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ARTICLE

Kinetic-Pharmacodynamic Model of Platelet Time Course
in Patients With Moderate-to-Severe Atopic Dermatitis
Treated With Oral Janus Kinase 1 Inhibitor Abrocitinib

Elena Soto', Christopher Banfield?, Pankaj Gupta? and Mark C. Peterson®*

The oral Janus kinase 1 (JAK1) inhibitor abrocitinib reduced signs and symptoms of atopic dermatitis (AD) in a placebo-
controlled, randomized, double-blind, phase lIb trial (dose range 10-200 mg). A kinetic-pharmacodynamic (K-PD) model
consisting of proliferation, maturation, and blood circulation compartments was developed to characterize platelet count
changes during the study. The K-PD model consisted of a drug elimination constant, four system parameters describing
platelet dynamics, variance terms, correlation, and residual errors. Overall, these patients exhibited mean transit time from
progenitor cells to platelets of 8.2 days (longer than the reported megakaryocyte life span), likely arising from JAK1-induced
perturbations of platelet progenitor homeostasis. The final model described dose-related platelet count declines until nadir
at treatment week 4 and return to baseline levels thereafter. The model was deemed suitable to support the design of subse-
quent abrocitinib AD trials and indicated limited clinically relevant platelet reductions in the range of doses studied.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

Descriptions in the literature of the dose-response re-
lationship between selective Janus kinase 1 (JAK1) inhibi-
tion and hematology outcomes are limited.

WHAT QUESTION DID THIS STUDY ADDRESS?

The current analysis addressed whether a parametric
model could be developed to describe the relationship
between JAK1 inhibitor administered dose and platelet
count over time.

Atopic dermatitis (AD) is a common, chronic, relapsing in-
flammatory skin disease that poses a significant disease
burden and affects patient quality of life.! Although AD
prevalence varies by region, it affects up to 20% of chil-
dren and 3% of adults worldwide.! Abrocitinib (previously
PF-04965842) is an oral Janus kinase 1 (JAK1) selective in-
hibitor under investigation for the treatment of AD.

AD is characterized by the activation of several cytokine
signaling pathways involving type 1 helper T-cells (Th1), Th2,
Th22, and Th17 lymphocytes, suggesting that dysregulation
of immune responses leads to the diverse manifestations of
the disease.? JAKs—JAK1, JAK2, JAK3, and tyrosine kinase
2 (TYK2)—are a family of nonreceptor tyrosine kinases that
play a key role in signaling events in innate and adaptive im-
munity and the maturation of hematopoietic cells.® Positive
results have been reported for oral JAK inhibitors, including
abrocitinib in AD trials.*® In a phase llb study, 200-mg and

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The results demonstrate that JAK1 inhibitor dose can
be linked to changes in platelet counts over time and sug-
gest the impact of a range of doses that can be evaluated
in subsequent clinical trials.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DE-
VELOPMENT, AND/OR THERAPEUTICS?

The semimechanistic model developed here may be
suitable for simulation purposes to support further trial
designs for abrocitinib and/or other JAK inhibitors.

100-mg once-daily doses of abrocitinib resulted in signifi-
cantly higher Investigator’s Global Assessment response
rates than placebo at week 12 (primary end point) in adults
with moderate-to-severe AD, with mostly mild adverse
events that were considered unrelated to treatment.® Dose-
related changes in platelet counts were observed for all
doses > 10 mg.® Anemia and thrombocytopenia are thought
to be “on-target” effects of JAK inhibitors. These are usually
dose-dependent and influenced by baseline platelet count,
as observed in phase I/ll trials in other indications.®
Semimechanistic pharmacokinetic-pharmacodynamic
(PK-PD) and kinetic (K)-PD models have been used pre-
viously to characterize drug effects on platelet counts in
other indications.'®" In the absence of PK data, K-PD
modeling has been shown to be a viable approach and pro-
vides parameter estimates that are in good agreement with
those obtained through PK-PD analysis.'® K-PD modeling
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has been successfully applied to various drugs and drug
effects'*'®; it performed well in the analysis of data involv-
ing a wide range of doses and dose intervals and has been
demonstrated to be useful in simulations. However, it should
be noted that K-PD model performance deteriorates in terms
of bias, precision, and convergence when interindividual and
residual variabilities are high.'

To characterize the dose-response relationship of abro-
citinib with platelet count fluctuations observed in the phase
IIb study of patients with AD, we applied a semimechanistic
K-PD model and used it to simulate platelet counts following
a range of abrocitinib doses.

METHODS

Study design and procedures

The design of the multicenter, randomized, double-blind
phase Ilb dose-ranging study has been described pre-
viously.® Briefly, adults with moderate-to-severe AD
(percentage of affected body surface area > 10, Eczema
Area and Severity Index > 12, and Investigator’s Global
Assessment > 3) for > 1 year and documented history of
inadequate response to topical treatment (given > 4 weeks),
or for whom topical treatments were otherwise medically
inadvisable, were randomly assigned 1:1:1:1:1 to once-
daily oral abrocitinib (200, 100, 30, or 10 mg) or placebo for
12 weeks, followed by a 4-week treatment-free follow-up
period. Platelet counts were measured at screening; base-
line; weeks 1, 2, 4, 6, 8, and 12 (on treatment); and weeks
13, 14, and 16 (off-treatment follow-up).

Model development

The model was developed and fitted to the trial data using
a two-stage process, wherein initially placebo data were
excluded followed by the inclusion of placebo data. Model
fitting was performed using nonlinear mixed-effects max-
imum likelihood methods (NONMEM; version 7.3; ICON
Development Solutions, Hanover, MD), supported with
Perl-speaks-NONMEM (version 4.2.0; Uppsala University,
Uppsala, Sweden). Exploratory data analysis and creation
of graphs were conducted in R (version 3.0.2 or above) im-
plemented within R-Studio.

K-PD model

Because no abrocitinib concentration data were available
at the time of modeling, a dose-response K-PD model was
developed. The link from abrocitinib dose to drug effect
was described using a virtual one-compartment model
with bolus input. The elimination constant k,, multiplied by
DrugAmount, corresponds to the elimination rate from that
virtual compartment as follows:

—dDrugAmount =—k, - DrugAmount
d;

The resulting drug effect, assumed to affect platelet precur-
sor production, was described by a linear model consisting
of DrugAmount at a given time multiplied by a Slope param-
eter as follows:

Drug effect =DrugAmount- Slope

CPT: Pharmacometrics & Systems Pharmacology

PD semimechanistic model

The semimechanistic model was based on the PK-PD
myelosuppression model developed by Friberg et al.,'”
which has previously been used to describe the time
course of leukocyte, neutrophil, and platelet counts.'®'218
The model consisted of a platelet proliferation pool
(Prol) representing platelet progenitor cells, transit com-
partments (71, T2, and T3) to mimic the maturation of
megakaryoblasts and megakaryocytes into platelets,
and a compartment representing circulating platelets
(Figure 1). The maturation chain with compartments and
rate constants (k,) allowed the description of the time
delay from the start of treatment, maximum effect, and
subsequent re-equilibration to steady-state. In the model,
the generation of platelets depended on the number of
cells in the Prol compartment, the synthesis rate constant
(ksyn), the feedback effect from circulating platelets (Rbd),
and the drug effect. Platelets were eliminated from cir-
culation at a first-order rate described by the product of
an elimination rate constant (k,) and circulating platelet
count (CircP), with k,, assumed to be the same as k,, to
simplify the model. The PD model is described by the
following differential equations:

d
% =Key, - Prol- Rbd - (1 - Drug effect) — k;, - Prol
d
% =k, - Prol —k, - T1
t
d
FTZ =k, -T1—k, -T2
t

d
Bk, - T2—k, T3
d

d~:
OreP — K, - T3 —kg - CircP
dy

where Rbd consisted of circulating platelet count at base-
line (CircP,) divided by circulating platelet count at time t
(CircP) raised to the power of the feedback parameter, v,
as follows:

CircPy \”
Rbd = ( CircP >

Random effects model
Interindividual variability (IIV) was modeled using multiplica-
tive exponential random effects taking the following form:

0,=6-exp"

where 6 is the population typical value of the parameter, 6,
is the individual value of the parameter, and 1), is the inter-
individual random effect accounting for the i“ll individual’s
deviation from the typical value 6. The distribution of p,
values in the population is assumed to be normally distrib-
uted, with a mean of zero and variance »?. The approximate
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Figure 1 Platelet synthesis semimechanistic model scheme. y, feedback parameter; CircP, circulating platelets at time t; CircP,,

circulating platelets at baseline; k,

o €limination rate constant; k

synthesis rate constant; k

syn’,

«» transit rate constant; MTT, mean transit

time; Prol, platelet proliferation pool; Rbd, feedback effect from circulating platelets; T, maturation compartments.

percentage coefficient of variation (%CV) within the study
population was calculated as:

%CV=Vw?-100.

Residual variability was modeled with a combination, addi-
tive plus proportional error structure as follows:

Y,.j=Fl-j+s‘|ij+F,-j-£2ij

where Y, is the observed platelet count for the i individ-
ual at the /" time point, Fi/‘ is the predicted platelet count, and
€1;,and £2,; are the additive and proportional errors, respec-
tively, for the /™ individual at the /" time point. As with the IIV,
the population distributions of the residual error terms were
assumed to be normally distributed, having means of zero
and variance estimates o,” and 6,°, respectively.

Model assessment

Final model evaluation was completed by conducting visual
predictive checks with 1,000 simulations summarized as
the 5th, 50th, and 95th quantiles of the predicted platelets
counts and the 5th and 95th quantiles/uncertainties of each
of those three metrics.

Simulations

Simulations were performed using the final model and
estimated parameters, with datasets that consisted of
300 virtual subjects receiving abrocitinib once daily for
12 weeks and having seven simulated sample times that
correspond to the actual sample times collected during
the study (at weeks 0, 1, 2, 4, 6, 8, and 12). To visualize
the dose-response profile, doses ranging from 0-200 mg
at 25-mg increments were simulated 1,000 times at each
dose level.

From the simulated data, the proportion of patients with
platelet counts within each clinical grade were summarized.
In addition, incremental changes in platelet levels within
grade 1 were evaluated to further assess whether doses
produced near-normal platelet levels. Therefore, the throm-
bocytopenia levels shown in this work do not exactly match
clinical grades of thrombocytopenia. These levels (sum-
marized as median and 5th and 95th percentiles) are the
platelet counts under 50,000/uL (thrombocytopenia grade
> 3), under 75,000/pL (thrombocytopenia grade > 2), under
100,000/uL (thrombocytopenia grade > 2 and a portion of

grade 1 levels), 125,000/uL (thrombocytopenia grade > 2
and a portion of grade 1 levels), and 150,000/pL (thrombo-
cytopenia grade > 1).

RESULTS

Data for analysis

A total of 267 patients received at least 1 dose of study
treatment (200 mg, n = 55; 100 mg, n = 56; 30 mg, n = 51;
10 mg, n = 49; and placebo, n = 56). Of these, five patients
were not included in this analysis because of questionable
and unreconcilable date/time records (n = 3), NONMEM
numeric difficulties (n = 1), and absence of platelet counts
(n = 1). Two patients who were randomized but did not re-
ceive study treatment were added to the remaining 262
patients, contributing screening and baseline platelet
counts. Therefore, 2,330 platelet counts from a total of 264
patients were used in the analysis.

Platelet baseline levels were similar between treatment
groups and ranged from 268,000-284,000/uL. The platelet
counts from baseline and over the duration of study for each
treatment group are shown in Figure 2a with mean percent-
age change in platelet counts from baseline through time for
each treatment group in Figure 2b. From treatment initiation
to week 4, the median decline in platelet counts were 11%
and 29% in the 100-mg and 200-mg abrocitinib groups, re-
spectively. Following the nadir, platelet counts in both dose
groups returned toward baseline levels, establishing median
steady-state levels of 8% and 15% below baseline by week
12 (end of treatment) in the 100-mg and 200-mg abrocitinib
groups, respectively. With extended follow-up to week 16,
platelet counts increased toward baseline values in all dose
groups, with a mild elevation in the 100-mg and 200-mg
dose groups.

Model results

Model parameters were estimated with adequate pre-
cision (Table 1), except for the correlation between IIVs,
which had a high relative standard error believed to arise
primarily from the very small correlation (-0.0258). A linear
model was adequate to describe the drug effect; improve-
ment in the fit was not significant with a maximum effect
(E, o) Model that was also tested (assessed by the de-
crease in the objective function value; data not shown). The
final model described the small changes in platelet count
observed for the 30-mg treatment group throughout treat-
ment as well as the larger, dose-dependent decreases in
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Figure 2 Platelet count time course for each treatment group. Platelet count (a) and percentage change from baseline in platelet count

(b). Lines correspond to median per treatment group.

Table 1 Parameters estimates for the final model

Parameter, units Estimate RSE, %
k,, hour™ 0.278 NA
BASE, x 1,000/uL 272 1.32
MTT, hour 197 5.7
Slope, mg™ 0.00231 10.8
y 0.314 10.6
Residual error (additive), x 1,000/pL 13.6 41.2
Residual error (proportional), % 9.83 12.8
1IV on BASE, % 21.2 13.9
1IV on slope, % 60 20.7
Correlation -0.0258 444

y, feedback parameter; BASE, platelet baseline levels; 11V, interindividual
variability; ke, elimination rate constant; MTT, mean transit time; NA, not
applicable; RSE, relative standard error.

CPT: Pharmacometrics & Systems Pharmacology

platelet count (until week 4), followed by increases toward
baseline levels for the 100-mg and 200-mg abrocitinib
groups (Figure 3).

Simulations

Using the final model, the projected incidence rates for each
minimum platelet count threshold, associated with differ-
ent grades of thrombocytopenia, were generated for doses
0-200 mg at 25-mg increments. The dose levels correspond-
ing to those of the trial were compared with observed data.
Thrombocytopenia level grade > 1 (“below 150,000/pL” and
“below 125,000/pL”) platelet count threshold groups were bet-
ter predicted, particularly at higher abrocitinib doses (Figure 4).
The projected incidence rates for these two threshold groups
at lower doses appeared to be overpredicted, potentially due
to a small number of low platelet counts observed.
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Figure 3 Final model visual predictive check.
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Figure 4 Projected incidence rates for threshold platelet counts for abrocitinib and observed incidence rates for abrocitinib doses at
individual nadirs. Abrocitinib doses ranged from 0 to 200 mg, in 25-mg increments. Shaded areas are projected incidence rates; data
points are observed incidence rates. *Grade 1 includes platelets levels between 75,000-150,000/uL. For this simulation, grade 1 levels
were further divided in a grade 1 level < 125,000/pL and < 100,000/pL.

Because the nadir in platelet count was observed at ap-
proximately week 4, two additional time-dependent metrics
were derived from the simulations—an assessment of the
thresholds during the initial treatment period (weeks 0, 1,
2, or 4; Figure 5a) and for the later treatment period (weeks
6, 8, or 12; Figure 5b). These metrics showed that platelet
counts decrease mostly in the initial treatment period, with
lower incidence of platelet count decrease in the later treat-
ment period.

DISCUSSION

During the rapid course of drug development, modeling-
and simulation-informed go/no-go decisions are often
based on available data instead of delaying until ad-
ditional data become available. Although this time
pressure is understandable on the broader scale of drug

development timelines, it has consequences for the
methods chosen for analyses supporting advancement
decisions. In this context, quantification of the effects of
abrocitinib on platelet count during treatment and after
treatment discontinuation was sought in advance of the
availability of abrocitinib population PK data. Therefore,
a K-PD modeling approach was applied to expeditiously
inform understanding of this relationship. A semimech-
anistic model consisting of a progenitor pool, three
maturation compartments, a circulation compartment,
and negative feedback effect generated by circulating
platelets relative to baseline was utilized to describe and
quantify the observed platelet count data from a phase
lIb proof-of-concept trial of abrocitinib in patients with
moderate-to-severe AD. This approach described platelet
changes arising from inhibition of platelet production as
a function of abrocitinib dose in a manner consistent with

WwWw.psp-journal.com
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Figure 5 Projected incidence rates for threshold platelets counts at nadir for abrocitinib. During the first 4 weeks of treatment (a), and
during the last 6 weeks of treatment (b). Abrocitinib doses ranged from 0 to 200 mg, in 25 mg increments. Shaded areas are projected
incidence rates. ®Includes grade 1 levels below 100,000/uL only, plus grades 2, 3, and 4.

previously published models.'®"'2 Although it is known
that JAK2, thrombopoietin, interleukin 6, and other cy-
tokines are involved in platelet homeostasis, the goal of
the current K-PD model development was to character-
ize the dynamic nature of the observed data with limited
information using a heuristic, stochastic model suit-
able for subsequent informative simulations in a short
timeframe.

The relationship between platelet count and JAK-related
physiologic mechanisms has been described recently using
a systems pharmacology model that incorporated several
mechanisms of platelet regulation.19 The model proposed
that megakaryoblast production is attenuated and mega-
karyocyte expansion is allowed through the indirect actions
of JAK inhibition. This results in a slower than normal matu-
ration of megakaryoblasts and megakaryocytes to platelets,
and a larger than normal progenitor pool. In our K-PD model,
the mean transit time (MTT) was estimated to be 8.2 days,
similar to MTT values described previously'"'? but longer
than the reported megakaryocyte life span.?°

CPT: Pharmacometrics & Systems Pharmacology

In this K-PD model, the rate of platelet elimination was
the same as the rate of precursor cells moving through
the maturation compartments. Therefore, the estimation of
longer MTT is related to smaller values of k, and k,.>' Although
this may not reflect the physiology of platelets in individ-
uals without AD exactly, this approximation describes the
observed data well, and provides insights into the delicate
homeostatic mechanisms that control platelet count. In ad-
dition, whereas the physiology of platelet maturation and
elimination is complex, involving feedback loops and cy-
tokines, the presented model represents a fit-for-purpose
model that provided answers to important questions rele-
vant for subsequent abrocitinib trial designs, such as time to
platelet count nadir and extent of platelet count reduction.

Overall, the model performed well in its ability to describe
the observed platelet count data over the investigated dose
range. For abrocitinib doses < 30 mg, the model recapitu-
lated the observed dose-dependent changes in platelets,
with model-generated variability across and within patients
that was consistent with the trial results. For the 100-mg



and 200-mg abrocitinib doses, the model was able to
characterize the larger, dose-dependent decline in platelet
counts until the nadir at ~ 4 weeks after treatment initi-
ation, as well as the post-nadir levels, and the return to
baseline levels. The projected percentage incidence rates
of platelet count below 150,000/uL and 125,000/uL were in
reasonable agreement with the observed data, especially at
higher doses. The minimal effect of abrocitinib on platelet
count at low doses resulted in few events observed below
the count thresholds of < 150,000/puL and < 100,000/pL.
This result, compounded by the size limitations of the co-
horts investigated, means that the simulations populated
the details of the distribution more fully than the observed
data, thus differing in these distribution regions (i.e., thresh-
olds < 150,000/puL and < 100,000/pL). As it is reasonable
to expect larger sample sizes to be needed to adequately
characterize the extremes of distributions, the differing
outcome from these larger simulations compared with
the substantially smaller trial sample is not unexpected.
Nonetheless, the platelet count effect of abrocitinib 30 mg
is small, and the simulated outcomes are consistent with
this observation.

An important element of this modeling and simulation
was the insights provided into both the time-dependent and
dose-response effects of abrocitinib to aid in designing a
subsequent trial. As the dynamics of platelets are variable,
the maturation compartments included in the model pro-
vided a platform to explore what is expected as a function
of time as the levels decrease and then establish a revised
steady state. The overall predicted platelet levels can be
dissected into two distinct periods: that before reaching
the platelet nadir and that beyond that time to end of treat-
ment at 12 weeks. The model suggests that the possibility
for higher-grade thrombocytopenia decreases nearly 50%
after the first 4 weeks of abrocitinib treatment and remains
at that reduced level until the end of treatment. The dose re-
sponse predicts that at 100-mg and 200-mg doses there is a
mean (90% prediction interval) of 0% (0.0-0.7%) and 2.7%
(1.3-4.3%) expected incidence rate of grade > 2 thrombocy-
topenia (< 75,000 platelets/uL), respectively, over a 12-week
period of treatment. Although further clinical investigation
will bolster the available data and improve the understand-
ing of platelet homeostasis during abrocitinib treatment, the
current modeling and simulations can support subsequent
clinical trial design decisions regarding dose and treatment
duration.

There are limitations to the model developed in this study.
First, the model depends on observation intervals and infor-
mation content for parameter estimation. Thus, the chosen
sampling times, length of dosing, and time of follow-up
likely influenced parameter estimation, and, therefore, the
predictive limits and capabilities of the model. This should
be considered when viewing the simulated profiles arising
from various doses. Second, this was a dose-response
analysis rather than an exposure-response analysis, lim-
iting the ability to further refine the effect of different drug
exposures on platelet count and evaluating explicative co-
variates of interest. Future consideration of PK variability
will aid in understanding the impact of this limitation in the
current modeling. In addition, once concentrations become
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available, covariates can be explored to facilitate better un-
derstanding of intersubject variability. However, the current
K-PD model addresses that need for selection of doses in
subsequent trials directly. Finally, the model used baseline
assumptions for simulations that may not apply to different
populations with respect to mechanism and initial platelet
counts. Future use of the model should consider that effect
on any simulated outcomes. With these considerations in
mind, the degree to which platelet changes are manifested
in a broader population and the clinical relevance will be
assessed in subsequent clinical trials designed with the sup-
port of the current model.

CONCLUSIONS

For the oral JAK1 selective inhibitor abrocitinib, a K-PD
model approach was adequate to quantify and predict the
relationship between drug dose and its effect on platelet
counts. This model can be used to understand the time-
and dose-dependent effects of abrocitinib therapy on
platelet count, thereby informing dose selections and de-
signs for future studies of abrocitinib.
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