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Abstract
Purpose This drug-interaction study evaluated the effect of omeprazole, a proton-pump inhibitor, on ibrutinib’s pharma-
cokinetics (PK) in healthy participants.
Methods This open-label, sequential-design study included 20 healthy adults aged 18–55 years. Ibrutinib (560 mg, single 
dose) was administered after an overnight fast alone on day 1 and with omeprazole on day 7. Omeprazole (40 mg) alone was 
administered on days 3–6, 1 h before breakfast; and after an overnight fast on day 7, followed by ibrutinib 2 h later. Blood 
was sampled on days 1 and 7 for up to 48 h postdose, and the standard PK parameters for ibrutinib and PCI-45227 were 
summarized using descriptive statistics. The effect of omeprazole on ibrutinib’s PK was determined by assessing geometric 
mean ratios (GMRs) and 90% CIs. Mechanistic modeling was performed using the BTK-receptor occupancy (RO) model.
Results AUC 48h and AUC last of ibrutinib plus omeprazole versus ibrutinib alone showed a modest decrease (GMR [90% CI] 
98.3% [83.1–116.3] and 92.5% [77.8–109.9], respectively); Cmax decreased by 62.5% (GMR [90% CI] 37.5% [26.4–53.4]), 
with delayed tmax (1−2 h) and terminal half-life unaffected. Mean AUC for PCI-45227 (primary metabolite) was ~ 20% lower 
with ibrutinib plus omeprazole versus ibrutinib alone. Model predictions showed no impact of decreased Cmax on BTK target 
engagement. No new safety signals were identified with the use of ibrutinib in this study.
Conclusions The decrease in Cmax without a corresponding decrease in AUC by omeprazole was not clinically relevant for 
ibrutinib’s bioavailability. No dose adjustments are recommended during ibrutinib’s co-administration with omeprazole or 
other pH-altering agents.
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Introduction

Ibrutinib (Imbruvica®) is a first-in-class, orally-admin-
istered, potent, selective and covalently binding Bruton’s 
tyrosine kinase (BTK) inhibitor [1, 2]. Ibrutinib cova-
lently binds to BTK, which impairs B-cell antigen receptor  
signaling, the pivotal tumorigenesis pathway in most B-cell 
malignancies, and disrupts the proliferation and survival 
of malignant B-cells. Ibrutinib is currently approved in the 
United States, European Union, and > 80 other countries as 
a single agent or as part of a combination therapy for treat-
ment-naïve or previously treated patients with chronic lym-
phocytic leukemia/small lymphocytic lymphoma (including 
patients with 17p deletion) [3–5], and as a single agent for 
previously treated patients with mantle cell lymphoma [6] 
and Waldenström’s macroglobulinemia [7]. Furthermore, 
in the US, ibrutinib has been approved for the treatment of 
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patients with marginal zone lymphoma who require systemic 
therapy and have received at least one prior anti-CD20-based 
therapy [8], and most recently for the treatment of chronic 
graft-versus-host disease after failure of one or more treat-
ments [9].

Considering daily oral administration of ibrutinib, it is 
critical to optimize its antitumor activity, and it is impor-
tant to evaluate the factors that may impact its absorption 
and bioavailability, especially the steady-state exposure that 
modulates the efficacy in long-term treatments. Ibrutinib is a 
Biopharmaceutical Classification System Class 2 compound, 
displaying high permeability and poor solubility at physi-
ological pH (insoluble at pH ≥ 3). It is rapidly absorbed fol-
lowing oral administration, and peak plasma concentrations 
are achieved within 1–2 h postdose [9]. The primary metab-
olite of ibrutinib, PCI-45227, has an inhibitory activity ~ 15 
times lower than that of ibrutinib [10]. Gastric pH-altering 
agents, particularly long-acting ones such as proton-pump 
inhibitors (PPIs), may have the potential to impact the phar-
macokinetics (PK) of weak bases such as ibrutinib, which 
show decreasing solubility at higher pH, potentially affect-
ing its bioavailability and efficacy [10–12]. Physiologically-
based PK modeling and simulation studies suggested that 
the dissolution step does not impact the bioavailability of 
ibrutinib [13], which was corroborated by comparing ibruti-
nib solution and capsule formulations (data on file). Popula-
tion PK analysis suggested a delayed absorption of ibrutinib 
when co-administered with antacids without an impact on 
its exposure [14]. However, a clinical interaction study with 
pH-altering agents has not been performed. Since gastric 
pH-altering agents are commonly prescribed as well as taken 
as over-the-counter medications in North America and West-
ern Europe [15], it is important to study this pH-dependent 
drug–drug interaction (DDI) to ascertain if PPIs can be used 
concurrently with weak-base drugs [16]. The present phase 1 
clinical study was conducted to evaluate the potential effect 
of repeated dosing of omeprazole on the single-dose PK of 
ibrutinib in healthy adults.

Materials and methods

Study population

Healthy adults aged ≥ 18 to ≤ 55 years with a body mass 
index (BMI) of ≥ 18 to ≤ 30 kg/m2 and a body weight of not 
< 50 kg were included in the study. Key exclusion criteria 
were clinically significant history of (or current) cardiac, 
renal, hepatic, hematologic, pulmonary, neurologic, or psy-
chiatric diseases; diabetes mellitus; infection; coagulation 
disorders; known hypersensitivity or intolerance to sulfona-
mide or beta-lactam antibiotics; known allergy to the study 
drugs; or other clinically significant abnormal laboratory 

values, physical examination findings, vital signs, or elec-
trocardiogram (ECG) abnormalities. In addition, partici-
pants taking any prescription or non-prescription medication 
(including vitamins and herbal supplements), except for par-
acetamol and hormonal replacement therapy, within 14 days 
before the first dose of the study drug until completion of 
the study were excluded. Women had to be postmenopausal 
or surgically sterile.

Study design and settings

This was an open-label, sequential-design, DDI study con-
ducted at a single study center in Belgium from February 
2016 to March 2016. The study included a 21-day screening 
period, a 9-day open-label treatment period, and a 10-day 
follow-up period.

Ibrutinib 560 mg was administered as a single dose fol-
lowing an overnight fast on day 1. Omeprazole 40 mg was 
administered 1 h before breakfast on day 3 through day 6, 
to ensure steady-state concentrations of omeprazole when 
ibrutinib was administered on day 7. Participants were per-
mitted to leave the clinic after 48 h sample collection for 
the PK analysis on day 2, and returned each morning on 
day 3 through day 6 to receive a single dose of omeprazole. 
Participants were readmitted on the evening of day 6. Fol-
lowing an overnight fast on day 7, omeprazole was admin-
istered 2 h before ibrutinib 560 mg to achieve the maximum 
possible impact of co-administering omeprazole. On days 
1 and 7, water was allowed ad libitum beginning 2 h after 
administering ibrutinib, and lunch was served 4 h postdose. 
Participants were not allowed to consume food or beverages 
containing alcohol, grapefruit juice, Seville oranges, qui-
nine, methylxanthine, poppy seeds, and nicotine; excessive 
use of caffeine was prohibited.

Participants were discharged after the final 48 h sample 
collection for the PK analysis on day 9. A follow-up visit 
was made approximately 10 (± 2) days after the last dose to 
perform safety evaluations.

Pharmacokinetic assessments

Plasma concentrations of ibrutinib, PCI-45227, and omepra-
zole were measured using validated liquid chromatography 
with tandem mass spectrometry methods. Serial blood sam-
ples for the PK analysis were collected before each ibrutinib 
dose, and up to 48 h (0, 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 16, 
24, and 48 h) following dosing on days 1 and 7, and standard 
PK parameters for ibrutinib and PCI-45227 were calculated. 
Blood samples for PK analysis of omeprazole were collected 
on day 7 predose (before omeprazole administration), and 
2 h postdose. The quantification range was 0.5–100 ng/mL 
for ibrutinib/PCI-45227, and 1–1000 ng/mL for omeprazole. 
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Details of the quantification of ibrutinib/PCI-45277 have 
been described previously [17].

Pharmacokinetic analysis was performed using the vali-
dated computer program Phoenix™ WinNonlin® (version 
6.2.1), and a non-compartmental analysis model was used. 
The primary PK parameters of interest were the maximum 
plasma concentration (Cmax) and area under the curve 
(AUC) of ibrutinib, which included the AUC from 0 to 48 h 
(AUC 48h), and from 0 to the time of the last quantifiable 
concentration (AUC last). Truncated AUC from 0 to 24 h 
(AUC 24h) was calculated post hoc, since concentrations at 
48 h were BQL in 30% of the profiles. Other PK parame-
ters included time to reach Cmax (tmax), metabolite-to-parent 
ratio (Cmax and AUCs), and the terminal elimination half-
life (t1/2term). In addition, the potential impact on the efficacy 
of ibrutinib with continuous use of pH-increasing agents 
was evaluated indirectly by simulating the effect of ibrutinib 
when given with omeprazole on BTK engagement derived 
from a covalent-binding model of ibrutinib.

BTK‑receptor occupancy model

A mechanistic model-based approach was followed using 
covalent target-binding kinetics to test the effect of the shape 
of ibrutinib concentration–time profiles with and without 
omeprazole on BTK-receptor occupancy (RO). The model 
was built on available covalent binding kinetics (association 
[kon], dissociation [koff], and covalent binding rate [kinact]) 
of ibrutinib to its target [BTK] in combination with BTK 
disposition kinetics. The BTK RO time profile was predicted 
based on in vitro covalent binding model parameters, PK 
concentration–time curves after ibrutinib administration 
with/without omeprazole, and a BTK half-life (turn-over 
rate) of 24 h. All model parameters are listed in Table S1, 
Supplementary Appendix.

PK profiles mimicking those observed for ibrutinib in 
the absence and presence of omeprazole were created using 
Monolix–R2016R1, Lixoft S.A.S (Paris, France). The PK 
parameters used to describe the profiles for ibrutinib with 
and without omeprazole (listed in Table S1, Supplementary 
Appendix) were fitted to the observed average plasma con-
centration (Fig. S1, Supplementary Appendix).

BTK-binding simulations were performed using Berkeley 
Madonna V8.3.18, CA, USA, using the covalent binding 
model and accompanying equations (Fig. S2, Supplementary 
Appendix).

The model’s robustness for comparing the treatment with 
and without omeprazole was tested using local sensitivity 
analysis of the parameters kinact, kon and the BTK half-life by 
assuming a tenfold up or down variation from the nominal 
value for kinact and kon and a threefold up or down varia-
tion for the BTK half-life. Factors for rate constants were 
arbitrarily chosen, while the factor 3 for half-life was based 

on the reported range of half-lives [18, 19]. The percent 
change in the average RO when using the nominal values 
with respect to upper or lower bounds were calculated for 
each parameter and for both treatments.

Safety assessments

Safety was evaluated throughout the study in terms of the 
incidence and type of treatment-emergent adverse events 
(TEAEs), and notable changes in clinical laboratory param-
eters, physical examination results, 12-lead ECGs, and vital 
sign measurements. TEAEs were coded in accordance with 
the Medical Dictionary for Regulatory Activities (MedDRA) 
version 18.1 by system organ class, and preferred term. Tox-
icity grading for TEAE and laboratory safety was performed 
in accordance with the National Cancer Institute Common 
Terminology Criteria for Adverse Events (NCI-CTCAE Ver-
sion 4.03).

Statistical methods

The sample size for the study was based on a previous study 
[20], where the intrasubject coefficients of variation were 
approximately 27 and 43% for the AUC and the Cmax of 
ibrutinib, respectively. Based on this, a sample size of 18 
participants was considered sufficient for the point estimates 
of the geometric mean ratios (GMRs) of the AUC and Cmax 
of ibrutinib, with and without co-administration of omepra-
zole, falling within 86, 116, 79, and 127% of the true value 
of the AUC and Cmax, respectively, with 90% confidence. 
Assuming a 10% dropout rate, 20 participants were enrolled 
in the study to ensure that a minimum of 18 participants 
would complete the study.

The safety set included all the participants who received 
at least one dose of the study drug. Safety data were sum-
marized using descriptive statistics.

The PK set included all the participants who had PK esti-
mations of ibrutinib for both periods (ibrutinib administered 
alone on day 1 and in combination with omeprazole on day 
7). The PK data were summarized descriptively. The effect 
of omeprazole on primary PK parameters of ibrutinib (Cmax 
and AUCs) was determined by assessing GMRs and 90% 
confidence intervals (CIs). The GMRs of PK parameters of 
ibrutinib with and without co-administration of omeprazole 
and the associated 90% CIs and intrasubject coefficients of 
variation from a mixed effects model of log-transformed PK 
parameters were constructed. No statistical comparisons 
were made for PCI-45227. Individual and mean plasma ibru-
tinib and PCI-45227 concentration–time profiles were plot-
ted for each treatment. Statistical analyses were performed 
using SAS Version 9.3.
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Results

A total of 20 participants (19 men and 1 woman; all white) 
received the study medication, and all of them completed the 
study without any protocol violation. The median age of the 
participants was 48 years (range 36–55 years, inclusive), and 
the mean (standard deviation) BMI was 25.47 (2.61) kg/m2.

Pharmacokinetics of ibrutinib

Co-administration of omeprazole reduced ibrutinib concen-
trations during the first 4 h compared with ibrutinib alone. 
Between 12 and 24 h postdose, ibrutinib concentrations 
were slightly higher when co-administered with omeprazole 
(Figs. 1a and S3, Supplementary Appendix) and the median 
tmax was delayed by 1 h. However, there was no apparent 
effect on the elimination phase of ibrutinib.

Repeated administration of omeprazole 40 mg (once 
daily) minimally affected the AUC 48h and AUC last of ibru-
tinib after a single 560 mg dose with < 10% decrease based 
on GMR (98.3 and 92.5%, respectively), decreased ibrutinib 
mean Cmax (62.5% reduction based on GMRs) (Fig. 2). The 
90% CI of the GMR of AUC 48h fell within the (80–125%) 
interval (Table 1). The 48 h postdose concentration for ibru-
tinib was below the quantification limit (BQL) in six par-
ticipants who received ibrutinib alone and eight participants 
who received ibrutinib with omeprazole. Furthermore, the 
truncated AUC calculations showed that GMR of AUC 24h  
was 17% lower during initial 24 h when ibrutinib was co-
administered with omeprazole (versus ibrutinib alone) com-
pared to 1.7 and 7.5% lower AUC in the case of AUC last and 
AUC 48h, respectively. The intrasubject variability on Cmax 
was 71.9%, and that on the AUC 48h and AUC last was 31.5 
and 32.3%, respectively.

Fig. 1  a Concentration–time 
curves of ibrutinib after admin-
istration of a single oral dose 
of ibrutinib 560 mg alone (day 
1) and in combination with 
omeprazole 40 mg once daily 
(day 7). b Concentration–time 
curves of PCI-45227 after 
administration of a single oral 
dose of ibrutinib 560 mg alone 
(day 1) and in combination with 
omeprazole 40 mg once daily 
(day 7)
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Pharmacokinetics of PCI‑45227

During the first 8 h, a reduction in the mean plasma con-
centrations of PCI-45227 was observed when ibrutinib was 
co-administered with omeprazole versus ibrutinib alone; 
however, the mean plasma concentrations were comparable 
thereafter (Fig. 1b). The mean AUC of PCI-45227 was 16% 
lower when ibrutinib was co-administered with omeprazole 
than when administered alone. The reduction in Cmax (50%) 
and the delay in tmax (1.5 h) caused by omeprazole for the 
metabolite were generally similar to those measured for ibru-
tinib. Co-administering omeprazole had a minimal effect on 
the ibrutinib metabolite-to-parent ratio (Table 2).

Pharmacokinetics of omeprazole

The average omeprazole plasma concentration at 2 h post-
dose was 554 ng/mL, with individual plasma concentrations 
ranging between BQL and 2310 ng/mL. In three participants, 
the 2 h postdose sample was reported as BQL (< 1.0 ng/mL). 
For these three participants, the individual treatment ratios 
of AUC or Cmax (ibrutinib co-administered with omeprazole 
versus ibrutinib alone) did not significantly differ from the 
other participants, with some showing a low treatment effect 
in conjunction with high omeprazole concentrations at the 

2 h time point, while other participants had low omeprazole 
levels with a high treatment effect.

BTK‑receptor occupancy model predictions

The PK model provided a good fit to the observed data 
for ibrutinib alone and in combination with omeprazole 
(Fig. S1, Supplementary Appendix). The corresponding pre-
dicted BTK binding versus the time profile at steady state for 
the ibrutinib 560 mg daily dose in the absence and presence 
of omeprazole is shown in Fig. 3. As per model predictions, 
the difference in average target occupancy was negligible 
with RO values of 0.96 (96%) and 0.94 (94%) with and 
without omeprazole, respectively. The RO remained above 
90% during the 24 h treatment interval for both treatments. 
Thus, the lower ibrutinib Cmax observed with omeprazole 
does not seem to impact BTK target engagement. The sen-
sitivity analysis confirmed that the impact of changing kinact, 
BTK half-life and kon parameters used in this model was 
minimal, and consistent for both treatments, with or without 
omeprazole (Fig. S4, Supplementary Appendix).

Safety

Overall, nine (45%) participants experienced at least one 
TEAE, of which six (30%) participants had TEAEs that were 
considered by the investigator to be related to study drug. 
The number of participants with TEAEs after administration 
of ibrutinib alone and when co-administered with omepra-
zole was the same (five in each group). The most commonly 
reported TEAEs during this period were back pain, head-
ache, abdominal pain, and diarrhoea, which were all grade 1  
in severity (Table 3). During the follow-up period, one par-
ticipant experienced a grade 2 TEAE (prostatitis), however, 
this was considered by the investigator as not related to study 
drug. No clinically significant changes in laboratory safety 
parameters, ECG, or vital signs over time were observed in 
this study. No serious adverse events (SAEs) were reported, 
and there were no discontinuations due to adverse events 
(AEs).

Discussion

The present study evaluated the potential effects of repeated 
omeprazole dosing on single-dose PK of ibrutinib in healthy 
adults. Repeated administration of omeprazole with ibrutinib 
minimally affected the AUC of ibrutinib (≤ 10% based on 
the GMR for AUC 48h, and AUC last) despite a 63% reduction 
in Cmax. The median tmax increased from 1 to 2 h when ome-
prazole was co-administered with ibrutinib, with increases in 
systemic concentrations observed as late as 24 h after ibru-
tinib intake. The effects of omeprazole on PCI-45227 PK 

Fig. 2  (a) Scatter plot comparing Cmax of ibrutinib in each subject in 
the absence and presence of omeprazole. (b) Scatter plot comparing 
AUC last of ibrutinib in each subject in the absence and presence of 
omeprazole
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Table 1  Pharmacokinetic results of ibrutinib after administration in the absence and presence of omeprazole

AUC 24h area under the concentration versus time curve (AUC) from the time of administration up to 24 h postdosing, AUC 48h AUC from the 
time of administration up to 48 h postdosing, AUC last AUC from the time of administration up to the time of the last observed quantifiable con-
centration, Cmax maximum observed concentration, h hour, tmax time to reach the maximum observed concentration, t1/2term the apparent terminal 
elimination half-life
a n = 6 for t1/2term
b n = 4 for AUC ∞ and n = 5 for t1/2

Pharmacokinetics of ibrutinib Ibrutinib 560 mg, day 1 Ibrutinib 
560 mg + omeprazole 
40 mg, day 7

Number of participants (n) 20a 20b

Cmax (ng/mL)
 Mean ± SD 53.4 ± 47.3 18.3 ± 11.4

tmax (h)
 Median (range) 1.0 (0.5–4.0) 2.0 (0.5–24.2)

AUC 24h (ng h/mL)
 Mean ± SD 219 ± 172 172 ± 93.7

AUC 48h (ng h/mL)
 Mean ± SD 267 ± 209 245 ± 130

AUC last (ng h/mL)
 Mean ± SD 262 ± 211 228 ± 133

t1/2term (h)
 Mean ± SD 11.4 ± 5.1 15.0 ± 10.6

Geometric mean Geometric mean 
ratio (90% CI) 
(%)Ibrutinib 560 mg, day 1 Ibrutinib 560 mg + omeprazole 40 mg, 

day 7

Number of participants (n) 20 20 20
Cmax (ng/mL) 39.5 14.8 37.5 (26.4–53.4)
AUC 24h (ng h/mL) 176 147 83.4 (68.0–102.2)
AUC 48h (ng h/mL) 217 213 98.3 (83.1–116.3)
AUC last (ng h/mL) 210 195 92.5 (77.8–109.9)

Table 2  Pharmacokinetic 
results of PCI-45227 after 
administration of ibrutinib in 
the absence and presence of 
omeprazole

AUC 48h area under the concentration versus time curve (AUC) from the time of administration up to 48 h 
postdose, calculated by linear–linear trapezoidal summation, AUC last AUC from the time of administration 
up to the time of the last observed quantifiable concentration, Cmax maximum observed concentration, h 
hour, M/P metabolite/parent, tmax time to reach the maximum observed concentration
All values are presented as mean ± standard deviation except tmax, which is presented as median (range)

Pharmacokinetics of PCI-45227 Ibrutinib 560 mg, day 1 Ibrutinib 
560 mg + omeprazole 
40 mg, day 7

Number of participants 20 20
Cmax (ng/mL) 79.4 ± 32.5 39.9 ± 20.2
tmax (h) 1.5 (1.0–4.0) 3.0 (1.0–6.0)
AUC 48h (ng h/mL) 731 ± 310 616 ± 278
AUC last (ng h/mL) 731 ± 310 616 ± 278
M/P ratio Cmax 1.9 ± 0.9 2.5 ± 1.4
M/P ratio AUC 48h 3.1 ± 1.1 2.7 ± 1.1
M/P ratio AUC last 3.2 ± 1.2 3.0 ± 1.4



305Cancer Chemotherapy and Pharmacology (2018) 82:299–308 

1 3

parameters were generally consistent with those observed 
with the parent ibrutinib, with a twofold decrease in Cmax but 
a small change in AUC. In line with this, co-administering 
ibrutinib with omeprazole resulted in comparable metabo-
lite-to-parent ratios of PCI-45227 for both treatments.

These findings are pertinent as co-administering ibrutinib 
with omeprazole delayed the gastrointestinal absorption but 
did not have an impact on ibrutinib exposure as evaluated by 
its AUC, which is deemed most relevant for ibrutinib’s clini-
cal activity. Since the gastric pH-lowering effect with PPIs 
is more pronounced and lasts longer compared to other gas-
tric pH-lowering agents, the impact of using  H2-antagonists 
(e.g., ranitidine) or antacids on ibrutinib exposure can also 
be considered clinically irrelevant. In general, omeprazole 
tmax occurs approximately 1–2 h following dosing [21]. 

However, in this study, omeprazole plasma concentrations, 
determined at 2-h postdose only, varied from BQL to > 2 µg/
mL.

Despite this, the majority of the participants showed a 
clear decrease in ibrutinib Cmax, implying that low ome-
prazole levels at the 2-h timepoint resulted from a delayed 
tmax, rather than low exposure. Support for this explanation 
was obtained from a retrospective evaluation of similar DDI 
studies conducted with other compounds, in which omepra-
zole PK profiles were obtained (data on file). In addition, a 
sustained effect of omeprazole on gastric pH was observed 
regardless of its short half-life, suggesting that this effect 
is dependent on the total AUC of the drug and not on its 
plasma concentration at any timepoint [22, 23].

Half-life of ibrutinib in this study ranged between 11 and 
15 h, higher than the reported t1/2 of 4–6 h [9]. The PK pro-
file of ibrutinib showed a temporary increase in concentra-
tion at the 24-h timepoint, suggesting deviation from normal 
linear elimination profile that was observed in other studies 
involving non-fasted conditions. This deviation prevented 
accurate determination of the terminal half-life, resulting in 
apparently longer t1/2 values. Furthermore, the correlation 
coefficient of the terminal slope failed to meet the criteria for 
the estimation of t1/2 (coefficient of determination r2 < 0.9, 
or < 3 data points could be used in the calculation) for many 
profiles, thus preventing its extrapolation to infinity. These 
profiles were excluded from the summary statistics.

Based on ibrutinib’s pharmacology and mechanism of 
action with covalent binding, the effect of a lower Cmax 
was predicted to be minimal. To confirm this assump-
tion, a mechanistic BTK RO model was developed based 

Fig. 3  Predicted BTK-receptor occupancy over 24 h at steady state

Table 3  Overall summary of 
TEAEs

TEAE treatment-emergent adverse event
a AEs that started or worsened on/or after the first dose of ibrutinib at day 1 and prior to the first dose of 
omeprazole
b AEs that started or worsened after the first dose of omeprazole and up to 30 days after the last dose of 
study medication

Ibrutinib 560 mga Ibrutinib 560 mg + ome-
prazole 40 mgb

Total

Number of participants 20 20 20
Number of participants with TEAE, n (%) 5 (25) 5 (25) 9 (45)
Back pain 1 (5) 2 (10) 3 (15)
Flank pain 1 (5) 0 1 (5)
Myalgia 1 (5) 0 1 (5)
Abdominal pain 1 (5) 1 (5) 2 (10)
Diarrhoea 1 (5) 1 (5) 2 (10)
Abdominal pain upper 0 1 (5) 1 (5)
Dry mouth 0 1 (5) 1 (5)
Headache 2 (10) 0 2 (10)
Upper respiratory tract infection 1 (5) 0 1 (5)
Prostatitis 0 1 (5) 1 (5)
Sneezing 0 1 (5) 1 (5)
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on covalent target-binding kinetics, and demonstrated that 
the lower Cmax of ibrutinib as a result of omeprazole co-
administration does not impact the extent and duration of 
BTK target engagement in a clinically relevant manner. A 
similar approach has been used by Jusko who proposed a 
mathematical basis for the observation that cyclophospha-
mide, which acts through irreversible binding, showed simi-
lar efficacy in mouse models after fractionated dosing and 
after a single injection [24]. When several reversibly binding 
ligands compete for the same binding site on the BTK tar-
get, a higher concentration (in combination with the on/off 
rate) is of critical importance. However, with a covalently 
binding ligand such as ibrutinib, in combination with its sub-
nanomolar affinity for the target [0.39 nM (0.17 ng/mL)], 
binding can occur quickly and thereafter displacement by 
a ligand present at a higher concentration is not possible. 
The covalent ligand remains bound to the target, with the 
duration of response dependent on the turn-over rate of the 
enzyme (24 h for BTK). The model predicted high target 
engagement (RO > 90%) which lasted over 24 h, consist-
ent with the exposure–RO relationship observed in patients 
(data on file).

The treatment regimen used in this study represents a 
worst-case scenario where patients receive multiple doses of 
PPIs over time, thereby causing a continuously elevated gas-
tric pH. This treatment regimen did not impact the relative 
bioavailability of ibrutinib. A similar observation was made 
in a study with ponatinib, another Biopharmaceutics Clas-
sification System Class 2 tyrosine kinase inhibitor, where co-
administering lansoprazole resulted in more modest, though 
statistically significant, reduction in the Cmax of ponatinib 
(25% reduction), but only a small change in the AUC [25]. 
However, the majority of kinase inhibitors, indeed, showed 
a decreased bioavailability when combined with a PPI, e.g., 
AUCs of dasatinib [26], erlotinib [27] and nilotinib [28] in 
healthy volunteers, lapatinib in women with breast cancer 
[29], and pazopanib in patients with solid tumors [30], were 
decreased by 60, 33, 34, 26, and 40%, respectively [31]. 
Physiologically-based PK (PBPK) modeling techniques 
may be used to simulate the effect of pH-altering agents 
on bioavailability, but due to the critical balance between 
dissolution, GI transport, and intestinal absorption, success 
has been limited. Recently, Lu et al. were able to reconcile 
the negative effect of PPI co-administration on the AUC 
of pictilisib using PBPK modeling by fine-tuning gastric 
emptying and motility parameters using clinical observa-
tions [32]. The extent of the decrease in AUC of these oral 
anticancer drugs in combination with gastric pH-altering 
agents is much higher than those observed in the current 
study. However, in most cases, these decreases were not 
deemed clinically relevant. Taken together, the considerable 
range of observations substantiates the finding that for BCS 
Class 2 compounds, although gastric pH may affect their 

dissolution, their ultimate bioavailability is determined by 
the drug’s intestinal permeability. For ibrutinib, complete 
absorption, albeit delayed, still seems to take place in these 
unfavorable conditions.

This study evaluated the PK of ibrutinib under fasting 
conditions; however, the effect of omeprazole on ibrutinib 
Cmax is expected to be less pronounced under fed conditions, 
since food intake increases ibrutinib Cmax by up to fourfold, 
and AUC by approximately twofold [18, 33]. Ibrutinib can 
be taken regardless of food intake, and repeated intake under 
formal fasted conditions (no food intake from 10 h prior 
until 4 h after drug intake) is unlikely. Population PK analy-
sis showed that the AUC under typical clinical trial condi-
tions (no food intake from 2 h prior to 30 min after ibrutinib 
administration) did not differ from the AUC in fed condition, 
i.e., ibrutinib administration with a high-fat breakfast. In 
addition, the population PK analysis [14] demonstrated that 
relative bioavailability of ibrutinib was not affected by co-
administration of gastric pH-lowering agents, mainly PPIs. It 
should be noted that the conditions of this pharmacokinetic 
study were chosen to obtain the maximal effect. Finally, a 
subgroup analysis using data from four randomized trials, 
stratified for concomitant use of PPIs or H2 antagonists for 
at least 2 months, found no detrimental impact on ibrutinib 
efficacy in participants taking pH-altering agents chronically.

In line with the parent drug, the primary metabolite PCI-
45227, which is considered to be inactive as it binds revers-
ibly to BTK with 1/15th of ibrutinib’s affinity [9, 10], closely 
followed the PK of ibrutinib in the presence of omeprazole, 
i.e., a large decrease in the Cmax and a small change in the 
AUC.

The safety profile after single doses of ibrutinib 560 mg 
either alone or in combination with omeprazole was consist-
ent with earlier studies, with no new safety signals identified 
in this study. There were no clinically significant observa-
tions on hematology, serum chemistry, physical examina-
tion, vital signs, and ECGs.

The findings of this study should be interpreted in the 
context of some limitations. There was a gender imbalance, 
which, however, did not hamper interpretation, since each 
subject served as its own control. In addition, it may be 
noted that there are no indications of gender-specific dif-
ferences in clearance of ibrutinib or omeprazole [21, 33]. 
Finally, variability on Cmax was higher than expected, based 
on prior data.

In conclusion, results of this study in combination with 
mechanistic modeling of target-binding indicated that the 
observed decrease in ibrutinib Cmax caused by repeated ome-
prazole co-administration, without a corresponding decrease 
in AUC, is not clinically relevant for ibrutinib’s bioavail-
ability. Thus, dose adjustments are not recommended dur-
ing ibrutinib’s co-administration with omeprazole or other 
pH-altering agents.
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