
118  |   	﻿�  Clin Transl Sci. 2022;15:118–129.www.cts-journal.com

Received: 12 April 2021  |  Revised: 30 June 2021  |  Accepted: 14 July 2021

DOI: 10.1111/cts.13126  

A R T I C L E

Novel Bruton’s Tyrosine Kinase inhibitor remibrutinib: 
Drug-drug interaction potential as a victim of CYP3A4 
inhibitors based on clinical data and PBPK modeling

Felix Huth1  |   Hilmar Schiller1  |   Yi Jin1  |   Birk Poller1  |   Carole Schuhler2  |   
Wendy Weis3  |   Ralph Woessner1  |   Anton Drollmann1  |   Peter End1

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 NIBR Novarti Basel Switzerland. Clinical and Translational Science published by Wiley Periodicals LLC on behalf of the American Society for Clinical 
Pharmacology and Therapeutics.

1Novartis Institutes for BioMedical 
Research, Basel, Switzerland
2GCE Solutions, Basel, Switzerland
3Novartis Pharma AG, Basel, 
Switzerland

Correspondence
Peter End, Novartis Institutes for 
BioMedical Research, Postfach   
CH-4002, Basel, Switzerland.
Email: peter.end@novartis.com

Funding information
This investigation was sponsored 
by Novartis Pharma AG, Basel, 
Switzerland.

Abstract
Remibrutinib, a novel oral Bruton’s Tyrosine Kinase inhibitor (BTKi) is highly selec-
tive for BTK, potentially mitigating the side effects of other BTKis. Enzyme phenotyp-
ing identified CYP3A4 to be the predominant elimination pathway of remibrutinib. 
The impact of concomitant treatment with CYP3A4 inhibitors, grapefruit juice and 
ritonavir (RTV), was investigated in this study in combination with an intravenous 
microtracer approach. Pharmacokinetic (PK) parameters, including the fraction ab-
sorbed, the fractions escaping intestinal and hepatic first-pass metabolism, the ab-
solute bioavailability, systemic clearance, volume of distribution at steady-state, and 
the fraction metabolized via CYP3A4 were evaluated. Oral remibrutinib exposure 
increased in the presence of RTV 4.27-fold, suggesting that remibrutinib is not a 
sensitive CYP3A4 substrate. The rich PK dataset supported the building of a robust 
physiologically-based pharmacokinetic (PBPK) model, which well-described the 
therapeutic dose range of 25–100 mg. Simulations of untested scenarios revealed 
an absence of drug-drug interaction (DDI) risk between remibrutinib and the weak 
CYP3A4 inhibitor fluvoxamine (area under the concentration-time curve ratio 
[AUCR] <1.25), and a moderate effect with the CYP3A4 inhibitor erythromycin 
(AUCR: 2.71). Predictions with the moderate and strong CYP3A4 inducers efavirenz 
and rifampicin, suggested a distinct remibrutinib exposure decrease of 64% and 89%. 
Oral bioavailability of remibrutinib was 34%. The inclusion of an intravenous micro-
tracer allowed the determination of all relevant remibrutinib PK parameters, which 
facilitated construction of the PBPK model. This will provide guidance on the selec-
tion or restriction of comedications and prediction of DDI risks.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Remibrutinib is an irreversible Bruton’s Tyrosine Kinase inhibitor and moderate 
CYP3A4 substrate to be administered with caution with strong inhibitors.
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INTRODUCTION

Remibrutinib is a highly selective, potent, oral, covalent 
Bruton’s Tyrosine Kinase inhibitor (BTKi) that is in de-
velopment for the treatment of autoimmune disorders, 
including chronic spontaneous urticaria.1,2 It is hypoth-
esized that signaling pathways downstream of BTK, rel-
evant to the activation and function of innate and adaptive 
immune system cells, could be modulated by remibruti-
nib.3,4 Regarding drug-drug interactions (DDIs), the ef-
fects as “victim” and “perpetrator” must be considered.5,6 
The impact of remibrutinib as perpetrator of cytochrome 
(CYP) enzymes was recently investigated in a separate 
clinical DDI study, demonstrating weak inhibition effects 
on CYP2C9 and CYP3A4/5 (unpublished data, Schiller, 
Huth, Schuhler, Drollmann, Kaul, Woessner, et al. 2021).

In vitro data identified CYP3A4 as the major metab-
olizing enzyme of remibrutinib. Comedications affecting 
CYP3A4 by inhibition or induction may influence remi-
brutinib exposure. Therefore, an investigation regarding 
the DDI potential risk between remibrutinib and CYP3A4 
perpetrators should be considered, as recommended by 
the European Medicines Agency (EMA) and US Food and 
Drug Administration (FDA).5,7–12

In this study, an integrated approach was used to eval-
uate remibrutinib as victim of DDI by concomitant med-
ications. We present the in vitro assessments of intestinal 
transport, cellular uptake, and enzyme kinetic parameters. 
Next, a clinical study was conducted to assess the effects 
of the CYP3A4 inhibitors, ritonavir (RTV) and grapefruit 
juice, on remibrutinib. RTV, an antiretroviral drug, is a 
strong inhibitor of intestinal and hepatic CYP3A4/5 and 
gut P-glycoprotein (P-gp), and is used to evaluate the max-
imal CYP3A inhibition potential of substrates in clinical 
DDI studies.13,14 Grapefruit juice is a strong inhibitor of 

intestinal but not hepatic CYP3A4/5, allowing differentia-
tion when compared to the RTV results.15,16 Remibrutinib 
was given orally; an intravenous microtracer was adminis-
tered 2 h post-remibrutinib in the form of a stable isotope 
labeled remibrutinib (SIL-remibrutinib).

Secondary objectives were to investigate absolute bioavail-
ability (F) and safety and tolerability of remibrutinib when 
administered alone or concomitantly with RTV or grapefruit 
juice. Based on in vitro results and the outcome of the clinical 
DDI study, a physiologically-based pharmacokinetic (PBPK) 
model was established to predict DDI effects mediated via 
CYP3A4 for a set of known perpetrator drugs.17–19

METHODS

In vitro assessment of remibrutinib as 
transporter and metabolizing enzyme 
substrate

To assess remibrutinib as substrate of adenosine triphos-
phate (ATP)-binding cassette efflux transporters, Caco-2 
cells were utilized. Human hepatocytes were used to assess 
whether remibrutinib is a substrate of hepatic uptake trans-
porters.20 The rates and pathways of remibrutinib metabo-
lism were investigated by using recombinant human CYPs 
(rCYP) and human liver microsomes (HLMs). Method de-
tails are specified in the Supplementary Document.

Clinical DDI study

This was a single-center, open-label, three-period, single 
sequence, cross-over phase I study to investigate the effect 
of RTV and grapefruit juice on the pharmacokinetics (PKs) 

WHAT QUESTION DID THIS STUDY ADDRESS?
This study explored the drug-drug interaction (DDI) risk of remibrutinib as a vic-
tim with CYP3A4 inhibitors.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Using a specifically tailored study design, most model-relevant pharmacokinetic 
(PK) parameters were determined, including fractions of the dose escaping intes-
tinal and hepatic first-pass metabolism, absolute bioavailability, systemic drug 
clearance, apparent volume of distribution at steady-state, and fraction of the 
drug metabolized via CYP3A4.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
The clinical study design offers opportunities to obtain important PK parameters, 
which enabled physiologically-based pharmacokinetic (PBPK) model building of 
complex PK compounds. Taken together, the PK parameters and the PBPK simu-
lations allowed robust DDI predictions of untested scenarios.
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of oral (p.o.) remibrutinib in healthy adult participants 
(Table  S3, NCT03918980). Two hours post p.o. admin-
istration, an intravenous (i.v.) microtracer dose of SIL-
remibrutinib was administered. Remibrutinib doses (50 mg 
and 20 mg p.o. and 100 µg i.v.) were selected to ensure remi-
brutinib levels were above the lower limit of quantification 
(LLOQ) to reliably characterize the PKs of remibrutinib. 
This study consisted of a 21-day screening period followed 
by 9 days of treatment with the treatment periods 1 to 3 and 
the end of study (EOS) assessment, which was performed 
5 days after the last dose on day 14 (Figure 1).

Treatment period 1 (remibrutinib): A single dose of re-
mibrutinib 50 mg p.o. was administered on the morning of 
days 1 and 2 after an overnight fast of greater than or equal 
to 10 h. On day 3, participants received 240 ml of 10% glu-
cose (to mimic grapefruit juice calorific content) after an 
overnight fast of greater than or equal to 9 h. A single dose 
of remibrutinib 50 mg p.o. was administered 1 h later. SIL-
remibrutinib 100 μg i.v. was administered 2 h later.

Treatment period 2 (remibrutinib and grapefruit juice): 
On day 4, a single dose of remibrutinib 50  mg p.o. was 
administered after an overnight fast of greater than or 
equal to 10 h. Participants received grapefruit juice 240 ml 
p.o. 15 h post-remibrutinib intake. On day 5, participants 
were given a further 240  ml of grapefruit juice after an 

overnight fast of greater than or equal to 9 h, followed by 
a single dose of remibrutinib 20 mg p.o. 1 h later. Blood 
samples were collected for up to 24 h after the remibruti-
nib p.o. dosing for remibrutinib measurements.

Treatment period 3 (remibrutinib and RTV): On day 
6, a single dose of remibrutinib 50 mg p.o. was adminis-
tered after an overnight fast of greater than or equal to 9 h. 
Participants received a single dose of RTV 100 mg p.o. 15 h 
post-remibrutinib intake. A second lead-in dose of RTV 
100 mg p.o. was administered on the morning of day 7 after 
an overnight fast of greater than or equal to 9 h. A single 
dose of remibrutinib 20 mg p.o. was administered 1 h later. 
SIL-remibrutinib 100 μg i.v. was administered 2 h later. A 
third dose of RTV 100  mg p.o. was administered on day 
7, 11 h post-remibrutinib dose, and a fourth dose of RTV 
100 mg p.o. was administered on day 8 after an overnight 
fast of greater than or equal to 9 h. Blood samples were col-
lected up to 48 h after the p.o. and i.v. remibrutinib dosing, 
for remibrutinib and SIL-remibrutinib measurements.

Pharmacokinetic assessments

A validated liquid chromatography tandem mass spectrom-
etry method was used for determining the remibrutinib 

F I G U R E  1   Study design. A single-center, open-label, single sequence, cross-over study to investigate the effect of ritonavir 
and grapefruit juice on the pharmacokinetics of intravenous and oral remibrutinib. EOS, end of study; GFJ, grapefruit juice; PK, 
pharmacokinetic; RTV, ritonavir; SIL-remibrutinib, stable isotope labeled remibrutinib
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and SIL-remibrutinib concentrations in human blood. 
The primary variables to evaluate the effect of RTV and 
grapefruit juice on the PKs of oral remibrutinib were the 
maximal concentration (Cmax) and the area under the 
curve (to 24  h, [AUC0–24  h], last quantifiable concentra-
tion [AUClast], and to infinity [AUCinf]), or remibrutinib. 
The secondary variables to evaluate the effect of RTV and 
grapefruit juice on the PKs of oral remibrutinib were the 
apparent total clearance (CL/F), systemic clearance (CL), 
apparent volume of distribution (Vz/F), volume of distri-
bution at steady-state (Vss), and terminal half-life (t1/2).

Remibrutinib is cleared by oxidative metabolism and 
hydrolysis. As only the oxidative metabolism, which is 
almost exclusively driven by CYP3A4, contributes to 
first-pass metabolism, the following calculations can be 
applied for the fraction of the dose escaping intestinal 
first-pass metabolism (Fg), Equation 1:

with AUCpo,without inhibitor representing the remibruti-
nib AUC after oral administration without inhibitor and 
AUCpo,with grapefruit juice representing the remibrutinib AUC 
after oral administration with grapefruit juice.

The fraction of the dose escaping hepatic first-pass 
metabolism (Fh) value for remibrutinib was calculated by 
Equation 2:

with AUC ratioiv,RTV and AUC ratiopo,RTV representing the 
respective remibrutinib AUC ratios after i.v. and p.o. admin-
istration with RTV.

The hepatic fraction of the drug metabolized (fm[CYP3A4]) 
for remibrutinib was calculated by Equation 3:

with AUCiv,without inhibitor representing the remibrutinib AUC 
after i.v. administration without inhibitor and AUCiv,with RTV 
representing the remibrutinib AUC after i.v administration 
with RTV.

The absolute bioavailability (F) of remibrutinib was 
calculated by Equation 4:

Estimation of the remibrutinib systemic PK param-
eters total CL and Vss, and calculation of fraction of the 

dose absorbed from gastrointestinal tract (Fa) was calcu-
lated by Equation 5:

Ethics

The trial was approved by the institutional review board, and 
written informed consent was obtained from all participants 
before any assessment was performed. The study was de-
signed and implemented in accordance with the International 
Conference on Harmonization (ICH) Harmonized Tripartite 
Guidelines for Good Clinical Practice (GCP), with applicable 
local regulations, and with the ethical principles laid down in 
the Declaration of Helsinki.

Safety

Safety was monitored throughout the study and the safety 
analysis set included all participants who received any 
study drug. Safety assessments consisted of collecting all 
adverse events (AEs) and serious adverse events (SAEs); 
physical examinations; vital signs measurement (pulse 
rate, blood pressure, height and weight); clinical labora-
tory evaluations (hematology, blood chemistry, urinalysis, 
coagulation, hepatitis, and HIV markers); and electrocar-
diogram (ECG).

Statistical analysis

The effect of RTV and grapefruit juice on the PKs of oral 
remibrutinib drug exposure was analyzed using an anal-
ysis of variance model for the primary PK parameters 
(Cmax, AUC0–24 h, AUClast, and AUCinf) that included the 
clinical trial treatment as a fixed effect, and the participant 
as a random effect. Concentrations below the LLOQ were 
treated as zero in summary statistics and for PK parameter 
calculations. No formal statistical analysis was done for 
safety and tolerability evaluation.

PBPK model

A PBPK model was established using Simcyp (version 18; 
Simcyp Limited, a CERTARA company, Princeton, NJ), 
with White healthy volunteers population-based on remi-
brutinib’s physico-chemical parameters, in vitro absorp-
tion, distribution, metabolism, and excretion data, and 
clinical PK parameters from a single and multiple ascend-
ing dose study (Table S6) and the DDI trial with RTV and 

(1)Fg =
AUCpo,without inhibitor

AUCpo,with grapefruit juice
,

(2)Fh =
AUCratioiv,RTV

AUCratiopo,RTV ∗ Fg
,

(3)fmCYP3A4 =
AUCiv,without inhibitor

AUCiv,with RTV
,

(4)F =
AUCpo ∗ Doseiv

AUCiv ∗ Dosepo
,

(5)Fa =
F

Fg ∗ Fh
.



122  |      HUTH et al.

grapefruit juice (NCT03918980). The model was verified 
by predicting remibrutinib exposure of a separate clini-
cal study (DDI trial with CYP1A2, CYP2C9, and CYP3A4 
substrates, unpublished data, Schiller, Huth, Schuhler, 
Drollmann, Kaul, Woessner et al. 2021) and the DDI im-
pact of RTV on remibrutinib administrated i.v. illustrated 
by the model development scheme (Figure S2). A detailed 
description on model building, used compound files, 
and simulation details is provided in the Supplementary 
Document. For DDI simulations, the different CYP3A4/5 
inhibitors were administered from days 1–8, with remibru-
tinib dosed 100 mg p.o. either as a single dose on day 5 or 
once daily (q.d.) for 8 days. CYP3A4/5 inducers were ad-
ministered for 14 days, with a single dose of remibrutinib at 
day 11, or from days 1–14 q.d. Unexplored scenarios were 
predicted by simulating the impact of the weak, moderate, 
and strong CYP3A4 inhibitors fluvoxamine (100 mg q.d.), 
erythromycin (500 mg twice daily [b.i.d.]), and ketocona-
zole (200 mg b.i.d.), as well as the impact of the moderate 
and strong CYP3A4 inducers efavirenz (600 mg q.d.) and 
rifampicin (600 mg q.d.) on remibrutinib.

Prediction accuracy (PE) for the PK parameters (Cmax and 
AUC) was calculated by %PE  =  [predicted−observed]/ob-
served*100, with a value of within −50% to +100% consid-
ered as acceptable prediction.21,22 The accuracy of DDI 
predictions was assessed by comparing the simulated versus 
the observed DDI ratio using the Guest criteria, by calculat-
ing the limits according to: Upper limit: Robs ∗(1+2∗(Robs−1))

Robs
, 

Lower limit: Robs ∗Robs
1+2∗(Robs−1)

, with Robs: observed DDI ratio. 

Average fold error (AFE) was calculated to compare the 
quality of the PBPK model with and without target-mediated 
drug disposition (TMDD), AFE = 101∕n

∑ n
0
log (Fold error) 

where n is the sample number.23–26

RESULTS

Determination of kinetic transport 
parameters for remibrutinib and 
identification of human enzymes involved 
in the oxidative liver metabolism of 
remibrutinib

Results of experiments using Caco-2 cells predicted 
Fa of about 89% based on passive permeability (Papp: 
16.5 × 10−6 cm/s), and an absorption rate constant (ka) of 
0.8 h−1 was estimated with Simcyp to match time to maxi-
mum concentration (Tmax). Remibrutinib was identified 
as a P-gp substrate. Based on its low apparent Km value 
(13.8  μM), efflux activity is likely saturated in the intes-
tine at clinical doses greater than or equal to 25 mg (gut 
lumen concentration greater than or equal to 200 μM). The 

uptake clearance of remibrutinib was not affected by in-
hibitors of hepatic uptake transporters; thus, its uptake is 
driven by passive diffusion. In pooled HLM, the metabolic 
rates of remibrutinib were characterized by an apparent 
intrinsic affinity (Kmapp) of 5.43  μM and a maximal rate 
of metabolism (Vmax) of 560.7 pmol/min/mg protein, sug-
gesting a high metabolic clearance of remibrutinib in the 
liver. The selective CYP3A4 inhibitors ketoconazole and 
azamulin inhibited remibrutinib metabolism up to 100%. 
For all other inhibitors tested, either no or less than 30% 
inhibition was observed. Using recombinant CYP450 en-
zymes, CYP3A4 was identified as the major metabolizing 
enzyme contributing to oxidative hepatic metabolism with 
97.9% attributed to this enzyme. Minor enzymes involved 
were CYP2C19 (1%), CYP3A5 (0.8%), and CYP2B6 (0.3%). 
The CYP3A4 Km,u and Vmax values were 1.51  μM and 
16.3 pmol/min/pmol CYP, respectively (Table S2). In addi-
tion, the metabolism rates using HLM from 16 individual 
donors correlated strongly with the activity of CYP3A4/5 
(testosterone R: 0.986 and midazolam R: 0.989).

Clinical DDI study

Of the 17 participants enrolled, 16 (94.1%) completed 
treatment period 1 to treatment period 3 (TP1–TP3) and 
one participant was discontinued in TP1 due to an AE. 
All participants received at least one dose of trial drug and 
were included in the safety and PK analysis sets. There 
were no major protocol deviations and 17 minor devia-
tions; no participants were excluded from the analysis due 
to protocol deviations. Participant demographics are out-
lined in Table S3.

Blood PKs of remibrutinib was compared from partici-
pants following the administration of remibrutinib alone, 
in combination with grapefruit juice, and in combination 
with RTV. Different remibrutinib doses were administered 
during TP1 (50 mg), TP2 (20 mg), and TP3 (20 mg). Hence, 
the actual Cmax and AUC values were dose-normalized. 
Arithmetic mean remibrutinib Cmax increased from 
2.77 ng/ml/mg following administration of remibrutinib 
alone, to 9.00  ng/ml/mg for remibrutinib with ritonavir 
(Table  S4). Arithmetic mean dose-normalized AUC0–24  h 
values were 4.89 ng*h/ml/mg for remibrutinib alone, and 
20.3 ng*h/ml/mg for remibrutinib with RTV. Arithmetic 
mean dose-normalized remibrutinib Cmax and AUC0–24 h 
values increased following administration of remibruti-
nib with grapefruit juice to values of 3.27 ng/ml/mg and 
6.28 ng*h/ml/mg, respectively.

The geometric mean ratios of the dose-normalized val-
ues of Cmax and AUC0–24 h for remibrutinib, comparing ad-
ministration with grapefruit juice to remibrutinib alone, 
indicate a 1.24-fold and 1.29-fold increase, respectively 
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(Table 1). The geometric mean ratios of the dose-normalized 
values of Cmax and AUC0–24 h for remibrutinib, comparing 
administration with RTV to remibrutinib alone, indicate a 
3.32-fold and 4.27-fold increase, respectively. Remibrutinib 
i.v. showed an AUC0–24 h increase in total remibrutinib ex-
posure in the presence of RTV of 1.67-fold (Table 1).

Median (minimum-maximum) time to reach peak blood 
concentration following drug administration (Tmax) values 
of remibrutinib reduced slightly from 1.00 h (0.5–2.5 h) for 
remibrutinib alone, to 0.73 h (0.5–2.0 h) for remibrutinib 
with grapefruit juice and 0.72 h (0.5–1.5 h) for remibruti-
nib with RTV. Arithmetic means (coefficient of variation 
[CV%]) of t1/2 values were comparable for remibrutinib 
alone (6.58 h [26.9%]) and when administered with grape-
fruit juice (7.13 h [15.0%]) but increased to 12.1 h (23.3%) 
when remibrutinib was administered with RTV. The CV%, 
CL/F, and Vz/F values decreased following administration 
of remibrutinib with RTV compared to administration of 
remibrutinib alone or with grapefruit juice.

Absolute bioavailability of remibrutinib, 
absorption in the gut, and metabolism 
by CYP3A

Applying Equations 1 to 5 above, the remibrutinib PK param-
eters Fa, Fg, Fh, F, Finhibited, and FmCYP3A4 were calculated 
using the results of the DDI study with RTV and grapefruit 
juice (Table 2). The calculated PK parameters based on ob-
served data were consistent with the PBPK parameters.

Safety

Remibrutinib was well-tolerated by participants in this 
study when administered alone, with grapefruit juice, or 
with RTV. No SAEs, deaths, or AEs of high-grade sever-
ity were reported during the trial. Almost all the AEs re-
ported were rated grade 1 (13/14 occurring in 5 [29.4%] 
participants) in severity. One grade 2 AE of toothache was 
reported in TP3, which was not considered to be treat-
ment related. There were no clinically relevant changes in 
clinical laboratory evaluations, vital sign measurements, 
and ECG results, except for the isolated AE of mildly in-
creased white blood cell count in one patient who discon-
tinued the study.

Remibrutinib pharmacokinetics and DDI 
effects predicted by PBPK modeling

The established PBPK model predicted remibrutinib expo-
sure when including TMDD with residual values ranging 
from −46.6% to +113% for the parameters Cmax and AUC 
for the dose range of 15–400 mg at single dose or multiple 
q.d. doses, or b.i.d. doses of 100–200 mg (Figure S1 and 
S3, Table  S6). Without considering TMDD, the model 
performed with less accuracy with residual values rang-
ing from −41.6% to +155%. Moreover, the prediction error 
plots (Figure S1) demonstrate a better Cmax and AUC ac-
curacy for single dose when including TMDD. The AFE 
was also higher for the model without TMDD, especially 

T A B L E  1   Effect of ritonavir and grapefruit juice on the PKs of oral and intravenous remibrutinib

p.o.

Period 1 
remibrutinib 
alone (Geo-
mean, 90% CI)

Period 2 
remibrutinib + 
grapefruit juice 
(Geo-mean, 90% 
CI)

Period 3 
remibrutinib + 
ritonavir (Geo-
mean, 90% CI)

Ratio period   
2 / period 1 (Geo 
mean ratio, 90% 
CI)

Ratio period   
3 / period 1 (Geo-
mean ratio, 90% 
CI)

Cmax norm by dose (ng/ml/mg) 2.45 (1.99, 3.02) 3.03 (2.45, 3.75) 8.15 (6.59, 10.1) 1.24 (1.05, 1.46) 3.32 (2.81, 3.93)

AUC0–24 h norm by dose (h*ng/ml/mg) 4.49 (3.83, 5.26) 5.80 (4.95, 6.80) 19.2 (16.4, 22.5) 1.29 (1.16, 1.43) 4.27 (3.84, 4.74)

AUClast norm by dose (h*ng/ml/mg) 4.37 (3.73, 5.13) 5.80 (4.93, 6.81) 19.7 (16.7, 23.1) 1.33 (1.19, 1.47) 4.50 (4.05, 4.99)

AUCinf norm by dose (h*ng/ml/mg) 4.66 (3.92, 5.54) 5.98 (4.97, 7.19) 20.1 (16.9, 23.8) 1.28 (1.09, 1.51) 4.31 (3.76, 4.94)

i.v.
Period 1 remibrutinib alone 
day 3 Geo-mean (%CV)

Period 3 remibrutinib + ritonavir 
day 3 Geo-mean (%CV)

Ratio period  
 3 / period 1 day 3

Cmax norm by dose (ng/ml/mg) 0.0326 (71.3%) 0.0291 (81.6%) 0.89

AUC0–24 h norm by dose (h*ng/ml/mg) 14.2 (21.8%) 23.8 (31.0%) 1.68

AUClast norm by dose (h*ng/ml/mg) 13.9 (22.3%) 23.5 (31.0%) 1.68

AUCinf norm by dose (h*ng/ml/mg) 14.5 (17.9%) 24.8 (33.3%) 1.70

Note: Dose-normalized PK parameters were used. For p.o. statistics were adjusted geometric mean and 90% CI. Model was mixed ANOVA model with a fixed 
term for treatment and a random effect for subject.
Abbreviations: %CV, percent coefficient of variation; AUC0–24 h, area under the curve during 24 h; AUCinf, area under the blood concentration–time curve from 
time zero to infinity; AUClast, area under the blood concentration–time curve from time zero to the time of the last quantifiable concentration; CI, confidence 
interval; Cmax, maximum (peak) blood drug concentration.
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for the first dose PKs (Tables S5 and S6). The overpredic-
tion at 400–600  mg is based on solubility limitations at 
these doses, which were not accounted for by the model. 
As these doses are outside the foreseen therapeutic dose 
range of 25–100  mg, the model liability is considered 
acceptable.

The simulation of the DDI trial design with ritonavir, 
administering remibrutinib i.v. or p.o. resulted in the AUC 
ratios 1.51 and 4.27 (Table  3), respectively, which were 
close to the respective observed AUC ratios of 1.66 and 
4.27 (Table 1). The predicted values were within the crite-
ria ranges of 1.18–2.28 for the i.v. AUC ratio, and 2.42–7.54 
for the p.o. AUC ratio.24 As further model verification, the 
remibrutinib PK parameters and concentration time curve 
in the DDI trial with the CYP450 enzyme substrate cocktail 
(unpublished data, Schiller, Huth, Schuhler, Drollmann, 
Kaul, Woessner, et al. 2021) were well-predicted with re-
sidual values of 23% and 36% for Cmax,ss and AUC0–12  h 
simulated AUCtau/Cmax values: 587ng*h/ml/258  ng/ml, 

observed AUCtau/Cmax: 916 ng*h/ml/334 ng/ml (Figure 2 
and Table 3).

The DDI simulations with the weak, moderate, and 
strong CYP3A4 inhibitors fluvoxamine, erythromycin, 
and ketoconazole with single dose remibrutinib resulted 
in remibrutinib exposure increases of 1.15, 2.71, and 4.62, 
respectively. At steady-state, remibrutinib AUCtau in-
creased to 1.13, 2.40, and 4.17-fold, respectively. The expo-
sure of a single remibrutinib 100 mg i.v. dose administered 
at day 11 in a simulated DDI trial with rifampicin (600 mg 
q.d., day 1–14) was reduced by 28% (Table 3). For single 
and multiple oral administration of remibrutinib, an AUC 
decrease of 0.11-fold and 0.36-fold was predicted for the 
strong CYP3A4 inducer rifampicin and the moderate in-
ducer efavirenz. The anticipated disposition scheme of 
remibrutinib is shown in Figure 3.

DISCUSSION

In this study, an integrated approach was applied to 
evaluate the DDI potential of remibrutinib as a victim 
drug. DDI data were generated from both an in vitro 
study and a clinical interaction study, including an i.v. 
microtracer treatment arm that allowed for robust and 
reliable DDI predictions using sophisticated PBPK mod-
eling. In addition to standard PK parameters, such as the 
absolute bioavailability (F), total systemic CL and Vss, 
the clinical DDI study design enabled the determination 
of Fg, Fh, Fa, the fractional contribution of CYP3A4 to 
its clearance and the inhibition potential with a strong 
CYP3A4 inhibitor.

To avoid a potential confounding impact of TMDD on 
the PK parameters, the remibrutinib exposure increase 
was determined at steady-state conditions. Administering 
remibrutinib p.o. with the strong CYP3A4/5 inhibi-
tor RTV resulted in an exposure increase of 4.27-fold. 
Although this is a substantial increase, remibrutinib does 
not meet the criteria for a sensitive CYP3A4 substrate 
(AUC ratio <5-fold). When administering remibrutinib 
i.v. with ritonavir, the AUC increased 1.67-fold compared 
to remibrutinib i.v. alone, indicating substantial CYP3A4 
contribution to first-pass metabolism after oral adminis-
tration. Fg of remibrutinib escaping intestinal CYP3A4 
metabolism was estimated to be 78.9%, by the selective 
inhibition of intestinal CYP3A4 using grapefruit juice 
(Table  2). In consequence, CYP3A4-mediated hepatic 
first-pass metabolism was calculated to transform 50.7% 
of remibrutinib (100%-Fh). However, intestinal inhibi-
tion by grapefruit juice may have been incomplete, re-
sulting in an overestimation of Fg. The PBPK model Fg 
and Fh values were 55.4% and 62.3%, respectively, based 
on CL, fractional CYP3A4 contribution of CYP3A4 and 

T A B L E  2   Summary of observed and simulated remibrutinib 
parameters using the established PBPK model

PK parameters
Observed mean 
value

Simulated mean 
value

CL (L/h) 70.1 ± 12.8a 73.1 ± 14.1c

Fa (%) 86.9e 88.9 ± 9.70

Fg (%) 78.9 ± 15.6 55.4 ± 14.6

Fh (%)d 49.3d 62.3 ± 10.7

F (%) 33.8 ± 11.5 30.6 ± 10.1

Finhibited (%)b 80.9 ± 11.5 70.8g

fm (CYP3A4) (%) 40.0 43.0 ± 10.8

Vss (Subs) (L/Kg) 0.81 ± 0.22f 0.812 ± 0.228

Note: After target saturation (third dose 0.1 mg i.v.), due to short t1/2 no 
accumulation.
Bioavailability in the presence of ritonavir.
Clearance after target saturation (third dose) in ritonavir DDI study 
simulation with 20 mg remibrutinib at day 3.
Observed first-pass metabolism (Fh) calculated:
Fh = AUCratio,iv/(AUCratio,po * Fg) where AUCratio of the ritonavir DDI study 
were used.
Observed Fa calculated: Fa = F/Fg/Fh).
Observed value, calculated from mean Vss: 63.1 L divided by mean body 
weight of 77.8 kg.
Calculated based on PBPK simulations: remibrutinib p.o. AUCinhibited 
divided by i.v. AUCinhibited by ritonavir.
Abbreviations: AUCratio, area under the blood concentration–time; 
CL, systemic drug clearance; DDI, drug-drug interaction; F, absolute 
bioavailability; Fa, fraction of the dose absorbed from gastrointestinal 
tract; Fg, fraction of the dose escaping intestinal first-pass metabolism; Fh, 
fraction of the dose escaping hepatic first-pass metabolism; Finhibited, absolute 
bioavailability when inhibiting CYP3A4; fm (CYP3A4), fraction of the drug 
metabolized via CYP3A4; PBPK, physiologically-based pharmacokinetic; PK, 
pharmacokinetic; t1/2, terminal elimination half-life; Vss, apparent volume of 
distribution at steady-state.
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Qgut. The product of Fg⋅Fh is comparable with 39% (calcu-
lated values) and 34.5% (PBPK values). The Fg and Fh pa-
rameters established in the PBPK model are considered 
more conservative, because lower Fg value react more 
sensitive toward weak/moderate inhibitors or induc-
ers. F of remibrutinib of 33.8% was determined, which 
increased to 80.9% under co-administration of RTV. 
Fa was calculated using the measured Fg, F values and 
the estimated Fh, resulting in a value of 86.9%, which 
was in line with the predicted value of 88.9% based on 
Caco-2 permeability data, characterizing remibrutinib 
as a highly permeable compound. Assuming complete 
absorption, the established Fa value of 86.9% would re-
flect additional first-pass metabolism (13.1%), not inhib-
ited by RTV. Considering the fact that remibrutinib CL 
is mainly driven by CYP3A4 metabolism and hydrolysis, 
additional first-pass effects and complete absorption are 
unlikely. Based on the remibrutinib exposure increase 
of 1.66-fold following i.v. administration in the presence 
of RTV, a 40% fraction metabolized via CYP3A4 was 
calculated.

Biliary clearance of unchanged remibrutinib is unlikely 
a major pathway, as an extended clearance classification 
concept system (EC3S) class 2b compound like remib-
rutinib (high permeability and high intrinsic metabolic 
clearance) is dominantly eliminated via oxidative metab-
olism and hydrolysis with minor contributions of biliary 
secretion.27 This was confirmed by rat in vivo data, show-
ing that excretion of unchanged remibrutinib into the bile 
comprised only 0.4% of the dose (data on file, Novartis). 
However, in rats, a significant amount of glutathione ad-
ducts were excreted via bile, indicating that glutathione 
conjugation may also be a relevant elimination pathway 
in humans. In humans, renal excretion was identified as a 
minor elimination pathway with a fractional contribution 
of about 1.8%.

The rich remibrutinib PK parameter set deter-
mined in this study supported the development of a 
robust PBPK model, which predicted the single dose 
and steady-state PK parameters Cmax and AUC within 
twofold across the dose range of 15–200  mg. In ad-
dition, the DDI effect of RTV on remibrutinib i.v. or 
p.o. was predicted within the range calculated based 
on Guest et al., confirming a good model prediction.24 
On day 1, TMDD substantially contributed to the com-
pound clearance, indicated by higher day 12 AUC, 
most likely due to BTK target saturation. The TMDD 
effect was dose-dependent, described by the AUC ratio 
day 12 to day 1, which declined from 4.86 to 1.14 for 
the dose range 10–600  mg (Supplementary Table  S6). 
To account for the TMDD process, metabolism by an 
additional clearance pathway together with an auto-
inhibition mechanism was added to the PBPK model. 

Hence, complete inhibition of the potential TMDD 
after several doses and/or high doses was achieved. 
Besides the remibrutinib dose and dosing frequency, 
the saturation of the target is dependent on the BTK 
abundance and re-synthesis rate, which may not be 
fully reflected by the introduced auto-inhibition mech-
anism of CYP2J2.28,29 However, the applied kdeg,CYPJ2 
(0.0194  h−1, Simcyp V18) may differ from the human 
BTK kdeg value (value unknown), which may result in 
a different time to develop full target saturation. The 
unknown abundance for whole body BTK expression 
was addressed by optimizing the CYP2J2 KI/kinact pa-
rameters accounting for the dose-dependent TMDD 
effect. Exploring the impact of weak, moderate, and 
strong CYP3A4/5 inhibitors on the exposure of remi-
brutinib at steady-state, PBPK simulations revealed no 
DDI effect by fluvoxamine, and moderate AUC ratios 
in the presence of erythromycin (AUC ratio: 2.40) and 
ketoconazole (AUC ratio: 4.17; Table 3).

Remibrutinib mean systemic CL is high (70.1  L/h), 
which is ~  80% of hepatic blood flow (87  L/h).30 For a 
high clearance drug, no major exposure decrease is ex-
pected when co-administering strong CYP3A4 inducers, 
as clearance is considered blood flow-limited. However, 
based on the significant first-pass metabolism mediated 
mainly by CYP3A4, remibrutinib exposure might be sen-
sitive to strong CYP3A4 inducers, which was confirmed 
by PBPK simulation with rifampicin predicting an 89% 
exposure loss. Co-administration of remibrutinib with 
the moderate inducer efavirenz predicted an AUC reduc-
tion of 66%. As expected, a PBPK simulation of a single 
i.v. remibrutinib dose co-administered with rifampicin 
resulted in a modest exposure decrease of 0.72-fold. 
Thus, co-administration of moderate or strong CYP3A4 
inducers with p.o. remibrutinib should be considered 
carefully.

In summary, applying a specifically tailored clinical 
design can yield a rich set of PK parameters, which en-
abled building a robust PBPK model. The combination of 
clinical DDI trial results with PBPK predictions enabled 
conclusions on comedication with CYP3A4 perpetra-
tors. Remibrutinib was identified as moderate sensitive 
CYP3A4 substrate when co-administered with strong 
CYP3A4/5 inhibitors; this suggests weak CYP3A4 inhib-
itors may be used without restrictions. Based on PBPK 
simulations, remibrutinib exposure is predicted to be de-
creased by moderate and strong CYP3A4 inducers greater 
than 50%. These conclusions will aid in selection or re-
striction of comedications. Finally, for drugs with rather 
complex disposition based on nonclinical information, the 
current applied DDI study design (in particular, the inclu-
sion of an i.v. microtracer arm) reveals a powerful method 
to determine key PK parameters.
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GSH conjugates, and biliary secretion. Disposition values are derived from observed PK parameters listed in Table 1. DDI, drug-drug 
interaction; GSH, glutathione; PBPK, physiologically-based pharmacokinetic model, PK, pharmacokinetic
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