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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT

AIMS

Ibrutinib, an inhibitor of Bruton’s tyrosine kinase, is used in the
treatment of mantle cell lymphoma or chronic lymphocytic leukaemia.
Ibrutinib undergoes extensive rapid oxidative metabolism mediated
by cytochrome P450 3A both at the level of first pass and clearance,
which might result in low oral bioavailability. The present study was
designed to investigate the absolute bioavailability (F) of ibrutinib in
the fasting and fed state and assess the effect of grapefruit juice (GFJ)
on the systemic exposure of ibrutinib in order to determine the fraction
escaping the gut (Fg) and the fraction escaping hepatic extraction (Fy,)

WHAT THIS STUDY ADDS g -G
METHODS

All participants received treatment A [560 mg oral ibrutinib, under
fasting conditions], B (560 mg PO ibrutinib, fed, administered after
drinking glucose drink) and C (140 mg oral ibrutinib, fed, with intake of
GFJ before dosing). A single intravenous (i.v.) dose of 100 pug '>Ce-
ibrutinib was administered 2 h after each oral dose.

RESULTS

The estimated ‘F’ for treatments A, B and C was 3.9%, 8.4% and 15.9%,
respectively. Fg and Fy, in the fed state were 47.0% and 15.9%,
respectively. Adverse events were mild to moderate in severity (Grade
1-2) and resolved without sequelae by the end of the study.

CONCLUSION

The absolute oral bioavailability of ibrutinib was low, ranging from
3.9% in the fasting state to 8.4% when administered 30 min before a
standard breakfast without GFJ and 15.9% with GFJ. Ibrutinib was well
tolerated following a single oral and i.v. dose, under both fasted and
fed conditions and regardless of GFJ intake status.
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Introduction

Chronic lymphocytic leukaemia (CLL) is the most com-
mon leukaemia in adults in Western countries. In partici-
pants with relapsed or refractory disease or in the elderly,
because of the advanced age at onset, there is a need for
tolerable effective treatment options for CLL [1, 2].
Dysregulated Bruton'’s tyrosine kinase (BTK) leads to the
maintenance and expansion of B-cell malignancies, in-
cluding CLL [3-5]. Ibrutinib is a covalently binding inhib-
itor of BTK [6]. It has been approved for treating patients
with mantle cell lymphoma (MCL) and for treating
patients with CLL [7-10].

In vitro studies have shown that ibrutinib is me-
tabolized primarily by the cytochrome P450 (CYP) family
of enzymes, specifically CYP3A enzymes [6]. Results from
an earlier study in healthy participants demonstrated
a > 24-fold mean increase in ibrutinib exposure following
coadministration with the CYP3A inhibitor ketoconazole
[11]. Furthermore, as ibrutinib is not a permeability
glycoprotein (P-gp) substrate, it is confirmed that the
increase in ibrutinib exposure observed when coad-
ministered with ketoconazole was based on CYP3A4-
dependent interaction. This underscores that ibrutinib is
a high-extraction drug with blood flow-limited clearance
(CL) and a high first-pass extraction [6]. In a mass-balance
study, complete oral absorption of ibrutinib under fasting
conditions was confirmed [12]. In previous studies, it was
observed that the administration of ibrutinib under
fasting conditions resulted in approximately 60% of
exposure [area under the plasma concentration-time
curve (AUC) from time 0 to the time of the last
quantifiable concentrations (AUC,,s)] compared with its
administration either 30 min before or 2 h after a meal
[13]. Similar observations were made for propranolol,
metoprolol, diprafenone and budesonide, the latter drug
being exclusively cleared through CYP3A-mediated
metabolism [14, 15].

Several studies have examined the effect of
grapefruit juice (GFJ) and its constituents on CYP3A-
mediated drug metabolism. It has been shown that the
elevation in drug exposure that occurs with GFJ ingestion
is the result of an irreversible inhibition of CYP3A activity
by furanocoumarins present in the juice [16-22]. The GFJ
furanocoumarins inhibit CYP3A in the enterocyte cells
lining the small intestine but do not significantly inhibit
hepatic CYP3A enzyme activity (single-strength GFJ).
Therefore, to differentiate between gut and hepatic first-
pass metabolism of ibrutinib, single-strength GFJ was used
in the present study.

The traditional approach for the determination of the
absolute bioavailability (F) of an orally dosed compound
uses a crossover study design for oral and intravenous
(i.v.) administration. This approach requires the develop-
ment of an i.v. formulation, and thus for i.v. animal toxi-
cology studies to be carried out to assess the risk
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associated with exposing healthy participants to a new
drug product via a route not previously studied [23]. An
alternative approach to determining F that does not re-
quire additional i.v. animal toxicology studies is the use
of a radio isotope-labelled or stable isotope-labelled
(SIL) microdose (<100 pg) for the i.v. component of the
study [24]. In this approach, the linearity of pharmacoki-
netics (PK) following a microdose relative to an oral
therapeutic dose is ascertained by administering the
i.v. microdose at the time taken (tnayx) to reach peak level
(Crnax Of the (unlabelled) oral dose [24]. This approach is
feasible as the body cannot distinguish between ibrutinib
molecules originating from the i.v. microdose and the oral
therapeutic dose when dosed at the same time, and
therefore ‘sees’ the iv. microdose as a therapeutic dose
with identical PK characteristics as the oral therapeutic
dose. The microdose approach requires an analytical
method with a high sensitivity. '*C radioisotopes can be
measured with high sensitivity using accelerated mass
spectrometry (AMS) [24]. Owing to significant improve-
ments that have been made in the sensitivity of triple
guadrupole mass spectrometry instrumentation over the
past decade, it is now also possible to analyse nonradio-
active drugs with high sensitivity, down to the low or
sub-pg ml™" concentration range [25, 26]. This makes
it possible to apply the microdosing approach by
administering a SIL drug rather than a *C-labelled drug
and to use triple quadrupole mass spectrometry for the
quantification of both the SlL-labelled and unlabelled
drug. Therefore, use of a SIL as the microdose was
selected and was applied in the current study.

Methods

Participants

Healthy men and women (18-55 years of age, body mass
index 18-30 kg m~2, body weight > 50 kg) were included
in the study. Women included in the study were post-
menopausal or surgically sterile. Individuals were ex-
cluded from participating if they had a clinically
relevant history of (or current) medical illness or other
clinically relevant clinical laboratory, physical examina-
tion, vital sign or electrocardiogram (ECG) abnormalities,
as determined by the investigator. Additionally, partici-
pants who had received an experimental drug or used
an experimental medical device within 1 month or a
period of less than ten times the drug’s half-life, which-
ever was longer, before the first dose of the study drug
were excluded.

The study protocol and amendment(s) (EudraCT num-
ber: 2013-000 963-96) were reviewed and approved by
the Ethics Committee of University Hospital, Antwerp
(approved on 13 May 2013). The present study was con-
ducted in accordance with the ethical principles originat-
ing in the Declaration of Helsinki and that are consistent



with good clinical practices and applicable regulatory
requirements. All participants provided their written
consent to participate in the study.

Study design

This was an open-label, single-centre, sequential and two-
way crossover PK study, designed to assess the value of F
for oral ibrutinib and the effect of GFJ on the PK of ibrutinib
in healthy participants. The participants were screened
within 21 days (day —21 to —2) prior to drug administration.
Eligible participants were admitted to the study centre on
Day —1. The treatments were as follows: treatment A:
ibrutinib: 560 mg administered as four capsules (140 mg
each) (fasting); treatment B: ibrutinib, 30 min after drinking
240 ml of a simple sugar drink (10% w/v glucose in water)
to match the caloric intake in the arm with GFJ intake and
followed by a standard breakfast. In treatments B and C, con-
sidered as the fed condition, breakfast was provided 30 min
after dosing and had to be consumed within 20 min. In treat-
ment C, participants drank 240 ml of GFJ on the evening be-
fore, and again 30 min before dosing. The intake of one glass
of single-strength GFJ on the evening before drug intake
and on the day of dosing is known to block intestinal CYP3A
metabolism completely, although this GFJ dose is sufficiently
low to avoid any effect on hepatic CYP3A activity [31, 32].
Hence, single-strength GFJ was added to treatment C to
differentiate the first-pass effect caused by the liver from that
taking place in the intestinal wall. Ibrutinib 140 mg (one
capsule) was administered and followed by a standard
breakfast 30 min after dosing. All participants received
treatment A in period 1, and were randomized to treat-
ments B and C in crossover fashion in periods 2 and 3. Thus,
participants received treatments in either sequence A-B-C or
sequence A-C-B.

The participants fasted overnight for at least 10 h
prior to oral dosing in each period. Water was permitted
until 1 h before oral dosing and again 2 h after oral dos-
ing. Lunch and subsequent standard meals were to be
provided, beginning 4 h after the oral dose. All capsules
were administered with 240 ml of noncarbonated water.

A single i.v. dose of 100 pug '3Ce-ibrutinib was admin-
istered (bolus) 2 h after each oral dose (following the 2-h
PK sample). To the extent possible, participants were to
remain seated throughout the morning (i.e. from
30 min before dosing until after lunch). Blood samples
for the analysis of ibrutinib and its dihydrodiol metabo-
lite PCI-45227 and for the analysis of 13C6-ibrutinib
concentrations in the plasma were collected before
dosing and over 72 h after dosing. Participants were
released from the study centre after the 72-h PK sample
had been taken on Day 4 and safety procedures had
been observed, and returned 3 days later.

Safety assessments were carried out from the time of
consent until the end of the study, and included physical
examination, ECGs, the reporting of adverse events (AEs),
vital signs and clinical laboratory results. A follow-up visit
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approximately 10 (£2) days after the last dose was per-
formed to measure the white blood cell (WBC) count with
differential, and to capture any additional AEs and con-
comitant medications used by the participants.

Prohibited and concomitant therapy
Throughout the study, prescription or nonprescription
medication (including vitamins and herbal supplements)
other than the study drug were prohibited, except for para-
cetamol (allowed until 3 days before the first study drug ad-
ministration). A maximum of three doses per day of 500 mg,
and no more than 3 g per week, paracetamol were allowed
for the treatment of headache or other pain conditions.
Participants were not permitted to consume food or
beverages containing alcohol, GFJ, Seville oranges or quinine
(e.g. tonic water) from 24 h (72 h in the case of GFJ and
Seville oranges) before each PK sample collection day, until
after the last PK sample was collected in each period. GFJ
was permitted as planned in the study, in treatment C only.

Treatment

The test drug ibrutinib was supplied as size ‘0’ hard gela-
tin capsules containing 140 mg of ibrutinib. All formula-
tion excipients were compendial (commonly used in
oral formulations). The reference drug 13C¢-ibrutinib
was supplied as 0.1 mg ml™" in water for injection.

Blood sampling

Blood samples for the determination of ibrutinib and PCI-
45227 concentrations in the plasma were collected at
predose, and 30 min, 1 h and 1.5 h after the oral dose,
and for the determination of ibrutinib, PCl-45227 and
13C4-ibrutinib they were collected at 2 h (i.e. just prior
to the i.v. dose), 2 h and 2 min, 5 min, 10 min, 15 min
and 30 min; then at 3 h,3.5h,4h,5h,6h, 8h,12h,
16 h, 24 h, 36 h, 48 h and 72 h after the oral dose.

Pharmacokinetic parameters

All PK parameters were calculated using validated
Phoenix WinNonlin® software versions 5.2 and 6.3
(Pharsight Corp, Certara, L.P., St Louis, MO, USA). The
following plasma PK parameters were estimated for
each participant using the actual times of blood sam-
pling: Cihax the plasma concentration following i.v. ad-
ministration, extrapolated back to time zero (Cp), tmax
AUC from time 0 to 22 h (AUC,,), AUC from time 0 to
24 h (AUC,,), AUC,s, AUC from time 0 to infinite time
(AUC.,), percentage of AUC.. obtained by extrapolation
(%AUC. cx), elimination half-life associated with the ter-
minal slope (L,) of the semi-logarithmic drug concentra-
tion—time curve (ty, «erm), F, the fraction escaping the gut
(Fg) and the fraction escaping hepatic first-pass extrac-
tion (Fy), total CL and volume of distribution based on
the terminal phase (Vd,) after iv. administration. F; was
calculated as [AUCg«, (Treatment B)/D (Treatment B)l/
[AUCy a1 (Treatment C)/D (Treatment C)]x100. F, was
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calculated as F in treatment C, as further detailed in the
results section.

Synthesis and release of '3Cg-ibrutinib
SIL-"3Cg-ibrutinib was obtained through a small-scale (2 g),
multistep synthesis. The drug substance was released
under Good Manufacturing Practice (GMP) procedures
according to the guidance of exploratory clinical trials [33]
with a focus on clinical aspects, whereas the synthesis
was not done under GMP. The commercially available
stable labelled '3C¢ phenol was used as critical starting
material to incorporate the desired isotopes.

Bioanalytical procedures

Unlabelled ibrutinib and PCI-45227 Plasma concentrations
of unlabelled ibrutinib and metabolite PCI-45227 were
determined using a validated liquid chromatography-
tandem mass spectrometry (LC-MS/MS) assay with a
quantification range of 0.5-100 ng ml™' for both ibrutinib
and PCl-45227 (Supporting Information).

13C4-ibrutinib Plasma concentrations of ">Cg-ibrutinib were
determined using an ultrasensitive validated LC-MS/MS
method with a quantification range of 2-1000 pg ml™", using
13C4-ibrutinib as an internal standard (Supporting Information).

Naringenin, bergamottin, dihydroxybergamottin, GF-I-1
and GF-I-4 Naringenin, GF-I-1, bergamottin (GF-I-2), 6,7-
dihydroxybergamottin and GF--4 in GFJ are known or
presumed to inhibit CYP3A [27]. An analytical Liquid
Chromatography with Ultraviolet detection and tandem
Mass Spectrometric detection (LC-UV-MS/MS) method was
set up to quantify these five analytes in GFJ. Naringenin was
quantified using its LC-MS/MS response and the other
analytes were quantified using their response on Liquid
Chromatography with Ultraviolet detection (LC-UV). As no
reference standards were available for GF-I-1 and GF-I-4,
these compounds were quantified using an LC-UV
calibration curve for GF-I-2, assuming a similar UV response
factor for GF-I-1, GF-I-4 and GF-I-2. GFJ was purchased from
20 different suppliers at local supermarkets and analysed for
all five constituents. The GFJ brand with the highest
concentration of the analysed compounds (Albert Heijn pink
GFJ) was selected and used in the study. Concentrations of
naringenin, GF-I-2, 6,7-dihydroxybergamottin, GF-I-1 and
GF-I-4 were found to be 66 ng ml™', 20 500 ng ml™,
20 600 ng ml™", 2230 ng mI"' and <100 ng ml™,
respectively. In comparison, published concentrations of
GFJ constituents as determined in 28-58 different GFJs
were1600-7300 ng ml™ and 200-7700 ng ml"' for
bergamottin and 6,7-dihydroxy bergamottin, respectively
[28], and 321 + 95 ng ml™" and 296 + 85 ng mI™' for GF-I-1
and GF-I-4, respectively [29]. The stability of the analysed
compounds in GFJ for 16 days in the refrigerator was
demonstrated by analysis of the used GFJ sample before
and after the dosing period.
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Safety evaluations
Safety assessments consisted of monitoring and record-
ing AEs and serious AEs; vital signs; ECG; haematology;
clinical chemistry; urinalysis; and other protocol-
specified tests that were deemed critical to the safety
evaluation of the study drug. The severity of AEs/serious
AEs was graded according to the National Cancer
Institute — Common Terminology Criteria for Adverse
Events (NCI-CTCAE) grading system version 4.03. Clinical
laboratory toxicity grading was based on NCI-CTCAE,
version 4.03 criteria.

The population evaluated for safety included all
participants who received at least one dose of study drug
and provided postbaseline safety data.

Statistical analysis

Sample size Assuming an estimated intraparticipant
coefficient of variation (CV) of 41% for ibrutinib AUC, a
sample size of eight participants was considered
sufficient for the ratio of dose-normalized mean AUCs
of ibrutinib for the oral formulation relative to the
i.v. formulation to fall within 68% and 148% of the
true value with 90% confidence.

Pharmacokinetic analyses The graphic method and
descriptive statistics method were used to summarize
plasma ibrutinib, PCl-45227 and '3Cg-ibrutinib
concentrations at each sampling time point and for PK
parameters.

The inferential statistical method was applied to con-
struct the 90% confidence interval (Cl) for geometric
mean ratios (GMRs) relevant to F and the effect of GFJ
on the systemic exposure of ibrutinib. Prior to analysis,
all AUCs were log-transformed, and the AUCs of the
i.v. formulation were dose-normalized to 560 mg. For each
log-transformed dose-normalized PK parameter, a mixed-
effects model, with treatment as a fixed effect and
participant as a random effect, was used to estimate the
least-squares means (LSMs) and intraparticipant variance.
Using these estimated LSM and intraparticipant variance
values, the point estimate and 90% Cls for the difference
in means on a log scale were constructed. By using antilog-
arithm transformation, GMRs and the associated 90% Cls of
the AUCs were constructed separately between following
treatments per treatment period: ibrutinib oral capsule
(treatment A) vs. the iv. formulation (reference); ibrutinib
oral capsule without GFJ (treatment B) vs. the i.v. formula-
tion; ibrutinib oral capsule with GFJ (treatment C) vs.
the i.v. formulation.

To evaluate the effect of the CYP3A inhibitor GFJ on
ibrutinib absorption in the presence of food, exploratory
statistical analysis was performed on the PK parameters
Cinaxs AUC,4, AUC, .5 and AUC,, from treatment groups B
and C for the ibrutinib oral capsule and i.v. formulations.
Only the data from participants who completed both
treatments was included in the statistical analysis. If



one of the PK parameters of interest was not estimable
for a given participant for one of the formulations, the
participant’s data was not included in the statistical
analysis of that particular PK parameter. By using
antilogarithmic transformation, the GMRs and the 90%
Cls of PK parameters were constructed for the following
treatments: ibrutinib oral capsule with GFJ (treatment C)
vs. oral capsule without GFJ (treatment B); the i.v. for-
mulation with GFJ (treatment C) vs. the i.v. formulation
without GFJ (treatment B).

For each AE, the percentages of participants who
experienced at least one occurrence of the given event
were summarized by treatment group.

Results

The study was conducted between 5 July 2013 and 19
August 2013. All of the eight enrolled participants com-
pleted the study and were white [3 (37.5%) men] with
median (range) age 49 (34-55) years, weight 69.7 (range
50.7-90.6) kg, height 170 (range 160-189) cm and body
mass index 23.0 (range 19.6-27.4) kg m~2. No participant
reported prior medication use. Two participants received
concomitant therapy (diclofenac for the treatment of
epicondylitis lateralis, and paracetamol for back injury).

PK
All eight enrolled participants were included in the PK
analysis. Following oral administration of 560 mg
ibrutinib and i.v. administration of 100 ug '3Cs-ibrutinib
under fasting conditions, the mean plasma concentra-
tion-time profiles were much more variable following
oral administration compared with i.v. administration
(Figure 1). A secondary peak was observed approxi-
mately 4 h following oral administration under fasting
conditions (treatment A). The secondary peak seen with
treatment A was not observed in either of the ‘fed’ treat-
ments (B and C) (Figures 2A and 2B). The mean concen-
trations for treatment A were lower than those for the
other treatments (Table 1). The dose-normalized C,.x
and AUC. for ibrutinib were approximately 3.5-fold and
twofold higher, respectively, when administered with
GFJ than when administered without GFJ (treatments C
and B; Table 2). The apparent CL (total CL/F) and half-life
both decreased by half for the oral route when partici-
pants were pretreated with GFJ as compared with con-
trols (treatment B). The intravenous CL, however, was
unchanged by GFJ. Under fed conditions, the estimated
CL was higher than under fasting conditions (Table 1).
The traditional way to calculate Fy, by CL theory is from
the ratio of i.v. CL or hepatic clearance (CL;) to hepatic
blood flow [30]. However, when CL;, is similar to the
hepatic blood flow, the calculation could result in a large
error for Fy,. Therefore, in the present study, an alternative
approach for the calculation of F,, was used, using the data
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Mean (standard deviation) (n = 8) linear-linear and logarithmic-linear
(insert) plasma concentration-time profile of ibrutinib following oral
administration of 560 mg ibrutinib and intravenous (i.v.) administration
of 100 ug 13CG—ibrutinib. —e—Treatment A ibrutinib 560 mg (n=28, oral);
—o—Treatment A 13C6 ibrutinib 100 pg (n=8, i.v.)
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The mean plasma concentration-time profiles of ibrutinib following (n=8) A.
Oral administration of 560 mg ibrutinib under fasted (—e— Treatment A)
and fed (—o— Treatment B) conditions, and 140 mg ibrutinib under fed con-
dition with grapefruit juice (—»— Treatment C). B. Ibrutinib following oral ad-
ministration of 560 mg ibrutinib without grapefruit juice (—e— Treatment B)
and dose-normalized ibrutinib with grapefruit juice (—o— Treatment C).
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Table 1

Summary of ibrutinib pharmacokinetic parameters after three different treatments using a combination of a single oral and intravenous (i.v.) dose in
eight healthy participants

Mean (SD)
Oral i.v.
Treatment C

"3CePCI-32 765
100 pg (N = 8)

Treatment B

3CePCI-32 765
100 pg (N = 8)

Treatment A

3cePCI-32 765
100 pg (N = 8)

Treatment C

Treatment A Treatment B

Ibrutinib 560 mg Ibrutinib 560 mg
(N=38) without GFJ (N = 8)

Ibrutinib 140 mg
with GFJ (N = 8)

tmaxs h* 3.75(0.5-5.02) 1.77 (1.5-5.0) 1.5(1.0-1.5) 0.03 (0.03-0.08) 0.03(0.03-0.1) 0.03 (0.03-0.08)
Craxs NG mi™'+ 45.2 (43.3) 128 (45.6) 125 (67.5) 8.54(5.39) 8.11(5.78) 7.69 (6.29)
Co, Ng mi™'t NA NA NA 40.9 (33.8)t 25.0(18.7)t 26.0(22.4)8
AUCy4, ng h m|_1§ 229 (107) 544 (161) 339 (96.6)t 1.64 (0.18)% 1.41(0.35)t% 1.44 (0.37)%
AUC,s,, ng h mi's 289 (117) 606 (160) 325(103) 1.64(0.18) 1.41(0.33) 1.44(0.37)
AUC.,ng h ml™'s 368 (80.1)8 659 (132)t 334 (105) 1.64 (0.17)t 1.36 (0.25)t 1.47 (0.37)
t1/2,term: h 12.8(4.90)8 9.51 (4.06)t 5.83(2.20) 5.91(1.38)t 6.01(2.21)t 5.31(0.80)
CL/F 1R 1572 (318)8 875 (144)t 466 (176) NA NA NA

cL,1h” NA NA NA 61.5 (7.00)t 76.1 (15.6)t 71.4(14.2)
Vd/F, | 30464 (17 148)8 12 026 (5783)t 3757 (1511) NA NA NA

vd, | NA NA NA 523 (121)t 683 (375)t 551 (148)

AUC,,, area under the plasma concentration—time curve from time zero to 24 h; AUC.., area under the plasma concentration-time curve from time zero to infinite time, calculated as the
sum of AUC .5 and Cjas—>/A,; AUC a5, area under the plasma concentration—time from time zero to the time of the last quantifiable concentration C,,g, the last observed plasma concen-
tration; Co, plasma concentration following i.v. administration, extrapolated back to time zero; CL, total clearance of drug after i.v. administration; CL/F, total clearance of drug after extra-
vascular administration, corrected for F; Cay, maximum plasma concentration; F, absolute bioavailability; F,, the fraction escaping the gut; F,, the fraction escaping first-pass metabolism in
the liver; GFJ, grapefruit juice; NA, not applicable; SD, standard deviation; t1/2, term, terminal half-life; tyax, time to reach the maximum plasma concentration; Vd, apparent volume of dis-

tribution; Vd/F, apparent volume of distribution after extravascular administration, corrected for F. *Median (range); tN = 7; #AUC,5; §N = 4.

from treatment C. For treatment C, Fy was considered as
100%. The fraction absorbed (F,) was determined to be
100% in the human mass balance study under fasting
conditions. Therefore, for treatment C, F = F, X Fq X Fy
reduces to F = Fy,, so F,, equals F in treatment C. Using this
approach, the fraction escaping first-pass metabolism in
the liver (F,) under nonfasting conditions was calculated
to be 15.9%. Fy was calculated to be 47.0% from the
dose-normalized AUC.. GMR of treatments B and C.

For all estimations of F, the AUCs were dose normalized
to 560 mg. Dose normalization was applied as ibrutinib PK
has been shown to be dose independent between doses
of 40 mg and 1400 mg. The F for oral dosing, based on
the GMR for AUC.., was 3.9%, 8.4% and 15.9% for treat-
ments A, B and C, respectively (Table 3). The C,,ax increased
3.5fold and the AUC. 2.2-fold when ibrutinib was
ingested with food as compared with fasting conditions
(Table 2). The GMRs for C,,x and AUC were slightly but
not significantly lower following i.v. administration 1.5 h af-
ter a meal compared with fasting conditions. The AUC.
and C,ay following i.v. administration under fed conditions
in the presence or absence of GFJ were not different but
the 90% Cl around the treatment ratios was very wide.

Formation of the metabolite PCI-45227 was delayed
when ibrutinio was administered under fasting
conditions. Thereafter, the distribution and elimination
phases were similar to those under fed conditions
(Figure 3A). The dose-normalized PCI-45227 concentra-
tions following GFJ (treatment C) were comparable with
concentrations without GFJ (treatment B) (Figure 3B).
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PCI-45227 exposure (Cnhax and AUCQ) increased approxi-
mately 1.6-fold when ibrutinib was administered with
food (treatment B) compared with fasting conditions
(treatment A) and t.,.x occurred sooner with food
(Table 4). With the addition of GFJ, the C,,,.x metabolite-
to-parent ratio decreased from 1.03 to 0.32. The dose-
normalized AUC was slightly (~10%) lower in the
presence of GFJ. The t,. and half-life appeared to be
slightly lower in the presence of GFJ compared with food
alone. Metabolite-to-parent ratios for C,,.x and AUC showed
a decreasing trend when ibrutinib was administered in the
fasting vs. fed vs. fed with GFJ conditions.

Safety

Of the eight participants, three experienced >1 AE which
all resolved without sequelae by the end of the study.
None of the participants reported an AE of Grade >3.
Two participants experienced three AEs of Grade 2 seve-
rity (one participant a experienced worsening of
pre-existing epicondylitis lateralis, and was treated with
topical application of diclofenac gel, while the other
had abdominal cramps (which the investigator consi-
dered to be probably related to the study drug) and
worsening of pre-existing back pain, and was treated
with paracetamol; the investigator considered neither
the epicondylitis lateralis nor the back pain to be related
to the study drug) and all other AEs were of Grade 1 se-
verity. The most common AEs (>3 participants) reported
were Grade 1 abdominal cramps and Grade 1 diarrhoea,
each reported by three participants. Two participants



Table 2

Ibrutinib bioavailability in healthy participants
BICP

Geometric mean ratios and 90% confidence intervals (Cls) for comparison of oral capsule and intravenous (i.v.) formulation of ibrutinib, with and without
food (treatment B vs. treatment A), and with and without grapefruit juice (treatment C vs. treatment B)

Geometric mean

Ratio: test/reference (%) 90% ClI (%)

Intraparticipant CV (%)

Parameter* Test treatment/reference treatment 1\
Oral (treatment B vs. treatment A: with vs. without food)
Crmax (ng mI™") B 8
A 8
AUC.s¢ (ng h mI™") B 8
A 8
AUC.. (ng hml™) B 4
A 4
i.v. (treatment B vs. treatment A: with vs. without food
B 8
Comnax (g mI™) A 8
B 8
AUCas (pg h mi™") A 8
B 6
AUC.. (pg h mi™") A 6
Oral (treatment C vs. treatment B: with vs. without GFJ)
Conax (g mI™") C 8
B 8
AUCos (ng h mI™") C 8
B 8
AUC.. (ng hml™) C 7
B 7
i.v. (treatment C vs. treatment B: with vs. without GFJ)
Crmax (Pg mI™) c 8
B 8
AUCas (pg h mi™") C 8
B 8
AUC.. (pg hml™") C 7
B 7

121
34
588
264

362

5032
6255
1380
1631
1329
1612

437
121
1236
588
1378
643

5903
5032
1401
1380
1416
1363

352 (213, 582) 62
223 (167, 297) 31
187 (137, 256) 19
81 (37, 176) 99
85 (72, 100) 18
82 (68, 100) 17
360 (269, 483) 31
210 (182, 243) 15
215 (184, 250) 14
117 (58, 238) 84
102 (89, 116) 14
104 (90, 120) 13

AUC.., area under the plasma concentration—time curve from time zero to infinite time, calculated as the sum of AUC a5 and Cas/A,; AUC a5, area under the plasma concentration-time
curve from time zero to the time of the last quantifiable concentration; C.,ay, maximum plasma concentration; CV, coefficient of variation. *A mixed-effects model with treatment as a
fixed effect and subject as a random effect was used for analysis on a log scale and the results were presented at original scale after antilogarithmic transformation.

had AEs considered to be at least possibly related to
ibrutinib, including lightheadedness (n = 2), abdominal
cramps (n = 2), diarrhoea (n = 1), nausea (n = 1) and
hyperventilation (n = 1). There were no changes in
laboratory parameters for haematology, chemistry or
coagulation, or in the platelet function assay, that were
deemed by the investigator to be clinically significant in
relation to the administration of ibrutinib.

Discussion and conclusions

The current study used oral dosing with simultaneous
microdosing of a stable isotope ('3C,) of ibrutinib to de-
termine F for ibrutinib. Under fasting conditions, F was
3.9%, using the GMR of the estimated AUC... A combina-
tion of food and GFJ pretreatment increased F to 15.9%.
On average, 47.0% of orally ingested ibrutinib escaped

first-pass metabolism at the level of the small intestine
(Fg) when the drug was taken with food. F under fed
conditions increased by twofold to 8.4%. The fraction
escaping liver CL on first pass (F,) was estimated to
be 15.9%.

AUC,, is estimated using AUC,,; and extrapolation to
infinity by using the estimated t,,. Under fasting condi-
tions, there is some uncertainty about the determination
of AUC.. because the observed secondary rise in concen-
tration at around 4 h after drug intake hampered
accurate ty,, estimation. This secondary rise was not
observed following an iv. administration, or when
ibrutinib was given 30 min prior to a standard breakfast.
Therefore, F was also calculated using AUC,,.; to evaluate
if the estimate had sufficient certainty on the basis of the
data from four participants. On the basis of AUC s, an
alternative F was estimated at 2.9%, which is in good
agreement with the AUC.-based F of 3.9%. For
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Table 3

Geometric mean ratio and 90% Cl for comparison of oral capsule vs. i.v. formulation of ibrutinib (treatment A -fasted, treatment B- fed without grapefruit
juice, and treatment C - fed with grapefruit juice) (pharmacokinetics data analysis set, dose-normalized to 560 mg)

Ibrutinib test

Geometric mean

treatment/reference

Parameter* treatment

Treatment A

AUCp.ec (ngh mi™") Oral 8 264
V. 8 9134

AUC.. (ng hml™") Oral 3 330
V. 3 8421

Treatment B

AUCpasc (ng h mi™") Oral 8 588
v, 8 7726

AUC.. (ng hml™) Oral 6 666
v, 6 7918

Treatment C

AUCos (ng h mi™") Oral 8 1236
v, 8 7847

AUC.. (ng hml™) Oral 8 1270
iV, 8 8001

Ratio: 90% confidence Intra-participant
test/reference (%) interval (%) CV (%)

2.9 (2.12, 3.94) 36.5

3.9 (3.06, 5.02) 10.4

7.6 (6.41,9.03) 18.2

8.4 (7.32,9.68) 12.1

15.8 (11.93, 20.79) 298

15.9 (12.07, 20.89) 29.6

AUC., = area under the plasma concentration-time curve from time zero to infinite time, calculated as the sum of AUC ,s; and Cas/A;; AUC, 45t = area under the plasma concen-

tration-time curve from time zero to the time of the last quantifiable concentration; *AUC,,

comparison, the AUC .- and AUC.-based F values in the
nonfasting condition were 7.6% and 8.4%, respectively
(Table 3). In addition, as ibrutinib is a high CL drug and
has a high volume of distribution, it was difficult to esti-
mate a C, on the basis of i.v. concentration-time curves.
Such estimation might also introduce some uncertainty
around the accuracy of AUC estimations and thus might
affect the determination of F. Even though there may
remain some uncertainty around the F estimation, the
low F value found is in good agreement with the observed
significant effect of ketoconazole coadministration increas-
ing ibrutinib C,,.x and AUC by 29-fold and 24-fold, respec-
tively [11]. Finally, in spite of high interparticipant
variability, the observed mean AUC in treatment A (fasting
condition) was consistent with the AUCs observed in other
clinical pharmacology studies with larger sample sizes,
thus supporting the validity of the estimation of the value
of F following oral dosing in the present study [11, 13].
The secondary rise in concentration observed under
fasting conditions and coinciding with lunchtime (food
intake) was also observed in a formal food effect study
on ibrutinib [13]. Bile secretion from the gallbladder trig-
gered by the lunchtime meal, resulting in acceleration of
the solubility of the drug already in the gastrointestinal
lumen, is suggested as a possible explanation for this
second peak [13]. Enterohepatic recycling could be an al-
ternative explanation but is unlikely as ibrutinib is pri-
marily cleared via hepatic metabolism and excreted in
the bile as metabolites, and no unchanged drug is found
in the bile or faeces [12]. The estimated apparent termi-
nal half-life after oral intake was much longer (~12 h)
than after i.v. administration (~6 h), suggesting that the
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resultant absorption rate was slower than the elimination
rate (flip-flop kinetics) [13].

In the present study, food (i.e. a standard non-high-
fat breakfast) was added to treatments B and C, at
30 min after administering oral ibrutinib, to mimic more
closely the dosing conditions in clinical studies with
ibrutinib. F was 8.4% when ibrutinib was administered
30 min before a meal (treatment B). The ~2-fold increase
in F compared with fasting conditions (treatment A) is
consistent with another food effect study [13].

Food intake also had an effect on the i.v. concentra-
tion—time profile of ibrutinib. The mean CL was approxi-
mately 30% higher following i.v. administration 1.5 h
after a meal compared with fasting conditions. Interest-
ingly, such an increase in CL is somewhat lower but still
comparable with the expected increase in average blood
flow upon consumption of a meal, and such a higher
blood flow would indeed predict a higher liver CL in the
case of a drug with perfusion-limited CL [14].

A less than fourfold maximum increase in exposure
(both C,ax and AUC) by GFJ was predicted by simulations
using SimCyp modelling and simulation software (v12).
Therefore, a dose of 140 mg ibrutinib was used in treat-
ment C to compensate for the potential impact of CYP3A
inhibition, caused by GFJ, on C,,,.x and AUC. As ibrutinib
PK has been shown to be dose independent between
doses of 40 mg and 1400 mg, a comparison between
treatments B and C was carried out on the basis of
dose-normalized parameters (to 560 mg) [34].

When ibrutinib was administered with GFJ, under fed
conditions the dose-normalized mean C,,.x was 3.5-fold
higher and the mean AUC., twofold higher as compared
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Figure 3

Mean (SD) (n=8) plasma concentration-time profile of PCI-45227 following oral
administration of A) 560 mg ibrutinib without grapefruit juice and 140 mg
ibrutinib with grapefruit juice (—e— Treatment A: Ibrutinib 560 mg, fasted
(n = 8); —o— Treatment B: Ibrutinib 560 mg, fed without grapefruit juice (n=8);
—v— Treatment C: lbrutinib 140 mg, fed with grapefruit juice (n=28). B) 560
myg ibrutinib without grapefruit juice and dose-normalized ibrutinib with grape-
fruit juice (—e—Treatment A: Ibrutinib 560 mg, fasted (n = 8); —o— Treatment B:
Ibrutinib 560 mg, fed without grapefruit juice (n = 8); —v— Treatment C: lbrutinib
dose-normalized to 560 mg, fed with grapefruit juice (n =8)

Table 4

Ibrutinib bioavailability in healthy participants
BICP

with administration under fed conditions without GFJ. In
the presence of food with GFJ, the estimated F was
15.9%. Apparent CL (total CL/F) and terminal elimination
half-life both decreased by half when GFJ was adminis-
tered, indicating a twofold change in F or CL. However,
the estimated intravenous CL was similar in the two
treatments; therefore, GFJ does not appear to affect
overall CL. By comparing the AUC., of ibrutinib with and
without GFJ, it was estimated that 47.0% of ibrutinib is
available after metabolism in the gut (Fg) when taken in
combination with food.

When ibrutinib was administered under fasting
conditions, formation of the metabolite PCl-45227 was
delayed compared with fed conditions. However, the
distribution and elimination phases were similar to
those under fed conditions. Dose-normalized PCI-
45227 concentrations following oral administration of
140 mg ibrutinib with food and GFJ were comparable
with concentrations following oral administration of
560 mg ibrutinib with food but without GFJ. The
dose-normalized AUC was similar or slightly (~10%)
lower. The half-life of PCI-45227 appeared to be slightly
lower in the presence of GFJ compared with food alone.
However, this might have been an artefact of lower
plasma concentrations associated with the lower
ibrutinib dose, and hence more samples returning
concentrations below the limit of quantitation at later
time points. Visual inspection of the PK profiles did
not suggest a difference. Metabolite-to-parent ratios
for Cnax and AUC showed a decreasing trend with
treatment A vs. B vs. C, which was in line with the
decreased first-pass metabolism.

In conclusion, F was 3.9% under fasting conditions,
8.4% under fed conditions and 15.9% under fed condi-
tions with GFJ. In the presence of food, GFJ intake

Summary of PCl-45227 pharmacokinetic parameters after three different treatments using a single oral dose in eight healthy participants

Mean (SD)

Treatment A

Oral ibrutinib

Treatment C
Oral ibrutinib

Treatment B
Oral ibrutinib

560 mg, fasted (N = 8)

Cmaxe Ng Ml 84.3(28.3)
Cpnax ratio* 2.41(1.12)
tmax, hT 4.5(1.0-5.0)
AUCzs, ng hml™ 677 (152)
AUCy, ratio* 3.22 (1.35)
AUCase, ng h ml™ 833 (192)
AUC,,; ratio* 3.09 (1.32)
AUC., nghml™ 854 (198)
AUC.. ratio* 2.66 (0.83)%
tys, terms h 11.4(3.01)

560 mg without GFJ (N = 8) 140 mg with GFJ (N = 8)

135 (42.0) 33.9(6.41)
1.03(0.31) 0.32(0.15)
2.1(1.5-8.0) 1.5 (1.0-5.0)
1058 (386) 252(90.7)
1.87(0.61) 0.74 (0.31)
1236 (414) 274 (107)
1.95(0.67) 0.84(0.35)
1257 (419) 283 (108)
1.92 (0.72)8 0.84 (0.34)
10.4(2.32) 7.45 (1.53)

Az, terminal slope of the semi-logarithmic drug; AUC,4, area under the plasma concentration-time curve from time zero to 24 h; AUC., area under the plasma concentration-time
curve from time zero to infinite time, calculated as the sum of AUC ,s; and Cjasi/Az; AUC 4, area under the plasma concentration—time curve from time zero to the time of the last
quantifiable concentration; Cpax, maximum plasma concentration; GFJ, grapefruit juice; SD, standard deviation; t1/2, term, terminal half-life; tmax, time to reach the maximum

plasma concentration.O*Ratio of metabolite/parent; tmedian (range); #N = 4; §N = 7.
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increased Cax by 3.5-fold and AUC by twofold. F4 and Fy,
in the fed state were 47.0% and 15.9%, respectively.
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