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ORIGINAL ARTICLE

Towards a Best Practice Approach in PBPK Modeling:
Case Example of Developing a Unified Efavirenz Model
Accounting for Induction of CYPs 3A4 and 2B6

A Ke, Z Barter, K Rowland-Yeo and L Almond*

In this study, we present efavirenz physiologically based pharmacokinetic (PBPK) model development as an example of our best
practice approach that uses a stepwise approach to verify the different components of the model. First, a PBPK model for efavirenz
incorporating in vitro and clinical pharmacokinetic (PK) data was developed to predict exposure following multiple dosing (600 mg
q.d.). Alfentanil i.v. and p.o. drug-drug interaction (DDI) studies were utilized to evaluate and refine the CYP3A4 induction component
in the liver and gut. Next, independent DDI studies with substrates of CYP3A4 (maraviroc, atazanavir, and clarithromycin) and
CYP2B6 (bupropion) verified the induction components of the model (area under the curve [AUC] ratios within 1.0-1.7-fold of
observed). Finally, the model was refined to incorporate the fractional contribution of enzymes, including CYP2B6, propagating
autoinduction into the model (Racc 1.7 vs. 1.7 observed). This validated mechanistic model can now be applied in clinical
pharmacology studies to prospectively assess both the victim and perpetrator DDI potential of efavirenz.

CPT Pharmacometrics Syst. Pharmacol. (2016) 5, 367-376; doi:10.1002/psp4.12088; published online 20 July 2016.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

M Several efavirenz PBPK models have been used to
support the clinical pharmacology reviews of new drug
applications. There are literature reports that show the
application of PBPK models to predict the interindividual
variability in efavirenz PK and to support dose
adjustment.

WHAT QUESTION DID THIS STUDY ADDRESS?

M We sought to develop a unified mechanistic model
for efavirenz that addresses both the victim (CYP2B6
induction) and perpetrator (CYP2B6 and CYP3A4
induction) properties of efavirenz.

Efavirenz is a non-nucleoside reverse transcriptase inhibi-
tor. Daily therapy, including efavirenz (600 mg) with tenofo-
vir (300 mg) and emtricitabine (200 mg) or lamivudine
(300 mg), is recommended as an alternative treatment for
human immunodeficiency virus-infected individuals aged
>3 years, or first-line treatment in some populations, includ-
ing pregnant women." From a clinical pharmacology per-
spective, efavirenz is a well-known perpetrator of drug—drug
interactions (DDIs) and one of the DDI properties of signifi-
cant concern is moderate CYP3A4 induction. Efavirenz
reduces the systemic exposures of coadministered, antiviral
drugs, such as boceprevir, simeprevir, dolutegravir, ampre-
navir, and indinavir.>® As such, regulatory agencies expect
the pharmaceutical industry to quantify the DDI potential of
CYP3A4-substrate investigational drugs because of efavir-
enz coadministration, especially if the investigational drugs

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE
MWe present our best practice approach for PBPK
model development, using efavirenz as an example,
where a stepwise “matrix” approach was used to verify
the different components of the model.

HOW THIS MIGHT CHANGE DRUG DISCOVERY,
DEVELOPMENT, AND/OR THERAPEUTICS

M The mechanistic model for efavirenz can be applied
in clinical pharmacology studies to prospectively assess
its DDI potential. As the use of PBPK to simulate the
impact of coadministration with moderate CYP3A4
inducers is commonplace, a unified and verified efavir-
enz PBPK model within the public domain can stream-
line PBPK packages in regulatory submissions.

are expected to be coprescribed in the target patient popu-
lations. One of the recently accepted approaches to quan-
tify the DDIs perpetrated by efavirenz is the application of
physiologically based pharmacokinetic (PBPK) modeling
and simulation. In fact, several PBPK models for efavirenz
were recently used to support the clinical pharmacology
reviews of new drug applications with focus on assessing
the modest CYP3A4 induction effect.”® There have been
several studies in the literature that reported the application
of PBPK models to predict the interindividual variability in
efavirenz pharmacokinetics (PKs) due to CYP2B6 pharma-
cogenetics, and to support dose adjustment.’®='2 A com-
parison of all available efavirenz models in the literature
revealed that there are differences in several of the key
model input parameters (e.g., plasma protein binding,
CYP3A4/2B6 induction parameters). These differences
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perhaps reflect the fact that many of these efavirenz mod-
els are “fit-for-purpose” and the aims of the simulations
were different. Therefore, a unified mechanistic model that
addresses both the victim and perpetrator properties of efa-
virenz is still lacking. Development of a mechanistic model
for efavirenz requires accounting for all the key elements of
absorption, distribution, metabolism, excretion and DDI
properties, validating/verifying these key elements with
independent datasets, and addressing any remaining
uncertainty of key input parameters.

Efavirenz is a known victim of DDIs and a few drugs have
been reported to induce (e.g., rifampin) or inhibit (e.g., vorico-
nazole) efavirenz elimination.'®'* Efavirenz is predominantly
cleared by hepatic metabolism and in vitro studies using
human liver microsomes showed that CYP2B6 and CYP2A6
were the predominant CYPs involved in the formation of 8- and
7-hydroxyefavirenz, respectively.'® Clinical studies in patients
with human immunodeficiency virus have repeatedly shown
that CYP2B6 genetic variants with impaired function are asso-
ciated with higher efavirenz exposure.'®'” Efavirenz induces
its own clearance via the autoinduction of CYP2B6 upon multi-
ple dosing.'®'® Thus, in order to construct a robust victim drug
model, it is essential to obtain a robust estimate for the contri-
bution (fm) of CYP2B6 and CYP3A4 to efavirenz clearance at
baseline. In the absence of a clinical study with a strong
CYP2B6 inhibitor, the fmcypops from in vitro metabolism data
was verified by comparing the predicted autoinduction effect
with observed data.

Efavirenz exhibits several DDI properties as a perpetrator.
Efavirenz induces CYP2B6 activity in vivo, as demonstrated
by a 2.3-fold increase in the area under the plasma
concentration-time curve (AUC) ratio of hydroxybupropion:
bupropion after 600 mg efavirenz administration for 2
weeks.2 Efavirenz is a moderate inducer of CYP3A4 activity
in vivo, as demonstrated by 1.9- and 4.5-fold increases in sys-
temic and oral alfentanil clearances after efavirenz adminis-
tration for 2 weeks (600 mg q.d.)."® In the literature, efavirenz
induction of CYP3A4 activity has been quantitatively charac-
terized in human hepatocytes and applied for in vitro-in vivo
extrapolation (IVIVE) of CYP3A4 induction effect.2' Such
data are sparse for CYP2B6 activity and successful IVIVE for
CYP2B6 induction using a CYP2B6 marker substrate has not
been shown.?? In the current study, we utilized CYP3A4 and
CYP2B6 induction data measured in the same donors of
human hepatocytes, to minimize interlaboratory and interdo-
nor variability in the measured induction effect. In addition,
organ-specific induction of hepatic but not intestinal CYP3A4
has been observed with efavirenz treatment, at least at the
expression level,?®>** an apparent phenomenon that has
remained unexplained.

Although the use of a workflow approach to develop PBPK
models has been recommended,?® a recent analysis of pub-
lished PBPK models highlighted that important information is
often missing.2® The specific aim of this study was to demon-
strate the use of a stepwise “matrix” approach in the develop-
ment of a verified and unified PBPK model for efavirenz to:
(1) predict the modest induction effect on CYP3A4 victim
drugs; (2) predict the induction effect on CYP2B6 victim
drugs; (3) predict single-dose and multiple-dose efavirenz PK
considering the autoinduction effect.

CPT: Pharmacometrics & Systems Pharmacology

METHODS

Simulations using PBPK modeling

The Simcyp (version 14.1) population-based PBPK simula-
tor (Simcyp Ltd, Sheffield, UK) was used to simulate the
PK of efavirenz and relevant DDIs with efavirenz in virtual
healthy volunteers. The coefficient of variance (CV) for liver
CYP2B6 abundance was modified from the Simcyp (version
14.1) default value of 122 to 60%, to better recover the PK
variability for CYP2B6 substrates observed clinically (e.g.,
CV of 55% for efavirenz oral clearance at 600 mg g.d. dos-
ing in 107 human immunodeficiency virus-infected patients
genotyped as CYP2B6 extensive metabolizers).'”

The metric for assessing predictive performance of PK
parameters or DDIs was the predicted/observed ratio
[= predicted mean exposure (ratio)/observed mean expo-
sure (ratio)] fall within a predefined criterion of a 1.5-fold
range. The exposure was defined as maximum plasma
concentration (Cnax) or AUC. Several success criteria
(1.25-fold or 2-fold range) have been used in the litera-
ture.?”2 Here, a 1.5-fold range was chosen on the basis
of the intrinsic PK variability of efavirenz,*° as well as the
moderate-to-mild extent of efavirenz perpetrated DDIs.?®

Development of efavirenz base model
Development of the base model is summarized below and
described in full in Supplementary Information.

The 600 mg q.d. dosing regimen was the primary focus
for model development because this is the recommended
clinical dosing regimen. The model performance was also
evaluated for 400 mg dose when data are available, as
there is an effort to reduce efavirenz dosage to lower drug
costs.' The efavirenz model was developed based on in
vitro data and refined using clinical PK data following oral
administration. When data were obtained from more than
one study, mean values were used.

The initial base model used in vivo oral clearance
(CLyo =9.07 L/h; 26% CV) (unpublished data provided by
Bristol Myers Squibb) obtained from multiple dose adminis-
tration as the clearance input. Volume of distribution at
steady state (V) was estimated from clinical data because
of the uncertainty in efavirenz fu, and logP and the high
sensitivity of the predicted Vs to these parameters.®’

In vitro CYP3A4 and CYP2B6 induction data, measured
in the same donors (n=4) of human hepatocytes, were
incorporated into the model (Supplementary Information).

Base model verification

Simulations were run using the base model and CYP3A4
induction in the liver and gut was evaluated and refined
based on the predicted effect of efavirenz 600 mg qg.d. on
alfentanil i.v. and p.o. PK. The simulated trial designs are
described in Supplementary Information.

CYP3A4 induction in the refined model was then inde-
pendently verified based on the prediction of the effect of
efavirenz 600 mg g.d. on maraviroc, atazanavir, and clari-
thromycin PK. A published maraviroc model®*® was used
with one modification: predicted Vss (= 1.7 L/kg) replaced
observed Vg and was used in the final model to better
recover the observed maraviroc Cp.y following 100 mg



Table 1 Input parameter values used to simulate the kinetics of efavirenz
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Parameter Value Method/comment

MW [g/mol] 315.68 http://www.drugbank.ca/drugs/DB00625

logP 4.02 Mean of measured values (range, 2.07-5.4)'2,35-37

pKa 10.2 Monoprotic acid®®

fy 0.029 Significant variability in measured values (range, 0.005-0.029), reported
highest f,, value used?’

B:P ratio 0.74 Reported®”

fa 0.67 Reported®?

ka (hr ") 0.14 Estimated from clinical data obtained following a single oral dose of 100 mg
efavirenz (unpublished data provided by BMS)

Tiag (hr) 0.36 Estimated from clinical data obtained following a single oral dose of 100 mg
efavirenz (unpublished data provided by BMS)

Fu,qut 0.005 Default value of 1 was used initially, optimized based on sensitivity analysis
(see Results)

Vss (L/kg) (minimal PBPK) 2.25 Estimated from clinical data due to the uncertainty in efavirenz f,, and logP

Vsac (L/kg) 1.1 Estimated from clinical data obtained following a single oral dose of 800 mg
efavirenz (unpublished data provided by BMS)

Kin (hr™ ") 0.29 Estimated from clinical data obtained following a single oral dose of 800 mg
efavirenz (unpublished data provided by BMS)

Kout (hr™ ) 0.36 Estimated from clinical data obtained following a single oral dose of 800 mg
efavirenz (unpublished data provided by BMS)

CLg (L/h) 0 Reported

Single-dose CL/F (L/h) 5.87 Mean value observed after the administration of a single oral dose to
600 mg to healthy volunteers'®'®

Enzyme kinetics — CYP2B6 CL;n; (ul/min/pmol) 1.36 Retrograde calculation — assign 62% of hepatic CL

CYP2A6 CL;yt (ul/min/pmol) 0.46 Retrograde calculation — assign 26.6% of hepatic CL

CYP1A2 CL;nt (ul/min/pmol) 0.03 Retrograde calculation — assign 4.6% of hepatic CL

CYP3A4 CL;nt (ul/min/pmol) 0.012 Retrograde calculation — assign 4.6% of hepatic CL

Additional HLM CLn; (l/min/mg) 0.694 Retrograde calculation — assign 2% of hepatic CL

CYP2B6 IndCsq (1M) 1.2 Determined in human hepatocytes based on activity levels and not cali-
brated®; f, ¢ of 0.15 was applied (see below)

CYP2B6 Ind,ax (fold) 6.2 Determined in human hepatocytes based on activity levels®® and not
calibrated

CYP3A4 IndCso (uM) 3.8 Determined in human hepatocytes based on mRNA levels and calibrated
against rifampin data®*; f, ;.. of 0.15 was applied based on sensitivity
analysis in the range of 0.1-0.5 (per experiment values)

CYP3A4 Indpmax (fold) 9.9 Determined in human hepatocytes based on mRNA levels and calibrated

against rifampin data®*

MW, molecular weight; logP, log octanol/buffer partition coefficient (neutral species); B:P, blood-to-plasma ratio; f,, fraction absorbed; k,, absorption rate con-
stant; BMS, Bristol Myers Squibb; Vs, volume of distribution at steady state; PBPK, physiologically based Vg,c, volume of the single-adjusting compartment;
kin and ko, first order rate constants which act on the masses of drug within the systemic compartment and the SAC respectively; CLg, renal clearance; CL/
F, oral clearance; CL;y, intrinsic clearance; IndCsg, inducer concentration that support half maximal induction; HLM, human liver microsome; F inc, the fraction

unbound in an in vitro hepatocyte incubation.

b.i.d. dosing in healthy volunteers (simulated trial design in
Supplementary Information).

CYP2B6 induction was then verified based on prediction
of the effect of efavirenz 600 mg g.d. on bupropion
p.o. PK (simulated trial design in Supplementary
Information).

Development of efavirenz final model

The final input parameters for the model are summarized in
Table 1.'2151921.35-39 Einal model development is sum-
marized below and full details are provided in Supplemen-
tary Information.

The absorption following a daily oral dose of efavirenz
was described as a first-order process after a lag time
(tag=0.36 h) with fraction absorbed of 0.67°° and
absorption rate constant of 0.41 h™'. The absorption rate

constant and t,g were estimated from fitting the clinical
kinetic data obtained following a single oral dose of
100 mg efavirenz (unpublished data provided by Bristol
Myers Squibb).

A minimal PBPK model*°® with a single-adjustment com-
partment (SAC) was used as the distribution model. The
addition of an single-adjustment compartment was neces-
sary to recover the shape of the plasma concentration-time
profiles beyond 24 hours postdosing. The estimated Vg4 is
1.1 L/kg associated with ki, and ko, of 0.29 and 0.09
hour™ ", respectively.

In vitro data describing the enzyme kinetics for efavirenz
in human liver microsomes,'®*' underpredicted clearance
and so were not used in the final model. Instead, input
parameters for CL;,; were back-calculated from observed
mean Cl,, (= 5.87 L/hr; single dose)'>'® using fm data

www.wileyonlinelibrary/psp4
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370

In vitro CYP3A4 induction data were incorporated in the
model that was then used to predict the DDI with
different CYP3A4 substrates. Studies with IV and ORAL
alfentanil were used to refine fuinc and fugut,
respectively. The interaction with maraviroc was used

for independent verification.
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Figure 1 The workflow of efavirenz model development with a focus on the CYP3A4 induction component. (a) Simulated mean (solid
black line) and observed (data points, Bristol Myers Squibb) mean plasma concentrations of efavirenz on day 7 following daily oral dos-
ing of 600 mg efavirenz to healthy volunteers. The observed in vivo CLeo Was used as clearance input. (b) Simulated mean and
observed (data points, Kharasch et al.,'® 2012) mean plasma concentrations of alfentanil on day 16 following 15 pg/kg i.v. bolus in the
absence (solid black line) and presence (dashed line) of efavirenz treatment (600 mg g.d. for 20 days) in healthy volunteers. The pre-
dicted alfentanil (i.v.) area under the curve (AUC) ratio of 0.56 (90% confidence interval [Cl] = 0.55-0.58) was comparable to the
observed AUC ratio of 0.54 (90% Cl=0.47-0.62). (c) Simulated mean and observed (data points, Kharasch et al.,'® 2012) mean
plasma concentrations of alfentanil on day 15 following a single oral dose of 43 pg/kg in the absence (solid black line) and presence
(dashed line) of efavirenz treatment (600 mg q.d. for 20 days) in healthy volunteers. The predicted alfentanil (p.o.) AUC ratio of 0.28
(90% CIl =0.26-0.30) was comparable to the observed AUC ratio of 0.22 (90% Cl =0.16-0.30). (d) Simulated mean and observed
(Abel et al.,®” 2008) mean plasma concentrations of maraviroc on day 14 following 100 mg b.i.d. for 14 days in the absence (solid
black line) and presence (dashed line) of efavirenz treatment (600 mg q.d. for 14 days) in healthy volunteers. The predicted maraviroc
AUC ratio and Cox ratio were 0.38 (90% CIl=0.36-0.40) and 0.44 (90% CI = 0.42-0.46), respectively, compared to the observed
AUC ratio of 0.49 (90% CIl = 0.41-0.57) and C,ax ratio of 0.44 (90% CIl = 0.30-0.62). The gray lines represent the individual trials.

derived from in vitro data.'® The contribution of CYP2B6, RESULTS

2A6, 1A2, and 3A4 to efavirenz metabolism was assigned
to 62%, 26.6%, 4.6%, and 4.6%, respectively. Although
there are no suitable clinical DDI studies with a strong
inhibitor of CYP2B6 to independently verify the fmcypoge,
the minor contribution of CYP3A4 is consistent with an itra-
conazole DDI study demonstrating negligible effect on efa-
virenz PK, albeit in Korean subjects.*

Final model verification

The final model was verified based on the prediction of the
kinetics of efavirenz following single or multiple oral doses.
Plasma concentration-time profiles and PK parameters
(400 mg and 600 mg qg.d. data) provided by Bristol Myers
Squibb were used.

CPT: Pharmacometrics & Systems Pharmacology

Workflow for model development and verification
strategy

The model development and verification strategy are outlined
in Figures 1 and 2. The initial step involved assessment and
optimization of CYP3A4-mediated induction by efavirenz as
the perpetrator using clinical kinetic data to drive the model.
Alfentanil (both i.v. and oral formulations) was used as the
CYP3A4 victim drug. The resultant model was then applied to
predict DDIs involving other CYP3A4 drugs, including mara-
viroc, atazanavir, and clarithromycin to verify the CYP4A4
induction component. A bupropion DDI study was evaluated
to verify the in vitro CYP2B6 induction component of the
file. Finally, the efavirenz base model was subsequently
expanded by incorporating fmcypops (62%) derived from in
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Victim: Refinement of model to

z Perpetrator: Verification of
incorporate CYP2B6

CYP2B6 induction

In vitro CYP2B6 induction data were
incorporated in the model that was
then used to predict the DDI with the
CYP2B6 substrate, bupropion.

Available in vitro data describing the fractional
contribution of metabolising enzymes were
incorporated into the model. Simulations of
single and multiple dose exposure, factoring
in auto-induction, were then verified against

observed
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Figure 2 The workflow of efavirenz model development with a focus on the CYP2B6 induction component and fmcypags. Simulated
mean and observed (Robertson et al.,>° 2008) mean plasma concentrations of bupropion (a) and hydroxybupropion (b) on day 16 fol-
lowing a single oral dose of 150 mg bupropion in the absence (solid black line) and presence (dashed line) of efavirenz treatment
(600 mg q.d. for 15 days) in healthy volunteers. The predicted bupropion (p.0.) AUC ratio and C,,.« ratio were 0.45 (90% CIl = 0.42—
0.46) and 0.50 (90% CI = 0.49-0.53), comparable to the observed AUC ratio of 0.45 (90% CI = 0.38-0.52) and C,ax ratio of 0.66
(90% CIl =0.53-0.79). The predicted hydroxybupropion (p.0.) AUC ratio and C,,ax ratio were 1.44 (90% Cl = 1.42-1.53) and 1.58 (90%
Cl =1.57-1.68), compared with the observed AUC ratio of 1.0 (90% Cl = 0.81-1.2) and C,,a ratio of 1.5 (90% CI = 1.2-1.8). (¢) Simu-
lated mean (solid black line) and observed (data points: Bristol Myers Squibb) mean plasma concentrations of efavirenz on day 7 fol-
lowing daily oral dosing of 600 mg efavirenz to healthy volunteers. The predicted day 7 efavirenz AUCg.o4 and Cax Were 57.7 (CV%:
74) mg/L.h and 4.1 (CV%: 65) mg/L, compared with the observed AUCg.o4 of 70.6 (CV%: 27) mg/L.h and Cp,ax of 4.8 (CV%: 21) mg/
L.h. (d) Simulated mean (solid black line) and observed (data points: Kharasch et al.,'® 2012) mean plasma concentrations of efavirenz
on day 1 and 14 following daily oral dosing of 600 mg efavirenz to healthy volunteers. The predicted day 14 efavirenz AUCy.o4 and
Cmax Were 59 (CV%: 87) mg/L.h and 3.7 (CV%: 55) mg/L, compared with the observed AUCy.o4 of 42.2 mg/L.h and Cpax of 3.0 mg/
L.h. The gray lines represent the individual trials.

vitro metabolism data and CYP2B6 induction data. The pre-
dictive performance for single-dose and multiple-dose efavir-
enz pharmacokinetics, considering the autoinduction effect,
was then verified. Each step of the model development/verifi-
cation is explained in detail below.

Evaluation and refinement of CYP3A4 induction in the
liver and gut: prediction of the effect of efavirenz

600 mg q.d. on alfentanil i.v. and p.o. kinetics

The developed efavirenz base model was able to recover the
steady-state systemic exposure of efavirenz after a 600 mg
once daily dosing to healthy volunteers (Figure 1a). To evalu-
ate efavirenz induction effect on hepatic and intestinal CYP3A
activity, the effect of efavirenz (600 mg g.d. for 20 days) on a
CYP3A4 marker substrate, alfentanil (15 pg/kg i.v. bolus on

day 16, and 43 pg/kg p.o. on day 15) was simulated based
on the studies of Kharasch et al.'® in 2012.

Efavirenz caused organ-specific induction of hepatic but
not intestinal CYP3A4, at least at the expression
level.''® Because efavirenz is highly bound to plasma
proteins and is fairly lipophilic, we hypothesized that this
phenomenon may be related to the unbound drug concen-
tration that is available for interaction at the respective
enzyme site. We tested this hypothesis by optimizing the
relevant fraction unbound values in the incubation (f, inc)
and gut (f, gu) and comparing the predicted alfentanil i.v.
and p.o. AUC ratio due to efavirenz treatment with
reported data. A sensitivity analysis of f, i,c in the range of
0.1-0.5 was conducted to evaluate its effect on the pre-
dicted alfentanil i.v. AUC ratio (Figure 3a). The results

371

www.wileyonlinelibrary/psp4



Best Practice Approach in Efavirenz PBPK Modeling
Ban Ke et al.

372

0.75
0.70
0.65
0.60 -
0.55

0.50
045

Alfentanil iv. AUCR

0.40
0.35

0.30 T
0.10 0.20 0.30 0.40 0.50

fuinc

Alfentanil p.o. AUCR

0.00 - T
0 0,01 0.02 0.03 0.04 0.05

fugut

Figure 3 (a) Sensitivity analysis of f,,c in the range of 0.1-0.5
to evaluate its effect on the predicted alfentanil i.v. area under
the curve (AUC) ratio. (b) Sensitivity analysis of f, g in the
range of 0.001-0.05 to evaluate its effect on the predicted alfen-
tanil p.o. AUC ratio. The dashed lines represent the observed
mean AUC ratios.

indicated that an f, i, of 0.15 best recovered the observed
alfentanil i.v. AUC ratio; the predicted AUC ratio of 0.56
(90% confidence interval [Cl] =0.55-0.58) was compara-
ble to the observed AUC ratio of 0.54 (90% CIl=0.47—
0.62; Figure 1b). This value was also in line with meas-
ured fuij,c values (range, 0.1-0.2) from two independent
laboratories (personal communications with Ruben de
Kanter, Actelion, Switzerland and Odette Fahmi and Keith
Riccardi, Pfizer, Groton, CT).

Application of the efavirenz base model (f, gt = 1) resulted
in a significant overprediction of the alfentanil p.o. AUC ratio:
the predicted AUC ratio was 0.08 vs. an observed AUC ratio
of 0.22. This result suggests that when not accounting for
binding in the intestine, the induction of intestinal CYP3A4
was overpredicted. Sensitivity analysis (Figure 3b) showed
that when f, g« was set to the lowest reported f,, (= 0.005),
the predicted alfentanil (p.o.) AUC ratio was 0.28 (90%
Cl = 0.26-0.30), which was comparable to the observed AUC
ratio of 0.22 (90% Cl=0.16-0.30; Figure 1c). The corre-
sponding changes in active CYP3A4 are 3.3-fold and 1.5-fold
induction in the liver and gut, respectively (Figure 4a,b). The
differential CYP3A4 induction profiles in the liver and gut are
conceptually consistent with the findings that efavirenz
(400 mg g.d.) caused organ-specific induction of hepatic but
not intestinal CYP3A4 at the expression level 2324

CPT: Pharmacometrics & Systems Pharmacology

Independent verification of CYP3A4 induction:
prediction of the effect of efavirenz 600 mg q.d. on
maraviroc, atazanavir, and clarithromycin PKs

The alfentanil, maraviroc, atazanavir, and clarithromycin
models were independently verified with ketoconazole DDI
studies (Supplementary Information).

The effect of efavirenz treatment (600 mg q.d. for 14
days) on maraviroc systemic exposures (100 mg b.i.d. for
14 days) were simulated (Figure 1d). The predicted mara-
viroc AUC ratio and C,,,x ratio were 0.38 (90% CIl = 0.36—
0.40) and 0.44 (90% Cl=0.42-0.46), respectively,
compared to the observed AUC ratio of 0.49 (90%
Cl =0.41-0.57) and Cpnax ratio of 0.44 (90% Cl=0.30—
0.62).** The model predictions were within 1.3-fold of the
observed values (Table 2).

The effect of efavirenz treatment (600 mg q.d. on days
7-20) on atazanavir systemic exposures (400 mg q.d. for
20 days) was simulated. The predicted atazanavir
AUC ratio and C,,ax ratio were 0.43 (90% CIl = 0.40-0.47)
and 0.57 (90% CIl=0.54-0.61), respectively, compared to
the observed AUC ratio of 0.26 (90% CIl =0.22-0.32) and
Crmax ratio of 0.41 (90% Cl = 0.33-0.51).** The model pre-
dictions were within 1.7-fold of the observed values
(Table 2).

The effect of efavirenz treatment (400 mg q.d. for 7 days)
on clarithromycin systemic exposures (500 mg every 12
hours for 7 days) was simulated. The predicted clarithromy-
cin AUC ratio and C,,ax ratio were 0.36 (90% CIl=0.32—
0.39) and 0.54 (90% CIl=0.51-0.57), respectively,
compared to the observed AUC ratio of 0.61 (90%
Cl=0.54-0.70) and C,ax ratio of 0.74 (90% Cl=0.65—
0.85).** The model predictions were within 1.7-fold of the
observed values (Table 2).

Verification of CYP2B6 induction:prediction of the
effect of efavirenz 600 mg q.d. on bupropion p.o.
kinetics

To independently verify the efavirenz induction effect on
CYP2B6, the effect of efavirenz (600 mg g.d. for 15 days)
on bupropion (150 mg p.o. on day 16) was simulated
based on the study of Robertson et a/.2° in 2008. The pre-
dicted bupropion (p.o.) AUC ratio and C,,,y ratio were 0.44
(90% CIl=0.42-0.46) and 0.51 (90% CI=0.49-0.53),
comparable to the observed AUC ratio of 0.45 (90%
Cl =0.38-0.52) and Cp,ax ratio of 0.66 (90% Cl=0.53—
0.79; Figure 2a and Table 2). The predicted hydroxybu-
propion (p.0.) AUC ratio and Cp.x ratio were 1.44
(90% Cl =1.42—-1.53) and 1.58 (90% CI = 1.57-1.68), vs.
the observed AUC ratio of 1.0 (90% Cl=0.81-1.2) and
Cmax ratio of 1.5 (90% Cl=1.2-1.8; Figure 2b and
Table 2).

When competitive inhibition of CYP2B6 (Ki: 2.96 uM) and
CYP3A4 (Ki: 40.3 uM)*® was included into the model, there
was little or no impact on predicted interaction ratios (e.g.,
predicted bupropion AUC ratio and Cp,x ratio 0.45 (90%
Cl=0.43-0.47) and 0.52 (90% CI =0.49-0.53); maraviroc
AUC ratio and Cp,ax ratio 0.39 (90% CI=0.37-0.40) and
0.44 (90% CIl = 0.42-0.46); alfentanil (p.o.) AUC ratio and
Cmax ratio 0.28 (90% CIl=0.26-0.30) and 0.43 (90%
Cl =0.41-0.46). As a lack of DDI studies using single dose
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Figure 4 Predicted mean levels of active CYP3A4 in the liver (a), gut (b), and CYP2B6 in the liver (c) during 20 days of dosing with
efavirenz (600 mg daily).

Table 2 Summary of DDI simulations of efavirenz treatment on victim drugs

AUC ratio Cmax ratio
Victim drugs Observed Predicted Predicted/ Observed Predicted Predicted/
dosing regimen?® GMR (90% CI) GMR (90% CI) observed GMR (90% CI) GMR (90% CI) observed
Bupropion 150 mg 0.45 0.44 0.98 0.66 0.51 0.77
p.o. (0.38-0.52) (0.42-0.46) (0.53-0.79) (0.49-0.53)
Bupropion 150 mg 0.45 0.45 1.00 0.66 0.52 0.79
p.o° (0.38-0.52) (0.43-0.47) (0.53-0.79) (0.50-0.54)
Alfentanil 43 pg/Kg 0.22 0.28 1.27 0.43 0.44 1.03
p.o. (0.16-0.30) (0.26-0.30) - (0.41-0.46)
Maraviroc 100 mg b.i.d. 0.49 0.38 0.78 0.44 0.44 1.00
(0.41-0.57) (0.36-0.40) (0.30-0.62) (0.42—0.46)
Atazanavir 400 mg q.d. 0.26 0.43 1.65 0.41 0.57 1.39
(0.22-0.32) (0.40-0.47) (0.33-0.51) (0.54-0.61)
Clarithromycin 500 mg b.i.d. 0.61 0.36 0.59 0.74 0.54 0.73
(0.54-0.70) (0.32-0.39) (0.65-0.85) (0.51-0.57)

AUC, area under the curve; Cl, confidence interval; Crmax, peak plasma concentration; DDI, drug-drug interaction; GMR, geometric mean ratio.
2The efavirenz dosing regimen used was 600 mg q.d. for at least 14 days, except for the clarithromycin DDI, in which the efavirenz dosing regimen was
400 mg q.d. for 7 days. PThis simulation incorporated the in vitro CYP2B6 Ki of 2.96 uM for efavirenz determined in pooled human liver microsomes.*®
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Table 3 Mean predicted and observed Cax and AUC values of efavirenz following various dosing regimens

AUCy.ins or AUCy.24 (mg/L.h)

Cnax (Mg/L)

Observed Predicted Predicted/ Observed Predicted Predicted/
Efaviren dose mean (CV%) mean (CV%) observed mean (CV%) mean (CV%) observed
400 mg single dose 79.2% 57.6 0.73 1.42 241 1.50
(44) (59) (12) (96)
400 mg q.d. for 10 days 50.7° 46.9 0.92 3.4° 3.1 0.91
(39) (69) (29) (70)
600 mg single dose 80.6° 80.6 1.00 2.5° 3.0 1.20
- (60) - (95)
600 mg q.d. for 7 days 70.6% 57.7 0.82 4.8° 4.1 0.86
(27) (74) 21) (65)
600 mg q.d. for 14 days 42.4° 59 1.39 3.0¢ 3.7 1.25
- (87) - (55)

AUC, area under the curve; Cnax, peak plasma concentration; CV%, coefficient of variance percentage.
@0bserved data provided by BMS. PObserved data from Liu et al.,'® 2008. “Mean Cmax and AUC values were not provided in Ogburn et al.,'® 2010. The values
shown were estimated from the reported mean concentration-time profile. °Mean Cpax and AUC values were not provided in Kharasch et al.,'® 2012. The val-

ues shown were estimated from the reported mean concentration-time profile.

efavirenz means the effect of competitive inhibition in vivo
cannot be verified and knowing the overall impact on the
predicted DDI is negligible, competitive inhibition was not
included in the final model.

Verification of final model:prediction of the kinetics of
efavirenz following single or multiple oral doses

The efavirenz base model was expanded to include fm
data derived from human liver microsome data (see Sup-
plementary Information). Mean simulated and observed
plasma efavirenz concentrations following daily dosing of
600 mg efavirenz for 7-14 days are overlayed in Figure 2c
(day 7) and Figure 2d (day 1 and 14). Simulated and
observed mean C,.x and AUC values of efavirenz following
400 to 600 mg single dose and multiple dose of efavirenz
are shown in Table 3. The predicted/observed mean Cax
ranged from 0.86-1.50, and the mean AUC ranged from
0.73-1.39. The model based on in vitro induction parame-
ters determined in human hepatocytes, predicted 1.7-fold
autoinduction of efavirenz oral clearance following efavirenz
600 mg qg.d. for 7-14 days, consistent with the reported
1.6- to 1.7-fold autoinduction in efavirenz oral clearance fol-
lowing 600 mg q.d. for 14 days.'819

DISCUSSION

In the current study, we sought to develop a unified mecha-
nistic model for efavirenz that addresses both the victim
(CYP2B6 induction) and perpetrator (CYP2B6 and CYP3A4
induction) properties of efavirenz that, in turn, accounts for
its changing clearance on multiple dosing due to autoinduc-
tion. Although this is not the first report of a PBPK model
for efavirenz, we believe it is the first model that (1) demon-
strates adequate predictive performance for CYP3A4
and CYP2B6 induction as well as autoinduction, and
(2) accounts for organ-specific induction of CYP3A4 by ver-
ifying the model predictions with independent clinical data-
sets. Furthermore, in response to calls for standardization
of PBPK model development and verification,?®¢ we pro-
vide this as a case study demonstrating our recommended

CPT: Pharmacometrics & Systems Pharmacology

workflow for the development of complex models for the
application of DDI prediction.

During model development, three drug-specific parameters
were identified to be associated with significant variability or
uncertainty: f,p, fuinc, and fygu. The f,, is a key parameter
that feeds into the prediction of ClLg, Vs, and DDIs. To
address the variability in reported f,, we constructed a
base model for efavirenz using in vivo CL,, and Vs to
recover the steady-state systemic exposures of efavirenz fol-
lowing multiple daily doses of 600 mg. This “model reduc-
tion” approach was necessary to allow the evaluation of
CYP3A4 induction in isolation from all other confounding fac-
tors. The highest reported f, , value was required in the final
model to predict any appreciable CYP3A4 induction in vivo.
The f,inc is the free fraction in the in vitro incubation that
impacts on the unbound IndCsq. The f,, g is the free fraction
of drug in the enterocyte that is available for metabolism,
inhibition, and induction. The optimization of f,j,c and fy gu
values, based on both alfentanil i.v. and p.o. DDI data,
respectively, ensured that the developed model captured the
differential CYP3A4 induction profiles in the liver and intes-
tine. The uncertainty around f, jn. was further resolved exper-
imentally by obtaining two independent measurements, one
using the same protocol as used in the hepatocyte induction
experiments.®* The uncertainty around f, g, on the other
hand, cannot be resolved experimentally. This is because
nonspecific binding values generated in intestinal tissue
homogenates do not account for physiological factors, such
as the villous blood flow maintaining a “sink” condition.
Uncertainty in f, g, was therefore, addressed through sensi-
tivity analysis and verification with alfentanil p.o. DDI data.
Once these identified issues had been addressed, the efavir-
enz base model was subsequently expanded by incorporat-
ing CYP2B6 induction data, and verified with a bupropion
DDI study, before finally the fmcypoge derived from in vitro
data were included.

A “matrix approach” was used to independently verify the
perpetrator properties of efavirenz: (1) alfentanil i.v. and
p.o. DDI studies were utilized to refine CYP4A4 induction
component; (2) maraviroc, atazanavir, and clarithromycin



DDI studies were utilized to verify CYP4A4 induction com-
ponent; and (3) bupropion DDI study was evaluated to ver-
ify the CYP2B6 induction component. All victim drug
models were independently verified with clinical DDI data
(Supplementary Information) before these models were
used to evaluate the efavirenz DDI predictions. Application
of the efavirenz model to predict the DDI magnitude follow-
ing dosing of multiple CY3A4 substrate drugs showed
acceptable prediction of mavarivoc (1.3-fold), atazanavir
(1.7-fold), and clarithromycin DDI (1.7-fold). Although pre-
diction accuracy in terms of mean predicted vs. observed
AUC ratios varied across CYP3A substrates, no systematic
under or overprediction of CYP3A4-mediated DDIs was
observed. It is important to note that both atazanavir and
clarithromycin are potent CYP3A4 mechanism-based inhibi-
tors. Therefore, the DDI mechanisms are more complex
than those involved in the alfentanil and maraviroc DDI. For
this reason, the model predictions being within twofold of
the observed DDIs were deemed to be acceptable.?”*® The
efavirenz model sucessfully predicted the bupropion DDI
magnitude with coadministration of multiple oral dosing of
600 mg efavirenz. To our knowledge, successful IVIVE of
CYP2B6 induction by efavirenz using a CYP2B6 marker
substrate, such as bupropion, has not been shown in the
literature. Interestingly, the predicted 1.4-fold increase in
hydroxybupropion (p.0.) AUC vs. the observed negligible
effect on hydroxybupropion AUC, indicates that the elimina-
tion of hydroxybupropion (by unknown mechanisms) may
be induced by efavirenz treatment, which was not consid-
ered in the simulation. Overall, in 8 of 10 (AUC or AUC
ratio) and 9 of 9 (Crhax Or Crax ratio) of the cases, the pre-
dictions were within the predefined 1.5-fold range. In 4 of
10 (AUC or AUC ratio) and 4 of 9 (Cpax Or Chax ratio) of
the cases, the predictions were within a more stringent cri-
terion of a 1.25-fold range.

The developed efavirenz model, incorporating fmcypope
(62%) derived from in vitro metabolism data, and CYP2B6
and CYP3A4 induction data obtained from the same human
hepatocytes donors, predicted 1.7-fold autoinduction of efa-
virenz oral clearance following efavirenz 600 mg q.d. for 7—
14 days. This is consistent with the reported 1.6- to 1.7-fold
autoinduction of efavirenz oral clearance following 14 days
of 600 mg q.d."®'® One limitation of the efavirenz model is
that fmcypoge derived from in vitro data is considered to be
associated with uncertainty, due to the cross-reactivity of
ticlopidine with CYP2C19.# Here, the successful prediction
of the extent of autoinduction provided verification of
fmcypops for efavirenz, albeit to a limited extent. Literature
models”®?? based on CYP2B6 and CYP3A4 induction
parameters obtained from different human hepatocytes
donors, predicted autoinduction effect of nearly threefold,
which may indicate an overprediction of the CYP2B6 induc-
tion effect or error in fmcypogs. Alternatively, the discrep-
ancy in the estimated magnitude of autoinduction from
clinical data may stem from the variability in single-dose PK
parameters, and selections of clinical studies that reported
both single-dose and multiple-dose PK in the same
individuals.

Unlike IVIVE of CYP3A4 induction, for which an in vivo cal-
ibrator (i.e., rifampin) has been developed and qualified,®* rel-
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atively little is known about the extrapolation of in vitro data
to the in vivo and an in vivo calibrator is not available for
CYP2B6. It has been well-established in the literature that for
CYP3A4, there is a strong correlation between mRNA and
activity data.*® This may not be the case for CYP2B6 due to
the fact that CYP2B6 induction is CAR-mediated, whereas
CYP3A4 induction is PXR-mediated. Here, in vitro CYP2B6
induction parameters based on CYP2B6 activity (hydroxybu-
propion formation) were used to drive the in vivo CYP2B6
induction without further calibration, and appeared to be suc-
cessful in predicting both the autoinduction by efavirenz and
the bupropion DDI. These data suggest that for IVIVE of
CYP2B6 induction, an in vivo calibrator may not be neces-
sary, although this awaits further confirmation by predicting
the effect of other strong-to-moderate CYP2B6 inducers,
including rifampin, carbamazepine, and ritonavir on bupropion
PK from in vitro data.

In conclusion, the developed and verified model for efa-
virenz can be applied in clinical pharmacology studies to
prospectively assess both the victim DDI potential (CYP2B6
induction) and perpetrator DDI potential (CYP2B6 and
CYP3A4 induction) of efavirenz. Furthermore, we have
demonstrated a recommended workflow for the develop-
ment of PBPK models for complex drugs that induce their
own metabolism as well as that of other (victim) drugs.
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