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Population PK-PD Model for Tolerance Evaluation to the
p38 MAP Kinase Inhibitor BCT197

S De Buck1*, W Hueber2, A Vitaliti3, F Straube4, C Emotte5, G Bruin1 and R Woessner1

The p38 mitogen-activated protein kinase (p38) is a key signaling pathway involved in regulation of inflammatory cytokines.
Unexpectedly, several clinical studies using p38 inhibitors found no convincing clinical efficacy in the treatment of chronic
inflammation. It was the objective of this study to characterize the population pharmacokinetics (PK) of BCT197 in healthy
volunteers and to examine the relationship between BCT197 exposure and pharmacodynamics (PD) measured as inhibition of
ex vivo lipopolysaccharide (LPS)-induced tumor necrosis factor alpha (TNFa), a downstream marker of p38 activity. PK was
characterized using a two-compartment model with mixed-order absorption and limited-capacity tissue binding. The PK-PD
relationship revealed that suppression of TNFa was partly offset over time, despite continuous drug exposure. This may
indicate a mechanism by which the inflammatory response acquires the ability to bypass p38. Simulations of posology
dependence in drug effect suggest that an intermittent regimen may offer clinical benefit over continuous dosing and limit the
impact of tolerance development.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? � Short-term efficacy in phase II trials has raised concerns
for the future potential of therapeutic inhibition of p38 mitogen-activated protein kinases, a key signaling pathway involved
in regulation of the proinflammatory cytokines. • WHAT QUESTIONS DID THIS STUDY ADDRESS? � An increased
understanding of BCT197’s antiinflammatory activity was sought from a PK-PD model that subsumes the observed bio-
marker escape (TNFa) under the hypothesis of a tolerance mechanism. The model was developed to optimize drug
response in relation to drug exposure and dosing schedule. • WHAT THIS STUDY ADDS TO OUR KNOWLEDGE � Tol-
erance development to chronic p38 inhibition is likely to occur in man. The investigation of schedule dependence in the
drug effect revealed that moving from a continuous to an intermittent regimen may offer clinical advantage and limit the
impact of tolerance development. • HOW THIS MIGHT CHANGE CLINICAL PHARMACOLOGY AND THERAPEUTICS
� This study illustrates that mechanistic PK-PD modeling of relevant downstream markers of p38 inhibition adds insights
that BCT197 might be more efficacious in treatment of acute as opposed to chronic inflammation disorders.

Chronic obstructive pulmonary disease (COPD) is character-
ized by chronic and progressive inflammation in the lungs that
leads to airflow resistance or loss of gas exchange units.1–3

The chronic and progressive course of COPD is frequently
aggravated by exacerbations—periods of increased cough,
dyspnea, and production of sputum.4 The chronic inflamma-
tion in COPD is orchestrated by immune cells that are acti-
vated and recruited to the site of inflammation in response to
cytokines and chemotactic factors.4,5 The current standard of
care aims at decreasing airway smooth-muscle tone by bron-
chodilator drugs and modulating pulmonary inflammation with
inhaled corticosteroids or the phosphodiesterase inhibitor
roflumilast.4 Although these therapies can improve lung func-
tion, disease-modifying treatments are needed to reduce the
number and severity of exacerbations, and ultimately
mortality.6,7

The p38 mitogen-activated protein kinase (p38) is a key
signaling node that conveys responses to multiple cellular
stressors by phosphorylating downstream substrates that

are involved in regulation of the biosynthesis and actions of
inflammatory cytokines such as tumor necrosis factor alpha
(TNFa), interleukin (IL)-1b, and IL-6.8 p38 also mediates
activation of matrix metalloproteinase and COX-2 that are
involved in inflammation and tissue destruction.9 Increased
phosphorylation of p38 has been demonstrated in the lungs
of COPD patients,10,11 and activation of p38 correlates with
the degree of lung function impairment and neutrophil air-
way infiltration.11,12 Reduced cytokine production by differ-
ent lung and blood cells was noted following p38
inhibition,10,13 indicating that p38 activation may contribute
to both local and systemic inflammation.

BCT197 is an oral low-molecular-weight p38 inhibitor cur-
rently in development for the treatment of several inflamma-
tory conditions, including COPD.14 Intermittent short-term
dosing of BCT197 (75 mg on days 1 and 6) showed a
marked improvement in lung function (FEV1) in COPD
patients.15 Encouraging results were also seen for other
p38 inhibitors in development for the treatment of
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COPD,16,17 acute inflammation, and pain.18,19 In contrast,
several small phase II studies using continuous dosing regi-
mens (12 weeks) in patients with rheumatoid arthritis (RA)
found no convincing evidence for adequate dampening of
chronic inflammation as measured by gold-standard clinical
composite scores and the acute phase protein C-reactive
protein (CRP).20,21 The different outcome in RA compared
to COPD may suggest that a biologic mechanism by which
the inflammatory response acquires the ability to bypass
chronic p38 inhibition cannot be ruled out. In agreement
with this, an unexpected finding from RA studies was that
the initial reduction of CRP was reversed by week 12 in
spite of continuous and adequate drug exposure.20–22

Opportunities to obtain clinical efficacy with p38 inhibitors
may remain limited in the absence of a better understand-
ing of the relationship between drug exposure and
response.

It was the objective of this study to characterize the pop-

ulation pharmacokinetics (PK) of BCT197 in healthy volun-

teers and to examine the relationship between drug

exposure and pharmacodynamics (PD) measured as inhibi-

tion of ex vivo lipopolysaccharide (LPS)-induced TNFa, a

downstream surrogate marker of p38. The PK-PD model

was used to gain insight into whether efficacy in continuous

treatment may possibly be compromised by a compensa-

tory mechanism in human. Model-based simulations were

used to assess drug response in relation to drug exposure

and dosing schedule.

METHODS
Study population
Clinical study CBCT197A2101 was approved by the Ethics

Committees of participating centers and conducted in

accordance with Good Clinical Practice guidelines and the

Declaration of Helsinki. All subjects gave written informed

consent before participation. Healthy male and female sub-

jects of nonchildbearing potential aged 18–50 years with a

body mass index 18–30 kg/m2 and body weight �50 kg

were eligible to enroll. Subjects were nonsmokers in good

health as determined by past medical history, physical

examination, vital signs, electrocardiogram, and laboratory

tests having no significance at screening. Key exclusion cri-

teria included history of significant medical or surgical dis-

ease; significant illness within 14 days prior to initial dosing;

known history of cardiovascular disease or ECG abnormal-

ity; positive urine drug screen; history of any clinically

important drug allergy; or use of any investigational drug

within 4 weeks prior to initial dosing. Use of any prescrip-

tion, over-the-counter drugs or herbal medications, as well

as consumption of grapefruit was not permitted from 14

days prior to dosing until 7 days following the last dose.

Study protocol
Part 1 of study CBCT197A2101 was a randomized, double-

blind, placebo-controlled, ascending single-dose study to

evaluate safety, tolerability, PK and PD of oral BCT197 in

healthy subjects. Part 2 was a 14-day, randomized, double-

blind, placebo-controlled, ascending multiple dose study

evaluating the PK and PD of oral BCT197. PD effect of

BCT197 in Parts 1 and 2 was assessed by measuring
TNFa levels in ex vivo LPS-challenged blood samples.
Details of the PK and PD sampling regimen, ex vivo LPS
challenge, and bioanalysis of BCT197 and TNFa are pro-
vided in the Supplementary Methods. Part 3 of the study
determined the effect of a single oral administration of
BCT197 on serum TNFa levels after in vivo intravenous
LPS challenge. Only PK data of this part were used, as it
did not measure ex vivo LPS-induced TNFa.

Subjects fasted for 10 hours prior to BCT197 administra-
tion and continued to fast for 4 hours postdosing. No fluid
intake apart from the fluid given at the time of drug intake
was allowed from 2 hours before until 2 hours after dosing.
Drug administrations were oral solutions with doses ranging
from 0.1 to 3 mg, and tablets at doses of 5 mg and higher.

Population PK-PD analysis
A nonlinear mixed-effects model approach with first-order
conditional estimation (Lindstr€om Bates) in Phoenix 6.4
NLME V1.2 (Pharsight, USA) was used to estimate popula-
tion parameters and their between-subject variability (BSV).
Final model selection was guided by reduction in the objec-
tive function value (OFV), precision in parameter estimates,
examination of goodness-of-fit, reductions in the magnitude
of BSV and residual error, as well as shrinkage in random
variability parameters and robust model parameter estima-
tion. Statistical significance between nested models was
based on DOFV (�3.85), applying the likelihood ratio test.
Model stability and performance were assessed by means
of a nonparametric bootstrap with resampling and replace-
ment. A simulation-based diagnostic was performed by vis-
ual predictive checks.

Several combinations of absorption and distribution mod-
els were assessed: zero-order, first-order, mixed zero- and
first-order (simultaneous and sequential), with or without
lag time, and transit compartments.23 Multiple-fraction
absorption kinetics24 and a shunt model were evaluated to
describe the second absorption peak. Distribution models
tested included open 1-, 2-, and 3-compartment, and non-
linear tissue distribution from central and/or peripheral com-
partment. Model reductions were investigated by traditional
model-fitting criteria. BSV was modeled as lognormal and
was tested on all model parameters, followed by stepwise
elimination when their estimation was not adequately sup-
ported by the data. Additive, proportional, and mixed error
models were tested to describe unexplained residual vari-
ability. A summary of the PK model-building process is pro-
vided in Supplementary Table S2 online. Final PK model
equations are provided in the Supplementary Methods.

A Bayesian approach conditioned on the population char-
acteristics was used to estimate the individual PK model
parameters, which were fixed and used as an input function
to the PD model. Raw LPS-induced TNFa secretion data of
both BCT197 and placebo-treated subjects was modeled
simultaneously. Direct and indirect response models, with
or without negative feedback, were explored. A summary of
the model-building process is provided in Supplementary
Table S3. The final description of the PD data was an indi-
rect response model with negative feedback on the sys-
tem’s outflow rate and nonstationarity in production of
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response (Eqs. 1–3). The following expression was used to

describe the oscillatory behavior of the baseline

Kin;circ5 Kin1A � Kin � cos x � t2t0ð Þ½ � (1)

where t is time, Kin is the average input rate, and t0 the shifted

peak in response. The x parameter scales the frequency of

oscillations to the physical frequency 2p/cycle, where cycle

equals 24 hours. Parameter A is the fraction of Kin that corre-

sponds to the amplitude. The differential equation for ex vivo

LPS-induced TNFa secretion (E) employed Eq. 2:

dE=dt5Kin;circ � 12 C1 � Imaxð Þ= IC501C1ð Þð Þ – Kout � E � M (2)

where Kout is the first-order degradation rate constant, C1

the central drug concentration, Imax the maximum inhibition,

and IC50 the drug concentration at half maximum inhibition.

Eq. 2 was initialized as E(0)5Kin,circ/Kout. E is counterbal-

anced by the ability of molecular mechanisms, denoted by

M, that may regulate cellular adaptation processes to con-

trol the magnitude and duration of LPS-induced p38 activa-

tion. Production of M is governed by relative E to baseline

(E/E0) and the first-order rate constant ktol (Eq. 3).

dM=dt 5 ktol � E=E0ð Þ - ktol � M (3)

In the absence of any drug, relative drug response (E/

E0) and M are unity at baseline. In response to drug effect,

the first-order decline of M is governed by ktol.

Model simulation
Stochastic model simulations in Phoenix NLME V1.2 were

used to assess the drug effect in relation to drug exposure

and dosing schedule. Simulations in healthy subjects

employed the final PK-PD model parameters of Table 1.

Simulated individual response–time data were exported to

SAS and analyzed in terms of maximum inhibition from

baseline, time to inhibition nadir time above 50% inhibition,

and average inhibition.

RESULTS
Population PK model
A summary of subject demographics and data used for

model building is presented in Supplementary Table S1

online. Demographic and baseline characteristics were well

balanced across the single and multiple dose groups.

Median plasma concentration of BCT197 after single-dose

administration and once-daily dosing for 2 weeks are

depicted in Figure 1. A summary of the model building is

presented in Supplementary Table S2. The final PK model

is depicted in Figure 2a. Basic goodness-of-fit plots of the

final model did not show any relevant trends of model mis-

specification (Figure 3a–d). Simulation-based diagnostics

also indicated good performance of the model (Supple-

mentary Figures S1 and S2). g-Shrinkage was low-to-

moderate (<30%) for all parameters, indicating post-hoc

estimates could be obtained with confidence.
Drug administrations were oral solutions with doses up to

3 mg, and tablets at doses of 5 mg and higher. The popula-

tion PK parameters along with their unexplained BSV and

relative standard errors (RSE) are summarized in Table 1.
BCT197 was found to be a low clearance drug (1.76 L/h),
with linearity in oral drug clearance (CL/F) demonstrated
over the entire dose range tested (0.1–75 mg). No relevant
differences in relative bioavailability between these formula-
tions were seen. BCT197 exhibited an apparent absorption
plateau, with a tendency to less than dose-proportional
increase in peak drug concentration (Cmax). For tablets, the
mixed-order absorption model consisted of a first-order pro-
cess (Kt 5 1.12 h21), absorbing a fraction (fc) of on average
66% of dose, and a parallel zero-order process characterized
by a Rate of 2,300 mg/h (Table 1). A mixed-order absorption
model was significantly better than zero-order (DOFV 2509)
or first-order absorption (DOFV 2403). Model parameters
Rate and fc were found to be independent of dose. Addition
of a random effect on Rate or fc did not improve the model
fit. Oral absorption from the solution was parsimoniously
described using a first-order process (Ks). Limited data in
the absorption phase impaired accurate estimation of Ks.

Population predictions from linear disposition models
showed overprediction in Cmax as well as underprediction in
terminal disposition half-life, particularly at low doses,
despite dose linearity in CL/F. Conversely, the quasi-
equilibrium model with negligible receptor turnover from the
peripheral compartment as depicted in Figure 2 captured
well the apparent nonlinearity in tissue distribution (model
equations in Supplementary Methods), and dropped the
OFV by 123 points (Supplementary Table S2). The disso-
ciation constant (Kd) and maximal binding (Bmax) were esti-
mated to be respectively 367 mg and 500 mg. Limited-
capacity binding caused steady-state volume of distribution
(Vss/F) to increase with decreasing dose, with a limiting
value of 132 L when the dose approached zero (Table 1).
As expected, a competing quasi-equilibrium model with non-
linear tissue binding into the central compartment showed
bias in the structural model diagnostics (not shown).

BCT197 exhibited double peak behavior at about 18 to 24
hours postdose (Figure 1). This may indicate a late absorption
window or drug redistribution by a shunt, possibly enterohe-
patic. The addition of a shunt feature further dropped OFV by
62 points. The full shunt model, however, was overparameter-
ized (data too sparse). A reduction in degrees of freedom was
achieved by fixing the duration of drug shunting (Tpump) as
well as the rate of drug transfer from Ashunt into Aint (Db).
Because model fit was insensitive to Kint1, it was set equal to
Kt.

Population PD model
Pharmacodynamic modeling was used to describe BCT197’s
ability to inhibit the ex vivo LPS-induced TNFa secretion in
peripheral blood. A summary of subject demographics and
data used for model building is presented in Supplementary
Table S1. Assay details are given in the Supplementary
Methods.

In placebo-treated subjects, nonstationarity in measure-
ments of ex vivo LPS-induced TNFa secretion was seen
(Figure 2c, inset). A circadian periodicity of shed TNFa
receptors which attenuated response to LPS cannot be
ruled out.25 Accordingly, drug effect was described as an
inhibitory function on an oscillatory input system
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characterized by a physical frequency of 2p/24 hours

(Eq. 1), and all available TNFa data of both BCT197 treated

subjects and matching placebos were modeled

simultaneously.
Exploratory plots of placebo-corrected drug effect indi-

cated that single-dose BCT197 potently inhibited TNFa
secretion, with a clear dose response in the dose range

investigated (Figure 1c). Remarkably, in the once-daily reg-

imen, placebo-corrected nadir in drug response appeared

not sustained over time (Figure 1d). Apparent waning of

drug effect was seen at about day 4 postonset of treatment,

and occurred despite rising drug levels (on average 3-fold)

in reaching steady-state. It can be speculated that contin-

ued p38 inhibition may trigger a negative feedback to

response. As expected, the indirect response model with

negative feedback (Figure 2b) dropped OFV by 48 points

as opposed to a turnover model without adaptation (Sup-

plementary Table S3), and showed improved diagnostics

(Supplementary Figure S3). Goodness-of-fit plots of the

final model are depicted in Figure 3e–h. Simulation-based

diagnostics also indicated overall good performance of the

model (Supplementary Figure S4). Additional goodness-

of-fit plots for the placebo data are provided in Supplemen-

tary Figure S5.
The population PD parameters are summarized in Table 1.

BCT197 inhibited TNFa secretion with an IC50 of 44 mg/L.

Predose TNFa levels correlated with IC50 and were modeled

as a covariate (DOBJ 17). Maximum inhibition from baseline

was not complete but plateaued in the typical individual at

about 66% (Imax). Single-dose BCT197 exhibited rapid onset

of action with minor hysteresis in drug effect seen

(t1/2,kout 5 2h). In contrast, the rate constant governing

Table 1 Population pharmacokinetic and pharmacodynamic parameters of BCT197 and bootstrap validation

Population mean Between-subject variability

Parameter

Final

estimate RSEc (%)

Bootstrap median

and 90% CId
Final estimate

(%CV)e RSEc (%)

Bootstrap median

and 90% CId

Population PKa

CL/F (L/h) 1.76 10 1.77 [1.47;2.05] 25.5 36 26.1 [20.9;37.7]

V1/F (L) 71.9 16 71.5 [58.1;98.7] 42.4 43 43.6 [34.3;67.9]

V2/F (L)f 25.5 14 [25.3] [19.3;31.1] — — —

Bmax (mg) 500 30 507 [308;806] — — —

Kd (mg) 367 35 371 [228;660] — — —

CLd/F (L/h) 7.47 15 7.46 [5.70;9.42] — — —

Kt5Kint1 (1/h) 1.12 14 1.13 [0.934;1.42] 59.6 35 58.7 [43.8;81.0]

Ks (1/h) 5 (fixed) — — 172 29 167 [110;263]

Tlag (h) 0.232 (fixed) — — 44.0 14 44.1 [38.8;49.7]

fc (2)g 0.344 9.1 0.342 [0.291;0.392] — — —

Rate (mg/h) 2300 5.3 2310 [2170;2530] — — —

K1b (1/h) 0.0106 15 0.0105 [0.00791;0.0132] — — —

Db (h) 0.1 (fixed) — — — — —

Tpump (h) 18 (fixed) — — — — —

Residual error (%) 13.4 3.7 13.3 [12.5;14.2] — — —

Population PDb

Imax (2) 0.663 6.4 0.668 [0.6121;0.752] — — —

IC50 (mg/L)h 44.3 24 44.3 [30.6;65.5] —

Kin (ng/mL) 1830 32 1850 [977;3020] — — —

Ktol (1/h) 0.00276 44 0.00281 [0.00173;0.00529] — — —

Kout (1/h) 0.348 35 0.353 [0.170;0.592] 32.5 18 31.9 [27.1;37.4]

t0 (h) 13.3 16 13.3 [11.9;14.3] — — —

A (ng/mL) 0.207 21 0.208 [0.161;0.317] —

Residual error (%) 21.2 3.9 21.1 [19.8;22.5] — — —

aBmax, total binding capacity; CL/F, oral drug clearance; CLd/F, intercompartmental distribution clearance; Db, duration of zero-order drug release from the

shunt compartment (Ashunt) into the intestinal compartment (Aint); fc, fraction of oral dose (tablet) that is absorbed in a zero-order fashion; K1b, first order trans-

fer rate from central compartment into the shunt compartment (Ashunt); Kd, equilibrium dissociation constant; Kint1, first order absorption rate constant of

shunted drug into central compartment; Kt/Ks, first-order oral absorption rate constant of tablet/solution; Rate, zero order oral absorption rate (tablet); Tpump,

shunt compartment (Ashunt) emptying lag time; V1/F, volume of central compartment; V2/F, volume of peripheral compartment.
bA, amplitude of the oscillatory baseline; IC50, concentration at half maximum inhibition; Imax, maximum inhibition; Kin, zero order production rate of drug

response; Kout, first order degradation rate of drug response; Ktol, first order production rate of negative feedback; t0, shifted peak of oscillating baseline.
cRSE, relative standard error calculated as 100 x (standard error/mean value) from 500 iterations of a nonparametric bootstrap.
dThe 90% CI is displayed as the 5th295th percentiles of 500 iterations of a nonparametric bootstrap.
eThe CV% between-subject variability is presented as 100x(EXP(mean estimate)21)0.5.
fVss/F ranged 97.4 L (V1/F1V2/F) when dose approaches infinity to 132 L (V1/F 1 V2/F�(11Bmax/Kd)) when dose approaches zero.
gFraction of dose modeled in logit domain and back transformed.
hIC50 was modeled as fraction of predose baseline value (a�E(0)), where a is the fraction of baseline and E(0) the predose baseline response. Population

median a and 90% CI was 10.5 [7.22;15.5].
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tolerance was found to be relatively small (t1/2,ktol 5 10.5

days), suggesting that this may reflect a slow cellular adapta-

tion process.

Model simulations
Continuous dosing of BCT197 10 mg resulted in dose-

limiting acneiform skin rashes, whereas the drug was found

to be well tolerated at single high doses up to 75 mg (data

not shown). This observation, in addition to tolerance,

raised the question whether BCT197 would be most effica-

cious in a continuous or intermittent regimen. Although the

translational value of the ex vivo TNFa bioassay remains to

be shown, efforts were made to assess the impact of dos-

ing schedule on drug response through use of simulation.
Three regimens using a cumulative dose of 75 mg in a 2-

week period were considered: single dose (75 mg), an

intermittent regimen (25 mg on days 1, 6, and 10), and a

continuous once daily regimen (5.36 mg for 14 days). Figure

4 depicts that a single-dose administration or an intermittent

regimen may achieve BCT197 plasma concentrations

exceeding IC50 (44 ng/mL) in the majority of subjects, hence

may demonstrate profound pathway inhibition (Imax) and

shortest time to inhibition nadir (Tmin) (Table 2). These regi-

mens may offer clinical benefit over continuous dosing when

rapid and profound inhibition is clinically indicated. Cumula-

tive time below 50% inhibition from baseline as well as aver-

age inhibition in the first 2 days decreased with more

frequent dosing, while average inhibition from baseline over

the 2-week period was similar across these regimens (Table

2).
Simulations involving more long-term dosing assessed

three regimens using a cumulative dose of 225 mg in a 6-

week treatment cycle: an intermittent regimen (75 mg on

days 1, 6, and 10 of each cycle), a once-weekly regimen,

and a continuous regimen (5.36 mg once daily for 6

weeks). The intermittent regimen with sufficient drug holi-

day (>3�t1/2,ktol) between consecutive treatment cycles

attenuated tolerance-mediated erosion of Imax (Table 2).

Moreover, in contrast to a continuous regimen, the intermit-

tent regimen was more adequate in maximizing the time

above 50% inhibition from baseline in each treatment cycle,

with an overall improved time-averaged drug effect in the

first 3 weeks of the treatment cycle. However, neither the

intermittent nor the continuous regimen conferred notable

and sustained pathway inhibition over the entire treatment

cycle.

Figure 1 Median plasma concentration time profile of BCT197 after (a) a single dose administration (inset: log scale view), and (b)
once daily dosing for 14 days. Time course of inhibition of placebo-corrected LPS-induced TNFa secretion after (c) a single oral dose
of BCT197 (inset: mean 6 SD ex vivo LPS-induced TNFa secretion in placebo treated subjects), and (d) 7 mg once daily dosing for 14
days (individual data). Doses administered were 75 mg (~), 50 mg (�), 30 mg (W), 20 mg (w), 10 mg (�), 7 mg (�), 5 mg ( ), 3 mg
( ), 1 mg (�), 0.3 mg (�), 0.1 mg (�).
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DISCUSSION

Our PK-PD work provides supportive evidence that toler-

ance to p38 inhibition may develop in response to chronic

pathway inhibition. The rate constant governing tolerance

was found to be relatively small (t1/2,ktol 5 10.5 days), sug-

gesting that this may reflect a slow cellular adaptation pro-

cess. This finding is consistent with studies in RA patients

showing that the initial reduction of CRP observed by week

1 was not sustained by week 4 and levels were back to

baseline by week 12, despite continuous and adequate

drug exposure.20,21 Tolerance development was modeled

by a negative feedback modulator, which may have some

basis in mechanism, for magnitude and duration of p38 sig-

nal transduction is regulated by several phosphatases that

inactivate p38.26 Chronic inhibition of p38 may downregu-

late dual-specificity phosphatases, thereby upregulating

p38 and JNK activity. Also, inhibition of p38 was found to

stop feedback loops that suppress activity of upstream reg-

ulatory kinases,27 leading to activation of other proinflam-

matory MAPK pathways that are involved in TNFa
transcription and expression, such as JNK or ERK.28,29 It is

therefore tempting to speculate that tolerance to p38 inhibi-

tion is likely to be a class effect. To make more informed

decisions, we recommend future clinical studies explore

schedule dependency in drug effect and characterize

potential for tolerance development in the target population

by modeling of relevant PD markers of p38.
BCT197 was found to be well tolerated at single high

doses up to 75 mg, whereas continuous dosing at 10 mg

resulted in dose-limiting acneiform skin rashes. This obser-
vation, in addition to tolerance, raised the question whether
BCT197 would be most efficacious in a low-dose continu-
ous regimen or intermittent high-dose regimen. A single
high dose or intermittent regimen with Cmax exceeding
EC50 and sufficient drug washout between consecutive
doses was simulated to achieve rapid and profound path-
way inhibition in most subjects for several days (Figure 4).
However, at the same total cumulative dose, time below
50% inhibition from baseline as well as average inhibition
might decrease with more frequent dosing regimens and
increasing duration of treatment (Table 2). We may there-
fore speculate that BCT197 could possibly have a better
therapeutic window in the treatment of acute as opposed to
chronic inflammation (e.g., to reduce the frequency and
severity of acute exacerbations in COPD).

We acknowledge that the translational value of the ex
vivo TNFa bioassay in predicting clinical outcome in the tar-
get population remains to be shown. Also, neither the
extent nor duration of p38 inhibition required for therapeutic
benefit has been established. Simulation-based interroga-
tion of posology from the bioassay data should therefore be
interpreted with caution. Nonetheless, the in vivo relevance
of the assay is supported, at least qualitatively, by our find-
ings in Part 3 of the study where a single oral administra-
tion of 20 mg or 75 mg BCT197 was found to inhibit by
respectively 96% and 97% the serum levels of TNFa follow-
ing in vivo intravenous LPS challenge (data not shown).
Noteworthy, using the same bioassay the improvement of
lung function in patients treated with rofluminast was
accompanied by a significant suppression of TNFa levels
ex vivo.30 Single- and multiple-dose BCT197 potently inhib-
ited ex vivo LPS-induced TNFa secretion with an IC50 of 44
ng/mL (115 nM), corresponding to a free drug IC50 of
17 nM (fup 5 0.15). In-house studies found the IC50 of
BCT197 on p38a to be 12 nM (enzyme-linked immunosor-
bent assay (ELISA)) and 37 nM (radiometric). In close
agreement with this, BCT197 inhibited LPS-stimulated
TNFa release in the human whole blood assay with a simi-
lar free IC50 of 24 nM (total drug 51 nM). In comparison,
losmapimod and PH-797804 inhibited TNFa release in the
same assay, with IC50 values of 25 nM and 85 nM, while
several other p38 inhibitors appear to have lower potency.20

Inhibition of TNFa secretion was partial, which was also
observed for other p38 inhibitors,31,32 likely as a result of
redundancy in MAPK signaling.

BCT197 demonstrated nonlinearity in drug distribution
but not oral clearance, with an apparent increase in vol-
ume with decreasing dose observed. General approaches
to modeling nonlinearity in drug distribution from a central
drug compartment are found in the literature.33,34 However
such models could not describe BCT197’s tendency
toward less than a dose-proportional increase in Cmax.
Structural model diagnostics improved when a distribution
delay to a capacity-limited compartment was inferred. In
rats, BCT197 equilibrated rapidly with peripheral tissues,
but remained much longer detectable in the skin and eye
of the pigmented but not albino animal, suggesting
melanin-containing structures might be a physiological cor-
relate for this compartment (unpublished data). Nonlinear

Figure 2 Structure of the final (a) pharmacokinetic and (b) phar-
macodynamic model. For abbreviations, refer to Table 1. PK
model equations are provided in the Supplementary Methods.
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Figure 3 Goodness-of-fit plots for the final population (a–d) PK model and (e-f) PD model. The lines of identity and local polynomial
regression are represented by the solid black line and blue dashed line, respectively.
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tissue binding unlikely reflects p38 binding because the

distribution delay does not reconcile with the ubiquitous

expression of p38,35 and drug concentration in the

capacity-limited compartment did not link with drug effect.

The implementation is regarded as empirical, because

absorption and disposition processes remain confounded

in the absence of intravenous data.
BCT197 exhibited a larger absorption plateau with

increasing dose, which was described by a mixed first- and

zero-order process. In theory, this flat portion might be due

to zero-order absorption or nonlinear elimination, and,

unless intravenous data are available, these processes may

remain confounded. Nonlinear elimination, however, is not

supported by our data, with linear CL/F over the entire

dose range observed. Zero-order absorption can be

encountered in the case of solubility-limited absorption with

saturated gastrointestinal drug concentrations at higher

doses. This, however, is unlikely, as intestinal Cmax (dose/

250 mL) would not meaningfully exceed BCT197’s pH-

independent thermodynamic solubility (�0.2 mg/mL). More-

over, the mixed-order process in our model was parallel

and dose-independent. The initial dominant first-order

Figure 4 Stochastic simulation of pharmacokinetics and corresponding drug effect in na€ıve healthy volunteer subjects (n 5 500) treated
with oral BCT197 given as (a,b) 75 mg single dose, (c,d) 25 mg on days 1, 6, and 10, and (e,f) 5.36 mg once daily for 14 days. All
simulations used the PK-PD model parameters of Table 1. The lower and upper solid lines represent the 5th and 95th percentile of
simulated data. The dashed line is the 50th percentile. Horizontal reference lines in the PK and PD indicate the estimated population
IC50 and predose PD baseline, respectively.
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process may suggest a window-like absorption in the upper

gastrointestinal tract,24 while at more distal sites the

absorption process becomes progressively affected by an

interplay of various other factors. Caco-2 model data sup-

port that intestinal uptake can be modulated by a low-

affinity efflux pump, most likely P-glycoprotein, which was

not saturated up to 0.1 mg/mL (unpublished data). Repeti-

tive cycles of drug efflux and distal re-uptake, with increas-

ing P-glycoprotein expression from upper to lower small

intestine,36 may therefore be one possible mechanism to

explain this absorption behavior.
Taken together, an increased understanding of BCT197’s

antiinflammatory activity was derived from a PK-PD model

that described the biomarker escape (TNFa) under the

hypothesis of a tolerance mechanism. Our model indicates

that tolerance development to continuous p38 inhibition is

likely to occur in man. This may indicate a mechanism by

which the inflammatory response acquires the ability to

bypass p38. Simulations of schedule dependence in the

drug effect suggests that a high-dose intermittent treatment

regimen of BCT197 may offer clinical advantage and limit

the influence of tolerance on drug effect; hence, BCT197

might be more efficacious in treatment of acute as opposed

to chronic inflammation disorders.
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