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Abstract

Background and Objectives Abemaciclib, a dual inhibitor

of cyclin-dependent kinases 4 and 6, has demonstrated

clinical activity in a number of different cancer types. The

objectives of this study were to characterize the pharma-

cokinetics of abemaciclib in cancer patients using popu-

lation pharmacokinetic (popPK) modeling, and to evaluate

target engagement at clinically relevant dose levels.

Methods A phase I study was conducted in cancer patients

which incorporated intensive pharmacokinetic sampling

after single and multiple oral doses of abemaciclib. Data

were analyzed by popPK modeling, and patient demo-

graphics contributing to pharmacokinetic variability were

explored. Target engagement was evaluated by combining

the clinical popPK model with a previously developed pre-

clinical pharmacokinetic/pharmacodynamic model.

Results The pharmacokinetic analysis incorporated 4012

plasma concentrations from 224 patients treated with abe-

maciclib at doses ranging from 50 to 225 mg every 24 h

and 75 to 275 mg every 12 h. A linear one-compartment

model with time- and dose-dependent relative

bioavailability (Frel) adequately described the pharma-

cokinetics of abemaciclib. Serum albumin and alkaline

phosphatase were the only significant covariates identified

in the model, the inclusion of which reduced inter-indi-

vidual variability in Frel by 10.3 percentage points. By

combining the clinical popPK model with the previously

developed pre-clinical pharmacokinetic/pharmacodynamic

model, the extent of target engagement in skin in cancer

patients was successfully predicted.

Conclusion The proportion of abemaciclib pharmacoki-

netic variability that can be attributed to patient demo-

graphics is negligible, and as such there are currently no

dose adjustments recommended for adult patients of dif-

ferent sex, age, or body weight.

Trial registration NCT01394016 (ClinicalTrials.gov).

Key Points

Abemaciclib pharmacokinetics in cancer patients

were successfully described using a linear one-

compartment model with time- and dose-dependent

relative bioavailability.

No clinically relevant covariates were identified;

therefore, no abemaciclib dose adjustments are

currently recommended for adult patients of different

sex, age, or body weight.

The abemaciclib pre-clinical pharmacokinetic/

pharmacodynamic relationship was successfully

translated to the clinical setting, demonstrating target

engagement at clinically effective dose levels, and

supporting the translational use of xenograft tumors.
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1 Introduction

Retinoblastoma protein (Rb) is phosphorylated by cyclin-

dependent kinases (CDKs) 4 and 6, enabling progression of

the cell cycle through the G1 restriction point into the S

phase [1, 2]. Functional loss of the Rb pathway results in

loss of cell cycle control, and is associated with a number

of malignancies, including breast cancer, non-small cell

lung cancer (NSCLC), and malignant glioma [3, 4]. Abe-

maciclib, a selective inhibitor of CDK4 and CDK6, induces

cell cycle arrest and inhibits xenograft tumor growth in a

range of cell lines [5–7]. In the phase I first-in-human study

(ClinicalTrials.gov identifier NCT01394016), abemaciclib

demonstrated anti-tumor activity as a single agent on a

continuous dosing schedule [8]. Abemaciclib is currently in

phase III clinical evaluation for patients with breast cancer

(NCT02107703; NCT02246621) and KRAS-mutant

NSCLC (NCT02152631).

In addition to evaluating safety and clinical activity of

abemaciclib, pharmacokinetic and pharmacodynamic data

were also collected throughout the phase I trial to support

and inform dose selection. As described previously [8],

abemaciclib in cancer patients exhibited a slow absorption

phase, followed by extensive distribution and clearance,

with considerable inter-individual variability in the result-

ing plasma exposure. At the doses evaluated for clinical

efficacy, expression of phosphorylated Rb (p-Rb)—used to

monitor target engagement in keratinocytes—was sup-

pressed throughout the dosing interval, indicating sustained

CDK4 and CDK6 inhibition by abemaciclib [8]. Notably,

the majority (70%) of hormone receptor-positive breast

cancer patients who achieved stable disease or partial

response to abemaciclib treatment exhibited C60% inhi-

bition of p-Rb expression in epidermal keratinocytes [8],

consistent with pre-clinical findings in human xenograft

tumors [5, 9].

By identifying patient factors that contribute to inter-

individual variability in abemaciclib plasma exposure,

dose adjustments might be recommended for specific

patient populations to potentially improve efficacy, reduce

toxicity, and thus optimally target the therapeutic window.

The objective of this study, therefore, was to characterize

the pharmacokinetics of abemaciclib in adult cancer

patients enrolled in the phase I clinical trial and to

identify sources of inter-individual variability in exposure

using population pharmacokinetic (popPK) analysis tech-

niques [10, 11]. Furthermore, to provide additional sup-

port for the translatability of xenograft biomarker studies

and insight into the clinical pharmacokinetic/pharmaco-

dynamic (PK/PD) relationship for p-Rb inhibition, the

popPK model developed in this work was combined with

the previously developed pre-clinical semi-mechanistic

PK/PD model [9] to simulate the p-Rb dose-response

curve for abemaciclib.

2 Methods

2.1 Clinical Study Design

The clinical trial (NCT01394016) was a multicenter, non-

randomized, open-label, dose-escalation, phase I study of

abemaciclib for the treatment of adult patients with

advanced cancer. The study design consisted of a dose

escalation phase (Part A) and six tumor-specific cohorts

(Parts B [NSCLC], C [glioblastoma multiforme; GBM], D

[breast cancer], E [melanoma], F [colorectal cancer], and G

[hormone receptor-positive metastatic breast cancer in

combination with fulvestrant]). Further details of the trial

design, and patient inclusion and exclusion criteria, have

been described previously [8].

During dose escalation, patients received abemaciclib in

capsules on two different schedules: either at 50, 100, 150,

or 225 mg every 24 h (q24h), or at 75, 100, 150, 200, or

275 mg every 12 h (q12h). In the tumor-specific cohorts,

patients were treated on a q12h schedule at a dose no

greater than the maximum tolerated dose of 200 mg q12h

[8]. Doses were reduced when a patient experienced

unacceptable toxicity; sequential dose reductions were

permitted from 200 mg q12h to 150, 100, and 75 mg q12h.

Individual dosing information was collected using patient

diaries.

Patients were asked not to consume food 1 h before

through to 1 h after taking a dose of abemaciclib. As

abemaciclib is primarily metabolized by cytochrome P450

(CYP) 3A [12], patients were advised against both drinking

grapefruit juice and taking inducers or strong inhibitors of

CYP3A4 during the trial.

2.2 Patient Characteristics

Information such as date of birth, habits (e.g., alcohol

consumption, smoking), historical diagnoses, and chronic

conditions were self-reported by the patient. Clinical

parameters such as weight and height were measured at

visits to the investigative site. Creatinine clearance was

estimated using the Cockcroft-Gault formula [13].

2.3 Pharmacokinetic/Pharmacodynamic (PK/PD)

Sampling Schedule

The pharmacokinetic sampling schedule was designed to

characterize both the single-dose and multiple-dose phar-

macokinetics of abemaciclib. Patients received a single
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dose of abemaciclib on day-3, and then began continuous

treatment starting on day 1 through day 28 of cycle 1. On

day 28, patients received a single dose of abemaciclib;

those enrolled on the q12h dosing regimen did not receive a

second abemaciclib dose on day 28, in order to better

characterize the steady-state half-life of abemaciclib.

Blood samples for pharmacokinetic analysis were drawn on

day-3 (pre-dose, 1, 2, 4, 6, 8, 10, 24, 48, and 72 h), day 15

(pre-dose, 1, 2, and 4 h), day 22 (pre-dose), and day 28

(pre-dose, 1, 2, 4, 6, 8, 10, and 24 h) of the first cycle.

Plasma concentrations were assayed using a validated liq-

uid chromatography with tandem mass spectrometry

method [8].

The pharmacodynamic sampling schedule was designed

to evaluate changes in p-Rb expression in epidermal ker-

atinocytes at steady state as a result of abemaciclib-medi-

ated cell cycle inhibition, while maintaining a relatively

sparse schedule due to the procedural nature of the sam-

pling technique. Skin biopsies for pharmacodynamic

analysis were scheduled at baseline (prior to the first dose

of abemaciclib; any time between day-14 through day-4)

and on day 15 (pre-dose and 4 h post-dose) of cycle 1.

2.4 Base Pharmacokinetic Model Development

The base pharmacokinetic model was developed to describe

the single and multiple oral dose pharmacokinetics of abe-

maciclib in patients with advanced cancer. A variety of

model structures were explored, including linear versus non-

linear absorption rate, delayed absorption (lag times, transit

compartments), linear versus non-linear clearance, time-de-

pendent clearance, and monophasic versus biphasic distri-

bution. During model development, it was observed that the

apparent clearance (CL/F) and apparent volume of distri-

bution (Vd/F) parameters were strongly correlated, which

was confirmed by incorporating a formal correlation

assessment. As these parameters are both dependent on

bioavailability, a relative bioavailability term (Frel) was used

to capture the inter-individual variability that could be

attributed to this apparent correlation between CL/F and Vd/

F. Further explorations with this model structure included

dose and time dependence on Frel.

For each new model structure, variability terms were

investigated for all parameters; variability was assumed to be

log-normally distributed. Inter-occasion variability and resid-

ual error models (additive, proportional, or combined) were

evaluated with each assessment of inter-individual variability.

2.5 Final Population Pharmacokinetic (PopPK)

Model Development

Once the base model was established, the impact of patient

factors on the disposition of abemaciclib was assessed. Any

inter-occasion variability and parameter correlations were

removed from the base model for covariate evaluation to

avoid parameter/relationship bias; these relationships were

reconsidered for the final model once the covariate analysis

was complete.

Patient factors tested comprised both categorical

covariates (e.g., sex, alcohol consumption, and smoking

status) and continuous covariates (e.g., age, body weight,

serum albumin, aspartate transaminase, alanine transami-

nase, alkaline phosphatase, blood urea nitrogen, lactate

dehydrogenase, serum creatinine, and creatinine clear-

ance). Both serum creatinine and creatinine clearance were

tested given the observed change in serum creatinine levels

as a result of abemaciclib treatment [8]. Covariate rela-

tionships were considered for all combinations of phar-

macokinetic parameters (those with inter-individual

variability) and patient factors. For continuous covariates,

relationships were first tested using a linear model (Eq. 1);

if the linear model demonstrated significance (change [D]
in objective function value [OFV] -3.84, p\ 0.05) then a

power model was tested (Eq. 2) and the covariate rela-

tionship with the lowest OFV was selected. For categorical

covariates, relationships with the relevant pharmacokinetic

parameters were evaluated using a categorical model

(Eq. 3).

P ¼ H1 � ð1þH2 � ðCOV �MEDÞÞ ð1Þ

P ¼ H1 �
COV

MED

� �H2

ð2Þ

P ¼ H1 � ð1þH2 � INDÞ; ð3Þ

where P is the individual’s estimate of the parameter, H1

represents the typical value of the parameter, H2 represents

the effect of the covariate, COV is the value of the

covariate, and MED is the population median of the

covariate. IND is an indicator variable with a value of 0 or

1 for a dichotomous categorical covariate, or with a value

from 1 to n for various values of a categorical covariate

(where n is the number of categories).

For any time-dependent pharmacokinetic parameters in

the structural model (i.e., Frel), the covariate relationship

was tested separately on each of the initial and steady-state

parameter terms. If either one was significant (DOFV -

3.84, p\ 0.05), the covariate was then tested on the global

pharmacokinetic parameter. If the covariate relationship

for the global pharmacokinetic parameter resulted in the

same or greater change in OFV, the relationship was

retained on the global parameter.

For covariates that vary over time (body weight, serum

albumin, aspartate transaminase, alanine transaminase,

alkaline phosphatase, blood urea nitrogen, and lactate

dehydrogenase), the covariate relationship was assessed

using the patient information collected at each visit. Where
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no new information was available, the last observation was

carried forward.

Following covariate evaluation, a full model was

developed by incorporating all individual covariate rela-

tionships that were identified in the covariate selection

step. The significance of each of these potential covariates

was evaluated using backward elimination, where at each

iteration the least significant covariate not resulting in an

increase of 10.828 or greater in OFV (p\ 0.001) was

removed. For each of the remaining covariates, if the

increase in the inter-individual variability on its omission

was less than 5% points, the covariate was removed.

2.6 Model Implementation and Selection

Pharmacokinetic parameter estimates, inter-individual

variability estimates, and error terms were obtained by

fitting a model to the concentration–time data by means of

the non-linear mixed-effects modeling program,

NONMEM� (version 7.2; Icon Development Solutions,

Ellicott City, MD, USA). The first-order conditional esti-

mation method with interaction was used for all analyses.

Base model selection was based on significant decreases in

OFV, goodness-of-fit plots, and visual predictive checks

(VPCs). Final model selection was based on the forwards

inclusion and backwards exclusion approach, and the cri-

teria described in Sect. 2.5.

2.7 Pharmacokinetic/Pharmacodynamic (PK/PD)

Model Simulations

A semi-mechanistic pre-clinical PK/PD model was previ-

ously developed to describe the relationship between abe-

maciclib pharmacokinetics and inhibition of p-Rb in mouse

xenograft tumors [9]. By combining the human popPK

model developed in the present work with the previously

developed mouse PK/PD model, the p-Rb response to

abemaciclib in human epidermal keratinocytes was pre-

dicted given the following key assumptions:

• As abemaciclib protein binding is extensive ([95%)

and in vitro values for mouse and human were within

twofold, it was assumed that species differences in

protein binding were negligible.

• As the xenograft cell line was derived from a human

tumor, it was assumed that there were no species-

specific differences in potency for abemaciclib against

CDK4 and 6 as measured by p-Rb inhibition.

• It has previously been noted that the metabolites of

abemaciclib are also inhibitors of CDK4 and 6 with

similar potency values as the parent compound [14]. In

the absence of in vivo data, it was assumed that the

exposures of such active metabolites were comparable

between species.

• Finally, it was assumed that differences in biomarker

matrix (i.e., tumor p-Rb vs. skin p-Rb) were negligible.

3 Results

3.1 Pharmacokinetic Analysis Data

The demographics of the patients included in the popPK

dataset are described in Table 1.

The popPK evaluation included 4110 abemaciclib plasma

concentrations from 224 patients, of which 31 post-dose

samples (0.8%; n = 29 patients) were below the limit of

quantitation. These were treated as missing from the dataset

(M1method [15]). A number of samples (67, n = 8 patients)

were excluded due to implausible abemaciclib concentra-

tions detected more than 3 days after the last recorded dose.

No patient was entirely excluded from the analysis. In total,

4012 evaluable abemaciclib concentrations obtained from

224 patients were included in the analysis dataset. A sum-

mary of the dataset is provided in Table 2.

The popPK model was developed based on pharma-

cokinetic data obtained in cycle 1, during which there were

54 dose reductions recorded for 48 patients. Most patients

received just one dose reduction within the pharmacoki-

netic sampling period (n = 42; 87.5%); six patients

received two dose reductions (12.5%). None received the

maximum of three dose reductions. The majority of dose

reductions recorded within the pharmacokinetic sampling

period (70.4%) were to reduce the dose from 200 to

150 mg q12h.

3.2 Base Pharmacokinetic Model

The abemaciclib concentration–time data were best

described by a one-compartment structural model param-

eterized in terms of CL/F and Vd/F. This model adequately

described the disposition of abemaciclib in cancer patients

over a range of doses (50–275 mg) and dosing regimens

(q12h vs. q24h), as indicated by the goodness-of-fit plots

(Electronic Supplementary Material [ESM] Fig. 1) and

VPCs (Fig. 1 and ESM Fig. 2). While there was an

apparent under-prediction of population exposures at high

observed concentrations (ESM Fig. 1), the prediction

accuracy of individual concentrations was satisfactory and

there was no evidence of a time-dependent bias in model

fit. Furthermore, the VPCs (Fig. 1 and ESM Fig. 2) indi-

cate that the model performed well across the range of

doses administered, especially at the most populated doses
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Table 1 Summary of patient

demographics at enrolment
Demographic n (%) Median (CV%) Range

Sex

Male 74 (33)

Female 150 (67)

Race

White 211 (94)

Black/African American 5 (2)

Asian 8 (4)

Age (years) 61 (18) 24–85

Body weight (kg) 70.4 (27) 43.6–175

Serum albumin (g/L) 39 (11) 24–48

Alkaline phosphatase (IU/L) 81 (103) 36–1175

Aspartate transaminase (IU/L) 21 (76) 8–192

Alanine transaminase (IU/L) 18 (78) 4–140

Lactate dehydrogenase (IU/L) 184 (151) 113–4530

Blood urea nitrogen (mmol/L) 5.4 (33) 2.1–13.6

Creatinine clearance (mL/min)a 88.3 (37) 39.8–300

Serum creatinine (lmol/L) 70 (26) 41–139

CV coefficient of variation
a Calculated using Cockcroft–Gault formulae [13]

Table 2 Summary of the data disposition in the population pharmacokinetic analysis

Part Dose (mg) Tumor type Number of patients/number of observations

Available source data Non-quantifiable

abemaciclib

concentrationsa

Implausible

abemaciclib

concentrationsb

Final analysis dataset

A 50 q24h Mixed 4/58 4/58

A 100 q24h Mixed 3/57 1/2 3/55

A 150 q24h Mixed 3/57 2/2 3/55

A 225 q24h Mixed 3/56 3/56

A 75 q12h Mixed 3/63 3/63

A 100 q12h Mixed 4/81 4/81

A 150 q12h Mixed 3/63 3/63

A 200 q12h Mixed 7/128 1/1 7/127

A 275 q12h Mixed 3/42 1/15 3/27

B 150 q12h NSCLC 25/476 5/5 25/471

B 200 q12h NSCLC 42/713 5/5 2/13 42/695

C 150 q12h GBM 2/31 2/31

C 200 q12h GBM 15/271 2/2 1/8 15/261

D 150 q12h Breast 25/488 2/2 25/486

D 200 q12h Breast 22/372 3/4 22/368

E 150 q12h Melanoma 13/249 4/4 1/9 13/236

E 200 q12h Melanoma 13/230 2/2 1/11 13/217

F 150 q12h Colorectal 15/301 1/1 1/9 15/291

G 200 q12h Breast (HR?) 19/374 1/1 1/2 19/371

Total 224/4110 29/31 8/67 224/4012

GBM glioblastoma multiforme, HR? hormone receptor positive, NSCLC non-small cell lung cancer, q12h every 12 h, q24h every 24 h
a Samples recorded as below limit of quantitation (BLQ) after first dose
b Abemaciclib concentrations detected more than 3 days after last recorded dose, considered implausible and removed from the analysis
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of 150 and 200 mg q12h, which are also currently under-

going phase III clinical evaluation. The pharmacokinetic

model parameters (Table 3) indicate that abemaciclib is

absorbed slowly, extensively distributed, and moderately to

extensively cleared.

During the course of model development, inter-indi-

vidual variability was found to be highly correlated

between CL/F and Vd/F, which was confirmed with a

formal correlation assessment. The non-compartmental

analysis demonstrated extensive variability in exposure,

which was considerably greater than the variability in the

elimination half-life [8]. Given this finding, and the com-

plex absorption observed in pre-clinical species [9], Frel

was used to describe the extensive variability in exposure

and the correlation between CL/F and Vd/F. Through

model development, it was noted that by incorporating

time and dose dependence on Frel, model fits and VPCs

were considerably improved (Eqs. 4 and 5).

Dose dependency:Frel;ss ¼ 1� Dose

D50 þ Dose
ð4Þ

Time dependency:Frel ¼ Frel;ss � Frel;ss � Frel;i

� �
� exp�kt;

ð5Þ

Table 3 Pharmacokinetic parameters for the abemaciclib pharmacokinetic model

Parameter Base model Final model

Mean estimate (%SEE

[%gS])
IIV (%SEE

[%eS])
IOV (%SEE

[%eS])
Mean estimate (%SEE

[%gS])
IIV (%SEE

[%eS])
IOV (%SEE

[%eS])

Frel,i 1 (fixed) 83.7 (5.1 [8]) 1 (fixed) 73.4 (5.4 [9])

Frel,ss
a 133 (9.8 [21]) a 123 (10 [22])

D50 (mg) 102 (20) 101 (20)

ka (/h) 0.197 (5.9) 78.0 (10 [15]) 0.197 (6.6) 77.6 (10 [15])

k (/h) 0.00193 (12) 0.00197 (9.5)

CL/F (L/h) 34.1 (5.9) 30.3 (20 [37]) 52.2 (8.1 [42]) 35.9 (5.8) 29.6 (23 [37]) 52.1 (8.3 [41])

Vd/F (L) 975 (5.2) 1050 (5.6)

H1, serum albumin on

Frel
b

-1.32 (20)

H2, alkaline phosphatase

on Frel
b

0.00197 (29)

Residual error

Additive (ng/mL) 14.8 (28) 14.8 (27)

Proportional (%) 17.1 (18 [12]) 17.1 (8.9 [12])

CL/F apparent clearance, D50 is the dose at which Frel,ss is equal to 0.5, Frel,i initial relative bioavailability, Frel,ss steady-state relative

bioavailability, IIV inter-individual variability, IOV inter-occasion variability, ka rate of absorption, SEE standard error of the estimate, Vd/F

apparent volume of distribution, eS e-shrinkage, gS g-shrinkage, H1 typical value of the parameter, H2 effect of the covariate, k rate at which

steady-state relative bioavailability is attained
a Frel;ss ¼ 1� Dose

D50þDose
b Frel = TV_Frel�(serum albumin (g/L)/39) H

1 � (1 ? H2 � (alkaline phosphatase (IU/L) - 81))

Fig. 1 Visual predictive checks of the clinical abemaciclib popula-

tion pharmacokinetic model after every 12 h dosing at 150 mg (a) or
200 mg (b). The circles denote observed abemaciclib plasma

concentration data, and the solid and dotted lines represent the

median and the 5th and 95th percentiles of 1000 individual model

simulations, respectively
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where Frel is the relative bioavailability at start of treatment

(Frel,i) and at steady state (Frel,ss), dictated by the rate at

which Frel,ss is attained, k. D50 is the dose at which Frel,ss is

equal to 0.5.

As shown in Eqs. 4 and 5, Frel was found to be depen-

dent on time and dose (at steady state), where increasing

dose and/or duration of treatment results in a reduction in

the fraction of dose absorbed. Using model parameter

estimates, the calculated mean population estimate of Frel

at the end of cycle 1 is approximately 0.55 for a 150 mg

dose, and 0.50 for a 200 mg dose. Thus, for a 33% increase

in dose from 150 to 200 mg, the total relative amount of

drug entering circulation at steady state increases by only

21%. For the time-dependency component of Frel, the half-

life for the transition between initial Frel (Frel,i) and steady-

state Frel (Frel,ss) is estimated to be 14 days, thus Frel,ss is

attained approximately 70 days after start of treatment.

3.3 Final Pharmacokinetic Model

Given the extensive variability present in the pharma-

cokinetic parameters, a covariate search was performed to

identify patient demographics and/or laboratory parameters

that could account for population variation. Of the

covariates investigated, only serum albumin on Frel and

alkaline phosphatase on Frel were found to be statistically

significant (p\ 0.001) and also reduce the inter-individual

variability by C5% points. The covariate relationships

determined by the model overlaid with observed data are

shown in Fig. 2. Equivalent graphs for key patient

demographics which were not found to influence abe-

maciclib pharmacokinetics are provided in ESM Fig. 3.

The addition of these covariate relationships to the phar-

macokinetic model reduced inter-individual variability in

Frel,i and Frel,ss by approximately 10 percentage points each

from 83.7 to 73.4% and from 133 to 123%, respectively

(Table 3). Residual error and inter-individual variability in

rate of absorption and CL/F was unchanged.

3.4 PK/PD Model Simulations

By combining the clinical popPK model described in this

study with the previously developed semi-mechanistic pre-

clinical PK/PD model [9], the extent of p-Rb inhibition in

the skin of metastatic breast cancer patients was success-

fully predicted (Fig. 3). This combined PK/PD model

supports the translatability of xenograft biomarker studies

in pre-clinical drug development and indicates that maxi-

mal inhibition of p-Rb is achieved at steady-state exposures

at both the 150 and 200 mg q12h dose levels.

4 Discussion

In this study, a popPK model was developed to describe the

pharmacokinetics of oral abemaciclib in the adult cancer

patient population. By combining this popPK model with a

previously developed semi-mechanistic pre-clinical PK/PD

model [9], the clinical p-Rb response to CDK4 and CDK6

inhibition in the skin of breast cancer patients was suc-

cessfully predicted. This work offers the first in-depth

analysis of abemaciclib pharmacokinetics in cancer

patients, and demonstrates the successful translation of a

pre-clinical pharmacodynamic biomarker model to the

clinical setting.

During pharmacokinetic model development, the cor-

relation observed between CL/F and Vd/F was attributed to

inter-individual variability in their common denominator,

i.e., bioavailability. In the absence of intravenous phar-

macokinetic data, a relative bioavailability parameter (Frel)

was used, wherein individuals with abemaciclib exposure

that was higher or lower than the population mean, and

which was attributed in the model to bioavailability, would

exhibit estimates of Frel that are higher or lower than 1,

respectively. While this approach renders the inter-indi-

vidual variability of Vd/F unidentifiable [16], it allows the

Frel post hoc estimates to be expressed in a more easily

interpretable format.

As model development progressed, it was found that

abemaciclib concentration–time data were best described

when Frel was incorporated as both a time- and dose-de-

pendent parameter. Indeed, incorporating time- and/or

dose-dependent effects on Frel were found to offer greater

Fig. 2 The covariate relationships retained in the final population

pharmacokinetic model for serum albumin (a) and alkaline phos-

phatase (b) versus adjusted post hoc estimates of CL/F (i.e., CL/

F 9 1/Frel). The circles denote observed patient covariates and

model-predicted parameter estimates, and the solid line denotes the

estimated covariate–parameter relationship. CL/F apparent clearance,

Frel relative bioavailability
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improvements to OFV and model fits than time- and/or

dose-dependent effects on clearance. While there is cur-

rently no evidence to support saturation and/or induction of

abemaciclib clearance either in vitro or in vivo, pre-clinical

pharmacokinetic studies have demonstrated saturation of

absorption [5, 9], thus highlighting the potential for com-

plex absorption processes in human and supporting the

approach used the present work.

The time- and dose-dependent popPK model indicated

that repeated oral administration of 200 mg q12h abe-

maciclib resulted in proportionally less drug absorbed than

administration of 150 mg q12h. This apparent decrease in

abemaciclib absorption during treatment could be attrib-

uted to Grade 1/2 diarrhea [8], resulting in loss of drug

from the gastrointestinal tract. This hypothesis is supported

by the increasing incidence of diarrhea with increasing

dose, and the timing of the onset of diarrhea, which began

approximately 1–2 weeks into a continuous abemaciclib

regimen [8]. While the time-dependent change in exposure

and its relationship to adverse events could instead indicate

reduced compliance as tolerability worsens, this scenario

was considered less likely as each dose was manually

recorded in individual patient diaries. Future model

development should evaluate the potential relationship

between onset of diarrhea and reduced abemaciclib

exposure.

While the empirical absorption model structure pre-

sented in the current work was sufficient to describe the

concentration–time data obtained in the phase I clinical

study, semi-mechanistic absorption modeling may help to

explore the proposed hypotheses for dose- and time-de-

pendent changes in Frel. A multitude of such mechanisti-

cally driven model structures were considered in the

present analysis, but all required knowledge of absolute

bioavailability (i.e., intravenous and oral data) for the

parameters to be globally identifiable. Thus, model devel-

opment in the current work was limited to empirical

structures to describe abemaciclib pharmacokinetics. As a

result of the modelling work described herein, an absolute

bioavailability study was initiated to further evaluate the

extent of absorption of abemaciclib following an oral dose.

Future popPK analyses may benefit from including phar-

macokinetic data from this absolute bioavailability study

(NCT02327143) [17] to better inform more complex

absorption model structures.

Effects of different covariates (including sex, age, body

weight, race, albumin, and markers for hepatic and renal

function) were investigated for their influence on the dis-

position of abemaciclib in adult cancer patients. Serum

albumin on Frel and alkaline phosphatase on Frel were the

only significant covariates that were retained in the final

model. Although in the model these covariates significantly

impacted Frel, they more likely impacted both CL/F and

Vd/F or, more simply, impacted abemaciclib exposure as a

whole. As abemaciclib is primarily cleared by CYP3A-

mediated metabolism [12], it is not unexpected that

covariates that may be related to hepatic function signifi-

cantly impact abemaciclib exposure. However, inter-indi-

vidual variability in Frel was reduced by approximately 10

percentage points as a result of the covariate analysis,

representing just 7.7–12.3% of inter-individual variability

in Frel. As a considerable proportion of inter-individual

variability (*80%) was not described by changes in serum

albumin and alkaline phosphatase, the impact of these

markers is not expected to be clinically relevant. Data from

an ongoing clinical trial (NCT02387814) to investigate the

effect of hepatic impairment on abemaciclib exposure will

be used to inform any recommended changes in dose levels

for patients with decreased liver function. Future popPK

analyses for abemaciclib may benefit from considering the

potential impact of liver metastases and resulting hepatic

function on plasma drug exposure. However, at the current

time, this popPK analysis indicates no need to adjust the

Fig. 3 Simulated change in p-Rb expression from baseline using the

abemaciclib clinical population pharmacokinetic model in combina-

tion with the semi-mechanistic pre-clinical pharmacodynamic model.

Curtailed axes are used in the main plot to aid interpretation of the

dose-response curve; the complete plot with all observed data is

provided in the inset pane. The boxplots represent the observed

change in p-Rb expression in epidermal keratinocytes at day 15 (pre-

dose) compared to baseline for the most populated daily doses

(150 mg [combined as 75 mg q12h and 150 mg q24h], 300 mg

[150 mg q12h], and 400 mg [200 mg q12h]), where the box is

constructed using the median, 25th, and 75th percentiles, and the

whiskers extend to the most extreme datapoints not considered

outliers; boxplot outliers are represented by red crosses. For the less

populated doses (50, 100, and 225 mg q24h, and 100 and 275 mg

q12h), the observed change in p-Rb expression at day 15 (pre-dose)

for individual patients is represented by red circles. The solid and

dotted lines represent the median, and the 5th and 95th percentiles of

1000 individual model simulations, respectively. CI confidence

interval, p-Rb phosphorylated retinoblastoma protein, q12h every

12 h, q24h every 24 h
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dose of abemaciclib for adult patients of different sex, age,

or body weight.

By combining the clinical popPK model described in this

study with the previously developed semi-mechanistic pre-

clinical PK/PD model, the clinical p-Rb response in epi-

dermal keratinocytes to abemaciclib was accurately repro-

duced. Such an approach was made possible in part by using

normalized biomarker data [18], thereby circumventing the

potential inter-species or inter-matrix differences in baseline

p-Rb expression. The pre-clinical/clinical model exploration

reported here supports the use of xenograft biomarker

response in the pre-clinical setting and its potential clinical

relevance to patients. Indeed, the threshold trough plasma

concentration for efficacy (200 ng/mL) determined in the

pre-clinical PK/PD analysis [9] is consistent with the trough

concentrations observed at clinically efficacious doses in

patients with hormone receptor-positive breast cancer [8].

Notably, the majority of responders to abemaciclib treatment

exhibited C60% inhibition of p-Rb expression in epidermal

keratinocytes [8], which is consistent with pre-clinical

findings in human xenograft tumors [5, 9]. The relationship

between p-Rb inhibition and RECIST (Response Evaluation

Criteria In Solid Tumors) response was not explored further

in the current analysis due to the heterogeneity of the disease

population included. It is notable that the assumptions in the

translational modelling exercise, such as assuming that

consistent exposures of active metabolites [14] between

species, did not affect PK/PD prediction accuracy. The

dynamics of these metabolites should be monitored in future

pharmacokinetic and PK/PD evaluations to characterize

their potential influence on abemaciclib efficacy and/or

toxicity.

While the popPK model analysis comprised only pha-

se I trial data and cannot be considered a final assessment

of covariates describing altered abemaciclib exposure in

specific patient populations (such as hepatic or renal

impairment), the results of this early popPK analysis nev-

ertheless provided critical insight to drive further investi-

gation of the pharmacokinetic properties. As a result of the

apparent complexity in abemaciclib absorption captured in

this model, an absolute bioavailability study

(NCT02327143) was initiated to evaluate both the source

of inter-individual variability and the CL/F–Vd/F correla-

tion. In addition, the apparent decrease in abemaciclib

concentrations with repeated administration impacted

planned pharmacokinetic sampling in phase II/III, wherein

samples were scheduled in later cycles to characterize the

timeframe of this change in absorption. Furthermore, work

described herein highlights the need for complex resource-

intensive analyses to further assess the mechanistic basis of

abemaciclib absorption, and to characterize the potential

interplay between abemaciclib dose/exposure, onset of

diarrhea, and the subsequent impact on abemaciclib

absorption. Collectively, this work highlights the utility

and impact of early popPK analyses in drug development

beyond covariate assessment.

5 Conclusion

While variability in abemaciclib exposure in cancer

patients is extensive, only a negligible proportion could be

explained by patient demographics. As such, currently no

change in abemaciclib dose is recommended for adult

patients of different sex, age, or body weight. The observed

clinical dose-response relationship for target engagement

in epidermal keratinocytes [9] and the correlation of p-Rb

suppression to clinical activity in phase I [8] supports the

dose levels of abemaciclib (150 and 200 mg q12h) that are

currently in phase III clinical evaluation. Future studies and

subsequent popPK analyses will be used to inform patient

dosing, as clinical development of abemaciclib continues.
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