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Development and Application of a Mechanistic
Population Modeling Approach to Describe Abemaciclib

Pharmacokinetics

Emmanuel Chigutsa', Siva Rama Prasad Kambhampati'?, Amanda Karen Sykes', Maria M. Posada?, Jan-Stefan van der Walt'

and P. Kellie Turner'*

Abemaciclib is an oral anticancer drug that inhibits cyclin dependent kinases 4 and 6 and is metabolized by cytochrome P450
3A in the intestines and liver to active metabolites. The objectives were (1) to develop a mechanistic model to characterize
the pharmacokinetics (PK) of the active moieties and investigate the effect of patient factors and (2) apply the model to dat
from two phase lll breast cancer trials of abemaciclib in combination with endocrine therapy. To develop the model, data from
seven phase | studies and two phase Il studies including 421 patients with cancer and 65 healthy individuals were pooled
for nonlinear mixed effects modeling. The PK was similar between patients and healthy subjects, and the effects of diarrhea,
formulation, race, and patient covariates on exposure were negligible. Application of the model confirmed its predictive per-
formance and that abemaciclib PK did not change when coadministered with endocrine therapy.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Abemaciclib is primarily metabolized by cytochrome
P450 3A4 to several active metabolites. The best measure
of the active moiety is total exposure of abemaciclib plus
its metabolites. The published pharmacokinetics of abe-
maciclib is currently limited to parent abemaciclib from a
single phase | study.

WHAT QUESTION DID THIS STUDY ADDRESS?

A semimechanistic pharmacokinetic model was devel-
oped to characterize the absorption kinetics and intesti-
nal and hepatic biotransformation of abemaciclib and its
active metabolites to evaluate the importance of patient
characteristics on changes in the active moiety.

Abemaciclib is an orally administered small molecule inhib-
itor of cyclin-dependent kinases (CDKs) 4 and 6." Inhibition
of CDK4 and CDKG6 prevents cell-cycle progression through
the G1 restriction point that controls entry into S phase,
thus arresting tumor growth.2 A phase | human study
(ClinicalTrials.gov identifier NCT01394016) demonstrated
antitumor activity with abemaciclib as a single agent on a
continuous dosing schedule for the first time.> Abemaciclib
has been approved in several geographies (including the
United States, Japan, Australia, Canada, and Europe) for
the treatment of metastatic breast cancer.?

The global clinical development program for abemaci-
clib in cancer patients included oral twice daily dosing of

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Abemaciclib undergoes parallel, dual, saturable ab-
sorption processes as well as intestinal and hepatic
metabolism. Dose adjustment is not necessary for race,
gender, bodyweight, or age. Diarrhea has a minimal im-
pact on the bioavailability of abemaciclib.

HOW MIGHT THIS CHANGE DRUG DISCOVERY,
DEVELOPMENT, AND/OR THERAPEUTICS?

A platform that extends the population approach to
more mechanistic PK modeling enables the characteriza-
tion of drug pharmacokinetics through quantification of
intestinal and hepatic first-pass effects to evaluate the ef-
fects of patient characteristics on the active moiety.

200 mg as a single agent on a continuous dosing sched-
ule (MONARCH 1 study)* and 150 mg in combination with
endocrine therapy, with dose reduction permitted in 50 mg
units to as low as 50 mg twice daily, as needed for individ-
ual tolerability (MONARCH 2 and 3 studies, respectively).‘:"6
One of the most common adverse events in patients taking
abemaciclib is diarrhea.

The population pharmacokinetics (PK) of abemaciclib
as parent drug in a phase | cancer patient population has
been previously described empirically.” Abemaciclib exhib-
its a slow absorption phase with a median time to maximum
plasma concentration of approximately 8 hours and mean
terminal elimination half-life in patients of approximately 24
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hours. Abemaciclib clearance is dose proportional across
the therapeutic dose range (50-200 mg). Abemaciclib is pri-
marily metabolized by cytochrome P450 (CYP) 3A4 to active
and equipotent metabolites, and 3% of the parent drug is
renally excreted. Coadministration with rifampicin (CYP3A
inducer) reduced abemaciclib area under the curve (AUC)
and maximum plasma concentration (C_,.) by 95% and
92%, respectively, whereas coadministration with clarithro-
mycin (CYP3A inhibitor) increased abemaciclib AUC and
Crnax DY 237% and 30%, respectively.®

Strong CYP3A inhibitors increase the exposure of abe-
maciclib and its active M2 and M20 metabolites, leading to
increased toxicity. These inhibitors are predicted to increase
the relative potency-adjusted unbound AUC of abemaci-
clib and metabolites by 4-fold to 16-fold.>° Because of the
need to appropriately account for the total active species
(abemaciclib plus its active metabolites from intestinal and
hepatic metabolism), we sought to develop a mechanistic
population model to describe the slow and highly variable
absorption kinetics as well as the formation and disposition
of abemaciclib, M2, and M20. The model was then used to
determine the impact of intrinsic (demographics, diarrhea)
and extrinsic factors (drug formulation) on the PK of abe-
maciclib. The model was subsequently applied to a phase llI
data set, which contained more data around drug formula-
tion and diarrhea to further evaluate the impact of covariates
on the PK of abemaciclib. Finally, the model’s predictive per-
formance was validated in a separate phase lll data set, as
part of an external evaluation.

METHODS

The clinical trials conducted in healthy subjects and
patients with cancer were registered at clinicaltrials.gov
(NCT01394016, NCT01739309, NCT02014129, NCT01913
314, NCT02117648, NCT02256267, NCT02059148, NCTO
2102490, and NCT02327143). The trial designs and data
characteristics are summarized in Table 1 (model develop-
ment) and Table S1 (model application). All studies were
conducted in accordance with the Helsinki declaration and
with approval from the corresponding institutional review
boards.

Patients

The analysis data set to develop the model contained data
from seven phase | studies and two phase Il studies (stud-
ies JPBB and JPBN [MONARCH 1]) and included both
healthy subjects and patients with cancer. The cross-study
application of the model was evaluated with data from two
phase | studies in healthy subjects (studies JPBU and JPBV)
and two phase lll studies in breast cancer patients also re-
ceiving endocrine therapy (studies JPBL [MONARCH 2] and
JPBM [MONARCH 3]).

Abemaciclib doses ranging from 50 to 275 mg were eval-
uated in these 13 studies. Dosing frequency in studies was
either single dose or multiple dose (generally every 12 hours).
Three formulations of oral capsules were used depending
on the study and stage of development. Study JPBS was
a single-dose study that used the 25% w/w capsule (C3)
formulation (bioequivalent to the commercial formulation
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administered orally) and a '°C, tracer that was administered
intravenously 6 hours after the oral dose in the same individ-
uals to determine absolute bioavailability.

Information related to the time to onset of the first diarrhea
event was included from 6 studies in which abemaciclib was
administered as multiple doses in cancer patients: Studies
JPBA, JPBB, JPBC, and JPBN for model development and
studies JPBL and JPBM for model application. Whether an
individual had diarrhea as a preexisting condition or as an
adverse event on study was accounted for in the data set.

PK sampling and drug measurement

Various PK sampling times were used, depending on the
study, and as a result the pooled data set had both rich and
sparse sampling. Plasma samples obtained during the stud-
ies were analyzed for abemaciclib and metabolites using
liquid chromatography with tandem mass spectrometry
detection at Charles River Laboratories and Q2 Solutions,
formerly Quintiles (Ithaca, NY). The lower limit of quantita-
tion (LOQ) was 1 ng/mL, and the upper LOQ was 500 ng/mL.
Interassay accuracy (% relative error) during validation ranged
from -4.3% to 7.8%. Interassay precision (percent relative
SD) during validation ranged from 2.9% to 6.1%. For the "*C,
tracer assay, the lower LOQ was 0.002 ng/mL.

Data analysis and model development

A nonlinear mixed effect PK model approach was used
to analyze the PK data. Various model structures were
explored to determine which best described the PK of
abemaciclib and its two major metabolites, M2 and M20.
Because of the expectation of both gastrointestinal metab-
olism and hepatic metabolism contributing to a substantial
first-pass effect, a mechanistic model was necessary to
adequately describe the appearance of the metabolites
following oral dosing. Secondary peaks occurred following
oral dosing, which were not present for intravenous dos-
ing, suggesting biphasic drug absorption. Estimates of the
PK parameters were obtained by fitting models to the con-
centration-time data using Nonlinear Mixed Effect Model
(NONMEM) version 7.3.0 (ICON Development Solutions,
Hanover, MD). PsN 4.2.0'° was used for the NONMEM anal-
ysis (Supplementary Text). The stochastic approximation
expectation maximization estimation algorithm was used
for the analyses. After stochastic approximation expec-
tation maximization estimation, an evaluation step using
importance sampling was implemented to obtain reliable
SEs and objective function value. Because abemaciclib,
M2, and M20 were measured in the same PK samples, cor-
relations between the residual errors for these dependent
variables were tested using the L2 data item. In addition,
interindividual variability in the residual error, which eases
the assumption that magnitude of the residual error is the
same in all patients,'! was tested.

Various absorption models, including first-order, ze-
ro-order, saturable, Weibull-like, transit compartment, and
inclusion of lag time, were investigated.

Various combinations of these models were also investi-
gated in attempts to describe the multiple peaks and the slow
and long absorption duration. As the active metabolites M2 and
M20 are formed by CYP3A, which occurs in the gut in addition
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Figure 1 Final model schematic. The compartment numbers correspond to those in the control stream. The light grey boxes represent
parent abemaciclib (LY), the dark grey boxes are for M2, and the black boxes are for M20. A(15), amount in last transit compartment;
E,, extraction ratio of formation of metabolite; F,, ,, , fraction of parent or metabolite presented to the liver that escapes hepatic

metabolism; IV = intravenous; Ka,max’

maximum absorption rate constant; K

m.abs: Saturable absorption rate constant; Ky, the first

order rate constant from compartment N to compartment Y; K., transit rate constant; LY, abemaciclib; M2, metabolite LSN2839567;
M20, metabolite LSN3106726; Q,,, hepatic blood flow; V,, volume of the central compartment; V, liver volume.

to the liver, the formation of M2 and M20 in the gut was also
included. The well-stirred model for hepatic elimination was
applied to describe abemaciclib, M2, and M20 elimination in
relation to hepatic blood flow, protein-binding (in blood and
plasma), and enzyme activity.12 Body weight was included a
priori using allometric relationships,13 for some PK parameters
(intrinsic clearance (CL,,) and volumes) and on liver volume
(through using body-surface area to predict liver volume).
Standard goodness-of-fit plots, visual predictive checks
(VPCs), and a bootstrap were used for model evaluation.

Covariates

As a result of computational intensity, an empiric abemac-
iclib population PK model™ built without the metabolite
data but that accounted for the effects of diarrhea using
a time-to-event approach was used to screen for signifi-
cant covariates. Covariates were screened for significance
based on parameter precision, plausibility, magnitude, and
>10% relative decrease in the interindividual variance esti-
mates." Subsequently, the significant covariates identified
in the empiric model were then tested on the semimecha-
nistic model. Patient factors assessed in the empiric model
included age, sex, race, population (patients/healthy),

CPT: Pharmacometrics & Systems Pharmacology

baseline creatinine clearance, albumin, liver function test
(aspartate aminotransferase, alanine transaminase, alka-
line phosphatase, total bilirubin), concomitant medications
(loperamide, opioids, CYP3A inducers, CYP3A inhibitors),
fed status, and formulation. Plots of random effects (ETAs)
vs. covariates were created (data not shown) using the final
model to determine that all necessary covariates had been
included in the model.

Model applications

The final model was applied to an augmented data set that
included more data for abemaciclib when administered
as the C3 formulation in healthy subjects (richly sampled
data from studies JPBU and JPBV) and sparse sampling in
breast cancer patients (JPBL) and diarrhea events at lower
doses in breast cancer patients (study JPBL: Combination
with fulvestrant). The model parameters were reestimated
to update the model without any additional model de-
velopment. Finally, the model was applied (importance
sampling with expectation-only step) to sparsely sampled
data in breast cancer patients (study JPBM: Combination
with letrozole or anastrozole) to confirm the predictive
properties of the model in cancer patients.



To compare abemaciclib exposures between East Asian
(Japanese, Korean, or Taiwanese patients) and non-East
Asian patients, simulations were performed with each pa-
tient’s post hoc PK parameters and dosage averaged
over their respective study duration in MONARCH 2 and
MONARCH 3, respectively. Individual post hoc PK param-
eters were used to generate steady-state exposure metrics
after 56 days of dosing every 12 hours to match the collec-
tion of the last per-protocol PK samples collected at cycle
3 day 1. Single-dose exposures were generated for cycle 1
day 1 using the assigned starting dosage (i.e., either 150 mg
or 200 mg). The geometric mean (percent coefficient of vari-
ation) of the abemaciclib, M2, M20, and total active species
exposure metrics (C_,,, minimum observed drug concen-
tration, and AUC during 1 dosing interval after a single dose
and at steady state) were calculated from the simulated con-
centration-time profiles.

RESULTS

A total of 8633 abemaciclib, 8637 M2, and 8570 M20
concentration data-time data from 486 individuals were
used for model development. About 4% of the postdose
sample results were below the lower LOQ and were
treated as missing and not included in the analysis. Ages
ranged from 24 to 89, and weight ranged between 37.2
and 175.1 kg. The majority were female (75.3%), 86.6%
were patients with cancer, and White was the most com-
mon race (84%).

The mechanistic model included an estimated fraction
of abemaciclib that is absorbed via a route without metab-
olism while another fraction is absorbed via a route that
results in formation of 2 major metabolites (M2 and M20).
The amounts of these 3 moieties that escape intestinal
metabolism are then presented to the liver, where further
metabolism can take place, i.e., formation of M2 and M20
from abemaciclib as well as elimination of M2 and M20 that
had been already formed from the intestines. From the liver
follows entry into the general circulation where abemaciclib
could distribute into a peripheral compartment (two-com-
partment model) while distribution of the metabolites was
described using one-compartment models. Figure 1 shows
the model that best described the PK of abemaciclib, M2,
and M20. The figure shows the separate compartments
for parent abemaciclib (LY) and the metabolites M2 and
M20. The numbers on the boxes correspond to the com-
partments in the control stream, which can be found in
the supplementary material. Model equations can also be
found in the control stream. The parameter estimates and
their precision (from the NONMEM SEs) are reported in
Table 2. Because of their mechanistic nature, the param-
eter estimates can be difficult to interpret. Therefore, they
have been translated into more common PK metrics using
equations.

Calculation of bioavailability (F):

F=F,xFyxF, 1)

where F is the fraction absorbed, F, is the fraction escaping
hepatic metabolism, and Fg is defined according to Eq. (2).

Abemaciclib Mechanistic Population PK Model
Chigutsa et al.

Fraction escaping gut metabolism:
_ amount of drug absorbed from gut compartment _ Aabs tot
97 amount of drug presented to gut compartment DosexF,

@

Aapsiot Was the total amount of abemaciclib that was ab-
sorbed through the gut compartment following a single dose.
This amount was determined as the sum of the fraction ab-
sorbed through the zero-order route (F, X (1—Fy4ns ) X DoSE)
and the transit route (F,,, . is the fraction absorbed via tran-
sit compartments). For the transit compartment route, as
a result of the loss of some abemaciclib through gut me-
tabolism to M2 and M20, the time integral of abemaciclib
absorbed via this route following a single dose was used to
obtain the amount absorbed through this mechanism:

Amount of abemaciclib absorbed through transit
compartments:
720
A _ [ ka,maxXAtrans (3)
sbsrans o Km,abs +Atrans
where k is the maximum rate of absorption, A, . is the

a,max
amount of drug in the fourth (last) transit compartment, and

Kn,as 1S the amount of drug that results in half the maximal
absorption rate. The value 720 hours (representing 30 days
after the dose is administered) was used to reflect infinity
for the integration and capture the totality of the process.
The previous calculation process to determine the total
amount of abemaciclib absorbed through the gut wall can
be understood in the context of Figure 1.

F, was a parameter estimated in the model, and F, was
calculated using the model parameter estimates applied to
the well-stirred model.

Because F could now be determined as shown previously,
and the plasma clearance calculated from the well-stirred
model, the AUC,__, for abemaciclib could then be obtained
according to Eq. (4).

AUC_.:

_ DosexF )

AUCow == —

The AUC,__, for M2 and M20 were obtained from the time
integral of their predicted concentrations up to 720 hours
after a single dose. Peak plasma concentrations were also
obtained from the predicted concentration-time profile.
Table 3 shows the geometric mean and geometric percent
coefficient of variation of various PK metrics in healthy and
patient populations. These were obtained for a 200-mg sin-
gle dose using the individual post hoc PK parameters from
all individuals in the final model. The metabolites were not
administered intravenously and it was not possible to identify
the fractions of their formation, their volumes of distribution
and their clearances simultaneously. Therefore, the volumes
were fixed to that of the parent drug, meaning that the frac-
tions of metabolite formation and clearances are apparent
values. The derived PK metrics were also compared with re-
sults from eight healthy subjects (who were a subset of the
healthy population in the population PK data set) that were
previously analyzed using a noncompartmental approach for
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Table 2 Pharmacokinetic and covariate parameters in final population model

Estimate Bootstrap median Bootstrap median % variability®?®

Parameter (%SEE) % Variability®? (%SEE) (95% CI) (95% ClI)
Fraction of dose entering gut 0.868 (0.0583) 7.08 (fixed)>® 0.882 (0.874-0.890) 7.08 (fixed)®®

compartment, F,
Fraction of F, absorbed via transit 0.458 (0.336) 7.08 (fixed) 0.479 (0.453-0.507) 7.08 (fixed)

compartment
Maximum rate of absorption, ka,max 91.1 (3.96) 77.3 (20.6) 97.6 (85.0-111) 71.5 (60.6-83.7)

(umol/h)
K., for saturable absorption (umol) 52.7 (0.410) 7.08 (fixed) 51.8 (47.8-56.2) 7.08 (fixed)
MTT (h) 1.44 (3.68) 71.9 (8.73) 1.52 (1.43-1.62) 70.1 (64.2-77.9)
Central volume (L) 588 (2.81) 68.6 (6.68) 604 (563-635) 65.7 (59.9-72.8)
Intercompartmental clearance (L/h) 4.57 (0.449) 7.08 (fixed) 3.66 (3.10-4.29) 7.08 (fixed)
Peripheral volume (L) 159 (0.421) 7.08 (fixed) 152 (132-184) 7.08 (fixed)
Zero-order absorption duration (h) 3.18 (10.3) 638 (5.79) 3.04 (2.52-3.84) 810 (533-1278)
Absorption lag time (h) 1.74 (0.538) 7.08 (fixed) 1.76 (1.69-1.80) 7.08 (fixed)
Rate constant for formation of M2 0.361 (0.479) 7.08 (fixed) 0.401 (0.366-0.432) 7.08 (fixed)

from gut (/h)
Rate constant for formation of M20 0.284 (0.468) 7.08 (fixed) 0.306 (0.276-0.339) 7.08 (fixed)

from gut (/h)
CL,, to form M2 in liver (L/h)*° 280 (0.436) BSV of 44.9 (27.1) for healthy 235 (199-284) BSV of 44.3 (36.1-54.5) for healthy and

and 57.9 (39.5) for patients. 56.7 (44.8-71.2) for patients. WSV of
WSV of 68.1 (5.12) for patients 68.7 (59.6-80.7) for patients
CL,,, to form M20 in liver (L/h)*° 705 (0.421) BSV of 44.9 (27.1) for healthy 700 (627-775) BSV of 44.3 (36.1-54.5) for healthy and
and 57.9 (39.5) for patients. 56.7 (44.8-71.2) for patients. WSV of
WSV of 68.1 (5.12) for patients 68.7 (59.6-80.7) for patients

CL,, of M2 in liver (L/h) 254 (2.06) 41.9 (20.3) 241 (218-271) 42.2 (32.9-50.4)
CL,, of M20 in liver (L/h) 431 (2.00) 42.5 (18.9) 454 (417-489) 421 (32.6-51.4)
Box-cox shape for zero-order 0.19 (3.16) - 0.145 (0.116-0.184) -

duration ETAs
Diarrhea effect on Fad —-0.417 (7.99) - -0.0079 (-1.29, -

2.65 x 107)
C2 formulation on absorption lag® 0.846 (2.99) - 0.872 (0.618-1.06) -
C3 formulation on absorption lag® 0.968 (1.82) - 0.982 (0.770-1.12) -
Formulation on ka,maxf -0.513 (6.84) - —-0.487 (-0.587 to -
-0.376)

Correlation between variability for 0.474 (16.9) 0.474 (16.9)

MTT and zero-order duration
Correlation between variability in 0.909 (15.6) 0.908 (0.869-0.927)

CL,,; of M2 and M20
Residual error Estimate (%SEE) Bootstrap median (95% CI)
Interindividual variability for residual error 45.7 (17.5) 44.7 (39.5-51.0)
Proportional error parent drug (oral) (%) 21.7 (3.65) 20.6 (19.1-22.1)
Proportional error M2 (%) 21.9 (2.74) 20.7 (19.1-22.1)
Proportional error M20 (%) 13.8 (3.00) 13.1 (12.3-14.1)
Proportional error 3Cg4-labeled parent i.v. (%) 61.6 (12.2) 62.2 (51.7-71.4)
Additive error parent (oral) (umol/L) 0.000758 (28.9) 0.000833 (0.000398-0.00261)
Additive error M2 (umol/L) 0.00122 (8.11) 0.00121 (0.000985-0.00154)
Additive error M20 (umol/L) 0.00154 (10.0) 0.00158 (0.00113-0.00204)

ALAGS, absorption lag time; BSV, between subject variability; Cl, confidence interval; CL,,, intrinsic clearance; CV, coefficient of variation; i.v., intravenous;
Ka'max, maximum absorption rate; K_, saturable rate constant; MTT, mean transit time; SEE, standard error of the estimate; TVCL, typical value of the clear-
ance; WSV, within subject variability (no WSV for healthy individuals).

*Reported as %CV, calculated by the following equation: 100 1/eOMEGAN) — 1, where OMEGA(N) is the NONMEM output for the intersubject variability of the
Nth parameter.

PFixed OMEGA to 0.005 to facilitate efficiency of the stochastic approximation expectation maximization algorithm.

°Variability incorporated in model on total CL, ., which was sum of the typical values of CL, . to form M2 and CL, , to form M20. CL;, = (TVCL,

+a(BSVAWSY) int? int int int,formm2 TVC

Lint,form,mZO)
Estimate is on the logit parameter for F,. This translates to a 6% decrease in F, when there is diarrhea.

¢ Absorption lag time (ALAGS8) = Typical value (TV)ALAG8*(1+0.846*FORM1)*(1+0.968*FORM2), where FORM1 has a value of zero except for individuals with

C2 formulation, and FORM2 has a value of zero except for individuals with the C3 formulation where the values are then set to 1.

fMaximum absorption rate (k )=TVk *(1-0.513*FORM2), where FORMZ2 has a value of zero except for individuals with the C3 formulation where itis set to 1.

a,max’ a,max
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Figure 2 Prediction-corrected visual predictive checks (VPC) up to 1 week after the dose for the final model. The images below
demonstrate a simulated mechanistic population pharmacokinetic model predicting concentrations of abemaciclib (top) and its active
metabolites M2 (bottom left) and M20 (bottom right). Intravenous (IV) data are only included for abemaciclib (top right). The blue dots
(top right) are observations (shown only for intravenous data because they were too dense for the other panels and overshadowed
the plot). The solid red line in each panel depicts median observed data, and the pink shaded areas define 95% confidence intervals
around the median of simulated data. The dashed lines represent the observed 5th and 95th percentiles, and the blue shaded areas
represent simulated 95% confidence intervals of the same. conc, concentration.

a 200-mg single dose as well. The VPC (Figure 2) demon-
strated the adequacy of the mechanistic population PK
model to describe abemaciclib, M2, and M20 concentrations.
There appeared to be a slight overprediction of variability at
the later times for M2 and M20, but this was likely a result
of the limited amount of observed data in the later regions
evidenced by the widening confidence intervals.

Absorption

The absorption of abemaciclib was best described through
a parallel dual-absorption process. One absorption path-
way was a zero-order process from the depot compartment
into the liver, which had a typical duration of 3.18 hours
(with high variability) preceded by a lag time of 1.74 hours.
Formation of M2 and M20 through the zero-order absorp-
tion pathway could not be identified. The other absorption
pathway was described by a series of four transit com-
partments with a typical mean transit time of 1.44 hours.
Abemaciclib absorbed through these transit pathways was
susceptible to metabolism to form M2 and M20 in the gut.
In addition, the absorption process from the final transit

CPT: Pharmacometrics & Systems Pharmacology

compartment to the liver was saturable, with a typical k, _
max Of 91.1 umol/h (46.2 mg/h) and an amount that results
in half maximal absorption rate of 52.7 ymol (27 mg). This
translates to an intrinsic k, (absorption rate constant) of
1.73 h™" in the absence of drug for the metabolism-suscep-
tible pathway. An estimated 86.8% of the total administered
dose is absorbed either as abemaciclib, M2, or M20. Of
this absorbed amount, 54.2% is absorbed via the zero-
order and 45.8% via first-order transit compartments
through the gut wall. The remaining 13.2% of the dose was
either not absorbed or lost as other metabolites. Overall,
the absorption process of abemaciclib was slow, saturable,
and biphasic and was adequately captured using a parallel
dual-absorption model. The saturable absorption of par-
ent drug through the transit compartments confers a dose
-dependency, with higher doses leading to reduced overall
absorption but more metabolism to M2 and M20. However,
the overall impact on bioavailability and total exposure is
minimal, as seen from model simulations in Figure 3.
Significant covariates affecting absorption parameters
were formulation, where the 50% w/w capsule and 25%
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Figure 3 Impact of administered abemaciclib dose on bioavailability and exposure. The left panel shows the relationship between
absolute bioavailability (solid line, left-hand axis) and dose and also fraction escaping gut metabolism (dashed line, right hand axis)
and dose. The right panel shows the relationship between AUC,__ and dose under the model simulation (solid line) and the assumption
of dose proportionality (dashed line). AUC,__, area under the curve from 0 to infinity.

w/w capsule (C3) have a longer lag time (almost 2-fold) than
the oral solution and the drug in capsule (C1). In addition,
the 25% w/w capsule had a k, ., that was 51% lower than
the other formulations. However, these differences did not
translate to clinically meaningful differences in exposure as
shown in Figure $1. The effect of diarrhea on F, (fraction of
dose entering the portal vein from the intestines) was mini-
mal, with a reduction of 6%.

Hepatic elimination and first-pass metabolism

The well-stirred model provided an adequate fit to the data
and successfully characterized the elimination of abemaciclib
and the formation of metabolites. The typical total CL,, of un-
bound abemaciclib that resulted in formation of M2 and M20
was 985 L/h. Taking these values, protein binding, and the
blood-to-plasma ratio into account gives a plasma clearance
of 22.8 L/h for a 70 kg individual. The hepatic extraction ratio
was calculated to be 0.281, meaning that the fraction of drug
entering the liver that subsequently escaped hepatic metabo-
lism, F,, was 0.719. A third elimination pathway of abemaciclib,
outside the formation of M2 and M20, could not be identified,
and the parameter estimate for this pathway reduced to the
lower boundary of zero. Between-subject variability (BSV) in
the CL,, was estimated to be lower in healthy subjects than in

patients. In addition, within-subject variability (WSV) in CL,,
was estimated to be 68.1% in patients. Because the studies
in healthy subjects were mainly single dose, it was not pos-
sible to separately identify WSV in CL,,. Therefore, BSV for
the healthy individuals more accurately represents the sum
of BSV and WSV, which results in an even greater difference
in the total population variability between healthy and patient
populations.

Covariates
The effects of formulation on abemaciclib absorption (for-
mulation on the lag time and absorption rate constant)

appeared significant when screened using the empiric
model. Inspection of covariate-n plots showed no out-
standing potential covariates upon inclusion of this
covariate, except for slight trends for alkaline phospha-
tase and population (healthy vs. patient) on clearance
parameters. However, upon testing these in the mecha-
nistic model, the difference between healthy and patient
populations was negligible, as was the effect of alkaline
phosphate. There was no significant difference in ab-
sorption parameters between the fasted state, a standard
meal, and a high-fat meal in the crossover food effect
study. Notably, covariates such as age, race, sex, and
renal function were not significant or included in the final
mechanistic model.

Model application

The addition of the sparsely sampled data from study JPBL
to the meta-analysis data set substantially increased the
amount of data available on diarrhea and the effect of the
C3 formulation on abemaciclib absorption. The parame-
ters informed by these data (e.g., WSV in CL,,, effects of
C3 formulation on absorption, effect of diarrhea on F,) did
not change significantly, and the covariate relationships
remained statistically significant based on the bootstrap
evaluation (Table S2). Therefore, no clinically meaningful
differences in bioavailability, hepatic clearance, half-life,
AUC,__, or C__. (Table 3) were observed when the model
was extended to include JPBL. The model was also used
to determine individual exposure metrics from the sparsely
sampled JPBL and JPBM populations via simulation (Table
S3 and Table S4).

This updated model (based on 13 studies including one
phase Il study) was successfully used to predict a separate
phase lll study (MONARCH 2/3) without requiring rees-
timation of the model parameters, as confirmed by VPCs
(Figure 4).
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Figure 4 Model application: Prediction-corrected (Pred Corr) visual predictive checks for Study JPBM (MONARCH 3). The model
predicts concentrations of abemaciclib (left panel) and its active metabolites M2 (middle panel) and M20 (right panel) over time after
steady-state dose. The circles show the observed data. The solid lines in each panel depict median observed data, and the dark gray
shaded areas define 95% confidence intervals around the median of the simulated data. The dashed lines represent the observed 5th

and 95th percentiles, and the light gray shaded areas represent 95% confidence intervals of the same percentiles. h, hour.

To compare PK in East Asian and non-East Asian pa-
tients, single-dose and steady-state exposure metrics
(Cppaxe Minimum observed drug concentration, AUC during
1 dosing interval) of abemaciclib, M2, M20, and total ac-
tive species were simulated (Table S5 (MONARCH 2) and
Table S6 (MONARCH 3)). Exposures for East Asian and
non-East Asian patients with metastatic breast cancer in
MONARCH 2 and MONARCH 3 were highly comparable
across all exposure metrics of abemaciclib, M2, M20, and
total active species, thus demonstrating no effect of East
Asian ethnicity on abemaciclib PK.

DISCUSSION

We have employed a population PK modeling approach
that includes mechanistic components to describe the PK
of abemaciclib and its major metabolites. The approach
included a combination of top-down (data driven) and bot-
tom-up (based on physicochemical properties to estimate
blood-plasma ratios and protein binding). Standard model
diagnostics demonstrated the adequacy and robustness
of the model. The VPC appears to overpredict the vari-
ability for the intravenous data. This is likely a result of the
small number of study participants with intravenous data
(N = 8).

Furthermore, a comparison of model-derived PK metrics
with those from a noncompartmental analysis of rich data

CPT: Pharmacometrics & Systems Pharmacology

showed good agreement, further supporting model perfor-
mance. Inclusion of data for intravenous dosing was key for
model identifiability and issues with identifiability were re-
solved by fixing metabolite volumes to the values for parent.
In addition, this mechanistic population PK model was devel-
oped in tandem with a physiologically-based PK model, and
the consistency between these two models further speaks to
identifiability.” The population PK model was subsequently
used to investigate the impact of intrinsic and extrinsic fac-
tors on various PK parameters. The model building process
involved a combination of integration of data from multiple
studies (some with rich sampling) with some more sparsely
sampled data from a single pivotal trial (JPBN). However, se-
quentially adding data from a second pivotal trial (JPBL) did
not result in any significant changes in model parameters.
This gave us confidence in the ability to predict a future study
(JPBM) using the same model parameters. Other pooled
analyses have also found that a sequential approach of add-
ing new studies in a stepwise manner and assessing model
performance and compatibility of the new data proved more
efficient than pooling all data at once at the outset.®

Body weight was included using allometric relationships'®
for some PK parameters (CL,, and volumes) and on liver vol-
ume (through using body-surface area as a predictor of liver
volume). However, there was no clinically significant effect
of body weight on abemaciclib exposure in adults (Figure
S2), supporting a flat dosing paradigm. This conclusion is



strengthened by the fairly wide distribution of weights in the
data set (Table 1). The low impact of body weight is likely
attributed to the relatively low extraction ratio of abemac-
iclib, such that body weight-related changes in hepatic
metabolic capacity translate to small changes in elimina-
tion. In addition, age, race, sex, or renal function were not
significant covariates, indicating that no dose adjustments
are necessary based on these patient factors in adults. The
small change in bioavailability attributed to diarrhea is not
expected to be of clinical significance. However, a wide con-
fidence interval (from bootstrap) of the diarrhea effect means
that the result should be interpreted cautiously. The uncer-
tainty may be a consequence of the sampling scheme where
most patients would not have both prediarrhea and postdi-
arrhea PK samples as PK sampling was limited to the first
three cycles in patients and diarrhea tended to occur quite
early. Drug formulation was a statistically significant covari-
ate, but the effect concerned rate rather than the extent of
absorption. Therefore, differences would be noted for the
time to peak concentration, but not overall drug exposure.
The application of the model to new data, and especially
in the target population, i.e., patients with advanced breast
cancer, confirmed the robustness assessment, covariate re-
lationships, and the predictive performance of the model.

In summary, we present a mechanistic population PK model
that incorporated intestinal metabolism and hepatic metab-
olism (including first-pass effect) using the well-stirred liver
model. The parallel biphasic absorption model captured the
slow, long, and complex absorption process of abemaciclib.
The model was used to investigate the effect of potentially
clinically significant covariates, although none were found. As
part of future work, the model can be used as part of an ex-
posure-response model to determine the exposure-response
relationship of abemaciclib in patients with cancer. The model
was able to predict a separate study as part of an external
evaluation process without having to refit the model param-
eters, adequately predicting both the central tendency and
population variability. This means that the model can be used
to predict the PK of abemaciclib and its two metabolites with-
out the need of intensive PK sampling in future studies.

Supporting Information. Supplementary information accompa-
nies this paper on the CPT: Pharmacometrics & Systems Pharmacology
website (www.psp-journal.com).
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