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Abstract
Background and Objective  Brensocatib is an investigational, first-in-class, selective, and reversible dipeptidyl peptidase 1 
inhibitor that blocks activation of neutrophil serine proteases (NSPs). The NSPs neutrophil elastase, cathepsin G, and proteinase 
3 are believed to be central to the pathogenesis of several chronic inflammatory diseases, including bronchiectasis. In a phase 
II study, oral brensocatib 10 mg and 25 mg reduced sputum neutrophil elastase activity and prolonged the time to pulmonary 
exacerbation in patients with non-cystic fibrosis bronchiectasis (NCFBE). A population pharmacokinetic (PPK) model was 
developed to characterize brensocatib exposure, determine potential relationships between brensocatib exposure and efficacy 
and safety measures, and inform dose selection in clinical studies.
Methods  Pharmacokinetic (PK) data pooled from a phase I study of once-daily brensocatib (10, 25, and 40 mg) in healthy 
adults and a phase II study of once-daily brensocatib (10 mg and 25 mg) in adults with NCFBE were used to develop a PPK 
model and to evaluate potential covariate effects on brensocatib pharmacokinetics. PK–efficacy relationships for sputum neu-
trophil elastase below the level of quantification (BLQ) and reduction in pulmonary exacerbation and PK–safety relationships 
for adverse events of special interest (AESIs; periodontal disease, hyperkeratosis, and infections other than pulmonary infec-
tions) were evaluated based on model-predicted brensocatib exposure. A total of 1284 steady-state brensocatib concentrations 
from 225 individuals were included in the PPK data set; 241 patients with NCFBE from the phase II study were included in 
the pharmacodynamic (PD) population for the PK/PD analyses.
Results  The PPK model that best described the observed data consisted of two distributional compartments and linear clear-
ance. Two significant covariates were found: age on volume of distribution and renal function on apparent oral clearance. 
PK–efficacy analysis revealed a threshold brensocatib exposure (area under the concentration–time curve) effect for attaining 
sputum neutrophil elastase BLQ and a strong relationship between sputum neutrophil elastase BLQ and reduction in pulmo-
nary exacerbations. A PK–safety evaluation showed no noticeable trends between brensocatib exposure and the incidence of 
AESIs. Based on the predicted likelihood of clinical outcomes for sputum neutrophil elastase BLQ and pulmonary exacerba-
tions, brensocatib doses of 10 mg and 25 mg once daily were selected for a phase III clinical trial in patients with NCFBE 
(ClinicalTrials.gov identifier: NCT04594369).
Conclusions  PPK results revealed that age and renal function have a moderate effect on brensocatib exposure. However, this 
finding does not warrant dose adjustments based on age or in those with mild or moderate renal impairment. The PK/PD evalu-
ation demonstrated the clinically meaningful relationship between suppression of neutrophil elastase activity and reduction in 
exacerbations in brensocatib-treated patients with NCFBE, supporting further development of brensocatib for bronchiectasis.
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Key Points 

Brensocatib is an oral medication under investigation 
for the treatment of non-cystic fibrosis bronchiectasis, a 
chronic lung disorder in which inflammation driven by 
elevated levels of neutrophil elastase can increase the 
risk of infection and cause frequent pulmonary exacerba-
tions.

Using data from a phase I study conducted in healthy 
adult volunteers and a phase II study in adults with non-
cystic fibrosis bronchiectasis, a population pharmacoki-
netic model was developed to describe the pharmacoki-
netics of brensocatib; additionally, the pharmacokinetic/
pharmacodynamic relationships for inhibition of neutro-
phil elastase, reduction in pulmonary exacerbations, and 
incidence of adverse events were evaluated.

A threshold of brensocatib exposure that resulted in spu-
tum neutrophil elastase levels below the level of quan-
tification was identified, a strong relationship between 
such undetectable sputum neutrophil elastase levels and 
a reduction in pulmonary exacerbations was found, and 
no significant trend between brensocatib exposure and 
adverse events of special interest (periodontal disease, 
hyperkeratosis, and infections other than pulmonary 
infections) was detected.

1  Introduction

Bronchiectasis is a chronic inflammatory disorder marked 
by recurrent respiratory infections, impaired mucociliary 
clearance, and irreversible dilatation of the bronchi [1, 2]. 
Patients frequently experience chronic productive cough, 
dyspnea, fatigue, and hemoptysis [3]. Exacerbations of these 
symptoms are common and associated with poor quality of 
life, progressive loss of lung function, and increased morbid-
ity and mortality [2, 4]. Current treatment guidelines aim to 
reduce exacerbations by suppressing or eradicating airway 
infection via treatment with oral, intravenous, and/or inhaled 
antibiotics [2]. Despite frequent antibiotics treatment, airway 
inflammation persists, and patients experience a high bur-
den of disease. Currently no anti-inflammatory treatments 
are recommended in the international guidelines for bron-
chiectasis [2].

Excessive activity of neutrophil serine proteases (NSPs), 
which are stored in azurophil (primary) granules within 
neutrophils, has been implicated in the pathogenesis of 
bronchiectasis and other chronic inflammatory respiratory 

diseases, including chronic obstructive pulmonary disease 
and cystic fibrosis [5]. Dipeptidyl peptidase 1 (DPP-1; also 
known as cathepsin C) activates NSPs during neutrophil 
maturation in the bone marrow by cleaving the N-terminal 
dipeptide prior to granule assembly. While neutrophils 
and NSPs (including neutrophil elastase, cathepsin G, and 
proteinase 3) are important for the innate defense against 
invading pathogens, dysregulation and hyperresponsive-
ness of neutrophils result in excessive release of NSPs 
that can overwhelm natural NSP inhibitors, such as α1-
antitrypsin, secretory leukocyte peptidase inhibitor, and 
α1-antichymotrypsin [6–8]. Such disruption of the bal-
ance between active NSPs and their natural inhibition can 
contribute to chronic infection and the continuation of the 
pathogenic cycle of bronchiectasis [9].

Brensocatib is an investigational, first-in-class, small-mol-
ecule, bioavailable, selective, and reversible DPP-1 inhibitor 
that prevents NSP activation. Results from a first-in-human 
phase I study demonstrated a dose-dependent reduction in 
whole-blood activity of neutrophil elastase in brensocatib-
treated healthy adults [10], while results from a phase II 
study (the WILLOW study) in patients with non-cystic fibro-
sis bronchiectasis revealed that treatment with two doses of 
brensocatib reduced neutrophil elastase activity in sputum 
and prolonged the time to exacerbations compared with pla-
cebo [11].

The objectives of the current study were to develop a pop-
ulation pharmacokinetic (PPK) model characterizing bren-
socatib exposure in plasma, examine the pharmacokinetic/
pharmacodynamic (PK/PD) relationships of brensocatib in 
patients with non-cystic fibrosis bronchiectasis, and conduct 
model-based simulations to assist in dose selection for bren-
socatib phase III studies.

2 � Methods

2.1 � PPK Analysis

2.1.1 � Participants, Studies, and PPK Data Set

The PPK data set comprised brensocatib concentrations 
pooled from healthy participants in a phase I bridging 
study and patients with non-cystic fibrosis bronchiecta-
sis in the phase II WILLOW study (ClinicalTrials.gov: 
NCT03218917; EudraCT: 2017-002533-32) [11]. A total of 
1284 steady-state brensocatib concentrations were pooled 
from 225 individuals who participated in either study; 68 
participants with intensive plasma data in the phase I study 
and 157 patients from the phase II study (20 with intensive 
PK data and 137 with sparse PK data) were included in the 
PPK data set.
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The phase I study was a single- and repeat-dosing study 
conducted in two parts. Part A was a randomized, double-
blind, placebo-controlled, dose-escalation phase in which 
healthy Japanese and White adults were randomized 4:1 
to receive oral doses of brensocatib 10, 25, or 40 mg or 
placebo after an overnight fast of ≥ 10 h (n = 6 per dose 
per race); participants received a single dose on day 1 fol-
lowed by daily doses on days 4–30 [12]. Blood samples 
for PK analysis were collected pre-dose on days 1 and 30 
and post-dose at 0.5, 0.75, 1, 1.5, 2, 3, 4, 8, 12, 24, 48, and 
72 h. An additional sample was drawn pre-dose on day 
14. Part B was an open-label, two-period, two-sequence 
crossover phase in which newly enrolled healthy Japanese 
and White participants (n = 10 per race) were randomized 
1:1 to receive single doses of brensocatib 40 mg under 
either fasted or fed (high-fat, high-calorie breakfast) condi-
tions on days 1 and 8 [13]. Blood samples for PK analysis 
were drawn pre-dose on days 1 and 8 and post-dose at 0.25, 
0.5, 1, 1.5, 2, 3, 3.5, 4, 6, 8, 10, 12, 24, 36, and 72 h. Par-
ticipants in both parts A and B were nonsmoking adults 
(18–50 years of age) with no notable abnormalities on a 
12-lead electrocardiogram, a body mass index of 18.0–30.0 
(calculated as weight in kilograms divided by height in 
meters squared), and a body weight of ≥ 45–< 100 kg. 
Except for paracetamol/acetaminophen or ibuprofen, use of 
over-the-counter medications (including vitamins) 7 days 
before screening, or prescription medications and herbal 
remedies 30 days before screening, was not permitted until 
the end of treatment.

The phase II study was a randomized, double-blind, pla-
cebo-controlled trial in which adults (18–85 years of age) 
with computed tomography-confirmed non-cystic fibrosis 
bronchiectasis and two or more documented exacerbations 
in the previous 12 months were randomized 1:1:1 to receive 
brensocatib 10 mg, brensocatib 25 mg, or placebo once 
daily (QD) for 24 weeks. Intensive blood samples for PK 
analysis were collected from 20 active participants pre-
dose on day 1 and at week 4 and post-dose at 1, 2, 3, 4, 6, 
and 8 h. Trough samples were to be collected pre-dose at 
weeks 2, 12, 24, and 28 from 138 participants. Detailed 
methods and results from the WILLOW study were previ-
ously published [11].

2.1.2 � Plasma PK Assay

Brensocatib was extracted from plasma samples treated with 
an anticoagulant (di-potassium ethylenediaminetetraacetic 
acid) and quantified using a validated method of tandem liq-
uid chromatography–mass spectrometry with a quantitation 
range of 0.25–150 ng/mL.

2.1.3 � PPK Analysis Software and Data Handling

All data management activities were performed using SAS 
version 9.4 software. The PPK analysis was conducted using 
NONMEM version 7.4.3 (ICON Development Solutions, 
Ellicott City, MD, USA), implementing first-order condi-
tional estimation with η–ε interaction, as facilitated by Perl-
Speaks-NONMEM version 4.7.0 and Pirana version 2.9.9 
(Certara). Covariate analysis was conducted using the auto-
mated stepwise covariate modeling algorithm implemented 
in Perl-Speaks-NONMEM. Creatinine clearance (CLcr) was 
calculated from baseline serum creatinine, age, and weight 
(kg) using the Cockcroft–Gault equation [14] and then nor-
malized to body surface area (BSA). All other analyses, 
including calculation of post-hoc PK parameters and Monte 
Carlo simulations, were performed using the R statistical 
software package version 3.6.

Demographic information (age, weight, height, BSA, and 
sex) and clinical characteristics (serum albumin and serum 
creatinine) were used to characterize the analysis population 
and evaluate the interindividual variability for selected PK 
parameters.

Because of the difficulties associated with fitting a model 
to the pooled first-dose and steady-state data across the 
two studies, first-dose PK data were excluded. Brensocatib 
plasma concentrations were also excluded from the PPK 
analyses if the dates and times of the previous dose or sam-
ple collection or any covariate information (demographics 
or laboratory data) were missing. Concentrations below the 
lower limit of quantification (LLOQ) were set to missing.

2.1.4 � PPK Model Development

Models were selected based on a comparison of the mini-
mum value of objective function (MVOF) for nested models, 
evaluation of individual- and population-predicted accuracy, 
graphic examination of goodness-of-fit plots, reduction in 
both intraindividual variability (σ2) and interindividual vari-
ability (ω2), Akaike’s information criterion and/or the Bayes-
ian information criterion for non-nested models [15], and 
biological plausibility. Throughout model development, 
normalized prediction distribution errors (NPDEs) were 
computed as an additional model diagnostic to assess bias, 
with a resemblance to a standard normal distribution [N(0, 
1)] expected for a model without bias. The condition number 
(derived as the ratio of largest to smallest eigenvalue) was 
also assessed for possible overparameterization; a model with 
a condition number < 1000 was considered not overparam-
eterized [16, 17].

A base structural model was developed using PK data from 
the healthy participants to evaluate the number of distributional 
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compartments (1–3), oral absorption kinetics, and error models. 
Once an adequate model was developed, PK data were pooled 
with the data from patients with non-cystic fibrosis bronchiec-
tasis in the phase II study to test the adequacy of the structural 
model. Following confirmation of the structural model, a formal 
covariate analysis was conducted using stepwise forward inclu-
sion (p < 0.05; ΔMVOF ≥ 3.84 U) and backward elimination 
(p < 0.001; ΔMVOF ≥ 10.8 U). Covariates evaluated include 
age, weight, height, BSA, sex, race, serum albumin, and CLcr. 
The final PPK model was evaluated using sampling-importance 
resampling to assess the uncertainty distribution of each of the 
predicted parameters [18, 19]. Prediction-corrected visual predic-
tive checks (pc-VPCs) were used to determine the accuracy of 
model-predicted concentration values [20].

The final PPK model was used to predict the individual 
concentration profiles and PK parameters—including appar-
ent oral clearance (CL/F), apparent oral volume of distribu-
tion of the central compartment (Vc/F), terminal elimina-
tion half-life (t½), maximum plasma concentration (Cmax), 
and area under the plasma concentration–time curve over 
the dosing interval (AUC​τ)—in both healthy participants and 
patients with non-cystic fibrosis bronchiectasis.

2.2 � PK/PD Analyses of Brensocatib in Patients With 
Bronchiectasis

A total of 241 patients from the phase II study were included 
in the PD population for the PK/PD analyses: 157 brenso-
catib-treated patients (n = 75, brensocatib 10 mg; n = 82, 
brensocatib 25 mg) and 84 placebo-treated patients.

2.2.1 � Efficacy and Safety Measurements

Pulmonary exacerbations were defined as the presence of three 
or more of the following symptoms for 48 h that resulted in a 
physician’s decision to prescribe antibiotic treatment: hemopty-
sis, fatigue, malaise, change in sputum consistency, decreased 
exercise tolerance, and increased cough, sputum volume, sputum 
purulence, or breathlessness [21]. Sputum samples for determi-
nation of neutrophil elastase activity were collected at screening 
(days −42 to −1); baseline (day 1); weeks 2, 4, 12, and 24; and 
follow-up (week 28). Neutrophil elastase activity was meas-
ured by ProteaseTag Active Neutrophil Elastase Immunoassay 
(ProAxsis Ltd, Belfast, UK). Safety data included adverse events 
of special interest (AESIs)—such as periodontal disease, hyper-
keratosis, and infections other than pulmonary infections—that 
were selected based on the mechanism of action of brensocatib.

2.2.2 � PK/PD Analyses

Exploratory analyses were conducted to determine any 
potential PK/PD relationships between the independent 
PK exposure measures (AUC​τ, Cmax, and minimum plasma 

concentration [Cmin]), derived from the fit of the PPK 
model, and the dependent variables (pulmonary exacerba-
tions, sputum neutrophil elastase, and AESIs). Age (< 65 
and ≥ 65 years; < 75 and ≥ 75 years), baseline sputum neu-
trophil elastase concentration below the limit of quantifica-
tion (BLQ), use of rescue medications, use of macrolides 
for prevention of pulmonary exacerbations, and sputum cul-
ture positive for Pseudomonas aeruginosa were identified 
as potential covariates to ensure that any PK/PD relation-
ships associated with brensocatib exposure were independ-
ent of potential predictors. Exacerbations were evaluated as 
dichotomous (yes or no for occurrence within the 24-week 
treatment period) and by using time-to-event models for time 
to occurrence within 24 weeks.

Sputum neutrophil elastase was evaluated as both a dichot-
omous variable (for attaining one or more post-baseline con-
centration below the LLOQ) and a continuous variable (abso-
lute values or change over time and maximum change from 
baseline). When sputum neutrophil elastase was evaluated 
as a continuous variable, BLQ values were imputed as one-
half of the reported LLOQ for that observation (LLOQ could 
vary among samples based on the extent of dilution neces-
sary for that sample). When sputum neutrophil elastase was 
evaluated as a categorical variable, values below the LLOQ 
were retained in the data set. Post-baseline values below the 
LLOQ that were achieved after the occurrence of a pulmo-
nary exacerbation were excluded because the administration 
of antibiotics for an exacerbation has the potential to suppress 
sputum neutrophil elastase activity [22].

Brensocatib exposures were evaluated as continuous vari-
ables in exposure quartiles; patients who received placebo 
were assigned a quartile of 0. Results from the exploratory 
PK/PD analyses were graphically displayed to examine 
potential relationships between exposure and the dependent 
variables. Continuous independent variables were evalu-
ated both as continuous and categorical independent vari-
ables. Categorical transformations of the independent vari-
ables were made based on a recursive partitioning algorithm 
designed to identify thresholds above and below which sub-
stantial differences in the dependent variables were apparent. 
For this analysis, recursive partitioning was accomplished 
using classification-and-regression tree (CART) algorithms 
as implemented in the R statistical software package. If 
potential PK/PD relationships were identified for the dichot-
omous endpoints, univariate evaluations were conducted 
using contingency tables (using χ2 or Fisher exact test) for 
the dichotomous independent variables, and logistic regres-
sion was used for continuous independent variables. Univari-
able relationships for continuous endpoints (e.g., maximum 
change in sputum neutrophil elastase) were evaluated using 
correlation coefficients (Pearson χ2 and Spearman rank cor-
relation coefficient) and linear regression. Relationships 
for time-to-event endpoints (e.g., occurrence of pulmonary 
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exacerbation) were examined using log-rank tests for cat-
egorical independent variables and Cox proportional hazards 
regression for continuous independent variables.

2.2.3 � PK/PD Model‑Based Simulations

Clinical outcomes, including inhibition of sputum neutrophil 
elastase and reduction in the occurrence of pulmonary exac-
erbations, were simulated based on the PK–efficacy relation-
ships to support the selection of brensocatib doses for future 
clinical studies. A population of 1000 patients with non-
cystic fibrosis bronchiectasis was generated by resampling 
body weight and CLcr from the phase II study population 
(n = 255). Each patient was assigned a value for CL/F based 
on the PPK model using the resampled median for the CLcr 
effect on CL/F and the estimated interindividual variability 
(IIV) in CL/F from the final population PK model per the 
following equation:

Steady-state drug exposure within a dosing interval (AUC​τ)  
was then predicted from CL/F for each simulated patient for 
brensocatib doses of 2.5, 5, 10, 25, and 40 mg QD according 
to the following equation:

A bootstrapping approach was used to simulate likely out-
comes in terms of sputum neutrophil elastase and pulmonary 
exacerbation by replicating the simulation process 500 times. 
For each replicate, the probability of achieving post-baseline 
sputum neutrophil elastase BLQ and the probability of the 
occurrence of a pulmonary exacerbation was recalculated by 
sampling the observed data with replacement. In this manner, 
it was possible to obtain a distribution of predicted outcomes 
at each brensocatib dose that more robustly accounted for the 
variability in the observed outcomes and the relatively small 
sample sizes.

3 � Results

3.1 � PPK Analysis and Model Development

3.1.1 � Participants and Plasma PK Data

Participants in the phase I study were predominantly 
male, with a mean age of 36.2 years; the number of Japa-
nese and White participants was equal (Table 1). Patients 
with non-cystic fibrosis bronchiectasis from the phase II  
WILLOW study were mostly female and White, with a 
mean age of 64.1 years (Table 1). Other than the slightly 
lower brensocatib concentrations observed in the 10-mg 

CL∕F = ⌊6.23 × (WTKG∕70)0.75 × (CLcr∕75.2)0.394⌋ × e� .

AUC
�,SS = Dose(mg)∕(CL∕F).

group in the phase I study, dose-normalized brensocatib 
plasma concentrations were consistent across doses and 
between studies (Fig. 1). 

3.1.2 � PPK Model Development and Qualification

Using data from the healthy participants in the phase I study, 
several potential models to describe brensocatib absorption 
and elimination kinetics were attempted. For the absorp-
tion model, simple first-order models and more complex 
transit-chain models were attempted. For elimination, 1-, 
2-, and 3-compartment models with linear elimination were 
attempted; nonlinear elimination models were not explored 
because they were not applicable based on the observed data. 
Brensocatib PK profiles were best described with two dis-
position compartments and a chain of six transit compart-
ments with separate absorption rate constants (ktr) for fed 
and fasted states (Supplementary Fig. 1). This base model 
was then applied to the pooled PPK data set, and goodness-
of-fit plots indicated that the model provided a robust fit to 
the observed concentrations, with minimal bias based on the 
distribution of NPDEs. PPK parameters for the model were 
well estimated, with acceptable interindividual and residual 
variabilities. The condition number was low (23.3), indicat-
ing that the model was not overparameterized.

Using the forward inclusion/backward elimination proce-
dure described in the methods, two statistically significant 
covariate relationships were identified: CLcr on CL/F (CL/F 
× [CLcr/75.2]0.276) and age on Vc/F (Vc/F × [age/60]0.396). 
Since all parameters were dependent on body weight using 
allometric principles [23], the additional covariate rela-
tionships were significant after accounting for the effect of 
body weight on PK. Other covariates tested (sex, race, body 
weight, and serum albumin levels) did not have a significant 
relationship with the variability in PPK model parameters. 
PPK parameters from the fit of the final model, along with 
the summary statistics from the resampled parameters, are 
provided in Table 2. Goodness-of-fit plots for the final model 
indicated a lack of systematic bias and good precision, with 
r2 = 0.62 for population predictions versus observations and 
r2 = 0.96 for individual predictions versus observations (Sup-
plementary Fig. 2, see ESM). The NPDE plots also did not 
indicate bias (Supplementary Fig. 3, see ESM). Qualification 
of the final model using simulation-based diagnostics (pc-
VPC) plots indicate that the final model adequately described 
both the central tendency and variability in observed bren-
socatib concentrations over time for both the healthy partici-
pants in the phase I study and patients with non-cystic fibro-
sis bronchiectasis in the phase II WILLOW study (Fig. 2). 
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3.1.3 � Predicted Individual PK Parameters in Patients 
with Non‑cystic Fibrosis Bronchiectasis

The mean estimated steady-state AUC​τ from the final PPK 
model was 1760 in patients treated with brensocatib 10 mg 
and 4540 ng·h/mL in patients treated with brensocatib 25 mg 
compared with 1110 and 3660 ng·h/mL, respectively, in 
healthy participants (Table 3). In the brensocatib 10- and 
25-mg groups, the mean t½ values were 38.5 h and 39.1 h, 
respectively, in patients with non-cystic fibrosis bronchiec-
tasis compared with 24.3 h and 26.0 h in healthy participants 
(Table 3). The PPK-predicted parameters were comparable to 
those determined using a noncompartmental analysis method 
based on observed PK concentrations [10]. Estimates for 
steady-state AUC​τ, Cmax, and Cmin by age (Supplementary 
Fig. 4), CLcr (Supplementary Fig. 5), and body weight (Sup-
plementary Fig. 6, see ESM) in patients in the phase II study 
were consistent across doses, indicating that dose adjust-
ments are unlikely to be warranted in patient subpopulations.

3.2 � PK/PD Analyses of Brensocatib in Patients 
with Bronchiectasis

Steady-state AUC​τ, Cmax, and Cmin were found to be highly 
correlated (Supplementary Fig. 7 and Supplementary Fig. 8, 
see ESM). Therefore, AUC​τ was used as the independent 
variable for brensocatib exposure for the PK/PD analyses.

3.2.1 � Sputum Neutrophil Elastase and Brensocatib 
Exposure

A greater percentage of patients treated with brensocatib 
had sputum neutrophil elastase levels BLQ compared with 
patients treated with placebo (76.8% vs 50.0%). The inci-
dence of neutrophil elastase BLQ was the greatest (86.8%) in 
patients whose brensocatib AUC​τ was in the highest quartile 
(4845–9466 ng·h/mL) compared with 77.5% in the lowest 
AUC​τ quartile (624–1758 ng·h/mL) and 50.0% in the placebo 
group (Table 4). Additionally, two AUC​τ thresholds (1150 

Table 1   Demographics and 
baseline clinical characteristics

BMI body mass index, BSA body surface area, CLcr creatinine clearance, CV coefficient of variation

Phase I (n = 68) Phase II (n = 157) Total (N = 225)

Age, years
 Mean (CV%) 36.2 (22.7) 64.1 (19.8) 55.7 (30.9)
 Median (range) 36.0 (20.0–49.0) 66.0 (22.0–83.0) 60.0 (20.0–83.0)

Sex, n (%)
 Male 38 (55.9) 45 (28.7) 83 (36.9)
 Female 30 (44.1) 112 (71.3) 142 (63.1)

Race, n (%)
 White 34 (50.0) 142 (90.4) 176 (78.2)
 Black 2 (1.27) 2 (0.889)
 Asian 34 (50.0) 10 (6.37) 44 (19.6)
 Native Hawaiian or other 

Pacific Islander
2 (1.27) 2 (0.889)

 Other 1 (0.637) 1 (0.444)
Height, cm
 Mean (CV%) 168 (5.06) 166 (5.19) 166 (5.17)
 Median (range) 168 (151–183) 165 (145–190) 166 (145–190)

Weight, kg
 Mean (CV%) 68.3 (16.7) 71.0 (23.9) 70.2 (22.1)
 Median (range) 64.9 (49.5–95.9) 68.0 (40.4–155) 67.5 (40.4–155)

BMI, kg/m2

 Mean (CV%) 24.2 (12.8) 25.8 (20.5) 25.3 (18.9)
 Median (range) 24.5 (18.4–29.9) 25.0 (18.3–53.8) 24.7 (18.3–53.8)

BSA, m2

 Mean (CV%) 1.77 (9.73) 1.78 (12.2) 1.78 (11.5)
 Median (range) 1.75 (1.46–2.16) 1.75 (1.28–2.54) 1.75 (1.28–2.54)

CLcr, mL/min/1.73 m2

 Mean (CV%) 98.3 (16.7) 67.6 (28.6) 76.9 (30.2)
 Median (range) 99.1 (65.4–149) 65.0 (26.7–129) 75.6 (26.7–149)
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doses and between the two studies, except for slightly lower concen-
trations observed in the 10-mg group in the phase 1 study. LOESS 
locally weighted scatterplot smoothing

Table 2   Final PPK model 
parameter estimates compared 
with the resampled PPK 
parameter estimates (pooled 
phase I and phase II data)

Shrinkage estimates (%) for CL/F, Vc/F, ktr,fasted, and proportional RV for the final model were < 1.0, 36.6, 
31.2, and 5.17, respectively
CI confidence interval, CLcr creatinine clearance, CLd/F apparent oral  distributional clearance, CL/F 
apparent oral clearance, CV coefficient of variation, IIV interindividual variability, ktr,fasted rate constant 
between transit compartments in the fasted state, ktr,fed rate constant between transit compartments in the 
fed state, PPK population pharmacokinetics, RV residual variability, SEM standard error of the mean, Vc/F 
apparent oral volume of distribution of the central compartment, Vp/F apparent oral volume of distribution 
of the peripheral compartment

Parameter Final model Resample statistics (N = 1150)

Estimate %SEM Mean Median %SEM 95% CI

CL/F, L/h/70 kg 6.23 0.208 6.168 6.169 0.656 6.085–6.247
Vc/F, L/70 kg 196 0.208 201.832 201.823 0.906 198.301–205.429
CLd/F, L/h 6.26 0.202 6.349 6.351 0.587 6.277–6.423
Vp/F, L/70 kg 80.6 0.266 80.914 80.917 1.034 79.238–82.518
ktr,fasted, 1/h 11.7 0.292 11.664 11.659 0.978 11.454–11.898
ktr,fed, 1/h 9.96 0.577 10.048 10.059 1.865 9.647–10.406
Vc/F: age, power 0.396 13.1 0.544 0.540 14.614 0.393–0.719
CL/F: CLcr, power 0.276 12.0 0.399 0.394 16.253 0.281–0.540
IIV_CL/F 0.139 5.38 0.148 0.147 8.642 0.126–0.174
IIV_Vc/F 0.193 1.16 0.182 0.181 3.927 0.170–0.198
IIV_ktr 0.0921 8.97 0.159 0.160 7.696 0.134–0.181
Covariance, CV%
 IIV_CL/F, IIV_VC/F 0.0464 14.3 0.072 0.073 17.348 0.0459–0.0925
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and 3811 ng·h/mL) were identified via CART for attain-
ing neutrophil elastase BLQ: 50% with AUC​τ <1150 ng·h/
mL, 72.7% with AUC​τ 1150–3810, and 86.4% with AUC​τ 
> 3810 ng·h/mL.

3.2.2 � Pulmonary Exacerbations and Brensocatib Exposure

The incidence of pulmonary exacerbations was lower in 
patients in the pooled brensocatib group than in patients 
in the placebo group (34.4% vs 50.0%), with the incidence 
ranging from 30.0% in those in the first brensocatib AUC​τ 
quartile (624–1758 ng·h/mL) to 41.0% in the third quartile 
(2840–4824 ng·h/mL) (Table 4). The time to pulmonary 

exacerbation was reduced in each AUC​τ quartile relative 
to placebo (Supplementary Fig. 9, see ESM); however, no 
clear relationship between higher exposure and longer time 
to pulmonary exacerbation was evident.

Exploratory analyses of sputum neutrophil elastase as a 
continuous variable revealed substantial within-patient vari-
ability such that the absolute values or change over time did 
not predict outcome. When evaluated as a dichotomous varia-
ble, sputum neutrophil elastase was found to be a predictor of 
pulmonary exacerbations. Patients who achieved neutrophil 
elastase BLQ post-baseline experienced significantly fewer 
exacerbations and a prolonged time to first exacerbation 
compared with those with persistently detectable neutrophil 
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percentiles of the observed concentrations; blue-shaded regions indi-
cate 90% CIs for the median and 5th and 95th percentiles from the 
simulations. NCFBE non-cystic fibrosis bronchiectasis, pc-VPC pre-
diction-corrected visual predictive check
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elastase. The hazard ratios (95% CI) were 0.32 (0.21–0.48; 
p < 0.0001) for all patients (Fig. 3a) and 0.29 (0.17–0.51; 
p < 0.0001) for brensocatib-treated patients (Fig. 3b).

3.2.3 � PK–Safety Analyses

The PK/PD analyses for safety did not reveal any clinically 
relevant relationships between brensocatib exposure and 
the incidence of AESIs (Fig. 4; Supplementary Table 1, see 
ESM). Although a possible relationship between steady-state 
AUC​τ and the occurrence of periodontal disease at week 8 
was suggested by objective criteria, the relationship was not 
statistically significant.

3.3 � PK/PD Model‑Based Simulations

Simulated PK exposures using a range of brensocatib dose 
regimens showed that, at doses of 5 mg QD or lower, bren-
socatib steady-state AUC​τ values were expected to be below 
the target minimum AUC​τ threshold of 1150 ng·h/mL in the 
majority (78%) of patients with non-cystic fibrosis bron-
chiectasis. At 10 mg or higher, most patients (> 77%) were 

expected to achieve the desired AUC​τ levels. In the bren-
socatib 2.5-mg and 5-mg QD groups, the predicted clini-
cal outcomes for both sputum neutrophil elastase BLQ and 
pulmonary exacerbations were similar to those observed in 
the placebo group, whereas better clinical outcomes were 
predicted at 10 mg QD or higher; a clear separation from 
placebo was projected at brensocatib 25-mg and 40-mg QD 
dose levels. At 40 mg QD, further improvement in the clini-
cal outcomes appeared to be minimal compared with the 
25-mg QD dose.

4 � Discussion

The objectives of these analyses were to (i) develop a PPK 
model to characterize the disposition of brensocatib in 
plasma using data pooled from a phase I study in healthy vol-
unteers and a phase II study in patients with non-cystic fibro-
sis bronchiectasis; (ii) use PK exposure estimates from the 
PPK model to analyze potential PK/PD relationships between 
brensocatib exposure and efficacy and safety measures; and 

Table 3   Predicted steady-state 
brensocatib PPK parameters

AUC​τ area under the plasma concentration–time curve from time 0 to 24 h, Cmax maximum plasma con-
centration, Cmin minimum plasma concentration, CL/F apparent oral clearance, CV coefficient of variation, 
PPK population pharmacokinetics, t½,α half-life of the first distributional phase, t½,β half-life of the second 
distributional phase, Tmax time at maximum concentration, Vc/F apparent oral volume of distribution of the 
central compartment

Parameter,
mean (CV%)

Phase I Phase II

10 mg (n = 16) 25 mg (n = 17) 40 mg (n = 35) 10 mg (n = 75) 25 mg (n = 82)

AUC​τ, ng·h/mL 1110 (27.1) 3660 (35.3) 5420 (37.1) 1760 (34.0) 4540 (42.3)
Cmax, ng/mL 76.2 (21.1) 257 (33.0) 401 (35.7) 101 (30.3) 260 (37.0)
Tmax, h 1.13 (32.9) 1.26 (22.8) 1.27 (37.5) 1.27 (6.55) 1.27 (7.20)
Cmin, ng/mL 27.7 (40.5) 93.1 (43.3) 131 (49.1) 54.4 (40.7) 140 (51.0)
CL/F, L/h 9.05 (27.1) 6.83 (35.3) 7.38 (37.1) 5.68 (34.0) 5.51 (42.4)
Vc/F, L 197 (24.1) 141 (34.5) 139 (43.4) 207 (31.2) 203 (34.8)
t½,α, h 5.20 (15.3) 4.58 (18.1) 4.54 (24.7) 5.83 (22.3) 5.74 (22.1)
t½,β, h 24.3 (23.6) 26.0 (20.3) 25.3 (26.5) 38.5 (26.7) 39.1 (34.2)

Table 4   Incidence of pulmonary exacerbations and post-baseline neutrophil elastase BLQ by brensocatib exposure

AUC​τ area under the plasma concentration-time curve from time 0 to 24 h, BLQ below the level of quantification, Q quartile

n/N (%) Placebo AUC​τ quartile range

Q1
624–1758 ng·h/mL

Q2
1813–2753 ng·h/mL

Q3
2840–4824 ng·h/mL

Q4
4845–10,562 ng·h/mL

Pulmonary  
exacerbations

42/84 (50.0) 12/40 (30.0) 14/39 (35.9) 16/39 (41.0) 12/39 (30.8)

624–1758 ng·h/mL 1813–2753 ng·h/mL 2840–4824 ng·h/mL 4845–9466 ng·h/mL
Sputum neutrophil 

elastase <  
BLQ

41/82 (50.0) 31/40 (77.5) 28/39 (71.8) 27/38 (71.1) 33/38 (86.8)
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(iii) use model-based simulations to inform dose-selection 
decisions for future clinical studies.

A robust PPK model that describes brensocatib PK in 
both healthy participants and patients with non-cystic fibro-
sis bronchiectasis was successfully developed. The model 
consisted of two distributional compartments with first-order 

absorption kinetics and linear clearance. Two significant PK 
covariates were identified: age for Vc/F and CLcr for CL/F. 
However, these relationships were weak and did not warrant 
dose adjustments based on age or the presence of mild or 
moderate renal impairment.

Using the final model, the estimated steady-state AUC​τ in 
patients treated with brensocatib 10 mg and 25 mg was 1760 
and 4540 ng·h/mL, respectively, compared with 1110 and 3660 
ng·h/mL in healthy participants. A direct relationship between 
brensocatib exposure and reduction in pulmonary exacerba-
tion incidence was not detected. However, a threshold AUC 
effect for attaining sputum neutrophil elastase levels BLQ was 
detected, as was a strong relationship between sputum neutro-
phil elastase BLQ and a reduction in pulmonary exacerbations. 
Given the association between elevated neutrophil elastase and 
the incidence of exacerbations and disease sequelae, these find-
ings are an important step in our understanding of the vicious 
cycle of airway destruction, abnormal mucociliary clearance, 
bacterial infection, and inflammation that defines bronchiecta-
sis [24]. Previous studies have suggested a relationship between 
elevated NSPs and exacerbation frequency but could not prove 
a causal relationship [25, 26]. The demonstration of reduced 
exacerbations upon suppression of NSP activity is the strongest 
evidence to date that NSP activity directly contributes to exac-
erbations. Furthermore, no significant relationships between 
brensocatib exposure and the occurrence of AESIs (periodontal 
disease, hyperkeratosis, and infections other than pulmonary 
infections) were detected. These results support the favorable 
safety profile of brensocatib that was observed in the phase II 
study and indicate that DPP-1 inhibition is a potentially safe 
and effective method for the treatment of inflammatory diseases 
involving NSPs.

Model-based simulations using the PPK model and the 
PK/PD relationships for efficacy showed that 10 mg and 
25 mg QD are the optimal brensocatib doses for the desired 
clinical outcomes in patients with non-cystic fibrosis bron-
chiectasis. Based on the predicted likelihood of clinical out-
comes for sputum neutrophil elastase BLQ and pulmonary 
exacerbations, brensocatib doses of 10 mg and 25 mg QD 
were selected for a phase III clinical trial in patients with 
non-cystic fibrosis bronchiectasis (NCT04594369).

Study limitations included the relatively small sample size 
of patients with non-cystic fibrosis bronchiectasis for each 
dose and the relatively short (24 weeks) treatment phase in 
which to examine potential AESIs that could emerge with 
longer drug exposures. Substantial variability in sputum neu-
trophil elastase activity was observed both among and within 
individuals. While some variability is expected, the method 
of sample collection is likely to be important in explaining 
this variability [27]. Indeed, sputum samples are often incon-
sistent in terms of quantity and the depth from which the 
sample originates within the lung. Such inherent variability 
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likely contributed to our inability to discover PK/PD relation-
ships when treating sputum neutrophil elastase activity as a 
continuous variable.

5 � Conclusions

We developed a PPK model that accurately predicted the 
observed brensocatib concentrations after a single dose 
and at steady state. Statistically significant and clinically 

relevant PK/PD relationships were identified between 
brensocatib exposure and neutrophil elastase levels BLQ 
and between neutrophil elastase levels and the occurrence 
of pulmonary exacerbations. The data presented here sup-
port the assertion that model-based simulations are an 
important tool in drug development, predicting both the 
central tendency and variability in expected drug expo-
sures at various doses. While these simulations are not 
predictive of efficacy in phase III studies, they provide 
a strong basis for comparing likely outcomes for various 
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doses to inform the design of clinical trials. Furthermore, 
these data indicate a threshold AUC effect for attaining 
sputum neutrophil elastase levels BLQ and the strong 
relationship between attaining sputum neutrophil elastase 
BLQ and reduction in pulmonary exacerbations.
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