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Abstract

Background Ritlecitinib is an oral Janus kinase 3/tyrosine kinase expressed in hepatocellular carcinoma family inhibitor
undergoing parallel clinical development for alopecia areata, vitiligo, ulcerative colitis, Crohn’s disease, and rheumatoid
arthritis.

Objective As studies read out simultaneously, strategic planning of population pharmacokinetic model development and
evaluation is required to ensure timely decisions.

Methods Data from healthy participants and patients from 12 clinical trials between December 2014 and July 2021 were
included: seven phase I studies in healthy participants and organ impairment, five phase II/IlI studies in patients with rheu-
matoid arthritis, ulcerative colitis, alopecia areata, and vitiligo. Population pharmacokinetic models consisted of stepwise
procedures to accommodate data availability and the model’s application to answering clinical development questions. At
each iteration of the model update, parameters of the next model were re-estimated by leveraging previous information and
new data.

Results Three model development lifecycle iterations of the ritlecitinib population pharmacokinetic model were conducted
to support alopecia areata, vitiligo, and ulcerative colitis study readouts. Initial structural modeling based on healthy par-
ticipant data (and some rheumatoid arthritis and alopecia areata data) in iteration 1 provided a platform for comprehensive
covariate testing during iteration 2, and model evaluation and implementation of the frequentist prior approach in iteration
3. The final model was a two-compartment model with first-order absorption and direct-response non-stationary clearance
and bioavailability driven by concentrations in the peripheral compartment.

Conclusions The present approach demonstrated the evolution of three population pharmacokinetic models with accumu-
lating data, addressed clinical drug development questions related to systemic exposures of ritlecitinib, and informed the
approved product label.

Clinical Trial Registration NCT02309827, NCT02684760, NCT02958865, NCT02969044, NCT03232905, NCT(03732807,
NCT04016077, NCT03715829, NCT04037865, NCT04004663, NCT04634565, NCT02974868.

subpopulations, and to provide individual-level exposure
estimates for exposure-response models of efficacy and
safety endpoints. However, at later stages of the clinical
development cycle, sparse data predominate and the utility
of methods that leverage prior information (either data or
a prior model) to assist in the rapid analysis and evalua-
tion of the newly available data becomes increasingly valu-

1 Introduction

Model development occurs through a series of iterative
cycles. At each node of the model development lifecycle,
new information is incorporated and, after assessment, the
model becomes available for application in clinical drug
development. As the drug moves from phase I through to

phase III, the accruing data are used to evolve the popula-
tion pharmacokinetic (PK) model in iterations to help with
decisions needed for progressing the drug through each
development phase. Availability of population PK models
is important to address questions, inform dose selection and
study designs, provide dose recommendations for specific

Extended author information available on the last page of the article

able. These strategies were implemented during consecutive
updates of the population PK model for ritlecitinib.
Ritlecitinib (PF-06651600) is an oral Janus kinase 3/
tyrosine kinase expressed in hepatocellular carcinoma
family inhibitor [1, 2] that has completed clinical trials in
autoimmune and inflammatory diseases. The plasma phar-
macokinetics of ritlecitinib is approximately dose propor-
tional with a rapid absorption of ~ 89% (fa), an absolute oral
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Ritlecitinib is undergoing parallel clinical drug develop-
ment in multiple indications such that developing a full
population pharmacokinetic model in preparation of
phase III completion would have neglected support of
concurrent phase II study completions in other indica-
tions.

Using an iterative approach, three ritlecitinib population
pharmacokinetic models were developed iteratively to
evaluate newly available concentration data through-
out the clinical development of ritlecitinib and to use a
frequentist prior approach to update model parameter
estimates.

Ritlecitinib population pharmacokinetic models were
used to timely address clinical drug development ques-
tions including dosing recommendations for adolescents,
moderate hepatic impairment, and severe renal impair-
ment populations.

bioavailability (F) of ~ 64%, and an elimination half-life
of = 2 h. Ritlecitinib is metabolized by glutathione (GSH)
conjugation and cytochrome P450 (CYP)-mediated oxi-
dation with no single enzyme contributing > 25%. Ritle-
citinib has demonstrated efficacy in alopecia areata (AA),
rheumatoid arthritis (RA), vitiligo, and ulcerative colitis
(UC) [3-7]. Patients with AA who received ritlecitinib had
significant hair regrowth by week 24 compared with pla-
cebo [8]. Patients with non-segmental vitiligo who received
ritlecitinib had a significantly greater change from baseline
in the centrally read Facial Vitiligo Area Scoring Index at
week 24 than those receiving placebo [3]. Ritlecitinib also
has demonstrated a rapid onset of action, with a significant
improvement in the partial Mayo Score for patients with UC
after 2 weeks and in RA disease scores by 8 weeks [5, 7].
The development of population PK models for ritlecitinib
consisted of stepwise procedures to accommodate data
availability and the model’s application to timely answer-
ing clinical drug development questions (including con-
firming that expected ritlecitinib exposures were achieved
in patient populations, generating individual PK parameters
for exposure-response modeling of key efficacy and safety
endpoints at the time of study completion, conducting simu-
lations to assess formulation changes or pediatric extrapola-
tion). There were three iterations in the model development
lifecycle as described in Fig. 1. The objective of the base
model was to define the structure for ritlecitinib pharma-
cokinetics using intense sampling from healthy participants
(HP) and sparsely sampled data from patients with RA or

A\ Adis

AA. The objective of the updated model was to assess if the
structure of the base model was adequate at describing ritl-
ecitinib pharmacokinetics for data available from new HP,
participants with moderate hepatic impairment, and patient
(UC and vitiligo) populations (in addition to all base model
data available) and perform stepwise covariate modeling.
The objectives of the final model were to externally evaluate
the final model’s ability to continue to describe newly avail-
able data intensively sampled from HP and participants with
severe renal impairment (n = 17) and sparsely sampled from
patients with AA (n = 584), to update structural parameters
and estimate additional covariate effects using a frequentist
prior approach.

2 Methods

2.1 Study Population, Dosing, and Sampling
Schedule

Combined data from HP and patients from 12 clinical tri-
als between December 2014 and July 2021 were included
(Table S1 of the Electronic Supplementary Material [ESM]):
data from seven phase I studies in HP and organ impairment
and five phase II/III studies in patients with RA, UC, AA,
and vitiligo (NCT02309827, NCT02684760, NCT02958865,
NCT02969044, NCT03232905, NCT03732807,
NCT04016077, NCTO03715829, NCTO04037865,
NCT04004663, NCT04634565, NCT02974868). Ritlecitinib
dosing ranged from 5 to 800 mg/day. Details for dosing and
plasma sampling are shown in Table S1 of the ESM. The
study protocols were approved by the institutional review
boards/ethics committees of the study sites and all partici-
pants provided written informed consent. The studies were
conducted in compliance with the ethical principles origi-
nating in or derived from the Declaration of Helsinki and
conducted according to the International Conference on Har-
monization Guidelines for Good Clinical Practice.

2.2 Analytical Methods

Plasma concentrations of ritlecitinib were determined using
validated, sensitive, and specific liquid chromatography-
tandem mass spectrometric methods at York Bioanalytical
Solutions and Covance Bioanalytical Laboratories (Shang-
hai, China). The lower limit of quantification for each study
is shown in Table S1 of the ESM. Individuals who did not
receive one or more doses of ritlecitinib or did not have
one or more measurable concentration of ritlecitinib were
excluded. No data imputations for missing or below the
lower limit of quantification (BLQ) concentrations of ritl-
ecitinib were performed. Sampled concentrations that were
BLQ were excluded only during parameter estimation for all
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» Development of structural model for ritlecitinib pharmacokinetics
* Only structural covariates included
* Data included: Intense sampling in healthy participants (NCT02309827; first-in-
Base human, NCT02684760; relative bioavailability), sparse sampling in patients
Model (NCT02969044; rheumatoid arthritis, NCT02958865; alopecia areata)
July 2020
« Structure of base model retained and population parameters re-estimated
» Stepwise covariate modeling conducted
* Data included: Studies included in base model development and intense sampling in
U d ated healthy participants (NCT03232905; Japanese participants, NCT04004663; relative
p bioavailability) and participants with organ impairment (NCT04016077; hepatic), and
Model sparse sampling in patients (NCT02958865; ulcerative colitis, NCT03715829; vitiligo)
April 2021
 External validation of updated model and then updated model used as frequentist prior
+ Covariate modeling conducted for effect of severe renal impairment
. * Data included: Intense sampling in healthy participants (NCT04634565; Chinese
Flnal participants) and participants with organ impairment (NCT04037865; renal), and sparse
Model sampling in patients (NCT03732807; alopecia areata)
October 2021
Fig. 1 Model development strategy
three iterations of population PK model development. Below P,=0,- " )

the lower limit of quantification observations were available
to assess model performance at representing the proportion
of observations BLQ over time.

2.3 Base Model Development

One- and two-compartment disposition models with first-
order oral absorption were evaluated as candidate structural
models. Time- and/or concentration-dependent changes in
clearance (CL) and F such as Michaelis—Menten elimination
kinetics, and direct or indirect response models for auto-
inhibition were explored for their ability to describe non-
linearity in ritlecitinib pharmacokinetics.

Structural covariates known to be highly influential a
priori were built into the structural model. For example, allo-
metric scaling on PK parameters using body weight (expo-
nents of 0.75 and 1 for CL and volume parameters, respec-
tively, referenced to 70 kg), effect of inflammatory disease
burden on ritlecitinib CL (consistent with observations made
with other Janus kinase inhibitors), and dose, formulation,
and high-fat meal effects on absorption parameters [9—13].

Inter-individual variability (IIV) was added to structural
model parameters to account for differences between indi-
viduals in the population and was assumed to be log-nor-
mally distributed:

where P, is the individual value for parameter (P) in the ith
participant, 8, is the population typical value for parameter
P, and 7 is an independent random variable describing the
variability in P among subjects with a mean of 0 and vari-
ance, @’. Models with and without covariance between ran-
dom effects were investigated.

A residual error model with a combination of additive
and proportional effects was used to describe random unex-
plained variability (RUV) in ritlecitinib concentrations:

c= é’izj-oﬁm+6§dd 3)
where C;; is the ritlecitjnib concentration in the ith partici-
pant, at observation j, Cij is the model-predicted ritlecitinib
concentration, €; is a normally distributed random variable
with a mean of 0 and variance of 1, o-pzm and 0'3 g &re the esti-
mated variance of proportional and additive error, respec-
tively. Structural model selection was guided by changes
in the Akaike information criterion, standard goodness-of-
fit diagnostic plots, precision of parameter estimates, and

n-shrinkage.
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2.4 Updated Model Development

Model parameters of the base model were re-estimated using
a combined dataset of previous and new data to provide a
reference structural model for stepwise covariate modeling.

2.4.1 Covariate Model Descriptions

The effect of a categorical covariate on a parameter was
represented as a discrete relationship proportional to the
population parameter. For example, the effect of patient type
(PTST) on a parameter (P) was described as:

COVPTSTP = {

1 if PTST = healthy participants
1 4+ Oprgrp if PTST = inflammatory disease patient

In univariable analyses, the effect of incorporating an
additional covariate parameter compared with the structural
model was assessed by the likelihood ratio test. The covari-
ate model was considered significantly better than the struc-
tural model if p < 0.01. Candidate covariates also had to
satisfy additional criteria: (1) 95% confidence interval (CI)
of the covariate parameter estimate did not include zero; (2)
addition of the covariate results in a reduction in ITV on the
target population parameter; and (3) model diagnostic plots
showed an improvement.

In multivariable analyses, the covariates identified in
univariable analyses were added sequentially to the struc-
tural model in order of statistical significance to form the

“

P;=0p - ¢" - COVPTSTP &)

where Oprgrp 1s the estimable parameter for the effect of
patient type on P.

The effect of a continuous covariate on a parameter was
represented as a power model referenced to the median of
the observed data. For example, the effect of age (AGE) on
P was described as:

(6)

AGE, OacEP
AGE > ’

Pi = QP . e’h‘ . <
ref

where AGE, is the age (years) in the ith participant, AGE,

is the median age in the observed population, and 8 sggp is

the estimable parameter for the effect of age on P.

2.4.2 Covariate Selection

Stepwise covariate modeling approaches were conducted
during the development of the updated model, and were used
to identify key intrinsic and extrinsic factors that explained
differences in ritlecitinib pharmacokinetics between indi-
viduals. Covariates for analysis included sex, age, baseline
creatinine CL (Cockcroft—-Gault), race, moderate hepatic
impairment (based on Child—Pugh score), and formulation
(tablets, capsules). Covariates were screened for a pair-
wise correlation. If a strong correlation existed, the more
clinically relevant covariate continued to further analyses.
Candidate covariates from screening procedures were inde-
pendently added to the structural model to evaluate their
individual significance in improving the fit of the model
to the observed data. All covariates shown to be important
from the univariable analyses were carried forward to the
multivariable analyses.
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full model. The sequential addition of a covariate to the
model had to continue to fulfill the requirements described
by univariable analyses. Selection of the final model was
conducted by backward elimination of covariates from the
full model in order of highest to lowest p-values, where a
covariate remained in the model if its removal resulted in a
significant increase in objective function value as assessed
by the likelihood ratio test (p < 0.001).

2.5 Final Model Development
2.5.1 Externally Evaluating the Updated Model

An external evaluation of the updated model was conducted
to evaluate its ability to represent ritlecitinib concentrations
available in an evaluation dataset (analysis population for
the final model) before estimating population parameters.
A combination of simulation-based (visual predictive check
[VPC], prediction-corrected VPC, and assessment of nor-
mality of normalized prediction distribution errors) and
empirical Bayes estimate (EBE)-based diagnostics (good-
ness-of-fit diagnostics and assessment of normality of con-
ditional weighted residuals) were used. Model misspecifica-
tion identified from this exercise guided covariate analysis
of the final model. The structure of the updated model was
not re-evaluated.

2.5.2 Frequentist Prior Update

The updated model was used as a “frequentist prior” (termed
by Gisleskog et al. [14]) and the foundation of covariate
analyses following external evaluation procedures. The
PRIOR subroutine in NONMEM® applies a frequentist
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prior approach to inform population parameter estimates as
opposed to fixing them. Here, a penalty is placed on the
maximum likelihood (i.e., the objective function value),
which accounts for the deviation of current model param-
eters from their prior estimate. This approach aims to reduce
bias in parameter estimates where the reference population
may be slightly different from the previous population used
to develop the prior model [15].

The evaluation dataset for the final model predomi-
nantly consisted of sparse data from the phase II/III study
in patients with AA (Table S1 of the ESM), such that it
was anticipated that informative priors for all structural
parameters adopted from the updated model were required
to ensure adequate estimation of final model parameters.
The final parameter estimates of the updated model were
used as the prior during development of the final model and
estimating parameters based on the evaluation dataset. The
prior distributions of fixed-effect and random-effect (i.e.,
IIV) parameters from the updated model were assumed
to be normally and normal-inverse Wishart distributed,
respectively. Initially, the weight of priors on original model
parameters were highly informative with low uncertainty
(i.e., 10% relative standard error for the prior). Scenarios
where fixed-effect parameters were uninformative (variance
of parameter estimates set to 10,000) or highly informative
(derived from the updated model’s variance-covariance
matrix for parameter estimates) were examined. Scenarios
where the prior variance of random-effect parameters for IIV
were uninformative (dimensions of the variance-covariance
matrix for IIV plus 1) or highly informative (dependent on
the number of individuals used to build the prior model)
were also examined [15]. Parameters quantifying the stand-
ard deviation of RUV and new covariates for assessment
(such as age, severe renal impairment, and alopecia disease
severity) did not include any prior information. The decision
to proceed with a set of prior model parameters was based
on model convergence (including successful minimization
status), interpretation of final parameter estimates (i.e., con-
sistent with expectations of the pharmacokinetics of ritl-
ecitinib), and standard goodness-of-fit diagnostics.

2.6 Evaluation of Model Predictive Performance

The predictive performances of all models (base, updated,
and final) were evaluated by VPCs stratified by candidate
covariates and dose (not presented) and prediction-corrected
VPCs based on 1000 simulations of their respective index
datasets. The models’ abilities to adequately represent
the observed proportion of BLQ concentrations were also
evaluated.

2.7 Simulation Analyses for Evaluating the Impact
of Covariates

Simulations were conducted to compare steady-state maxi-
mum plasma drug concentration (C,,,,) and area under the
concentration—time curve for the dosing interval (AUC,) for
ritlecitinib 50 mg once daily (QD) for 14 days for a series of
covariate scenarios based on covariate effects in the updated
and final models. The reference scenario was based on an
HP, body weight 70 kg, fasted status, and administered the
tablet formulation. For each covariate scenario, concentra-
tion—time profiles for 1000 trials of 118 randomly drawn
individuals administered 50 mg QD for 14 days were simu-
lated using the updated or final models and summarized by
C,..x and AUC_ at steady state. The geometric mean ratios
of Cp . 0r AUC_ for each covariate compared with the refer-

max
ence scenario were calculated for each trial.

2.8 Simulation Analyses for Assessment of Dose
Proportionality and Accumulation

Simulations were conducted to compare steady-state C,,,,
and AUC for ritlecitinib 50 mg QD for 14 days versus (1)
single ritlecitinib 50-mg dose C,,,, and area under the con-
centration—time curve from time 0 to infinity (AUC,_.),
and (2) steady-state metrics for ritlecitinib 5-800 mg QD
for 14 days for patients with AA with a body weight of
70 kg. For each dose scenario, concentration—time profiles
for 1000 trials of 118 randomly drawn individuals adminis-
tered ritlecitinib were simulated using the final model and
summarized by C,, and AUC_ on day 14 (or AUC,,__, for
a single-dose scenario). The geometric mean ratios of C,,,,
or AUC/AUC,_, for each dose scenario compared with the
reference scenario were calculated for each trial. A steady-
state accumulation ratio was assessed as the ratio of AUC,

divided by AUC, ..
2.9 Software

NONMEM version VII, level 4.3 (ICON Development
Solutions, Ellicott City, MD, USA) was used for develop-
ment of the base and updated models. NONMEM version
VII, level 5.0 (ICON Development Solutions) was used for
the development of the final model. In all models, param-
eter estimation used the first-order conditional estimation
method with interaction algorithm and individual parameters
were obtained from EBE. The ADVAN13 subroutine with
TOL = 9 was used. Statistical and graphical output were
generated using the R programming and statistical language
(R version 3.6.1) [16].
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3 Results
3.1 Analysis Population Summary

Characteristics of the individuals in ritlecitinib analysis pop-
ulations are presented in Table 1. For the base, updated, and
final models, the PK analysis datasets consisted of 186 indi-
viduals and 2174 ritlecitinib concentrations, 668 individuals
and 5187 ritlecitinib concentrations, and 601 individuals and
2944 ritlecitinib concentrations, respectively. The propor-
tion of BLQ observations summarized as time after dose for
phase I studies and phase II/III studies are depicted in Fig. 2a
and b. Owing to the relatively short half-life of ritlecitinib
and QD dosing, greater than 60% of trough concentrations
(determined as 24 hours post-dose) were BLQ (Fig. 2).

3.2 Structure of Base Model

Ritlecitinib pharmacokinetics was described by a two-com-
partment model with first-order absorption, IIV on CL/F
and Vc/F, proportional RUV, with direct-response non-
stationary CL and F driven by concentrations in the periph-
eral compartment (Fig. 3, Table S2 and NONMEM code in
the ESM). The model semi-mechanistically quantifies the
decreases in the rate of elimination and/or first-pass effect
resulting in accumulation of ritlecitinib following multiple
doses.

Structural covariates incorporated into the base model
included the effects of patients with RA and AA on CL/F,
patients with RA and AA on standard deviation in IIV on
CL/F and Vc/F, patients with RA and AA on standard devia-
tion in RUV, high-fat meal on the first-order absorption rate
constant (k,), and 800-mg dose on k,. Final parameter esti-
mates for the base model are provided in Table 2.

3.3 Updated Model and Stepwise Covariate
Analysis

Covariate effects for UC and vitiligo populations on CL/F
were considered structural in nature and were implemented
in the structural model prior to a stepwise covariate analy-
sis (see ESM for variables and NONMEM control stream).
Covariates that were carried forward for multivariable
analyses included the effects of capsule formulation on
k,, patients with UC on F, and moderate hepatic impair-
ment on F (Table S3 of the ESM). After forward inclusion
and backward elimination procedures, the full model was
deemed to be the final model. Final parameter estimates and
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goodness-of-fit diagnostics for the final model are provided
in Table 2 and Fig. S1 of the ESM, respectively. Figure 2a
depicts the predictive performance of the final model. The
predictions of the final model overlay the observed data with
good agreement and adequately reproduce the proportion of
BLQ observations for phase I, and some underprediction for
phase II and III studies.

3.4 Frequentist Prior Final Model

Both simulation- and EBE-based diagnostics demonstrated
the updated model was acceptable at describing the observed
concentrations in the evaluation dataset (data not shown).
Therefore, the updated model was considered acceptable to
serve as a frequentist prior for updating model parameters
with new available data from HP, participants with severe
renal impairment, and patients with AA.

Informative priors were required for a structural param-
eter estimation given that the majority of the newly availa-
ble data was from the phase IIb/III AA population and was
sparsely sampled (see ESM for variables and NONMEM
control stream). The effect of severe renal impairment F
was included in the model. The covariate effect’s addition
reduced IIV for the phase I populations in CL/F and Vc/F
by 1.59% and 10.1%, respectively, and amended bias in
n versus covariate diagnostics. Final parameter estimates
and goodness-of-fit diagnostics for the final model are in
Table 2 and Fig. S2 of the ESM, respectively. Figure 2b
depicts the predictive performance of the final model. It
should be noted that differences in the proportion of BLQ
observations between phase I and phase II/III studies are
because (1) the assays used in phase I and phase II/III
studies are different (Table S1 of the ESM), (2) the doses
used are different (Table S1 of the ESM), (3) the differ-
ences in sampling schedules between phase I and phase II/
IIT studies and the time bins for the VPCs are different, and
(4) overall pharmacokinetics are different (i.e., patients
with inflammatory disease have lower CL relative to HP,
but phase I also includes a combination of HP and partici-
pants with severe renal impairment).

3.5 Impact of Covariates on Ritlecitinib Exposure

The impact of intrinsic (patient type, body weight,
hepatic, and renal function) and extrinsic (high-fat meal
status, formulation) factors on steady-state AUC_ and
Cax based on geometric mean ratios compared with
the reference scenario are shown in Fig. 4. Patient type
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Table 1 Summary of
the analysis population

demographics

Baseline demographic Base model Updated model Final model
Participant type, n (%)
Healthy participants 74 (39.8) 98 (14.7) 9(1.5)
Rheumatoid arthritis patient 42 (22.6) 42 (6.3) -
Ulcerative colitis patient - 150 (22.5) -
Alopecia areata patient 70 (37.6) 70 (10.5) 584 (97.2)
Vitiligo patient - 298 (44.6) -
Moderate hepatic impairment - 10 (1.5) -
Severe renal impairment - - 8(1.3)
Total 186 668 599

Age (years)
Median (range)
Mean (SD)

Total body weight (kg)
Median (range)
Mean (SD)

Sex, n (%)

Male
Female

Race, n (%)
Asian
Black
White
Other
Missing

Creatinine clearance (mL/min)
Median (range)
Mean (SD)

Albumin (g/dL)
Median (range)
Mean (SD)

ALT level (U/L)
Median (range)
Mean (SD)

AST level (U/L)
Median (range)
Mean (SD)

Bilirubin (mg/dL)
Median (range)
Mean (SD)

39. (19.0-74.0)
40.4 (14.1)

77.2 (46.0-164)
79.5 (16.3)

105 (56.5)
81 (43.5)

7(3.8)
42.2)
171 (91.9)
42.2)

0

121 (57.1-248)
131 (22.4)

4.25 (3.70-4.90)
4.25 (0.243)

23.5 (10.0-68.0)
25.6 (10.4)

23.0 (15.0-40.0)
24.3 (4.97)

0.600 (0.300-1.60)
0.691 (0.263)

43.0 (18.0-74.0)
42.6 (13.2)

75.0 (35.1-164)
76.5 (17.0)

366 (54.8)
302 (45.2)

80 (12.0)
16 (2.4)
531 (79.5)
9(1.3)

32 (4.8)

113 (45.4-271)
116 (30.7)

4.50 (2.80-5.40)
4.48 (0.360)

18.0 (4.00-91.0)
21.3 (12.1)

19.0 (8.00-94.0)
20.4 (7.72)

0.400 (0.100-2.00)
0.506 (0.281)

32.0 (12.0-72.0)
33.8 (14.3)

68.5 (29.6-131)
70.5 (16.9)

237 (39.4)
364 (60.6)

164 (27.3)
23 (3.8)
399 (66.4)
10 (1.7)
5(0.8)

117 (14.7-288)
122 (36.4)

4.70 (3.90-5.80)
4.69 (0.292)

16.0 (4.00-123)
19.2 (11.9)

19.0 (8.00-75.0)
20.6 (6.71)

0.500 (0.100-2.60)
0.562 (0.327)

Data are expressed as n (%) unless otherwise specified

ALT alanine aminotransferase, AST aspartate aminotransferase, SD standard deviation

(RA, UC, AA, and vitiligo), organ impairment (moderate
hepatic and severe renal), and lower body weight resulted
in higher ritlecitinib exposure. The effects are quantified
relative to the steady-state exposure of HP weighing 70 kg

who received 50 mg QD of the tablet formulation under
fasted conditions. The ratios depicted in Fig. 4 are inde-
pendent of other intrinsic and extrinsic factors that may
modify ritlecitinib exposure.
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Fig.2 Prediction-corrected
visual predictive checks for
updated and final models. Pre-
diction-corrected visual predic-
tive checks for (a) the updated
model and (b) the final model.
Top: the prediction-corrected
observed data against time after
dose represented by blue circles
and dashed black lines (median,
5th and 95th percentiles). The
prediction-corrected simulated
ritlecitinib concentrations,
based on 1000 simulations

of the index population, are
represented by the red lines and
red shaded ribbons (median and
95% prediction interval of the
median, respectively) and the
blue lines and blue shaded rib-
bons (median and 95% predic-
tion interval of the 5th and 95th
percentiles, respectively). Bot-
tom: the black solid lines repre-
sent the proportion of observed
below the limit of quantification
concentrations over time after

a dose. The green solid line

and green shaded ribbons are
the median and 95% predic-
tion intervals, respectively, of
simulated concentrations below
the limit of quantification for
1000 simulations of the index
population. Yellow indicators
in the x-axis represent the time
bins for summarizing the data

3.6 Dose Proportionality and Accumulation

Assessments

The population PK model addresses greater than propor-

Prediction—-Corrected
Ritlecitinib Concentration (ng/mL)
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Limit of Quantification
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pharmacokinetics at steady state by incorporating concen-
tration-dependent changes in CL/F and F. These effects

on steady-state AUC_ and C
ratios compared with the reference scenario are shown in

tional increases in ritlecitinib exposure or non-stationary
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Fig.3 Model schematic of ritlecitinib pharmacokinetics. k, is the
first-order absorption rate constant for transfer of ritlecitinib from the
depot to the central compartment (h'!), V, is the volume of the cen-
tral compartment (L), V,, is the volume of the peripheral compartment
(L), Q is the inter-compartmental CL between central and peripheral
compartments (L/h), and CL is the CL from the central compartment.
In the structural model, concentrations in the peripheral compartment
(PERIC) have a direct effect on CL and the fraction of the dose bioa-
vailable to the systemic circulation (F). The degree of non-linearity is

described by an E,,, relationship parameterized with I ,, (maximum

degree of inhibition proportional to initial CL) and ICs, (peripheral
concentration at which 50% of I, is achieved). INH; and INHg

max
are the overall non-stationary effects on CL and F, respectively. It is
assumed the same mechanisms that impact CL inversely impact F.
Equations for model parameters are presented in the Electronic Sup-
plementary Material NONMEM code)

Fig. 5. The steady-state accumulation ratio for 50 mg QD
for 14 days was 1.45 (90% PI: 1.26-1.64).

4 Discussion and Conclusions

The iterative approach was efficient at assessing emerging
concentration data throughout the clinical drug development
of ritlecitinib. Population PK models are evolving platforms
describing the concentration—time relationship for a drug.
However, updating model parameter estimates with all avail-
able data or every time new information becomes available
is time and resource consuming under accelerated drug
development paradigms. Ritlecitinib is undergoing parallel
clinical development in multiple indications (AA, vitiligo,
UC, CD, and RA), such that developing a full population
PK model in preparation of phase III completion would have
neglected support of concurrent phase II study completions
in other indications (i.e., supporting end-of-phase II regu-
latory interactions, phase III dose selection and rationale,
pediatric extrapolation, providing exposure metrics for sub-
sequent efficacy and safety models) [3-7].

The three ritlecitinib population PK models presented
were all available to timely address clinical development
questions, and EBEs for individual patients were used in
subsequent exposure-response modeling analyses for safety
and efficacy endpoints. The structural elements of the
population PK model (particularly fixed allometric scaling

exponents and parameterization of non-stationary CL) were
retained in each iteration and parameter estimates were com-
parable between each model (Table 2). The use of concentra-
tions in the peripheral compartment to drive non-stationary
characteristics hypothesizes that ritlecitinib distributing out
of the systemic circulation, such as to the site of metabolism,
is either inhibiting metabolism or non-productively bind-
ing to metabolizing enzymes to reduce overall CL (systemic
and first-pass effect). With increasing doses, there were
greater than proportional increases in exposure. However,
doses greater than 100 mg approach maximum inhibition on
CL/F and F is achieved and there are no apparent changes
in CL/F and F with further dose increases as depicted in the
PK summary metrics of clinical relevance such as AUC,
and C,,, (Fig. 5). A similar structural model has been previ-
ously applied to clarithromycin, which experiences CYP3A4
autoinhibition [17]. External evaluation and a frequentist
prior approach to updating the model upon completion of
the phase III AA study was performed owing to a previous
iteration of the model being available based on phase IT AA
concentration data.

The structural model was not re-developed with each iter-
ation and was considered to appropriately capture ritlecitinib
pharmacokinetics based on HP data from phase I studies
and known routes of metabolism and elimination. Rather,
prior to each iteration, the structural model was evaluated
based on goodness-of-fit diagnostics, VPCs, and changes in
estimates for key structural parameters. Covariate modeling
proceeded if the previous structural model was considered
adequate. Sparse sampling obtained from phase II/III stud-
ies offered challenges in evaluating the model’s ability to
describe PK data from patients with inflammatory disease
owing to the high proportion of trough concentrations that
were BLQ, and that terminal concentrations are the most
informative at determining differences in CL. Pharmacoki-
netic sampling from patients was limited to pre-dose and
no longer than 4 h after the dose to reduce the duration of
clinic visits for patients. Considering the structural model
adequately described the proportion BLQ for the phase I
populations, censoring approaches for handling data BLQ
were not implemented. It is not likely that ignoring BLQ
observations contributed to misspecification of the structural
model (i.e., one- vs two- vs three-compartment models) as
informed by densely sampled, phase I data and demonstrated
adequate representation of the proportion BLQ for these
studies. The high proportion of BLQ observations were
attributed to the short half-life of ritlecitinib and QD dos-
ing, on average, ritlecitinib is expected to be 97% eliminated
after five half-lives (10 h) [2].

Covariate analyses identified several predictors of differ-
ences in ritlecitinib exposure. Patients with inflammatory
disease (i.e., RA, AA, UC, and vitiligo) have lower baseline
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Table 2 Final parameter estimates for population pharmacokinetic models

Parameter

Base model
estimate (95% CI)

Updated model
estimate (95% CI)

Final model
estimate (95% CI)

Objective function value
Condition number
Population parameter
Apparent clearance (CL/F; L/h)
Apparent volume of the central compartment (Vc/F;,
L)
Apparent inter-compartmental clearance (Q/F; L/h)
Apparent volume of the peripheral compartment
(Vp/F; L)
Maximum non-stationary effect on CL/F and F
U nnax 3 %)
Half-maximal concentration for non-stationary effect
(ICsp, ng/mL)

First-order absorption rate constant (k,; /h)

Effect of inflammatory disease patients on o-lfm (%)

; iseas fents 2
Effect of inflammatory disease patients on &g IF (%)

Effect of inflammatory disease patients on a)éL JF (%)

Effect of rheumatoid arthritis patients on CL/F (%)

Effect of ulcerative colitis patients on CL/F (%)

Effect of alopecia areata patients on CL/F (%)

Effect of vitiligo patients on CL/F (%)

Effect of ulcerative colitis patients on F (%)

Effect of moderate hepatic impairment on F (%)

Effect of severe renal impairment on F (%)

Effect of high-fat meal on k, (%)

Effect of 800 mg dose on k, (%)

Effect of over-encapsulated capsules on loss from

depot (%)

Effect of pilot capsule formulation on &, (%)
Inter-individual variability

wéL IF (% CV)

w%,c IF (% CV)
Random unexplained variability
62 (% CV)

pro

20,041.8
15.2

129 (117-141)
145 (138-152)

0.298 (0.256-0.340)
4.43 (4.07-4.79)

—0.559 (=0.598 to —0.520)
11.8 (9.02-14.6)

7.1(5.70-9.52)
0.522 (0.446-0.598)

1.53 (0.801-2.26)
4.24 (1.93-6.55)
—0.439 (—0.554 to —0.324)

—0.258 (—0.398 to —0.118)

—0.718 (= 0.781 to — 0.655)
—0.815 (- 0.868 to — 0.762)

20.1 (10.3-29.9)
7.46% shrinkage
11.3 (1.91-20.7)
22.4% shrinkage

34.0 (33.1-34.9)
3.79% shrinkage

50,373.1
14.5

113 (105-125)
149 (143-155)

0.304 (0.264-0.344)
4.67 (4.29-5.05)

—0.488 (—0.526 to —0.450)
15.1 (11.6-18.6)

8.51(6.71-10.3)
0.306 (0.265-0.347)

1.69 (1.18-2.20)
2.39 (1.40-3.38)

—0.496 (=0.587 to —0.405)
—0.560 (=0.619 to —0.501)
—0.322 (~0.448 to —0.196)
—0.214 (=0.293 to —0.135)
—0.224 (=0.305 to 0.143)
0.255 (0.135-0.375)
—0.750 (~0.800 to —0.700)
~0.833 (=0.876 to —0.790)
—0.134 (=0.163 to —0.105)

—0.598 (=0.701 to —0.495)

19.8 (13.0-26.6)
8.13% shrinkage
12.5 (5.40-19.6)
20.9% shrinkage

35.9 (35.1-36.7)
5.61% shrinkage

31,630.6
15

107 (98.6-116)
151 (147-156)

0.297 (0.262-0.332)
4.87 (4.55-5.20)

—0.452 (—0.485 to —0.419)
16.5 (13.3-19.7)

7.91 (6.58-9.25)
0.290 (0.255-0.325)

1.61 (1.29-1.93)
1.43 (0.931-1.94)

—0.260 (=0.313 to —0.207)

0.353 (0.218-0.488)

18.8 (14.3-23.3)
11.4% shrinkage
11.5(7.26-15.7)
33.1% shrinkage

35.6 (24.9-36.4)
12.2% shrinkage

Condition number is the square of the ratio of largest to smallest eigenvalues of the correlation matrix, asymptotic 95% CI are presented, allo-
metric scaling was applied to all clearance and volume parameters referenced to a 70-kg individual with exponents of 0.75 and 1, respectively

CI confidence interval, CL clearance, F relative bioavailability, IC5, half-maximal concentration for non-stationary effect I

maximum non-sta-

max

tionary effect on CL/F and F, Q inter-compartmental clearance, Vc volume of the central compartment, Vp volume of the peripheral compart-

ment, CV coefficient of variation (\/ w? - 100)

CL/F compared with HP. With respect to steady-state AUC
- patients with RA, AA, UC, and vitiligo experienced
2.19-, 1.56-, 1.92-, and 1.31-fold increases, respectively, in
exposure relative to HP administered the same dose and of
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the same weight. It has been suggested that infectious and
inflammatory disease states alter the activities and expres-
sion of drug transporters and drug-metabolizing enzymes,
such as CYP [9, 11, 13, 18]. For a drug metabolized by
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Fig.4 (a) Ratios of area under
the concentration—time curve
for the dosing interval [AUC
-] and (b) maximum plasma
drug concentration [C,,,] on
day 14 after ritlecitinib 50 mg
once daily (QD) for covariate
scenarios. For each covari-

ate scenario on the left y-axis,
concentration—time profiles for
1000 trials of 118 randomly
drawn individuals administered
50 mg QD for 14 days were
simulated and summarized

by a AUC, and b C,,,. The
geometric mean ratio of AUC_
or Cp,, on day 14 compared to
the reference scenario (70 kg,
fasted, healthy participant)

was calculated for each trial.
The gray density distributions
represent the geometric mean
ratios across all trials; the red
numbers are the proportion

of trials with ratios less than
0.8 (left) or greater than 1.25
(right). Black numbers on the
right y-axis are the median (5th
and 95th percentiles) of ratios
for the covariate scenario. The
blue shaded region is the range
of geometric mean ratios from
0.8 to 1.25, and the black verti-
cal dashed line is a geometric
mean ratio of 1. Reference low
and high body weights are the
5th and 95th percentiles of the
analysis population. Scenarios

for patients with alopecia areata,

severe renal impairment, and
body weight were simulated

using the final model. Scenarios

for patients with rheumatoid
arthritis, ulcerative colitis,
vitiligo, moderate hepatic
impairment, high-fat meal, and
the capsule formulation were
simulated using the updated
model

Rheumatoid Arthritis Patient

Ulcerative Colitis Patient

Alopecia Patient

Vitiligo Patient

Severe Renal Impairment

Moderate Hepatic Impairment

High-Fat Meal

Capsule

High Body Weight (101 kg)

Low Body Weight (47 kg)
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Ulcerative Colitis Patient

Alopecia Patient

Vitiligo Patient

Severe Renal Impairment

Moderate Hepatic Impairment

High-Fat Meal

Capsule

High Body Weight (101 kg)

Low Body Weight (47 kg)
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Fig.5 Dose proportionality
and accumulation assessment
of area under the concentra-
tion—time curve [AUC] (a) and
maximum plasma drug concen-
tration [C,,,,] (b). For each dose
scenario on the left y-axis, con-
centration time-profiles for 1000
trials of 118 randomly drawn
individuals administered ritl-
ecitinib as a single dose or once
daily (QD) for 14 days were
simulated and summarized by

a AUC for the dosing interval
[AUC,] (or from time O to infin-
ity [AUC,,_,] for single-dose
scenario) and b C, ., on day 14.
The geometric mean ratio of
AUC, or C,,,, compared to the
reference scenario (patients with
alopecia areata, 70 kg, fasted)
was calculated for each trial.
The gray density distributions
represent the geometric mean
ratios across all trials; the red
numbers are the proportion

of trials with ratios less than

0.8 (left) or greater than 1.25
(right). Black numbers on the
right y-axis are the median (5th
and 95th percentiles) of ratios
for the dosing scenario. The
blue shaded region is the range
of geometric mean ratios from
0.8 to 1.25, and the black verti-
cal dashed line is a geometric
mean ratio of 1
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multiple CYP and glutathione-S-transferase enzymes, it is
realistic to suspect that systemic inflammation is sufficiently
high in patients with inflammatory disease to drive down-
regulation of metabolic pathways. Ritlecitinib is metabo-
lized by glutathione-S-transferase, an enzyme that catalyzes
the conjugation of GSH with ritlecitinib. Glutathione in its
reduced form possesses antioxidant effects by acting as an
electron donor to protect cells from reactive oxygen species.
Inflammatory or immunological diseases and redox balance
are closely related, and the pathogenesis of these diseases
has been suspected of being associated with increased reac-
tive oxygen species formation and reduced GSH levels
[19]. Therefore, GSH depletion may potentially contribute
to the decreased CL observed in patient populations with
inflammation or immunological disease. In the absence of
individual-level GSH information, only patient population
effects can be tested on PK parameters. As ritlecitinib is also
metabolized by multiple CYP enzymes, down-regulation of
these pathways in the setting of inflammation could also
attribute to the lower apparent CL observed in patient popu-
lations [20].

Scaling parameters were also used to quantify the mag-
nitude of unexplained variability in the pharmacokinetics
between HP and patient populations. It was anticipated that
phase II studies would demonstrate greater RUV and IIV
owing to heterogeneity in dose administration conditions
and the sample collection of which there is less regulation
than procedures in phase I studies. However, to evaluate the
model structure’s ability to describe apparent non-stationary
pharmacokinetics, parameters scaling the degree of variabil-
ity in the patient population compared to HP were imple-
mented. Variability in disease activity between subjects or
patient types, and therefore availability of GSH for conju-
gation, could potentially explain the higher variability in
pharmacokinetics observed patients relative to HP.

Patients with moderate-to-severe UC demonstrated a
22.4% reduced F relative to other patient populations and
HP. Despite the largest decreases in CL/F relative to other
populations, overall exposure as summarized by AUC_ did
not exceed that of patients with RA.

Moderate hepatic impairment significantly increases
C...x and AUC_ by 1.28-fold and 1.32-fold, respectively.
The effect on F suggests that first-pass metabolism in these
patients is impaired, resulting in more ritlecitinib available
to the systemic circulation and decreasing apparent CL. A
phase I ritlecitinib study (NCT04016077) observed AUC_
ratios of 1.18 for moderate hepatically impaired subjects,
and no change in C,, [21]. The final model provides a com-
prehensive evaluation of the magnitude of hepatic impair-
ment on ritlecitinib exposures in the context of the entire
analysis population.

Severe renal impairment participants demonstrated higher
F relative to HP resulting in an average 47% increase in AUC
. and 41% increase in C,,, at steady state. These results are
consistent with a phase I study in severe renal impairment
participants (NCT04037865) that demonstrated 55% and
44% increases in steady-state AUC_ and C,,,,, respectively,
relative to a shared cohort from another ritlecitinib phase I
study (NCT04016077) of an age- and weight-matched nor-
mal renal function population [21].

Chronic kidney disease can impact the pharmacokinetics
of drugs that are not predominantly renally excreted, such
as ritlecitinib. Physiological processes involved in absorp-
tion and hepatic metabolism, such as CYP3A4 metabo-
lism, can be affected by chronic kidney disease resulting in
reduced first-pass metabolism and increased F [22-24]. As
ritlecitinib is approximately 60% bioavailable with > 80%
fraction absorbed, the ceiling for increases in F due to severe
renal impairment is low.

Intrinsic patient factors that did not demonstrate a sta-
tistically or a clinically significant impact on ritlecitinib
pharmacokinetics include age, sex, and race, suggest-
ing that inclusion of body weight via allometric scaling
adequately accounted for differences between categories
within these covariates. The pilot capsule formulation
(phase I ritlecitinib study [NCT04004663]) demonstrated
a 14% lower C,,,, relative to the reference tablet formula-
tion and approximately no difference in AUC_. These model
estimates of the impact of the capsule formulation on ritl-
ecitinib pharmacokinetics are consistent with the results
of the phase I study (NCT04004663) and were considered
preliminary prior to the results of the pivotal bioequivalence
study (NCT04390776) with the to-be-marketed capsule
formulation.

The updated and final population PK models were used to
underwrite the final approved product label for Litfulo® (ritl-
ecitinib) 50 mg QD for the treatment of severe AA in both
adults and adolescents aged 12 years and older [25]. Intrinsic
and extrinsic factors that contributed to 0.5-fold to two-fold
changes from the mean in ritlecitinib exposure (C,,,, and/or
AUC) were considered clinically relevant[21]. Incorporation
of body weight via allometric scaling principles accounted
for differences in exposure, and the effect was not consid-
ered to achieve a magnitude of clinical relevance to warrant
weight-based dose adjustment for the adolescent population
(Fig. 4). Population PK modeling approaches confirmed
the expectations of the impact of moderate hepatic impair-
ment and severe renal impairment on ritlecitinib exposure,
and co-administration with a high-fat meal, such that dose
adjustments were also not necessary for these populations
(Fig. 4) [21]. No other significant intrinsic covariates within
the AA population were identified (such as age and alopecia
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disease severity), which justified recommendations of no
dose adjustments based on ritlecitinib exposure for these
groups.

In summary, three ritlecitinib population PK models were
developed iteratively to evaluate newly available data and
highlighted the application of a frequentist prior approach to
update model parameter estimates in the context of sparsely
sampled data from a phase II/III population. Presentation
of the three iterations demonstrated Zow the understanding
of ritlecitinib pharmacokinetics evolved throughout clini-
cal drug development from quantitatively describing the
differences in RA, UC, AA, and vitiligo patient popula-
tions on CL/F relative to each other and HP, to generating
hypotheses related to ritlecitinib accumulation following
repeated dosing based on structural model identification
and confirmation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40262-023-01318-3.
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