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METHODS

Development of a population
pharmacokinetic model for adults

A population pharmacokinetic (PopPK) model' was devel-
oped using nonlinear mixed effects modeling (NONMEM,
Versions 7.4.3 and 7.5.0; ICON plc) to describe the time
course of maribavir plasma concentrations, administered
orally, in participants enrolled in nine phase I studies, two
phase II studies (NCT01611974, EudraCT 2010-024247-32,
400/800/1200 mg twice daily [b.i.d.]), and one phase III
study (NCT02931539, 400 mg b.i.d.; Table S1). This analy-
sis included healthy volunteers and hematopoietic stem
cell transplant or solid organ transplant recipients with
cytomegalovirus (CMV) infection.

The effects of covariates on maribavir pharmacokinet-
ics (PK) were evaluated. The baseline body weight dis-
tribution of the participants is shown in Figure S1. The
body weight exponents on clearance and volume of dis-
tribution parameters were evaluated by either fixing (0.75

Maribavir was approved by the US Food and Drug Administration for the
treatment of patients aged >12years and weighing >35kg with posttransplant
cytomegalovirus infection/disease refractory (with/without resistance) to valgan-
ciclovir, ganciclovir, cidofovir, or foscarnet, with an oral dose of 400mg twice
daily. With no pediatric clinical data available and difficulty in trial recruitment,
population pharmacokinetic modeling and simulations were conducted to pre-
dict the pharmacokinetics and inform maribavir dosing in adolescents.

for clearance parameters, one for volume of distribution
parameters) or estimating from the PK data. The model
with estimated weight exponents returned imprecise es-
timates for both apparent total clearance (CL/F)~and
peripheral volume of distribution ~weight and thus was
not considered as sufficiently robust for subsequent sim-
ulation of adolescent exposure based on body weight. The
model with fixed allometric exponents was used to derive
individual estimates of steady-state area under the plasma
concentration curve over a dosing interval (AUC,_,), peak
plasma concentration (C,,,), and trough plasma concen-
tration (C,,;,) values for the 400 or 1200 mg b.i.d. regimen
for transplant recipients with CMV infection.

Adolescent PopPK model simulations

The adult PopPK model was used to perform simulations
for virtual adolescent transplant recipients with CMV in-
fection or diseases. Virtual adolescents (aged 12-18years)
were represented by simulating weights at 25 to <100kg;

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2023 Takeda Development Center Americas, Inc. CPT: Pharmacometrics & Systems Pharmacology published by Wiley Periodicals LLC on behalf of American Society for

Clinical Pharmacology and Therapeutics.

CPT Pharmacometrics Syst Pharmacol. 2023;12:719-723.

WWW.psp-journal.com 719


http://www.psp-journal.com
https://doi.org/10.1002/psp4.12943
mailto:
mailto:kefeng.sun@takeda.com
http://creativecommons.org/licenses/by-nc/4.0/

720 |

SUN ET AL.

ASCPT

1000 virtual participants were sampled from a uniform
distribution of weight within each 2.5-kg increment from
25 to <30kg and within each 5-kg increment from 30
to <100kg. This range of body weight is wider than the
range from the third percentile weight in 12-year-old
males to the 97th percentile weight in 18-year-old males.?
Concentration-time profiles were simulated (sampling at
0,1, 2,3,4,6,8, and 12h) following 400 mg b.i.d. steady-
state doses for every individual in each weight group
using the PopPK model with fixed weight exponents and
including interindividual variability. No residual variabil-
ity was included in the predictions. Steady-state AUC,_,
(linear-up/log-down trapezoidal rule), C,,, at steady state
(Chaxss)» and Cp;, at steady state (Cyy;, o) Were then calcu-
lated by noncompartmental methods.

Steady-state exposures in virtual adolescents follow-
ing 400mg b.i.d. doses were summarized and compared
with corresponding exposures in an adult population with
CMV. The geometric means and percentiles of estimated
steady-state AUC,_, and C,;, following 400mg b.i.d.
maribavir dosing in adult transplant recipients in the
phase III study were used as benchmarks for efficacy pur-
poses. The geometric mean, 75th percentile, and 95th per-
centile values of estimated steady-state AUC,, . and C,
following 1200mg b.i.d. maribavir in adult transplant re-
cipients in the phase II studies were used as the PK com-
parators for safety, as this dose showed similar efficacy
and safety to 400 mg b.i.d. The percentages of participants
in each weight group with exposures above or below these
benchmarks were also summarized.

RESULTS
Adult PopPK model

The final PopPK model for adults was a two-compartment
model with first-order absorption and elimination and
an absorption lag-time. Final covariates included body
weight for clearance and volume terms, patients with
CMV as a categorical covariate for CL/F, and maribavir
dose for the first-order absorption rate (Ka). The initially
estimated weight exponents on CL/F and apparent pe-
ripheral volume of distribution were deemed imprecise;
thus, in the final model the weight effects were fixed
rather than estimated. The parameter estimates for the
PopPK model with fixed weight exponents are presented
in Table S2. Notably, CL/F was estimated to be lower
in transplant recipients with CMV (0.756x of that in
healthy subjects), and Ka decreased with an increase in
maribavir dose.

The AUC;.,, Cpaxse and Cp, values following
maribavir 400 or 1200 mg b.i.d. doses in adult transplant

recipients with CMV infection estimated using the PopPK
model with fixed weight exponents are shown in Table S3.

PopPK simulations for a virtual adolescent
population with CMV

The simulated steady-state exposures for maribavir
400mg b.i.d. in virtual adolescent patients with CMV
infection using a PopPK model with fixed weight expo-
nents are shown in Figure 1a (AUC,,_,), Figure 1b (Cy,.x 5o
and Figure 1c (Cy,)- Clear trends of exposure versus
weight relationships in the PopPK model were observed.
Maribavir exposure generally increased as body weight
decreased.

For exposure—-efficacy considerations, at 400mg b.i.d.,
AUC,_, and C,;,  in virtual adolescents were generally
at or above their respective geometric means in adult pa-
tients with CMV receiving 400mg b.i.d. At the popula-
tion level, for all weight groups at 400mg b.i.d., >50% of
the virtual adolescent population had AUC,_; and C;, ¢
values above the respective geometric means in adult pa-
tients with CMV receiving 400 mg b.i.d. (Table 1).

For exposure-safety considerations, simulated marib-
avir exposures in virtual adolescents <40kg receiving
400 mg b.i.d. were higher than those in adults receiving the
same dose. Nevertheless, the simulated geometric means
of AUC,_, and C,,,, s in virtual adolescents <40kg were
lower than the 75th percentile of exposures in adults at
1200 mg b.i.d. For population percentages, >50% of virtual
adolescents in each weight group had simulated AUC,_,
below the adult geometric mean of AUC,_, at 1200 mg
b.i.d. For Cp ¢ all except the <35kg groups had >50%
virtual individuals with C,, c below the adult geometric
mean C,,,, i at 1200mg b.i.d. (Table 1).

DISCUSSION

Although the currently available anti-CMV agents such as
ganciclovir, foscarnet, and cidofovir may be considered in
clinical practice to treat refractory or resistant CMV infec-
tions, they are not approved for this indication, and their
use is limited by their respective toxicities.? In adults, mar-
ibavir demonstrated a relatively wide therapeutic window,
with similar anti-CMV efficacy from 400 to 1200 mg b.i.d.
and dysgeusia as the most common treatment-emergent
adverse event at doses up to 1200mg b.i.d.>* and dose-
proportional PK from 400 to 1200 mg b.i.d.> However, the
efficacy and safety of maribavir in children, including ado-
lescents, have not yet been reported. The unmet need in
adolescent transplant recipients with refractory or resist-
ant CMV, combined with difficulty in adolescent patient



MARIBAVIR PK MODELING SIMULATION IN ADOLESCENTS

| 721

(a) 400 mg BID Maribavir
1000
IJ-I __——ﬁ—_l_
= 300
€ T I p—
2
;o Hin(nl=
2 00 L TP O nme
“LLLLLLMTMH
30
© O O © O O O OO O O © O O \@a ©
éb&o;p) PP Q)Q ng PSS @Lsg@l’
L
S ra@‘o PR N O CRA AN %\0
Weight Categories
(c) 400 mg BID Maribavir
% TT
TE' 10 II
g
P ars
3 TT L
14
NONO O 1O N NO NS OO NO NS OO NO NS &
q’/\@f) oy Lbi”,f) P ANy B’bﬁ q(’—",\g
A SO IRS] 0 1O 3O 2O 3O O O O
qfaxor],}@ ENRAAN b@ <,§> O P A AD °’%°o§o
Weight Categories

ASCPT

NARES
eI
s LR

LT CULNAARS
o LT

X © O OO OO O X O O O OO @ ©

q,’\bl:b PN ON PN an s ,\bﬁ)sﬁgoﬁ gb\g
AN 0‘06 N @‘ e‘ 63 O ‘O@‘o A
rﬁ;‘,ﬂ. OSSN > AS A P
Weight Categories

— Adult geomean 400 mg (lower line) & 1200 mg BID (upper line)
— Adult 25th pct 400 mg BID (lower line) & 75th pct 1200 mg BID (upper line)
Adult 5th pct 400 mg BID (lower line) & 95th pct 1200 mg BID (upper line)

FIGURE 1 Simulations of maribavir exposure in virtual adolescents by body weights with the fixed weight effect population
pharmacokinetics model. (a) AUC, ., (b) Cy4x s (©) Cpnin ss- Black center line of each box represents the median, and the top and base of the
box represent the first and third quartiles (interquartile range). Whiskers represent the 5th and 95th percentiles. The lower and upper red
horizontal lines represent the geometric means for 400 and 1200 mg b.i.d. doses in adult patients with cytomegalovirus, respectively. The
lower and upper yellow horizontal lines denote the 5th percentile exposure at the 400 mg b.i.d. dose and the 95th percentile exposure at the
1200 mg b.i.d. dose in adult patients with cytomegalovirus, respectively. The lower and upper blue horizontal lines denote the 25th percentile
exposure at the 400 mg b.i.d. dose and the 75th percentile exposure at the 1200 mg b.i.d. dose in adult patients with cytomegalovirus,
respectively. AUC,_,, area under the plasma concentration curve over a dosing interval; C ., peak plasma concentration at steady state;

Cininss» trough plasma concentration at steady state; b.i.d., twice daily; pct, percentile

recruitment in clinical trials, warrants the use of PopPK
modeling and simulation to provide information on dos-
ing for this population.

The authors believe that for maribavir, a “full extrapo-
lation” (i.e., PK matching only®) paradigm is appropriate
for comparison between adults and adolescents, as the

target for maribavir (CMV UL97 protein) and its inhibi-
tory potency is identical in all age groups. In addition, the
presentation, progression, and response to intervention
are similar for CMV infection in adult and pediatric pa-
tients.” Therefore, a similar exposure-response relation-
ship is expected between adults and adolescents, justifying
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TABLE 1 Select summary of percentages of virtual adolescents under 40 kg with maribavir exposure from 400 mg b.i.d. compared with

exposures in adults

Variable Adult metric Dose

AUC,_, >Geometric mean AUC,_, 400 mg b.i.d.
Catings >Geometric mean C;, o 400mg b.i.d.
AUC,_, <Geometric mean AUC,_, 1200mg b.i.d.
AUC,_. <75th percentile AUC,,_, 1200mg b.i.d.
AUC, . <95th percentile AUC,,_, 1200mg b.i.d.
(C— <Geometric mean C,, 1200 mg b.i.d.
Chnax.ss <75th percentile C,,y s 1200mg b.i.d.
Gy <95th percentile C,y s 1200mg b.i.d.

PopPK model with fixed weight-effect exponents, with
body weight range (kg)

25-27.5 27.5-30 30-35 35-40
Percentage of patients

94 92 92 85

74 74 74 71

69 74 80 83

87 91 93 94

97 98 99 99

34 40 48 60

60 64 75 82

87 91 95 96

Abbreviations: AUC,_,, area under the plasma concentration curve over a dosing interval; b.i.d., twice daily; C,,, s peak plasma concentration at steady state;
Chin,ss trough plasma concentration at steady state; PopPK, population pharmacokinetics.

the PK-matching approach for the selection of maribavir
dosing regimen in adolescents.

From physiological and developmental perspectives,
the overall absorption and elimination of maribavir is
expected to be similar between adults and adolescents.
Maribavir has high intestinal permeability and is rapidly
and highly absorbed after oral administration.® It is mainly
cleared through metabolism by cytochrome P450 (CYP;
CYP3A4 and CYP1A2, both of which mature well before
the age of 129). Therefore, similar maribavir disposition
profiles are expected between adults and adolescents at a
similar body weight range.

To project maribavir exposures in adolescents while
considering uncertainties in the PK-body weight relation-
ship due to lack of pediatric PK data, a PopPK model with
fixed weight components was developed from adult data. At
weights >35kg, medians of AUC,_, Cp,x s and Cp,  for
400mg b.i.d. in virtual adolescents were generally within the
geometric means of respective exposures at 400 and 1200mg
b.i.d. doses in adults. In addition, at the 400mg b.i.d. dose,
>50% of virtual adolescents in all >35kg weight groups were
projected to have AUC,,_, Cy 4y 55 and Cyypp o Values between
the geometric means of corresponding exposures at 400 and
1200mg b.i.d. doses in adults. At weights <35kg with 400mg
b.i.d., the model-simulated geometric mean C,,,, was higher
than the geometric mean C,, at 1200mg b.i.d. in adults,
and >50% of virtual adolescents would have individual
Coax higher than the geometric mean C,,,, at 1200mg b.i.d.
in adults. Therefore, 400mg b.i.d. in adolescents weighing
>35kg is expected to show similar safety and efficacy profiles
to those in adult patients with CMV.

This adolescent population simulation study used a full
extrapolation methodology to predict maribavir exposures

in virtual adolescents by matching with therapeutically
relevant exposures of maribavir in adults. Combined
with the cumulative safety and efficacy data in adults, the
PopPK modeling and simulations supported the expan-
sion of the maribavir indication to adolescents (12 years of
age and older) with a body weight of >35kg at a regimen
of 400mg b.i.d. Methods detailed herein set an example
that can be applied to other therapeutics for potential in-
dication expansion from adults to adolescents where “full
extrapolation” (PK-based matching) criteria apply.
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