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Abstract

Upadacitinib is a selective Janus kinase (JAK) 1 inhibitor being developed for treatment of rheumatoid arthritis.This study characterizes the relationships
between upadacitinib exposure and interleukin (IL)-6–induced signal transducer and activator of transcription proteins 3 (STAT3) phosphorylation
(pSTAT3) and IL-7–induced STAT5 phosphorylation (pSTAT5) in the ex vivo setting as measures for JAK1 and JAK1/JAK3 inhibition, respectively, with
comparison to tofacitinib.Drug plasma concentrations and ex vivo IL-6–induced pSTAT3 and IL-7–induced pSTAT5 in blood from subjects evaluated in
2 phase 1 studies who received immediate-release 1 mg to 48 mg upadacitinib,5 mg twice daily (BID) tofacitinib,or placebo were determined.Exposure-
response models were developed, and the effects of different upadacitinib doses on ex vivo biomarker responses were simulated and compared to
tofacitinib. Upadacitinib (and tofacitinib) reversibly inhibited IL-6–induced pSTAT3 and IL-7–induced pSTAT5 in a concentration-dependent manner.
Model-estimated values of 50% of the maximum effect were 60.7 nM for upadacitinib and 119 nM for tofacitinib for IL-6–induced pSTAT3 inhibition,
and 125 nM for upadacitinib and 79.1 nM for tofacitinib for IL-7–induced pSTAT5 inhibition. Tofacitinib 5 mg BID is estimated to have a similar
magnitude of effect on IL-6–induced pSTAT3 to�3 mg BID of upadacitinib (immediate-release formulation),whereas a 4-fold higher dose of upadacitinib
(�12 mg BID), is estimated to show a similar magnitude of inhibition on IL-7–induced pSTAT5 as tofacitinb 5 mg BID. This study confirms that in
humans, upadacitinib has greater selectivity for JAK1 vs JAK3 relative to the rheumatoid arthritis approved dose of tofacitinib, and results from these
analyses informed the selection of upadacitinib IR doses evaluated in phase 2.
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Rheumatoid arthritis (RA) is a chronic, progressive
inflammatory disease of synovial joints that can lead
to bone erosion, painful deformity, and disability.
The treatment of RA was revolutionized by the
introduction of biologic and conventional synthetic
disease-modifying antirheumatic drugs. Although these
treatments have profound efficacy in some patients,
there are a significant proportion of patients for whom
these drugs have inadequate activity or no effect at all.1,2

Cytokine signaling through Janus kinase (JAK) en-
zymes is critical for normal physiological functions,
including immune regulation and erythropoiesis, but
also plays an important role in the regulation of the
immune system in autoimmune inflammatory diseases
including RA.3–6 Therefore, inhibition of JAK enzymes
has been demonstrated to be an effective modality for
the treatment of several autoimmune diseases.7 The
JAK family comprises 4 members: JAK1, JAK2, JAK3,
and tyrosine kinase 2; these kinases, coupled with phos-
phorylation of various isoforms of signal transducer
and activator of transcription proteins (STATs), medi-
ate signaling of cytokine and growth factor receptors.8

Enhancing potency for JAK1, while minimizing the
inhibitory effects on other JAK isoforms, has been

hypothesized as a potential approach to improve risk-
benefit profiles of JAK inhibitors in the treatment of
RA compared to less selective JAK inhibitors.9–13
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Upadacitinib is a selective JAK1 inhibitor that is
currently in development for the treatment of several
inflammatory diseases, including RA.14–18 In cellular
assays, upadacitinib was �60-fold selective for JAK1
over JAK2, and >100-fold selective over JAK3.19 The
phase 1 program of upadacitinib evaluated the phar-
macokinetics and short-term safety and tolerability
of upadacitinib following the administration of single
immediate-release (IR) doses ranging from 1 mg to 48
mg in healthy subjects, multiple IR twice-daily (BID)
dosing ranging from 3 mg BID to 24 mg BID in
healthy subjects, and multiple IR BID doses ranging
from 6 mg BID to 24 mg BID in subjects with RA.20

Upadacitinib plasma exposure was approximately dose
proportional over the evaluated dose range, with no
significant accumulation with repeated BID dosing of
the IR formulation. Upadacitinib terminal elimination
half-life was 6 to 16 hours, and the functional half-
life, calculated from maximum observed plasma con-
centration (Cmax) to trough plasma concentration ratio
at steady state was 3 to 4 hours.20 Upadacitinib was
administered in phase 2 trials in RA in the form of IR
formulation. In order to enhance patient compliance
and provide amore convenient once-daily (QD) dosing,
upadacitinib extended-release (ER) formulation was
developed and was used in phase 3 trials. Upadacitinib
ER formulation has a relative bioavailability of 76%
relative to the IR formulation.21,22 A upadacitinib dose
of 15 mg QD using the ER formulation provides
equivalent daily area under the plasma concentration–
time curve (AUC) and similar Cmax and minimum
observed plasma concentration to 6 mg BID using the
IR formulation.22

Tofacitinib is a non-selective JAK inhibitor that was
approved by the US Food and Drug Administration
in 2012 for the treatment of subjects with moderate to
severe RA at a dose of 5 mg BID.23 In vitro, tofacitinib
potently inhibits JAK3, JAK1, and to a lower extent,
JAK2.24 Upadacitinib demonstrated greater inhibitory
potency in vitro to JAK1 and lower potency to
JAK3 compared to tofacitinib.19,25 To evaluate if
the greater selectivity of upadacitinib for JAK1 over
JAK3 compared to tofacitinib translates in human,
the present analyses were conducted using ex vivo
stimulation of STAT3 phosphorylation (pSTAT3) by
IL-6 (as a measure of JAK1 activity)26 and of STAT5
phosphorylation (pSTAT5) by IL-7 (as a measure of
JAK1/JAK3 activity)27 using blood samples collected
from 2 upadacitinib phase 1 clinical studies in healthy
subjects and in subjects with RA.20 The objectives of
these analyses were to characterize the relationships
between upadacitinib plasma exposures and IL-
6–induced pSTAT3 and IL-7–induced pSTAT5,
respectively, and to compare upadacitinib and
tofacitinib effects on these ex vivo pharmacodynamic

biomarkers. This work benchmarked the activity of
upadacitinib doses based on the biomarker effects
relative to the approved RA dose of tofacitinib, which
informed upadacitinib IR doses evaluated in phase 2
studies.

Methods
Data Sources and Subjects
Data from 2 phase 1 clinical studies were included in the
analyses. Both phase 1 studies used in the analyses were
conducted in accordance with Good Clinical Practice
guidelines and the ethical principles that have their
origin in theDeclaration of Helsinki. The protocols and
informed consent forms were approved by the institu-
tional review boards, and participants provided written
informed consent before any study-related procedures
were performed.

Overview of the design of the studies is presented in
Table 1. Details of the design and eligibility criteria for
the 2 studieswere previously described (except for Part 3
of Study 2, described below).20 The IR formulation
of upadacitinib was administered in both studies. In
Study 1, healthy subjects (N = 56) were randomized to
receive single doses of upadacitinib (1, 3, 6, 12, 24, 36,
and 48 mg) or placebo. Study 2 had 3 parts: in Part 1,
healthy subjects (N = 44) received multiple doses of
upadacitinib (3, 6, 12, or 24 mg) or placebo BID for
14 days; in Part 2, subjects with mild to moderate RA
(N = 14) received multiple doses of upadacitinib (6, 12,
or 24 mg) or placebo BID for 26 days on background
treatment of methotrexate (10-25 mg/week).

Study 2, Part 3, was a single-arm, open-label study
designed to characterize tofacitinib pharmacokinetics
and its effects on ex vivo pharmacodynamic biomarkers
in healthy subjects. Subjects received multiple doses of
tofacitinib 5 mg BID for 14 days. This part of the study
was conducted at PPD Development (Austin, Texas),
and the study protocol and informed consent were
approved by the RCRC Institutional Review Board
(Austin, Texas). Adult male and female subjects (N= 9)
between 18 and 55 years of age in general good health
based on the results of medical history, laboratory
profile, physical examination, chest x-ray, and 12-lead
electrocardiogram, with a body mass index of 19 to 29
kg/m2 were selected to participate in Study 2, Part 3.

Ex Vivo Measurements of IL-6–Induced Phosphorylation
of Signal Transducer and Activator of Transcription Pro-
teins 3 (pSTAT3) and IL-7–Induced pSTAT5
For each subject, blood samples were collected by
venipuncture into 2-mL sodium heparin tubes before
and at 1, 6, and 12 hours after administration of
upadacitinib (day 1 in Study 1; days 1 and 14 in
Study 2, Part 1; days 3 and 28 of Study 2, Part 2),
tofacitinib (days 1 and 14 in Study 2, Part 3), or placebo
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Table 1. Overview of the Studies Included in the Analysis

Study Population N
Study Design Pharmacokinetic

Sampling/Subject
Active

Treatment Dose(s)a Reference

1 Healthy subjects 56 Single-dose, randomized,
placebo-controlled

Upadacitinib 1, 3, 6, 12, 24, 36, 48 mg Mohamed et al20

2, Part 1 Healthy subjects 44 Multiple-dose, randomized,
placebo-controlled

Upadacitinib 3, 6, 12, 24 mg BID Mohamed et al20

2, Part 2 Subjects with mild to
moderate RA

14 Multiple dose, randomized,
placebo-controlled

Upadacitinib 6, 12, 24 mg BID Mohamed et al20

2, Part 3 Healthy subjects 9 Multiple dose, open-label Tofacitinib 5 mg BID –

BID, twice daily; RA, rheumatoid arthritis.
aUpadacitinib and tofacitinib were administered in the study as immediate-release formulations.

(day 1 in Study 1; days 1 and 14 in Study 2, Part 1; days
3 and 28 of Study 2, Part 2). The blood samples were
frozen and shipped to the AbbVie Bioresearch Center
(Worcester, Massachusetts) for processing and analysis.
IL-6–induced pSTAT3 and IL-7–induced pSTAT5were
assayed as previously described.19 Briefly, recombinant
human IL-6 or IL-7 (R&D Systems, Minneapolis,
Minnesota) was added to blood followed by addition
of surface antibodies (CD14-APC, CD3-fluorescein
isothiocyanate; BD Biosciences, San Jose, California),
sample lysis, wash, and resuspension in BD Perm
buffer III (BD Biosciences). Samples were then washed
and stained with pSTAT5-PE or pSTAT3-PE (BD
Biosciences) and analyzed on a FACSCalibur (BD
Biosciences). The percent change was calculated as a
change in pSTAT3 and pSTAT5 at 1, 6, and 12 hours
following drug administration divided by the baseline
measurement at t= 0 for each subjectmultiplied by 100.

Pharmacokinetic Assessments of Upadacitinib and
Tofacitinib
In healthy subjects, serial blood samples for
determination of upadacitinib or tofacitinib plasma
concentrations were collected before dosing and for
72 hours after single-dose administration of upad-
acitinib in Study 1 or for 12 hours after the first dose
and for 72 hours after the last dose administration
in Study 2, Part 1 (for upadacitinib), and Study 2,
Part 3 (for tofacitinib). In subjects with RA (Study 2,
Part 2), serial blood samples for upadacitinib assay
were collected over 12 hours following the first study
drug dose on study day 3, over 12 hours following the
morning study drug dose on study day 28, and over
48 hours following the last study drug dose on study
day 29 as previously described.20 Upadacitinib plasma
concentrations were measured using a validated high-
performance liquid chromatography–tandem mass
spectrometry as described previously.20 Tofacitinib
plasma concentrations were measured using a
validated high-performance liquid chromatography–
tandem mass spectrometry method at AbbVie (North
Chicago, Illinois) with lower limit of quantification of

0.6 ng/mL; the mean bias of the analytical assay was
�3.2%, and the percent coefficient of variation (as a
measure of precision) was �6.2%.

Pharmacokinetic Models for Upadacitinib and Tofacitinib
Plasma concentrations vs time data for upadacitinib
and tofacitinib were analyzed separately using the
nonlinear mixed-effects modeling software NONMEM
(Version 7.3; ICON Development Solutions, Ellicott
City, Maryland) to characterize upadacitinib and to-
facitinib pharmacokinetics with data from subjects in
Study 1 and Study 2. The pharmacokinetic models
were fitted to the data using the first-order conditional
estimation method with INTERACTION employed
within NONMEM. The population pharmacokinetic
analyses followed the same methodology we previously
reported elsewhere.21,28,29 The developed population
pharmacokinetic models used as input in the exposure-
response analyses were a 2-compartment model with
absorption lag time for upadacitinib (apparent oral
clearance of 45 L/h in healthy subjects and 36 L/h
in subjects with RA; steady-state apparent volume of
218 L) and a 1-compartment model for tofacitinib
(apparent oral clearance of 34.9 L/h and steady-state
apparent volume of 110 L). These parameter estimates
were consistent with estimates from more extensive
analyses including larger data sets and data from later-
phase trials.21,28,29

Exposure-Response Analyses for the Effect of Upadaci-
tinib and Tofacitinib on IL-6–Induced pSTAT3 and IL-7–
Induced pSTAT5
IL-6–induced pSTAT3 and IL-7–induced pSTAT5
models were built in a stepwise manner. The empir-
ical Bayesian individual pharmacokinetic parameters
from the pharmacokinetic models were used to build
exposure-response models and the data for upadac-
itinib and tofacitinib were fit simultaneously. First,
a model describing the placebo effect was developed
considering only the IL-6–induced pSTAT3 and IL-
7–induced pSTAT5 time course in subjects who re-
ceived placebo. Different placebo models (no placebo
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response, linear placebo response, exponential placebo
response) were evaluated.

The no placebo response model (intercept only) was
defined as:

P L ACeff = θ1 (1)

with θ1 representing the intercept. If needed, a slope
was added to the model to describe a linear time course
of the placebo response:

P L ACeff = θ1 + θ2 • T I M E (2)

with θ2 representing the slope. Alternatively, an expo-
nential model was defined as:

P L ACeff = θ1 + E X P(θ2 • T I M E) (3)

Second, the active treatment (upadacitinib and to-
facitinib) data were modeled along with the placebo
data to describe the IL-6–induced pSTAT3 and IL-
7–induced pSTAT5 time course under each treatment
group. Different effect models were evaluated to esti-
mate the time course of the dose-dependent effects of
upadacitinib and tofacitinib on IL-6–induced pSTAT3
and IL-7–induced pSTAT5.

The direct drug effect model was defined as a com-
bination of the placebo effect and a maximum effect
(Emax) model:

T otaleff = P L ACeff + θ3 • C p/
(
θ4 + C p

)
(4)

with θ3 representing the Emax and θ4 the drug concen-
tration producing 50% of Emax (EC50). Cp is the drug
plasma concentration generated from the empirical
Bayesian individual pharmacokinetic parameters. A
commonEmax parameter was used for upadacitinib and
tofacitinib with different EC50 values.

Delayed effect and indirect effect models were also
evaluated to estimate IL-6–induced pSTAT3 and IL-7–
induced pSTAT5 following upadacitinib or tofacitinib
administration.

Intersubject variability was evaluated using additive
error models for the placebo effect (or intercept) and
Emax, and exponential error models for the EC50 of
each drug. Residual variability was modeled using the
additive, proportional, or a combination of additive
and proportional error model and relevant covariate-
parameter relationships were investigated using for-
ward inclusion/backward elimination procedures.

Model selection was performed based on achieving
physiologically reasonable, precise, and statistically sig-
nificant parameter estimates (95% confidence intervals
do not include reference values). In addition, the like-
lihood ratio test was used for hypothesis testing to dis-
criminate among alternative nestedmodels. Because the

difference between 2 objective function values (OFVs)
provided by NONMEM is approximately chi-squared
distributed, this statistic was used to guide model
building. When comparing nested models, 1 additional
model parameter, corresponding to 1 degree of freedom
in the higher-order model, was considered significant
if it lowered the OFV by >6.63, corresponding to P <

.01. For 2 degrees of freedom, the required reduction in
OFVwas 9.21. All statistical tests were conducted at the
.01 significance level, except tests in the backward elim-
ination step of the covariate selection procedure that
were conducted at the .001 significance level (changes
in OFV of 10.83 and 13.82 for 1 and 2 degrees of
freedom, respectively). Model adequacy was evaluated
using goodness-of-fit plots, visual predictive checks,
and bootstrap evaluation. For the visual predictive
checks, final model parameters were used to simulate
1000 replicates of the original data set. Model evalua-
tion was performed by superimposing the median with
5th and 95th percentiles of observed data on median
with 5th and 95th percentiles of the simulated data. For
bootstrap evaluation, N participants were randomly
sampled with replacement from the original data set to
form 1000 bootstrap replicates, where N is the number
of participants in the original data set. The final model
was used to estimate population parameters for each
bootstrap replicate, and medians and 95% confidence
intervals for each parameter were calculated across the
successfully converging runs. Final model parameter
estimates based on the original data set were compared
against the bootstrap results.

Covariates evaluated included RA population, age,
weight, body mass index, body surface area, baseline
IL-6–induced pSTAT3, sex, and race on placebo effect
and on EC50.

The final exposure-response models were used to
simulate the effects of different BID doses of upadac-
itinib using the IR formulation as well as of the RA
approved dose of tofacitinib 5 mg BID and placebo
on IL-6–induced pSTAT3 and IL-7–induced pSTAT5,
which informed the selection of upadacitinib IR doses
evaluated in phase 2.

Results
Upadacitinib pharmacokinetic parameters after single
andmultiple doses in these studies have been previously
reported.20 Following the administration of 5 mg BID
doses of tofacitinib for 14 days, tofacitinib mean Cmax

was 40.9 ng/mL (130 nM), Ctrough was 1.23 ng/mL
[3.9 nM], AUC0-12 was 135 ng • h/mL (432 nM • h),
and harmonic mean half-life was 2.3 hours. Tofacitinib
Cmax was reached with a median time of 1 hour
after oral administration. These results for tofacitinib
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pharmacokinetics are in agreement with previously
reported results from other studies.30

Observed Changes in IL-6–Induced pSTAT3 and IL-7–
Induced pSTAT5
Blood samples from 90 healthy volunteers and 10 RA
patients were used in the ex vivo pharmacodynamic
analyses. Of these, 68 received upadacitinib, 23 re-
ceived placebo, and 9 received tofacitinib. The time
course (observed and model-predicted) for the percent
changes from baseline in IL-6–induced pSTAT3 and
IL-7–induced pSTAT5 over a dosing interval are pre-
sented in Figures 1 and 2, respectively, after adminis-
tration of single and multiple doses of upadacitinib,
placebo, or tofacitinib. Following the administration of
upadacitinib, IL-6–induced pSTAT3 and IL-7–induced
pSTAT5 were reduced in a dose-dependent manner,
with maximum inhibition observed at 1 hour after
dosing. The effects of upadacitinib and tofacitinib at
steady state (day 14) were consistent with the effects
after a single dose for the corresponding doses. The
mean observed percent decrease from baseline in IL-6–
induced pSTAT3 levels after 1 hour following upadac-
itinib administration were 18% to �100%, and mean
percent decreases for IL-7–induced pSTAT5 levels were
21% to 93% across the full upadacitinib single- and
multiple-dose range. Following administration of 5 mg
of tofacitinib (after the first dose and at steady state),
mean IL-6–induced pSTAT3 levels after 1 hour (also
corresponds to maximum observed effect of tofacitinib
on IL-6 and IL-7 ex vivo biomarkers) were 45% to 49%
lower compared to baseline, and IL-7–induced pSTAT5
levels were 61% to 71% lower compared to baseline. The
inhibitory effects of upadacitinib and tofacitinib on IL-
6–induced pSTAT3 and of IL-7–induced pSTAT5 were
reversible, with levels returning close to baseline at the
end of the 12-hour dosing interval.

Relationships Between Upadacitinib and Tofacitinib Plasma
Exposures and Changes in IL-6–Induced pSTAT3 and IL-7–
Induced pSTAT5
IL-6–induced STAT phosphorylation following oral
administration of upadacitinib or tofacitinib to healthy
subjects, and oral administration of upadacitinib to
subjects with RA was described by a combination of
an intercept for baseline and an additive direct drug
effect model. The drug (upadacitinib or tofacitinib)
effect was described by an Emax model. Emax was fixed
in the model to the negative value of the estimated in-
tercept, which corresponds to 100% inhibition of IL-6–
induced pSTAT3. Different EC50 values were estimated
for upadacitinib and tofacitinib. The combined error
model was found to be most appropriate for explaining
the residual error, with the same standard deviation
assumed as the additive intersubject error on intercept.

Observed baseline IL-6–induced pSTAT3 value was
included as a covariate on EC50 for both upadacitinib
and tofacitinib (higher EC50 with higher baseline IL-6–
induced pSTAT3).

IL-7–induced STAT phosphorylation following oral
administration of upadacitinib and tofacitinib to
healthy subjects and subjects with RA was best de-
scribed by a combination of a linear placebo response
model and Emax direct drug effect model. The model
included intersubject variability on the slope of the
placebo response. Different EC50 values were estimated
for upadacitinib and tofacitinib and a sigmoidity pa-
rameter (Hill coefficient) was found to be significant
(�OFV = –7.73, P < .01) in the IL-7 model. No
covariates were found to be significant in the IL-7
exposure-responsemodel. The additive errormodel was
found to bemost appropriate for explaining the residual
error, with the same standard deviation assumed as the
additive intersubject variability of intercept.

The model-estimated EC50 values for inhibition of
IL-6–induced pSTAT3 were 61 nM (23.1 ng/mL) for
upadacitinib and 119 nM (37.1 ng/mL) for tofacitinib,
while the model-estimated EC50 values for inhibition of
IL-7–induced pSTAT5 were 125 nM (47.7 ng/mL) for
upadacitinib and 79 nM (24.7 ng/mL) for tofacitinib
(Table 2). The mode-estimated and observed change
from baseline in IL-6–induced pSTAT3 and IL-7–
induced pSTAT5 for different upadacitinib doses and
for tofacitinib 5 mg BID are presented in Figures 1
and 2, which demonstrate that the models adequately
describes the observed effects of upadacitinib and to-
facitinib on ex vivo biomarkers.

Estimating the Effects of Different Regimens of Upadaci-
tinib Immediate-Release Doses Compared to Tofacitinib
5 mg BID on IL-6–Induced pSTAT3 and IL-7–Induced
pSTAT5 Using the Exposure-Response Models
The developed models were used to simulate the effects
of different regimens using the IR formulation of
upadacitinib as well as tofacitinib 5 mg BID at steady
state. Model-estimated effects of different IR regimens
of upadacitinib or tofacitinib are presented in Figure 3.
Tofacitinib 5 mg BID is estimated to have a similar
magnitude of effect on IL-6–induced pSTAT3 to �3
mg BID of upadacitinib (IR formulation), whereas on
IL-7–induced pSTAT5 a much higher dose of upadac-
itinib, �12 mg BID, is estimated to show a similar
magnitude of inhibition as tofacitinb 5 mg BID.

Discussion
Results from the current study demonstrated that
upadacitinib, a selective JAK1 inhibitor, rapidly inhib-
ited IL-6–induced STAT3 phosphorylation and IL-7–
induced STAT5 phosphorylation in vivo in a reversible
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Figure 1. Observed and model-predicted IL-6–induced pSTAT3 over a dosing interval after (A) the first/single dose and (B) multiple twice-daily
doses of placebo, upadacitinib, or tofacitinib.AU, arbitrary units of fluorescence; IL, interleukin; PI, prediction interval; pSTAT3, phosphorylation of signal
transducer and activator of transcription proteins 3; RA, rheumatoid arthritis.

Figure 2. Observed and model-predicted IL-7–induced pSTAT5 over a dosing interval after (A) the first/single dose and (B) multiple twice-daily
doses of placebo, upadacitinib, or tofacitinib.AU, arbitrary units of fluorescence; IL, interleukin; PI, prediction interval; pSTAT3, phosphorylation of signal
transducer and activator of transcription proteins 3; RA, rheumatoid arthritis.

and concentration-dependent manner. The time course
for these signaling events by upadacitinib and tofac-
itinib appeared to follow the plasma concentration
levels of both JAK inhibitors with maximum inhibition
coinciding with the maximum plasma concentration
for each (�1 hour) and STAT phosphorylation levels
returning close to baseline level by the end of the

dosing interval for each compound (Figure 1). IL-6–
induced pSTAT3 and IL-7–induced pSTAT5 measure-
ments returned to near their baseline levels by the
end of the upadacitinib or tofacitinib dosing interval,
which confirms that both compounds are reversible
inhibitors. The analyses demonstrated greater potency
of inhibition of IL-6–induced pSTAT3 (as a measure
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Table 2. Parameter Estimates and Variability for the Final Models
Describing the Effects of Upadacitinib and Tofacitinib on Ex Vivo IL-6–
Induced pSTAT3 and IL-7–Induced pSTAT5

Bootstrap Results (N =
1000)

Parameter

Population
Estimate
(%RSE) Median

95%
Confidence
Interval

IL-6–induced pSTAT3

EC50 for upadacitinib (nM) 61 (11) 60 48-77
EC50 for tofacitinib (nM) 119 (24) 117 87-160
Intercept (AU) 34 (3) 34 32-37
Emax for drug effect (AU) −34 (fixed) −34 (fixed) –
Standard deviation of additive

ISV of intercept and residual
error (AU)

6.5 (7.8) 6.4 5.2-7.9

Exponent of the nonlinear
relationship between
observed baseline
IL-6–induced
phosphorylation and EC50

a

1.2 (20) 1.2 0.5-1.8

Proportional residual error (%) 24 (12) 23 4.5-32

IL-7–induced pSTAT5

EC50 for upadacitinib (nM) 125 (9.4) 124 106-143
EC50 for tofacitinib (nM) 79 (16) 80 67-91
Slope of placebo effect (AU/h) −0.009 (25) −0.009 −0.013 to

−0.004
Intercept (AU) 23 (3.4) 23 21-25
Emax for drug effect (AU) −23 (fixed) −23 (fixed) –
Hill factor 1.3 (10) 1.3 1.1-1.5
Standard deviation of additive

ISV of intercept and residual
error (AU)

5.6 (3.3) 5.5 4.7-6.3

Standard deviation of additive
ISV of slope of placebo
effect (AU/h)

0.008 (20) 0.008 0.0001-0.01

AU, arbitrary units of fluorescence; EC50, 50% of the maximum effect;
Emax, maximum effect; IL, interleukin; ISV, intersubject variability; pSTAT3,
phosphorylation of signal transducer and activator of transcription proteins
3; RSE, relative standard error.
Proportional residual error= proportional residual error calculated as σprop
*100.
aEC50 in IL-6–induced pSTAT3 model was defined as EC50 = θ4*
(BLINDUC6/32.95)θ6,where θ4 is the estimate of typical EC50 for an individual
with baseline IL-6–induced phosphorylation equivalent to the data median
(32.95 AU), BLINDUC6 is the observed IL-6–induced pSTAT3 at baseline,
and θ6 is the exponent of the nonlinear relationship between the observed
baseline IL-6–induced phosphorylation and EC50.

of JAK1 activity) and lower potency of inhibition
of IL-7–induced pSTAT5 (as a measure of JAK1/3
activity) for upadacitinib compared to tofacitinib using
blood samples from subjects who received upadacitinib
or tofacitinib (Table 2 and Figure 3). The potency
ratio for inhibition of IL-6–induced pSTAT3 relative to
IL-7–induced pSTAT5 (based on the ratio of esti-
mated EC50 values; Table 2) is 2.0 for upadacitinib
and 0.67 for tofacitinib, indicating �3-fold higher

selectivity for upadacitinib over tofacitinib for inhi-
bition of IL-6–induced pSTAT3 than IL-7–induced
pSTAT5. These results are in agreement with the in
vitro results, which demonstrated greater JAK1 to
JAK3 relative potency of upadacitinib compared to
tofacitinib.19,25

The involvement of IL-6 in RA pathogenesis is well
established, and targeting IL-6 or IL-6 receptors was
demonstrated to be efficacious in the treatment of
RA.31–33 Therefore, by comparing the effects of differ-
ent doses of upadacitinib to the approved tofacitinib
dose on IL-6–induced pSTAT3 through these analyses,
it was possible to inform upadacitinib IR dose selection
in the 2 phase 2 studies (BALANCE I and II).27

The analyses demonstrated that the approved dose of
tofacitinib in RA (5 mg BID) provides comparable
effects on IL-6–induced pSTAT3 to �3 mg BID of
upadacitinib (IR formulation). As such, upadacitinib
doses of 3 mg BID and higher were predicted to be
efficacious, with the potential of 6- and 12-mg BID
doses to provide greater efficacy benefit than a tofac-
itinib 5-mg BID dose. Upadacitinib doses of 12 mg
BID appeared to result in comparable effects on IL-7–
induced pSTAT5 phosphorylation to tofacitinib 5 mg
BID, suggesting that upadacitinib doses of 12 mg BID
and higher start to lose the JAK1 selectivity. Informed
with these analyses, a dose range of 3 mg BID to 18 mg
BID of upadacitinib IR formulation was selected for
evaluation in the BALANCE I and II phase 2 trials
to characterize the plateau of efficacy or the maximal
therapeutic benefit of upadacitinib in the different RA
subpopulations, and to better understand the selectivity
profile of upadacitinib in the target patient population
with a longer treatment duration.27

Results from upadacitinib BALANCE I and BAL-
ANCE II phase 2b trials were consistent with the
pharmacodynamic biomarker analyses presented in
this paper. Exposure-response analyses characterized
the relationships between upadacitinib exposures and
efficacy (assessed as the percentage of subjects achiev-
ing ACR20/50/70) using data from the 2 dose-ranging
phase 2 studies, and indicated that upadacitinib plasma
exposures associatedwith 6mgBID to 12mgBIDusing
the IR formulation may maximize efficacy in patients
with moderately to severely active RA who are on
background treatment of methotrexate. The exposure-
response analyses indicated the upadacitinib dose of
3 mg BID using the immediate-release formulation
may provide suboptimal efficacy compared to higher
doses, especially in the more refractory anti-TNF-IR
population.27 The exposure-response analyses also in-
dicated that upadacitinib doses higher than 12 mg BID
using the IR formulation may result in greater effects
on the natural killer cells (believed to be mediated
through JAK1/JAK3 inhibition) as well as some other
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Figure 3. Model-predicted median percent inhibition of ex vivo IL-6–induced pSTAT3 and IL-7–induced pSTAT5 by immediate-release regimens of
upadacitinib and 5 mg of tofacitinib after 14 days of twice-daily administration. IL, interleukin;pSTAT3,phosphorylation of signal transducer and activator
of transcription proteins 3.

laboratory parameters, suggesting progressive loss of
JAK1 selectivity with higher doses.

To enhance patient compliance and provide a more
convenientQDdosing in phase 3 studies, the ER formu-
lation of upadacitinib was developed at the transition
between phase 2 and phase 3 development of upadaci-
tinib for treatment of RA. We have demonstrated that
doses of 15mg and 30mgQDusing the ER formulation
provide similar plasma exposures over day (AUC, max-
imum and minimum plasma concentrations) to 6 mg
BID and 12 mg BID using the IR formulation.22 While
upadacitinib doses >6 mg BID using the IR formula-
tion result in greater inhibition of ex vivo IL-6–induced
pSTAT3 (Figure 3), this greater inhibition does not
translate into greater clinical efficacy in the treatment
of RA based on results as demonstrated by the clinical
end-point results from the phase 2 dose-ranging studies
and from the phase 3 trials (which evaluated 15- and
30-mgERQDdoses of upadacitinib that are equivalent
to 6 mg and 12 mg IR BID).27,28,34 This indicates that
only partial inhibition of IL-6 signaling is adequate
to maximize efficacy of JAK inhibitors in RA. Doses
(or equivalent exposures) >12 mg BID using the IR
formulation (or 30 mg QD using the ER formulation)
have provided clinically meaningful additional efficacy
benefit in Crohn disease and ulcerative colitis.35–37 This
difference in the doses that maximize efficacy between
different autoimmune inflammatory diseases is likely
attributed to the different patterns of cytokine involve-
ment as well as the different sites of inflammation.

The blood samples used in the ex vivo analyses were
collected from mostly healthy subjects in addition to
10 subjects with mild to moderate RA. To explore
whether the effects of upadacitinib on IL-6–induced
pSTAT3 and IL-7–induced pSTAT5 are different

between healthy subjects and subjects with RA, subject
populationwas evaluated as a covariate on upadacitinib
EC50, which demonstrated lack of statistically signifi-
cant difference in upadacitinib EC50 for inhibition of ex
vivo STAT phosphorylation between healthy subjects
and subjects with RA. This assessment is limited,
however, by the small number of subjects with RA
included in the analyses.

Conclusion
In summary, upadacitinib demonstrated reversible and
concentration-dependent inhibition of IL-6–induced
pSTAT3 (as a measure of JAK1 activity) and IL-7–
induced pSTAT5 (as a measure of JAK1/3 activity) in
samples from healthy subjects and subjects with RA
treated with different upadacitinib doses. Ex vivo phar-
macodynamic assay results showed a greater selectivity
of upadacitinib on JAK1 versus JAK3 compared to to-
facitinib, confirming higher in vitro potency of upadac-
itinib against JAK1 compared to JAK3. Maximizing
efficacy of JAK inhibitors in the treatment of RA does
not necessarily require maximizing inhibition of IL-6
signaling in vivo. The biomarker analyses presented in
this paper informed the selection of upadacitinib IR
doses evaluated in phase 2 studies, supporting an over-
all successful development program for upadacitinib
in RA.
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