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Abstract

Purpose Ibrutinib is an orally administered, irreversible
Bruton’s tyrosine kinase inhibitor for treatment of B-cell
malignancy. This study evaluated the effects of single-dose
ibrutinib at therapeutic and supratherapeutic exposures on
cardiac repolarization in healthy subjects.

Methods Part 1 used an open-label, two-period sequential
design to assess the safety and pharmacokinetics of single
doses of ibrutinib 840 and 1680 mg in eight subjects. Part 2
was a randomized, placebo- and positive (moxifloxacin)-
controlled, double-blind, single dose, four-way cross-over
study to assess the effect of ibrutinib (840 and 1680 mg) on
QT/QTec interval. 64 healthy subjects were planned to be
enrolled. Baseline-adjusted QT (QTc) intervals for ibrutinib
and moxifloxacin (assay sensitivity) were compared to pla-
cebo using linear mixed-effect model. A concentration-QTc
analysis was also conducted.

Results No clinically relevant safety observations were
noted in Part 1. During Part 2, one subject experienced
Grade 4 ALT/AST elevations with ibrutinib 1680 mg, lead-
ing to study termination and limiting the enrollment to 20
subjects. Ibrutinib demonstrated dose-dependent increases
in exposure. The upper bounds of the 90% Cls for the mean
difference in change from baseline in QTc between ibrutinib
and placebo were < 10 ms at all timepoints and at suprath-
erapeutic C,,,. Moxifloxacin showed the anticipated QTc
effect, confirming assay sensitivity despite the early study
termination. Ibrutinib caused a concentration-dependent
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mild shortening of QTc and mild PR prolongation, but these
effects were not considered clinically meaningful.
Conclusions Therapeutic and supratherapeutic concentra-
tions of ibrutinib do not prolong the QTc interval.
Clinicaltrials.gov NCT02271438.
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Introduction

Ibrutinib (IMBRUVICA®), is a first-in-class, potent, orally
administered, covalently binding inhibitor of Bruton’s tyros-
ine kinase [1, 2]. It is approved in the US, EU, and other
regions for the treatment of patients with mantle cell lym-
phoma (MCL; 560 mg per day) who have received at least 1
prior therapy, patients with chronic lymphocytic leukemia
(CLL; 420 mg per day) or small lymphocytic lymphoma
(SLL; 420 mg per day), and patients with CLL/SLL with
17p deletion, and patients with Waldenstrom’s macroglobu-
linemia (WM; 420 mg per day) [3]. In the US, it is now also
approved for the treatment of patients with marginal zone
lymphoma (MZL; 560 mg per day) who require systemic
therapy and have received at least one prior anti-CD20-based
therapy [3].

Preclinical cardiovascular safety of ibrutinib has been
assessed in in vitro and in vivo studies. In vitro radioli-
gand binding studies and human ether-a-go-go-related gene
(hERG) ion channel studies identified no specific risks to
human cardiac safety [4]. In vivo safety pharmacology
assessments performed in telemetry monitored dogs identi-
fied increased PR interval, lowered heart rate, and shortened
heart rate-corrected QT (QTc) interval [4].
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The positive benefit/risk ratio of ibrutinib has been
established in multiple Phase 3 settings [5—7] and does not
indicate any clinically meaningful QTc changes in a pre-
dominately elderly population many of whom have known
cardiovascular disease at baseline. Electrocardiogram (ECG)
monitoring performed in two open-label Phase 1b/2 single-
agent ibrutinib studies (NCT01105247; NCT00849654) has
shown no evidence of ECG morphological changes and QTc
prolongation (> 500-ms absolute value or > 60-ms shift from
baseline) in subjects treated with ibrutinib administered at
doses ranging from 420-mg once-daily to 840-mg once-daily
[8]. In the Phase 1b/2 study in patients with CLL/SLL, ibru-
tinib treatment was associated with a tendency for mild QTc
shortening, mild heart rate slowing, and mild PR prolonga-
tion [8].

As prolongation of QTc can be a clinically significant
adverse event of some non-antiarrhythmic drugs, a rigor-
ous characterization of a drug’s ability to prolong QTc is
required [9, 10].

This study was designed as two parts: first, confirm that
ibrutinib 840- and 1680-mg single doses were well tolerated
in Part 1 of the study, followed by a placebo- and positive-
controlled, four-way crossover, blinded, thorough QT/QTc
study in Part 2 to evaluate the effect of single doses of thera-
peutic and supratherapeutic ibrutinib exposure on cardiac
repolarization in healthy adults. The study design and the
doses selected (840-mg single dose, ensuring exposures in
line with those observed at steady-state after the highest
therapeutic dose of 560 mg/day, and 1680-mg dose level to
obtain the supratherapeutic exposure) were suggested and
approved by the Interdisciplinary Review Team (IRT) at
the FDA. Exposures were further enhanced by dosing under
non-fasted condition after a high-fat breakfast [11].

Materials and methods

This study (NCT02271438) was conducted at the Phase
1 Clinical Pharmacology Unit of Janssen R & D in Bel-
gium from 27 October 2014 to 04 May 2015. Protocol and
amendments(s) were reviewed and approved by an Inde-
pendent Ethics Committee. The study was conducted in
accordance with the ethical principles communicated in the
Declaration of Helsinki and in accordance with the Interna-
tional Conference on Harmonization (ICH) Good Clinical
Practice guidelines, applicable regulatory requirements and
in compliance with the protocol. Study subjects provided
written informed consent prior to study participation. The
design of Part 2 of this study followed the general design
principles outlined in the ICH E14 guidance for the clinical
evaluation of the QT/QTc interval with non-antiarrhythmic
drugs [9].
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Study population

Healthy men and healthy women of non-child bearing poten-
tial, aged between 18 and 55 years (inclusive), with a body
mass index (BMI) between 18.0 and 30.0 kg/m? (inclusive)
and weighing not less than 50 kg were eligible for enroll-
ment in this study. Subjects were non-smokers with nor-
mal 12-lead ECG recordings demonstrating normal cardiac
rhythm and conduction and normal blood pressure at screen-
ing. Subjects with QTc interval between 350 and 430 ms
(men) or 450 ms (women), QRS interval of <110 ms, and
PR interval of <200 ms were eligible for enrollment in the
study. Subjects with a history of long or short QT syndrome,
clinically relevant heart rhythm disturbances (atrial, junc-
tional, re-entry, and ventricular tachycardias), heart blocks,
unusual T-wave morphology likely to interfere with QT
interval measurement, electrolyte abnormalities (> Grade 2
hypokalemia, hypocalcemia, hypomagnesemia), or clinically
significant medical illness were excluded from the study.

Concomitant medications

The use of required doses of acetaminophen/paracetamol
and hormone replacement therapy was permitted. Prescrip-
tion medications and over-the-counter medications including
homeopathic medications, dietary supplements, or herbal
medications were prohibited within 14 days before participa-
tion and during the study.

Study design and treatments

This was a single-center, two-part, study in healthy sub-
jects. In the open-label, two-period sequential Part 1, sub-
jects were administered a single dose of ibrutinib 840 mg
(6 X 140-mg capsules; therapeutic exposure) and six placebo
capsules in period 1 and ibrutinib 1680 mg (12 X 140-mg
capsules; supratherapeutic exposure) in period 2. The two
treatment periods were separated by a washout period of
minimally 7 days. The objective of Part 1 of the study was
to assess the safety, tolerability, and pharmacokinetics of a
single dose of ibrutinib at therapeutic and supratherapeu-
tic exposures. Together with the screening period (20 days)
and the follow-up visit 10 days after the last dose, the total
planned study duration for each subject was 42 days.

Part 2, a four-way cross-over, randomized, single-dose,
double-blind, placebo- and positive (moxifloxacin) con-
trolled study, was initiated after confirmation of adequate
tolerability and adequate ibrutinib exposure with the supra-
therapeutic dose in Part 1. In Part 2, subjects were rand-
omized to receive single doses of ibrutinib 840 mg, ibruti-
nib 1680 mg, and placebo and moxifloxacin 400 mg after a
high-fat breakfast. Treatments were randomly assigned to
one of the four treatment sequences with a minimum 7-day
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washout between treatment periods. Ibrutinib was supplied
as 140-mg hard gelatin capsules and moxifloxacin as 400-
mg capsules. Placebo was supplied as capsules that matched
ibrutinib or moxifloxacin capsules in appearance. Together
with the post-treatment visit (day 4 of period 4 or at early
withdrawal) and a follow-up visit 10 days after the last dose,
the total planned study duration for each subject was 58-76
days.

The primary objective of Part 2 of this study was to
assess the effects of a single dose of therapeutic and supra-
therapeutic ibrutinib exposure on QT/QTc intervals and
ECG morphology in healthy adults. The secondary objec-
tives included evaluation of the effects of ibrutinib on ECG
parameters (HR, RR, PR, and QRS intervals), pharmacoki-
netics of ibrutinib and its metabolite PCI-45227, the poten-
tial relationship between the plasma concentrations of ibru-
tinib and PCI-45227 and QT/QTc changes, and the safety
and tolerability of ibrutinib in healthy subjects.

Determination of the population sample size for Part 2

Approximately 64 healthy subjects were planned to be
recruited to the thorough QT study to ensure that at least
52 subjects completed all required assessments. A sample
size of 52 subjects was required to achieve an 80% power
for obtaining 90% Cls for the difference in mean AQTc
between each dose of ibrutinib and placebo (AAQTc) at a
single timepoint to fall below 10 ms. These assumptions
were based on an intra-subject standard deviation (SD) for
AQTc of 10 ms and a true difference in means between each
dose of ibrutinib and placebo of 5 ms.

Pharmacokinetics

Blood samples (2.5 mL each) were collected before dos-
ing and up to 72 h after each dose in Part 1 of the study.
During Part 2, blood samples were collected before dose
administration and within 5 min after each postdose 12-lead
ECG recording (up to 72-h postdose). Validated liquid chro-
matography coupled to tandem mass spectrometry methods
was used to assay plasma concentrations of ibrutinib and
its metabolite PCI-45227 [12], and moxifloxacin (data on
file) at Frontage Laboratories, Exton, PA, USA. Pharmacoki-
netic parameters included maximum plasma concentration
(Cinax)» time to Cp. (#,,.,), area under the plasma concentra-
tion—time curve (AUC) from time 0-24 h (AUC,,) and time
of the last quantifiable concentrations (AUC,,,), elimination
half-life (¢,,,), apparent volume of distribution (V,/F), oral
clearance (CL/F, parent only), and metabolite-to-parent ratio
(MPR, metabolite only). PK parameters were summarized
using descriptive statistics.

Electrocardiogram and QTc analyses

In Part 2, serial 12-lead ECGs were recorded in triplicate
at three timepoints before dosing (— 1 h, — 30 min, and
— 10 min), at nine timepoints on the day of dosing (30 min
and 1, 1.5,2, 3,4, 6,8, and 12 h) and at 24, 36, 48, and 72 h
postdose. ECG interval duration was measured by trained
professionals using a high-resolution, semi-automatic (com-
puter-assisted) on-screen caliper method on the “global”
presentation of superimposed median PQRST complexes
from all leads. The final ECG interval measurement was
confirmed by a cardiologist who also performed a diagnostic
assessment (e.g., normal, abnormal, myocardial infarction,
ST segment elevation, etc) of the ECG at the central labora-
tory (Quintiles Data Processing Centre, Mumbai, India). The
cardiologist also evaluated the T- and U-wave morphology.
Heart rate (HR), PR, RR, QRS, and QT intervals were meas-
ured in triplicate from the 12-lead ECG. Both ECG readers
and cardiologists were blinded to treatment group, treatment
period, dosing day within period, timepoint within day, and
subject identifiers.

QT interval data were corrected for heart rate using the
Bazett formula (QTcB), Fridericia formula (QTcF), and
a study-specific power model (QTcP). The baseline QTc
intervals were the average of the three sets of triplicate QTc
values recorded at 1 h, 30 min, and 10 min prior to dosing
on day 1 of the period. The changes from baseline in QTc
(AQTc), and the difference in AQTc between each treatment
and placebo (AAQTc), were calculated.

Primary correction method

As the slope of the effect of heart rate was still significant
with QTcF, a study-specific population correction (QTcP)
was computed using the estimated slope from a linear mixed
effects model of log (QT) over log (RR) at baseline. QTcP
was used as the primary correction method [13]. The QTcP
was calculated using the formula below with the estimated
population estimate of power (b):

QTcP = QT/(RR/1000)°. 1)
QTc analyses were performed using the standards set by
ICH E14.

QTec assay sensitivity

The assay sensitivity was assessed by evaluating the dif-
ference in mean AQTc between moxifloxacin and placebo
(AAQTc) over the four pre-selected timepoints (2-, 3-, 4-,
and 6-h postdose). A linear mixed effect model was applied
to construct the point estimate of the mean difference in
AQTec and the associated 90% CI. The lower limits of the
90% CI over the four pre-selected timepoints were compared
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to the regulatory defined threshold of 5 ms. The multiplicity
corrected CI using Bonferroni procedure was not considered
in assessing assay sensitivity due to the significantly reduced
sample size and statistical power.

Pharmacodynamics and pharmacokinetics/
pharmacodynamics analysis

All ECG variables, the corresponding change from baseline
variables, and AAQTc were summarized using descriptive
statistics (mean, SD, and two-sided 95% CI) for each treat-
ment and timepoint. Linear regression analysis of QT/QTc
over RR at baseline was performed. A linear mixed-effects
model was used with concentration as a predictor and sub-
ject as a random effect (random intercept and random slope
model) to describe the relationship between ibrutinib plasma
concentration and AAQTc. If the intercept term was not
significant, the model was refit with a zero intercept term.
The analysis was also conducted with PCI-45227 plasma
concentration.

Safety

Safety and tolerability were monitored throughout the study.
The safety analysis was based on all subjects who received at
least one dose of study drug (Part 1) or all subjects who were
randomized to a treatment sequence and received at least one
dose of the study drug (Part 2). Safety assessments included
treatment-emergent adverse events (TEAES), clinical labora-
tory tests, ECG, vital signs, and physical examination, and
were summarized using descriptive statistics.

Results
Demography and participation

In Part 1, eight healthy subjects were enrolled and com-
pleted the two-period sequential treatment. The majority
were women (62.5%), the median age of the subjects was
51 years (range 34-55 years), median weight was 71.4 kg
(range 53.7-86.2 kg), and median body mass index (BMI)
was 24.1 kg/m? (range 20.2-27.8 kg/m?). All subjects were
white. In Part 2, a total of 20 subjects of the planned 64 were
randomized. Majority of the subjects were men (80.0%)
and white (85.0%). The median age of the subjects was
43.5 years (range 28—54 years), median weight was 74.7 kg
(range 51.4-94.0 kg), and the median BMI was 25.15 kg/m?
(range 18.2-28.5 kg/m?). Part 2 of the study was terminated
early due to a safety observation in one subject; no subject
received all four study treatments in the four-way crossover
before termination of the study. Sixteen (80.0%) subjects
had received three of the four study treatments, two (10.0%)
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subjects had received two study treatments, and two (10.0%)
subjects had received one study treatment. Of the 16 sub-
jects who received three of the four treatments, nine received
ibrutinib (either 840 or 1680 mg or both), the negative con-
trol (placebo), and/or the positive control (moxifloxacin).
Overall, 13 subjects received placebo, 14 received moxiflox-
acin, 13 received ibrutinib 840 mg, and 14 subjects received
ibrutinib 1680 mg. Other than termination of the study by
the sponsor (20 subjects), the reasons for early discontinua-
tion from the study were adverse events (Part 2: 2 subjects),
noncompliance with prohibited medications (Part 2: 1 sub-
ject), and withdrawn consent (1 subject).

Pharmacokinetics

In both Part 1 (8 subjects) and Part 2 (14 subjects) of the
study, exposure to ibrutinib (AUC) increased slightly greater
than dose-proportionally when the dose was increased from
840 to 1680 mg, whereas exposure to PCI-45227 increased
in a dose-proportional manner. C,,,, for ibrutinib increased
in a dose-proportional manner when the dose was increased
from 840 to 1680 mg and less than dose-proportional for
PCI-45227. Accordingly, metabolite-to-parent ratios were
lower following the 1680-mg dose compared with the 840-
mg dose. With 7, of approximately 4 h, absorption was
slightly delayed after the ibrutinib 1680-mg dose compared
to ibrutinib 840 mg, whereas terminal half-lives were similar
for the two dose levels (Table 1; Fig. 1).

Of the 20 subjects enrolled in Part 2, 14 subjects received
a single dose of moxifloxacin 400 mg. Maximum concentra-
tions of moxifloxacin in plasma ranged from 148 to 3100 ng/
mL, with a mean C,,, of 1720 ng/mL (CV =56.1%) reached
at a median ¢, of 3 h.

QT correction

Three different QT corrections, QTcP, QTcB, and QTCcF,
were applied. A power of 0.2052 was derived to com-
pensate for the relationship between QT and RR for
QTcP. Slopes (95% CI) were 0 (—0.0393; 0.0393) for
QTcP, —0.2947 (-0.3334; —0.2559) for QTcB, and
—0.1284 (- 0.1676; —0.0892) for QTcF.

QTec assay sensitivity

Assay sensitivity was assessed using moxifloxacin as the
positive control. A linear mixed-effects model demonstrated
that the lower limits of the 90% CIs for AAQTc exceeded
5 ms following dose administration at one or more of the
four timepoints across all three correction methods (at 3 h
for QTcP, at 3, 4, 8, and 24 h for QTcB, and at 3, 4, 6, 8, and
24 h for QTcF). The result suggested an acceptable assay
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Table 1 Plasma pharmacokinetic parameters for ibrutinib and PCI-45227 (Pharmacokinetic Analysis Set)

Parameter, Part 1 Part 2
mean (SD) . —
Ibrutinib PCI-45,227 Ibrutinib PCI-45,227
840 mg (n=8) 1680 mg 840 mg (n=8) 1680 mg 840 mg 1680 mg 840 mg 1680 mg
(n=8) (n=8) (n=13) (n=14) (n=13) (n=14)
Cax (ng/mL) 248 (82.6) 567 (282) 304 (58.4) 534 (146) 304 (181) 719 (491) 256 (76.4) 468 (169)
fnax (W? 3.02.040) 3.02.0-6.0) 3.0(2.0-60) 40(@2.0-6.0) 3.02(6.03- 4.06 (2.07- 3.02 2.07- 4.07 2.07-
1.52) 6.03) 6.03) 6.03)
1y, () 6.0 (1.6) 6.5 (1.3) 10.0 (1.7) 9.1(1.7) 6.0 (1.8) 6.9 (1.8) 11.1 3.1 10.7 (1.7)
AUC,, (ngh/ 1048 (350) 2850 (1465) 2643 (574)  5192(1864) 1200 (650) 3656 (2050) 2073 (522) 4348 (1507)
mL)
AUC,, (ng.h/ 1080 (369) 3029 (1486) 2984 (650) 5944 (1955) 1229 (677) 3819 (2095) 2363 (591) 5078 (1729)
mL)
V,/F (L) 7654 (3589) 6857 (4416) NA NA 7554 (4709) 6693 (6176) NA NA
CL/F (L/h) 903 (472) 691 (363) NA NA 970 (734) 599 (380) NA NA
MPR C,,.« NA NA 1.25 (0.47) 1.06 (0.47) NA NA 1.22 (0.98) 0.89 (0.65)
MPR AUC,;, NA NA 2.56 (0.86) 1.89 (0.58) NA NA 2.15(1.27) 1.43 (0.91)
MPR AUC,,, NA NA 2.80(0.93)  2.02(0.60)  NA NA 240 (1.39)  1.58 (0.95)
(A) 1200- Primary endpoint determined using QTcP
—O— Ibrutinib 1680 mg (n=14)
—@— Ibrutinib 840 mg (n=13)
1000 T At most postdose timepoints, mean decreases from baseline
E B in QTcP interval were observed in subjects administered
g 800-] _ with ibrutinib and placebo with changes from baseline rang-
% ing from — 10.3 to — 0.2 ms for ibrutinib 840 mg, — 6.7 to
s ™ T 2.1 ms for ibrutinib 1680 mg, and — 8.7 to 7.0 ms for pla-
§ oo 1 cebo. In contrast, moxifloxacin resulted in mean changes
g from baseline (— 6.8 to 13.9 ms) at most postdose timepoints
R— H\‘l' 1 (Fig. 2a). Following the administration of moxifloxacin
1 '\‘ 400 mg, one subject had > 30 ms increase from baseline in
o = = i . - 1 QTcP; no increase of >30 ms was observed for ibrutinib
0 4 8 i 16 » » or placebo. No subject of any treatment group had a QTcP
(B) oo value > 450 ms or an increase from baseline > 60 ms at any
g ol timepoint during the study.
g The mean QTcP values were lower with ibrutinib 840 mg
B aoy ap— than with placebo at most timepoints with the largest
g o] O 1080mg (r=14) AAQTCcP being —7.3 ms. After administration of ibrutinib
5 1680 mg, the largest mean AAQTcP was —4.6 ms. In con-
é =01 trast, the mean A AQTcP values were higher with moxifloxa-
g 1o cin than with placebo at all timepoints and ranged from 0.1
& N to 8.8 ms (Fig. 2b). Results from the mixed-effects model
2 x e 52 = g 4 for pairwise comparisons of the exposures with ibrutinib
Time, hours 840-mg doses and supratherapeutic ibrutinib exposures and

Fig. 1 a Mean (SD) plasma concentration—time profiles for ibruti-
nib. b Mean (SD) plasma concentration—time profiles for PCI-45227
metabolite

sensitivity, consistent with the overall moxifloxacin time/
QTec curve based on the past studies [8, 14—-16].

placebo showed that the upper bounds of the 90% ClIs for
mean AAQTcP were < 10 ms, indicating no QTc interval
prolongation with ibrutinib (Table 2). The lower limit of the
90% CI was not greater than 0 ms at any timepoint for the
ibrutinib treatments.

The change in QTcF and QTcB intervals over time fol-
lowed the same pattern as that for QTcP.
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(A) 200-

Mean Change in QTcP Interval (ms)

—=o— Placebo (n=3)

---0--- Moxifloxacin 400 mg (n=14)
- —&- - lbrutinib 840 mg (n=13)

»»»»» #----- |brutinib 1680 mg (n=14)

0.5 1 15 2 3 4

(B) 350+

20.0
15.0
10.0

5.0

0.0

Mean Difference in QTcP Interval (ms)

6 8 12 24 36 48 72

Time (hour)

——e— Moxifloxacin 400 mg vs Placebo (n=9)
----- 2 |brutinib 840 mg vs Placebo (n=7)
- -8~ - Ibrutinib 1680 mg vs Placebo (n=8)

0.5 1 15 2 3 4

I I I I I ] I
6 8 12 24 36 48 72

Time (hour)

Fig. 2 a Mean change from baseline in QTcP intervals over time. b Placebo- and baseline-corrected QTcP interval over time for ibrutinib and

moxifloxacin

Heart rate

The mean values for HR were generally lower after admin-
istration of ibrutinib than at baseline across all treatment
groups. There was a trend for decreasing mean values
during the first 4 h after dose administration in the ibru-
tinib 840 mg, ibrutinib 1680 mg, and placebo groups.
In contrast, the mean values were stable during the first
4 h after administration of moxifloxacin. HR > 100 bpm
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was not observed in any patient of any treatment group.
HR < 50 bpm was observed in 13 dosing occasions (ibru-
tinib 840 mg: 3 [23.1%], ibrutinib 1680 mg: 5 [35.7%],
placebo: 3 [23.1%], and moxifloxacin: 2 [14.3%]). All
the low values for HR occurred during the first 8 h after
dose administration, except for four occasions (placebo: 1
[7.7%] and ibrutinib 1680 mg: 3 [21.4%]), where low HR
values occurred 24 h after dose administration.
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Table 2 Difference in change from baseline in QTcP intervals over time versus placebo
QTcP intervals (ms)  Moxifloxacin 400 mg Ibrutinib 840 mg Ibrutinib 1680 mg
Minus placebo Minus placebo Minus placebo
Timepoints (h) LSmean SE 90% CI LSmean SE 90% CI LSmean SE 90% CI
0.5 —1.535 2.138  (—5.05;1.98) —1.168 2.184  (—4.76;2.43) 0.630 2,142 (—2.89;4.16)
1 1.445 2.138  (—2.07;496) —0.767 2.184  (—4.36;2.83) 0.291 2,142 (—3.23;3.82)
1.5 3.035 2.138 (—0.48;6.55) —2.757 2.184 (—6.35;0.84) —0.811 2,142 (—4.34;2.71)
2 3.700 2.138  (0.17;7.22) —2.844 2.184 (- 6.44;0.75) —0.422 2,142 (—3.95;3.10)
3 8.610 2.138  (5.08;12.13) —1.833 2.184  (—5.43;1.76) —2.370 2,142 (—=5.90; 1.16)
4 5.370 2.138  (1.84;8.89) —6.584 2.184 (—10.18; -298) —5.143 2,142 (- 8.67; —
1.61)

7.506 2177  (3.92;11.09) —3.786 2222 (—744;-0.12) —2544 2.181 (- 6.13;1.04)
8 8.175 2177  (4.58;11.76)  —0.648 2222 (—4.30;3.01) 0.685 2.181  (—2.90;4.27)
12 7.491 2177  (3.90;11.07)  —0.299 2222 (—3.96;3.36) 2.078 2181 (- 1.51;5.67)
24 4.672 2177  (1.08; 8.25) 1.670 2222 (—1.99;5.33) 2.731 2.181 (- 0.86;6.32)
36 3.174 2177  (-041;6.76) —3.932 2222 (—=17.59;-0.27) 0.008 2.181  (—3.58;3.60)
48 0.306 2177  (-3.27;3.89) —0.969 2222 (—4.62;2.69) 2.607 2.181 (- 0.98;6.19)
72 2.177 2177 (- 1.40;5.76) 0.112 2222 (—3.54;3.77) — 2425 2.181 (- 6.01;1.16)

linear mixed effect model was used with sequence, treatment, period, time point of measurement, and treatment by time point of measurement
interaction as fixed effects, baseline value of QTc as covariate, and subject as a random effect

LS least square, SE standard error, CI confidence interval

Other ECG parameters

Across treatment groups, mean increases from baseline in
PR interval were observed at most postdose timepoints. The
mean changes from baseline ranged from — 0.4 to 3.5 ms for
ibrutinib 840 mg, 0.7 to 8.2 ms for ibrutinib 1680 mg, —2.8
to 7.1 ms for placebo, and — 0.8 to 6.3 ms for moxifloxa-
cin 400 mg. For both doses of ibrutinib, the mean changes
were larger than those for placebo between 3 and 12 h after
dosing. For moxifloxacin, the mean changes were generally
similar to, or lower than, those for placebo.

Mean changes in QRS interval over time were small
and similar across the four treatments, with no time-related
trends. The changes from baseline remained within 2 ms for
all treatments.

Most subjects had normal T-waves and U-wave was
absent in all subjects. One subject had an abnormal T-wave
morphology on three ECGs recorded 72 h after receiving
placebo and on all ECGs recorded 1, 2, and 36 h after receiv-
ing moxifloxacin 400 mg. Another subject had a known,
long-standing deviation described as “flat T wave/mild
inversion in the inferior lead of the ECG” which was not
considered clinically significant by the investigator.

Pharmacokinetics/pharmacodynamics analysis

The PK/PD results suggested a negative relationship between
plasma concentrations of ibrutinib or PCI-45227 and change

in QTc. At the mean C,,, for ibrutinib following the admin-

istration of ibrutinib 840 mg and ibrutinib 1680 mg, the esti-
mated AA QTcP (90% CI) was —1.92 ms (—4.23, 0.39) and
—5.27 ms (—9.41, —1.13), respectively. The upper bound
of the 90% CI at ibrutinib 1680 mg C,,,, was <10 ms. The

max

30+ AAQTCcP=-0.0072*conc

2040

108

-10-

A A QTcP Intervals (ms)

-20-

-30

0 500 1000 1500 2000

Plasma Concentration of Ibrutinib (ng/mL)

Fig. 3 Scatter plots of individual changes in baseline-adjusted QTcP
difference from placebo versus plasma concentrations of ibrutinib
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results suggest a decrease of 0.72 and 0.76 ms in AAQTcP
with each 100 ng/mL increase in plasma concentration of
ibrutinib (Fig. 3) and PCI-45277, respectively. Converted to
QTCcP at the therapeutic ibrutinib dose of 560 mg daily (C,,,,
= 164 ng/mL), the predicted effect is —0.78 ms (—2.82,
1.26). Conversely, a positive relationship between plasma
concentrations of ibrutinib or PCI-45227 and change in PR
interval was observed. At the mean C,,, for ibrutinib fol-
lowing the administration of ibrutinib 840 mg and ibrutinib
1680 mg, the estimated AA PR (90% CI) was 2.63 (— 0.01,
5.27) and 5.94 (1.29, 10.58), respectively.

Safety

Data for all 28 enrolled subjects were included in the safety
analysis. In Part 1 of the study, a total of nine TEAEs were
reported by three (37.5%) subjects, and all events were
reported recovered or resolved by the end of Part 1. Single
doses of ibrutinib of 840 and 1680 mg resulted in an accept-
able safety profile that was well tolerated in Part 1 and the
adverse event profile was similar to what has been reported
in other single dose studies with ibrutinib in healthy subjects
[11, 17, 18]. There were no clinically significant abnormali-
ties in laboratory safety, vital signs, or ECGs.

In Part 2, safety data were based on the 20 subjects who
received at least one dose of study medication. The most fre-
quently occurring TEAEs (> 10% of subjects) were diarrhea
(35.0%), upper abdominal pain (30.0%), nausea (20.0%),
and headache (15.0%) (Table 3). The overall percentage of
TEAEs was similar for all the four treatment groups (moxi-
floxacin 400 mg [50.0%], ibrutinib 840 mg [46.2%], ibruti-
nib 1680 mg [50.0%], and placebo [38.5%]). One subject in
the ibrutinib 1680 mg group discontinued the study due to
three SAEs: Grade 4 alanine transaminase (ALT)/aspartate
transaminase (AST) increases in combination with Grade 2

myalgia and Grade 2 abdominal upper pain. Grade 2 gas-
troenteritis led to study discontinuation of one subject in
the moxifloxacin 400 mg group which was not considered
related to the study drug.

As mentioned above, one subject had Grade 4 elevations
of AST (926 U/L) and ALT (3312 U/L) that began 1 day
after completing period 2. The subject had received ibrutinib
840 mg 11 days earlier in period 1 and ibrutinib 1680 mg
4 days earlier in period 2. The subject was withdrawn from
the study due to Grade 4 SAE (hepatic enzyme increased)
and Grade 2 SAEs (myalgia and abdominal pain upper) and
was hospitalized for hepatic function monitoring. Maximal
elevations of ALT and AST occurred 8 days after the last
ibrutinib dose and reached normal ranges after 26 days. Bili-
rubin remained within normal range at all timepoints. No
alternative causes for the ALT/AST elevations were identi-
fied based on further investigations including viral serology,
autoimmune testing, and abdominal ultrasound. The events
of Grade 4 ALT/AST increase, and Grade 2 abdominal pain
and Grade 2 myalgia were considered possibly drug related
by the Investigator. Systemic exposure of ibrutinib and the
PCI-45227 metabolite, as well as four other documented
metabolites was at the lower end of the range observed in
the study. Since a causal relationship of the liver function
abnormalities to ibrutinib could not be ruled out, further
dosing was stopped and the study was subsequently termi-
nated by the sponsor. No clinically relevant changes in any
other laboratory safety parameters or in vital signs were
observed in Part 2 of the study.

Discussion

In this study, we evaluated the effects of ibrutinib on
cardiac repolarization in healthy subjects as per the

Table 3 Incidence of treatment-emergent adverse events > 10% in any group (safety analysis set)

Placebo, n=13 Moxifloxacin Ibrutinib 840  Ibrutinib 1680  Total, n=20
400 mg, n=14 mg, n=13 mg, n=14
Subjects with treatment-emergent adverse events 5(38.5) 7 (50.0) 6 (46.2) 7 (50.0) 15 (75.0)
Gastrointestinal disorders 3(23.1) 5(35.7) 3(23.1) 5(35.7) 11 (55.0)
Diarrhoea 1(7.7) 2(14.3) 2(15.4) 3(21.4) 7(35.0)
Abdominal pain upper 0 3(21.4) 2(15.4) 3(21.4) 6 (30.0)
Nausea 2(15.4) 0 1(7.7) 1(7.1) 4 (20.0)
Nervous system disorders 2(154) 2(14.3) 2(15.4) 1(7.1) 5(25.0)
Headache 0 1(7.1) 2(15.4) 1(7.1) 3 (15.0)
Dysgeusia 1(7.7) 1(7.1) 0 0 2 (10.0)
Eye disorders 1(7.7) 0 1(7.7) 0 2 (10.0)
General disorders and administration site conditions 0 0 1(7.7) 1(7.1) 2 (10.0)
Infections and infestations 0 1(7.1) 0 1(7.1) 2 (10.0)
Musculoskeletal and connective tissue disorders 1(7.7) 0 1(7.7) 1(7.1) 2 (10.0)
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recommendation in the ICH14 guideline. Although the test
dose of 840 mg in this study is higher than the currently
approved doses of 420 and 560 mg, the higher dose was
selected to better represent the therapeutic exposures in
patients at steady state who are taking multiple doses of
ibrutinib under typical dosing conditions (i.e., non-fasted
and after steady-state dosing) [11]. Based on the current
labeling, the two-fold higher dose of 1680 mg was selected
to reflect the potential supratherapeutic exposure scenarios
in patients at steady state. A previous study demonstrated
that ibrutinib exposure is reduced to approximately 60%
when administered under fasted conditions [11]. Ibrutinib
is approved for administration regardless of food intake
[3, 11]. It should be noted that the ibrutinib mean C,,,,
achieved at the 840 and 1680 mg doses exceeded the docu-
mented mean C,,, at the 560 mg dose, i.e., 164 ng/mL,
by a factor of 1.9 and 4.4, respectively, thus amply cov-
ering the target range of exposures including those that
could occur when ibrutinib is taken at the reduced dose
of 140 mg, either in combination with moderate or strong
CYP3A inhibitors, or when taken by patients with mild
or moderate liver impairment. The results of this study
indicate that ibrutinib had no clinically significant effects
on the QTc interval at both 840- and 1680-mg dose lev-
els. The upper bounds of the 90% ClIs for the placebo-
corrected AAQTec at all timepoints for subjects receiving
ibrutinib were below 10 ms for all three QT correction
methods (QTcP, QTcF, and QTcB) and below the threshold
of regulatory concern [9].

In the current study, ibrutinib and placebo were associ-
ated with mean decreases in QTcP from baseline at most
timepoints observed, whereas the positive control moxi-
floxacin was associated with a mean increase in QTc from
baseline at most timepoints, in line with expectations.

Results from the non-linear mixed effects PK/PD model
suggest a negative relationship between the plasma con-
centrations of ibrutinib and change in QTc, and a positive
relationship between plasma concentrations of ibrutinib and
change in PR interval. Similar relationships were noted with
PCI-45227, ibrutinib metabolite, as parent and metabolite
concentrations are highly correlated. However, the mag-
nitude of the shortening of QTc interval and prolongation
of PR interval were not considered clinically significant
[19-21].

The results of this study are consistent to those from the
Phase 1b/2 Study 1102 [22] which did not report prolonga-
tion of QTc interval as a concern. Designed to determine
the safety, preliminary efficacy, PK and PD of a fixed-dose
daily regimen of ibrutinib 420 mg and ibrutinib 840 mg in
patients with CLL/SLL, QTcF intervals were not prolonged
by ibrutinib at either dose in Study 1102. In the current
study, consistent with the previous results, ibrutinib was
also associated with subclinical reductions in mean heart

rate, but without bradycardia (HR <60 bpm). In addition,
mild increases in the PR interval were noted, but none above
200 ms. Ibrutinib at both dose levels did not affect QRS
duration.

The PK profile of ibrutinib exhibited a dose-dependent
exposure (AUC) and C,,,,. The oral volume distribution and
half-lives were comparable between the two doses, the oral
clearance and the metabolite-to-parent ratios were approxi-
mately 25-35% lower after ibrutinib 1680 mg than ibrutinib
840 mg.

Overall, ibrutinib 840 mg had an acceptable safety profile,
similar to earlier studies with lower doses in healthy subjects
and larger trial populations [5, 23, 24]. No clinically impor-
tant treatment-emergent adverse events or changes in clini-
cal chemistry were observed. An event of reversible Grade
4 hepatic enzymes increase (ALT and AST) was observed
following single dose administration of ibrutinib 1680 mg.
These elevations normalized over the course of 1 month.

Although the study included a smaller-than-intended
sample size as based on statistical assumptions, the posi-
tive control moxifloxacin behaved as expected on the ECG
parameters. The maximum mean and upper bound of the
90% ClIs for moxifloxacin were 8.6 and 12.1 ms at 3-h post-
dose confirming the sensitivity and validity of the test. In
addition, the QTcF evaluation parameters were met and this
further supports the acceptability of the assay sensitivity
[25]. Mining of QTc data obtained in first-in-human stud-
ies provided further evidence that exposure-response rela-
tionships can provide a reliable prediction of a QT liability
despite small sample sizes [26, 27].

Despite the smaller-than-intended sample size due to the
early termination of the study, the data support the conclu-
sion that single therapeutic and supratherapeutic doses of
ibrutinib are not associated with QTc interval prolongation
in healthy subjects. Ibrutinib at the approved maximum ther-
apeutic dose of 560 mg per day is unlikely to have a clini-
cally relevant effect on cardiac repolarization in patients.
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