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Abstract

Background and Objectives Upadacitinib is a selective Janus kinase (JAK) 1 inhibitor being developed as an orally admin-
istered treatment for patients with moderate to severe rheumatoid arthritis (RA) and other autoimmune disorders. These
analyses characterized the population pharmacokinetics of upadacitinib across phase I-III clinical trials using data for
immediate-release (IR) and extended-release (ER) formulations.

Methods Pharmacokinetic data from 4170 subjects taking IR doses of 1-48 mg and ER doses of 7.5-30 mg across 12 studies
spanning phase I-III clinical trials, with a total of 29,372 upadacitinib plasma concentrations, were analyzed using non-linear
mixed-effects modeling. The model was evaluated using bootstrap analyses and visual predictive checks.

Results A two-compartment model with first-order absorption with lag time for the IR formulation, mixed zero- and first-
order absorption with lag time for the ER formulation, and linear elimination, adequately described upadacitinib plasma
concentration—time profiles. Population estimates of upadacitinib apparent oral clearance and steady-state volume of distri-
bution in healthy volunteers for the ER formulation were 53.7 L/h and 294 L, respectively. The relative bioavailability of the
ER formulation compared with the IR formulation was estimated to be 76.2%. Statistically significant covariates were patient
population (RA subjects vs. healthy subjects), creatinine clearance, and baseline bodyweight on apparent clearance (CL/F)
and bodyweight on volume of distribution of the central compartment (Vc/F). The intersubject variability for upadacitinib
CL/F and Vc/F were estimated to be 21% and 24%, respectively, in the phase I studies, and 37% and 53%, respectively, in
the phase II/III studies. Upadacitinib area under the concentration—time curve (AUC) was estimated to be only 5% higher
or lower for RA patients who were < 60 or > 100 kg, respectively, relative to subjects with a bodyweight of 60—100 kg. RA
subjects with mild or moderate renal impairment had 13% and 26% higher AUC, respectively, compared with RA subjects
with normal renal function. Sex, race, concomitant use of pH-modifying drugs, moderate cytochrome P450 3A inhibitors,
or methotrexate use had no effect on upadacitinib exposure.

Conclusions A robust population pharmacokinetic model was developed for upadacitinib using a large dataset from phase
I-III clinical trials in healthy volunteers and subjects with RA. None of the identified covariates had a clinically meaningful
effect on upadacitinib exposures. The model is appropriate to use for simulations and to evaluate the exposure-response
relationship of upadacitinib.
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Upadacitinib is a novel Janus kinase 1 inhibitor being
developed for the treatment of patients with moderate to
severe rtheumatoid arthritis (RA). A population pharma-
cokinetic model was developed for upadacitinib using
data from phase I-III clinical trials in healthy volunteers
and subjects with RA.

A two-compartment model with first-order absorption
with lag time for the immediate-release formulation,
mixed zero- and first-order absorption with lag time for
the extended-release formulation, and linear elimination
well-described upadacitinib plasma concentration versus
time data.

Bodyweight and mild or moderate renal impairment had
statistically significant but non-clinically relevant effects
on upadacitinib exposures.

Sex, race, concomitant use of pH-modifying agents,
moderate cytochrome P450 3A inhibitors, or methotrex-
ate use had no effect on upadacitinib pharmacokinetics.

1 Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune dis-
order affecting approximately 0.5-1% of adults in indus-
trialized countries [1], and is most common in women and
elderly people. The Janus kinase/signal transducers and acti-
vators of transcription (JAK-STAT) pathway plays a major
role in the pathogenesis and progression of RA, making it
an attractive target for the development of RA treatments
[2]. The JAK family includes four tyrosine kinases [JAK1,
JAK2, JAK3, and the non-receptor tyrosine-protein kinase
2 (Tyk2)], which play key roles in cytokine signaling. These
enzymes play an important role not only in proinflammatory
cytokine signaling but also in regulation of important physi-
ological functions of the immune system, as well of eryth-
ropoiesis [3, 4]. Activation of the JAK-STAT pathway leads
to increased gene expression of proinflammatory cytokines,
such as interleukin (IL)-6, which contribute to the chronic
inflammation of RA.

Upadacitinib is a novel selective JAK 1 inhibitor being
developed as an oral treatment of RA and other autoimmune
diseases. Based on in vitro cellular assays, the selectivity of
upadacitinib for JAKI is approximately 60- and more than
100-fold greater over JAK2 and JAK3, respectively [5].
Selective inhibition of JAK1 leads to selective modulation
of the subset of proinflammatory cytokines in the JAK-STAT
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pathway, which can potentially improve the benefit-risk pro-
file compared with less-selective JAK inhibitors [6-9].

Upadacitinib was evaluated in early phase I studies and in
phase II studies in RA in the form of an immediate-release
(IR) formulation. Single doses of 1-48 mg and multiple
doses of 3-24 mg twice-daily using the IR formulation were
evaluated across these studies [10, 11]. Using the IR formu-
lation, upadacitinib had a functional half-life of 3—4 h, which
supported twice-daily administration of the IR formulation.
To simplify the upadacitinib dosing regimen in patients in
phase III studies, an extended-release (ER) tablet formula-
tion was developed that enables once-daily dosing [11, 12].
Upadacitinib ER doses of 15 and 30 mg once daily were
evaluated in global phase III studies in subjects with RA
[13].

The pharmacokinetics of upadacitinib were previously
characterized using non-compartmental analyses of indi-
vidual phase I studies for the IR and ER formulations [10,
12], as well as using a population pharmacokinetic analysis
across phase I and RA phase II studies after administration
of the IR formulation [14]. Overall, upadacitinib showed
linear pharmacokinetics over the range of doses evaluated in
phase I and II studies. Upadacitinib peak plasma concentra-
tions (C,,,,) were reached within 1-2 h after IR dosing, and
2-4 h after ER dosing, followed by a bi-exponential decline
of plasma concentrations. The terminal half-life of upadaci-
tinib ranged from 6 to 16 h following administration of the
IR or ER formulations. Upadacitinib doses of 15 and 30 mg
once daily using the ER formulation provided equivalent
daily area under the concentration—time curve (AUC) and
comparable C,,,, and minimum plasma concentration (C,,)
to 6 mg twice daily and 12 mg twice daily, respectively,
using the IR formulation [12].

Upadacitinib is a non-sensitive substrate for cytochrome
P450 (CYP) 3A, and in vitro data indicate a potential minor
contribution to upadacitinib metabolism by CYP2D6.
Approximately 20% of the upadacitinib dose is eliminated
unchanged in urine. In a population analysis of phase I and
RA phase II studies [14], CYP2D6 metabolic phenotype had
no effect on upadacitinib apparent oral clearance. Addition-
ally, sex, renal impairment (mild or moderate), and body-
weight had statistically significant but non-clinically relevant
effects on upadacitinib pharmacokinetics. Upadacitinib typi-
cal oral clearance in RA patients was 24% lower compared
with healthy subjects.

The efficacy and safety of upadacitinib have been evalu-
ated in two phase IIb studies using the IR formulation, five
global phase III studies using the ER formulation, and one
regional phase IIb/III study in Japan using the ER formula-
tion [11, 15]. Results from the five phase III studies demon-
strated that upadacitinib, administered as monotherapy or
in combination with conventional synthetic disease-modi-
fying antirheumatic drugs (csDMARDs), showed rapid and
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significant improvements in clinical signs and symptoms in
subjects with moderate to severe RA compared with placebo
or active comparators [13, 16-20].

Given the additional large data that recently became avail-
able from the global phase III and Japanese phase IIb/IIT
studies using the upadacitinib ER formulation in subjects
with RA, an update of the characterization of upadacitinib
pharmacokinetics was warranted. Such a large analysis data-
set provides greater power for characterizing the effect of
covariates on upadacitinib pharmacokinetics. Additionally,
this is the first characterization of upadacitinib pharmacoki-
netics from the ER formulation in RA patients. In the present
analyses, available upadacitinib pharmacokinetic data from
12 studies spanning phase I-III clinical trials utilizing IR
and ER formulations were combined and analyzed simul-
taneously using non-linear mixed-effects modeling. Vari-
ous covariates of interest were evaluated to determine their
potential effect on upadacitinib exposures.

2 Methods
2.1 Study Design and Population

Data from four phase I studies that enrolled healthy volun-
teers and RA patients, two phase II studies in RA patients,
five phase III studies in RA patients, and one regional phase
IIb/IIT study in Japanese RA patients were utilized in the
population pharmacokinetic analyses. Healthy volunteers
received upadacitinib as monotherapy; subjects with active
RA received upadacitinib as monotherapy or in combina-
tion with methotrexate or other csDMARDs. An overview
of study design, treatment, population, and pharmacoki-
netic sampling for the 12 studies included in these analy-
ses is shown in Table 1. In these studies, upadacitinib was
administered at doses of 1-48 mg using the IR formulation
and 7.5-30 mg using the ER formulation. The studies were
designed according to good clinical practice guidelines, the
Declaration of Helsinki, and applicable regulations, and
were approved by Institutional Review Boards. All partici-
pants provided written informed consent.

Blood samples for pharmacokinetic analyses were col-
lected at a variety of time points across the 12 studies.
Plasma upadacitinib concentrations were quantified using
validated liquid chromatography methods with tandem
mass spectrometric detection, as previously described [10].
Upadacitinib concentration values below the lower limit of
quantification (LLOQ) observed during the studies were set
to one-half of the LLOQ [21]; the second and all subsequent
concentrations below the LLOQ recorded after the last dose
were censored in the analyses. In addition, an outlier iden-
tification and exclusion rule was applied to avoid bias in
the population and individual pharmacokinetic parameter

estimates. Details of the outlier rules are provided in the
electronic supplementary Methods. Only 0.9% of all data-
set concentrations were flagged as clear outliers that likely
resulted from inaccurate dosing records and were hence
excluded from the analysis. To ensure that the exclusion
rules applied did not bias the population pharmacokinetic
model parameter estimates, the final model developed with
the dataset applying the exclusion rules outlined above was
re-run on the full dataset including the outliers to evaluate
the impact of outliers on parameter estimates.

2.2 Pharmacokinetic Analysis
2.2.1 Model Development

A non-linear mixed-effects modeling approach was utilized
to analyze the upadacitinib data. NONMEM® software (ver-
sion 7.4.2) compiled with a GNU Fortran compiler was used
for the analyses. The pharmacokinetic models were fit to
the data using the first-order conditional estimation with
interaction (FOCEI) method. The population pharmacoki-
netic model was built in a stepwise manner. An appropriate
structural model was developed first and terms were added
for intersubject variability (ISV) and residual error, and the
significance of potential covariates was then tested. Model
development was guided by goodness-of-fit plots, likelihood
ratio tests [22], plausibility of parameter estimates, and pre-
vious learnings of upadacitinib pharmacokinetics [14].
Intersubject variability in pharmacokinetic parameters
was modeled using an exponential error model (Eq. 1):

P, =0 - exp (’h) €h)
where P; is the parameter estimate for ith individual, and 7,
is the deviation of P; from the population estimate 6. 7, is
assumed to be normally distributed, with a mean of 0 and
variance of w?.

Residual unexplained variability was modeled using a
combination of additive and proportional error terms (Eq. 2):

Cy=Cy - (1+ey) +ey )

where C;; i§ the measured plasma concentration in subject i
at time j, C;; is the corresponding model-predicted plasma
concentration, and €,; and &,; are the proportional and addi-
tive components of the residual random error. The ¢,;; and
€; values were assumed to be normally distributed, with a
mean of 0 and variances of ¢,% and 6,7, respectively: &, ~
N, 6,2).

Covariates assessed for their influence on pharmacoki-
netic parameters included:

e For apparent clearance (CL/F): baseline serum bili-
rubin concentration, baseline creatinine clearance
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Table 1 Summary of studies included in the population pharmacokinetic analyses

Study

Population

Nd

Study design; pharmacokinetic Upadacitinib doses

sampling

Formulation References

Phase |

Study 1, substudy 1

Study 2

Study 3, substudy 1

Study 3, substudy 2

Study 4, parts 1
and 2

Study 4, part 3

Study 4, part 4

Study 4, part 5

Healthy subjects

Healthy subjects

Healthy subjects

Subjects with mild to

moderate RA

Healthy subjects

Healthy subjects

Healthy subjects

Healthy subjects

56

45

44

14

23

34

12

12

Single-dose, randomized,
placebo-controlled;

17 samples up to 72 h post-
dose

Single-dose, randomized,
placebo-controlled;

17 samples up to 72 h post-
dose

Multiple-dose, randomized,
placebo-controlled;

11 samples up to 12 h post
day 1 morning dose, and
18 samples up to 72 h post
day 14 dose

Single predose samples on
days 5 6,7, and 13

Multiple-dose, randomized,
placebo-controlled;

11 samples up to 12 h post
day 1 morning dose and
18 samples up to 72 h post
day 14 dose

Single predose sample on days
56,7,and 13

Multiple-dose, randomized,
placebo-controlled;

11 samples up to 12 h post
day 3 and day 28 morning
doses, and 17 samples up to
48 h post day 29 dose

Single predose sample on days
8,15, and 22

Single-dose, randomized;
16 samples up to 72 h post-
dose

Multiple-dose, randomized,
placebo-controlled;

12 samples up to 24 h post day
1 dose, and 15 samples up to
72 h post day 7 dose

Single predose sample on days
3,4,5,and 6

Multiple-dose, randomized;

9 samples up to 12 h prior to
evening dose, 8 samples up
to 24 h post days 1 and 7
morning doses

Single predose sample on days
3,4,5,and 6

Multiple-dose, randomized;

12 samples up to 24 h post day
1 dose, and 15 samples up to
72 h post day 7 dose

Single predose sample on days
3,4,5,and 6

1,3,6,12,24, 36,48 mg

3, 6,24 mg

18 mg bid for 14 days

3,6, 12, 24 mg bid for

14 days

6, 12,24 mg

12 and 24 mg
15 and 30 mg

15 and 30 mg qd

6 and 12 mg bid

15 and 30 mg qd

IR

IR
IR

IR

IR

IR
ER

ER

ER

ER

[10]

[10]

[10]

[10]

[12]

[12]

[12]

[12]

Phase II
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Table 1 (continued)

Study

Population

Nd

Study design; pharmacokinetic

sampling

Upadacitinib doses

Formulation

References

Study 5

Study 6

Phase IIb/I11
Study 7

Phase I1I
Study 8

Study 9

Study 10

Study 11

Study 12

Subjects with moder-
ate to severely active
RA

Subjects with moder-
ate to severely active
RA

Japanese subjects with
moderate to severe
RA

Subjects with moder-
ate to severe RA

Subjects with moder-
ate to severe RA

Subjects with moder-
ate to severe RA

Subjects with moder-
ate to severe RA

MTX-naive subjects
with moderate to
severe RA

300

276

192

499

661

600

1500

975

Randomized, placebo-

controlled dose-ranging
Single predose trough sample
at weeks 2,4, 6, 8, and 12
Samples at 1, 2, 3 h after the
morning dose on day 1 and
week 8 in approximately 30%

of subjects

Randomized, placebo-

controlled dose-ranging
Single predose trough sample
at week 2, 4, 6, 8, and 12
Samples at 1, 2, 3 h after the
morning dose on day 1 and
week 8 in approximately 30%

Randomized, double-blind,
parallel-group, placebo-

controlled

Single sample at weeks 1, 2, 4,
8 and 12/PD, and serial PK
samples during one visit in
approximately 32 subjects
prior to dosing and at 0.5, 1,
1.5,2,3,4,6,9,12and 24 h

after dose

Randomized, double-blind,
parallel-group, placebo-

controlled

Single sample at weeks 1, 2, 4,
8,12, 16, 20, and 24/PD

Randomized, double-blind,
parallel-group, placebo-

controlled;

Single sample at weeks 1, 2, 4,

8, and 12/PD

Randomized, double-blind,
parallel-group, controlled
Single sample at weeks 2, 4, 8,

and 14/PD

Randomized, double-blind,
parallel-group, placebo-
controlled and active compar-

ator-controlled

Single sample at weeks 2, 4, 8,
12, 14, 18, 22, 26, 30, 36, 42,

and 48/PD

Randomized, double-blind,

parallel-group, active
comparator-controlled

Single sample at weeks 2, 4,
12, 16, 20, 24, 32, 36, 40,

and 48/PD

3,6,12, and
18 mg bid and
24 mg qd

3,6, 12, and 18 mg bid

7.5, 15,30 mg qd

15,30 mg qd

15,30 mg qd

15,30 mg qd

15 mg qd

7.5, 15,30 mg qd

IR

IR

ER

ER

ER

ER

ER

ER

[11]

[15]

[20]

[13]

[16]

[19]

[17]

[18]

qd once daily, bid twice daily, RA rheumatoid arthritis, PD premature discontinuation, MTX methotrexate, /R immediate-release formulation, ER
extended-release formulation, PK pharmacokinetic

#Total number of subjects enrolled in the study
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(CrCl), baseline total bodyweight, age, baseline aspar-
tate aminotransaminase (AST), baseline alanine ami-
notransferase (ALT), baseline Disease Activity Score
(DAS) 28-C-reactive protein (CRP), baseline high-
sensitivity CRP (hsCRP), sex, race (White, Black, His-
panic, Asian), country (Taiwan, Japan, China, Korea),
concomitant use of methotrexate, concomitant use of any
pH-modifying medications, concomitant use of antac-
ids, concomitant use of H2 blockers, concomitant use of
proton-pump inhibitors, concomitant use of moderate or
strong CYP3A inhibitors, and concomitant use of strong
CYP3A inducers.

e For apparent volume of distribution of the central com-
partment (Vc/F): sex, race (White, Black, Hispanic,
Asian), baseline total bodyweight, and country (Taiwan,
Japan, China, Korea).

e For relative bioavailability of the ER formulation: upa-
dacitinib dose, concomitant use of antacids, concomi-
tant use of H2 blockers, concomitant use of proton pump
inhibitors, concomitant use of any pH-modifying agents,
concomitant use of moderate or strong CYP3A inhibi-
tors, and concomitant use of strong CYP3A inducers.

For healthy subjects with missing DAS28—CRP or hsCRP
at baseline, values of 0.96 and 0.15 mg/L, respectively, were
imputed. For all other missing continuous covariates, the
study median value was assigned. Use of concomitant medi-
cation was evaluated as a time-varying covariate. Missing
co-medication information was imputed with no use. Con-
tinuous covariates were included in the model with a power
function centered on the median covariate value. The frac-
tional differences between groups for categorical covariates
were determined using a multiplicative model. Relationships
between individual pharmacokinetic parameter estimates and
possible covariates were explored using graphical techniques.
Stepwise inclusion of covariates in the model involved testing
the effect of each covariate on the relevant model parameters
in separate model runs. In the first step, all covariates were
tested to improve the model fit. The most significant covariate
among the significant covariates (p < 0.01) was included in
the model, and all covariates that had been significant in the
first step were tested again in a second step. This procedure
was repeated until no covariates could be included anymore.
The model resulting from this forward inclusion process is
referred to as the full model. Once the full model was defined,
it was used as the starting model for the backward elimination
process. All included covariate relations were evaluated by
comparing the starting model to a model without the particu-
lar covariate—parameter relationship. If insignificant covari-
ates (p > 0.001) were found, the covariate relationship that
resulted in the least significant increase in objective function
value (OFV) was discarded, and the reduced model was used
as the starting model for the next iteration of the backward
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elimination process. This process was repeated until no insig-
nificant covariates were left in the model. The resulting model
was referred to as the final model.

2.2.2 Final Model Evaluation

2.2.2.1 Bootstrap To estimate confidence intervals (CI) of
the model parameters, 500 bootstrap replicates were con-
structed by randomly sampling (with replacement) N sub-
jects from the original dataset, where N is the number of
subjects in the original dataset. Model parameters were esti-
mated for each bootstrap replicate and the resulting values
were used to estimate medians and Cls. Bootstrap statistics
were based on replicates that converged successfully. The
medians and 95% Cls for bootstrap model parameters were
derived as the 50th percentile and the range from the 2.5th
to the 97.5th percentiles of the results from individual repli-
cates. Model parameters based on the original dataset were
compared against the bootstrap results.

2.2.2.2 Visual Predictive Checks For visual predictive
checks (VPCs), 400 simulated replicates of the pharma-
cokinetic dataset were generated using NONMEM and PsN
4.7. Subsequently, the simulated data were compared with
the observed data by superimposing the median, 2.5%, and
97.5% of the observed data with 95% prediction bands of
each of these percentiles from the simulations. In addition,
prediction-corrected VPCs were generated for the ER for-
mulation [23].

2.2.3 Evaluation of the Impact of Statistically Significant
Covariates on Upadacitinib Exposures

After identifying the statistically significant covariates for
upadacitinib pharmacokinetic parameters, simulations were
performed to explore their clinical relevance or impact on
upadacitinib AUC and C,,,, at steady state. Simulations
with 200 replicates of the dataset using the demographics
of the RA patient population from the phase II and III stud-
ies were performed. Simulations for each of the statistically
significant covariates of interest were carried out separately
while fixing the other covariates to the reference value. The
mean of the ratios across the replicates and the 90% CI for
the mean (5th and the 95th percentiles of the ratios) were
calculated and summarized graphically using a forest plot.

3 Results
3.1 Dataset and Demographic Summary

Evaluable pharmacokinetic data were available from
4170 subjects, with a total of 29,372 upadacitinib plasma
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concentrations collected following 1-48 mg doses using the
IR formulation and 7.5-30 mg doses using the ER formula-
tion. Approximately 3.6% of data points (1087 records) were
below the LLOQ (see electronic supplementary material).
Given the small fraction of concentrations below the LLOQ,
the M5 imputation method was used by imputing below
the limit of quantification (BLQ) concentrations with the
LLOQ/2 [21]. Given the nature of data collection in phase
II and III trials, an outlier identification and exclusion rules
were applied as described in the electronic supplementary
Methods. Using these rules, only 0.9% of all dataset con-
centrations were flagged as clear outliers that likely resulted
from inaccurate dosing records and were hence excluded
from the analysis.

A summary of the key baseline demographics of the sub-
jects who participated in the studies is shown in Table 2.
The subject population was predominantly White (80%) and
female (76%), with a mean age of 54 years and mean body-
weight of 76 kg. The majority of subjects had moderate to
severe RA (96%), while approximately 65% of subjects had
background methotrexate use. Approximately 3% and 40%
of subjects included in the analysis dataset were reported to
have used a moderate CYP3A or pH-modifying agents con-
comitantly, respectively, while receiving upadacitinib. The
calculated CrCl for subjects included in the dataset ranged
from 30.2 to 391 mL/min.

3.2 Population Pharmacokinetic Model

Based on the prior analysis of upadacitinib pharmacokinetic
data from phase I and II trials [14], model development
started with a two-compartment pharmacokinetic model
with linear absorption and lag time for the IR formulation.
The starting model included ISV on apparent clearance
(CL/F) and volume of distribution of the central compart-
ment (Vc/F). For the ER formulation, a mixed zero- and
first-order absorption model with lag time was assumed.
Alternative absorption models for the ER formulation
(mixed zero- and first-order absorption without lag time, lin-
ear absorption with and without lag time) were explored but
provided a worse OFV compared with the previous model.
Subsequently, ISV on the different absorption parameters
was tested to improve the fit, and adding ISV on the absorp-
tion rate constant (Ka) for the ER formulation was selected
for further development. Additional model refinements were
explored to improve the model fit. A model with different
ISV on CL/F and Vc/F between phase I and phase II/III
studies was found to reduce the OFV by 152 points. A split
of the proportional residual error between phase I and phase
II/IIT studies was tested and was found to further improve
the fit by a 1108-point reduction in the OFV. The estimation
of ISV variability on the Ka of the IR formulation was not
numerically feasible with the current dataset. A covariate

effect of the subject population (RA, yes/no) on CL/F was
included in the model prior to testing other covariates, based
on the findings from the previous population analyses of
upadacitinib phase I and II clinical trials [14]. This led to
further improvement of the model by a 233-point reduction
in the OFV and was thus included in the base model.

The effect of covariates on upadacitinib pharmacokinetics
was evaluated using a forward inclusion and backward elimi-
nation approach, as described in the Methods section. After
completion of stepwise forward inclusion, the full model
included RA, CrCl, bodyweight on CL/F, and bodyweight
and sex on Vc/F. When backward elimination was performed
on the full model, sex on Vc/F did not maintain statistical
significance (p > 0.001) and was hence removed from the
model. Other evaluated covariates (sex, race, concomitant
use of pH-modifying agents, moderate CYP3A inhibitors,
strong CYP3A inducers, or background methotrexate) did
not correlate significantly with upadacitinib pharmacoki-
netic parameters.

The final model was re-run without excluding the outli-
ers identified, as described in the electronic supplementary
Methods section. Pharmacokinetic parameter estimates
obtained from the models with or without inclusion of the
outliers are compared in electronic Supplementary Table 1.
The fixed-effects pharmacokinetic parameters, as well as
residual variability, showed negligible differences between
the models with and without outliers. As expected, the ISV
estimates get inflated by up to 21% and show bias in their
distribution after inclusion of outliers relative to the model
without the outliers. The final model without outliers was
used for further assessment.

The estimated pharmacokinetic parameter values, the
effect of the covariates, and their associated variability for
the final upadacitinib pharmacokinetic model are listed in
Table 3. A bootstrap of the final model was performed with
replicated datasets stratified by formulation [stratification
categories: (1) phase I and II studies with the immediate-
release formulation; (2) phase III studies with the extended-
release formulation; and (3) a phase I study that evaluated
both formulations] to guarantee a sufficient number of sub-
jects to estimate the parameters for the IR formulation. A
total of 456/500 runs (91.2%) converged successfully in the
bootstrap analysis. The estimated pharmacokinetic param-
eter values based on the original dataset were in good agree-
ment with the medians of the parameter values estimated
from the bootstrap (Table 3). The bootstrap confirmed the
robustness of the parameter estimates and the 95% CI did
not include the value for no effect for any of the included
covariate effects.

The goodness-of-fit plots for the final model are depicted
in Electronic Supplementary Figs. 1 and 2. The plots of
individual-predicted, population-predicted versus observed
concentrations indicated that the model adequately describes
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most of the upadacitinib observations and no model mis-
specification. The conditional weighted residuals (CWRES)
did not show a systematic trend when plotted against time
since last dose or versus the population-predicted concen-
tration, indicating a lack of systematic bias. A cluster of
high CWRES values was observed close to 24 h since the
last dose and at very low population-predicted concentra-
tions. Both observations could be a result of a less than
optimal recording of dosing times relative to sampling in
the phase II and III setting. Overall, the model performance
in describing the observed upadacitinib exposures based on

these goodness-of-fit plots was adequate. VPCs with 400
replicates for the upadacitinib concentrations plotted versus
time since the last dose, stratified by dose group and formu-
lation used, show good agreement between simulated and
observed data across the doses and formulations evaluated
with respect to overall trend and variability (Figd. 1, 2). An
additional prediction-corrected VPC (pcVPC) for upadaci-
tinib concentrations from the ER dose groups confirmed that
the model adequately described the central tendency and
variability of the data (Fig. 3).

Table 2 Baseline demographics, and other intrinsic or extrinsic factors of interest for subjects included in the population pharmacokinetic analy-

ses dataset

Characteristics Phase I[N =188] Phase Il [N =456] Phase IIb/III Phase III All subjects
[N = 147] [N =3379] [N =4170]
Age, years Mean (SD) 36.0 (11.50) 56.0 (12.33) 55.5 (11.90) 54.5 (12.13) 53.9 (12.73)
Range 19.0-70.0 19.0-85.0 19.0-78.0 18.0-87.0 18.0-87.0
Bodyweight, kg Mean (SD) 75.4 (11.09) 76.4 (15.98) 58.3 (11.31) 77.2 (19.98) 76.4 (19.33)
Range 52.0-101.0 42.0-134.0 40.0-93.0 36.0-196.0 36.0-196.0
BMI, kg/m? Mean (SD) 25.3(3.07) 28.4 (5.30) 23.1 (3.85) 28.9 (6.84) 28.5 (6.60)
Range 18.5-33.4 18.8-44.3 16.2-41.5 13.3-71.9 13.3-71.9
Sex Male 164 (87) 95 (21) 35 (24) 697 (21) 991 (24)
Female 24 (13) 361 (79) 112 (76) 2682 (79) 3179 (76)
Race White 83 (44) 426 (93) - 2827 (84) 3336 (80)
Black 52 (28) 21 (5) - 183 (5) 256 (6)
Asian 34 (18) 3() 147 (100) 290 (9) 474 (11)
Multiple races 18 (10) 5(D) - - 23 (1)
Other 1(1) 1(0) - 79 (2) 81 (2)
Subject population  Healthy subjects 178 (95) - - - 178 (4)
Subjects with RA 10 (5) 456 (100) 147 (100) 3379 (100) 3992 (96)
High-sensivity Mean (SD) 2.5(4.21) 13.6 (18.11) 13.9 (15.09) 17.9 (21.88) 17.1 (21.25)
C-f;’ilftiVe protein, Range 0.1-28.0 0.1-135.3 0.8-84.6 0.2-207.0 0.1-207.0
mg
DAS28 C-reactive ~ Mean (SD) Not collected 5.7 (0.95) 5.1 (0.91) 5.8 (0.97) 5.7 (0.97)
protein® Range Not collected 3.0-8.0 34-7.8 1.8-8.4 1.8-8.4
Methotrexate use No 178 (95) - 24 (16) 1270 (38) 1472 (35)
Yes 10 (5) 456 (100) 123 (84) 2109 (62) 2698 (65)
Creatinine clear- Mean (SD) 111.7 (21.86) 109.6 (36.25) 96.3 (28.14) 115.1 (38.98) 113.7 (37.92)
ance, mL/min Range 64.1-184.7 41.2-241.1 38.3-173.1 30.2-390.9 30.2-390.9
CYP3A inhibitors ~ None/weak 188 (100) 436 (96) 144 (98) 3248 (96) 4016 (96)
Moderate - 16 (4) 2(1) 118 (3) 136 (3)
Strong - 4(1) 1(1) 13 (0.4) 18 (0.4)
CYP3A inducers None/weak/mod- 188 (100 453 (99) 147 (100) 3371 (99.8) 4159 (99.7)
erate
Strong - 3(1) - 8(0.2) 11 (0.3)
pH-modifying No 188 (100) 278 (61) 70 (48) 1946 (58) 2482 (60)
drugs Yes - 178 (39) 77 (52) 1433 (42) 1688 (40)

Data are expressed as n (%) unless otherwise specified
SD standard deviation, BMI body mass index, RA rheumatoid arthritis, DAS28 Disease Activity Score 28, CYP cytochrome P450

“High-sensivity C-reactive protein was collected for 52 of the phase I subjects and 4034 subjects overall

"DAS28 C-reactive protein was not collected in phase I studies, resulting in 3982 subjects overall

A\ Adis



PopPK of Upadacitinib in Healthy Subjects and Subjects with RA

1053

3.2.1 Impact of Significant Covariates on Upadacitinib
Exposures

The impact of statistically significant covariates identified
in the population pharmacokinetic analyses on upadacitinib
steady-state AUC and C,,, are presented in Fig. 4. The
forest plot was created using the methodology described
in the Methods section. For bodyweight, the test group
was 60-100 kg and the reference groups were <60 kg
and > 100 kg. For CrCl, the reference group was >90 mL/
min and the test groups were 60 to <90 mL/min and 30 to
<60 mL/min.

Based on the simulations, subjects with RA with a body-
weight <60 or > 100 kg were predicted to have 5% higher
or lower AUC, on average, and 18% higher or lower C, .,
on average, respectively, compared with subjects with a
bodyweight of 60—100 kg. Subjects with mild (CrCl 60
to <90 mL/min) or moderate (30 to <60 mL/min) renal
impairment are predicted to have approximately 13 and 26%
higher AUC, respectively, compared with subjects with nor-
mal renal function.

4 Discussion

Upadacitinib is a novel selective JAK 1 inhibitor being
developed for the treatment of patients with moderate to
severe RA. The recent results from phase III studies dem-
onstrated that upadacitinib monotherapy or in combina-
tion with csDMARDs significantly improved the clinical
signs and symptoms in subjects with moderate to severe
RA [13, 16-20]. The current article describes a population
pharmacokinetic model that integrates upadacitinib plasma
concentration data from five global phase III studies, one
regional phase IIb/III study in Japan, two phase II studies,
and four phase I studies conducted in healthy subjects or
subjects with moderate to severe RA. This comprehensive
pharmacokinetic analysis used data from 4170 subjects, with
a total of 29,372 plasma upadacitinib concentrations, with
doses ranging from 1-48 mg using the IR formulation and
7.5-30 mg using the ER formulation. As part of the model-
building process, demographics and clinical characteristics
that may influence upadacitinib exposures were evaluated.
This is the first report of upadacitinib pharmacokinetics from
the ER formulation in RA patients.

Upadacitinib pharmacokinetics were adequately
described by a two-compartment model with first-order
absorption with lag time for the IR formulation, mixed
zero- and first-order absorption with lag time for the ER
formulation, and linear first-order elimination. The inclu-
sion of data from several phase I, II, and III studies enabled
the development of a robust population pharmacokinetic
model, with all the structural parameters estimated with

good precision (Table 3). The estimated apparent oral clear-
ance and steady-state volume of distribution (represented as
the sum of the central and peripheral volume of distribution)
in healthy subjects were 53.7 L/h and 294 L, respectively, for
the ER formulation. The ISV for upadacitinib apparent oral
clearance and apparent central volume of distribution were
estimated to be 21% and 24%, respectively, in the phase I
population, and 37% and 53%, respectively, in the phase II/
III population. The ISV in the phase II/III population was
slightly higher compared with the phase I population, which
was expected given the wider inclusion criteria of phase II
and III studies compared with phase I studies, as well as
the sparse and less-controlled pharmacokinetic assessment
for phase II and III trials. The oral bioavailability of the ER
formulation relative to the IR formulation was estimated to
be 76%. Upadacitinib was not evaluated with intravenous
administration in humans, therefore the absolute bioavail-
ability of upadacitinib was not estimated in the present
analysis. The administration of pH-modifying medications
had no effect on upadacitinib absorption from the ER for-
mulation. Upadacitinib bioavailability was dose-proportional
over the evaluated ER dose range of 7.5-30 mg. The phar-
macokinetic structural parameters for the upadacitinib IR
formulation were consistent between the previously reported
model utilizing data from phase I and II trials [14] and the
current model with the larger dataset including phase III RA
trials. Additionally, upadacitinib pharmacokinetics for the IR
and ER formulations in the presented analyses are consist-
ent with prior non-compartmental assessments in healthy
subjects [10, 12].

The effect of various factors of interest on upadacitinib
pharmacokinetics was evaluated within the framework of
the population pharmacokinetic model. An influence of
subject population (RA subjects vs. healthy subjects) on
upadacitinib clearance was observed. RA subjects were
estimated to have 25% lower upadacitinib clearance (lead-
ing to 33% higher estimated upadacitinib AUC) compared
with healthy subjects. This estimate is consistent with pre-
vious upadacitinib population pharmacokinetics [14], as
well as non-compartmental analyses [10], and is similar to
prior observations with other JAK 1 inhibitors [24, 25]. IL-6
is commonly elevated in RA subjects and has been shown
to suppress CYP3A metabolic activity [26]. The observed
slightly higher upadacitinib clearance in RA subjects could
be hypothesized due to the combination of the IL-6 effect
and characteristics of the RA disease population. However,
baseline hsCRP (a marker for inflammation) was not cor-
related with upadacitinib clearance. Additionally, there was
no time-dependent change in upadacitinib clearance with
continued upadacitinib treatment, as demonstrated by the
lack of trend for change in CWRES versus time from the
model fit (Electronic Supplementary Fig. 2). It is possible
that the observed small difference in upadacitinib clearance
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Table 3 Parameter estimates and variability for the upadacitinib final pharmacokinetic model

Parameter Population analysis Bootstrap analysis®
Estimate (%RSE) Median 95% C1

CL/F (L/h) 40.9 (1.6) 41.3 39.6-42.5
Vc/F (L) 156 (1.7) 156 150-161
Q/F (L/h) 3.22(5.8) 322 2.86-3.63
Vp/F (L) 68.0 (7.2) 67.4 59.7-78.3
Extended-release Ka (1/h) 0.0523 (6.0) 0.0523 0.0460-0.0590
Extended-release absorption lag time (h) 0.154 (7.7) 0.155 0.110-0.186
Fraction of extended-release dose absorbed through zero-order process (%) 74.5 (1.7) 74.3 71.3-77.0
Zero-order infusion duration (h) 3.29 (1.7) 3.29 2.77-3.63
Immediate-release Ka (1/h) 2.77 (7.4) 2.77 2.35-3.25
Immediate-release absorption lag time (h) 0.200 (3.9) 0.202 0.176-0.225
Bioavailability of the extended-release formulation relative to the immediate- 76.2 (1.4) 76.3 73.0-79.7

release formulation (%)
CL/F ratio of RA patients compared with healthy subjects 0.754 (1.7) 0.754 0.727-0.777
Covariate exponent of creatinine clearance on CL/F 0.256 (10.0) 0.256 0.205-0.305
Covariate exponent of weight on Vc/F 0.804 (8.0) 0.789 0.656-0.921
Covariate exponent of weight on CL/F 0.132 (28.7) 0.127 0.0595-0.206
ISV on CL/F in phase I (%) 20.5 (30.6) 20.3 18.3-22.3
ISV on CL/F in phase II/III (%) 36.5 (23.2) 36.9 35.1-38.9
ISV on V¢/F in phase I (%) 24.4 (37.6) 24.1 20.9-27.7
ISV on V¢/F in phase /11 (%) 53.0 (36.6) 53.2 45.1-61.5
ISV on extended-release Ka (%) 66.8 (34.9) 66.2 58.1-74.8
Proportional error SD in phase I 0.344 (23.9) 0.344 0.324-0.370
Additive error SD (ng/mL) 0.0858 (54.5) 0.0858 0.0467-0.109
Proportional error SD in phase II/I11 0.543 (14.0) 0.543 0.533-0.555

CL/F apparent clearance, ISV intersubject variability, Ka absorption rate constant, Q/F apparent intercompartmental clearance, RA rheumatoid
arthritis, RSE relative standard error, SD standard deviation, Vc/F apparent volume of distribution of the central compartment, V,/F apparent vol-

ume of distribution of the peripheral compartment, C/ confidence interval

%ISV was calculated as SQRT(w?) x 100
2456/500 successful runs

between subjects with RA and healthy subjects is due to
a combination of factors presented collectively in the RA
population (e.g. older age, lower metabolic capacity, and
possibly inflammation), as we previously noted [14]. Body-
weight and creatinine clearance were identified as significant
covariates affecting upadacitinib oral clearance; however,
the covariate effects of bodyweight and creatinine clear-
ance only explained approximately 2.4% and 6.6% of the
ISV on clearance in phase I and phase II/III studies, respec-
tively. Subjects with RA who have mild and moderate renal
impairment are estimated to have 13% and 26% higher
AUC, respectively, compared with subjects with normal
renal function. The prior analysis of data from a phase I
study indicated that only a small percentage (approximately
20%) of administered upadacitinib doses is eliminated via
the renal pathway [10]; hence, the small effect on upadaci-
tinib exposure does not warrant any adjustment of upadaci-
tinib dose. Estimates for the effect of renal impairment on

A\ Adis

upadacitinib exposures from a recent dedicated phase I study
are consistent with the estimated effects based on population
pharmacokinetic analyses [27].

Upadacitinib is a non-sensitive substrate for CYP3A,
and a study with a strong CYP3A inhibitor, ketoconazole,
showed a limited (approximately 75%) increase in upadaci-
tinib exposures [28]. In the current population pharmacoki-
netic analyses, CYP3A modulators were not identified as
significant covariates affecting upadacitinib apparent oral
clearance; however, it should be noted that only a small
percentage of the subjects used CYP3A modulators in the
studies included in the population pharmacokinetic analy-
sis dataset (3%: moderate CYP3A inhibitors; approximately
0.4%: strong CYP3A inhibitors; approximately 0.3%: strong
CYP3A inducers). Methotrexate remains the mainstay
therapy for RA [22-24] and upadacitinib may be used in
combination with methotrexate, hence the effect of metho-
trexate was evaluated in this analysis and was confirmed
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Fig. 1 Visual predictive checks of upadacitinib plasma concentrations
plotted versus time since last dose for the immediate-release formu-
lation, stratified by dose. The shaded blue areas represent the 95%
prediction interval of the 2.5th and 97.5th percentiles of observed

to not affect upadacitinib pharmacokinetics. Approximately
40% of subjects have reported using pH-modifying agents
concomitantly while receiving upadacitinib. The effect of
these agents was evaluated in the population pharmacoki-
netic analysis and was found to not affect upadacitinib
pharmacokinetics.

One of the challenges that occur when modeling the
data using phase II and III clinical trials is that the less than

concentrations, the red-blue areas represent the 95% of the 50th per-
centile of observed concentrations, the solid red line represents the
median of the observed concentrations, and the dashed red lines rep-
resent the 2.5th and 97.5th percentiles of the observed concentrations

optimal recording of dosing times relative to sampling can
lead to concentrations outside the expected range for time
since the last dose. Therefore, an outlier identification and
exclusion rule was applied to avoid bias in the population
and individual pharmacokinetic parameter estimates. A re-
run of the final model on data, including previously excluded
outliers, resulted in negligible changes in pharmacokinetic
parameter estimates, indicating a lack of potential bias
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Fig.2 Visual predictive checks
of upadacitinib plasma con-
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Fig.3 Prediction-corrected visual predictive check plotted versus
time since last dose using data for the extended-release formulation.
The shaded blue areas represent the 95% prediction interval of the
2.5th and 97.5th percentiles of the prediction-corrected observed con-
centrations, the red—blue areas represent the 95% prediction interval
of the 50th percentile of the prediction-corrected observed concen-
trations, the solid red line represents the median of the prediction-
corrected observed concentrations, and the dashed red lines represent
the 2.5th and 97.5th percentiles of the prediction-corrected observed
concentrations
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from outlier exclusions. Overall, these findings confirm the
robustness of the fixed-effects pharmacokinetic parameter
estimates. VPCs indicated that the final model described
the central tendency and variability of the data reasonably
well. The bootstrap analysis indicated robustness of the final
model.

5 Conclusions

A robust population pharmacokinetic model was developed
for upadacitinib using data from phase I-III clinical trials
in healthy volunteers and subjects with RA who received
upadacitinib IR or ER formulations. The model assessed
the impact of intrinsic and extrinsic factors of interest on
upadacitinib exposure. A slightly higher upadacitinib AUC
was estimated in RA patients than in healthy subjects. Sex,
race, concomitant use of pH-modifying agents, moderate
CYP3A inhibitors, or methotrexate use had no effect on
upadacitinib pharmacokinetics. Bodyweight and mild or
moderate renal impairment had statistically significant but
non-clinically relevant effects on upadacitinib exposures.
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The developed model was evaluated using diagnostic plots,
bootstrap, and VPCs, which all demonstrated its adequacy
and robustness for future use in pharmacokinetic simulations
or exposure—response analyses in RA.
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