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Aims: Branebrutinib (BMS-986195) is a potent, highly selective, oral, small-molecule,

covalent inhibitor of Bruton's tyrosine kinase (BTK). This study evaluated safety,

pharmacokinetics and pharmacodynamics of branebrutinib in healthy participants.

Methods: This double-blind, placebo-controlled, single- and multiple-ascending dose

(SAD; MAD) Phase I study (NCT02705989) enrolled participants into 3 parts: SAD,

MAD and JMAD (MAD in first-generation Japanese participants). In each part, partic-

ipants were randomised 3:1 to receive branebrutinib (SAD: 0.3–30 mg; [J]MAD:

0.3–10 mg) or placebo. Participants in the MAD parts received branebrutinib daily

for 14 days and were followed for 14 days postdosing. Safety was assessed by moni-

toring, laboratory and physical examinations, vital signs, and recording adverse events

(AEs). Pharmacodynamics were assessed with a mass spectrometry assay that mea-

sured drug-occupied and free BTK.

Results: The SAD, MAD and JMAD parts of the study included 40, 32 and 24 partici-

pants. Branebrutinib was well tolerated and AEs were mild/moderate, except for

1 serious AE that led to discontinuation. Branebrutinib was rapidly absorbed, with

maximum plasma concentration occurring within 1 hour and a half-life of

1.2—1.7 hours, dropping to undetectable levels within 24 hours. BTK occupancy was

rapid, with 100% occupancy reached after a single 10-mg dose. BTK occupancy dec-

ayed predictably over time (mean half-life in MAD panels: 115–154 hours), such that

pharmacodynamic effects were maintained after branebrutinib plasma levels fell

below the lower limit of quantification.

Conclusion: Rapid and high occupancy of BTK and the lack of notable safety findings

support further clinical development of branebrutinib.
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1 | INTRODUCTION

Bruton's tyrosine kinase (BTK) is a member of the Tec family of non-

receptor tyrosine kinases.1 It is expressed in haematopoietic cells, but

selectively downregulated in T cells and terminally differentiated

plasma cells.2 BTK is required for signal transduction via the B-cell

receptor and Fc receptors (i.e. FcγRIIa, FcγRIIIa and FcεRI) and regu-

lates the development and functions of B lymphocytes.3 In addition,

BTK is required for myeloid cell activation via the Fc receptors.4

The pathology of rheumatoid arthritis (RA) and other immune-

mediated diseases is associated with several BTK-regulated

pathways.5–7 In murine B cells, monocytes, macrophages, dendritic

cells, natural killer cells, platelets and granulocytes, BTK is involved in

regulation of proinflammatory signalling pathways related to develop-

ment of collagen-induced arthritis via the FcγRIIa and FcγRIIIa

receptors.4,8–10 In addition, BTK regulates signalling pathways

involved in RA pathology via the immunoglobulin E receptor with high

FcεRI affinity found on mast cells, basophils and eosinophils.11–13 The

differentiation of osteoclasts, which mediate bone destruction in RA,

is also regulated by BTK through the receptor and activator of nuclear

factor-κB (RANK) and RANK ligand (RANK-L) pair.14,15 Given the key

role played by BTK in these signalling pathways, a BTK inhibitor could

be a rational treatment strategy for immune-mediated diseases such

as RA, Sjögren's syndrome and systemic lupus erythematosus.

The properties of the BTK protein make it an excellent target for

covalent drug inhibitors. The reactive residue, cysteine 481 (Cys481),

is located within the active site. Furthermore, the long half-life (t1/2)

of BTK (BTK t1/2; previously estimated at 48–72 hours in human B

cells)16 could potentially extend the pharmacodynamic (PD) effect of

a covalent inhibitor, as well as reduce the dosage or dosing frequency

required for target inhibition. Lower drug dosages should limit the

likelihood and severity of drug–drug interactions, as well as the likeli-

hood of adverse events (AEs) due to off-target activities.

BTK inhibitors have shown promise in multiple disease areas,

including immune-mediated and inflammatory diseases17 and can-

cer.18 Studies of BTK inhibitors in rheumatic diseases demonstrated

their ability to reduce disease development in lupus19 and RA20 in ani-

mal models. Similarly, interventional trials in human participants dem-

onstrated the robust clinical activity of BTK inhibitors in B-cell

malignancies, especially chronic lymphocytic leukaemia, mantle cell

lymphoma and Waldenstrom's macroglobulinaemia.18

Branebrutinib (BMS-986195) is a potent, highly selective, small-

molecule, covalent inhibitor of BTK that can be administered orally. It

covalently modifies a cysteine residue in the active site, resulting in

rapid inactivation of BTK.21 Branebrutinib has demonstrated

>5000-fold selectivity for BTK over 240 other kinases, with only

4 related Tec family kinases demonstrating selectivity of <5000-fold.21

Robust in vivo efficacy of branebrutinib was demonstrated in murine

models of collagen- and collagen antibody–induced arthritis,

protecting against clinically evident disease, histological joint damage

and bone mineral density loss.21 In both models, maximal efficacy was

observed at doses ≥0.5 mg kg−1 administered orally once daily (QD),

which achieved ≥90% inactivation of BTK in vivo.21 Potent efficacy

across a range of measures (e.g. reduction in proteinuria) was also

observed in a mouse model of lupus nephritis, with robust inhibition

of BTK activity at doses as low as 0.2 mg kg−1.21

Considering the efficacy observed in animal models of rheumatic

disease, we conducted this first-in-human study to assess the safety

and tolerability, pharmacokinetics (PK), BTK receptor occupancy and

PD of branebrutinib in healthy participants.

2 | METHODS

2.1 | Study design

This single-centre, randomised, double-blind, placebo-controlled,

single-ascending dose (SAD) and multiple-ascending dose (MAD),

Phase I study (NCT02705989) was performed in Melbourne, Victoria,

Australia between August 2016 and August 2017.

The study was conducted in accordance with Good Clinical Prac-

tice as defined by the International Conference on Harmonisation and

in line with the ethical principles of the Declaration of Helsinki,

European Union Directive 2001/20/EC and the US Code of Federal

Regulations, Title 21, Part 50. The protocol, amendments and

participant-informed consent were approved by Independent Ethics

Committee at the study site prior to study initiation, and all

What is already known about this subject

• Bruton's tyrosine kinase (BTK) inhibitors have shown

promise for the treatment of immune-mediated and

inflammatory diseases, as well as B-cell malignancies.

• Branebrutinib (BMS-986195), a covalent inhibitor of

BTK, has demonstrated robust in vivo efficacy in animal

models of immune-mediated diseases.

What this study adds

• Branebrutinib rapidly inactivated BTK following exposure

to oral doses ≤30 mg in healthy participants and was well

tolerated.

• A novel assay provided high-resolution data describing

pharmacodynamics, BTK-occupancy and BTK turnover

in vivo.
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participants provided written informed consent before beginning any

study procedures. The experimental protocols and design were in

compliance with the British Journal of Clinical Pharmacology guidelines.

2.2 | Study population

Healthy participants were recruited into the 3 study parts. Partici-

pants aged 18–55 years with a body mass of >50 kg and a body mass

index of 18–32 kg m−2, inclusive, who were healthy (as determined by

no clinically significant deviation from normal in medical history, phys-

ical examination, electrocardiogram [ECG] and clinical laboratory eval-

uations), were included in both the SAD and MAD parts. The third

part of the study included an additional cohort of healthy first-

generation Japanese participants (permitted body mass index

18–30 kg m−2, inclusive, with confirmed paternal and maternal ances-

try and whose residency outside of Japan did not exceed 10 years) in

a MAD study (JMAD) in order to explore the effect of Japanese race

on PK, PD and safety. Women of childbearing potential were required

to have a negative serum or urine pregnancy test within 24 hours

prior to the start of treatment and were required to use an effective

method of birth control during the study. Participants with known or

suspected autoimmune disorder, major surgery within 4 weeks of

study drug administration, or significant acute or chronic medical ill-

ness or any other illness, condition or significant laboratory anomalies

that the investigator felt may put the participant at unacceptable risk

were excluded. All participants were screened within 28 days prior to

study drug or placebo administration to evaluate their eligibility.

2.3 | Dose rationale

The initial dose selection was made to achieve a low level of BTK occu-

pancy based on several considerations, including regulatory require-

ments for safety relative to animal toxicology, in vitro characterisation of

BTK inactivation rates, estimated BTK t1/2, preclinical drug stability

assays, PK/PD modelling and data from nonhuman primate studies.21

The maximum recommended starting dose based on the no-observed-

AE level and a 10-times safety margin was 19 mg. However, the

predicted BTK occupancy at 19 mg was >90% (predicted therapeutic

level); thus, 0.3 mg and 1 mg were selected for the first and second dose

levels, respectively, to achieve a low level of initial activity. In the SAD

study, the maximum projected dose was 45 mg, based on predicted

exposure, area under the curve (AUC) and BTK occupancy. However,

30 mg was ultimately selected as the highest dose based on PK/PD

analysis. After the first cohort of patients in the SAD study received bra-

nebrutinib (0.3 mg), the decision to proceed to the next higher dose

level was based on available PK and PD data; dose escalation did not

occur until the safety of the preceding dose panel was confirmed. The

desired range of target occupancy in the MAD study was 50–98% at

steady state, based on predicted pharmacologically effective doses in

preclinical animal models that achieved >90% BTK occupancy.21 There-

fore, doses from 0.3–10 mg were tested.

2.4 | Study conduct

In the SAD part, 40 participants were randomised 3:1 to receive a sin-

gle dose of branebrutinib (0.3, 1, 3, 10 or 30 mg; n = 6 for each) or pla-

cebo (n = 10) in ascending dose panels. In the MAD part,

32 participants were randomised 3:1 to receive branebrutinib (0.3,

1, 3 or 10 mg; n = 6 for each) QD for 14 days or placebo (n = 8) simi-

larly. In the JMAD part, 24 participants were randomised 3:1 to

receive branebrutinib (0.3, 3 or 10 mg; n = 6 for each) QD or placebo

(n = 6). Information on blinding and randomisation can be found in the

supporting information (online). Although the number of participants

for each dose group was not determined based on statistical power

considerations, a sample size of 6 participants treated with bra-

nebrutinib provides an 80.7% probability (using nQuery Advisor 7.0)

of observing at least 1 occurrence of any AE with a 24% incidence in

the population from which the sample was drawn. Dose escalation

only occurred following review of the PD and safety data from the

previous dose panel by the sponsor's study physician and principal

investigator.

2.5 | Safety assessment

The safety of branebrutinib was assessed until study discharge and

then at follow-up visits on Day 14 (SAD) and Day 28 (MAD). Safety

assessments included recording of AEs, physical examinations, vital

sign measurements, 12-lead ECG and clinical laboratory evaluations.

Specific monitoring of pancreatic function, including assessments of

amylase, lipase and fasting glucose levels, was also implemented.

Reports of serious AEs were collected until 30 days after the

last dose.

2.6 | PK assessment

The PK of branebrutinib were characterised by AUC to time infinity,

AUC to the end of the dosing period (AUCtau), maximum serum con-

centration (Cmax), time to reach maximum concentration and t1/2 in

both parts. BMT-250433 is a compound that rapidly forms a covalent

bond to Cys481 of BTK. Excess BMT-250433 was added as a

quencher to PK samples to quench any free BTK and stop target

mediated consumption of branebrutinib. Plasma concentrations of

branebrutinib were quantified using a validated liquid chromatography

with tandem mass spectrometry (LC–MS/MS) assay. PK assessment

of samples in the SAD part was conducted using an AB SCIEX Triple

Quad 5500 mass spectrometer in positive TurboIonSpray ionisation

with multiple reaction monitoring (MRM) mode. The within-run and

between-run coefficients of variation were ≤4.7 and ≤3.3%, respec-

tively; the lower limit of quantification (LLOQ) was 0.100 ng mL−1. PK

samples from the MAD part were also analysed by AB SCIEX API

5000 mass spectrometer in positive TurboIonSpray MRM mode. The

within-run and between-run coefficients of variation were ≤4.5

and ≤3.7%, respectively; the LLOQ was 0.100 ng mL−1.
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Samples for PK analysis were collected predose (t = 0) and at 0.5,

1, 2, 3, 4, 6, 8, 12, 16, 24, 36, 48, 60 and 72 hours postdose in the

SAD part of the study. In the MAD part, samples were collected pre-

dose (t = 0) on Days 1, 2, 3, 4, 5, 8, 10 and 14, and at 0.5, 1, 2, 3, 4,

6, 8, 12 and 16 hours postdose on Days 1 and 14, and at 24, 36,

48, 60 and 72 hours after the last dose on Day 14.

2.7 | PD assessment

The PD of branebrutinib were characterised by BTK occupancy (the

proportion of BTK covalently bound by branebrutinib to Cys481 rela-

tive to the amount of total BTK). To obtain robust, high-resolution

data, a novel immunocapture LC–MS/MS–based assay was devel-

oped.22 A lysis buffer cocktail was prepared by mixing 15 mL of 10×

lysis buffer, 1.0 mL of protease inhibitor and 80 μL of 0.5 mg mL−1

BMT-250433 (quencher) in dimethyl sulfoxide. The solution was then

diluted to a total volume of 75 mL with deionised water. The

quencher was added in excess and it reacted more rapidly than bra-

nebrutinib with BTK Cys481; thus, the quencher stopped consump-

tion of unreacted branebrutinib, preserving the PK of branebrutinib

and the in vivo levels of BTK occupied by branebrutinib in the col-

lected samples. BTK reacted with the quencher is termed quencher-

bound BTK (QBBTK). Blood samples were collected in 4 mL of acid

citrate dextrose-A (ACD-A) in a Vacutainer tube and mixed well.

Immediately after sample collection, an aliquot of 3.5 mL ACD-A

blood was transferred into a 15-mL centrifuge tube containing 7.0 mL

of the preprepared lysis buffer cocktail. After vortex mixing, the sam-

ples in 15-mL centrifuge tubes were shaken with a reciprocal shaker

for 1 hour at room temperature. Three aliquots of 3 mL blood lysate

were prepared for each time point and stored at or below −70�C

immediately after collection until analysis. During subsequent analysis,

both drug-bound BTK (DBBTK) and QBBTK were enriched by auto-

mated bead-based immunocapture from 3 mL of blood lysate using a

biotinylated rabbit anti-BTK monoclonal antibody prior to on-bead

trypsin digestion and LC–MS/MS analysis. The tryptic BTK peptide,

QRP, consisted of 21 amino acids (position number 467 to 487 in

BTK) with Cys481 bound to branebrutinib or BMT-250433 as the sur-

rogate peptides for LC–MS/MS quantitation of QBBTK and DBBTK,

respectively. As each peptide is measured in the assay without refer-

ence to predose samples and the result of the assay is a ratio of the

peptides, each sample is independent of the other samples. Ultra-high

performance LC was performed on a Waters CORTECS UPLC C18+

column with a gradient elution. MS detection was performed with

positive electrospray ionisation on a Triple Quad 5500 system in

MRM mode. The DBBTK and QBBTK reference standards were pre-

pared from recombinant BTK by chemical reaction of recombinant

BTK with an excess of branebrutinib or the quencher, respectively.

The blood lysate treated with an excess of quencher (= 0 nM of

DBBTK) was used for the preparation of DBBTK standard curve, and

the blood lysate treated with an excess of branebrutinib (= 0 nM

QBBTK) was used for the preparation of QBBTK standard curve.

LLOQs were 0.125 nM for QBBTK and 0.250 nM for DBBTK, with an

upper limit of quantification of 12.5 nM for both analytes. The

detailed procedure has been published.22 Based on the concentrations

of DBBTK and the free BTK (detected as QBBTK), the BTK occupancy

was determined using the following formula:

%BTK occupancy =
DBBTK

DBBTK +QBBTK
X 100%

TABLE 1 Summary of AEs

SAD part MAD part JMAD part

Placebo (n =
10)

Branebrutinib (n =
30)

Placebo (n =
8)

Branebrutinib (n =
24)

Placebo (n =
6)

Branebrutinib (n =
18)

Any AE* 5 (50.0) 18 (60.0) 7 (87.5) 17 (70.8) 2 (33.3) 7 (38.9)

Dizziness 0 (0.0) 3 (10.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Headache 3 (30.0) 4 (13.3) 1 (12.5) 8 (33.3) 0 (0.0) 1 (5.6)

Upper respiratory tract
infection

0 (0.0) 3 (10.0) 1 (12.5) 4 (16.7) 2 (33.3) 0 (0.0)

Oral herpes 0 (0.0) 1 (3.3) 0 (0.0) 3 (12.5) 1 (16.7) 0 (0.0)

Nausea 0 (0.0) 2 (6.7) 1 (12.5) 2 (8.3) 0 (0.0) 0 (0.0)

Rash 0 (0.0) 2 (6.7) 1 (12.5) 0 (0.0) 0 (0.0) 0 (0.0)

Myalgia 0 (0.0) 2 (6.7) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Dysmenorrhoea 0 (0.0) 2 (6.7) 0 (0.0) 0 (0.0) 0 (0.0) 2 (11.1)

Tension headache 0 (0.0) 0 (0.0) 0 (0.0) 2 (8.3) 0 (0.0) 0 (0.0)

Throat irritation 0 (0.0) 2 (6.7) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Data are presented as n (%). AEs that occurred at greater frequencies in one treatment group than in the other and occurred in 1 or more participants were

included
*Incidence of any AEs, SAD part: 0.3 mg (n = 4), 1 mg (n = 5), 3 mg (n = 2), 10 mg (n = 5), 30 mg (n = 2); MAD part: 0.3 mg (n = 1), 1 mg (n = 5), 3 mg (n = 6),

10 mg (n = 5); JMAD part: 0.3 mg (n = 2), 3 mg (n = 3), 10 mg (n = 2).

AE: adverse event; JMAD: MAD in first-generation Japanese participants; MAD: multiple-ascending dose; SAD: single-ascending dose
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F IGURE 1 (A) Plasma concentration and
(B) BTK occupancy following a single dose of
branebrutinib. BTK: Bruton's tyrosine kinase; PK:
pharmacokinetics; SD: standard deviation. Error
bars for BTK occupancy represent geometric SDs

F IGURE 2 BTK occupancy over time
following a single dose of branebrutinib. BTK:
Bruton's tyrosine kinase; SD: standard deviation.
Error bars represent geometric SDs
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Additional measurements were conducted in the MAD part for B-cell

subsets and in both parts for immunoglobulins.

In the SAD part of the study, samples for PD assessment were

collected at predose (t = 0) and at 1, 2, 8, 12, 16, 24, 36, 48, 60, 72,

84, 96, 108, 120, 132, 144, 156 and 168 hours postdose. In the MAD

part, samples for PD assessment were collected at predose (t = 0) on

Day 1, 2, 3, 5, 8 and 14, at 1, 2, 4, 8 and 12 hours postdose on Day

1, at 2 and 12 hours postdose on Days 2 and 5 and at 1, 6, 12, 16,

24, 36, 48, 60, 72, 84, 96, 108, 120, 132, 144, 156, 168, 240 and

336 hours after the last dose on Day 14. PD samples for the JMAD

part were collected at predose (t = 0) on Days 1, 2, 5 and 14, at

12 hours postdose on Day 1 and at 1, 6, 12, 16, 24, 36, 48, 60, 72, 84,

96, 108, 120, 132, 144, 156, 168, 240 and 336 hours after the last

dose on Day 14.

2.8 | Data and statistical analysis

Descriptive statistics reported continuous variables using arithmetic

and/or geometric means, standard deviations (SDs), medians, mini-

mum, and maximums. Categorical variables were summarised as

counts and percentages. Statistics for PK parameters were analysed

by treatment and study day. Plots were generated to show PK and PD

parameters over time. SAS version 9.2 or similar version was used for

statistical analyses, tabulations and graphical presentations. The data

and statistical analysis comply with the recommendations on experi-

mental design and analysis in pharmacology.23

2.9 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY.

3 | RESULTS

3.1 | Analysis population

The SAD part of the study included 40 participants (active dosing:

n = 30; placebo dosing: n = 10). A total of 39 (97.5%) completed the

study; 1 participant (2.5%) in the 1-mg group discontinued for per-

sonal reasons. The MAD part included a total of 32 participants

(active dosing: n = 24; placebo dosing: n = 8), of whom 31 (96.9%)

completed the study. One participant (3.1%) in the 10-mg QD group

discontinued due to a serious AE (psychotic disorder) related to a pre-

existing, but not disclosed, condition that was not considered related

to study treatment. All 24 participants (active dosing: n = 18; placebo

dosing: n = 6) in the JMAD part completed the study. A summary of

participant demographics is shown in Table S1 (supporting

information). T
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3.2 | Safety

All AEs were mild to moderate in severity with 1 exception: on Day

10, 1 serious AE of psychosis (presenting as irritability and paranoid

behaviour) that led to study discontinuation was reported in a male

participant aged 27 years in the 10-mg cohort of the MAD part. This

participant had a history of previously treated psychosis that was not

disclosed at the time of enrolment, and was considered not related to

study drug. The participant improved following treatment with anti-

psychotic medications. There were no obvious associations between

this SAE and an elevated PK. No other serious AEs or AEs leading to

discontinuation were reported.

A summary of AEs is shown in Table 1. The most frequently

reported AE in both the SAD and MAD parts was a headache (17.5

and 28.1% of participants, respectively). Upper respiratory tract infec-

tions were reported in 5 (15.6%) participants in the MAD study. A

total of 2 AEs of abdominal pain were reported in the MAD part; in

both cases the AEs were not associated with abnormalities in amylase

or lipase values and resolved without treatment. Across both parts of

the trial, no dose-related trend in AEs was observed (Table S2 in the

supporting information).

3.3 | PK

Branebrutinib was rapidly absorbed following oral administration, with

the Cmax occurring within the first hour (Figure 1 and Table 2) follow-

ing a single dose. Elimination of branebrutinib also occurred rapidly,

with a t1/2 of 1.2–1.7 hours, dropping to undetectable levels within

24 hours after single or multiple doses. No accumulation was seen fol-

lowing administration of multiple doses; all trough observed concen-

trations were below the LLOQ. Systemic exposure was dose-

proportional following administration of single or multiple doses, and

average plasma concentrations over the dosing interval were consis-

tent with the given dose level (Table 2). The PK profile of bra-

nebrutinib in the Japanese cohort was consistent with that of the

non-Japanese cohort.

3.4 | PD

As a covalent inhibitor, the key PD endpoint is the proportion of the

target occupied by branebrutinib. In the SAD part, maximal BTK occu-

pancy increased with a single dose of up to 10 mg. Dosing with 10 mg

of branebrutinib produced approximately 100% occupancy through-

out 24 hours (Figure 1). Occupancy was maintained after bra-

nebrutinib concentrations fell below the LLOQ (Figures 1 and 2),

returning towards baseline over 7 days of observation (Figure 2). BTK

occupancy remained roughly constant 24 hours following dosing and

continued to increase after PK measurements dropped below the

LLOQ in some cases, indicating that branebrutinib could continue to

F IGURE 3 BTK occupancy following multiple
doses of branebrutinib (inset shows occupancy on
day 14). BTK: Bruton's tyrosine kinase; SD:
standard deviation. Error bars represent
geometric SDs

F IGURE 4 Branebrutinib exposure and BTK occupancy on (A) day
1 and (B) day 14 (MAD arm). AUCtau: area under the curve to the end
of the dosing period; MAD: multiple-ascending dose; BTK: Bruton's
tyrosine kinase
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have an active PD effect at concentrations around or below the LLOQ

in some participants. Interparticipant variability (as shown by the SDs)

in BTK occupancy was low, and decreased as BTK occupancy

approached 100%.

With additional doses of branebrutinib, BTK occupancy accumu-

lated until reaching a dose-dependent steady state between Day

2 and Day 14 (Figure 3). Steady-state PD was achieved in all doses. At

steady state, minimal peak to trough fluctuations in BTK occupancy

were observed. Interparticipant variation was low and decreased as

BTK occupancy approached 100% (Figures 3 and 4). After the end of

dosing, BTK occupancy decayed at a consistent rate, irrespective of

dose or maximum level of BTK occupancy, consistent with synthesis

of new BTK and degradation of occupied BTK. BTK occupancy in the

MAD part was consistent between the Japanese cohort and the non-

Japanese cohort (Figure 5).

PD were correlated to exposure (AUC) following a single dose of

branebrutinib. In the MAD part, a clear relationship was observed

between AUCtau and BTK occupancy on Days 1 and 14; however, the

relationship on Day 1 was different from that on Day 14, with greater

BTK occupancy observed with 0.3–3-mg doses of branebrutinib on

Day 14 due to the indirect PK/PD relationship and the temporal accu-

mulation of occupied BTK (Figure 4).

While the BTK occupancy assay was optimised to determine the

proportion of BTK occupied, the total amount of BTK can also be cal-

culated. In both the SAD and MAD parts, total BTK over time was

similar regardless of dose and occupancy achieved (Figure 6,

Figure S1 in the supporting information). The t1/2 of BTK occupancy

was calculated to be between 115 and 154 hours in the MAD panels

(Table S3). There was no obvious effect of branebrutinib on peripheral

blood B-cell populations in the MAD part (Table S4 in the supporting

information) or serum immunoglobulin levels in both parts (Table S5 in

the supporting information).

4 | DISCUSSION

In this study of healthy participants, the PK and PD of branebrutinib

were dose-proportional and predictable. Exposure to branebrutinib

was short and was low relative to the administered dose due to the

drug's short t1/2 and apparent first pass metabolism (indicated by its

rapid elimination and low exposure compared with expected values).

PD effects persisted significantly longer than the exposure of bra-

nebrutinib due to the comparatively slow turnover of BTK.

No changes in laboratory or physical examinations or ECGs were

identified. No dose-dependent AEs, drug-related serious AEs or drug-

related AEs that led to discontinuation were observed. Events were all

mild to moderate. One serious AE of psychosis that led to study dis-

continuation was reported in the 10-mg cohort of the MAD part; this

was deemed unrelated to branebrutinib exposure. Preclinical studies

have demonstrated that branebrutinib has very low brain penetration

(<5% of plasma concentration).21 An issue with covalent kinase inhibi-

tors has been binding to and inhibition of epidermal growth factor

receptors (EGFRs). Compared with agents such as ibrutinib, a BTK

inhibitor that is also a potent irreversible inhibitor of the EGFR family

of kinases,24 branebrutinib lacks activity against EGFR kinases.21 In

this study, rash, an AE often associated with EGFR inhibitors,25

occurred rarely and without notable differences between the placebo

(one event in the MAD part) and active dosing groups (two events in

the SAD part). Thus, consistent with the in vitro assessment, no sign

of EGFR inhibition was observed in vivo. As sample sizes are small, it is

important to note that the overall safety of a compound cannot be

inferred by the absence of events occurring in a first-in-human trial.

Further studies are needed to fully establish the risk–benefit profile in

patient populations.

A key issue in developing covalent binding compounds is under-

standing the accumulation of compound-bound target and also the

F IGURE 5 BTK occupancy over time (MAD
versus JMAD parts). BTK: Bruton's tyrosine
kinase; JMAD: MAD in first-generation Japanese
participants; MAD: multiple-ascending dose; QD:
once daily; SD; standard deviation. Error bars for
BTK occupancy represent geometric SDs
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steady-state target occupancy in the multiple dose setting. In the

MAD part of this study, 100% BTK occupancy was observed through-

out the dosing interval in the 10-mg dose group irrespective of the

number of doses. In all other dose groups, BTK occupancy increased

with each additional dose until steady state was achieved. This profile

was expected based upon the decay in BTK occupancy observed in

the SAD study.

Preclinical models16,26,27 and clinical experience28 with covalent

BTK inhibitors suggest that high levels of BTK occupancy are

required for therapeutic effect. Efficacy is expected to occur at

BTK occupancy of >90%; thus, at steady state, doses ≥1 mg are

projected to be efficacious. Similarly, loss of pharmacological activ-

ity would be expected 2–3 days after the last dose, and resolution

of target inhibition–mediated AEs would begin. BTK occupancy

reached steady state at different times depending upon dose

group; from Day 1 in the 10-mg dose group to Day 14 in the

0.3-mg dose group. At steady state, a flat profile of BTK occu-

pancy was observed with small differences between the peak and

trough BTK occupancy. The PD observations in participants of Jap-

anese descent were nearly identical; thus, both the behaviour of

the assay and the compound were robust. Steady state is reached

quickly in the potentially efficacious dose range, making a loading

dose unnecessary.

The relationship between PK and PD of branebrutinib was

explored in both parts of the study. In the SAD part, maximal and

24-hour (trough) BTK occupancies were directly related to the

exposure over time. As expected, unlike a reversible compound,

there was no direct relationship between PK concentration and

PD. In the MAD part, although plasma concentrations rapidly

dropped to below the LLOQ, the slow turnover of existing BTK and

synthesis of new enzyme resulted in the accumulation of BTK occu-

pancy. Thus, although AUC on Day 14 was similar to that seen on

Day 1, maximal and 24-hour BTK occupancies increased to a higher

equilibrium level at steady state. On Day 14 there was a clear rela-

tionship between exposure and PD, albeit a different relationship

than on Day 1; a loss of the difference between the occupancy at

the lower doses and the higher doses was seen. The variation in

observed BTK occupancy was small compared with PD typically

seen in human studies, probably due to compound-specific qualities,

including rapid binding and high potency. In addition, the assay

reduces the level of analytical variation typically seen, with greater

resolution and consistency than previously reported.16,29 Further,

the asymptotic approach to 100% occupancy limits the possibility of

variation. When comparing the MAD and JMAD groups, both PK

and PD results matched well, despite several months of separation

between measurements.

The numerically lower t1/2 noted with the 0.3-mg bra-

nebrutinib dose, compared with higher doses, may be a result of

target-mediated drug disposition and the LLOQ of the assay. Non-

linearity is seen in target-mediated drug disposition models as elim-

ination by binding to a target is saturable (due to the finite

number of targets on the cell surface).30 As such, elimination of

the 0.3-mg dose may occur largely via target-mediated elimination

whereas, at higher doses, BTK is partially saturated, leading to

mixed elimination.

Branebrutinib acts as a pulse label of BTK and, thus, the t1/2

of BTK can be estimated based upon the washout of the label.

After multiple doses achieving steady state, we estimated the t1/2

of BTK to be between 115 and 154 hours, considerably longer

than previous estimates,16 which were based upon purified B

cells, as compared with whole blood used in this analysis. Further,

previous assays only measured free BTK with resulting occupancy

expressed relative to a predose sample; any error in the predose

measurement of total BTK would cause systemic inaccuracy. The

assay used here measured occupied and free BTK simultaneously

from the same sample with minimal manipulation in the sample

collection steps. As BTK is expressed in a wide variety of blood

cells, the results of these experiments represent the aggregated

F IGURE 6 Total BTK levels over time following multiple doses of
branebrutinib. BTK: Bruton's tyrosine kinase; SD: standard deviation
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outcome of all the cells in whole blood. If the rate of BTK syn-

thesis or degradation in any major cell type was significantly dif-

ferent from the others, the decay curve would be uneven.

Whether the occupancy observed in peripheral blood accurately

represents the occupancy in cells of secondary lymphoid organs is

not precisely known. However, over a broad range of BTK occu-

pancies the decay is consistent, suggesting there are no significant

effects of recirculation from secondary lymphoid organs to periph-

eral blood.

While the assay used here was not optimised to provide a precise

measurement of the concentration of BTK for each sample, it does

provide a good estimate of BTK concentration within a population.

No changes in the total BTK concentrations were observed in either

part of the study (Figure 6 and Figure S1 in the supporting informa-

tion). The lack of dose, occupancy or time-related change in total BTK

suggest no compensatory mechanisms exist in response to BTK inhibi-

tion. Based on these data, no hysteresis in PD effect would be

expected.

Branebrutinib was well tolerated and no safety concerns were

identified following exposure to single or multiple doses in healthy

participants. Further studies are required as the tolerability profile

among target patients may differ from that of the healthy partici-

pants in this study. PK, PD and safety profiles of branebrutinib

were similar in Japanese and non-Japanese participants. High

levels of BTK occupancy were achieved with low exposures of

branebrutinib. Overall, the PK, PD, safety and tolerability findings

of this study support further clinical development of branebrutinib

in immune-mediated diseases. Branebrutinib appears to have bet-

ter safety and tolerability than less selective BTK inhibitors that

have already been approved, as the rash typical of EGFR inhibi-

tion was not observed even with 14 days of 100% BTK

occupancy.
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