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Abstract

Tofacitinib is an oral Janus kinase inhibitor for the treatment of rheumatoid arthritis, psoriatic arthritis, and ulcerative colitis. It is eliminated via multiple
pathways including oxidative metabolism (~70%) and renal excretion (29%). This study aimed to predict the impact of drug-drug interactions and renal
or hepatic impairment on tofacitinib pharmacokinetics using a physiologically based pharmacokinetic (PBPK) model. The model was developed using
Simcyp based on the physicochemical properties and in vitro and in vivo pharmacokinetics data for tofacitinib. The model was verified by comparing
the predicted pharmacokinetic profiles with those observed in available clinical studies after single or multiple doses of tofacitinib, as well as with
tofacitinib as a victim of drug-drug interactions (because of inhibition of cytochrome P450 [CYP450] 3A4, CYP450 2C19, or CYP450 induction). In
general, good agreement was observed between Simcyp predictions and clinical data. The results from this study provide confidence in using the PBPK
modeling and simulation approach to predict the pharmacokinetics of tofacitinib under intrinsic (eg, renal or hepatic impairment) or extrinsic (eg,
inhibition of CYP450 enzymes and/or renal transporters) conditions. This approach may also be useful in predicting pharmacokinetics under untested
or complex situations (eg, when a combination of intrinsic and extrinsic factors may impact pharmacokinetics) when conducting clinical studies may

be difficult, in response to health authority questions regarding dosing in special populations, or for labeling discussions.
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Tofacitinib is an oral Janus kinase (JAK) inhibitor for
the treatment of rheumatoid arthritis, psoriatic arthri-
tis, and ulcerative colitis and is being investigated in
other immune-mediated diseases.!> Tofacitinib prefer-
entially inhibits intracellular signaling by heterodimeric
receptors associated with the JAK1 and/or JAK3 iso-
forms, with functional selectivity over receptors that
signal via pairs of the JAK2 isoform.>* Inhibition
of JAKI-JAK3 pairs by tofacitinib blocks signaling
through the common gamma chain-containing recep-
tors for several cytokines that are integral to adaptive
immune functions, such as lymphocyte activation, pro-
liferation, and function.’- Inhibition of their signaling
may thus result in modulation of multiple aspects of the
immune response.*®

Tofacitinib plasma pharmacokinetics (PK) are
characterized by rapid absorption and elimination,
with an approximate time (ty,x) to maximum plasma
concentration (Cy,x) of 0.5 to 1 hour and a terminal-
phase half-life (t;») of 2.3 to 3.1 hours.’ Tofacitinib
is well absorbed (with up to ~93% absorption)'’;
therefore, intestinal efflux transporters such as

P-glycoprotein do not have a major impact on oral
absorption despite in vitro results suggesting that
tofacitinib is a P-glycoprotein substrate.!' In vitro,
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tofacitinib is moderately bound (with plasma protein
binding of 39%!'?), and the estimated volume of
distribution at steady state (V) is 1.24 L/kg after an
intravenous dose.!> Metabolic clearance accounts for
approximately 70% of tofacitinib clearance, with the
remaining 29% of the dose being renally excreted.'’
Tofacitinib is primarily metabolized by cytochrome
P450 (CYP450) 3A4 (CYP3A4) followed by CYP450
2C19 (CYP2C19), with minimal metabolism through
glucuronidation or other conjugation pathways.!%!4
A study of subjects with various CYP2CI19
polymorphisms reported a 17% increase in total
exposure (area under the plasma concentration-time
curve from time zero to infinity [AUC(.«]) in poor
metabolizers compared with extensive metabolizers.'*

Physiologically based PK (PBPK) modeling has
been used extensively in the prediction of PK and
has gained acceptance by regulatory agencies for the
assessment of clinical drug-drug interactions (DDIs)
prior to or in place of in vivo studies.'>!® Simcyp
(Simcyp Ltd, Sheffield, UK, a subsidiary of Certara
LLC) is a computerized PBPK modeling and simula-
tion program developed for the prediction of in vivo
clinical PK and DDIs by applying fundamental scaling
and PBPK concepts.!” A Simcyp model for tofacitinib
was developed based on its physicochemical properties,
in vitro enzymology results, and understanding of its
in vivo clearance pathways. This tofacitinib PBPK
model has previously been used to predict tofacitinib
PK in Japanese CYP2C19 extensive metabolizers and
poor metabolizers in lieu of a clinical study.'® How-
ever, detailed information around the development and
verification of the tofacitinib PBPK model was not
provided in the previous study. The details of model
development, optimization of selected modeling pa-
rameters, and verification of the predictive performance
of this PBPK model are presented here.

The objective of this study was to assess the risk
of DDIs for tofacitinib using Simcyp modeling, and
to compare the predictions of the Simcyp modeling
with clinical data. Once the predictive ability of the
tofacitinib PBPK model was ascertained, it was used to
predict tofacitinib clinical PK in patients with renal or
hepatic impairment. The results from this study aimed
to provide confidence in using the PBPK approach for
PK prediction under different scenarios of intrinsic and
extrinsic factors while limiting the need to assess PK in
additional clinical studies.

Methods

Development of the Tofacitinib Simcyp Model
The Simcyp input values used for the tofacitinib PBPK
modeling are summarized in Table 1.

Table I. Simcyp Input Parameters for the Tofacitinib PBPK Model

Data Source/

Tofacitinib Input Value Reference/Comments

Physicochemical properties and blood binding

Molecular weight 3124 Us PI'2
logP 1.15 Attachment |, Australian
PAR'

Compound type Monoprotic base  Chemical structure

pK, | 5.07 Attachment |, Australian
PAR'?

B/P ratio 1.2 EMA EPAR (assessment
report)'!

f, 0.61 us PI'2

up
Absorption: first order

fa 0.93 Dowty et al,2014'°
ka (per h) 5.7 Estimated in Simcyp using
Parameter Estimation and
Automated Sensitivity
Analysis
fugue 1.0 Assumed (based on high f,
value)
Qque (L/h) 10 Assumed
Distribution
Distribution model Minimal
Vs (L/kg)b mode: 1.24 Gupta et al, 20113
User
Elimination
Clearance type Systemic
Cly (L/h) 247 Gupta et al, 201 '3; used for

retrograde calculation of
Clint values only
Clearance type
In vitro metabolic

Enzyme kinetics
Recombinant

system
Clintervpacis 0.149
(uL/min/pmol)®
ClinT.crpaas 0.048
(uL/min/pmol)®
Clg (L/h) 7.62 Mean Clg observed across

clinical studies; Gupta et al,
2011'3; Dowty et al,2014'°

AUC, area under the plasma concentration-time curve; Cy.x, maximum
plasma concentration; B/P ratio, blood-to-plasma ratio; Clnrcye, intrinsic
clearance attributed to individual cytochrome P450 (either CYP2CI19 or
CYP3A4) metabolic pathway; Cly, clearance after intravenous administration;
Clpo, clearance after oral administration; Clg, renal clearance; EMA, European
Medicines Agency; EPAR, European Public Assessment Report; f,, fraction
absorbed; f;, fraction available after first-pass gastrointestinal metabolism;
fm, fraction metabolized; f g, fraction wunbound in the gut;
fup, fraction unbound in plasma; IV, intravenous; k,, absorption
rate constant; logP, partition coefficient; PAR, public assessment
report; PBPK, physiologically based pharmacokinetic; Pl, prescribing
information; pKa, logarithmic acid dissociation constant;
tmax, time to Cpa; Qgu, effective flow (hybrid parameter based on
blood flow and permeability) to enterocytes; Vq(s), volume of distribution at
steady state.

*Predicted Qg value was between 7.9 and 10.7 using multiple methods;
sensitivity analysis showed minimal impact on f;, f5, Crnax, tmax, AUC, and Clpo
between Qg values of 7 to 12; therefore,a Qg value of 10 was assumed.
de(ss) value estimated after an intravenous dose.

“Estimated in Simcyp based on Cly (24.7 L/h) and Clg (7.62 L/h), and
CYP2CI9 f,, of 17% and CYP3A4 f,,, of 54%.
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The tofacitinib PBPK model was developed
using the population-based absorption, distribution,
metabolism, and elimination (ADME) simulator,
Simcyp (version 15, release 1), using a previously
described middle-out approach,!® utilizing both in
vitro results (eg, physicochemical properties of the
logarithmic acid dissociation constant [pK,], partition
coefficient [logP], blood-to-plasma ratio, and fraction
unbound in plasma [f,p]) and PK parameters (eg,
fraction absorbed [f,], V), clearance after an
intravenous dose [Clyy], and renal clearance [Clgr])
obtained from in vivo clinical studies.

Physicochemical Properties. The key physicochemi-
cal properties of tofacitinib, including molecular
weight, logP, pK,, f,p,, and blood:plasma distribu-
tion parameters, were derived from publicly available
information.!""'4!5 These parameters were either calcu-
lated using in silico methods or determined in in vitro
assays (Table 1).

Absorption. First-order absorption was assumed and
used in the absorption module. In a human ADME
study using '*C-tofacitinib (*C-ADME), f,, based on
the difference between total recovery of radioactivity
and the amount of tofacitinib in feces, was estimated to
be ~93%.'" The absorption rate constant (k) of 5.7 per
hour was estimated in Simcyp using the Parameter Esti-
mation and Automated Sensitivity Analysis Modules. A
range of k, values were estimated using the Parameter
Estimation Module based on the plasma concentration-
versus-time profiles after a range of doses (1 to 30 mg).
As different k, values were obtained using different
doses, the final k, was then further optimized using
the Automated Sensitivity Analysis Module with the
estimated k, range (1 to 8 per hour) to approximate
the observed tiax, Cmax, and AUC values after a single
10-mg oral dose, which was in the middle of the
dose range of the ascending-dose PK study and was
one of the therapeutic doses considered when this
PBPK model was developed. The value of the effective
flow to enterocytes (Qgut), based on the Qg model,
was estimated to be between 7.9 and 10.7 L/h using
the Parameter Estimation Module at different doses;
however, automated sensitivity analyses showed that
Qqut Was not a sensitive parameter for the modeling
outcome. Because f,, the fraction available after first-
pass gastrointestinal metabolism (f;), and systemic
PK parameters (Cy.x, AUC, and clearance after oral
administration [Clpp]) were not sensitive to changes in
Qgu¢ at values > 10 L/h, the Qg value was set at 10 L/h
without further optimization.

Distribution. For the distribution model, the mini-
mal PBPK option (where most tissues and organs are
grouped for modeling purposes) was used along with

the estimated Vg value (1.24 L/kg) obtained in an
absolute bioavailability study.'?

Metabolism/Elimination. The overall disposition and
elimination pathways of tofacitinib were derived from
the PK study in CYP2CI19 extensive metabolizers
and poor metabolizers,'* the '*C-ADME study,'’ and
the absolute oral bioavailability study.'* The overall
disposition and clearance pathways of tofacitinib are
depicted in Supplemental Figure S1 (Supplementary
Online Material). The '“C-ADME study showed
that CYP3A4 is the major oxidative pathway of
tofacitinib.!” In human PK studies, approximately 25%
to 30% of an oral dose of tofacitinib was eliminated
in urine unchanged.”' In the '“C-ADME study,
approximately 0.9% of the dose was recovered in feces
(either as unabsorbed drug or via biliary excretion), and
29% of the dose was recovered in urine.!? The Clg value
was calculated from Clyy (24.7 L/h) and was estimated
to be 7.62 L/h (Cliy x 0.29).'%13 To maximize the
impact of drug interaction and worst-case assessment
because of inhibition or induction of CYP3A4 and
inhibition of CYP2C19, it was assumed that metabolic
clearance accounted for the balance of elimination
apart from renal excretion (29%) and equaled 71%
of total systemic clearance. Approximately 17% of
the total clearance may be attributed to CYP2C19
based on the difference in AUC observed in CYP2C19
poor metabolizers and extensive metabolizers.'* The
remaining in vivo clearance (54%) was attributed
to CYP3A4. Based on these assigned elimination
pathways, the intrinsic clearance values for each of the
CYP450 pathways (Clint) were calculated in Simcyp.

Verification of the Tofacitinib PBPK Model

To verify the tofacitinib PBPK model, the PK of
tofacitinib was simulated using the model with a sin-
gle intravenous administration (10-mg infusion over
30 minutes) or a single oral administration across the
dose range of 1 to 100 mg, approximating the designs
of the corresponding clinical studies.”!® In addition,
tofacitinib PK was simulated after administration of
15 mg twice daily for 14 days.”’ Each simulation was
conducted using a study design of 10 trials x 10 subjects
(100% male, as in the clinical studies) and the Simcyp
Healthy Volunteers Population File (version 15, release
1), with age ranges matching those of the dose and
treatment groups in the clinical studies. Simulation
trials were performed under fasted conditions as in the
clinical studies. Some clinical data used in verification
were also used to develop the model, for example,
Clr values for the tofacitinib intravenous dose were
used directly in the PBPK model. The Clyy value was
used to retrospectively estimate the Clint values of
various CYP450 enzymes involved in the metabolism of
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tofacitinib, which enabled verification of the predicted
overall clearance. The Clint of the various enzymatic
pathways were then verified using the DDI studies with
different CYP450 inhibitors. For the oral doses, the k,
values were estimated across a range of doses using the
Parameter Estimation Module and optimized using the
Automated Sensitivity Analysis Module. The k, value
was further verified for each of the dose groups to
check that the estimated k, value correctly reflected the
observed data.

The PBPK model was verified by superimposing
the predicted plasma concentration-time profiles over
the observed profiles, as well as comparing the PK
parameters (Cpax, AUCy.o, and AUC,, where t is the
dosing interval) of tofacitinib with those observed in
the corresponding clinical studies. A summary of the
design and demographic information of the clinical
studies used in the development and verification of the
tofacitinib PBPK model is presented in Supplemental
Table S1 (Supplementary Online Material).

Simulation of Tofacitinib Clinical DDI Studies With
CYP3A4 and CYP2CI9 Inhibitors and a CYP3A4 Inducer
Using various clinical probes and study designs, the
potential for tofacitinib to be involved in DDIs as a
victim drug was evaluated according to the designs
in Supplemental Table S2 (Supplementary Online Ma-
terial). The clinical probes fluconazole, ketoconazole,
and rifampicin were selected because of their known
interactions with CYP450 isoenzymes, which are in-
volved with the metabolism of tofacitinib: fluconazole
is a moderate CYP3A4 and potent CYP2C19 inhibitor,
ketoconazole is a potent CYP3A4 inhibitor, and
rifampicin is a potent CYP3A4 inducer. Full details of
the individual studies and results have been previously
reported.?!??

The Simcyp DDI modeling with fluconazole,
ketoconazole, and rifampicin was conducted using the
fluconazole, ketoconazole, and rifampicin compound
files as supplied with the Simcyp Platform (version
15, release 1). Simulations were conducted using a
study design of 10 trials x 10 subjects (100% male,
as in the clinical studies) and the Simcyp Healthy
Volunteers Population File (version 15, release 1),
with age ranges matching those in the clinical DDI
studies (see Supplemental Table S2 in Supplementary
Online Material for compound files and demographic
information used for each simulation). Additional
simulations were conducted with modifications of
the rifampicin compound file to assess the relative
contributions of CYP3A4 versus CYP2C19 induction
in the predicted change in tofacitinib PK. To test
whether a greater extent of CYP3A4 induction by
rifampicin may explain the differences in predicted
and observed clinical effect and whether induction of

gastrointestinal metabolism may be underestimated in
the PBPK model, a sensitivity analysis was performed
on the impact of the concentration at half maximal
fold induction (IndCsy; parameter range, 0.1-0.6
uM) and maximal fold induction (Indy,, [ratio of
induced/uninduced activity]; parameter range, 12-30)
values on f,, fraction available after first-pass hepatic
excretion (f},), and ratio of AUC in the presence of
inhibitor or inducer (AUC1/AUC) values.

Simulation of the Impact of Renal and Hepatic Impairment
Tofacitinib has been previously shown to be eliminated
by both hepatic metabolism (~70%) and renal excretion
(29%).'° The ability of the tofacitinib PBPK model to
predict the PK effects of renal and hepatic impairment
was assessed. Simulations for moderate to severe renal
impairment were performed using the glomerular filtra-
tion rate (GFR) 30-60 and GFR < 30 Simcyp (version
15, release 1) Population Files, and simulations for
mild to moderate hepatic impairment were performed
using the liver cirrhosis Child-Pugh score A (CP-A)
and liver cirrhosis Child-Pugh score B (CP-B) Simcyp
Population Files. For each simulation, a study design
of 10 trials x 10 subjects was used, with age ranges
and sex ratio (male:female) matching those in the
corresponding cohorts in the clinical studies conducted
in patients with renal and hepatic impairment. Because
healthy control subjects were enrolled in these studies,
additional simulations were also performed in healthy
volunteers using a matching 10 trials x 10 subjects
design, with age ranges and sex ratios matching those in
the healthy control cohorts in the corresponding renal
and hepatic impairment clinical studies.>>** A sum-
mary of the population files and patient demographics
used in the simulations of the organ (renal and hepatic)
impairment studies is presented in Supplemental Table
S3 (Supplementary Online Material). AUC and Cp,x
values are presented as arithmetic means; AUC and
Chax ratios of healthy versus impaired organ function
are presented as geometric means.

Application of the Tofacitinib Simcyp Model: Inhibition of
Active Renal Secretion
Active renal secretion may contribute to the renal excre-
tion of tofacitinib to a small extent because total renal
excretion exceeds the sum of GFR and f, ;. However,
the transporter involved with the active secretion has
not been identified. To further evaluate the tofacitinib
Simcyp model in other DDI scenarios under which
active renal efflux transporters may be inhibited, the
hypothetical effect of complete inhibition of active
renal secretion was evaluated using this model.

Renal clearance attributed to passive filtration was
calculated as follows: passive filtration = GFR x
fup = 125 mL/min (7.5 L/h) x 0.61 = 4.6 L/h.>®> The
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Table 2. Arithmetic Mean (SD) Observed and Predicted Pharmacokinetics of Tofacitinib After (a) a Single Intravenous or Oral Dose in Healthy
Volunteers and (b) After Multiple (14 Days) Oral Doses of Tofacitinib |5 mg Twice Daily in Healthy Volunteers

@

Crmax, ng/mL, Mean (SD)

Ratio of Predicted

AUCq.o., ngh/mL, Mean (SD) Ratio of Predicted

Dose, Versus Observed Versus Observed
mg (n) Route Observed Predicted Mean Cax Observed Predicted Mean AUC
10 (12) v 188 (47.6)' 107 (33) 0.57 411 (79) 447 (126) 1.09
1 (6) PO 75 (I.7)b 7.03 (2.5) 0.94 229 (2.5)h 302 (11.2) 1.32
3(8) PO 21.8 (3.04)° 20.8 (7.8) 0.95 75.5 (14)° 91.0 (33.9) 1.21
10 (8) PO 88 (10.2)° 70.5 (25.6) 0.80 289 (81.5)° 310 (11T) 1.07
30 (9) PO 240 (44.5)° 211 (77) 0.88 938 (175)° 916 (331) 0.98
60 (8) PO 408 (97.7)° 413 (147) 1.01 1720 (438)° 1735 (629) 1.01
100 (7) PO 638 (118)° 684 (246) 1.07 2990 (716)° 2865 (1048) 0.96
(b)
Crmax» ng/mL, Mean (SD) Ratio of Predicted AUC,, ng-h/mL, Mean (SD) Ratio of Predicted
Dose, Versus Observed Versus Observed
mg (n) Day Observed' Predicted Mean C Observed' Predicted Mean AUC
15 BID 14 109 (36) 110 (38) 1.01 394 (92.3) 494 (186) 1.25
(23)

AUC, area under the plasma concentration-time curve; AUCq..,, AUC from time zero to infinity; AUC,, AUC over the dosing interval, t (12 hours); BID,
twice daily; Cpax, maximum plasma concentration; IV, intravenous; PO, oral; SD, standard deviation.

2Gupta et al, 201 1.
bSuzuki et al,2017.'8
Krishnaswami et al, 20157
dLawendy et al, 20092°

impact of complete inhibition of active renal secretion
was assessed by simulation of tofacitinib PK profiles
after a single 10-mg oral dose after changing the Clg
value to 4.6 L/h (passive filtration) from a Clg value
of 7.62 L/h (passive filtration + active secretion), based
on the assumption that inhibition of any active renal
secretion would decrease the active renal clearance
to zero but would not affect the fractional clearance
because of passive diffusion.? It is also possible that
tofacitinib may undergo active reabsorption; however,
the Clr value exceeds GFR x f,,, indicating that the
net effect is likely to be active secretion, and therefore
active reabsorption was not considered in this modeling
scenario. The tofacitinib PBPK model was revised by
using a decreased Clyy of 21.68 L/h (vs 24.7 L/h in
the original model) and a decreased Clg of 4.6 L/h
(vs 7.62 L/h in the original model). The metabolic
clearance of tofacitinib was not altered. This simulation
was performed using a study design of 10 trials x 10
subjects from the Simcyp Healthy Volunteer Population
File (version 15, release 1), with an age range of 20 to
50 years and a male:female ratio of 0.5.

Results

Prediction of Tofacitinib Plasma Concentration-Versus-
Time Profiles After Single or Multiple Oral Doses

Results of the Simcyp modeling predictions and com-
parison with data from tofacitinib clinical studies across
the single oral dose range of 1 to 100 mg and after

multiple dosing of 15 mg twice daily are summa-
rized in Table 2. The observed and predicted plasma
concentration-versus-time profiles of tofacitinib after a
single intravenous (10-mg) infusion and after a single
oral 10-mg dose are depicted in Figure 1. The pre-
dicted and observed plasma concentration-versus-time
profiles of tofacitinib after multiple, oral 15-mg twice-
daily doses are shown in Figure 2. The model-predicted
versus observed geometric mean Cy,x and AUC ratios
(along with the 90% confidence intervals [CIs] of the
ratios of predicted Cy,x or AUC vs observed) are also
depicted in Forest plots (Supplemental Figure S2 in
Supplementary Online Material). Using the described
model parameters, the predicted plasma concentration-
versus-time profiles after a single intravenous or oral
tofacitinib dose closely matched the observed plasma
concentration-versus-time profiles, which were gener-
ally within the 90%CI of the predicted range, except
for the initial concentrations after the intravenous dose.
Furthermore, after 14 days of multiple dosing (15 mg
twice daily) and in agreement with the observed PK
profile at steady state (day 15), no accumulation was
predicted based on the Simcyp PBPK model (Figure 2).
The predicted Cy,x values were generally within +£25%
of the observed values, except for the predicted Cpax
value after the intravenous dose (which was within
+50% of the observed values). The underprediction
of the intravenous C,,,x was likely related to the user-
defined V) value and the minimal PBPK model used
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Figure |. Observed and predicted mean (with upper and lower 95% confidence limits) plasma concentration-versus-time profiles of tofacitinib after
(A\) a single intravenous infusion of 10 mg (infusion time, 0.5 hours) and (B) a single oral dose of 10 mg. Cl, confidence interval; IV, intravenous; PO, oral.

for simulations. During initial assessment of the PBPK
model, a lower Vg, value was predicted based on
physicochemical properties when the full PBPK was
used for the distribution model and resulted in predic-
tion of higher C,,,x values after the intravenous dose.
Because an estimated V) value was available from the
absolute bioavailability study, this was entered as a user-
defined V) value using the minimal PBPK model
instead of using a predicted value under the full PBPK.
Despite the slight underprediction of the C,.x after
the intravenous dose, the Cp,.x values after oral doses
were well predicted using the minimal PBPK and the
estimated V) value. The predicted AUC values were
within £25% of the observed values at all tofacitinib
doses > 3 mg. At the 1-mg dose, the predicted AUC
values appeared to be slightly overestimated (Table 2
and Supplemental Figure S2 [Supplementary Online
Material]) relative to the observed values. However, the
observed AUC value may have been underestimated
because of a limited number of quantifiable concen-
trations at the later times and incompletely defined
elimination phases at the lower doses.” This is likely
because of the sensitivity of the bioanalytical assay,
which had a lower limit of quantification of 1 ng/mL,
whereas there was no assay limitation in the simulated
PK profiles. Recalculating the predicted AUC value at
the 1-mg dose by setting a lower limit of quantitation of
1 ng/mL would result in a predicted AUC value closer
to (within 25%) the observed value (data not shown).

Simulation of Tofacitinib DDls

Results of the Simcyp modeling predictions of DDI
studies with fluconazole (CYP2C19 and CYP3A4
inhibition), ketoconazole (CYP3A4 inhibition),
and rifampicin (CYP3A4 induction) are shown in
Table 3.

As a victim of CYP3A4 and CYP2C19 inhibition,
clinical tofacitinib exposure (represented by AUC) in-
creased approximately 2-fold (AUCi/AUC ratio, ~2.1)
in the presence of fluconazole and ketoconazole.
Tofacitinib Cp,, also increased when coadministered
with fluconazole and ketoconazole (ratio of C,,x in the
presence of inhibitor or inducer [Ciax1/Chax], ~1.2),
but not to the same extent as tofacitinib total ex-
posure (AUC values). The predicted AUC and Cpax
ratios in the presence of these CYP450 inhibitors
were in close agreement with the observed values
(AUC and C,,, ratios of 1.79 to 2.03 and 1.16 to
1.27, respectively), and the CIs overlapped between
the predicted and observed values. Furthermore, sim-
ulating the impact of CYP2C19 inhibition by flucona-
zole without CYP3A inhibition — by deactivating
the CYP3A4 and CYP3AS5 inhibitory effects in the
fluconazole compound model — resulted in an 18%
increase in tofacitinib AUC (data not shown); this
was similar to the observed AUC difference between
CYP2CI19 extensive metabolizers and poor metab-
olizers, therefore confirming the CYP2CI19 fraction
metabolized (f,) value. These simulation outcomes
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Figure 2. Observed and predicted mean (with upper and lower 95% confidence limits) plasma concentration-versus-time profiles of tofacitinib after
(A) multiple doses of tofacitinib (15 mg BID) for 14 days and (B) the morning dose on day 14. BID, twice daily; Cl, confidence interval.

further substantiated the relative contributions of
CYP2C19 and CYP3A4 to the overall clearance of
tofacitinib.

Administration of rifampicin resulted in a substan-
tial reduction in observed tofacitinib C,x (decrease
of 74%) and AUC (decrease of 84%) in the clinical

study. Decreases in Cp,,x (41%) and AUC (68%) were
predicted using the tofacitinib PBPK model and the
rifampicin compound model provided in the Simcyp
model library. A 2-fold difference between predicted
and observed data is generally considered an acceptable
parameter of prediction when evaluating models.'’
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Table 3. Simcyp and Clinical Assessments for Tofacitinib as a Victim of Drug-Drug Interactions

Victim Simcyp Modeling’
Geometric Mean Ratios (90%CI)

CYP450/

Victim Clinical Result Geometric

Mean Ratios (90%Cl)
Reference for

Transporter Isoforms Interacting Drug AUC Ratio Cax Ratio AUC Ratio Cnax Ratio Observed Clinical Data
CYP3A4/ Fluconazole 2.18 1.23 1.79 1.27 Gupta et al, 2013?'
CYP2CI19 (2.10-2.27) (1.21-1.25) (1.64-1.96) (1.12-1.44)
CYP3A4 Ketoconazole 2.08 1.22 2.03 1.16 Gupta et al, 2013%!
(2.00-2.18) (1.20-1.24) (1.91-2.16) (1.05-1.29)
CYP3A4, Rifampicin 3\
CYP2CI19, Simcyp existing rifampicin 0.32 0.59
P-glycoprotein compound file with (0.29-0.34) (0.56-0.62) 0.16 0.26 Lamba et al, 201222
CYP3A4/5 inhibition and > (0.14-0.18) (0.23-0.31)
induction
Revised rifampicin compound 0.26 0.53
file, adding CYP2CI9 (0.24-0.28) (0.50-0.56)
induction )

AUC, area under the plasma concentration-time curve; Cl, confidence interval; C.x, maximum plasma concentration; CYP2C19, CYP450 2C19; CYP3A4,
CYP450 3A4; CYP450, cytochrome P450; PBPK, physiologically based pharmacokinetic; Vy(ss), volume of distribution at steady state.

2Trial simulation of 10 groups of 10 individuals of a population of 100 (males with age range for each simulation trial matched to the corresponding clinical
study); first-order absorption and minimal PBPK distribution model used (Vq(s), |.24 L/kg).

However, the tofacitinib PBPK model appeared to un-
derpredict the extent of DDI with rifampicin, and there
was no overlap between the Cls of the predicted and
the observed data, despite the predicted AUCI/AUC
and Cpax1/Chax ratios still being within 2-fold of the
observed values.

Other metabolic effects of rifampicin such as
CYP2C19 induction were evaluated as possible expla-
nations for the underprediction of rifampicin DDI by
including CYP2C19 induction in the model. The addi-
tion of CYP2C19 induction into the model (assuming
maximal induction equivalent to CYP3A4 induction
[CYP3A4 IndCs value of 0.32 uM and Ind,x of 16])
had minimal impact on the predicted outcome of the
rifampicin DDI (Table 3).

A sensitivity analysis was performed to evaluate the
impact of the IndCsy and Ind.x values on fg, f}, and
AUCI/AUC values. Results of the sensitivity analysis
are shown in Supplemental Figure S3 (Supplementary
Online Material). Based on this analysis, f; was not
sensitive to the variation of IndCsy and Ind,.x and
remained high (> 0.8) even when a very low IndCs
value of 0.1 uM and high Ind,.x value of 30 were
used. In contrast, f, and AUCI/AUC (extent of DDI)
were highly correlated and were sensitive to both IndCs
and Ind .« (both decreased with decreasing IndCsy and
increasing Ind,.x values).

Simulation of the Impact of Renal and Hepatic Impairment
on Tofacitinib PK

The tofacitinib PBPK model was evaluated for utility
in predicting the impact of renal and hepatic impair-
ment on tofacitinib PK. Clinical studies of tofacitinib
have been conducted in patients with mild (creati-
nine clearance, 50-80 mL/min), moderate (creatinine

clearance, 30-50 mL/min), and severe (creatinine clear-
ance < 30 mL/min) renal impairment’* and also in
patients with mild to moderate liver cirrhosis (CP-A
and CP-B).” The PBPK-predicted PK parameters
(Ciax, AUC, and ratios of impaired/healthy) were
compared with observed data in the organ (renal and
hepatic) impairment clinical studies, and the results are
summarized in Table 4.

When simulating renal impairment, the predicted
AUC value for healthy volunteers was slightly higher
than the observed healthy control cohort in this study.
However, the observed AUC data in the healthy
control cohort in the renal impairment study were
slightly lower than those in the other clinical studies
(Table 2). The lower AUC value observed in the healthy
control cohort in the renal impairment study relative
to those in the other healthy control cohorts may
have been a result of study variability in the observed
PK of tofacitinib and/or slight differences in the
demographics of subjects across different studies. In
the renal impairment study,”* gradual increases in the
tofacitinib AUC;.. values were observed with
increasing severity of renal impairment (approximately
1.4-fold in both mild and moderate renal impairment
and approximately 2.2-fold in severe renal impairment).
Gradual increases in tofacitinib AUC values were
also predicted by the PBPK model in moderate and
severe renal impairment (AUC ratios of ~1.9 and
~2.5, respectively). The PK effects of moderate and
severe renal impairment predicted by the PBPK
model matched (within 4+31%) those observed in
the clinical renal impairment study, and the ClIs
of the predicted Cn.x and AUC ratios overlapped
with those from the renal impairment clinical
study.
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Table 4. Simulation and Clinical Assessments for the Impact of Renal and Hepatic Impairment on Tofacitinib Pharmacokinetics

Observed' Predicted
Predicted AUC
Cinaxs AUC.o0, Cmaxs AUC).~o, Ratio/Observed
ng/mL ng-h/mL ng/mL ng-h/mL AUC Ratio
Renal impairment
Healthy (GFR > 90 or CrCl > 80), arithmetic mean (SD) 94.2 (25.3) 268 (71.5) 76.9 (30.3) 365 (129) NA
Mild (GFR 60-90 or CrCl 50-80), arithmetic mean (SD) 87.3 (23.2) 370 (109) NA NA
Geometric mean ratio (90%Cl; mild/healthy)h 0.93 (0.67-1.29) 1.37 (0.97-1.95) NA NA NA
Moderate (GFR 30-60 or CrCl 30-50), arithmetic 104 (47.5) 396 (154) 95.2 (39.8) 720 (337)
mean (SD)
Geometric mean ratio (90%Cl; moderate/healthy)b 1.04 (0.75-1.44) 1.43 (1.01-2.02) 1.22 (1.14-1.30)  1.87 (1.61-2.14) 1.31
Severe (GFR < 30 or CrCl < 30),arithmetic mean (SD) 111 (28.6) 615 (214) 96.6 (42.3) 987 (459)
Geometric mean ratio (90%Cl; severe/healthy)b 1.18 (0.85-1.63) 2.23 (1.57-3.16) 1.23 (1.16-1.30)  2.54 (2.19-2.90) 1.14
Hepatic impairment
Healthy, arithmetic mean (SD) 62.0 (14.2) 362.3 (82.6) 73.3 (28.9) 364 (141) NA
Mild cirrhosis (CP-A), arithmetic mean (SD) 62.0 (16.9) 369.5 (55.9) 79.0 (32.4) 615 (246)
Geometric mean ratio (90%Cl; CP-A/healthy)’ 0.99 (0.75-1.32) 1.03 (0.78-1.36)  1.07 (1.01-1.12)  1.68 (1.49-1.87) 1.63
Moderate cirrhosis (CP-B), arithmetic mean (SD) 93.7 (30.6) 625.3 (280) 86.7 (34.1) 1099 (363)
Geometric mean ratio (90%Cl; CP-B/healthy)’ 1.49 (1.12-1.97) 1.65 (1.25-2.17)  1.18 (1.12-1.24)  3.09 (2.77-3.41) 1.87

AUC, area under the plasma concentration-time curve; AUCq._,, AUC from time zero to infinity; Cl, confidence interval; C,x, maximum concentration;
CP, Child-Pugh; CrCl, creatinine clearance (mL/min); GFR, glomerular filtration rate (mL/min/1.73 m2); NA, not applicable; SD, standard deviation.

Degree of renal impairment based on CrCl (healthy, CrCl 80; mild, CrCl 50-80; moderate, CrCl 30-50; severe, CrCl < 30).

Simcyp population libraries for renal impairment are based on GFR (healthy, GFR > 90; moderate, GFR 30-60; severe, GFR < 30).

2Renal impairment: Krishnaswami et al, 201424; hepatic impairment: Lawendy et al, 201423

PRatio of adjusted geometric means from corresponding cohorts.

The predicted tofacitinib Cp,x and AUC values in
the healthy volunteer cohort of the hepatic impairment
study were similar to the observed data. In the hepatic
impairment clinical study,?® it was observed that mild
hepatic impairment (CP-A) had little to no impact on
the PK of tofacitinib, whereas moderate impairment
(CP-B) resulted in increases in C,x and AUC (Cpax
ratio of ~1.5 and AUC ratio of ~1.7). The simulations
of mild and moderate hepatic impairment using the
tofacitinib PBPK model and the Simcyp Liver Cirrho-
sis CP-A and CP-B Population Files show a gradual
increase in both Cy,,x and AUC values (predicted AUC
ratios of ~1.7 for CP-A and ~3.1 for CP-B relative
to healthy volunteers; Table 4), which appeared to be
overpredicted relative to the observed data (predicted
hepatic impairment AUC ratios relative to observed
hepatic impairment AUC ratios were ~1.6 and ~1.9 for
CP-A and CP-B, respectively; Table 4). The predicted
tofacitinib AUC ratios for liver cirrhosis CP-A and
CP-B patients were within 2-fold of the observed ratios
for the CP-A and CP-B patients from the hepatic
impairment study; however, the CIs of the predicted
AUC ratios did not overlap with those observed in the
hepatic impairment clinical study.

Simulation of Tofacitinib PK With Inhibited Renal Trans-
port and Decreased Renal Secretion

The tofacitinib Simcyp model was used to predict
a hypothetical situation of complete inhibition of
active renal secretion via unidentified renal efflux

transporters. Under this scenario and assuming com-
plete inhibition of active renal secretion (ie, renal clear-
ance was assumed to be the same as passive filtration
with parallel change in total clearance), PBPK simu-
lation predicted a 14% increase in tofacitinib exposure
(AUC) without any effect on tofacitinib Cy,,, indicat-
ing that complete inhibition of active renal secretion
is unlikely to have a major impact on tofacitinib con-
centrations. Based on this simulation (< 25% change in
tofacitinib AUC) and the limited contribution of active
renal secretion clearance (~12%) to overall clearance, a
clinical DDI study with inhibitors of renal transporters
was not considered necessary.

Discussion

Based on the metabolic and clearance pathways
of tofacitinib, the Simcyp model-predicted plasma
concentration-versus-time profiles were consistent with
observed clinical data, supporting the underlying
assumptions and parameters of the tofacitinib
PBPK model with regard to absorption, distribution,
and elimination (metabolism and renal excretion)
mechanisms.

Simcyp predictions of tofacitinib as a victim of
DDIs were in agreement with tofacitinib clinical DDI
studies investigating coadministration of the potent
CYP3A4 inhibitor, ketoconazole, and the moderate
CYP3A4 inhibitor/potent CYP2C19 inhibitor, flucona-
zole, and confirmed our understanding of tofacitinib
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metabolic pathways via both CYP3A4 and CYP2C19.
In the presence of CYP3A4 inhibitors, the low (14%-
26%) increase in tofacitinib Cp,x was in the range ex-
pected for a compound with high oral bioavailability of
74% and absorption of 93%, suggesting that intestinal
first pass is low, and the changes in tofacitinib exposures
with these inhibitors were mainly because of hepatic
CYP450 enzyme inhibition.

In healthy volunteers in a clinical trial, coadmin-
istration of rifampicin significantly decreased mean
tofacitinib AUC., and Cpayx.?> The predicted effect of
rifampicin was slightly lower than observed, although
the predicted AUC change (68%) was within +£20%
of the observed (84%), and the predicted AUCI/AUC
ratio was within 2-fold of the observed, which is similar
to the predicted impact of rifampicin versus observed
values across a large number of PBPK models and
across several clinical induction studies with various
compounds.’® In general, predicting the magnitude of
DDI caused by enzyme inducers is more challenging
than with enzyme inhibitors because the molecular
mechanism is indirect (ie, the inducer is not binding
with the enzyme itself but mediates via regulation of
enzyme transcription).?’

Additional analyses were performed to investigate
the underprediction of the rifampicin DDI. Induction
of CYP2C19 by rifampicin has been reported in both in
vivo and in vitro studies; however, in vitro induction of
CYP2C19 by rifampicin is highly variable,’®** and the
induction parameters for CYP2C19 (such as Ind,,,x and
IndCs relative to those for CYP3A4/5) have not been
previously published. Inclusion of CYP2C19 induction
(using a worst-case assumption) had minimal effect
on the prediction outcome, indicating that CYP2CI19
induction may not be the major reason for underpre-
diction. To further delineate the mechanism behind the
effect of rifampicin on tofacitinib exposure and Cay,
the induction of intestinal CYP3A4 metabolism and
efflux (via P-glycoprotein) by rifampicin was consid-
ered. Although tofacitinib has been shown to be a sub-
strate of P-glycoprotein,!! tofacitinib has good passive
membrane permeability, a rapid clinical absorption
rate,” and absorption of approximately 93%.!° There-
fore, the contribution of intestinal efflux clearance via
P-glycoprotein to the overall clearance of tofacitinib is
estimated to be low relative to its metabolic clearance
pathways, such that even a large theoretical induction
factor for P-glycoprotein in the gastrointestinal tract
is not likely to contribute to the underprediction of
the rifampicin effect. A sensitivity analysis showed that
although f}, and AUCI/AUC values were dependent on
the induction parameters, f, was relatively insensitive
to changes in IndCsy and Ind,,,x values. Therefore,
underprediction of induction DDI may not be because
of incomplete characterization of induction effects in

the gastrointestinal tract, but rather because of the
effect on hepatic CYP3A4 induction. Another potential
factor may be related to the induction parameters in
the Simcyp rifampicin compound file. In an analysis
of the predictive performance of PBPK models for the
effect of CYP3A inducers on a substrate’s PK, a general
trend for underpredicting the impact of rifampicin was
reported across PBPK modeling software, which was
improved by increasing the induction potency.’® The
Indy.x value in the Simcyp rifampicin file was 16;
however, a subsequently published study showed that
a higher Ind,,x value of 29.9 may be more reflective of
the inductive effects of rifampicin.*” It is possible that
the CYP3A4 induction parameters of rifampicin may
need further optimization to be able to predict clinical
induction with greater precision.

A well-verified PBPK model can be used to address
questions from health authorities with regard to differ-
ent DDI scenarios, to dosing in specific populations,
and to inform labeling discussions. As illustrated in
this study, the tofacitinib PBPK model was able to
predict the impact of CYP450 inhibition and renal
impairment as separate extrinsic and intrinsic factors
affecting tofacitinib PK. Using the tofacitinib PBPK
model, the predicted PK impact of renal impairment
was in close agreement with that observed, as indicated
by the predicted AUC ratio being within £31% of
the observed values. Because the model prediction in
each of these extrinsic and intrinsic factors has been
confirmed, the model can then be applied to predict PK
when evaluation in a clinical study may be difficult, such
as in the hypothetical situation of CYP450 inhibition in
renally impaired subjects.

An illustration of this approach was presented in
a previous study in which tofacitinib PK was esti-
mated in Japanese CYP2C19 extensive metabolizers
and CYP2C19 poor metabolizers. CYP2C19 is a known
metabolic pathway for tofacitinib, but CYP2C19 ex-
hibits genetic polymorphism, and subjects with dif-
ferent CYP2C19 phenotypes (extensive metabolizers
versus poor metabolizers) show differences in the PK of
tofacitinib.'* It is also known that there are differences
in allelic frequencies and distribution of CYP2C19
alleles among different ethnic groups, for example,
Japanese and Chinese cohorts have higher proportions
of CYP2CI19 poor metabolizers compared with white
cohorts. The tofacitinib PBPK model (using the same
input parameters as in this study) has been verified
both in CYP2C19 extensive metabolizers and poor
metabolizers in a healthy volunteer population (mostly
white subjects) and in Japanese subjects (CYP2C19
metabolizer status not specified), by comparing the
simulated outcomes with observed data from stud-
ies conducted in these populations.'® After verifying
the prediction of tofacitinib PK in these separate
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populations, the tofacitinib PBPK model was then
applied to predict the PK of tofacitinib in Japanese
CYP2C19 extensive metabolizers and poor metabo-
lizers in lieu of a clinical study.'® The application of
PBPK modeling in this multifactorial example allowed
concurrent evaluation of the impact of both ethnic fac-
tors (Japanese vs white) and CYP2C19 polymorphisms
(extensive vs poor metabolizers).

The impact of hepatic impairment on tofacitinib PK
appeared to be overpredicted using the Simcyp Liver
Cirrhosis Population Files, but the predictions were
within 2-fold of that observed. A general trend of slight
overprediction of the PK impact of hepatic impairment
has been reported previously.’!-** Similar to other ex-
amples reported in the literature, the PBPK-predicted
impact of cirrhosis on tofacitinib PK was within 2-fold
of that observed, which was deemed reasonable given
the inherently higher degree of variability associated
with the Child-Pugh classification scheme for hepatic
impairment. The Liver Cirrhosis Population Files were
constructed based on the known physiologic changes
(such as changes in plasma protein level, hepatic en-
zyme level, organ size, and organ blood flow) observed
with various degrees of cirrhosis. The predicted changes
in tofacitinib PK using a mechanistic PBPK model
was expected to reflect decreases in CYP450 enzymes
and decreased metabolic capacity with an increased
degree of hepatic impairment. However, because there
was a trend for overprediction, the predicted outcome
should be considered the worst-case scenario; further
refinement of these Liver Cirrhosis Population Files is
warranted to ascertain higher precision in the predic-
tion outcomes.

Conclusions

In summary, tofacitinib PK under various scenarios
(eg, victim DDI, renal impairment, and hepatic impair-
ment) was well predicted using Simcyp PBPK mod-
eling. This study illustrated that PBPK modeling and
simulation are a valuable tool that can be used for
early prediction of DDIs before advancing to clinical
studies and can be extended to predict the impact
of concomitant drugs in multifactorial settings, for
example, under CYP450 inhibition or induction, in
addition to decreased renal or hepatic functions or in
differing age brackets or specific disease settings (such
as rheumatoid arthritis), while limiting the need to
assess PK in further clinical studies.
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