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Abstract. Disease-mediated therapeutic protein–drug interactions have recently gained attention from
regulatory agencies and pharmaceutical industries in the development of new biological products. In this
study, we developed a physiologically based pharmacokinetic (PBPK) model using SimCYP to predict
the impact of elevated interleukin-6 (IL-6) levels on cytochrome P450 (CYP) enzymes and the treatment
effect of an anti-IL-6 monoclonal antibody, sirukumab, in patients with rheumatoid arthritis (RA). A
virtual RA patient population was first constructed by incorporating the impact of systemic IL-6 level on
hepatic and intestinal expression of multiple CYP enzymes with information from in vitro studies. Then, a
PBPK model for CYP enzyme substrates was developed for healthy adult subjects. After incorporating
the virtual RA patient population, the PBPK model was applied to quantitatively predict pharmacoki-
netics of multiple CYP substrates in RA patients before and after sirukumab treatment from a clinical
cocktail drug interaction study. The results suggested that, compared with observed clinical data, changes
in systemic exposure to multiple CYP substrates by anti-IL-6 treatment in virtual RA patients have been
reasonably captured by the PBPK model, as manifested by modulations in area under plasma
concentration versus time curves for midazolam, omeprazole, S-warfarin, and caffeine. This PBPK
model reasonably captured the modulation effect of IL-6 and sirukumab on activity of CYP3A, CYP2C9,
CYP2C19, and CYP1A2 and holds the potential to be utilized to assess the modulation effect of
sirukumab on the metabolism and pharmacokinetics of concomitant small-molecule drugs in RA
patients.

KEY WORDS: cytochrome P450; interleukin-6; monoclonal antibody; sirukumab; therapeutic
protein–drug interaction.

INTRODUCTION

Some key drug-metabolizing enzymes, such as cyto-
chrome P450s (CYPs), are known to be modulated by
systemic proinflammatory cytokines released during infection
or inflammation, resulting in alteration in biotransformation
and elimination of small-molecule substrates of the affected
CYPs (1). Systemic levels of interleukin-6 (IL-6), a potent
proinflammatory cytokine, have been found elevated in
patients with various systemic inflammatory diseases includ-
ing psoriasis and rheumatoid arthritis (RA) (2,3) and patients
with certain types of cancer (4). Several in vitro studies have
demonstrated that higher (>100 pg/mL) concentrations of IL-
6 suppressed the expression and activity of several CYP
enzymes, such as CYP3As (including CYP3A4 and
CYP3A5), CYP2C19, CYP2C9, and CYP1A2 (5–7). An
in vitro study also reported that such suppressive effects
could be attenuated by co-incubation with an anti-IL-6

antibody (5). Consistently, a recent in vivo drug–drug
interaction (DDI) study conducted in RA patients showed
that the administration of an anti-IL-6 receptor monoclonal
antibody (mAb) tocilizumab reversed IL-6-induced suppres-
sion of CYP3A4 and CYP2C19 activity, as reflected by a
significant decrease in systemic exposure to simvastatin (a
CYP3A4 substrate) and omeprazole (a CYP2C19 substrate)
following tocilizumab treatment (8,9). Another cocktail
clinical DDI study conducted in RA patients also reported
that treatment with an anti-IL-6 antibody sirukumab led to
decreases in systemic exposure to CYP3A4 substrate mid-
azolam, CYP2C19 substrate omeprazole, and CYP2C9 sub-
strate S-warfarin but increases in systemic exposure to
CYP1A2 substrate caffeine (10), further confirming the
possibility of therapeutic protein–drug interactions (TP-DI)
between anti-IL-6 therapeutic proteins (TPs) and small-
molecule drugs in RA patients via modulation of CYP
enzymes.

In recent years, a physiologically based pharmacokinetic
(PBPK) modeling strategy has increasingly been employed
during drug development and regulatory review (11,12).
Physiologically based pharmacokinetic models comprise com-
partments based on the anatomy and physiology of the

1 Biologics Clinical Pharmacology, Janssen Research & Development,

http://crossmark.crossref.org/dialog/?doi=10.1208/s12248-016-9890-5&domain=pdf


biological system. The mechanistic nature allows PBPK
models to distinguish and characterize the interplay between
drug-specific and biological system-specific parameters. Due
to the comprehensive array of drug-independent system
features, PBPK modeling may offer researchers an a priori
approach to predict a compound’s pharmacokinetic (PK)
behavior under a variety of clinical circumstances, such as
variability in age, disease, and genetics, with prior knowledge
of the biological system and the drug substance’s physico-
chemical characteristics (11,12). A recently published PBPK
model successfully demonstrated the impact of IL-6 and the
therapeutic effect of tocilizumab on CYP3A4 activity in RA
patients by characterizing the changes of PK of CYP3A4
substrate simvastatin in RA virtual patients before and after
treatment (13), suggesting the potential of PBPK modeling in
describing the impact of RA disease and anti-IL-6 therapy on
CYP enzyme activity as well as the associated changes in drug
exposure.

This study’s objective was to develop a PBPK model with
in vitro–in vivo extrapolation strategy that simultaneously
characterized the impact of excessive exposure to IL-6 on
multiple CYP enzymes and the treatment effect of 300 mg
anti-IL-6 mAb sirukumab on the PK of CYP enzyme
substrates midazolam (CYP3A), omeprazole (CYP2C19), S-
warfarin (CYP2C9), and caffeine (CYP1A2) in patients with
active RA.

MATERIALS AND METHODS

Pharmacokinetic Data

Pharmacokinetic data were obtained from the
sirukumab clinical cocktail TP-DI study (10), which was an
open-label, phase 1 study in men and women aged 18–
65 years, inclusive, who had a diagnosis of RA and
screening C-reactive protein ≥8.0 mg/L. Twelve patients,
genotyped to exclude poor metabolizers of CYP2C9 and
CYP2C19, were enrolled. In this study, patients received an
oral cocktail of CYP probe substrates consisting of 0.03 mg/
kg midazolam, 10 mg warfarin (plus 10 mg vitamin K),
20 mg omeprazole, and 100 mg caffeine at 1 week prior to
(day 1) and 3 weeks after (day 29) a single subcutaneous
dose of 300 mg sirukumab. Series of plasma samples were
collected and analyzed for probe substrate concentrations of
midazolam, S-warfarin, omeprazole, and caffeine using
validated liquid chromatography coupled to mass
spectrometry/mass spectrometry methods at Frontage
Laboratories, Inc. (Exton, PA, USA). Pharmacokinetic
parameters were described as arithmetic mean and standard
deviation (SD). The geometric mean of post-/pre-sirukumab
treatment ratios (day 29/day 1) for area under plasma
concentration versus time curves (AUC) and peak concen-
tration (Cmax) were calculated. The 90% confidence interval
(CI) of the geometric mean ratio for each individual CYP
probe substrate was also established.

Pooled Analysis of Systemic IL-6 Concentrations in RA
Patients and Healthy Subjects

Literature data regarding systemic levels of IL-6 were
pooled together to determine the population mean with SD

for systemic levels of IL-6 in RA patients (8,10,14–20) and in
healthy subjects (16,17,20–26). The mean or individual IL-6
plasma or serum concentration values from different studies
were combined, and associated variability was calculated with
R (http://www.r-project.org) and Excel (Microsoft, Redmond,
WA). The impact of sample size and variability of each
individual study were also included in the current analysis.

PBPK Models

The PBPK models for each individual CYP enzyme
substrate (midazolam, omeprazole, S-warfarin, and caffeine)
in the virtual RA patient population were developed and
qualified in an absorption, distribution, metabolism, and
excretion (ADME) simulator (SimCYP V13.1; SimCYP
Limited, Sheffield, UK). The virtual RA patient population
was characterized by incorporating the impact of systemic IL-
6 level on hepatic and intestinal expression of multiple CYP
enzymes of the healthy Caucasian population. Details of the
general aspects of the PBPK model characteristics, enzyme
dynamics, and the kinetics of victim drugs within the ADME
simulator have been previously described (27,28). The
simulator built-in library models of midazolam, omeprazole,
S-warfarin, and caffeine were used in the current PBPK
model to characterize plasma concentrations of these CYP
enzyme substrates with modification through model
optimization.

Modeling of IL-6 Profiles

The systemic IL-6 concentration used in the current
PBPK model was simulated with the following model inputs,
which are adopted from a recently published IL-6 PBPK
model with modification (13): molecule weight = 21,000 g/
mol systemic clearance (CLi.v.) = 1.0 L/h and volume of
distribution at steady state (Vss) = 0.43 L/kg. IL-6 was
introduced into the system via intravenous infusion (0.005–
0.1 μg/h) for the duration of the simulation (40 days), and the
resultant steady-state systemic concentrations ranged from 5
to 100 pg/mL. Simulated steady-state IL-6 concentrations
were then linked to effects on multiple hepatic CYP enzyme
levels, and new steady-state (SS) levels of hepatic CYP
enzymes were achieved over the simulation period (depend-
ing on the setting of turnover rate of each individual CYP
enzyme within Simcyp, 90% of SS was reached between 7
and 19 days after continuous exposure to IL-6). The
suppressive effect of IL-6 on intestinal CYP enzymes was
assumed to be the same as that on hepatic CYPs, and the
intestinal CYP enzyme levels were manually modified in the
virtual RA patient population (13,29,30). For each individual
intestinal CYP enzyme, the remaining enzyme activity was
calculated with the log (inhibitor/agonist) versus response
model (details presented in BModeling of Enzyme
Dynamics^ section) with the enzyme inhibition/induction
information obtained from in vitro enzyme regulation studies
(Table I).

Modeling of Enzyme Dynamics

Within the ADME simulator, the modulation effects of
IL-6 on CYP enzymes were modeled as suppression on
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CYP2C9, CYP2C19, CYP3A4, and CYP3A5 and induction
on CYP1A2 in the liver with the following equation
modified from literature, based on the assumption that
time-dependent concentration of IL-6 (IL-6t) affects the
rate of hepatic enzyme production directly, and levels of
IL-6 in circulation are similar to those in the liver and
intestine (13):

dEnzact;H−i

dt
¼ kdeg;H−i � Enz0;H−i 1 þ Emin=max−1

� � � IL−6½ �t
EC50 þ IL−6½ �t

� �

−kdeg;H−i � Enzact;H−i

where Enzact,H–i(t) represents the hepatic level of an active
CYP isozyme at any given time and Enz0,H–i represents the
basal hepatic level of the CYP isozyme (Enzact,H–i(0) =
Enz0,H–i). Emin/max is the minimum/maximal CYP enzyme
activity (i.e., maximum suppression/induction) expressed as a
fraction of vehicle control. EC50 is the IL-6 concentration that
causes 50% of enzyme suppression/induction effect (Emin/

max); [IL-6]t represents the concentration of perpetrator (IL-
6) at time t. Mean degradation rate constant (kdeg,H–i) values
of each specific hepatic CYP enzyme used in the simulations
were the default values provided by the ADME simulator
(27,28). The values of Emin and EC50 for CYP2C9, CYP2C19,
and CYP3A5 were taken directly from a recent in vitro study
reported by Dickmann et al. (5) (Table I). The Emin value for
CYP3A4, the Emax value for CYP1A2, and EC50 values for
these two enzymes were obtained by re-analyzing the
reported in vitro data from the same study (5) (Table I).
The dose–response curves from different individual healthy
donors (5) were first digitized using GetData software
(version 2.24, http://getdata-graph-digitizer.com). EC50 and

Emax or Emin values were derived with GraphPad Prism 6
(GraphPad Software, Inc., San Diego, CA) using the log
concentration of perpetrator (IL-6) and remaining enzyme
activity information with the log (inhibitor) versus response
model (Y=Emin + (Emax−Emin)/(1+ 10

[(X − logEC50) × Hill slope]),
the log (agonist) versus response model (Y=Emin + (Emax−
Emin)/(1+ 10[(logEC50 −X) × Hill slope])), or the bell-shaped dose
response model [Y=Emax_plateau + [(Emax_plateau−Emax)/(1 +
10[(logEC50,1 −X) ×Hill slope 1])] + [(Emin−Emax_plateau)/(1+ 10[(X −

logEC50,2) × Hill slope 2])]] (5).

Development and Validation of PBPK Model to Simulate
IL-6–CYP Substrates Interaction in RA Patients Before and
After Sirukumab Treatment

The PBPK model was developed with a stepwise
strategy. First, plasma concentration profiles of individual
CYP substrates in RA patients after sirukumab treatment
from the sirukumab TP-DI study were simulated with the
healthy European Caucasian virtual population provided by
the ADME simulator. A visual prediction check was applied
to evaluate the predictive accuracy of PBPK model prediction
versus observed concentration-time profiles and appropriate-
ness of curve shapes. Then, several necessary drug-specific
parameters of the CYP substrates, such as fraction of
absorption, absorption rate constant, single-adjusting com-
partment, distribution clearance, and intrinsic hepatic clear-
ance, for all or some of the CYP substrates were optimized
using the parameter estimation function and automated
sensitivity analysis functions of the ADME simulator
(Table II). Subsequently, plasma concentration profiles of
the CYP substrates in RA patients before sirukumab
treatment from the sirukumab clinical cocktail TP-DI study
(10) were simulated with the developed virtual RA patient
population and the optimized CYP substrate profiles. Model

Table I. CYP Enzyme Regulation Parameters by IL-6 for PBPK
Model Input

Parameters (unit) Values

Emax_CYP1A2
a 1.34

EC50_CYP1A2
a (pg/mL) 8.0

Emin_CYP2C9
b 0.053

EC50_CYP2C9
b (pg/mL) 121.0

Emin_CYP2C19
b 0.214

EC50_CYP2C19
b (pg/mL) 71.3

Emin_CYP3A4
c 0.25

EC50_CYP3A4
c (pg/mL) 75.2

Emin_CYP3A5
b 0.034

EC50_CYP3A5
b (pg/mL) 51.0

CYP cytochrome P450, PBPK physiologically based pharmacokinetic
model
aValues were obtained by simultaneous fitting of effect of IL-6 on
CYP1A2 activity data from literature (5) with the log (agonist) versus
response model. The Emax_CYP1A2 value used as PBPK model input
was derived by normalizing model fitted value of Emax to that of
baseline activity value (Emin), which was 107.5 and 80.33%,
respectively
bValues were obtained by directly applying effect of interleukin-6
(IL-6) on CYP enzyme messenger RNA expression values reported
in literature (5)
cValues were obtained by simultaneous fitting of effect of IL-6 on
CYP3A4 activity data from literature (5) with the log (inhibitor)
versus response model

Table II. Modifications in Drug Specific Parameters of Each Individ-
ual CYP Enzyme Substrates by Model Optimization

Parameters (unit)

Original values
provided by
SimCYP

Values after model
optimization

faMidazolam 1 0.9
KaMidazolam (1/h) 3 15
VsacMidazolam (L/kg) N/A 0.3
QMidazolam (L/h) N/A 30
Clint-CYP2C19-Omeprazole

(μL/min/pmol of isoform)
264 66

Clint-CYP3A4-Omeprazole

(μL/min/pmol of isoform)
39.5 9.9

FaS-Warfarin 1 0.8
KaS-Warfarin (1/h) 1.85 15
VsacS-Warfarin (L/kg) N/A 0.03
QS-Warfarin (L/h) N/A 0.5
faCaffeine 1 0.7
KaCaffeine (1/h) 2.18 10
Clint-CYP3A4-Simvastatin

(μL/min/pmol of isoform)
2597 1800

Clint intrinsic hepatic clearance, CYP cytochrome P450, fa fraction of
absorption, ka absorption rate constant, Q distribution clearance,
Vsac volume of single-adjusting compartment
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validation process was performed by comparing PBPK model
prediction values to observed values from clinical TP-DI
studies between tocilizumab and CYP3A4 substrate simva-
statin and CYP2C19 substrate omeprazole, respectively, in
RA patients after optimization of simvastatin drug-specific
parameters (8,31).

All PK simulations were conducted using 10 trials
containing 10 subjects each with CYP substrates orally
administered on day 31 or day 39 of simulation to ensure
the regulatory effect of IL-6 on the expression levels of all
hepatic CYP enzymes reached SS at time of dosing. Mean
and distribution of demographic covariates (e.g., age, sex,
body weight, and genotypes) of the virtual subjects were
generated via a Monte Carlo method within the ADME
simulator. Interindividual variability of model parameters
was incorporated within the PBPK model using the values
predefined within the ADME simulator. AUC0–240 h or
AUC0-24 h and Cmax of simulated plasma concentration
profiles and the 90% CIs of simulated values were
determined with the method provided by the ADME
simulator. Since the model simulation suggested that at
240 h following administration, almost no dectable CYP
substrates was found in the plasma, AUC0–240 h values
were used to represent AUC0–infinity in the current
analysis.

RESULTS

Re-analysis of In Vitro CYP3A4 and CYP1A2 Modulation
Profiles from Literature (5)

The dose–response curves of 6β-hydroxytestosterone
formation (CYP3A4 activity) under different IL-6 concentra-
tions from 5 individual donors (Hu8110, Hu1242, Hu4151,
Hu1001, and Hu8064) with complete dose–response informa-
tion (1–10000 pg/mL) were fitted simultaneously with the log
(inhibitor) versus response model (Fig. 1a). The derived Emin

and EC50 values of IL-6 on CYP3A4 activity were 25% and
75.2 pg/mL, respectively.

The dose–response curves of acetaminophen formation
(CYP1A2 activity) under different IL-6 concentrations from 8
different individual healthy donors were first individually
fitted with the bell-shaped dose response model. The 4
individuals’ dose response curves (Hu8110, Hu1242,
Hu4151, and Hu8064) that had complete dose–response
information (1–10000 pg/mL) were then fitted with the bell-
shaped response model (Fig. 1b). Eventually, the lower IL-6
concentration (1–100 pg/mL) of these curves was re-
analyzed simultaneously with the log (agonist) versus re-
sponse model (Fig. 1c). The derived Emax and EC50 values of
IL-6 on CYP1A2 activity were 134% and 8.0 pg/mL,
respectively.

Pooled Analyses of Systemic IL-6 in RA Patients and in Healthy
Subjects

The reported baseline systemic IL-6 concentrations were
highly varied, ranging from 1.24–11 pg/mL in healthy subjects
(16,17,20–26) and from 3.51–119 pg/mL in RA patients
(8,10,14–20). Based on the pooled analysis using data
available in the literature, the estimated average systemic

IL-6 concentrations in healthy subjects was 3.27 ± 2.38 pg/mL
(Fig. 2a), while that in RA patients was 49.3 ± 48.5
(Fig. 2b).
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Fig. 1. Re-analysis of the effects of interleukin (IL)-6 on modula-
tion of CYP1A2 and CYP3A4. The inhibitory effect of IL-6 on
CYP3A4 activity was presented with 6β-hydroxytestosterone for-
mation from testosterone (a). The bell-shaped effect of IL-6 on
CYP1A2 activity over the wide concentration range (1–50,000 pg/
mL) (b) and the inductive effect of IL-6 on CYP1A2 activity at the
lower concentration range (1–100 pg/mL) (c) were presented with
acetaminophen formation from phenacetin. Symbols represent
individual observed data digitized from literature (5). Data were
fit to a variable slope dose–response model, and lines represent
model estimation results
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Prediction of CYP Enzyme Substrate PK in RA Patients
Before and After Sirukumab Treatment

The developed PBPK model provides a consistent
representation of the impact of elevated IL-6 and the
treatment effect of anti-IL-6 mAb sirukumab on the activities
of multiple CYP enzymes in RA patients, as manifested by
the comparison of observed versus predicted PK profiles of
midazolam (Fig. 3a, b), omeprazole (Fig. 3c, d), S-warfarin
(Fig. 3e, f), and caffeine (Fig. 3g, h) in the absence of IL-6
(analogous to healthy subjects or RA patients treated with
sirukumab) or presence of IL-6 (analogous to RA patients,
where IL-6 average steady-state systemic concentration (CIL-

6, SS) was assumed to be 50 pg/mL). Tables III and IV also
suggest that the predicted AUC0−infinity and Cmax values of
these CYP substrates with the presence of 50 or 0 pg/mL of
IL-6, which represent pre- and post-sirukumab treatment
systemic exposure, respectively, and the post-/pre-treatment
AUC0−infinity and Cmax ratio values all reasonably captured
the impact of sirukumab treatment on systemic exposure

(represented by observed AUC0−infinity, Cmax, and the post-/
pre-treatment AUC0−infinity and Cmax ratio values) to several
CYP enzyme substrates in RA patients.

Validation of PBPK Model Using PK Data from RA Patients
Before and After Tocilizumab Treatment

In order to validate the developed PBPK model,
predictions of PK profiles of CYP3A4 substrate simvastatin
and CYP2C19 substrate omeprazole in RA patients before
and after treatment with IL-6 receptor (IL-6R) antibody
tocilizumab were conducted and compared with the observed
values. The simulated simvastatin AUC0–24 h values were
95.7 ± 85.9 and 48.9 ± 42.7 ng*h/mL in RA patients with the
influence of 50 pg/mL IL-6 or without any influence of IL-6,
which represent pre- and post-tocilizumab treatment, respec-
tively. The predicted mean effect ratio of tocilizumab
(calculated as comparing CYP substrate systemic exposure
after and before tocilizumab treatment) was 0.51 (90% CI
0.42–0.58). These values were similar to the observed AUC0–
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Fig. 2. Pooled analysis of systemic (plasma or serum) interleukin (IL)-6
concentrations in healthy subjects (a) and rheumatoid arthritis (RA)
patients (b) based on literature information from various sources. Symbols
with standard deviation (SD) bars represented observed population mean
± SD data digitized from literature (8,10,14–26). Dashed lines represent the
derived average IL-6 concentrations in healthy subjects (3.27 ± 2.38 pg/mL)
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24 h and the post-/pre-treatment AUC ratio values, which
were 102± 44 ng*h/mL, 42.3 ± 18 ng*h/mL, and 43% (90% CI
34–55%), respectively (8). The PBPK model prediction also
suggested that anti-IL-6R treatment by tocilizumab may
cause a 34% (90% CI 23%–46%) decrease in systemic
exposure to omeprazole, which is also similar to the observed
value (28%) in RA patients (31).

Sensitivity Analysis



recently reported in vitro IL-6 modulation data obtained from
human hepatocytes (5).

An accurate quantification of in vivo IL-6 level is critical
for the development of this PBPK model, since IL-6 acts as
the driving force of regulation of all CYP enzymes in vivo
and, subsequently, the clinical TP-DIs between anti-IL-6 TPs
and small-molecule drugs that are metabolized by these CYP
enzymes. Systemic IL-6 levels are known to be highly variable
in patients with RA and in healthy subjects. Our literature
search revealed that the reported baseline systemic IL-6
concentrations in healthy subjects ranged from 1.24 to
6.56 pg/mL (16,17,20–26) while that in RA patients ranged
from 3.51 to 119 pg/mL (8,10,14–20). Therefore, a pooled
analysis was performed using the literature values, and the
average IL-6 concentrations of the overall healthy subjects
and RA population were obtained, which were 3.27 ± 2.38 pg/
mL (Fig. 2a) in healthy subjects and 49.3 ± 48.5 pg/mL in RA
patients (Fig. 2b); in the present PBPK model, the baseline
IL-6 concentration was assumed to be 50 pg/mL in RA
patients before sirukumab treatment. On the other hand, the
IL-6 level in RA patients after sirukumab treatment was
assumed to be similar as that in healthy subjects in the current
PBPK model, since sirukumab binds to IL-6 with very high
affinity (kd = 0.175 pM) (32), and a complete neutralization of
free IL-6 in the system till day 42 after sirukumab treatment is
expected. The predicted blood concentrations of sirukumab
on days 15, 29, and 50 of the TP-DI study (day 7, day 21, and
day 42 following a 300-mg subcutaneous sirukumab dose) are
around 169, 77.6, and 27.3 nM, respectively, based on the PK
information of sirukumab following a 100-mg subcutaneous
dose (33), and the fact that sirukumab exhibited linear
pharmacokinetics in human across a wide dosing range (0.3
to 10 mg/kg) (34). Consistently, the model prediction (Fig. 1,
Tables III and IV) also reasonably characterized the PK
behaviors of several CYP substrates in RA patients on days
15 and 50 of the TP-DI study (day 7 and day 42 after
sirukumab treatment), which both are similar as that on day
29 (day 21 after sirukumab treatment) (10). In addition, the
results from the sensitivity analysis revealed that the PBPK
model prediction is sensitive to the baseline IL-6 levels
(Fig. 4), which further suggested that the current choice of
baseline IL-6 levels in this PBPK analysis may reasonably
characterize the enzyme regulatory behavior of IL-6 in vivo.

Interleukin-6 has been generally considered as a sup-
pressor for CYP enzymes (31). In vitro studies have shown
that CYP3A4, CYP2C19, CYP2C9, and CYP1A2 expression
and activities were suppressed at high IL-6 concentrations
(>100 pg/mL) (5,6). At a more physiologically and patholog-
ically relevant concentration range (1–100 pg/mL), however,
it seems that IL-6 acts as a mild inducer for CYP1A2
expression and activity in some individual hepatocytes with
large interindividual variability (5,7). The differentiation of
IL-6’s behavior in modulation of various CYPs may be
attributed to the fact that, unlike CYP3A4, CYP2C19, and
CYP2C9, which are modulated by pregnane X receptor and
constitutive androstane receptor (35), CYP1A2 is regulated
by aryl hydrocarbon receptor (AhR) pathway (36). A study
conducted in mice reported that knock-out of Ahr suppressed
the induction effect of IL-6 on IL-17 (37), supporting the

possibility of IL-6 in inducing CYP1A2 in human through
AhR pathway. Additionally, other unknown regulation path-
ways may also contribute to such differentiation. In the
current analysis, all individual enzyme kinetics data reported
by Dickmann et al. (5) were digitized and pooled together for
re-analysis. Post hoc analysis of the fitting results of the bell-
shaped dose response curve suggested that the suppression
effect of IL-6 on CYP1A2 did not become significant until its
concentration reached 250 pg/mL. Therefore, the lower
concentration part (1–100 pg/mL) of the whole dose–
response curve data was used to estimate the induction effect
of IL-6 on CYP1A2 in healthy subjects and in RA patients.
This concentration range covered the average baseline IL-6
concentration ranges in both healthy subjects (1.24–6.56 pg/
ml) (16,17,20–26) and those in RA patients (3.51–119 pg/mL)
(8,10,14–20). The PBPK simulation results using the esti-
mated Emax and EC50 value of IL-6 on CYP1A2 induction
reasonably captured the moderate modulation effect of IL-6
on caffeine PK in RA patients (Fig. 1, Tables III and IV).
This analysis also reminds us that more attention should be
drawn when integrating information and knowledge from
different sources. The effect of IL-6 on CYP1A2 activity
suggested that capturing the behavior of the perpetrator
compounds (and/or other substances) at a physiologically
and/or pathologically relevant concentration range may be
critical for successful development of the PBPK model. Also,
further investigation is necessary to fully delineate the impact
of IL-6 on regulation of CYP1A2 expression and activity.

During the development of the PBPK model, prior
knowledge of the biological system is often used to help
identify the behavior of drugs in different systems, such as
children and patients with decreases in renal function
(12,38,39). This PBPK analysis, on the other hand, showcases
the potential of using the drug information to help under-
stand the system. In the current work, the impact of IL-6 on
regulation of various CYP enzymes was identified by
triggering IL-6 and downstream biological system in RA
patients with the IL-6-neutralizing antibody sirukumab. As a
result, the development of a PBPK model can also reasonably
characterize the TP-DI in RA patients between CYP enzyme
substrates and tocilizumab, an IL-6R antibody that blocks IL-
6 binding to soluble and membrane-expressed IL-6R and the
downstream signaling (8). It has been reported that toci-
lizumab treatment caused 57 and 28% decreases in system
exposure to CYP3A4 substrate simvastatin and CYP2C19
substrate omeprazole, respectively (8,31). The results from
our model validation process also reasonably captured such
trends, which showed that blockage of IL-6 pathway caused
49% (90% CI 42–58% and 34% (90% CI 23–46%) decreases
in systemic exposure to simvastatin and omeprazole, respec-
tively. Ultimately, this PBPK model may also be applied to
explore the potential impact of RA and anti-IL-6 treatment
on metabolism and PK of small molecules that are metabo-
lized by CYP enzymes.

CONCLUSION

In summary, this investigation demonstrates a successful
example of practical use of PBPK modeling and simulation
strategy, with a clearly defined mechanistic RA virtual
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population, to predict disease-mediated therapeutic protein–
drug interactions. By adopting the up-to-date knowledge
merging top–down (human PK data) and bottom–up (drug
physicochemical properties, in vitro disposition data, and
impact of disease factor) approaches, the impact of IL-6 and
anti-IL-6 mAb sirukumab was well captured by the PBPK
model. The model can be utilized to predict PK of small-
molecule drugs in RA patients and the treatment effect of
anti-IL-6. This PBPK analysis also can serve as conceptual
framework and workflow process for demonstrating the
applications of PBPK models as a supporting tool for
development of other cytokine neutralizing antibodies. It also
holds the potential to be used to explore the impact of
cytokine modulation on small-molecule drug PK by bridging
available in vitro and in vivo information.
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