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Executive Summary

&uantitative predictions with MIS\M?

BACKGROUND
INFORMATION

ICHM12: possible with more relevant
precipitant concentrations

Literature: possible with unbound organ
exit precipitant concentration for CYP-
mediated reversible inhibition, TDIl and
induction as well as transporter-
mediated (OAT3) DDI

Rationale for quantitative predictiono
from MISM, comparable with PBPK

Prediction accuracy of both static and
dynamic models is limited by same
factors

Dynamically varying [I] is not necessary
for estimating AUCR, a non-dynamic
measure of DDI risk

emhen simplicity can serve the purpose

PROPOSALS
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\When parameter non-identifiability
cannot be resolved through data
generation in clinic, MSM predictions
under worst case scenario may serve as
an alternative

Optimal use of predictive models e

Leverage strengths of MISM (fast,
minimal assumptions) and PBPK (Cmax
estimation, population extrapolation) for
an intended use

MSM | OSP Commiunity Conference | October 2024 | Sheila Annie Peters




uantitative predictions with MIS\M possible with average organ exit [I] e

Traditionally, basic and mechanistic static models (MSM) have been used for screening rather than for quantitative
predictions of DDI.

ICH M12 acknowledges the application of MISM for quantitative predictions when appropriate driver precipitant
concentrations in gut and liver are used.

MSM (Screening): ICH M12

MSM (Quantitative)
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Enzyme-mediated DDI e
[l1g, [1]h for screening and quantitative prediction applications with MISIM

Precipitant concentrations recommended in MSM in ICHM12 overestimate DDI risk and are useful for screening
Use of average, organ exit precipitant concentration in MSM show quantitative predictions, comparable with PBPK

g = FaxkaxDose/Gen st o
[11h = [axintety = fu,p X (Cax + (FaxFgxkaxDose)/Qh/RB] Requires ka The assumption FaFg =1

is not valid for CYP3A

= = X + XFqgX ] i ipi [
[119 =C,.g portalu fu,p % (C,,4 *+ (FaxFgxDose)/t/Qpv/RB)| Organ exit precipitant concentratio substrates with high CL.

- —_ —Quantitative predictions
[I]h - Cavg,svstemic,u = fu,p X Cavg

J Noka
fu,p Unbound fraction in plasma. Sensitivity analysis for fu,p is needed for highly protein bound drugs.
Cmax Maximal total inhibitor concentration observed in plasma at steady state.
Cavg Average total inhibitor concentration observed in plasma at steady state.
Fa Fraction absorbed after oral administration; a value of 1 (worst-case) used when data is not available.
Fg Fraction available after intestinal metabolism; a value of 1 (worst case) used when data is not available.
ka First order absorption rate constant in vivo; a value of 0.1 min-1 (worst case) used when the data is not available.
T Dosing interval
RB Blood-to-plasma concentration ratio.
Qen Blood flow through enterocytes (e.g., 18 L/h/70 kg).
Qh Hepatic blood flow (e.g., 97 L/h/70 kg).

=\ Boehringer Qpv Hepatic portal vein blood flow, which is ~75% of hepatic blood flow =72.8 L/h/70 kg
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Enzyme-mediated DDI Q
Comparison of PBPK and MISM (not exhaustive)

Quantitative predictions, comparable with PBPK demonstrated with average organ exit concentrations (C,,, (hepatic)
and Cavg,portal (QUt))

Type of DDI Number of [1] Reference
Interactions
CYP3A TDI 59 Hepatic C, .xintet HJ Einolf, Xenobiotica (2007)
CYP3A TDI 54 Cavg Y-H Wang, DMD (2010)
CYP3A Reversible 35 Caovg EJ Guest, BJCP (2011)
CYP3A (16) CYP2D6 (3) 19 Compared hepatic C ., iniet & SA Peters, DMD (2012)
reversible and TDI C,.q Better results with C,
CYP3ATDI 23 Avg organ exit concentrations E Tseng DMD 2021
CYP3A (31), CYP2C9 (39), 90 Cavg JD Gomez-Mantilla et al, Clin
CYP2C8 (15) reversible PK (2023)
Best predictions with average organ exit concentrations
CYP3A induction 51 Avg organ exit concentrations Ramsden and Fullenwider
EJDMPK(2022)
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https://pubmed.ncbi.nlm.nih.gov/17968745/
https://dmd.aspetjournals.org/content/38/7/1094.long
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3018028/
https://dmd.aspetjournals.org/content/40/8/1495.short
https://dmd.aspetjournals.org/content/dmd/early/2021/07/29/dmd.121.000497.full.pdf
https://link.springer.com/article/10.1007/s40262-022-01204-4
https://link.springer.com/article/10.1007/s40262-022-01204-4
https://link.springer.com/article/10.1007/s13318-022-00763-y
https://link.springer.com/article/10.1007/s13318-022-00763-y

ransporter-mediated DDI
Precipitant concentrations for screening and quantitative predictions

Type of DDI Screening Quantitative Quantitative predictions -Comments |
(Draft ICH M12) predictions Reference

Intestinal [l1g Cavgportalvein (?) Large inter-lab variability in Ki reported for

(P-gp, BCRP) P-gp.

Hepatic uptake [ITh *Liver: MSM and PBPK comparison for

(OATP1B) [1Th = C axintet investigational drug as precipitant

Sane et al, DMD (2020)

Renal uptake C hax Observed C, 4 MSM and PBPK comparison for
(OAT1/3) investigational drug as substrate
Gomez-Mantilla et al, Clin PK (2023)
Renal uptake & efflux Different in vitro assay designs, including
(OCT2, MIATE) substrate and cell systems used, strongly

influence the IC;, derived and contribute
to high variability across laboratories
Krishnan et al, CPT (2022)

*Resulted in over-prediction. More realistic estimates may be possible with [ITh = C,,q ,ortal vein
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https://dmd.aspetjournals.org/content/48/12/1264.long
https://link.springer.com/article/10.1007/s40262-022-01204-4

Gomez-Mantilla et al, Clinical Pharmacokinetics 2023

Predictive models for DDI assessments

Mechanistic Static Models (MSM) for comparison with PBPK

Use same input data in both models. Parameter optimisation with MISM using the same workflow as for PBPK

Can Mechanistic Static Models for Drug-Drug Interactions Support Regulatory Filing for Study Waivers and Label Recommendations? G

* Precipitant: average concentration (clinical PK);
* invitro interaction parameters, protein binding data: same as used in PBPK
HECIGAMMIN - Object: phenotyping (or mass balance data): same as used in PBPK; CL (clinical data); Fgut =0.5

V\_’{ﬂ;)l * Sensitivity analysis to cover for uncertainty in in vitro data used as input
available

data

* Adopt the same work-flow as in PBPK, for confirming interaction parameters (precipitant) or
phenotyping data (object of DDI) for investigational drug with clinical PK and DDI: derive fm,CYP,
Confirm fT from observed clinical PK. Adjust the parameters for investigational drug in MSM, until the
SICEIGIGRI model-predicted AUC ratio matches the observed ratio.
with clinical
DDI

* Investigational drug as precipitant: Predict DDl at doses not tested in the clinic )
* Investigational drug as object of DDI: Predict DDI for co-administration with moderate
precipitants; predict effect of modulators on PM &UM populations using clinical DDl on EM & IM;

Predict * Effect of modulators on SS exposure of substrates with time-varying clearance using clinical DDI

untested study with single dose of substrate. )
scenario

~\ Boehringer
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Can Mech

anistic Static Models for Drug-Drug Interactions Support

Regulatory Filing for Study Waivers and Label Recommendations?
Gomez-Mantilla et al, Clinical Pharmacokinetics 2023

Investigati Prediction Label Comments

onal drug*

\Voxelotor Different registrational Contraindication of sensitive Voxelotor has linear PK
(CYP3A4) dosetooneinDDIstudy substrates covering the 2 doses
lvosidenib  CYP3A inductionon MDZ Contraindication of sensitive Concurrentinduction
(inducer using autoinduction obsd substrates with rifampin

CYP3A4) in lieu of DDI study.

Ibrutinib Effect of moderate Dose reduction with High CL, sensitive
(CYP3A4) modulatorsusing strong moderate inhibitors substrate of CYP3A
Voxelotor  Effect of modulators Dose adjustment with Low CL: no gut DDI,
(CYP3A4) CYP3A modulators multiple pathways
Siponimod Effect of modulatorson  Contraindication of strong Low CL

(CYPs 3A4 PM &UM populations modulators, dual moderate in Induction of both

& 2C9) using dataon EM & IM all; moderate inducer in PM enzymes by rifampin
Apalutamide  Effect of modulators No dose adjustment.Nosig  Low CL. Concurrent
('”Sutce: & f 2” SSt,PK of atpét‘)lu::'imld'e &  change in parent + active induction with rifampin.
supbstrate o ITs actlive metabolite using .

CYP3A,2C8) clinical DDI with single dose metabolite (NAPA) exposure

Baricitinib  Effect of moderate Mentions no dose adjust- Quantitative prediction
(OAT3) inhibitors using strong ment for moderate inhibitors  -basal renal transporter

*Precipitant or
object of DDI

No value addition of dynamically varying [I] for any of these applications

PBPK submissions to OSP

Successful to waive
DDI study or to
inform label (50%)

Represent
-ative
cases

Hypothesis: the use of unbound
average steady-state
concentrations of modulators as
driver concentrations in MISMs
should lead to same conclusions
as those from PBPK modelling for
non-dynamic measures of DDI risk
assessment (AUCR), if
uncertainties in input data for the
interacting drugs are resolved
with clinical data in the same way

MSM | OSP Commiunity Conference | October 2024 |
Sheila Annie Peters 8




Can Mechanistic Static Models for Drug-Drug Interactions Support Regulatory Filing

for Study Waivers and Label Recommendations?
Gomez-Mantilla et al, clinical Pharmacokinetics 2023

Compound

Mean MSM/PBPK
prediction ratio

MSM/PBPK prediction
ratios within the 0.8-1.25
interval 0

Voxelotor (inhibitor of CYP3A)

Ivosidenib (inducer of CYP3A)

Ibrutinib (substrate of CYP3A)

Voxelotor (substrate of CYP3A)

b1pml1nmd {auhqtralc of CYP3A and CYP2(C9)
gu eran

ﬁpalutaml ?&uhatrau, of CYP3A and CYP2CS)

Baricitinib (substrate of OAT3)

1.01
(.95
1.14
1.06
0.81
1.00
1.02

2 of 2 @
0of2 @M

Jof4 €@ e
23 of 23

19 of 39‘6/

9 of 15 «Q\e

Jots

MSM predictions of concurrent
induction tend to be more conservative
compared to PBPK

Extensive gut contribution to DDI. Use
of f, 4.t 0f 0.057 & altered CYP3A Ki for
keto to simulate observed DDI in PBPK

MSM tends to be more conservative
compared to PBPK in predicting DDI
with rifampicin which induces both CYPs

MSM predictions of concurrent
induction tend to be more conservative
compared to PBPK

* None of the differences in predictions between methods were significant enough to have resulted in an altered regulatory decision

* lvosidenib, apalutamide, siponimod: In the absence of clinical data, it is difficult to verify if MSM or PBPK predictions are better.

* IndC50 of rifampin was estimated from a clinical DDI study of oral rifampin 600 mg and iv midazolam 0.5 mg (1.9 uM)

* lbrutinib: Differences only in CYP3 inhibition DDI, not induction. When gut contribution to DDl is high, it is difficult to estimate this due
to non-identifiability in the absence of IV PK. Recent successful applications tend to be low CL drugs with low gut contribution

Boehringer
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Prediction accuracy e
Static and dynamic models differ in the way inhibitor concentrations are
considered. How does this difference impact accuracy?

MSM: Rationale to consider Cavg for reversible, TDI, induction / A\lerage stead\/ state concentration \

* Cavgcan be the best alternative to dynamically varying
inhibitor concentration (as shown by many publications) 20-

PBPK: does dynamic [I]g & [I]h contribute to better accuracy?

* Dynamically varying [I] is not necessary for estimating
AUCR, a non-dynamic measure of DDl risk.

* Accuracy of dynamically varying [I]Jg & [I]h in PBPK cannot
be verified due to lack of IV data and non-identifiability of
hepatic and gut contributions to DDI

* Barriers to prediction accuracy: Uncertainties in drug and
system parameters common to both MISM and PBPK may
play a bigger role in determining accuracy. Investigational
drug as precipitant: Driver concentration for gut and . _
transporter-mediated interactions cannot be verified. 01 : D“e:3112-;9:“a”:Sh“V:Tg“ﬂ's"' :“Z-Z”""' - &
Uncertainty in interaction parameters. Substrate: Difficulty Time (hr) —
to characterize and quantify drug disposition pathways K

1

||]11 Boehringer
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Prediction accuracy
Challenges to reliably source the critical parameters needed to build a robust mode

Bottom-up
«  Solubility

* Dissolution

* Precipitation

.

IVIV disconnect
Uncertainty in input
parameters

Boehringer
Ingelheim

iv dose
(e [ oy

Venous blood (VE)

PBPK model

_iPdose

Arterial blood (AR)

Top-down

100

10

Concentration (mg/L)

0 20

Time (h)

40

—o—1|V

—e—PO

—

60

/

Non-identifiable mechanisms underlying

oral PK profiles

Non-identifiability of transporter and

metabolism-mediated hepatic clearance
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Transporter-mediated DDI MSM vs. PBPK

Prediction of DDI between rosuvastatin and OATP inhibitors RIS
When simplicity can serve the purpose better Parameters:

. ) « fT,BCRP: fostamatinib DDI study
PBPK: 5 models for rosuvastatin (Bowman et al, CPT:PSP 2021) . §T.OATP1B1/3: phenotyping

* CLh (l\/ PK) available; Vss:0.117 - 0.7 Assumption:

e Assumes invitro data for transporters is quantitative (RAF = 1) * CLhisentirely driven by OATP & NTCP uptake (in
vitro) - worst case scenario

Simplicity of MSM enables timely conservative

estimates for decisions on need & timing of DDI study

Different non-identifiable (unverified) drug disposition pathways parameterized
differently fit observed data equally well

Intestinal lumen Ziafszisvizn PBPK
calisiank 3 i W S Hebatic PBPK aims to include all known mechanisms and
Bcrp Mg ot OATP1BY — . FI,:’assive diffusion data but vvith‘ many assumptiops ' .
) s o i s car-r) RIS
OATP281 — = . i i . . . . .
\ MuE2 . XAVgBir&V\gﬁ?ac;utC(l)_ATPZBi Model verification to validate assumptions in
I 2lie g y characterizing drug disposition or to build

* Additional Cl(retrograde) confidence in IVIVE hampered by non-identifiability

i a/R| 281 Basolateral membrane
W even for rosuvastatin (lots of data, many academic/
Basolateral membrane industry scientists working for many years (=13 yrs)
Intestinal: Clinical DDI for verifying models may be inadequate
+ Peff:0.036 -0.855
«  With/without dissolution Clinical DDl used for PBPK model verification
+  BCRP (model-fit Jmax/CLint), Inhibitor Transporter inhibited

* Apical uptake /basolateral OST fit assuming
delayed absorption rate is transporter-driven

Cyclosporine OATP1B1/3,BCRP,NTCP
~\ Boehringer Rifampicin (IV&PO) OATP1B1/3,BCRP

Iuh Ingelheim o o , .
MSM | OSP Commiunity Conference | October 2024 | Sheila Annie Peters Gemfibrozil OATP1 81/3, OAT3



https://ascpt.onlinelibrary.wiley.com/doi/epdf/10.1002/psp4.12571

e

When non-identifiability cannot be resolved through data generation in the clinic, MSM predictions under worst

SM prediction under worst case to cover for non-identifiability

case scenario to cover for assumptions makes mispredictions less likely

Boehringer
Ingelheim

Aims to achieve prediction
accuracy by including all
known mechanisms

v

Multiple non-identifiable
parameters that cannot
always be resolved by

generating more clinical

data

v

‘Accurate’ predictions
rendered uncertain by the
assumptions needed to
cover for lack of clinical
data.

Minimal assumptions to
cover for non-identifiability
ensuring worst-case setting

\{

Conservative prediction
with high confidence

\{

Application: Eliminate DDI
risk with inclusion of just
enough mechanisms that
are critical for the purpose.
A prediction in worst case
setting with high confidence
enables decisions

MSM | OSP Commiunity Conference | October 2024 | Sheila Annie Peters



PBPK: Challenges today @

When scientifically well-founded, the mechanistic basis of PBPK can help reduce the uncertainty and increase confidence in
extrapolations outside the studied scenarios or studied populations.

Drug: Building mechanistically credible model

1. Characterization of drug disposition.

Time ®

1. Model development

Model verification to validate assumptions, to
confirm IVIVE or to build confidence in the
proposed hypothesis to explain observation is
hampered by non-identifiability

2. Review timelines

Resource intensive

System parameters

Ontogeny, impact of disease / organ
impairment on physiology on enzyme
expression are often not well-understood

~\ Boehringer
l
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Predictive models for DDI prediction

Opportunity to choose PBPK or MISM for quantitative
predictions, considering the strengths of each for an intended
use

MSM (fast, minimal assumptions)

* enable timely decisions and submissions to agencies

« estimate AUCR under worst case scenario to cover for
assumptions/non-identifiability and uncertainties in input
that cannot be resolved/verified through clinical data.

6 PBPK (Cmax ratio estimation and population extrapolation)

» thereis unique value addition by PBPK for an intended use
(e.g., Cmax ratio is considered important, population
extrapolation)

» amechanistically credible model for an intended use can be
built (no ambiguity in metabolic/elimination pathways) and
verified

» thereis ahigh probability of success (~50% of submissions
to FDA were successful in waiving studies/informing labels)

~\ Boehringer
I"ll Ingelheim

Basic Static Models
(Screening)

MSM (Screening)
N _,_kmax

PBPK

(Quantitative)
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Proposal

A pragmatic approach to applying predictive modelling

[

Early Development

Internal decisions: do we need a DDI
study? If yes, when?

Mechanistic static model (MSM)

\_

J

4 Phase Il N\

Design DDI study to maximize interactions,
design PoC study for broader permitted
comedications, determine need for dose
adjustment with comedications, if needed

4 NDA submission )

Predict unstudied scenario for study waiver &
labelling: DDI at a different registrational dose of
precipitant (P) to one in DDI study, impact of P on|
repeat dosing of a substrate that is inducer/ TDI,
fillinfo gaps for difficult to recruit populations

MSM or PBPK depending on intended use
\__ : < "

\_ PBPK and MSM J

A routine comparison of PBPK and MISM, adopting the same workflow & data could help identify
mechanistic gaps in PBPK, provide valuable learning and enable optimal use of models in the future

MSM | OSP Commiunity Conference | October 2024 | Sheila Annie Peterd6



Key takeaways

e

Il

Use of maximum, organ entry [I] in MISM,
recommended in guidelines, overestimate DDI. Use
of average, organ exit concentration of precipitant in
MSM provide quantitative predictions comparable
with those from PBPK

In both models, prediction accuracy is limited by the e
same factors - uncertainty in interaction parameters
(precipitant) or difficulty to characterize drug

disposition such as fT, fgut (substrate).

Model predictions from MSM and PBPK are not e
comparable when there are non-identifiability
issues originating in the gut (eg, ibrutinib) or liver

(eg, rosuvastatin).

Boehringer
Ingelheim
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When model verification to confirm IVIVE, validate
assumptions /hypotheses is hampered by non-
identifiability, predictions to untested scenario can
be misleading

When non-identifiability cannot be resolved through
data generation in the clinic, MSM predictions under
worst case scenario (or with sensitivity analysis) could
be an alternative, since assumptions are minimal and
mispredictions are less likely.

A routine comparison of PBPK and MISM, adopting the
same workflow and input data for interacting drugs
can provide valuable learning and enable optimal use
of models in the future.



Back-up

Mechanistic Static Models(MSM)

~\ Boehringer
l
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Mechanistic Static Models(IMISIV)
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Mechanistic Static Models (MISIM)

Reversibe CYP inhibition

AUC, = AUC of object when inhibitor is present
AUC = AUC of object in the absence of inhibitor

AUC, fgw 1 fi,..= fraction escaping gut metabolismin the presence of inhibitor
AUC X f fyut = fraction escaping gut metabolismin the absence of inhibitor
fgw 4 fo> Jncre (1- Zf X1 covp) f.,= fraction of total elimination due to hepatic metabolism
1+ Z 1, " ’ fm,cyp = fr. of total hepatic metabolism due to a specific CYP
- K I, = unbound inhibitor concentration
) K;, = unbound inhibitor constant
1DI
AUC, fgm I K,, = unbound inhibitor concentration at 50% k;,,..
AUC fgm X[ cpp W kinact = Maximal enzyme inactivation rate constant
| +(1- me X fm,cyp) kyeg= €ndogenous degradation rate constant of enzyme
4 Z inact
J degx(K[u_'_]J . -
I: summation over CYP enzyme
j:summation over each inhibitor/inducer
Induction
| References
AUC, [ 1 1. Inhibition: Obach, RS. Curr Opin Drug Discov Dev, 2009, 12 :81
- = X - :
E <] 2. Induction: Almond, LM. et al, Curr Drug Metab 2009, 10:420
AVC T X Jmcrp X(1+E—)+(l Xfu X Suncrr)

[ " J ECso

20

MSM | OSP Commiunity Conference | October 2024 | Sheila Annie Peters



Transporter-mediated DDI
Mechanistic Static Models

AUC; = AUC of object when inhibitor is present
AUC; 1 AUC = AUC of object in the absence of inhibitor
— > renal upta ke fris the fraction of clearance of the substrate (object), caused
AUC f—T + (1 _ f ) by a hepatic uptake transporter
I r K: . is the inhibition constant measured in vitro corrected for
1 _I_ u hu
K. binding to media
L,u
1 | intestinal efflux
=\ T T =7 ) X N FeOATPIE | (1 Y ) and hepatic uptake
1+ a_[fﬂ”"“ e,BCRP mn Lin umax e,OATP1B
ICso ICS0

Reference: Obach RS. Predicting drug-drug interactions from in vitro drug metabolism data:
Challenges and recent advances. Curr Opin Drug Discov Devel. 2009;12(1):81-89.

’\h Boehringer
|
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Drug as precipitant of DDI: Drug concentrations

A CmaxSS S_yStemiC
circulation Oral medication
100 Cavgss N /\ [\ {\
P
c g 1
[ <
80 Z o Csystemic
% 2 g
UU)') Cmin, SS g %
3 £ T
O 60 4
(@]
S 4
S 40 -
S
<
8
S 20 <
O
O | -
[ | | | | I | | |
1 2 3 4 5 6 7 8 9 10 | avg portalu = [Cavg + Dose x fyxf, ]
Time (elimination half lives) X vax RB

Cavg.ss' Cmaxss: Cminss are systemic average, maximum and minimum inhibitor steady state concentrations respectively.

qut IS the intestinal luminal inhibitor concentration, a surrogate for enterocyte concentrations

lhortar 1S the portal vein inhibitor concentration of an orally administered inhibitor.

f, is the fraction of dose absorbed:; f; is the fraction of absorbed dose escaping intestinal loss by efflux and/or gut metabolism;

f4 1S the fraction of drug unbound in plasma; and Q,, is the blood flow to hepatic portal vein.
MSM | OSP Commiunity Conference | October 2024 | Sheila Annie Peters



PBPK to explore differences in the extent of DDI for

simvastatin and atorvastatin following inhibition of
OATPs by sacubitril. Lin, J Ph Sci, 2017; 106:1439-51

- N
Observation . L
CES-1ingut, OATPs
Simvastatin plasmaesterase Simyastatin acid ~—, ~  No DDI
(prodrug lactone) (active SVA)  sacubitril
1
Atorvastatin Oﬂf > —— __1'3
L sacubitrii CmaxR=1.7 )
ag 4000 400§
4 -+ Secubitril a
S 3000 3 == Nonralin 3005
: g
% 2000 3 m; b Simvastatin acid
g (=3 »  Obs
&_‘ 1000 4 OATP1B1 IC%1.91 1°°§ Simulated
£ : - = = = %5th percentie
‘S N \ E = = Sth percentile
g 0d § = Ttecmececacaa--a=TE 0 3

L]
N
o
Simvast atin acd Conc. [ng/mlL)

b_ — ==+ Sacubitril
—E‘ E — Simvastatin acid
S
£
o 30004 \ 1.5
c
o
o
E
3 20004 3
1r‘:ou u,pv
& 1000 OATP1B11C,,1.91 M 05
E
=
3 -------------
& pd e
23

,......
o
o

. = :
(1w/Bu) "ouo] UBA |RHOd PIOB UlRISRAW IS
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MSIM to explore time function of DDe

"1. Sacubitril
o Derive invivo IC50 clinical DDI with atorvastatin
o Calculate arange of sacubitril concentration [1]
at various time points until tmax of simvastatin
Iin,u,pv = fu,p x (Isystemic+(FaxngDose)/T/QpV/RB) )

/ N\
2. Simvastatin fe,OATP from its DDI with gemfibrozil

w/o gemfibrozil pred.

m  w/o gemfibrozil obs.

----- with gemfibrozil pred.

l A with gemfibrozil obs.
[

Simvastu.... «cid, ng/mL
O B N W B U O N ® ©

rie :

0 2 4 Time,% 8 10 12
- J
/3. Predict sacubitril — simvastatin DDI A

Calculate AUCR for the range of sacubitril [I]

|
AUCR = OATP1B
Z el -+ (1 - Zﬁ-.mrpls)
I+ 'Iin,u,pv

gters ICsq Y,



https://www.sciencedirect.com/science/article/pii/S0022354917300102

Barriers to prediction accuracy are common to MiIS\M and PBPK

Uncertainty

Non-identifiability

Knowledge gaps

CYP3A (low CL, negl.gut  Inhibitor

[I]systemic, interaction

Clinical DDI study with sensitive substate —

first pass) & other CYPs params (Ki, KI, kinact, EC50)
Substrate  fm, fm,CYP Mass balance
CYP3A (high CL, large Inhibitor [Igut Clinical DDI study with sensitive substrate
gut first pass extraction) [I]systemic, interaction administered IV and oral are needed
params (Ki, KI, kinact, EC50)
Substrate  fm, fm,CYP, fg Non-identifiable gut/hepatic 1t pass without IV or

mass balance

Renal uptake (eg, OAT3) Inhibitor

[I]systemic, Ki

Clinical DDI study with sensitive substrate

Substrate  PBPK: CLi; transporter Renal clearance
MSM: fT
Basolateral hepatic Inhibitor [I]portalvein, Ki Clinical DDI with substrate
uptake (eg, OATP1B)
Substrate  PBPK: CLi; enz Clinttransporter Non-identifiable contributions of enzyme and Scaling factors
MSM: fT transporter to hepatic clearance; clinical DDI with inh
Efflux transporters (eg, Inhibitor PBPK: [1]itracettutars Ki Non-identifiable: 2 uncertain parameters cannot be
P-gp, BCRP) MSM: organ exit: Cavg and optimized with only plasma drug concentration;
Cavg,pv (?), Ki clinical DDI study with substrate
Substrate  PBPK: CLi; enz Clinttransporter Non-identifiable pathway contribution of transporter ~ Scaling factors
24 MSM: fT to elimination in gut, liver/kidney; clinical DDI with inh
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Prediction accuracy — MISM and PBPK

Enzyme-mediated DDI

~\ Boehringer
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Prediction accuracy
Drug as precipitant of DDI: Interaction Parameters

Ki: in vitro, sensitivity analysis of 10-fold lower value to cover for inter-lab
differences

Reversible inhibition >

Kl: in vitro, sensitivity analysis of 10-fold lower value to cover for inter-lab

Time-dependent
I P > differences

inhibition . ..
Kinact: in vitro

Induction > IndMax
IndMax IndMax IndMax
In vitro pm)y Calibrated against =) Calibrated against IV
(test drug) control (rifampin) / PO in vivo (rifampin)

IndC50

« If test drugis inducer and sensitive substrate of the same enzyme:
Derived from the autoinduction effects observed in repeat-dosing
studies at multiple doses

m Boehringer « Otherwise, in vitro

Il
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Prediction accuracy

Drug as object of DDI: Pathway characterization

GUT

(

.

Fraction absorbed

\

J

Gut metabolism

Fraction escaping
gut metabolism, f,

LIVER KIDNEEY
4 N\ )
Fraction eliminated Fraction eliminated
in bile in urine
fb fe
\_ J \_ J

Hepatic metabolism

Enzyme phenotyping:
f

m,isofom,liver

for CYPs, UGTs, etc

ﬂl‘ransporter substrate

~

In vivo relevance of uptake transporters in aiding absorption or
metabolism through enzyme-transporter interplay

In vivo relevance of different efflux transporters in determining

\_ gut bioavailability, biliary and renal elimination in vivo

Example: Mass balance diagram

J

~\ Boehringer
IIJ Ingelheim
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Baricitinip | 0% of Dose | Baricitinib | 10% of Dose
Oral Dose ~| Svstemic '
Circulation
L 70% of Dose
Fecal Glomerular Tubular
Excretion Filtration Secretion
20% of Dose 20% of Dose 50% of Dose

Hepatic
CYP3A
Oxidation




Prediction accuracy
Non-identifiability of mechanisms underlying oral PK profiles

e

l

e  Gut metabolism?

e

When model simulated profile

does not fit the observed, we may | *  Efflux?
need to optimize the model I % | «  Solubility/dissolution-limited
parameters. i B absorption?
But which one? 5 A .
§ Precipitation?

[
.

-

2
(] ‘(‘""M‘_ﬁ?"

-

<

>0
-
@O
[

T I S R R o SEVAR NSO
5 10 15 20 ) X0
Time (v)

=)

'
i
|

Different model parameter combinations of these processes can describe observed data equally well
Assumptions (based onin vitro data) on mechanisms relevant to molecule of interest may be necessary

Consequence of non-identifiability: PBPK models that show excellent fit to one set of observed data may
lack sound mechanistic basis to predict an untested scenario.

Boehringer
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Enzyme-mediated DDI
Comparison of PBPK and MISM (CYP3A rev inhibition)

EJ Guest et al, BJCP 2011
Dynamic (®) or static () model in Simcyp v8. Horizontal dashed lines: 2-fold margins. * Steady state unbound
Vertical dashed lines: boundaries between weak (W), moderate (M) & strong (S) DDI

average concentration

e ° 0.4 W M < Good overall prediction
= - — = — = — — = : :

Azole inhibitors g 02l || E of DDIs investigated
§ V. 57 observed using both
T 0 V5 v%? 7 models with 71% (PBPK)
g 0al | “%o: v oo and 77% (MSM) of
g 021 ' o S
S IR _'E’._‘I_Y_ N Y. studies within 2-fold of
o P : O .
Tg -04F i ®e 0 v i ‘z the observed AUC ratio,
g L o
ks [ ¢ respectively
& 06 | ! v v
e o , ‘
° i i I
- _0.8 LN I T S R | ! !

| | 1 1 1
0 2 4 6 8 10 12 14 16
N 1 ]
||| Boehrln.ger 0 bse WEd AUC I"a.tl 0 MSM | OSP Commiunity Conference | October 2024 |
111} IngelhEIm Sheila Annie Peters 29




Enzyme-mediated DDI
Comparison of PBPK and MISM (CYP3A, TDI)

E Tseng et al, DMD 2021 -
Current Guideline Best prediction accuracy
H H M :
maxr€ntrance Cmax,u, entrance Cmax'u, exit ( Ca‘,g,u, exit \ odel 4: Hepatocytes
Model 1 Model 2 Model 3 Model 4
o
=
ks, 0.1 min™ custom custom custom <
1], Total Enterocyte” Free Entemcyteb Conax.portalu Cakuml‘ud 3 I
W . . ias: 1.
[I]h Cmﬂxfhcputic iﬂlchuc Cmamhc]:lar.iu inlcl,uc Cmﬂxfsystcmimu Cavgfs}rstcmimu | g&lgngl 2?0
. L L] L LN B B ) L L T LN B | |'
fmgut \ 1 ) fufplasmﬂ fu,plasmﬂ \ fu,]:llasma ) B 50
= — — Observed AUCR
a/bAs calculated per equation 7a with/without correction for free fraction in plasma
°As calculated per equation 7b Similar results for HHLM; HHEP better than HHLM
dAs calculated per equation 7¢
¢As calculated per equation 6 FaxFgXkaXDose . )
Cmax,hepatic inletu — fu,p X (Cmax BPRXC ) (eq. 6) Simcyp: Hepatocytes
Qn
F,xk,xDose
[l,=""—"—— (eq.7a
[ ]Q Qent ( q ) 5
=
=
=
FgxFgXkgKDose &
Cmax,parm.!,u = fu,p X (C@+ BPRXQ ) (eq. 7b) =
pv 2 :
= Bias: 1.1
# GMFE: 1.6
. F,xF,xDose RMSFE: 1.9
™ Boehringer Cop = f, x(+L) (eq. 7¢) : T — T
' g,portal,u u,p q. o
I"ll Ingelheim TXBPRXQpv - 3 50

Observed AUCR




Enzyme-mediated DDI MSM predictions for 3 donors &

Assessment of Clinical DDI Risk (CYP3A Induction) WL d°“';|°2|"’l°';'f;'°f; P?f)meters
. using ode esto
Ramsden and Fullenwider EJDMPK(2022)
LLT LDQ Model 4
Gut: Avg unbound portal conc
Liver: Avg unbound systemic conc
o 1 o "
5] O
= =2
! * <
T 014 T o01#
5 5
; :
& 0.01- & 0.014
D.:J1 I}:‘1 '; U.:]1 l]!1 ‘II
Observed AUCR Observed AUCR
YNZ - dxE Xl
Mean Max IVEr
hver ECsg
g « M
2 ¢ S
® 0.1+ < ¢
© e 014
E £ Induction parameters from
0.014 e
% 0014 Kenny JR, et al Drug Metab Dispos.
0.01 0.1 1 . . , 2018;46(9):1285-303
Observed AUCR 0.01 0.1 1

Observed AUCR
ml Boehringer
|
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ngeineim Sheila Annie Peters 31




Prediction accuracy — MISM and PBPK

Transporter-mediated DDI

~\ Boehringer
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Transporter-mediated DDI
Precipitant concentrations for screening and quantitative predictions

Transporter Intestinal [g Proposed: Large inter-lab variability in Ki
-mediated (P-gp, BCRP) Gut: C,q portalvein reported for P-gp.
Hepatic uptake [ITh *Liver: MSM and PBPK comparison for
(OATP1B) [1]h = C haxintet investigational drug as precipitant
Sane et al, DMD (2020)
Renal uptake Crax Observed C, 4 MSM and PBPK comparison for
(OAT1/3) investigational drug as substrate
Gomez-Mantilla et al, Clin PK (2023)

*Resulted in over-prediction. More realistic estimates may be possible with [I]h = C, 4 jortatvein

MSM | OSP Commiunity Conference | October 2024 | Sheila Annie Peters
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https://dmd.aspetjournals.org/content/48/12/1264.long
https://link.springer.com/article/10.1007/s40262-022-01204-4

Transporter-mediated DDI

Predicting statin DDIs with anti-viral drugs on multiple transporters,

OATP1B, BCRP, MIRP2, OAT3, and CYP3

Chu, X. et al, The AAPS Journal (2022)

* Inhibitory effects of 6 direct-acting antiviral
drugs were evaluated in vitro using transporter
transfected cells and membrane vesicles.

* Mechanistic models assessing differential
inhibitory effects of precipitant drugs on
multiple transporters, OATP1B, BCRP, MRP2,
OAT3, and CYP3A successfully predicted a
total of 46 statin DDIs, including 6 drugs and
their fix-dose combination regimens

MSM | OSP Commiunity Conference | October 2024 | Sheila Annie Peters
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Transporter-mediated DDI

Baricitinib, a substrate of OAT3 among other transporters (MIATE-2K, P-gp, BCRP)
Predict effect of OAT3 inhibition by moderate OAT3 inhibitors on baricitinib exposure

N
Insignificant decrease in renal CL of baricitinib Renal secretion clearance (CL) of baricitinib
with cyclosporin (P-gp, BCRP inhibitor) is mediated only by OAT3

J
Blood Uring
Basalateral membrane Apical membrane
AUC; 1
- AUC  fr
- T @~
MRPY — 1 _I_ u
Ki,u
OAT3 Precipitant Object of DDI Comment
Clinical DDI study Probenecid (strong) Baricitinib Used to derive baricitinib fT
Prediction Ibuprofen (moderate)  Baricitinib ML Posada MM, CTS 2017
Diclofenac (mOderate) MSM Gomez-Mantilla JD, ClinPK 2023

’L Boehringer
|
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Transporter-mediated DDI

PBPK: Predict effect of moderate OAT3 inhibitors on baricitinib exposure

Posada MIM, CTS 2017
Substrate:

no additional scaling factor required
to fit the active secretion

Inhibitor:

in vitro Ki =in vivo Ki=1C50

Clinical DDI with strong inhibitor:

Model simulates the 2-fold decrease
in renal secretion of baricitinib

Model simulations with moderate

inhibitors (ibuprofen and diclofenac)
- clinically relevant DDIs unlikely

Label recommendation

~\ Boehringer
IL! Ingelheim

* Km, Vmax of baricitinib derived from transfected HEK cells. RAF

=1 was able to simulate observed renal CL.

~

* In vitro IC50 values of probenecid, ibuprofen (probe,
baricitinib) & diclofenac (probe, pemetrexed) were 4.41, 3.97 &
3.7 uM in transfected HEK cells expressing OAT3

* Using in vitro ICg, value of 4.41 pM for probenecid

» Setting Ki=IC50 and Ki=IC50/2 in simulations to cover

potential uncertainty in Ki estimation.

* Dose adjustment with strong but not with moderate inhibitors

MSM | OSP Commiunity Conference | October 2024 | Sheila Annie Peters



MSM: Predict effect of moderate OAT3 inhibitors on baricitinib exposure
Gomez-Mantilla JD, ClinPK 2023

. . . . 20% of Dose Baricitinib | 10% of Dose Hepatic
Baricitinib N
Baricitinib parameters Oral Dase > Systemic » CYP3A

Total CL(L/h) 17 Circulation Oxidation
Renal CL (L/h) 11 | m
fu p 0.5 Facal Glomerular Tubular
! Excretion Filtration Secretion
Blood plasma ratio (R) 1.26 20% of Dose 20% of Dose 50% of Dose
/
1. Calculate the unknown parameter baricitinib f; for OAT3
Method 1. Using clinical PK data (when only one uptake transporter is involved in DDI) Assumption
Renal CL of baricitinib due to filtration = fub*GFR = (fup/R)*GFR = (0.5/1.26)*7 L/h=2.8 L/h All transporter-
Renal CL of baricitinib due to transporter activity =11 —2.8 =8.2 L/h driven renal CL
_ Renal CL of baricitinib due to transporter activity _ _ s due to OAT3
fr= Total CL of baricitinib =8.2/17=048

Method 2. Using clinical DDI study (serves as verification)
Systematically vary f+in MISM to predict the AUC ratio for the probenecid-baricitinib
interaction, until the prediction matches the observed AUC ratio. f; =0.55

Assumption

in vitro Ki =
in vivo Ki

N
~>

[Z.Use the calculated baricitinib f; to estimate the AUCRs for baricitinib interaction with the moderate inhibitors

37
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Transporter-mediated DDI

Comparable prediction of AUCRs of baricitinib with OAT3 inhibitors by PBPK & MSIV

Assumption: OAT3 is a unidirectional transporter

OAT3 inhibitor MSM Method 1 MSM Method 2
fT=0.48 fT=0.55

Probenecid 1000 mg BID

Ki = IC50 1.95 [ 1.79 2.02 J

Ibuprofen 400 mg QD

Ki = |C50 1.14 1.14 1.16

Ibuprofen 800 mg QD

Ki = |C50 1.24 1.24 1.28

Ibuprofen 400 mg QD

Ki = IC50/2 1.35 1.38 1.46

Diclofenac 100 mg BID

Ki = 1C50 1 1 1

Diclofenac 100 mg BID 1 1 1

Ki=1C50/2

’L Boehringer
|
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Transporter-mediated DDI

Predict effect of OATP1B & BCRP inhibition on rosuvastatin exposure with MIS\
Sane, R DMD, 2020

Rosuvastatin is a common comedication. Its disposition is mediated by both OATP1B1/3 in the liver and gut BCRP.
The effect of OATP1B and BCRP inhibition by drugs with potential to inhibit intestinal BCRP in vivo (Igut/IC50 = 10) on

rosuvastatin exposure predicted using a combined static model. In vitro systems for IC5,: HEK293 cells
overexpressing OATP1B1 or 1B3. Vesicles for BCRP inhibition

(/ )

I |
AUCR (rosuvastatin) — Fonc X -
e.BCRP _ fe.OATP1B 1 — Z r
1 A—rfﬂ'mm- + (l f;’.BCRP) 1+ [‘Jf'ir.n.mm] + ( E‘GATPIB)
ICsp 1C50

Combined model included only for
OATP1B and BCRP inhibitors

Q\/hen [I]gut(dose/250)>1OxIC5o,BCRP/

’L Boehringer
|
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Transporter-mediated DDI

Predict effect of OATP1B & BCRP inhibition on rosuvastatin exposure with MISIVI

Sane, R D\VID, 2020

Rosuvastatin disposition and estimated fT

Systemic Renal

Gut BCRP efflux
50%: AUCR with circulation 28% of total CL
fostamatinib ~2

(Elsby et al., 2016)

OATP 320% in vitro (Wang
OATP1B1 70‘1 INTCP10% etal,2017)
lleer

v

72% of total CL
(Martin et al 2023)

OATP1B1 0.504

OATP1B3 0.144

NTCP 0.072
Boehringer

||1ll Ingelheim
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A OATP1B
10- ' -
+ AUCR > 1.25 L
2 a v
= 7 : o
23 :
L 0 : -
T E :
58 7
S
QOw
=2 19 ;
< L1 RMSE=131(RST),
i : RMSE = 1.24 (E,17BG/CCK8)
1 | 1 1
1 2 5 10
Observed AUCR
B Combined model: OATP1B+BCRP inhibition, if [114,:>10 x1Cxg
104 ' » [Tendency to over-predict due
o M +*" touse of Igut=dose/ 250 mL
3‘ '8 ' % & max inlet concentration?
B E All CLh attributed to OATP1B
= 9
5 8 -+ Line of equality
§_§ — Cutoff = 1.1
5% --- Cutoff = 1.04
2E T e = AUCR (E,17BG/CCKS)
© 2 : RMSE = 0.812 (E,17BG/CCKS) e AUCR (RST)
1 1 1 1
1 2 5 10
Observed AUCR

For highly protein-bound drugs, use of actual fup or capped
to 1% did not significantly impact predictions



Transporter-mediated DDI

Prediction of DDI between rosuvasatin and rifampicin, asunaprevir & velpatasvir
Comparison of static and PBPK models. Sane, R DMD, 2020

Rosuvastatin / E217B8G or CCK as probe

Observed 1PBPK Static Model
Asunaprevir 1.41 1.3/1.9 1.53/1.94
Rifampicin 446 4.2/4.3 3.86/4.80
Velpatasvir (BCS IV) 2.69 1.4/1.3 2.14/2.06

Substrate-dependent scaling factors applied for experimental IC50 of OATP1B inhibitors for PBPK
Rosuvastatin: 200; CCK-8/E2173G: 100

F Large, substrate-dependent scaling factors for IC50 needed only for PBPK

No hypothesis provided to explain the need for substrate-dependent scaling factors

’\h Boehringer
|
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Transporter-mediated DDI

Prediction with MIS\Vl and PBPK

MSM PBPK

Inhibitor * K, optimized in vivo IC5, values recovered * PKmodel building and verification
from clinical DDIs «  Bottom-up:K;,

* [, from clinical PK and protein binding data +  Middle-out: optimized in vivo ICs, values

recovered from clinical DDIs

Substrate  f; from clinical data (transporter-mediated Bottom-up: Km, Vmax, RAF/REF (default,1) used
elimination, pharmacogenetics, DDI studies) to build and verify PK model. RAF/REF is derived
from clinical PK via simulation of transporter-
mediated elimination

Challenges to predict tDDIs: high inter-lab variability of in vitro inhibition data for some transporters possibly due
to differences in in vitro systems, probe substrates and assay conditions

MSM | OSP Commiunity Conference | October 2024 | Sheila Annie Peters
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Transporter-mediated DDI
Summary of MISM use for different types of transporters

Investigational drug as precipitant Investigational drug as object of DDI

Intestinal efflux Covgportalu? MSM may be possible

BCRP, P-gp Ki of P-gp: high inter-lab variability ¢ If compound behaves like BCS |

Low CL CYP3A substrate — no gut metabolism
Not a substrate of UGT or CYP3A

IV PK is available

Hepatic uptake Covgportalveinu (t0 be validated) fTgcrp (intestinal) from DDI study with fostamatinib
OATP1B1, OATP1B3 Ki scaling factor 1 works in MSM fT for OATP1B1 from phenotyping, confirmed with
clinical DDI study with OATP1B1 inhibitor OR

fT (worst case) with all hepatic CL assigned to
transporter for low CL drug

Renal basolateral uptake C,, Renal CL used to calculate fT if single transporter is
OAT1, OAT3,0CT2 Ki scaling factor 1 involved. OR Use DDI with strong inhibitor to get fT.

~\ Boehringer
I
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Regulatory submissions - PBPK

~\ Boehringer
l

IngelhEIm MSM | OSP Commiunity Conference | October 2024 | Sheila Annie Peters 44



Introduction
Predictive models: Eliminate DDI risk, guide decisions and support study design

Model estimated ratio of the area under the plasma concentration—time curve (AUC)
of a victim drug in the presence and absence of a perpetrator drug under worst-case

lNegative findings lPositive findings
. Modelling approaches can guide decisions on how and when to (Internal decisions)
I\:P ?d?'t'onal conduct a clinical DDI study as well as to support initial study design
clinica
investigations o . .
needed After initial DDI studies are conducted, modeling approaches can Or, used to
guide decisionson the need for additional clinical investigations inform label

(Waive DDI study)

Internal decision during clinical development Regulatory
* Design study to maximize interactions * \Waive DDI study
* Inform exclusion of concomitant medication * Inform label (dose adjustment,

« Decide on need and timing of study contraindication or no warnings)

~\ Boehringer
IL! Ingelheim
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Enzyme-mediated DDI
Reversible & time-dependent inhibition and induction

Reversible inhibition
e CYPs:CYP1A2, CYP2B6, CYP2CS8, CYP2C9, CYP2C19, CYP2D6, and CYP3A

« UGTs: UGT1A1 and UGT2B7. UGT inhibition-mediated DDIs are generally of limited magnitude

Time-dependent inhibition
« CYPs:CYP1A2,CYP2B6, CYP2CS8, CYP2C9, CYP2C19, CYP2D6, and CYP3A

Induction

« CYP3A4,CYP2B6 and CYP1A2 are markers of induction mediated via PXR/CAR (CYP3A4, CYP2B6) and AhR
(CYP1A2). Evaluating the induction potential of a drug on CYP2C enzymes is not necessary because both
CYP3A4 and CYP2C enzymes are induced via activation of the PXR. CYP2Cs are generally less inducible
compared to CYP3AA4. If investigational drug induces CYP3A4 in vitro, and the results suggest that a clinical
study should be conducted, its potential to induce CYP2Cs should be evaluated in vitro and/or in vivo.
Alternatively, a negative clinical study with a sensitive CYP3A substrate can be used to rule out the induction
potential of an investigational drug on CYP2C enzymes if the potential of CYP3A inhibition by the drug and its
metabolite(s) can be excluded via in vitro and/or in vivo evaluation. For CYP2C19, activity should be measured,
as mMRNA responses to inducers are often limited

MSM | OSP Commiunity Conference | October 2024 | Sheila Annie Peters
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Transporter-mediated DDI
Intestinal, hepatic and renal basolateral uptake & efflux

For a drug that is orally administered and/or if
biliary excretion or active renal secretion is
likely to be a major elimination pathway

P-glycoprotein (P-gp)
* Breast Cancer Resistance Protein (BCRP)
Hepatic basolateral uptake

* Organic Anion Transporting Polypeptide
(OATP1B1, OATP1B3) an
OATP OATP

Renal basolateral uptake transporters "" ‘33
* Organic Anion Transporter (OAT1, OAT3)

*  Organic Cation Transporter (OCT2)

Renal efflux transporters

*  Multidrug and Toxin Extrusion protein

Case-by-case
(MATE1, MATE2-K)

MRP2, OCT1 and OATP2B1

Intestinal lumen

Boehringer
llh
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Current applications of static and dynamic models for inhibition and
induction DDI predictions across the discovery and development continuum

O: DDI predictions guide
timing of DDI study (before
or after or PoC)

P and O: Build models with
clinical PK data

P: Robust negative
prediction with sensitivity
analysis on uncertain
parameters can lead to
leaner submission package

permitted comedications

P and O: Design to maximize
interactions in the DDI study
O: Design DDI study: assess

at risk of adverse effects

O: Design PoC study for broader

dose adjustments in individuals

\/

\/

N/

N

Preclinical development

Phaéel

Phase

Phase lI/Ill

P, Precipitant
PoC, Proof of Concept
O, Object of DDI

AN

TN

O: Simulate impact of repeated
dosing of a TDI or inducer on
the affected enzyme and DDI
effects with coadministered
precipitants

O: Waive or support label after
validation with a small number
of DDI studies

O: Fill information gaps for
difficult to recruit population
- rare phenotypes of
polymorphic enzymes and
transporters or different
combination of extrinsic and
intrinsic factors

48
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Application of PBPK Modeling and The Journal of Clinical Pharmacology

2020,60(51) S160-S178

PBPK submissions to OCP ‘Simulation for Regulatory Decision Making Pulshed 620 T rcle s US.

and Its Impact on US Prescribing RO 10,1003 eph 1767
Inf ion: A he 2018-201
~50% deemed adequate nformation: An Update on the 2018 9

Submissions to the US FDA’s Office of
. . L. L Clinical Pharmacology
Physiologically Based Pharmacokinetic Modeling in Regulatory
Science: An Update From the U.S. Food and Drug Administration’s

Office of Clinical Pharmacology

Xinyuan Zhang, PhD, Yuching Yang, PhD, Manuela Grimstein, PhD,
Jianghong Fan, PhD, Joseph A. Grillo, PharmD, Shiew-Mei Huang, PhD, Hao Zhu, PhD,

Manuela Grimstein, Yuching Yang', Xinyuan Zhang’, Joseph Grillo, Shiew-Mei Huang, and Yaning Wang, PhD
Issam Zineh, Yaning Wang
PBPK submissions from 2008-17: 254 total; 94 NDAs 72 PBPK submissions 2018-19 56 INDs, 57 NDAs, 3 BLA
DDI (52 enzymes). 26 informed label DDI models 39 adequate; 33 inadequate
. DATA SET: 2018-2019, N= 116
Renal :,Zs;;p:o:r; Other (2%) Others

Disease 6%

impairment (4%} effect (4%) Pharmacogenetics (2%)

Hepatic
impairment (6%)

DDI-enzyme

40%
Pediatrics (15%)

DDI-transporter based
(7%)

DDI-enzyme based (60%)

~\ Boehringer
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Basis for adequacy of PBPK models for regulatory waivers and label

Drug is Parameters Verification
Precipitant — Clearance I\ data or Pop PK
gxc!gdmg CYP Induction - Indmax Indmax from in vitro experiment is calibrated against in vitro and
liability in vivo rifampin Indmax
Induction - EC50 From auto-induction in dose-dependent clinical PK data following
repeated dosing of low clearance, sensitive substrate (ivosidenib)
TDI —Ki, kinact From auto-inhibition seen in time and dose dependence of clinical
exposure of low clearance, sensitive substrate
Reversible inhibition, Ki Covered by 10-fold uncertainty analysis
Fup for highly bound drugs Covered by 2- to 3-fold uncertainty analysis
Fu,mic Covered by uncertainty analysis
Object of Clearance * Low clearance drug for which gut metabolism is not important
CYP inhibition fm,CYP * Mass balance + in vitro (rCYPs or chemical inhibition)
« DDl with strong inhibitor of the CYP isoform of interest
Object of OAT3 fe, fT * Mass balance (fe, fT)
inhibition « DDl with strong precipitant

’\h Boehringer
|
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Basis for inadequacy of PBPK models for regulatory waivers & label

Population: Impact of disease on enzyme expression not understood

Drug as object of DDI

« CYP3A substrate with high clearance for which it is difficult to deconvolute gut metabolism, efflux and solubility etc. Model
parameterisation and verification by top down approach is challenged by non-identifiability issues

 FmCYP values has not been validated with mass balance or DDI studies

« Uncertainty in model structure cannot be resolved (effects of CYP3A and P-gp are confounded)

Uncertainty in index substrate models: (model does not capture all reported DDI studies)
« Metformin (OCT2, MATE)

« Rosuvastatin (OATP1B1, BCRP)

« Digoxin model did not account for Pgp inhibition in kidney

* Fm,CYP uncertain in substrate drug model — e.g, bupropion

Drug as precipitant

CYP induction

« Lack of confidence in predicting time-dependent inhibition and induction directly using in vitro parameters (erdafitinib) -
verification with clinical data difficult

« |VIVE for induction not well-established due to the complexity in this mechanism (EMA)

Efflux transporter inhibition (MATE1 /2K, P-gp, BCRP)

 Difficult to resolve uncertainty in driving concentration and Ki with clinical data

Uptake transporter inhibition (OCT2, OATP1B1)

* Uncertainty in Ki

Limited experience — for example, in skin absorption
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Many of tDDI PBPK submissions
evaluate the effect of an
iInvestigational drug as a perpetrator

Evaluate the effect of an investigational drug on the PK of
a transporter substrate with a well characterized pathway

m Drug as a substrate Drug as a perpetrator

P-gp rivaroxaban, ceritinib, prucalopride,  ibrutinib, prucalopride, elagolix, fosnetupitant,
u adacil;cinib, neratinfjb, naloxe&ol , ivosidenib, lasmiditan, erdafitinib, fedratinib, lefamulin
Estimate the contribution from P-gp intéraction
to observed DDI for a P-gp/CYP3A dual substrate
BCRP prucalopride, upadacitinib osimertinib, pexidartinib, fedratinib
OATP1B1/3 simeprevir, letermovir fosnetupitant , ivosidenib, pexidartinib, fedratinib,
Evaluate the role of transporters in ADME lefamulin
0OAT1/3 baricitinib  Quantitative prediction apalutamide, ivosidenib Support negative DDI prediction
OCT2/MATEs prucalopride, apalutamide, pexidartinib, erdafitinib,

fedratinib, lefamulin
52



In vitro Ki values tend to underpredict
tDDI magnitude

A few examples:

Transporter | Substrate Perpetrator | In vitro Ki Ki fold-decrease | Reference
(uM)
BCRP Rosuvastatin | Osimertinib | 2 10-20 Pilla Reddy, V. 2018 CPT:PSP
OCT2/0CT1 | Metformin Cimetidine | 124/104 500 Burt, H.J. 2016 EJPS
( OAT3 Pemetrexed Ibuprofen 2.1 1 Posada MM. DMD (2015)
OAT3 Baricitinib Probenecid | 4.41 1 Posada MM. CTS (2017)
4.15 (pemetrexed)
OATP1B Pravastatin GDC-0810 0.15 100* ChenY. 2018 BDD
\ [*combinatioh of scaling and fu,inc
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MSIMV or PBPK?
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Advantages of dynamic PBPK models over static models

However

Advantage of dynamic PBPK over static models

Considers dynamically varying precipitant concentrations

Dynamic changes in [I] not necessary for predicting
AUCR, a static measure of DDI

Complex DDI
Parent and metabolite as precipitants
Concurrent pathways for object of DDI
* Multiple sites of DDI: Gut & liver for high CL CYP3A substrates
* Multiple pathways; enzyme/transporter interplay
Mixed mechanisms: inhibition and induction

Verification of individual contributions to DDl is
challenged by non-identifiability. Therefore,
considered area of low confidence

Allows estimation of Cmax ratio in addition to AUC ratio

AUC ratio generally represents a higher risk, except
for intestinal or hepatic uptake when AUC,is used

Incorporates sources of population variability arising from enzyme/
transporter polymorphism, demography, ethnicity and disease states

Variability from models are usually over-estimated

Extrapolation of DDI to untested populations after model is
confirmed with DDI study in healthy, adult population

Changes in transporter/enzyme expression and
physiology in the population of interest not known

Facilitates 'what-if’ simulations of complex scenarios
* Study design: e.g., dosing regimens to ensure maximal interaction
* Impact of dose staggering to minimize interactions
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