDA and EMA [19, 20], but in
studies with cancer patients who need to stay on the study
drug, this design is unethical. Another potential design is a
parallel-study design, but this is not recommended because
of intersubject variability [19, 20]. As interaction studies in
appropriate patient populations provide data that are more
clinically relevant, a before/after design was selected for this
study. This is the standard design for drug—drug interaction
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Fig.4 Semi-log plot of mean plasma concentration—time profile of
midazolam (a) and 1’-OH midazolam (b) with and without lenvatinib
in the pharmacokinetic analysis (n=29) set. D —3 day —3 (midazolam
dose only), DI day 1 (1 dose of lenvatinib and midazolam), D14 day
14 (multiple doses of lenvatinib and 1 dose of midazolam)

studies in patients and allowed the patients to keep receiving
lenvatinib [27-29].

There are unique challenges and limitations involved in
conducting drug—drug interaction studies in cancer patients.
This study shares similar methodology with other cancer
studies examining the impact of study drugs on midazolam
pharmacokinetics. The effects of ridaforolimus, an mTOR
inhibitor that exhibits anticancer activity, on midazolam
activity were tested in an open-label, fixed-sequence study
in 16 cancer patients [30]. Ridaforolimus was determined
to have a minimal inhibitory impact on CYP3A, with no
clinically significant implications [30]. Carfilzomib is an
irreversible proteasome inhibitor that has demonstrated anti-
tumor activity and its pharmacokinetic profile on midazolam
was assessed in 18 patients with solid tumors, using a before/
after study design over a 28-day cycle. No clinically signifi-
cant effects of carfilzomib were seen on the pharmacokinet-
ics of midazolam [31]. Oprozomib is a small molecule in
development for multiple hematological malignancies and
has shown activity as a potential CYP3A4 suppressor [32].
When studied in 18 patients with solid tumors, clinically
relevant inhibition was not seen. Uniquely, this study utilized
a design in which there was a washout period when patients
received neither midazolam nor the study drug [32].

In addition to overall study design, performing these anal-
yses on cancer patients instead of healthy controls poses
other challenges, including the need to reduce burden on the
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patient. In this study, an effort was made to ease the demands
made on patients by reducing the number of samples that
would need to be taken, particularly overnight. For this rea-
son, samples were taken frequently between 0 and 10 h after
administration of midazolam, and then not again until 24 h,
reducing the amount of available plasma concentration—time
data. However, because the half-life of lenvatinib is 28 h and
the ¢.,,, is 1-4 h after dosing [33], we believe this lengthy
period between samples did not have a significant impact on
the robustness of the pharmacokinetic data collected.

The number of patients in this study is aligned with the
numbers in other drug—drug interaction studies [34], and
a total of 18 patients was calculated as necessary to detect
a 25% difference in the mean AUC between midazolam
administered alone versus in combination with lenvatinib.
In addition, to be classified as an inhibitor according to the
FDA guidance, the differences in AUC are on a larger scale
and therefore a lower-powered study is sufficient to detect
changes. The FDA guidance states that a strong inhibi-
tor increases the AUC by > 5-fold, a moderate inhibitor
increases the AUC by <5 to >2-fold, and a weak inhibitor
increases the AUC by <2 to>1.25-fold [19]. If a drug dis-
plays an increase of < 1.25-fold on the AUC, it is not con-
sidered to be an inhibitor. As results from this study of the
impact of lenvatinib on midazolam pharmacokinetics show
an increase of 1.15-fold on the GMR of the AUC, it falls
below the limit to be considered an inhibitor.

For this study, a noncompartmental analysis was chosen.
This method is the preferred method for pharmacokinetic
analysis when the goal is to obtain exposure levels follow-
ing drug administration. This method has few underlying
assumptions, and is appropriate for conditions when data
are limited by a small number of patients or samples [21].

5 Conclusions

The results of this study demonstrate that coadministration
of lenvatinib with midazolam appears to have no clinically
relevant effects on the pharmacokinetics of midazolam, a
CYP3A4 substrate, either following a single dose of len-
vatinib or when lenvatinib concentrations were at steady
state after multiple doses. The results of this study are con-
sistent with physiologically based pharmacokinetic mod-
eling, showing good correlation between the modeling and
in vivo clinical data [18]. No new safety concerns were
identified during this study, and lenvatinib was generally
well tolerated. The most frequently reported TEAEs and
treatment-related TEAEs (fatigue, diarrhea, and hyperten-
sion) were manageable and consistent with the known safety
profile of lenvatinib.
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Table 5 Select TEAES, MedDRA system/organ/class preferred term TEAEs? Treatment-related ~ SAEs
treatmfant-related TEAEs,' and n (%) AEs? n (%)
SAEs in the safety analysis set n (%)
(n=30)
Patients with any TEAEs 26 (86.7) 17 (56.7) 10 (33.3)
Patient deaths from TEAEs - - 1(3.33)
Cardiac disorders - - 2(6.7)
Bradycardia - - 1(3.3)
Stress cardiomyopathy - - 1(3.3)
Gastrointestinal disorders 12 (40.0) 6 (20.0) 4(13.3)
Abdominal pain 3 (10.0) - 2 (6.7)
Abdominal pain upper - - 1(3.3)
Diarrhea 7(23.3) 3 (10.0) -
Intestinal obstruction - - 1(3.3)°
Nausea 4(13.3) 2 (6.7) -
Rectal hemorrhage - - 1(3.3)
Vomiting 2 (6.7) 2(6.7) -
General disorders 11 (36.7) 7(23.3) 1(3.3)
Asthenia 3 (10.0) 2 (6.7) 1(3.3)
Fatigue 8 (26.7) 5(16.7) -
Pyrexia - - 1(3.3)
Respiratory, thoracic, and mediastinal disorders 8 (26.7) - 1(3.3)
Cough 2 (6.7) - -
Dysphonia 2 (6.7) - -
Dyspnea 2 (6.7) - 1(3.3)
Vascular disorders 7(23.3) 6 (20.0) 3(10.0)
Hypertension 7(23.3) 6 (20.0) 3(10.0)
Nervous system disorders 5(16.7) 2(6.7) 1(3.3)
Cerebral hemorrhage - - 1(3.3)
Headache 3 (10.0) 2 (6.7) -

AE adverse event, MedDRA Medical Dictionary for Regulatory Activities, SAE serious adverse event,

TEAE treatment-emergent adverse event

Select TEAEs occurring in>5% of patients

®Select treatment-related AEs occurring in > 2 patients
“This SAE resulted in patient death
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