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Abstract
Molibresib (GSK525762) is an investigational orally bioavailable small-molecule 
bromodomain and extraterminal (BET) protein inhibitor for the treatment of 
advanced solid tumors. In the first-time-in-human BET115521 study of molibresib 
in patients with solid tumors, thrombocytopenia was the most frequent treatment-
related adverse event (AE), QT prolongation was an AE of special interest 
based on preclinical signals, and gastrointestinal (GI) AEs (nausea, vomiting, 
diarrhea, and dysgeusia) were often observed. The aims of this analysis were the 
following: (i) develop a population pharmacokinetic (PK)/pharmacodynamic 
(PD) model capable of predicting platelet time courses in individual patients 
after administration of molibresib and identify covariates of clinical interest;  
(ii) evaluate the effects of molibresib (and/or its two active metabolites 
[GSK3529246]) exposure on cardiac repolarization by applying a systematic 
modeling approach using high-quality, intensive, PK time-matched 12-lead 
electrocardiogram measurements; (iii) evaluate the exposure–response (ER) 
relationship between molibresib and/or GSK3529246 exposures and the 
occurrence of Grade 2 or higher GI AEs. Overall, the PK/PD model (including a 
maximal drug effect model and molibresib concentration) adequately described 
platelet counts following molibresib treatment and was used to simulate the 
impact of molibresib dosing on thrombocytopenia at different doses and regimens. 
ER analyses showed no clinically meaningful QT interval prolongation with 
molibresib at up to 100 mg q.d., and no strong correlation between molibresib 
exposure and the occurrence of Grade 2 or higher GI AEs. The models described 
here can aid dosing/schedule and drug combination strategies and may support a 
thorough QT study waiver request for molibresib.
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INTRODUCTION

Molibresib (GSK525762) is an orally bioavailable, small-
molecule bromodomain and extraterminal (BET) protein 
inhibitor1,2 investigated for the treatment of advanced can-
cers. The recently completed two-part, first-time-in-human 
(FTIH) phase I/II study in patients with nuclear protein in 
testis carcinoma (NC)3 and other solid tumors evaluated the 
safety, pharmacokinetics (PK), and pharmacodynamics (PD) 
of molibresib and showed preliminary antitumor activity with 
this agent in NC (NCT01587703; BET115521; S Cousins, J-Y 
Blay, IB Garcia, et al., unpublished data, 2021).4 Molibresib is 
eliminated rapidly with an average terminal phase half-life of 
3–6 h and is metabolized by cytochrome P450 3A4 enzymes 
to produce two major active metabolites that are equipo-
tent to the parent molecule.4 The metabolites are measured 
together after full conversion of one to the other and re-
ported as an active metabolite composite (GSK3529246).5 A 
semi-mechanistic liver-compartment population PK model 
including the autoinduction of molibresib clearance was 
recently developed using the PK data from the FTIH study, 
which adequately described the PK of both molibresib and 
GSK3529246.5

In the FTIH study, thrombocytopenia (TCP) was the 
most common treatment-related adverse event (AE) and 
the most common reason for treatment interruptions, 

dose reductions, and discontinuations.4 TCP is an estab-
lished clinical effect of BET inhibition4 and a common 
challenge with many chemotherapies and radiothera-
pies.6 Therefore, a better understanding of platelet kinetics 
in patients receiving molibresib is needed to evaluate po-
tential ways to reduce the risk of this AE, such as alternate 
dosing or individualized dosing regimens. Development 
of a PK/PD model of platelet kinetics following molibresib 
treatment could achieve this goal and thereby help to im-
prove patient outcomes. A semi-mechanistic mathemat-
ical model developed by Friberg et al. is often used to 
describe platelet kinetics after treatment with chemother-
apy and has been applied to various chemotherapeutic 
agents.7–9 The Friberg model provided an appropriate ini-
tial structure for the development of such a PK/PD model.

The International Conference on Harmonization (ICH) 
issued guidance (E14) in 2005  specifying that all experi-
mental drugs must undergo a dedicated “thorough QTc” 
(TQT) study to assess drug-induced QTc prolongation.10,11 
As a result, phase I studies are now being designed to 
integrate high-quality, intensive, PK time-matched 12-
lead electrocardiogram (ECG) measurements using 
exposure–response (ER) modeling to detect QTc liability 
early.11–17  The use of drug concentration-QTc (C-QTc) 
modeling at different phases of drug development can in-
fluence the need for and/or timing of a TQT study.18 QT 

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
In a first-time-in-human study of molibresib in advanced solid tumors, 
thrombocytopenia and gastrointestinal (GI) adverse events (AEs) were com-
monly observed. As QT prolongation was observed in dogs, pharmacokinetic 
(PK) time-matched 12-lead electrocardiogram measurements were obtained. A 
population PK/pharmacodynamic (PD) model of molibresib and its active me-
tabolite composite (GSK3529246) is also available. 
WHAT QUESTION DID THIS STUDY ADDRESS?
This study evaluates relationship between molibresib, GSK3529246, or total active 
moiety (TAM) exposure and thrombocytopenia, QTc prolongation, or GI AEs. 
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Semimechanistic PK/PD and exposure–response models adequately described 
the relationship between TAM exposures and thrombocytopenia as well as 
GSK3529246 exposures and QTc prolongation. QTc analysis demonstrated that 
molibresib does not affect QTc prolongation at the clinically relevant dose. No 
exposure measures were associated with the occurrence of Grade 2 or higher GI 
AEs. 
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
These models can be used to optimize molibresib dosing/schedules and design 
combination studies to minimize the risk of thrombocytopenia. These analyses 
extend the knowledge of modeling for drugs with active metabolites.
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prolongation was observed for molibresib (unpublished re-
sults) in dogs after a single oral dose of 30 mg/kg or daily 
repeat oral and intravenous dosing at ≥1 mg/kg/day, with 
a maximum prolongation of 41 milliseconds following 12 
doses of 3 mg/kg/day orally (mean pre- and post-treatment 
difference). Given the risks of QTc prolongation, patients in 
the FTIH study were monitored closely for any changes in 
QTc with triplicate 12-lead ECG measurements and time-
matched exposures of molibresib, GSK3529246, and total 
active moiety (TAM; molibresib + GSK3529246) as well 
as change from baseline in QT interval corrected for heart 
rate by Fridericia's formula (dQTcF). The C-QTc analysis 
was performed for a wide range of doses to account for 
changes in drug exposures attributed to drug–drug inter-
actions (DDIs), organ impairment, or other special popula-
tion effects. The following differences specific to oncology 
therapies were also taken into account: (i) based on recent 
publications or guidance, a QT prolongation threshold of a 
<20 millisecond change is considered appropriate for on-
cology drugs,19–22 and (ii) although regulatory authorities 
typically request an investigation of three times the ther-
apeutic dose to assess any effect on QT interval, for many 
cancer drugs this is not possible as the therapeutic dose 
may be similar to the maximum tolerated dose.

Additionally, gastrointestinal (GI) AEs such as nausea, 
dysgeusia, diarrhea, and vomiting were among the most fre-
quent treatment-related AEs during the FTIH study, in some 
cases leading to dose reductions and/or interruptions.4 The 
development of models describing the PK/PD relationships 
between TCP and molibresib treatment, as well as the ER re-
lationships between molibresib and/or GSK3529246 and the 
occurrence of QT prolongation or GI AEs, will be supportive 
for risk mitigation and dose-optimization strategies.

The three main objectives of these analyses were to 
develop a semi-mechanistic population PK/PD platelet 
model to assess the occurrence of TCP in patients with solid 
tumors treated with molibresib and identify important 
covariates associated with the occurrence of TCP to guide 
molibresib dosing strategies, to develop ER models for the 
relationship between molibresib/GSK3529246 exposure 
and change in corrected QT interval by Frederica (QTcF), 
and evaluate the ER relationship between molibresib/
GSK3529246 exposure and the occurrence of selected 
Grade 2 or higher (Grade 2+) GI AEs (nausea, dysgeusia, 
diarrhea, and vomiting).

METHODS

Patients and study design

This analysis was performed using clinical data obtained 
from the multicenter, open-label, two-part, phase I/II 

FTIH study BET115521 investigating the use of molibresib 
in patients with NC and other solid tumors. Details on the 
design and methodology for the FTIH study have been pub-
lished previously.4 Briefly, Part 1 of the study was a dose-
escalation phase involving single-dose and repeat-dose oral 
administration of 2–100 mg molibresib as an amorphous 
free-base formulation to evaluate the safety, PK, and PD 
of molibresib and to determine the recommended phase 
II dose (RP2D).4 Part 2 of the study assessed the efficacy, 
safety, PK, and PD of molibresib as a besylate salt formula-
tion at the RP2D of 75 mg once daily (S Cousins, J-Y Blay, 
IB Garcia, et al., unpublished data, 2021). The study was 
conducted in accordance with ICH Good Clinical Practice 
and applicable country-specific regulatory requirements 
as well as the ethical principles outlined in the 2008 
Declaration of Helsinki. All patients provided written, in-
formed consent prior to study enrollment.

Population PK model

Recently, a semimechanistic liver-compartment popu-
lation PK model including autoinduction of molibresib 
clearance was developed that adequately describes the PK 
of both molibresib and GSK3529246.5 Covariate analysis 
indicated that body weight had a significant effect on the 
volume of distribution of molibresib and GSK3529246 
and that higher levels of aspartate aminotransferase 
(AST) resulted in lower clearance of GSK3529246. For 
all patients in the analyses presented here, the individual 
post hoc PK parameter estimates (maximum plasma con-
centration [Cmax], trough plasma concentration [Cmin], 
and area under the concentration-time curve [AUC0–24 h]) 
for molibresib, GSK3529246, and TAM were derived 
using this population PK model taking into account in-
dividual dosing history and clinical covariates of interest 
(baseline body weight, time-varying AST). The popula-
tion PK model was used to obtain individual molibresib, 
GSK3529246, and TAM plasma concentrations for time-
points where ECG and platelet data were also obtained.

Modeling software

The platelet analysis was performed using a nonlinear 
mixed-effect modeling approach using NONMEM Version 
7.4 (Icon Development Solutions). Model development was 
performed using first-order conditional estimation with 
η–ϵ interaction (FOCE-I). Model execution and visual pre-
dictive checks (VPCs) were performed using Perl-speaks-
NONMEM Version 4.8.0.23 Postprocessing of NONMEM 
analysis data was carried out in R Version 3.5.2, as was the 
analysis of QT interval prolongation and GI AEs.24
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Model diagnostics and qualification

During model development, a difference in objective 
function value (OFV) of 6.63 (equivalent to a p  <  0.01; 
change in OFV [ΔOFV] of 10.8, nominal p  <  0.001 for 
backwards elimination) was used to compare any two 
nested models that differed by one parameter. The ac-
cepted model was then determined on the basis of the 
lowest stable OFV, physiological plausibility of parameter 
values, successful numerical convergence, parameter pre-
cision (a relative standard error <50%), a low condition 
number (<1000), graphical goodness-of-fit (GOF) analy-
ses, and acceptable prediction-corrected VPC outcomes.25 
Graphical GOF analysis involved inspecting diagnostic 
plots of observed versus predicted values to determine any 
evidence of systemic lack of fit or bias in the error distribu-
tions. Prediction-corrected VPCs were stratified by differ-
ent covariates wherever applicable, with 90% confidence 
intervals (CIs).

Platelet modeling

Data assembly and handling

Blood samples for observed platelet count assessments 
were obtained at regular intervals throughout the FTIH 
study, with additional monitoring as clinically indicated. 
The platelets were assessed using data from both Part 1 
and Part 2 of the study, including both once daily (q.d.) 
and twice daily (b.i.d.) dosing. Laboratory samples were 
obtained during Part 1 at screening and (Week x, Day 
x), W1D1, W1D6, W2D1, W2D6, W3D1, W4D1, W5D1, 
W7D1, W9D1, W11D1, and every 4 weeks on Day 1 
(q4WD1) from Week 9, and at the end of treatment. 
In Part 2, samples were obtained at screening, W1D1, 
W2D1, W2D6, W3D1, W4D1, W5D1, W7D1, W9D1, 
W11D1, W13D1, q4WD1 from Week 9, and the end of 
treatment. The dosing was continued at the same dose 
level in case of Grade 1 and 2 TCP, with weekly or more 
frequent monitoring as necessary. In cases of Grade 3 
TCP, the same dose, a reduced dose, or an alternate-day 
dosing was recommended, with weekly or more frequent 
monitoring as necessary. In cases of Grade 4 TCP, tempo-
rary interruption of molibresib was recommended with 
monitoring every 2–3 days until the counts recovered to 
Grade 3 for at least two complete blood count reads at 
least 3  days apart. No imputations were performed for 
missing data; observations with missing platelet or time 
values were excluded from the analysis. PK parameter 
estimates were obtained as described in the ‘Population 
PK Model’ section.

Model development

Models were developed in increasing order of complexity 
using FOCE-I. The established semi-mechanistic Friberg 
myelosuppression model was used as the starting model,7 
with baseline platelet count, maturation rate constant 
(ktr), and feedback power term (γ) as the system-related 
parameters and assuming treatment with molibresib re-
sulted in a direct loss of megakaryocytes. The effects of 
molibresib, GSK3529246, and TAM on megakaryocyte 
proliferation were evaluated using linear and Maximal 
drug effect models. This was optimized in a stepwise 
fashion to adequately describe the platelet data from all 
parts of the FTIH study until further improvement in the 
platelet model fit was not supported by the data. Finally, 
random effects (residual variability and interindividual 
variability [IIV]) were evaluated.

Covariate analysis

Once the structural platelet model had been established, 
a generalized additive model (GAM) approach was used 
to identify clinical covariates of interest. The covariates 
evaluated were selected based on prior experience and 
scientific plausibility, and included observed baseline 
platelet count, dose, dosing regimen, age, sex, weight, 
baseline body surface area, baseline body mass index 
(BMI), cancer type, baseline hemoglobin, baseline Eastern 
Cooperative Oncology Group status, prior platinum-based 
chemotherapy, and prior taxane-based chemotherapy on 
the model parameters baseline platelet count, ktr, and γ. 
Also, the covariates dose, dosing regimen, age, sex, race, 
weight, baseline body surface area, baseline BMI, baseline 
hemoglobin, prior platinum-based chemotherapy, and 
prior taxane-based chemotherapy were evaluated for their 
impact on the drug/metabolite concentration required to 
provide half the maximal response (EC50). All significant  
covariates (p  <  0.01; decrease in Akaike information 
criterion [AIC]) identified by the GAM were subsequently 
included in the model in a manual forward inclusion step, 
followed by a backwards elimination step to identify the 
statistically significant (p < 0.001) covariates.

Simulation of Grade 3 or 4 TCP

The final model was used to simulate the impact of TAM 
concentration on platelet count profiles for molibresib 
doses of 20 mg q.d., 60 mg q.d., 80 mg q.d., and 100 mg 
q.d. In total, 100 studies with 400 virtual patients (100 
at each dose) were simulated using the PRIOR MWPRI 



560  |      KRISHNATRY et al.

functionality in NONMEM to account for uncertainty in 
parameter estimates, and the predicted incidence of Grade 
3 or Grade 4 TCP was presented.

dQTcF modeling

Data assembly and handling

In Part 1 of the FTIH study, ECGs were obtained at the 
same time as PK samples from standard 12-lead ECGs in 
94 patients (65 received q.d. molibresib dosing, 19 received 
b.i.d. dosing, 10 were included in the besylate substudy). 
Four triplicate ECGs were evaluated at each timepoint by 
a central cardiologist, and the mean values were calcu-
lated for dQTcF using a single baseline observation (Week 
1, Day 1 pre-dose) per individual.26 PK parameter esti-
mates were obtained as described in the ‘Population PK 
Model’ section. Individual predicted plasma concentra-
tions, rather than observed plasma concentrations, were 
used in the analysis as PK samples were not collected for 
all timepoints where dQTcF data were available.

Model development and covariate analysis

Initially, dQTcF was modeled as an effect of molibresib, 
GSK3529246, or TAM concentrations using linear 

mixed-effects models according to the process outlined by 
Garnett et al.18 using a target model structure outlined in 
Figure S1a. The dQTcF model was then constructed by the 
stepwise inclusion of individual terms and selection of the 
most appropriate model at each stage based on ΔOFV, GOF 
plots, model stability, and clinical plausibility of the param-
eter estimates. Our approach differed from that used by 
Garnett et al.18 in that the circadian effects on dQTcF were 
tested during the development of the structural model rather 
than as a categorical effect of time, and a treatment-specific 
intercept (θ1) was not estimated because there was no pla-
cebo arm in the study. Once the structural dQTcF model had 
been determined, various covariates were considered using 
GAM. Interoccasion variability (IOV) was considered in the 
model because of the long molibresib treatment period. The 
structure of the term(s) for IOV was determined by the re-
sults of exploratory analysis conducted before modeling, and 
the effects of disease type, weight, and sex were considered 
as motivated by corresponding random effects plots.

Simulation of dQTcF effects

The final dQTcF ER model was subsequently used to evaluate 
dQTcF prolongation at the mean Cmax for molibresib doses of 
60, 80, and 100 mg by GSK3529246 concentration and dosing 
occasion (e.g., Week 1, Day 1). Predicted response and a two-
sided 90% prediction interval (PI; representing the parameter 

Study cohort Dose N
Platelet 
obs.

dQTcF 
(rich) obs.

dQTcF 
(sparse) obs.

Part 1 q.d.a 2 mg 3 23 21 55

4 mg 4 31 37 65

8 mg 1 7 14 20

16 mg 3 17 29 72

30 mg 4 43 46 81

60 mg 9 87 103 160

80 mg 32 544 296 543

100 mg 9 169 78 191

Part 1 b.i.d.a 20 mg 4 33 78 70

30 mg 10 132 174 210

40 mg 5 63 95 97

Besylate substudyb 80 mg 10 160 0 171

Part 2b 75 mg 99c 1217 0 0

Total 193 2526 971 1735
aMolibresib amorphous free-base formulation.
bMolibresib besylate salt formulation.
cThe total population for Part 2 of the FTIH study was 102; three patients were excluded from this 
modeling analysis.
Abbreviations: b.i.d., twice daily; dQTcF, QT interval prolongation (corrected by Fridericia formula and 
by baseline); FTIH, first time in humans; obs., observations; q.d., once daily.

T A B L E  1   Platelet and dQTcF 
observations (FTIH study) included in the 
modeling analysis
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uncertainty for a typical population value) was determined for 
the Cmax in the 60, 80, or 100 mg treatment group. The PI was 
determined for each value of exposure as the 90 percentiles 

of 1000 responses calculated with 1000 multivariate-normal 
samples of parameter estimates from the variance–covariance 
matrix of the final dQTcF model. For diagnostic purposes, 

T A B L E  2   Summary of (a) key platelet structural model development steps and (b) key dQTcF model development steps

(a) Key platelet structural model development steps

Run Ref ΔOFV Minimization Description Action

201 – Successful Flat baseline model, IIV on baseline platelet count Accepted

203 201 −2147.2 Successful Linear effect of TAM on the rate of megakaryocyte loss Accepted

204 203 −940.1 Successful IIV on ktr, γ, and drug effect slope Accepted

205 204 −39.1 Successful TAM effect moved to platelet proliferation rate Accepted

209 205 −73.9 Successful Inclusion of Emax model (Emax fixed to 1) Final

211 209 −21.6 Successful Estimation of Emax Rejecteda

212 211 −5.7 Successful Addition of omega block (γ, baseline platelet count, EC50) Rejected

(b) Key dQTcF model development steps

Run Ref ∆OFV N parameters Description Action

1 – – 2 IIV(intercept) Accepted

2 1 −3.6 3 + Intercept Accepted

3 2 825.3 4 + Circadian: IIV(tmax) Rejected

4 2 640.9 4 + Circadian: IIV(amplitude) Rejected

5 2 −15.8 4 + DMQTCF Accepted

6 5 −16.1 5 + Linear molibresib Rejected

7 5 −28.9 5 + linear TAM Rejected

8 5 −43.9 5 + linear GSK3529246 Accepted

9 8 −0.1 6 + Linear molibresib Rejected

10 8 −2.6 7 + Linear molibresib with interaction Rejected

11 8 −0.1 6 + linear TAM Rejected

12 8 12.8 5 Emax GSK3529246 Rejected

13 6 −0.7 5 Emax molibresib Rejected

14 7 −0.9 5 Emax TAM Rejected

15 6 −34 5 Power(molibresib) Rejected

16 7 −34.7 5 Power(TAM) Rejected

17 8 −38.7 5 Power(GSK3529246) Accepted

18 17 −32.2 6 + Circadian(amplitude) Rejected

19 17 −35.2 7 + Circadian(tmax) Rejected

20 17 −47.5 7 IIV(GSK3529246) Accepted

21 20 0 8 + IOV(GSK3529246) Rejected

22 20 −449.7 8 + IOV(intercept) Accepted

23 22 −12.7 7 + Occasion 2 power Accepted

24 23 −8.9 8 + Occasion 3 power Final

25 24 391 9 + Intercept: occasion 2, occasion 3 Rejected
aRejected as correlation between EC50 and Emax was >95%.
Reference model numbers and ΔOFV values for accepted runs are shown in bold.
Abbreviations: ΔOFV, change in objective function compared with reference model; DMQTCF, the individual specific difference of baseline QTcF from 
population mean; dQTcF, QT interval prolongation corrected by Fridericia formula and by baseline; γ, feedback power term; EC50, drug concentration required 
to provide half the maximal response; Emax, maximal drug effect; ER, exposure–response; GSK3529246, molibresib active metabolite composite; IIV, inter-
individual variability; IOV inter-occasion variability; ktr, maturation rate constant; PK, pharmacokinetic; Ref, Reference model; TAM, total active moiety 
(molibresib + GSK3529246); OFV, objective function value; TAM, total active moiety; tmax, time to maximum plasma concentration.
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mean (and 90% CI) of observed values were overlaid on mean 
(and 90% CI) model predictions, stratified by occasion.

GI AE modeling

For GI AEs (nausea, dysgeusia, diarrhea, and vomiting), 
the date of the first Grade 2+ event for each patient was ex-
tracted. Derived exposure metrics obtained as described in 
the ‘Population PK Model’ section were then merged with 
the AE data by treatment date and restricted to the first 
occurrence within patient of Grade 2+ GI AEs. Logistic 
regression (a generalized linear model for binomial fam-
ily) was used to describe the relationship between the first 
occurrence of each Grade 2+ treatment-related GI AE 
and the exposure metrics. Probability of AEs of Grade 2+ 
was modeled as a function of exposure associated with the 
date of the event or, for those patients not experiencing 
the event or experiencing a Grade 1 event, date of last in-
stance of the highest administered dose.

RESULTS

Analysis population

Demographics, treatments, and clinical characteristics 
at baseline for patients included in the FTIH study are 
presented in Table S1. Overall, 193 patients included in the 
analysis had a median age of 58 years (range, 16–86 years) 
and were predominantly White (83%) with a median body 
weight of 69.6 kg (range, 34–120 kg).

Platelet modeling

Exploratory analysis

In total, 2526 platelet count observations from the 193 patients 
were included in the analysis for model development (Table 1). 
Exploratory analysis of platelet count versus time profiles re-
vealed a large day-to-day within-patient variability, often related 

T A B L E  3   Platelet parameter estimates using the final structural platelet model (a) and the final platelet model (b)

(a) Platelet parameter estimates – final structural model

Description Parameter (unit) Estimate RSE (%) 95% CI CV (%)

Baseline BSLN (∙ 109/L) 257 – (244–271) –

Maturation rate ktr (/h) 0.0348 – (0.0331–0.0366) –

Feedback power term γ 0.144 – (0.127–0.163) –

Drug effect EC50 EC50 (μM) 4.82 – (4.22–5.51) –

IIV on baseline ω2
baseline 0.125 12.4 (0.0945–0.155) 35.4

IIV on ktr ω2
ktr 0.0167 28.2 (0.00746–0.0259) 12.9

IIV on γ ω2
γ 0.256 24.1 (0.135–0.376) 50.6

IIV on EC50 ω2
EC50 0.363 19.8 (0.222–0.504) 60.2

Proportional residual error σ1 .1 0.0765 8.2 (0.0641–0.0889) –

(b) Platelet parameter estimates – final platelet model

Description Parameter (unit) Estimate RSE (%) 95% CI CV (%)

Baseline platelets BSLN (∙ 109/L) 257 – (244, 271) –

Maturation rate ktr(/h) 0.0347 – (0.0331, 0.0365) –

Feedback power term γ 0.157 – (0.137, 0.179) –

Drug effect EC50 EC50 (μM) 4.85 – (4.22, 5.56) –

Feedback GIST γ GIST 0.370 41.3 (0.0707, 0.67) –

Feedback NC, prostate γ NC, prostate -0.306 24.7 (-0.454, -0.158) –

IIV on baseline platelets ω2
baseline 0.121 12.5 (0.0914, 0.151) 34.8

IIV on ktr ω2
ktr 0.0171 27.6 (0.00782, 0.0263) 13.1

IIV on γ ω2
γ 0.218 24.2 (0.115, 0.322) 46.7

IIV on EC50 ω2
EC50 0.383 19.5 (0.237, 0.53) 61.9

Proportional residual error σ1.1 0.0763 8.2 (0.064, 0.0887) –

Abbreviations: γ, feedback power term; CI, confidence interval; CV, coefficient of variation (derived as 100 × √[ω2]); EC50, total active moiety plasma 
concentration (molibresib + active metabolite composite [GSK3529246]) that provides half the maximal response; GIST, gastrointestinal stromal tumor; IIV, 
inter-individual variability; ktr, maturation rate constant; NC, nuclear protein in testis carcinoma; RSE, relative standard error.
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to frequent dose interruptions during treatment. Overall, there 
appeared to be a clear trend showing a reduction in platelet 
count over time with molibresib treatment (Figure S2).

Structural model development

The key structural model building steps are summarized 
in Table  2a, the parameter estimates are presented in 
Table 3, and the model code is provided in Supplementary 
Text S1. The final structural model adequately described 
the time course of the platelet count and all parameters 
were estimated with acceptable precision. The IIV esti-
mates derived from the final structural model for baseline 
platelet count, ktr, γ, and EC50 were 35.4%, 12.9%, 50.6%, 
and 60.2%, respectively (Table 3a). The residual variability 
was included as a proportional error model.

Covariate analysis

The GAM analysis indicated that the observed base-
line platelet count had an impact (p < 0.01) on ktr (AIC: 

−463.95), cancer type on γ (AIC: 180.2), prior platinum-
based chemotherapy on baseline platelet count (AIC: 
99.3), and EC50 (AIC: 253.1) and prior taxane-based 
chemotherapy (AIC: 256.9) and age (AIC: 245.5) on EC50. 
Forward inclusion steps resulted in addition of cancer 
type on γ (evaluated as either GI stromal tumor [GIST], 
NC, prostate cancer, or other cancers), observed baseline 
platelet count on ktr, and age on EC50. Backward elimination 
resulted in the removal of observed baseline platelet count 
on ktr and age on EC50 to produce the final model.

Final model

The final platelet model is illustrated in Figure  1a and 
presented mathematically in Figure  1b. Similar to the 
semi-mechanistic Friberg myelosuppression model,7 
the final model consisted of a platelet proliferation com-
partment sensitive to drug effects, three transit compart-
ments representing maturation, and a circulating platelet 
compartment. The model included an effect of TAM con-
centration on platelet proliferation rate (thus assumes 
that molibresib and GSK3529246 have equal potency) and 

F I G U R E  1   (a) Graphical 
representation of the final semi-
mechanistic PK/PD model for platelets 
after molibresib oral dosing, and (b) 
mathematical description of the final 
platelet model. Baselineplatelets, baseline 
platelet count; Circulatingplatelets, 
circulating platelet count; CM, active 
metabolite composite (GSK3529246) 
plasma concentration; Cp, molibresib 
plasma concentration; EC50, TAM plasma 
concentration that provides half the 
maximal response; Edrug, drug effect; 
Emax, maximal drug effect (fixed to 1); 
Feedback, feedback effect; γ, feedback 
power term; kprol, proliferation rate 
constant (equal to ktr); ktr, maturation rate 
constant; MTT, mean transit time; PK/PD, 
pharmacokinetic/pharmacodynamic; T, 
time; TAM, total active moiety

Platelet
Proliferation

Feedback = (Baselineplatelets/Circulatingplatelets)γ

ktr= 4/MTT

kprol = ktr

Edrug = Emax∙(Cp+CM)/(EC50+(Cp+CM))

ktr ktr

ktr

ktr

Circulating
Platelets

Transit
1

Transit
2

Transit
3

Edrug =   
Emax ∙ (Cp + CM)

           –––––––––––––
           EC50 + (Cp + CM)

 dProliferation
––––––––––– = kprol ∙ Proliferation ∙ (1 – Edrug ) ∙ Feedback – ktr ∙ Proliferation
         dt

dTransit1
––––––– = –ktr ∙ Transit1 + ktr ∙ Proliferation
      dt

 dTransit2
–––––––– = –ktr ∙ Transit2 + ktr ∙ Transit1
       dt

dTransit3
–––––––– = –ktr ∙ Transit3 + ktr ∙ Transit2
       dt

dCirculating
–––––––––– = –ktr ∙ Circulating + ktr ∙ Transit3
        dt

Feedback =     
Baselineplatelets

                    (–––––––––––––)γ 
                      Circulatingplatelets

(a)

(b)
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cancer type (GIST, NC, prostate or other) on γ. Platelet 
parameter estimates using the final model are summa-
rized in Table 3. Baseline platelet count was estimated to 
be 257 × 109/L, the mean transit time to be 115 h, and the 
EC50 for the effect of TAM on platelet proliferation rate to 
be 4.85 μM. Patients with GIST were predicted to have a 
37% higher γ compared with other cancer types, resulting 
in greater feedback on platelet proliferation and a higher 
platelet proliferation rate. Conversely, patients with NC  
and prostate cancer were found to have a 31% lower γ, 
resulting in less feedback and a lower increase in the platelet 
proliferation rate. Platelet count simulations following 
administration of molibresib (75  mg q.d.) for different 
tumor types are presented in Figure S3.

Model diagnostics and qualification

All platelet parameters were estimated (Table  3) with 
sufficient precision (based on the 95% CI values or a relative 
standard error <50%), and the condition number was low 

(20.2). The GOF plots for the final platelet model showed 
conditionally weighted residuals (CWRES) randomly 
scattered around the predicted range and across time 
(Figure  S4). Overall, the diagnostic GOF plots showed 
that the final model demonstrated appropriate agreement 
between the predicted and observed data. The prediction-
corrected VPC showed that the final model adequately 
described the time course of platelet count data following 
molibresib treatment, although a slight underprediction 
of platelet count reduction is apparent at the highest doses 
(Figure 2).

Simulations of Grades 3 and 4 TCP AEs

Platelet count time course simulations performed with the 
final model showed rates of Grade 3 or 4 TCP at 80 mg 
(46% predicted), similar to those reported in Part 2 of the 
FTIH study (43%) for molibresib 75 mg q.d. (besylate salt 
formulation), but greater than reported for the 60 mg q.d. 
dose (38% predicted versus 11% observed; Figure S5).

F I G U R E  2   Visual predictive checks for the final platelet model simulated versus observed data by dose of molibresib: (a) 2–40 mg, (b) 
50–60 mg, (c) 65–75 mg, and (d) 80–100 mg. All observations and predictions were adjusted using prediction correction25
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dQTcF modeling

Exploratory analysis

In total, 2706 dQTcF observations from 94 patients enrolled 
in Part 1 of the FTIH study were included in the analysis 
for model development (Table  1). Graphical exploratory 
analysis found no meaningful relationship between heart 
rate and molibresib or GSK3529246 exposure, and no com-
pelling evidence of hysteresis (Figures S6 and S7).

Model development and qualification

The key structural model building steps are summarized in 
Table 2b. The final dQTcF model is described mathematically 
in Figure S1b; it included a population intercept, an effect of 
baseline dQTcF difference from the population mean, and 
an effect of GSK3529246 concentration on dQTcF described 
using a power model with separate power exponents for 
sampling occasions 2 (Week 1, Day 3 [W1D3]–predose Week 
2, Day 1 [W2D1]) and 3 (W2D1–predose W3D1). The final 
model also included IIV and IOV on the intercept parameter.

The parameter estimates of the final dQTcF model and 
mean predicted dQTcF by occasion and dose are summarized 
in Table 4a,b. All model parameters were statistically signifi-
cant (p ≤ 0.00011), and 95% CIs did not include zero. The GOF 
plots showed that residuals were symmetrically distributed 
and had negligible trends with predicted values and with time.

Simulation of dQTcF using the final model

Observed and model-predicted dQTcF by predicted 
GSK3529246 concentration and dosing occasion are sum-
marized in Figure 3 and Table 4. The upper bounds of all 
90% CIs for both observed and model-predicted dQTcF were 
<20 milliseconds (and in most cases <10 milliseconds).

GI AE modeling

Exploratory analysis

In total, 101 first occurrences of Grade 2+ GI AEs among 
193 patients were included in the analysis (Table  S2). 

T A B L E  4   (a) Parameter estimates using the final dQTcF model and (b) mean predicted dQTcF (final dQTcF model) by occasion and 
dose

(a) Parameter estimates – final dQTcF model

Parameter Estimate Standard error p value 95% CI

DM −0.22 0.05 <0.0001 −0.318 to −0.124

INT −4.00 1.03 0.0001095 −6.02 to −1.98

P145 0.25 0.02 <0.0001 0.207–0.302

P2 0.39 0.01 <0.0001 0.37–0.419

P3 0.33 0.02 <0.0001 0.295–0.372

IIVa 7.84 n/a n/a 6.54–9.42

IOVa 7.12 n/a n/a 6.39–7.93

RUVa 9.18 n/a n/a 8.92–9.45

(b) Mean (90% CI) predicted dQTcF

Occasion 60 mg (347 ng/ml) 80 mg (380 ng/ml) 100 mg (402 ng/ml)

W1D1–W1D3 predose 1.76 (0.11–3.45) 1.89 (0.236–3.6) 1.98 (0.304–3.71)

W1D3–W2D1 predose 10.6 (8.39–12.8) 11.1 (8.82–13.4) 11.4 (9.12–13.8)

W2D1–W3D1 predose 5.74 (3.59–8.04) 6.04 (3.82–8.41) 6.23 (3.95–8.65)

W3D1–W4D1 predose 1.76 (0.11–3.45) 1.89 (0.236–3.6) 1.98 (0.304–3.71)

W4 and above 1.76 (0.11–3.45) 1.89 (0.236–3.6) 1.98 (0.304–3.71)

Note: Predictions (b) are presented as mean (90% CI) values for the mean maximum plasma concentration (in parentheses) across subjects at each dose level; 
doses represent q.d. dosing.
aRandom effects are expressed as standard deviations; standard errors and p values are not applicable.
Abbreviations: CI, confidence interval; D, day; DM, parameter describing the effect of the individual specific difference of baseline QTcF from population 
mean; dQTcF, QT interval prolongation corrected by Fridericia formula and by baseline; IIV, inter-individual variability; INT, intercept; IOV, inter-occasion 
variability; n/a, not applicable; P145, power estimate for occasions 1, 4, and 5; P2, power estimate for occasion 2; P3, power estimate for occasion 3; RUV, 
residual unexplained variability; W, Week.
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Correlation analyses are presented in Table  S2 and 
showed that most pairwise combinations of GI AEs 
were weakly correlated, with the exception of nausea 
and vomiting, which were moderately correlated (coef-
ficient, 0.57).

Model development

The models evaluated for nausea, dysgeusia, diarrhea, and 
vomiting are presented in Table S3 along with parameter 
estimates for the modeled probability of Grade 2+ nau-
sea, dysgeusia, diarrhea, and vomiting events versus ex-
posure metrics for molibresib, GSK3529246, and TAM. In 
all cases, models with exposure as a predictor performed 
better than models with dose as a predictor, which in turn 
performed better than models using intercept alone. For 
nausea, diarrhea, and vomiting, Cmin for molibresib pro-
vided the greatest improvement in statistical significance 
for the slope (p value), AIC, and OFV, although AUC for 
molibresib provided equivalent improvements in AIC and 
OFV for diarrhea. For dysgeusia, GSK3529246 Cmax pro-
vided the best improvements in AIC and OFV, while TAM 

Cmax provided the best improvement in the statistical sig-
nificance of the slope.

Overall, however, the incidences of Grade 2+ nau-
sea or dysgeusia were not associated with any exposure 
metric for molibresib, GSK3529246, or TAM. The inci-
dences of Grade 2+ diarrhea and vomiting were found 
to be possibly related (i.e., a positive slope estimate and 
p < 0.05) to molibresib or TAM Cmin, but not associated 
with any Cmax metric (Figure  S8). In addition, the oc-
currence of Grade 2+ diarrhea was possibly related to 
molibresib AUC.

DISCUSSION/CONCLUSIONS

Based on an established semi-mechanistic mathemati-
cal model describing platelet kinetics following chem-
otherapy (Friberg et al.7), we identified important 
covariates associated with the variability of molibresib 
and GSK3529246 exposure and TCP. We then used these 
to develop a PK/PD model that adequately described the 
time course of platelet count changes following treat-
ment with molibresib, an approach that has been used 

F I G U R E  3   Predicted dQTcF prolongation (final dQTcF model) by active metabolite composite (GSK3529246) plasma concentration and 
dosing occasion. Filled black circles and vertical black lines represent means and 90% CI for deciles of observed dQTcF. Horizontal purple 
lines indicate dQTcF changes of 10 milliseconds (dashed) and 20 milliseconds (solid). Cmax, maximum plasma concentration; D, day; dQTcF, 
QT interval prolongation corrected by Fridericia formula and by baseline; q.d., once daily; W, Week
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successfully in previous modeling studies.9  The final 
model consisted of a platelet proliferation compartment 
sensitive to drug effects, three transit compartments 
representing maturation, a circulating platelet compart-
ment, and an effect of TAM concentration on the platelet 
proliferation rate. Interestingly, cancer type was shown 
to have a significant impact on the megakaryocyte prolif-
eration rate (in response to the TCP effect of molibresib), 
with GIST showing an increase compared with other 
tumor types (NC and prostate cancer excluded), and NC 
and prostate cancer showing a decrease (as determined 
by a 37% increase and a 31% decrease in the model feed-
back power term γ, respectively). The reason for this is 
unclear, and patient numbers in the individual tumor 
data sets were low, so further investigation would be 
required to elucidate these observations and potentially 
provide guidance on the optimal dosing regimen for  
patients with different tumor types. Simulations using 
the final platelet model showed similar predicted and ob-
served rates of Grades 3 and 4 TCP with 75 mg and 80 mg 
doses of molibresib, but higher predicted rates at a 60 mg 
q.d. dose (38% predicted vs. 11% observed). This may be 
the result of a small patient population in the 60 mg q.d. 
cohort (n  =  9). Nevertheless, this analysis may still be 
used to predict doses and alternative dosing schedules for 
molibresib combination studies.

An ER model was also developed to explore the rela-
tionship between exposures to molibresib, GSK3529246, 
and TAM on change in the dQTcF interval. This analysis 
was initiated based on preclinical data suggesting a  
potential increased risk of arrhythmia and myocardial 
damage, and ECG data collected as part of this study 
were extensively analyzed to systematically assess this 
risk. A range of doses were also used in this analysis 
(2–100 mg). Overall, dQTcF was best described using a 
power model of GSK3529246 concentration; molibresib 
or TAM concentrations were not included in the final 
model. Model simulation from 60 mg q.d. (clinically rel-
evant dose) to 100 mg q.d. (highest dose), allowing pro-
tection against possible inflated exposure in the patient 
population as a result of compromised renal/hepatic 
function or DDIs, showed that although a small prolon-
gation of dQTcF occurred following molibresib treat-
ment, this was <20 milliseconds in all cases, and usually 
<10  milliseconds. A threshold of <20  milliseconds 
change is considered appropriate for oncology drugs 
based on recent publications or guidance.19–22 Providing 
an early assessment C-QTc analysis may be used to jus-
tify a waiver for, or improve the design of, a resource-
intensive dedicated TQT study.

ER analyses of the relationship between molibresib, 
GSK3529246, and TAM concentrations and the occurrence 
of Grade 2+ GI AEs demonstrated that the occurrence 

of Grade 2+ nausea or dysgeusia was unrelated to any  
molibresib, GSK3529246, or TAM exposure metrices 
(Cmax, Cmin, or AUC). However, there was a trend showing 
a possible relationship between the occurrence of Grade 
2+ diarrhea and molibresib Cmin, TAM Cmin, or molibresib 
AUC as well as between the occurrence of Grade 2+ vom-
iting and molibresib Cmin and TAM Cmin. The occurrences 
of GI Grade 2+ events were weakly correlated, except for 
nausea and vomiting, which were moderately correlated.

Limitations to be considered when interpreting the 
data from these analyses include the impact of the lim-
ited sample size for some doses and tumor cohorts and  
limited metabolite data from Part 1 individuals for the 
platelet analyses as well as the use of a single baseline ob-
servation for dQTcF correction. In addition, there was no 
placebo control for use in C-QTc evaluation.

In conclusion, the analyses presented here demonstrate 
that a semi-mechanistic population PK/PD model with 
transit compartments adequately describes platelet count 
changes over time following molibresib treatment. The co-
variates identified may be used prospectively to simulate 
the probability of TCP and optimize molibresib dosing/
schedules. ER analyses showed no clinically meaningful 
prolongation of the dQTcF interval with molibresib up to 
a 100  mg supratherapeutic dose, and no strong correla-
tion between molibresib treatment and the occurrence of 
Grade 2+ GI AEs (nausea, dysgeusia, diarrhea, and vom-
iting). The platelet model is being used to predict doses 
for a combination study where the combination drug also 
leads to TCP.
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