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Aim at the presentation

Background: why is PBPK modeling used for DDI risk assessment?
— Supported by regulatory agencies
— Scientific justification
* Guidance on the reporting PBPK modeling and simulations by EMA and FDA
* Case examples: support clinical trials and/or trials waiver
—  Perpetrator DDI via CYP enzymes

—  Victim DDI via CYP enzymes

— Oral absorption DDI
e Potential further applications of PBPK modeling to other DDI areas

* Summary



Applications of PBPK modeling to clinical research
Model building = PK(PD) predictions in untested case scenarios

In vitro
(physicochemical, binding, enzyme,
transporter parameters, etc.)

Animal and human PK(PD) (incl.

e.g. human single and multiple ascending
doses, food effect, drug-drug interaction
(DDI) and mass balance)

Note: PBPK modeling supports anticipated
human dose projection before Phl

Establishment of PBPK models in HVs and/or patients

Application

Feedback ﬁ

Predictions of PK(PD) and DDI profiles in untested case scenarios: among
different populations and at different doses

o DDI (oral absorption / elimination)

o Organ impairment (hepatic / renal)

o Pediatrics

A. Intrinsic/extrinsic Factors

B. PBPK Model components

Drug-dependent

Huang and Temple, 2008
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PBPK modeling: an established approach to impact on regulatory decisions
PBPK modeling is most frequently applied for DDI evaluation
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Why is PBPK modeling frequently used for DDI risk assessment?

(A)

Regulatory DDI guidance documents by FDA (2017) and EMA (2012)

— (A) DDl risk assessment: static calculation (tier 1) - PBPK modeling (tier 2)

— (B) A PBPK model-based framework

(C) DDI potential evaluation methods have been well-established with mechanistic understanding the drug
disposition and interaction properties (small molecules) - Fit with the concept of PBPK modeling
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A 1s the effect of reversible mhibitions.

B 1s the effect of TDL

C is the effect of induction.

Fy is the fraction available after intestinal metabolism

fm 15 the fraction of systemic clearance of the substrate mediated by the CYP enzyme that 1s subject to
inhibition/induction.

Subscripts ‘h’ denote liver

Subscripts ‘g” denote put
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[T]e = FaxkaxDose/Qen (Rostami-Hodjegan and Tucker 2004)

fup is the unbound fraction in plasma. When it is difficult to measure accurately due to high protein binding (ie., fip

<0.01) in plasma, a value of 0.01 should be used for fup.

Cuax 15 the maximal total (free and bound) mhibitor concentration in the plasma at steady state.

F. is the fraction absorbed after oral administration; a value of 1 should be used when the data are not available.

Ka is the first order absorption rate constant in vivo; a value of 0.1 min'!' (Ito, Iwatsubo, et al. 1998) can be used

when the data are not available.

Qen 15 the blood flow through enterocytes (e.g., 18 L/hr/70 kg (Yang, Jamet, et al. 2007a)).

Qu 15 the hepatic blood flow (e.g., 97 L/ht/70 kg (Yang, Jamei, et al. 2007b)).

R is the blood-to-plasma concentration ratio
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Link two models
_ Include all mechanisms (e g, reversible inhibition, time dependent
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inhibition, and induction)

tissue concentrations)

¥

Simulate drug-drug interactions I

v

Evaluate drug-drug interaction potential

- Predict substrate exposure ratio (AUC and C,., ) and their vasiability (exposure could be systemic of tissue levels)
- Consider physiological/biological plausibility and evaluate parameter uncertainty

ADME is the absorption, distribution, metabolism and excretion.
AUC 15 the area under the plasma concentration versus time curve.

B/P 15 the blood to plasma ratio

Cuax is the maximum concentration

CL is the clearance.
CLint 15 the infrinsic clearance.

Provided complete inhibition of
CYP3A4 by co-medications, an AUC

increase could be 2.7-fold
(=100/(100-63))




Regulatory perspectives
PBPK evaluation and reporting for DDI assessment

Ultimate goal: waiving of clinical DDI trials by performing PBPK modeling

DDI prediction performance of an established model is to be reasonably verified

Otherwise, patients would not get the benefit from a newly approved drug in case of use of co-medications

High regulatory impact analyses (EMA, 2019)

Qualification of PBPK platform for the intended purpose

Verification of models of compounds and interacting drugs

Use of PBPK model in place of clinical data

Victim DDI in a pharmacogenetic subpopulation

Complex DDIs where e.g. the combined effect of two inhibitors

In vitro/pre-clinical data, clinical DDI and mass balance
Drug disposition diagram
Model building workflow

Identifiability of input parameters with uncertainties
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Guideline on the reporting of physiologically based
pharmacokinetic (PBPK) modelling and simulation

Guidance for Industry
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Agreed by Pharmacokinetics Working Party October 2018
U.S. Department of Health and Human Services
Food and Drug Admiinistration
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Question 1/2
What can the following cases be predicted with PBPK modeling?

a) Projection of anticipated human doses before Ph1
b) Exposure change of the compound when a concomitant drug is administered

c) Plasma concentration profiles in clinically untested case scenarios

d) All above



Case example (1/7): reduction of clinical studies
Panobinostat: reversible and time-dependent inhibitor on CYP3A4

* PBPK modeling: a predicted AUC ratio of midazolam = 1.04
» Static ‘Net Effect Model’: the predicted AUC ratio of midazolam = 1.95 (i.e. >1.25)
 No DDI trials
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Case example (2/7): in place of clinical data
Ribociclib: a substrate as well as weak time-dependent inhibitor for CYP3A4

* PBPK modeling could show reduction of the number of DDI studies

* Extrapolation to the victim DDI potential prediction at steady-state (untested case scenario) for dose adjustment

with concomitant use of CYP3A4 perpetrators (600 mg - 400 mg)
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Case example (3/7): model verification of interacting drugs
Ritonavir: a strong (time-dependent) CYP3A inhibitor

* Ribociclib: a fraction metabolized by CYP3A4 (fm,CYP3A4) could not be confirmed by the in vitro assay

— The ribociclib — ritonavir DDI study was conducted

— To recover the clinical findings, verification of a ritonavir PBPK model was additionally investigated

10,0001

Ritonavir plasma concentration
(ng/mL)

1 T T T T
0 48 96 144 192 240
Time (h)

FIGURE 1 Plasma concentration profiles of ritonavir over time after
multiple oral administration. Lines give the predicted PK profiles of
ritonavir (thick solid: 20 mg; thin solid: 50 mg; broken: 100 mg; and
dotted: 200 mg p.o., g.d., n = 10). Open circles and triangles show
plasma concentrations as measured at day 11 over multiple oral
administration of ritonavir at 20 mg and 200 mg, respectively (n = 10-
11) (Mathias et al., 2009)
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FIGURE 4 Predicted AUC and C,,., ratios of midazolam with and
without ritonavir in comparison to the respective clinical
observations. Predicted (a) AUC gy ratios or AUC;¢ ratios, and (b) Cyyax
ratios of midazolam in the presence and absence of ritonavir were
compared to the respective clinical study data (1: Ancrenaz et al.
1 10 100 (2013); 2: Eichbaum et al. (2013): 3 and 4: leiri et al. (2013); 5: Knox
Observed AUC ratio et al. (2008); 6: Morcos et al. (2013); 7: Greenblatt et al. (2009); 8:
(b) Mathias et al. (2010)). Observed AUC ratios of midazolam in Eichbaum
et al. (2013) and Morcos et al. (2013) were calculated using partial
AUC 241, and using apparent clearance values of midazolam (control:
28.5 ml/min/kg, inhibited: 2.1 ml/min/kg), respectively. All data
expressed as mean ratios with SD (if any) are plotted in logarismic x
and y axes. Broken and solid lines represents y = 2x, y = 0.5x and y = x,
respectively

(Umehara et al., 2018)
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Case example (4/7): two-dimentional approach to estimate fm,CYP3A4
Alectinib: a CYP3A4 substrate in vitro

. . . AUCR CmaxR
¢ Two-dimentional analysis " . — |

— Fg and fm,CYP3A4 of alectinib
could be identified to recover
the AUC and Cmax ratios
observed in the posaconazole
(400 mg b.i.d.) DDI study

— Obseved AUCR = 1.60 and
Cmax R=1.25 at 40 mg
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Figure 3 Two-dimensional analysis of in vivo fmzypzay and F values of alectinib. (a) The ratios of predicted to observed AUCR and C, R of alectinib
A0 mg in the presence and absence of posaconazole 400 mg b.i.d. (b) The heat maps of the combined scores of AUCR and C.R. As intrinsic clearance
operates on intestinal and liver metabolism, simulations with fmcypass <40% could not achieve sufficient intestinal metabolism to reach Fg of <0.7 due
to low CLiy cvpaaa- AUCR, ratio of area under the plasma concentration—time curve; b.i.d., twice daily; CLycypzaa. intrinsic clearance through CYP3A4
metabolism; Cp.a.R, ratio of maximum plasma concentration; Fg, intestinal availability; fmeyeaas, metabolic fraction by CYP3A4; OBS, observed; PRED,
predicted.
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Case example (5/7): PK and victim DDI in a pharmacogenetic subpopulation
Siponimod: a sensitive CYP2C9 substrate

* Prediction of the impact of CYP2C9 genotypes on the PK and

DDI potential

— PBPK modeling is a powerful tool to estimate the PK in CYP
genotypes with significantly less frequencies (as 0.003 for
CYP2C9*3*3) — highly likely being untested case scenario

Table 1 Intrinsic clearance of allelic CYP209 genotypes relative to
willd-rype genotype (CYPIC0*1=1) for SimCYF model constmiction

Table 4 Predicted contribution ratio of CYP2C9 and other P-450
enzymes for siponimod human metabolism

CYP2CY genotype In vitro P0G ratios™ CL;, (L mimprnad ™

CYPXC9=1/*1 1.0+ D2 4007 + 304
CYP2C9=|/*2 0673 303
CYP2C9=|/*3 05445 2672
CYPIC9=2/*2 0345 = 0.006 1693 + 0.2
CYP2C9=2/*1 0217 luGS
CYPIC9=3/+1 0089 = 0.023 437+ 1.14

Sudent's 1 tests are applied for comparing the significant difference of

CYPRC9* 171 o CYPROW2A2 {p value 0.0477) and CYP20001%] 1o
CYPRC9= 33 (p value 000424), respectively

CFP eytochrome P430, PG pharmacogenetics

The in vitro PG ratio data is from homan liver microsomes

" The intrinsic elearance in the diffesent genotypes was estimated by nul-
tiphying the in vitro PG ratio with the intrirsic elearance in the wild-type
genotype (4907 pliminfpmel) simulsied from the SimCYP (V1 2) rero-
grade model

(Jinetal., 2017)

Gienobype Predicted enzyme contribuwiion ratio (% fm)

CYPXBe CYPXCE CYPXCO CYPICI10 CYPiad

CYP2C9* 11 0.24 1.54 2084 Q.15 1723
CYP2O9*1™2 047 254 BRES 023 2704
CYP2C9*1*3 049 134 6253 030 3332
CYPROOFLE™2 0.l 348 57.8] (.33 3178
CYPXC9*2™1 (083 4.81 43844 043 00
CYPIC9*1/*1 .28 7.74 1131 076 TR

CFP eytochirome P430, fin fraction metabolised

CYP2C9 genotype dependent CLint and
fm estimations based on in vitro:
pop-PK analysis would refine the data as
input for PBPK modeling

PK simulation

DDI eva/uationx
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Fig. 7 Simulated reean plasma concentration of sipenimod afier single

ofal dose of 025 mg in the genetic polymorphic population of

homozygote CYP2C? genotypes using SimCYP version 12, Only
simmlated profiles of the three homoryaobes genotypes are shown. CYP
cytochrome P430, h hours

40 7 — similated, siponimod with Neconazole
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~
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Fig. & Predicted siponimod mean plasima concentration in the absence
and presence of fluconazole (200 mg) inhibition (dose regimen iv,
SimCYP version 16} Observed data (n= 14 for siponimod alone; s=
11 for siponimod with flucosazobe) are included for comparison. The
SimCYF simulation was performed in 110 viraal subjects. b hours

12



Case example (6/7): complex DDIs
Ruxolitinib: a dual substrate of CYP3A4 and CYP2C9

(A) In vitro CYP phenotyping = = = = = = = = = = =

YP2C8 (1.44%)
CYP2B6 (0.12%)

CYP2C9 (18.5%)
CYP1A2 (4.2%)

CYP3A4 (75.1%) CYP2C19 (0.58%)
CYP2D6 (0.06%)

(B) In vivo ketoconazole (200 mg b.i.d.) DDI study
(observed AUCR = 1.91 at 10 mg ruxolitinib)

Other CYPs (6.4%) CYP2C9 (40.0%)

CYP3A4 (53.6%)

Untested case scenario: the dual inhibition
effect of fluconazole on CYP3A4 and CYP2C9

Fluconazole: Simulations usingfphysiologically-based pharmacokinetic (PBPK) models|suggested that

fluconazole (a dual CYP3A4 and CYP2C9 inhibitor) increases steady state ruxolitinib AUC by
approximately 100% to 300% following concomitant administration of 10 mg of Jakafi twice daily with
100 mg to 400 mg of fluconazole once daily, respectively [see Dosage and Administration (2.3) and

Drug Interactions (7.1)].

(Umehara et al., 2019, in press)
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Case example (7/7): absorption DDI modeling

Support for the Filing of Alectinib

Impact:

= Support for lack of interaction with gastric acid reducing co-medications
—no need for further clinical studies

= Support for impact of time of dosing with a meal — no need for further
clinical studies

= Delivered understanding of exposure vs dose relationship guided dose
and dose regimen selection and supported market formulation selection

—immediately after a meal
350
within 2 hours of meal
=300 fasted
o 250
L
< 200
C
S 150 ] !
© |
€ 100 !
%3]
m 4
0
0 4 8 12 16 20 24
Time (hrs)

Highlights:

= Prediction of DDI with PPIs confirmed strengthening case for no
interaction

= Convincing simulation of food effect to be used in label

» Predicted effect of SLS in formulation confirmed and verified model used
to support selection of market formulation

Current status & Next steps:

= A convincing model integrating in vitro and clinical data has been
constructed

= Documentation and model files were mentioned in FDA review of NDA
filing
= Roche/Chugai paper AAPS Journal July 2016

= Model applied for further formulation development in collaboration
with Chugai

(Parrott et al., 2016)
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Question 2/2

Drug A is eliminated by hepatic CYP3A4. What is a «clinically untested case scenario» which can be
predicted? The PBPK model of drug A is verified as a CYP3A4 substrate using PK data in healthy adults.
a) PK change at fed state

b) Inhibition effects of drug A on the PK of CYP2C9 substrates

c) Dose adjustment of drug A when a CYP3A4 inhibitor is co-administered

d) Dose adjustment of drug A in infants

e) PK differences in healthy volunteers and target disease populations

15



PBPK-DDI modeling: current achievements and expected applications

* Achievements

— Waiving of unnecessary (untested) PK / DDI studies

o Victim DDI via major CYP enzymes
o Perpetrator DDI e.g. time-dependent inhibition (and induction)

o Absorption DDI with acid-reducing agents

— Dose adjustment with e.g. co-medications (incl. prediction of PK variability)

— Support clinical DDI study desings

* Expected applications

Complex DDI of a drug showing time-dependent inhibition and induction on CYP enzymes
DDI via non-CYP enzymes (e.g. UGTSs)

Transporter DDI

DDI among target patients/populations

16



Transporter DDI prediction
Partial verification of model performance for transporter DDI via OATP1B1 and OCT2/MATEs

strong
inducer

Unity =

1o Cmax 4,28+
o :AUC

O|lCmax 1.73
¢ |AUC 1.46

O :Cmax 1.41:
®:AUC 1.45:

moderate
inducer

weak
ind.

weak [| moderate
inh. || inhibitor

Pitavastatin
(RIF 600 mg po)

Pitavastatin
(Chen etal 2013)

Cmax 9.20
AUC 6.40

Atorvastatin
(RIF 600 mg iv)

Cmax 12.70
AUC 7.82

Atorvastatin
(Lau et al 2006)

Rosuvastatin

3.32: (RIF 600 mg po)

Rosuvastatin
(Prueksaritanont 2014)

Cmax 9.93
AUC 4.37

Metformin
(Somgyi et al 1987)

Metformin
(CMD 250 mg po)

strong
inhibitor

0.01

0.1

10 100

Model limitations:

DDIs on statins

Under-estimation of Cmax ratio by 2-fold to 3-fold due to lack of mechanistic
Vh (mainly governing Vss) change by strong OATP1B1 inhibition (likely not the
case of weak OATP1B1 inhibition)

Intestinal DDI via P-gp (atorvastatin) and BCRP (rosuvastatin): no verification
due to lack of numbers of the reference clinical data

DDIs on metformin

The current value OCT2 Ki (0.25 uM) of cimetidine, which is approximately
500-fold lower than the in vitro K; value in transfected HEK cells, reflects the
inability of the current model to recover the indirect effect of MATE
transporter inhibition of cimetidine on the activity of OCT2 (Burt et al., 2016).

Pitavastatin, atorvastatin, rosuvastatin and metformin were orally administered at 4
mg (single dose), 40 mg (single dose), 5 mg (single dose) and 250 mg (once daily),
respectively, after co-medication of rifampicin RIF (600 mg i.v. or p.o., single dose for
statins) and cimetidine CMD (400 mg p.o., twice daily for metformin). Predicted AUC
(inf or tau) and Cmax ratios of victim drugs were expressed as geometric mean with

90% confidence interval (n = 12 or 50).

17



Summary: take home messages

* An application of PBPK modeling for supporting the clinical DDI trials is most frequently considered among the areas
of the intended use in submission dossiers reviewed by regulatory agencies

— A concept of DDI risk assessment has been well-established

— Strongly supported by regulatory DDI guidance documents (FDA, 2017; EMA, 2012)

e Conducting PBPK modeling for untested case scenarios potentially results in waiving of clinical DDI trials

— Benefit-risk decisions should be made for patients to avoid unexpected adverse events by exposure increase / decrease of
drugs by co-medications: categorization of high regulatory impact analyses (EMA, 2019)

— Dose adjustment with e.g. co-medications (incl. prediction of PK variability)
— Prerequisite: Qualification of the software and scientific verification of models of compounds and interacting drugs

— Guidance on the reporting PBPK modeling and simulations by EMA (2019) and FDA (2018)

e Case examples: CYP-based and oral absorption DDI

— Note: population PK analyses will support PBPK model verification (e.g. CL among pharmacogenetic populations, absorption
rate constant ka)

* Applications of PBPK modeling to other DDI areas (as via transporter) are highly expected while there are several

scientific limitations for the moment
18
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