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Complex DDI by Fenebrutinib and the Use 
of Transporter Endogenous Biomarkers to 
Elucidate the Mechanism of DDI
Nicholas S. Jones1,†, Kenta Yoshida2,†, Laurent Salphati3, Jane R. Kenny3, Matthew R. Durk3 and  
Leslie W. Chinn2,*

Mechanistic understanding of complex clinical drug–drug interactions (DDIs) with potential involvement of multiple 
elimination pathways has been challenging, especially given the general lack of specific probe substrates for 
transporters. Here, we conducted a clinical DDI study to evaluate the interaction potential of fenebrutinib using 
midazolam (MDZ; CYP3A), simvastatin (CYP3A and OATP1B), and rosuvastatin (BCRP and OATP1B) as probe 
substrates. Fenebrutinib (200 mg) increased the area under the curve (AUC) of these probe substrates twofold to 
threefold. To evaluate the mechanism of the observed DDIs, we measured the concentration of coproporphyrin I (CP-
I) and coproporphyrin III (CP-III), endogenous biomarkers of OATP1B. There was no change in CP-I or CP-III levels with 
fenebrutinib, suggesting that the observed DDIs were caused by inhibition of CYP3A and BCRP rather than OATP1B, 
likely due to increased bioavailability. This is the first published account using an endogenous transporter biomarker 
to understand the mechanism of complex DDIs involving multiple elimination pathways.

The importance of understanding transporter-mediated drug–
drug interactions (DDIs) is highlighted by the fact that transporters 
play a critical role in the absorption, distribution, metabolism, and 
excretion of drugs.1 Regulatory agencies recognize the role of trans-
porters in the context of new drug development, and their guide-
lines recommend the evaluation of transporter-mediated DDIs.2–4 
There are certain challenges, however, in the risk assessment of 
transporter-mediated DDIs. Typically, the initial assessment of DDI 
potential for a new molecular entity as perpetrator utilizes in vitro 
experiments and applies “basic” models in which in vitro parameters 

(such as inhibition constants (Ki) or half-maximal inhibitory con-
centration (IC50)) are compared with the clinical exposure of an 
new molecular entity. It has been reported that these basic models 
can cause false-positive predictions, leading to unnecessary clinical 
studies to evaluate DDI potential.5 Another challenge is the gen-
eral lack of specific substrates or inhibitors for transporters,1 which 
can make the interpretation of observed clinical DDIs challenging 
when multiple transporters can be involved in the interaction.

To address these issues, there is currently major interest in the uti-
lization of endogenous compounds as biomarkers for transporter 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
  Endogenous biomarkers are becoming important tools to 
evaluate transporter function alteration in humans, thus pro-
viding early liability assessment for transporter-mediated drug−
drug interactions (DDIs) for investigational drugs.
WHAT QUESTION DOES THIS STUDY ADDRESS?
  Can we use endogenous biomarkers to understand the 
mechanism of complex DDIs that involve multiple elimina-
tion processes using clinical DDI with fenebrutinib as an  
example?

WHAT DOES THIS STUDY ADD TO OUR KNOW- 
LEDGE?
  The study suggested that fenebrutinib is a clinical inhibitor 
of CYP3A and BCRP, but not OATP1B, based on the totality 
of evidence from clinical DDIs with probe substrates and en-
dogenous biomarkers.
HOW MIGHT THIS CHANGE CLINICAL PHARMA- 
COLOGY OR TRANSLATIONAL SCIENCE?
  This study demonstrates a new approach of utilizing en-
dogenous biomarkers to evaluate complex DDIs and can lead 
to better strategy for DDI management based on mechanistic 
understanding.
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function to better predict transporter-mediated DDIs.6 One po-
tential biomarker is coproporphyrin I (CP-I), with clinical data 
that support its utility in OATP1B DDI risk assessment. CP-I and 
CP-III are metabolites of heme that are produced at a relatively 
constant rate in healthy individuals. CP-I and CP-III are taken up 
by OATP1B1 and OATP1B3 at the basolateral membrane of he-
patocytes and subsequently may be excreted into bile via MRP2 or 
undergoe basolateral efflux via MRP3. It was previously demon-
strated that CP-I and CP-III are specific substrates for OATP1B1 
and OATP1B3, with OATP2B1 also contributing to CP-III up-
take.7 CP plasma concentrations increase in conditions of reduced 
OATP activity, as seen in Rotor syndrome or through coadminis-
tration with OATP1B inhibitors.6

Fenebrutinib (GDC-0853) is a highly selective, orally ad-
ministered, reversible inhibitor of Bruton’s tyrosine kinase, a 
key kinase in signaling cascades following B-cell-antigen recep-
tor activation in B cells that has recently become a focus of de-
velopment as a potential target for immunosuppression in the 
treatment of autoimmune disorders and for B-cell neoplasms.8 
Fenebrutinib has been evaluated in phase I studies, including 
single-ascending and multiple-ascending dose studies, and it 
showed target engagement at plasma concentrations of 100 nM 
and a terminal half-life (t1/2) of 4−10  hours.9 Fenebrutinib is 
currently being evaluated in phase II studies in patients with 
rheumatoid arthritis, systemic lupus erythematous, and chronic 
spontaneous urticaria.

Patients with chronic autoimmune conditions often have co-
morbidities from chronic inflammation (e.g., high risk of cardio-
vascular disease in patients with lupus). The high prevalence of use 
of concomitant medications, such as statins, requires understand-
ing of the DDI potential of fenebrutinib via metabolic enzymes 
and transporters. For example, the pharmacokinetics (PKs) of 
rosuvastatin are determined by multiple transporters, including 
OATP1B, OATP2B1, NTCP, BCRP, and MRP4.10–12 OATP1B 
is important for hepatic uptake of rosuvastatin (with NTCP and 
OATP2B1 thought to play a lesser role), and inhibition of this 
transporter could increase the risk of exposure-dependent toxici-
ties.13 In contrast, BCRP is an efflux transporter, and inhibition of 
this transporter could increase both hepatic and plasma rosuvasta-
tin concentrations, resulting in the potential for increased hepatic 
exposure as well as toxicity.

Here, we conducted in vitro and clinical studies to evaluate en-
zyme-mediated and transporter-mediated DDI of fenebrutinib as an 
inhibitor. In the clinical study, midazolam (MDZ; CYP3A), simvasta-
tin (CYP3A and OATP1B), and rosuvastatin (BCRP and OATP1B) 
were used as probe substrates. To further evaluate the mechanism of 
observed clinical DDI, we measured CP-I, an endogenous biomarker 
of OATP1B activity. Our results demonstrate that CP-I can serve as a 
biomarker for DDIs in interactions involving OATP1B and can aid in 
the determination of the underlying mechanism of a DDI.

RESULTS
In vitro transporter inhibition

OATP1B1, OATP1B3, and OAT3. Fenebrutinib inhibited the 
OATP1B1-mediated and OATP1B3-mediated accumulation of 
the probe substrates ß-estradiol 17-(ß-D-glucuronide) (E217ßG) 
and cholecyctokinine-8 (CCK-8), respectively, in a concentration-
dependent manner, with maximum inhibition observed at 30 μM 
of 62.8% and 86.7%, respectively (Figure 1). The calculated IC50 
values were 19.7 μM for OATP1B1 and 7.15 μM for OATP1B3. 
Fenebrutinib did not influence the OAT3-mediated accumulation 
of the probe substrate estrone-3-sulfate up to 30 μM, the highest 
concentration tested (data not shown).

BCRP
Fenebrutinib inhibited the BCRP-mediated efflux ratio of pra-
zosin across MDCKII-BCRP monolayers in a concentration- 
dependent manner (Figure 1). The IC50 of fenebrutinib for pra-
zosin transport was calculated to be 9.40 μM.

In vitro CYP inhibition in human liver microsomes
No reversible or time-dependent inhibition (TDI) was observed 
on CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, and 
CYP2D6 at concentrations up to 15 μM (CYP2C19 and CYP2D) 
or 50 μM (all other isoforms tested). Additionally, no reversible 
CYP3A inhibition was observed using both MDZ and testoster-
one (TST) as probe substrates, but TDI was observed. The TDI 
kinetic parameters of fenebrutinib at CYP3A were as follows: 
using MDZ as a probe kinact and apparent Ki were 0.0114 min−1 
and 7.9 μM, respectively. Using TST as a probe, the kinact and ap-
parent Ki were 0.015 min−1 and 10.8 μM, respectively.

Figure 1  In vitro inhibition of transporter function by fenebrutinib. (a) Inhibition of ß-estradiol 17-(ß-D-glucuronide) (E217ßG) transport by 
fenebrutinib in HEK293 cells expressing OATP1B1. (b) Inhibition of cholecyctokinine-8 (CCK)-8 transport by fenebrutinib in HEK293 cells 
expressing OATP1B3. (c) Inhibition of prazosin ER by fenebrutinib in MDCKII cells expressing BCRP. Circles and vertical bars represent 
arithmetic means and SDs (n = 3). ER, efflux ratio.

(a) (b) (c)
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Effect of multiple doses of fenebrutinib on the PKs of MDZ 
and 1'-hydroxymidazolam
The effect of multiple doses of fenebrutinib (200  mg b.i.d.) on 
the plasma concentration-time profiles of the CYP3A substrate 
MDZ and its metabolite 1'-hydroxymidazolam are presented in 
Figure 2 and Table 1. The systemic exposure (peak plasma con-
centration (Cmax) and area under the curve (AUC)) of MDZ and 
1'-hydroxymidazolam was higher when MDZ was coadministered 
with fenebrutinib compared with MDZ alone. The MDZ Cmax 
was ~1.74-fold higher and the area under the plasma concentra-
tion-time curve from time point 0 to the end of the dosing interval 
(AUC0−t) was ~1.99-fold higher following MDZ coadministered 
with fenebrutinib compared with MDZ alone. Similarly, for 1'- 
hydroxymidazolam, the Cmax was ~1.30-fold higher and the 
AUC0-t was ~1.36-fold higher following MDZ coadministered 
with fenebrutinib compared with MDZ alone.

Effect of multiple doses of fenebrutinib on the PKs of 
simvastatin and simvastatin acid
The effect of multiple doses of fenebrutinib 200  mg b.i.d. on 
the plasma concentration-time profiles of the OATP1B and 
CYP3A substrate simvastatin and its metabolite simvastatin 
acid are presented in Figure 3 and Table 1. For simvastatin, 
the Cmax was ~1.93-fold higher and the AUC0−t was ~.48-fold 
higher following simvastatin coadministered with fenebruti-
nib compared with simvastatin alone. Similarly, for simvasta-
tin acid, the Cmax was ~1.68-fold higher and the AUC0−t was 
~2.71-fold higher following simvastatin coadministered with 
fenebrutinib compared with simvastatin alone (Figure 3).

Effect of multiple doses of fenebrutinib on the PKs of 
rosuvastatin
The effect of multiple doses of fenebrutinib 200 mg b.i.d. on the 
plasma concentration-time profiles of the BCRP and OATP1B 
substrate rosuvastatin are presented in Figure 4 and Table 1. The 
mean systemic exposure to rosuvastatin was higher following co-
administration of rosuvastatin with fenebrutinib compared with 

following administration of rosuvastatin alone, as assessed from the 
Cmax and AUC values. For rosuvastatin, the Cmax was ~4.99-fold  
higher and the AUC0−t was ~2.66-fold higher following rosuvas-
tatin coadministered with fenebrutinib compared with rosuvas-
tatin alone.

Effect of fenebrutinib on CP-I and CP-III biomarkers
The effect of multiple doses of fenebrutinib 200 mg b.i.d. on the 
plasma concentration-time profiles of the BCRP and OATP1B 
substrate rosuvastatin are presented in Figure 5. Following 
administration of rosuvastatin alone, CP-I levels ranged from 
564−680 pg/mL and CP-III levels ranged from 61.0−80.7 pg/
mL. Following coadministration of rosuvastatin and fenebru-
tinib, CP-I levels ranged from 599−768 pg/mL and CP-III lev-
els ranged from 60.9−85.7 pg/mL. CP-I and CP-III levels were 
comparable following coadministration of rosuvastatin and 
fenebrutinib compared with following administration of rosu-
vastatin alone.

DISCUSSION
In this study, in vitro experiments to assess the DDI potential of 
fenebrutinib on metabolic enzymes and transporters were per-
formed, and the results suggested that it may inhibit CYP3A, 
OATP1B, and BCRP at clinically relevant concentrations. 
Clinical DDI studies were then conducted to evaluate the pres-
ence and magnitude of an interaction using three probe substrates 
for these elimination pathways. In order to further understand the 
mechanisms of the observed DDIs, the plasma levels of two endog-
enous transporter biomarkers were measured in the presence and 
absence of fenebrutinib.

In vitro results indicated that fenebrutinib has the potential 
to inhibit CYP3A (kinact/Ki ratio of 1.4  mL/minute/μmol) and 
transporters in vivo. The IC50 values for the hepatic uptake trans-
porters OATP1B1 and OATP1B3 were 19.7  μM and 7.15  μM, 
respectively. Conversely, there was no evidence of inhibition of 
OAT3 uptake transporter at clinically relevant concentrations. 
Fenebrutinib also inhibited BCRP efflux transport with an IC50 

Figure 2  Effect of fenebrutinib on plasma concentrations of midazolam (MDZ) and 1'-hydroxymidazolam. (a) Open circle represents single dose 
of 2 mg MDZ alone (day 1); open triangle represents 2 mg MDZ coadministered with morning b.i.d. 200 mg fenebrutinib (day 9). (b) Open circle 
represents single dose of 2 mg 1'-hydroxymidazolam alone (day 1); open triangle represents 2 mg 1'-hydroxymidazolam coadministered with 
morning b.i.d. 200 mg fenebrutinib (day 9). Symbols and vertical bars represent arithmetic means and SDs (n = 14–15).

(a) (b)
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of 9.40 μM. In vitro-in vivo extrapolation of the observed in vitro 
inhibition potency suggested potential clinical DDIs via CYP3A, 
OATP1B, and BCRP (Supplementary Text S1 and Table S1). 
It is important to note that the static prediction methods utilized 
here are developed for early assessment of clinical DDI potential 
and not intended for quantitatively predicting the magnitude of 
DDIs. These results prompted investigation of the potential for 
interactions in clinical studies.8

To evaluate the magnitude of any clinical DDI, a multiple-arm 
DDI study was performed. MDZ and simvastatin were chosen 
consistent with their use as commonly evaluated CYP3A probes; 
additionally, simvastatin was selected for evaluation in this study as 
it is commonly used in many patient populations and it is also an 
OATP1B substrate. Rosuvastatin was selected as a multitransporter 
probe substrate, with its disposition being determined mainly by 
OATP1B and BCRP, as well as NTCP, OAT3, and CYP2C9.11 
The PKs of single doses of MDZ, simvastatin, or rosuvastatin were 
assessed prior to and following dosing of fenebrutinib to steady-
state. The dosing of fenebrutinib of 200 mg b.i.d. was chosen as this 
was a dose expected to have the highest likelihood of clinical activ-
ity, and it was also the highest clinical dose planned. The observed 
Cmax at steady-state with 200  mg b.i.d. in this study was ~1 μM 
(data not shown).

The magnitude of interaction of fenebrutinib, dosed at 200 mg 
b.i.d., with MDZ and simvastatin indicated that it is a weak-mod-
erate CYP3A inhibitor based on the definition of a weak, mod-
erate, or strong inhibitor causing increases of > 1.25 to < 2-fold, 
> 2 to < 5-fold, or > 5-fold in AUC of the probe substrate.14 For 
MDZ, the mean Cmax value was ~1.74-fold higher and the AUC0−t 
value was ~1.99-fold higher after fenebrutinib administration, 
suggesting that fenebrutinib can be classified as a weak inhibitor 
of CYP3A. Coadministration of fenebrutinib with simvastatin 
resulted in a mean Cmax value of simvastatin that was 1.93-fold 
higher and an AUC0−t value that was ~2.48-fold higher com-
pared with simvastatin administered alone. Previous investigations 
have suggested that simvastatin has lower intestinal availability 
(FaFg) than MDZ (19% vs. 48%)15; hence, inhibition of intesti-
nal CYP3A will result in a greater impact to systemic simvastatin 
exposure compared with systemic MDZ exposure. The observed 
differences in the effect size of fenebrutinib on MDZ and simvas-
tatin and the minimal change in MDZ t1/2 suggest that there is a 
greater degree of inhibition of intestinal CYP3A compared with 
hepatic CYP3A. Taken together, the available data suggest that 
fenebrutinib may be classified as a weak CYP3A inhibitor, except 
for CYP3A substrates that have relatively low Fg values (e.g., sim-
vastatin) where inhibition may be moderate. Of note, even more 
pronounced differences in the magnitude of simvastatin interac-
tion and MDZ interaction have been observed with other CYP3A 
inhibitors.16 Physiologically-based pharmacokinetic models might 
be used in such cases to make quantitative prediction of differential 
DDI outcomes with different CYP3A substrates.

Interestingly, exposures of 1-hydroxymidazolam increased, 
even though the metabolite/parent ratio decreased as expected. 
Although the reduction of metabolite/parent ratio is consistent 
with the reduced CYP3A activity by fenebrutinib, this does not 
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explain the increase in the metabolite exposure. Studies using 
other CYP3A inhibitors reported similar observations, where 
1'-hydroxymidazolam exposure was increased to ~1.5-fold in the 
presence of fluconazole and voriconazole.17,18 To fully explain the 
observed interaction, additional mechanisms may need to be con-
sidered, such as the inhibition of 1'-hydroxymidazolam elimina-
tion via UDP-glucuronosyltransferase.19

The observed fenebrutinib–rosuvastatin interaction suggests 
that fenebrutinib is an in vivo transporter inhibitor. Because rosu-
vastatin is a dual substrate of OATP1B and BCRP, and fenebru-
tinib inhibits both of these transporters, it was not immediately 
apparent whether one of the transporters had a greater contribu-
tion to the observed DDI. OAT3, the key transporter respon-
sible for renal elimination of rosuvastatin, was not inhibited at a 
clinically relevant concentration of fenebrutinib. Therefore, we 
measured the levels of the CP-I and CP-III in the presence and 
absence of fenebrutinib. As described in the Introduction, they are 
endogenous substrates of OATP1B transporters. Notably, CP-I is 
sensitive enough to detect even mild inhibition of OATP1B based 
on plasma Cmax and AUC over a 6-hour period postdosing.20–22 
CP-I and CP-III concentrations did not change significantly after 
fenebrutinib administration to steady-state. This suggests that the 
main mechanism of the observed DDI was due to the inhibition 
of intestinal BCRP rather than OATP1B. There are other ob-
servations supporting this mechanistic interpretation. First, the 
observed magnitude of the interaction is consistent with FaFg of 
rosuvastatin. Tanaka et al.23 estimated FaFg to be 0.28, which trans-
lates to a maximum AUC increase of 3.6-fold if FaFg increased to 
1 with intestinal BCRP inhibition. Second, increase of Cmax was 
more pronounced than AUC0−t (4.99-fold vs. 2.66-fold), and t1/2 
was comparable, suggesting intestinal availability was altered rather 
than systemic elimination. Third, intestinal concentration of fen-
ebrutinib is likely higher than hepatic concentration. With similar 
in vitro IC50 values between OATP1B and BCRP, it is likely that 
inhibition of intestinal BCRP is more pronounced than hepatic 
OATP1B.

This mechanistic understanding has important implications on 
recommendations regarding the use of concomitant medications with 
fenebrutinib, as there are relatively few BCRP substrates with com-
pelling clinical evidence of DDIs used in autoimmune populations.24 
Conversely, there are many established OATP1B substrates that are 
widely used in a clinical setting, such as statins, and the restrictions 
with regard to concomitant administration of fenebrutinib and other 
medications may have been more extensive had the CP-I and CP-III 
results indicated that fenebrutinib was an OATP1B inhibitor.25

Figure 3  Effect of fenebrutinib on plasma concentrations of simvastatin and simvastatin acid. (a) Open circle represents single dose of 40 mg 
simvastatin alone (day 1); open triangle represents 40 mg simvastatin coadministered with morning b.i.d. 200 mg fenebrutinib (day 9). (b) 
Open circle represents single dose of 40 mg simvastatin acid alone (day 1); open triangle represents 40 mg simvastatin acid coadministered 
with morning b.i.d. 200 mg fenebrutinib (day 9). Symbols and vertical bars represent arithmetic means and SDs (n = 12–16).

(a) (b)

Figure 4  Effect of fenebrutinib on plasma concentrations of 
rosuvastatin. Open circle represents single dose of 20 mg 
rosuvastatin alone (day 1); open triangle represents 20 mg 
rosuvastatin coadministered with morning b.i.d. 200 mg fenebrutinib 
(day 12). Symbols and vertical bars represent arithmetic means and 
SDs (n = 16).
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To our knowledge, this is the first study to elucidate the mecha-
nism of complex clinical DDIs using endogenous transporter bio-
markers. Transporter biomarkers have been tools of interest in the 
field in recent years, but the focus has been mostly to reproduce 
clinical DDIs observed with probe substrates.20–22,26 The novel ap-
proach taken in this study can broaden the areas of application of 
endogenous biomarkers. This is especially important for transport-
er-mediated DDIs, in which many of the chemical probe substrates 
are also substrates of other transporters, making the mechanistic 
interpretation of observed DDIs challenging.6 One example is the 
DDI between eltrombopag and rosuvastatin. Similar to fenebru-
tinib, eltrombopag is a potent in vitro inhibitor of the OATP1B 
and BCRP transporters, and a clinical DDI study demonstrated 
that rosuvastatin exposure was increased by 55% in the presence 
of eltrombopag.27 In view of these findings, the product label of 
Promacta (eltrombopag) states that caution should be taken when 
concomitantly administering eltrombopag with drugs that are sub-
strates of OATP1B1 (e.g., rosuvastatin and simvastatin acid) or 
BCRP (e.g., imatinib, methotrexate, and rosuvastatin).28 In cases 
such as this one in which the underlying mechanism of a DDI is 
unclear, the measurement of biomarkers (transporters or enzymes) 
can provide direct evidence of the clinical DDI mechanisms, as is 
demonstrated in the present study, and will ideally result in more 
specific product label recommendations. In such cases, potential 
disadvantages of endogenous biomarkers should also be noted; CP 
biomarkers, when used as OATP1B probes in the current study, are 
also susceptible to perturbation from multidrug resistance protein 
inhibition.

In summary, this study demonstrated that fenebrutinib is a weak 
inhibitor of CYP3A using an index substrate, MDZ, at dose levels 
currently under evaluation in the clinic. Fenebrutinib also increased 
exposure of rosuvastatin, and further examination, including bio-
marker measurement, suggested that this DDI is caused by the in-
hibition of intestinal BCRP, but not of OATP1B or OAT3. This 
study provided a novel approach of using transporter endogenous 
biomarkers to understand the mechanism of DDIs where multiple 
pathways can be involved in the interaction.

METHODS
Reagents
Estrone-3-sulfate, E217ßG, CCK-8, 1'-hydroxymidazolam, testoster-
one, and rifampicin were from Sigma-Aldrich (St. Louis, MO). The 
3H-Estrone-3-sulfate was from Radiolab (Szeged, Hungary). E217ßG 
(estradiol-6,7-3H(N)) and 3H-cholecyctokinine-8 were from Perkin 
Elmer (Waltham, MA). The 6ß-hydroxytestosterone and pooled human 
liver microsomes were from BD Biosciences (San Jose, CA). MDZ was 
from Spectrum Chemicals (New Brunswick, NJ).

In vitro inhibition experiments for uptake transporters
Uptake experiments were performed using HEK293 cells stably express-
ing human OATP1B1, OATP1B3, or OAT3. Uptake experiments were 
carried out at 37°C HK buffer (pH 7.4) containing the probe substrate 
and fenebrutinib or solvent (dimethylsulfoxide). The probe substrates 
were 1 μM E217ßG for OATP1B1, 0.1 μM CCK-8 for OATP1B3, and 
1 μM estrone-3-sulfate for OAT3. Mock-transfected HEK293 served as 
control cells. After the experiment, cells were washed twice with 100 μL 
of HK buffer and lysed with 0.1 M NaOH. The total radioactivity as-
sociated with the cell specimens was determined by liquid scintillation 
counting. Transporter-specific uptake was calculated as the amount of 
probe substrate in transfected cells in the presence of fenebrutinib minus 
that in control cells.

In vitro inhibition experiments for BCRP
Transcellular-transport experiments were performed using MDCKII 
cells stably expressing human BCRP. Cells were pre-incubated in 
assay buffer for 10 minutes, then assay buffer with prazosin (1 μM, for 
BCRP) was added to the appropriate apical or basolateral chambers. 
Bidirectional transport of prazosin in parental and MDCKII-BCRP cell 
monolayers was determined in the presence and absence of fenebrutinib 
on both chambers. After incubation (60 minutes at 37°C), aliquots were 
taken from the receiver chambers to determine the amount of translo-
cated prazosin. Samples containing prazosin were analyzed by scintilla-
tion counting. The IC50 value were calculated using the relative efflux 
ratio, defined as (the efflux ratio in the presence of the inhibitor − 1)/(the 
efflux ratio in the absence of the inhibitor − 1).

In vitro inhibition experiments for CYP enzymes
To determine reversible CYP inhibition, fenebrutinib was pre-incu-
bated at 37°C for 10 minutes with human liver microsomes containing 

Figure 5  Coproporphyrin (CP)-I and CP-III levels following administration of rosuvastatin with and without fenebrutinib. Open circle represents 
single dose of 20 mg rosuvastatin alone (day 1); open triangle represents 20 mg rosuvastatin coadministered with morning b.i.d. 200 mg 
fenebrutinib (day 12). Symbols and vertical bars represent arithmetic means and SDs (n = 15–16).

(a) (b)
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a substrate selective for a specific CYP isoform. The incubations were 
initiated by the addition of reduced B nicotinamide adenine dinucleo-
tide phosphate (NADPH; 1.3 mM). Following incubation, the reactions 
were quenched with 3% formic acid in acetonitrile containing internal 
standard and analyzed by liquid chromatography tandem mass spec-
trometry (LC-MS/MS) for CYP-specific metabolite formation. The 
amount of metabolites formed at each concentration relative to control 
(or the percent remaining activity) was calculated as follows:

The kinetic parameters of fenebrutinib time-dependent inhibition of 
CYP3A were determined using both MDZ and TST as probe substrates. 
Fenebrutinib was pre-incubated with human liver microsomes (0.6  mg/
mL) in the presence of NADPH (1.3 mM) for 0.5, 2.5, 9, 16, and 25 min-
utes at 37°C. After pre-incubation, a 20-fold dilution was performed in a 
secondary incubation containing NADPH (1.3 mM) and MDZ or TST 
at a final concentration of 50 or 250 μM, respectively. The secondary assay 
was allowed to proceed for 4 minutes at 37°C for each probe substrate. 
Reactions were quenched with 3% formic acid in acetonitrile containing 
internal standard and analyzed by LC-MS/MS for CYP-specific metabo-
lite formation. The time-dependent and concentration-dependent inhibi-
tion was characterized by the kinact and apparent Ki, calculated by fitting 
the observed inactivation rate constant against inhibitor concentrations 
with the following equation:

Clinical DDI study to evaluate fenebrutinib as enzyme and 
transporter inhibitor
This study was a phase I, open-label, nonrandomized, multisite, DDI 
study in healthy male and female (of nonchildbearing potential) sub-
jects to evaluate the effect of fenebrutinib on the PKs of MDZ and its 
metabolite 1'-hydroxymidazolam (part 1), rosuvastatin (part 2), and 
simvastatin and its metabolite simvastatin acid (part 3). The demo-
graphics of study participants are presented in Table 2. This study was 

conducted according to US Food and Drug Administration regulations, 
the International Conference on Harmonisation E6 Guideline for Good 
Clinical Practice (which are consistent with the Declaration of Helsinki), 
and applicable local, state, and federal laws.

Each part of the study was a three-period fixed-sequence design in 
which period 1 consisted of a single dose of the victim drug (2 mg MDZ, 
20  mg rosuvastatin, or 40  mg simvastatin), period 2 consisted of multi-
ple doses of the fenebrutinib to steady-state (6  days of b.i.d. oral doses 
of 200 mg), and period 3 consisted of a single dose of the victim drug in 
combination with multiple doses fenebrutinib. For each part, potential 
subjects were screened to assess their eligibility to enter the study within 
27 days (days −28 to −2) prior to study entry. Eligible subjects were ad-
mitted to the Clinical Research Unit on day −1 (check-in) and confined 
for up to 16 days (depending on the study part), followed by a telephone 
call 28 days after the last dose administered. Blood samples for PK analysis 
of victim drugs and fenebrutinib were collected predose and at specified 
times after victim drug administrations. Additional blood samples for 
PK analysis of trough concentrations of fenebrutinib were collected to 
verify that steady-state had been achieved prior to coadministration and 
that steady-state was maintained thereafter. Detailed description on the 
schedule of drug administration and sample collection can be found in the 
Supplementary Text S2.

Plasma concentrations of analytes evaluated in this study were deter-
mined using validated bioanalytical methods at Covance Laboratories 
(Madison, WI). Concentrations of analytes in human plasma contain-
ing K2EDTA as an anticoagulant were determined using supported-liq-
uid extraction (fenebrutinib, rosuvastatin, simvastatin, and simvastatin 
acid) and liquid-liquid extraction (MDZ, 1'-hydroxymidazolam, CP-I, 
and CP-III) followed by analysis using high-performance LC-MS/MS 
detection. The lower limit of quantification was 0.5  ng/mL for fene-
brutinib, 0.1  ng/mL for MDZ, 0.1  ng/mL for 1'-hydroxymidazolam, 
0.02 ng/mL for rosuvastatin, 0.05 ng/mL for simvastatin, 0.05 ng/mL 
for simvastatin acid, 50  pg/mL for CP-I, and 20  pg/mL for CP-III. 
Analysis runs for all analytes were determined to have a high degree 
of reproducibility and acceptably low inter-run carryover, which was 
considered acceptable for PK quantification.

To evaluate the effect of coadministration of fenebrutinib on the PK 
of MDZ, 1'-hydroxymidazolam, rosuvastatin, simvastatin, and simvas-
tatin acid, the PK parameters Cmax, AUC0−t, and AUC extrapolated to 
infinity (AUC0−∞) of the victim drugs (coadministration of victim and 
fenebrutinib as perpetrator; test treatment) were compared with the ad-
ministration of victim alone (reference treatment). The PK parameters 

%control activity =

peak area ratio with compound∕

peak ratio without compound×100

kobs=
[I]×kkinact
[I]+KI

Table 2  Demographics of the study participants

Demographic Part 1 (N = 16) Part 2 (N = 16) Part 3 (N = 15)

Mean age, years (min, max) 46 (26, 58) 49 (28, 61) 42 (20, 60)

Mean weight, kg (min, max) 76.84 (63.25, 92.05) 75.56 (50.10, 99.95) 82.65 (69.30, 98.50)

Mean height, cm (min, max) 167.2 (153.8, 182.6) 170.7 (154.8, 184.1) 178.0 (165.0, 195.1)

Mean BMI, kg (min, max) 27.52 (22.01, 30.72) 25.72 (20.67, 30.61) 26.11 (21.15, 28.78)

Sex, n (%)

Male 9 (56.3) 10 (62.5) 13 (86.7)

Female 7 (43.8) 6 (37.5) 2 (13.3)

Race, n (%)

Asian   2 (12.5)  

Black or African American 5 (31.3) 3 (18.8) 5 (33.3)

American white 11 (68.8) 11 (68.8) 10 (66.7)

Ethnicity, n (%)

Hispanic or Latino 10 (62.5) 3 (18.8) 2 (13.3)

Not Hispanic or Latino 6 (37.5) 13 (81.3) 13 (86.7)

BMI, body mass index; max, maximum; min, minimum; N, number of subjects; n, number of observations; %, n/N*100.
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were log transformed (base e) prior to analysis and were analyzed using a 
mixed model. The model included treatment as a fixed effect and subject 
as a random effect. For AUC0−∞, AUC0−t, and Cmax, least square means 
were calculated for the test and reference treatments. Mean differences 
between the test and reference treatments were calculated. The residual 
variance from the mixed model was used to calculate 90% confidence in-
terval for the difference between the test and reference treatments. These 
values were back-transformed to give geometric least square means, a point 
estimate, and 90% confidence interval for the ratio of the test treatment 
relative to the reference treatment.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).

Supplementary Material: Supplementary Texts and Table S1.
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