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Industrial Strength PBPK
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Outline

® |Industrial Application of PBPK for Pediatrics

® PBPK Practices — Non-pediatric workflow
e Relevance for transition

® Concerns Pediatric Applications
e In the absence of precedence ...
® Pediatric Workflows

e Fit-for-purpose vs Best Practice - thereis a
difference here!

® Request for clarification ©
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Drug Development Expectations for PBPK
when Guiding Pediatric R&D

® Guide Initial dosing rationale

® Evaluate DDI potential in pediatric
subpopulations (across age strata)

® Examine developmental / maturational concerns
® Guide pediatric formulation development

® Examine non-systemic exposure requirements
® Support* dosing recommendations
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PBPK Added-value for Pediatric R&D

® Consideration of non-traditional drug
administration (route, formulation, etc)

® Physiologic—mechanistic explanation for PD effects
® Correlation of non-systemic exposures with toxicity

® Dose-exposure evaluation of non-systemic target
exposures

® Definition of pediatric sub-populations based on
physiologic characteristics (that differ from
otherwise healthy pediatric populations)
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Comfort with Predictions?

' ' perfused
tissue

Drug out
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PBPK Practices — Non-pediatric workflow

® The majority of PBPK experience In the
pharmaceutical industry is driven by DDI
concerns.

® The pediatric experience has been driven (in
the past) by regulatory query.

® Many companies have PBPK groups,
dedicated personnel or working groups

e Several research efforts (e.g., post doctoral
projects) are exploring the ROI for peds.
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By Phase PBPK Workflow / Practice

® Experience of the Sanofi PBPK Working Group
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Discovery / Preclinical Phase
Dynamic (MDM) and static (MSM) approaches

Available data Addressed questions
[ vt rou ook s o
Overall rough DDI risk assessment for selecting candidates

EC50, Emax
v
IC50
Renal

clerance in
animal

Substrate parameters

J

N\ (®

MDM approaches

Preparing for the future

Start building up PBPK model, rough model, not

used for decision making in most of cases

Active plasma concentration in

Fu values the pharmacological model
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Phase I. FIH; Single and repeat dose

Dynamic (MDM) and static (MSM) approaches

Available data Addressed questions

MSM approaches

Rough DDI risk assessment toward potential co-med

PK profile with Cmax, t1/2,... ‘

Total clearance of the
compound; linearity, renal
clearance

MDM approaches ~N
PBPK for internal purpose
Possible insight of genetic

polymorphic enzyme Refinement of the PBPK model.

Clinical interaction simulation with probe

involvement compounds, at different dosage.
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Phase Il / 1l

Dynamic (MDM) and static (MSM) approaches

Available data Addressed questions

MSM approaches
Rough DDI risk assessment toward potential co- med
PK in special population.

Knowledge of elimination pathways

of the drug (C14 study) / MDM approaches
PBPK for internal and regulatory purpose

Dose selection and
corresponding exposure in
patients.

Refinement
Outputs of clinical interaction (validation?) of the § Predicted

conducted in healthy volunteers, with PBPK model, with J§ PK used for
probe compounds*. observed interaction PK/PD

Simulations mixing
covariates: interaction
In special populations

What if ? e.g.Impact
of formulation

outputs from clinical § simulations.
studies .
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Submission phase
Dynamic (MDM) and static (MSM) approaches

Available data Addressed questions

MSM approaches

Rough DDI risk assessment toward potential co-med

Identification of covariates in
POPPK approach,’ 'top-down”

To be put in perspective with
PBPK mode “bottom-up”

/ MDM approaches
PBPK for regulatory purpose

Use of simulation in : :
Simulations of

order to avoid . N Predicted PK
. : clinical situations
conducting interaction unlikelv to be used for
y PK/PD

Validated model. eva_lluated simulations
experimentally.

studies.
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Transition to Pediatrics?

® Benefits

e \Well-defined adult model inherited

e Mature appreciation for metabolic clearance
mechanisms

e Implicit valuation of in vitro inputs via sensitivity analyses

® Additional considerations for pediatrics

e Non-metabolic clearance mechanisms and volume of
distribution considerations (potentially)

e Developmental / maturational considerations

e Pediatric populations not described by existing
physiologic databases
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Transition to Pediatrics?
Industrial Focus — Research Initiative

® How do we address the transition gaps?

® What is the reasonable amount of uncertainty
we can remove via targeted investigation?

e Need to show the ROI

e After we do this ... what is the remaining risk?
® What will / should be our best practice?
® Back to the original question

e Fit for purpose . . . what purpose?
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Questions about PBPK Advantages for
Pediatric R&D Support

Post-doc Project: Hoai-Thu THAI
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Adult PBPK model
® Take into account the effect of maturation on all ADME processes (absorption,

distribution, metabolism, elimination)
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Project Overview

PBPK approach Allometric-PopPK approach

The adult popPK model

Develop the adult PBPK model

Pediatric population | ——> - [ Allometric scaling for ]
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Pediatric PK prediction

BSA with power=1

Paediatric PK prediction

Pop PK model —> Comparison
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POST DOC PERSPECTIVES

® Optimizing sampling times using PBPK prediction if very young children are

included
e Use semi-mechanistic PK model for fitting to account for maturation effect

in addition to size effect

PMAHI PMA: postmenstrual age
(weeks)

BSAchita \* . =
CLpita = CL X (; X Maturation Maturation = : Hl
N e BSAgdult PMAHI + TMg,™ TMs,: Maturation half time

* Require optimizing the design for a PK model with continuous covariate (only
available in PopED developed by Uppsala)

e Find the sampling times empirically and optimize by simulation study
® Use of PBPK-PD model since the exposure-effect relationship may be
different between children and adults
® Adaptive approach when data for a given number of paediatric patients is

available during the trial
e Refine paediatric PBPK model (learn and confirm)

e Revise dose and sampling times
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Pediatric Workflows

Process and Performance

Pharmacology (2013} 2, 880;  do 1010380 2013.55
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ORIGINAL ARTICLE

Application of Physiologically Based Pharmacokinetic
Modeling to Predict Acetaminophen Metabolism and

Pharmacokinetics in Children

X-L Jiang', P Zhao?, JS Bamett, LJ Lesko' and S Schmidt'

Acelaminophen (APAP) is a widely used ic and

ic drug that ive phase | and Il metabolism. To

better understand the kinetics of this process and to characterize the dynamic changes in metabolism and pharmacokinetics
(PK) between children and adults, we developed a physiologically based PK (PBPK) model for APAP integrating in silico, in vitro,
and in vivo PK data into a single model. The model was developed and qualified for adults and subsequently expanded for
application in children by accounting for maturational changes from birth. Once developed and qualified, it was able to predict
clinical PK data in neonates (0-28 days), infants (29 days to <2 years), children (2 to <12 years), and adolescents (12-17 years)
following intravenous and orally administered APAP. This approach represents a general strategy for projecting drug exposure
in children, in the absence of pediatric PK information, using previous drug- and system-specific information of adults and

children through PBPK modeling.
CPT: | ics & Systems

Acetaminophen (APAP, Tylenol) is one of the most common\y
analgesic and antipyretic agents around the world."

the United States, >300 million bottles or packets of APAP or
APAP-containing products in different formulations are used
by adults and childran as over-the-counter or as prascription
medicines annually? In adults and adolescants (213 years
old}, the maximum recommendad dose by the US Food and
Drug Administration is 1,000mg following single administra-
tion and 4,000mg daily.® In children (2—12 years), dose reduc-
tion is recommended based on patient's age or body weight
to account for differences in metabolism between adults and
children.** Although APAP is generally considerad safe and
efficacious, drug-induced adverse events occur because of
accidental or deliberate overdose, which can rasult in acute
and serious liver failure. In some cases, even approved
doses have resulted in liver damage. which were associated
with both genetic and epigenetic factors.®" In the wake of
concems about APAP overdoses and toxicity, the US Food
and Drug Administration announced new requirements for
the prescription of APAP products, adding to their wamnings
about liver damage from over-the-counter APAP products in
January 2011.F

Liver injury from APAP is closely linked to its pharmaco-
kinetics (PK) which is influenced by metabolism via phase
I (cylochrome P450 (CYP) 1A2, 2E1, 3A4, efc.) and phase
Il enzymes (su and UDP-
ferases (UGTs)) in the liver*® Approximately 5-10% nf
APAP is metabolized by CYP enzymes to its toxic metabo-
lite MN-acetyl-p-benzoguinone imine (NAPQI).*f NAPQI is
usually rapidly and efficiently detoxified to APAP-glutathione
(APAP-GSH) conjugate, which is then further converied to

(2013) 2, £80; doi:10.1038/psp.2013.55; published online 16 October 2013

3 [Scysteinyll-APAP, APAP mercapturate, 2'-[S-mathyi]-
APAP, and other inactive metabolites.*#” However, once this
detoxification process becomes saturated because of the fol-
lowing reasons: (i) induction or stabilization of CYP enzymes
that form NAPQI, (ii) depletion of GSH conjugation pathway,
or (i) a combination of thess two processes, NAPQI may
accumulate and covalently bind to hepatic and renal tubular
cell proteins and cause cell necrosis.*# " Thus, simultaneous
evaluation of a combination of metabolic enzyme pathways
under different physiclogical and pathological conditions
wil help in elucidating potential bioactivation mechanisms
related to APAP toxicity.

The enzymas involved in APAP metabolism undergo matu-
rational changas from birth. For example, it has been raported
that sulfation is the major conjugation pathway in children,
whereas glucuronidation is the main pathway in adults.**!"
This is due fo the fact that sulfation is generally considered
mature at birth whereas UGTs expression and activity
undergo age-dependent changes. Recent in vitio enzyme
kinafics studies with neonatal and pediatric liver microsomeas
showed that the metabolic capacity of UGT1A1, 1A, and 1A6
reached adults levels at 3.8, 4, and 14 months postpartum,
respectively, ™" whareas that of UGT1A4 and UGT2BT7 was
not fully developed until the age of 18 years.'* The same
holds true for the CYP isozymes, such as CYP1A2, CYP2E1,
and CYP3A4, which also show variable ontogeny profiles. 18
The expraession of CYP2E1, in particular, is thought to be low
in children <1 year of age.'” It should further be noted that
the interindividual variability in the CYP enzymes—mediated
NAPQI formation is not well understood, especially in chil-
dren <2-3 years of age. A more mechanistic understanding
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A Workflow Example of PBPK Modeling to Support Pediatric Research

and Development: Case Study with Lorazepam

A. R. Maharaj,' J. 8. Barrett,” and A. N. Edginton'*

Received 28 Sepiember 2012 accepied 29 Decemther 2012 published anine 24 January 2013
Abstract. The use of i i hased phe anetic (PRPK] in the field of pediatric drug

development has garnered much intersst of late due o a recemt Food and Drug Administrafion
recommendation. The purpme of this study & to lwtrate the developmental procemes ivalved in
creatin ofa pediatric PBPK madel incarpar ating existing aduht drg data. Lorazepem, 2 henmdiampine
utlizd in both adubts and children, was used a5 an example. A population PBPK mode] was developed
in PK.Sim vA2® and smled © sccount for agerelated changes in sze and cmpositin of Ssme
compartment, protein hinding, and growth/maturation of emination procemes. Dise (milligrams per
kilog ram) requirements for children aged 0-18 years were cakulaied hased on smulaons that achieved
targeted exposures hased on adult references. Predidive accuracy of the PBPK madel for praducing
comparable plama concentrations amang &3 pediatric subjects was amemed wing average fold emor
(AFE). Esfimates of clearance (CL) and valume of distribution (V) were cmparsd with ohserved
values for 2 subset of 15 chikdren using fold eror (FE). Pediatric dme requirements in young chilren
{1-3 yeam) exceeded adult kvels o a Enear weightadjisted {miligrams per kilogram) hasis. AFE
values for modelderived concentration esmates were within 1.5 and 2-fakd deviation from ohserved
vahues for 73% and 92% of patients, respectively. For CL, §0% and 80% of predictions wers within 1.5
and 2 FE, respectively. Comparatively, predictins of Vi were mare accurate with 80% and 100% of
estimates within 1.5 and 2 FE, respectively. Using the presented workflow, the developed pediatric model
estimated lorazepam pharmacokinetics in childnen as 2 fnction of age.

KEY WORDS: lorzepam; PRPK: pediatic.

INTRODUCTION

The Food and Dreg Adminstration (FDA) emeted the
Pediatric Research Equity Ad in 2003, requiring phamaceuti-
eal jes to asmess phar kinetics (PK), safety, and
efficacy of new drug products in pediatric subjects. Recently,
aeveral FDA pediatric submisions have incorporated physio-
logically bised pi kinetic (PBPK) models, stimulating an
interest in their wuh\y among regulatory authorities (1), In a
Mareh A12m i, the majority of the FDA'S Pharmaceutical
Science and Clindeal Pharmacology Adviory Committee voted
to support the wme of PEPK modeling for pediatric drog
development; a decsion with potential implications toward the
manner in which pediatric drug information & derived.

PEPE modelling is ch ized by the we of math
fcal algortm to pnedm the interplay between drug specific

! Schaal of Pharmacy, Univensity of Waterloo, 200 University Ave W,
Waterlan, Omiario N2L 3G1, Canad.

? Laharatory for Apphied i and
Division of Clinical Pharmacalogy and Therapeutia, The Children's
Henpital of Piladelphiz, Philadelphia, Pemmaylvania, USA.

characteristica and organtm anatomy and physiology. Similar to
empirically derived compartmentsl modek, the strucure of
PEPK modek includes ommmrunems in ander to deseribe u.e
processes of sl i i, me tabolsm, and
(ADME). Ina PBPKmodel however, compartments are hased
on actial organs with inherent volumes and blood fows Bnked
through the vaseulsture. The mechandstic nature of PEPE
models permit rational sealing between organisma (Le, @t to
human) a3 well @ developmental stages (ie, adult to child).
This & the result of del‘mmg ADME s a function of anatonmy,
hysiology, and bioch naot d for in
traditimal companmental models
Use of pediatric PEPK modek offer researchers an a priori
approach to predicta compound's FK behavior inehildren, with
of without prior PK data in humans, though knowledge of the
drug substance’s physicochemical chamcierstics B essential
The developmental processes involved in the creation of
pediatric PEPK models has been documented by several
researches and typically include defining physiology and
anatomy, protein binding, and clearance, all = a function of
age (2-4). Amongst the Bemture, pediatric PEPK modek have
been utilized in several different capacities: sugpesting starting

*Ta whom cor should he add d. (e-maik dﬂs& for dnld.ren of different age groups, pmd.lcu\ms af
2edgintofuwaterion.ca) i expisume, of clinical
» aaps’ 5 PYN
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Evaluating Workflow Proposals

Process
L R | ® |[s there an alternative to using the
: : adult-scaled PBPK model as a
bridge?
e What if | don’t have any adult data
yet?

® |s it good enough to use systemic
data only to guide the process?

e Do we know the risks of doing so?

® What about route / formulation
dependencies?
e Does that change the workflow?
e Necessity of IV data anchor?

Fig. 1. Proposed workflow for scaling adult PRPK modek toward children
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Evaluating Workflow Proposals
Process

population simulations if the
disease state is not well-defined in

| e thesimulator?

_ Ontogeny of drug-metabolizing enzymes and transportersl

Pediatric age- Blood flows | urposel . the Only purpose7

dependent
Information Body composition I

Grgan matraion | Agree conceptually ... how realistic?

Pediatric i.v. and oral PBPK model

| Model Independent adult i.v. and oral PK data

qualification | |

Virtual population simulations

i Prysc-chemica profles | ® Same questions regarding route
—I In vitro drug metabolism and transport profiles I .
dwﬂg‘;ﬁ:e < HH Adult PK profiles following i.v. and oral doses ] an d fo rmu Iatl on
- Mass balance (urinary recovery) information | H
= i e : ® How do you assess your virtual
5 |
a! |

w Qs = 8
Recommendations of first-in-children dose by population simi
pediatric PBPK model

v
L]
.....

osF e —ry - ol ]
----- Modal _u Pediatric i.v. and oral PK data from first-in-children dos&® 'I- ",

qualification
LN}

Lots of assumptions here . .. may be
. shooting too high for our current
...... " knowledge

----
----- Recommendations of optimal dose in different age groups by population
.
“

simulations with pediatric PBPK model

a
...
.
G
»

Evaluation of efficacy and safety of the drug by population simulations with
pediatric PBPK model
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Evaluating Workflow Proposals
Performance — Lorazepam Example

b . .
. c ] ® Same questions regarding route
E 1o SR and formulation
‘ ® How do you assess your virtual
: population simulations if the
E disease state is not well-defined in

"0 8 12 18 24 30 35 42 48 0 E 12 18 24 3I0 36 42 48 1
Timo () e, the simulator?

Fig. 2. a Predicted (solid line corresponds to geometric mean; dashed lines comresponds to 5th and 95th
percentiles; virmal population #=100) versus observed (symbols - (15, 20-22)) plasma concentration versus
dme data following a 2-mg IV lorazepam bolus in adults. Log {(concentration) versus Log (time) plot is
displayed in insert. b Predicted (solid line comresponds to geometric mean: dashed lines comresponds to 5th
and 95th percentiles; virtual population n=1140) versus observed (symbols — (30)) plasma concentration
versus time data following a 0.05 mgkg IV lorazepam bolus in children aged 0 to 18 vears. Log
(concentration) versus Log (time) plot is displaved in insert

a b
0.1 0.1
) il %

- H i e
€
=)
€ o0t 0011
O
8 1
a @ ’:ﬂ/

0001 v 0001 -

0 2 4 6 B8 10 12 14 16 118 00 0.5 1.0
Age (yrs) Age (yrs)

Fig. 3. Pediatric dose (milligrams per kilogram) required to achieve an equivalent AUCy_... of a 2-mg dose
in adults. a Entire pediatric age-range. b Children between 0 and 1 years old
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Evaluating Workflow Proposals
Performance — Lorazepam Example

80 4

60 4

404 «

Concentration (ng/mL)

204

Plasma
—— Brain
........... Adipose
------ Muscle

Time (hr)

® |[sn’t this always relevant?

® How do you assess this projection
in reality?
e Shouldn’t there be an implicit

plausibility check here!

QO

Average Fold Error

0.1

-—— e —

.
-— - s ]

0 2 4 6 8 10 12 14 16 18 20
Age (yrs)

cﬂ]

Fold Error

10]

04

o 2 4 6 8 10 12 14 16 18
Age

Fold Error

01

0 2 4 6 8 10 12 14 16 18

Age

Fig. 5. Predictive accuracy plots: Individual AFE values for PBPK model concentration-time predictions
for the 63 pediatric patients (plot A), fold emor associated PBPK model clearance predictions for the 15
elective patients (plot B), and fold error associated PBPK model volume of distribution predictions for the
15 elective patients (plot C) (dotted line represents 1.5-fold error. Dashed line represents twofold error)

Is this as good as it gets?
Opportunity to explore measures of

association statistics
Relative to purpose. . .

may be ok
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Evaluating Workflow Proposals
Performance — Acetaminophen Example

a 12.5 mg'kg (neonates) d 15 mg/kg (neonates) g 20 mg/kg (necnates)
30 - 40 50
. — CSys mean (mg) — CSys mean (mg) - — CSys mean (mol) .
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S @ oF = 10.-i--i--}-- o 5 -i-- B
§° S £
& 2
& 2 05
Pedanigo"""""
I O R R o
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Figure 3 Observed vs. predicted plasma concentration profiles of acetaminophen (APAP) following (a.b,¢) 12.5mg/kg, (d.e,f) 15mg/
kg, or (g) 20mag/kg of 15min intravenous (i.v.) infusion of APAP in different pediatric age groups. Symbols represent individual observed
data digitized from literature.®? The solid, dashed, and dotted lines represent the predicted mean and 5 or 95% confidence interval of
the current physiologically based pharmacokinetic (PBPK) model at respective doses and age ranges. Additional qualification of PBPK
model performance in children was conducted by comparing prediction (pred.)/observtation (obs.) ratios of (h) mean peak plasma
concentration (C,_ ) and (i) mean area under the curve (AUC) following i.v. and oral administrations of APAP from various clinical studies
in pediatric subjects at respective doses and age ranges. The dashed line represents line of identity (pred./obs. ratio = 1); the gray shade
represents 0.5—2.0 ratio window. Literature sources are presented in Supplementary Material 2 online.

Huge investment in time
and effort

Impressive accommodation
of complicated metabolism,
various formulations, age
range, routes and biologic
fluids / entities.

Validates the approach
when properly informed

Can this be managed
during real-time drug
development?

What is the ROI?
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Request for Clarification

® The application of PBPK to support pediatric research and development is
still at its root a “fit-for-purpose” M&S endeavor - let’s treat it as such.

e Can we identify the specific purposes for pediatric-based PBPK M&S and
identify the requirements aligned to the effort?

® PBPK and Population-based PK Models are different yet they
fundamentally allow prediction of the dose-exposure relationship in
plasma - let’s not view these as alternative approaches. They are
complimentary with some expectation of similarity in prediction. They can
be used to refine each other . . . depending on the purpose!
e Can we identify the “purposes” that align best with each approach based
on the availability of certain data types?

e Can we agree on which approach is best suited to answer specific
(relevant) questions? Can regulatory authorities help @ in this regard?
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