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ABSTRACT. This publication summarizes the proceedings of day 2 of a 3-day workshop
on “Dissolution and Translational Modeling Strategies Enabling Patient-Centric Product
Dﬂclurmmt Pat\:ﬂt-ocﬂmc druq product dm--’:lurmmt from a drug rrudu:t qualipx

PBBM

ph}‘sidug'imll}' based Hupharmamutts. modeling [I-‘I-II-IM} 4 :
are presented and summarized. These case studics exemplify DNpossible path to achieve an
in vitro-in vive link and encompass (a) development of bopredictivdNQissolution methods to
support biowaivers, (b} model-informed formulation selecton, (c) predicting climcal
formulation performance, and (d) defining a safe space for regulatory Aexibility via virtual
bioequivalence (B E). Workflows for the development and werification of absorption models!
PBBEM and for the establishment of a safe space using dissolution as an input are described
with examples. Breakout session discissions on topics, such as current challenges and some
best practices in model development and werification, are inclhided as part of the
Supplementary material.

KEY WORDS: clinically melevant dissoluton specilications; IWVIVCIVIVE: phsiologically based
Iophamaceutica modeing (FEEM); safe space; virtual Iioeguivalence.
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PBPK Predictable Food Effects for BCS Il
Drugs with Fasted Clinical Data

r-r-—m—m—mm—+m"-————n

| Criteria Supporting the Reliability of Biopharmaceutics PBPK Simulation of Food Effect (FE) |
+ BCS/BDDCS - Class | and Il

| + Major mechanism for food effect is related to bile solubilization/supersaturation or delay in gastric emptying? I

I « Linear pharmacokinetics with no significant gut transporter involvement? |
+ Clinical data in one prandial state available for model verification |

e e e e e

>

Build First Human PBPK Model Predict & Verify FE for Early Stage Apply FE Model for Late Stage
Develop & Validate PBPK Model Predict and Verify Food Effect Model Apply Food Effect Model
1. Physicochemical properties (i.e. bio- 1. Apply validated human model using 1. Incorporate formulation related
relevant solubility and dissolution default fasted & fed physiologies changes in model
data) 2. Simulate PK for non-tested prandial 2. Simulate & verify model with PK data
2. Clinical PK after oral IR (&i.v. state for late stage formulations®
administration if available?) |:> 3. Predict food effect & verify vs. clinical |:> 3. When confidence is high, predict food
3. Simulate with default physiological food effect data effect for market formulations or re-
absorption model (fasted or fed) & 4. Optimize model* verify vs clinical PK
verify vs. observed data 4. Leverage PBPK Model to inform label
4. Optimize model*

M e e T e e e e Y Y

| Refine Model, Build Confidence and Robustness |
« Parameter sensitivity analyses |
I - Scenario-based simulations
I_- Virtual simulations |
Notes: Tistaert C, Heimbach T, Xia B, Parrott
1e.g. solubility identified as critical based on sensitivity analysis and biorelevant solubilities support difference in fasted/fed states. N, Samant TS, Kesisoglou F. Food
2 e.g. single ascending doses across a relevant range can be simulated with PBPK model Effect Projections via Physiologically
3 e.g. in some cases may be obtained with a labelled intravenous micro-dose Based Pharmacokinetic Modeling:
4 e.g. adjust model parameters within a reasonable range based on in vitro inputs and biological plausibility Predictive Case Studies. J Pharm Sci.
5 e.g. challenge model with data from relative bioavailability studies 2018 Jun 12. pii: S0022-

3549(18)30332-0.
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Particle Size Distribution
Impact on Oral Absorption
using PBBM

BCS Class IV —type compound

PBPK Case example 1 wvss)
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HA Question received

NVS B Is an active substance of BCS class 4, which is hardly
soluble in the physiological range (pH 3 to pH 6.8). Therefore,
the influence of the particle size of the active substance on its In
Vivo release, especially with regard to the recommended intake
with a meal, must be thoroughly discussed and, if necessary,
supported by investigation data.

The suitability of the particle size distribution (X90 250 um, X50
40 um) determined for the active substance must be justified.
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PBBM Model

* Purpose: DS patrticle size could potentially affects drug
absorption (Fa). The impact of particle size on across
prandial states Fa was assessed using PSA

e Several studies used for Model: 750 mg, 500 mg, 450 mg

* Absorption: estimated based on pKa, log P, measured pH-
solubility profile, particle-size distribution, and measured
Caco-2 permeability

* Distribution: 1- compartment model; derived from Pop PK
estimated V/F and estimated Fa via ACAT modeling

* Elimination: derived from Pop PK model estimated CL/F
and estimated Fa via ACAT modeling
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PBPK model can describe 750 mg PK
under fasted condition
Single Dose PK study in patients

750 mg_10 sub Observed PK data
[ = Cp-750 mg_10 sub [ [ Cp-750 mg_10 sub Obs
W T Cp-750 mg_10 sub Err
Record: 750 mg_10 sub
280 Total simulation time (h): 72
260 ||| [ it Rl Small particle size
FDp (%): 0 24.10
— 240+ Fosd: 0 24.10
3 220 onCpgrar: g2 $E . —
E AUC 0-1nf (ng-h/mL): 10570 13380 Radius [um] | Fraction (%]
= 200 AUC O-t (ng-h/mLJ: 7575.9  9128.2 175 10.0
)] CMax Liver (ng/mL): 936.1
5130. 17.5 50.0

T 160- qu\ 335 10.0
2 140 / 1
E 120- [\
(o E

=

@

E 80+ m
o 11

Q

0 10 20 30 40 50 60 70
Simulation Time (h)
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PBPK model can describe the 450 mg PK
with low-fat meal

450 mg LL meal Observed data

[ == Cp-450 mg LL meal [ 0O Cp-450 mgLL meal Obs
v Cp-450 mg LL meal Err

Medium particle size

3004
] Radius [um] | Fraction [%]
3250 75 10.0
£ - - 355 50.0
“g) 2001 a”“m‘\\\_— 84.0 100
= 150{ - f/
=}
T 100 | / 7l Low fat meal ACAT model built based on
S s / e — Sutton S, et. al. AAPS J., 2017
Q a | |Total simulation time (h): 24
s | e opsery st |
b s uZ 100 - 500 calories
Cmax (ng/mL): 190.5 _2’00;1 . .
501 Ao olia (ng-h/mLy: Soas.s 35300  Can be viewed as low calories low fat
— Cnax Liver cnagmis:  et® s3eey
0 — - meal

Simulation Time (h)
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PBPK model can describe 500 mg dose
PK under fasted, light meal, or standard

meal conditions in

500mg fasted

|I7 — Cp-500mg fasted W O Cp-500mg fasted Obs W _T_ Cp-500mg fasted EIr
Record:  500mg Tasted
Total simulation time (h): 168
2204 .
Result Observ simul
Fa (¥): 0 49.39
2004 FDp (¥): 0 49,99
- . Cies 0
Ccmax ng,/mL): - -
-1 1804 Tmax (_hjf 5 7.94
E AUC 0-inf (ng-h/mL): 8998.2  B8752.§|
= 160 AUC O-T (ng-h/mL): 7100.3  B297.3
=) 1 CMax Liver (ng/mL): 504.5
~ 1404
2 1204
m
= 1004
g 80
g i
8 604
404
0
204
U T T L L
0 50 100 150

Simulation Time (h)

\"/

500 mg LL meal

[ == Cp-500 mg LL meal

¥ [ Cp-500 mgLL meal Obs
v Cp-500 mg LL meal Err

Record: 500 mg LL meal
Total simulation time (h): 168
260 o
Result observ
240 Fa (%): 0
FDp (%): [}
- F (%): Q
- 220 Cmax (ng/mL): 210.8
200 Tmax (h): [
E 1 AUC 0-inf (ng-h/mL): 10730
AUC 0-t (ng-h/mL): 10150
) 1804 CMax Liver (ng/mL):

50 100 150
Simulation Time (h)

]

Concentrat

500mg high fat meal

[# = Cp-500mg high fat meal
¥ T Cp-500mg high fat meal Err

¥ 0O Cp-500mg high fat meal Obs I

rRecord: soomg high fat_meal

2804 Total simulation time (h): 168

r Result Observ Simul
260 Fa (%): 0 53,33
4 FOp (#%): o 55,39

240 NGV a] 5B.39

2204 cmax (ng/mL): 211.1  196.2
Tmax (h): iz 9.56

200+ AUC 0-inhf (ng-h/mL): 12110 13470
AUC O-t (ng-h/mL): 11460 12800

1804 CMax Liver (ng/mL): 521.8

1604

140

1204 §

1004

804

60

404

204

0H

0 50 100 150
Simulation Time (h)

* The observed food effect was ~1.4 fold, overall similar to the
predicted food effect, ~ 1.5 fold
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Parameter sensitivity analysis: Absorption under
fasited condition is not altered with X90 and X50
values
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* Within the DS specification of particle size X90 < 250 um, the model predicted very
minimal impact of X90 values on Fa; Model predicted very minimal change on Fa with
increasing X50 values

e Solubility is high in stomach at pH 1.3 under fasted condition. Hence the DS particle
size doesn’t play a role in drug dissolution in stomach
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Parameter sensitivity analysis: Absorption is
not altered X90 and X50 values after a 450 mg
dose with low fat meal
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* Within the DS specification of particle size X90 (< 250 um), the model predicted very
minimal impact of X90 values on Fa after a 450 mg dose with low fat meal

* Model predicted very minimal change on Fa with increasing X50 values
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Parameter sensitivity analysis: Absorption decreased
with larger X90 and X50 values after a 450 mg dose
with high fat meal
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* Within the DS specification of particle size X90 (< 250 um), the model predicted Fa
decreased from ~60% to ~40% after a 450 mg dose with high fat meal

* Stomach pH was defined as 4.9 under high fat meal condition.
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Summary

* PBBM parameter sensitivity analysis (PSA) showed
that varying particle size diameter (77-250 um of X90,
or 35 -118 um of X50) did not alter NVS B absorption
under fasted and fed conditions.

* When a 450 mg dose is taken with a high-fat meal,
parameter sensitivity analyses showed that varying
particle size might lead to a slight F_ reduction (from
~60% to ~40%), which would represent the worst-case
scenario.
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‘Predicting the Predictable’
Food Effect Case Study

BCS Class Il —type compound

PBPK Case example 2 (nvs34s)
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NVS345 - Compound Overview

BCS Class BCS class 2

pKa(s) / LogDg g 3.3 and 9.4 (weak base) / logD 2.8

e pH-dependent solubility; Soluble at pH 1.0 (3.64 mg/mL), pH 2.0 ( 0.37 mg/mL), low
Solubility in butfers solubility pH = 3.0 (~0.03 mg/mL)

SO 7 |SE-GE e ~10-fold increase in solubility in FeSSIF (pH 5.0; 0.32 mg/mL)

media
Permeability High passive permeability in absence of efflux (LE-MDCK); moderate permeability in Caco-
Dose / Formulation 300 mg oral once daily; tablet

Linear PK across wide dose range; available population PK model (estimates of CL/F

FINETTEES dnEHes and Vd/F) and preclinical IV data in mouse, rat and dog

Negligible first-pass metabolism and preclinical species and human

Metabolism and Excretion No known interaction of food with intestinal enzymes and/or disposition transporters

Clinical Pharmacology — Available biopharmaceutic studies

Food Effect (300 mg) Positive Food Effect (AUC 170-80%) independent of type of meal (LFLC and HFHC)

Reduction in exposure in presence of food (LFLC) not clinically significant with ranitidine

ASI reelE g agent 211 (H2RA); in the fasted state decrease more pronounced

Absolute /rel. bioavailability

study No absolute BA conducted (no iv data); relative BA not required

Bioequivalence Originally not thought to be required; requested by HA during pre-submission meeting

17



NVS345 PBBM

* Can we — In the absence of IV data - adequately simulate the oral
absorption under different treatment conditions?
— Type of food (low fat low calorie vs. high-fat high calorie)

— Co-administration of acid reducing agents (i.e. ranitidine) under different prandial
conditions

— Different formulations
* Can we identify absorption-rate limiting parameters?

* Can we predict the predict in vivo performance of a modified
commercial formulation in the absence of bioequivalence data?

PK Sciences U NOVARTIS
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Noteworthy adapations

Reliable solubility and dissolution data, also in bio-relevant media such as
FeSSIF and FaSSIF were available

ACAT in-built physiological parameters such as pH, transit times, volume and
bile salt concentration across the intestinal tract were used to simulate fasted
and high- calorie, high-fat (HFHC) meal conditions.

To simulate food effect for low—calorie/low-fat (LFLC) and low-calorie/ high-
fat (HFLC) meal, several adjustments in the ACAT model were made
according to Sutton et al AAPS J, 2017.

— There is only small difference in simulated regional absorption between LFLC and
HFLC physiologies.

For co-administration with ranitidine, pH in stomach was set to 6.50 (when
fasted and fed) based on Kakuda and Falcon (2006).

PK Sciences U NOVARTIS
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GastroPlus model for healthy subjects simulated
well - Food Effect and PPI DDI HV Study

Fasted

£ 10004

Concentration
~
o
<

Obs
Faz: [ 1
FDp %: ,70
Fz[ 0
Cmax [ng/mL]): ,W
TMax(h: [ 15
AUC Oinf (ng-h/mL): [ 70356+
AUC 0t (ng-h/mL): [ 1.02E+4

CMax Liver (ng/mL):

Calc
G
w7
G
ERITET

98115
58106
13787
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Simulation Time (h)

Fasted + ranitidine

Low Fat

Formulation 1
High Fat

30004 2400{ _
28004 Obs Calc 2200{ | Obs Calc
26004 Fa%: 0 99,856 2000 Fa %: 0 99.861
24004 FDp =: i] 99,856 —~ 1800 FDp %: 0 53.651
-
22004 F % [i] 99,856 £ 1600 F 0 98,861
20004 Cmax [ng/mL): 2372 2089.8 Ei! Cmax [ng/mL): 1822 2006.6
1800 TMax (b [ 25 [ 3% T 100 THax (hl: [ 3 kT
16009 7 AUC 0-inf [ng-h/mL): T771E+4 1 46EE+4 2 1200 AUC O-inf [ng-h/mL): [ 1757E+4 [ 146%E+4
14001 AUC 0+t [ng-h/mL); T77Ew T 4BEE 4 £ 1000 AUC 04 [ng-h/mL): T 754E+ T a5+
1200 . . c f b
10004 CHMax Liver [ng/mL): 27766 § 800 CMax Liver [ng/mL): 2474.4
Jd o 600
800 3
6004 400
4004 200
2004 j
o 0
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Simulation Time (h)

Simulation Time (h)

1.7-1.8 Fold

Low Fat + ranitidine Food effect
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| ! AUC Ot (ng-h/mL): [ 144348 [ 14806+

T k ] THax (h): 25 25 jp . | - -
£ o] & AUC Diinf (ng-h/mL): 73808 FET H o 1 el o e
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o h \

e,
— 2004
" - PPI effect i ~& i No PPI effect
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M I Ph - I - The impact of gastric pH, volume, and emptying on
— s tt the food effect of ziprasidone oral absorption.
ea ySIo og Ies u on Sutton SC, Nause R, Gandelman K.
AAPS J. 2017 Jul;19(4):1084-1090. doi:
10.1208/s12248-017-0065-9. Epub 2017 Mar 20.

Meal reference: Fasted High Calorie/High Fat High Calorie/Low Fat

Transit  Volume Bile Salt Transit Volume Bile Salt Transit Volume Bile Salt
Compartment pH Time(h) (mL)* (mM) pH Time (h)  (mL)* (mM) pH Time(h}) (mL)* (mm)
Stomach 1.3 0.25 48.38 0.00 4.9 1.74 788** 0.00 4.65 2.21 1200** 0.00
Duodenum 6.0 0.26 10.94 2.8 5.4 0.26 10.94 14.44 5.4 0.26 10.54 2.8
Jejunum 1 6.2 0.93 40.83 2.33 5.4 0.93 40.83 12.02 5.4 0.93 40.83 2.33
Jejunum 2 6.4 0.74 32.17 2.03 6.0 0.74 32.17 10.46 6.0 0.74 32.17 2.03
lleum 1 6.6 0.58 24.98 1.41 6.6 0.58 24.98 7.28 6.6 0.58 24,98 1.41
lleum 2 6.9 0.42 18.52 1.16 6.9 0.42 18.52 5.99 6.9 0.42 18.52 1.16
lleum 3 7.4 0.29 13.15 0.14 7.4 0.29 13.15 0.73 74 0.29 13.15 0.14
Caecum 6.4 4.32 14.91 0.00 6.4 4.32 14.91 0.00 6.4 4.32 14.91 0.00
Asc Colon 6.8 12.95 15.81 0.00 6.8 12.95 15.81 0.00 6.8 12.95 15.81 0.00
*values reflect 10% SI fluid volume in fasted state; 3% Ul fluid volume in fasted state
**calculated fromlactual volumes of liquids and displacement volunl"les of solids in meal.

ACAT Fasted ACAT Fed

Compartment D ata

Compartment | Peff H | firemt | Voune | Length | Radius | ser [BHeRR" | Compartment | Peff | AsF Lonath it NsEr | R

0 0o 1.30 025 4656 (2829 967 1.000 |00 0 a0 2829  9R7 1.000 0.0
Duodenum 0 2805 |6.00 026 4156 (1412|153 4235 2800 Duodenum 0 280 1413 153 42735 14,44
Jejunum 1 0 2758 |20 0493 1542 (5840 |1.45 3949 2330 Jejunum 1 0 2766 5040 | 1.4% 3949 (1202
Jejunum 2 0 2732 640 074 1223 (5840 (128 3483 2030 Jejunum 2 0 2740 5E.40  11.29 3489 |10.4E
lleum 1 0 2635 |Bk0 058 9429 (5B40 |13 3029 |1.410 lleum 1 0 2695 540 1.3 3029 |7.280
lleum 2 0 2633 |60 042 /053 (5840 (098 2569 1160 lleum 2 0 2633 5840 098 2869 |5.930
lleum 3 0 2554 |7.40 029 4383 (5840 (082 2109 (0740 lleum 3 0 2554 5840 082 2109 |0.730
Caecum 0 1115 640 419 4743 (1318|339 1.790 |00 Caecum 0 1.119 1313 339 1.790 |00
Asc Colon 0 1.816 |6&80 1257 5033 (27ER 241 2480 |00 Asc Colon 0 1.816 2765 124 2480 00
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https://www.ncbi.nlm.nih.gov/pubmed/28321831

Absorption is limited by solubility /
dissolution in the fasted state

* Due to the low first pass effect of NVS345, fraction absorbed is a good

estimate of bioavailability

— Fa in human ADME study (recovery of metabolites) at least 53.5% vs. predicted
fraction absorbed of 60.7% after 400 mg SD fasted.

* In the fasted state absorption is limited by dissolution

* In the fed state absorption is governed by intestinal permeability

Fed (300 mq)

Dissolution

Absorption

1 2 3 4
Time (h)

PK Sciences
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Fasted (300 mq)

Dissolution

Absorption

T T T T
1 2 3 4 5 6 7
Time (h)
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BE simulation show that new
formulation Form 2 is bioequivalent

* Post-pivotal changes to the FCT formulation of NVS345 were required for
product commercialization (Form. 2)

* A constant Z factor (Takano) was fitted with respect to in vitro dissolution
data of NVS345 in biorelevant media (FaSSIF and FeSSIF) for both
formulations

* Simulations were conducted to simulate clinical (Form 1) and optimized
formulation (Form 2) and compare with observed data for Form 1 from
food effect study at 300 mg SD.

# Obs. 300 mg in form. 1

* Obs, 300mginform. . 1 500 — Simul, 300 mg in form. 1

1400 —Simul. 300 mg inform. 1

— —5imul. 300 mg in form.
—Simul. 300 mg in form, 2 i ™ 2

-
3 E
o
E

300 1 ]
1 Fasted

2000
E 000 |

1500 | °

Fed

=
(=]
=]
(=]

500

Plasma¢onc. (ngfmL
Plasma conc

0 10 20 30 40 50 0 10 20 30 40 50
Tirme () Time (h)
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Plasmaconc. (ng/mL)

Bioequivalence Validation

A bioequivalence study was requested by HA. The BE study was conducted in
the fasted and the fed (HFHC) state with the highest dose strength (200 mg) to
satisfy both the guidance (greatest differentiation of formulations in the fasted
state) and clinical administration (product administered after food)

Bioequivalence was shown both in the fasted and fed state for Cmax and
AUClast/AUCIinf

— Fed: AUCInf 0.987 (0.9386 — 1.0375), AUClast 0.993 (0.9436 — 1.0453), Cmax 0.939 (0.8563 —
1.0298)

— Fasted: AUCInf 0.961 (0.9098 — 1.0160), AUClast 0.957 (0.9034 — 1.0140), Cmax 0.932 (0.8293 —
1.0475)

Simul. 200 mg in form

-Simul. 200 mg in form. ——Simul. 200 mg in form

N =N

: 1400 i
—Simul. 200 mg in form. 2 o Obs. 200 mg in form.
¢ Obs.200mginform. 1 1200 ¢ Obs. 200 mg in form.
¢ Obs.200mgin form. 5 TEJ 4
S 1000 ¢+ I\
< \
G 800 P! ¥
Fasted : " )
$ 600 A\ Fed
E \
g I N g
s & 200 l oy
e oy
e 0¢ — +
30 40 50 0 10 20 30 40 50
Time (h) Time (h)
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BE Results, observed vs. predicted

200 mg Cmax PE  AUCO-inf AUC PE
Fa (% Cmax (ng/mL
Group (%) (ng/mL) (%) (ng.h/mL) (%)
Cohort 1 (fed)
Observed 1370 9310
FMI, | (n =24)
Formulation 1 - 4.014 110.141
(fed, HFHC) rgnge 864-2140 6110-14100
Simulated 99.9 1120.9 18.2 8175.4 12.2
Observed 1280 9290
Opt (n =24)
Formulation 2
(fed, HFHC) rgnge 787-1610 5410-13400
Simulated 99.9 1120.3 12.5 8175.6 12.0

Cohort 2 (fasted)

Observed 789 6570
FMI, . (n =70) -
Formulation 1 3340-
(fasted) range 248-1840 13600
Simulated 78.4 640.5 18.8 5998.5 8.7
Observed 774 6440
Opt. (n =69) i
Formulation 2 2840-
(fasted) range 176-2080 13900
Simulated 79.4 652.6 15.7 6069.6 5.8
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Conclusions

* PBBM enabled good characterization of the oral
absorption of NVS345 under different treatment
conditions (formulation, food effect, co-administration of
ranitidine) that was used as a surrogate for
bioavailability estimation.

* Modeling identified intestinal permeability as the
likely rate-limiting parameter in the fed state.

* Bioequivalence simulation predicted the outcome of the
In fasted and fed BE study with new formulation in
healthy subjects
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