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Overview

MembranePlus™ — a software platform for simulation of drug
transport in cell assays.

Development of Hepatocyte Transport Model
— Sandwich and plated hepatocytes.

— Suspended hepatocytes. Membraneplusu

in vitro permeability
Model Case Studies simulation software

— Sodium Taurocholate transport

©Copyright 2017 « Simulations Plus, Inc. « All rights reserved

— Statins (uptake+metabolism)
— IVIVE with combination of MembranePlus and GastroPlus
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M e m b ra n e PI u S MembranePIus“"

ermeability & hepatocyte modeling software

Data Analysis

* Instant permeability output from molecular structure or experimental data.
Unbound Intracellular concentrations (Membrane, cytosol, lysosome, etc.)
In vitro K, and V., for enzymes and transporters

Parameter sensitivity analysis (on logP, shaking rate, pH etc.)

Sandwich and suspended hepatocyte model (version 2 imminent)

DDI predictions (Coming Soon in Version 3)

Assay Prediction

* Permeability
* Intracellular concentrations (Membrane, cytosol, lysosome)
* Virtual Trials (coming soon)
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;'l‘ MembranePlus(TM): C:\Users\Public\Simulations Plus, Inc\Membrane Plus\MemPlusDemo.mdb
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MembranePlus — Membrane Entry/Exit Rate
Structure Based Model

* Observed vs. Predicted on 44 training datasets
log(Vl. ) = Intercept + ClxlogP + C2xM RNG + C3(HBDH — HBD)+ C4x HBAo
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Hepatocyte

Lysosome Plasma
pH4-5 pH ~7.4
R-NH,+ R-NH,+
Lipophilic
Amines
LogP>1  |g NH, —Z—= R-NH, R-NH,
pKa>6.5 ~——~—" 2

” Henderson-Hasselbalch equilibrium
— Rapid passive diffusion

Fig. 1. The basis of pH partitioning of lipophilic amines into lysosomes. The
diagram illustrates the mechanism by which lipophilic amines (i.e., CADs)
accumulate in lysosomes. From plasma (pH 7.4) and cytosol (~7.2), a lipophilic
amine (logP > 1, pK, = 6.5) will readily diffuse across membranes in its unionized
form (RNH,) while maintaining Henderson-Hasselbach equilibrium with its ionized
form (RNH;*, which cannot readily diffuse across membranes). After diffusion into
the acidic environment of the lysosome (pH 4-5), the equilibrium between charged
and uncharged species shifts in favor of the ionized form of the lipophilic amine,
limiting diffusion of the drug back into the cytosol and, in effect, trapping the drug
in lysosomes. For highly permeable lipophilic amines, the concentration of
unionized drug (RNH,) at equilibrium is assumed to be the same in all three
compartments (lysosomes, cytosol, and plasma). The figure is not to scale; lyso-
somes make up about 1% of the hepatocyte volume.

Kazmi F., Drug Metab. Disp. 41(3):897 (2013)
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Enzymes and Transporters - Equations

* Kinetics of carrier-mediated transport and metabolism is calculated
using Michaelis-Menten kinetics:

intracell intracell

I I
. _ E Vmax X Cu 2 _ E Vmax X Cu
metab ~ ; intracell efflux ~— i intracell

i buffer
= E Vinax X €,
influx — i buffer
K +c

I u

* V. units: uM/s (umol/L/s)

* K_ units: uM (umol/L)

* General units converter allows converting these into different types of
units

* Transporter types: Influx and Efflux

* Transporter locations: Apical and Basolateral
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Sandwich and Suspended Hepatocyte Model

* New to version 2.0 (expected May/June 2017)

* Model non-linear drug uptake and metabolism in:
— Sandwich Hepatocytes
— Plated Hepatocytes
— Suspended Hepatocytes

* Inclusion of intracellular protein binding (free fraction)

SimulationsPlus
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Overview of Sandwich Hepatocyte Mechanisms

Evaporation
Protein binding
Basolateral :—?55 o D <) D
. plastic binding,
Solution nonspecific loss) B U
Basolateral UWL
/ TN
Basol Transporters
Membrane
\ 6tosol ( \ i
Apical| Bil Lysosomal £ Bile
Mermn. ile trapping Pocket
Pocket
Protein binding Bile
_/ \ / Q <= Dy \Transporters
Basol
Membrane
<" -~ N—
Well Plate Bottom
* Collagen is assumed to not affect transport processes : -
* Modelis also applicable for plated hepatocytes when bile volume is not considered SimulationsPlus
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Cell Membrane
Thickness {(nm):

% of Cell Membrane:

Num Of Lysosomes
Per Cell:

Lysosomal Membrane
Thickness (nm):

Lysosomal Yolume
Percentage Per Cell:

Lysosomal pH:

Bile Canalicular pH:

100.

0.84

7.2

Cell Layer 16.79
Thickness [pim]:

Cytosol pH: e
Fraction Unbound 1.

in Cytosol:

Bile Canalicular Yolume |34
Percentage per Cell:

Bile Canalicular Area 99

Bile Contraction Efflux
Rate to Media (1/s)

Cell Organelle Percentages

Cell Membrane: Lysosome_ Lysosomal I?iquid
Membrane: Phase:
|0.35?3B | 0.595 | 29.405
Cancel Use Default

Plated hepatocytes can be modeled by setting bile volume and area percentages to O.

Bile pockets contract and open/release drug to the media thus a first order bile efflux

rate is available
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Case Study 1: Sodium
Taurocholate Uptake Into Bile
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Accumulation (pmoliwell)

Sodium Taurocholate

- :,,/*;Q;
OW o Property Value
o S+IS (mg/mL) @ pH 2.78 | 0.0184
S+pKa (Acid) 1.1
AP 7.2 = ADMET Predictor v. 7.2
S_+ stan_ds for properties predicted with S+SF 906
S8 = solubilty n pure water S+pH 2.78
c _ tal data f st S+logP 0.82
G"perl's”g)e(”z 8143 BT Qi il S+Peff (x10-4 cm/s) 0.36
1o, DiffCoef (x10-5 cm/s) 0.53
All properties except K values CRT— 0.911
from ADMET Predictor
Lysate Buffer Fig. 3. Observed (circles) and simulated

(lines) dg-TCA accumulation in Iysate

[ Efflux Phase | [from cells+bile and cells] (black) and
o efflux buffer [Ca?-containing and Ca?** -

Uptake Phase I Efflux Phase

T Sim Cells+Bile — Sim+ Ca™ " *  free] (red). Representative graph from one

> R W

-~* Sim Cells s - Sim - Ca®* of n=3 experiments. Recovered estimates
 Obs Cells+Bile 2 o Obs+Ca* for CL (mean and SD):
o Obs Cells i o Obs-Ca™ (WL/min/mg protein) Mean  SD
< ) CLyptake 6.97 1.39
10 20 30 40 0 10 - 20 40 Clg, 0.379 0.12
Time (min) ime (min) C[_B"e 0.827 0.30
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Canalicular Uptake in Sandwich
Hepatocytes
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Na* Taurocholate Model Assumptions

Cell Assay Inputs
Feed Solution Conc. 1,2.5 uM

Assumptions BSA 4 %
. . - Well size 24 well
— No protein binding for Na Taurocholate T - -~
— No Sl—irring Cell Vol. 6.46 pL
o Cell Layer Thickness 18.6  micron
— Complete monolayer of cells (100% viability) Cell Den 0.4 Mcell/well

— ADMET Predictor values for properties and transport model
parameters calculated using calibration

Literature values for K, were used as a starting point for
building the model.

K., values are similar across species
— Swift-Mol-Pharm-2010-7(2)-491-500

Transporter K., (LM) Cells Literature Source
OST alpha/beta 25.8 Human Swift-Mol-Pharm-2010-7(2)-491-500
Overall Uptake 19 Rat Schwarz-Eur-J-Biochem-1975-55-617-623
NTCP 6 Human J-Exp-Biol-2001-204-1673-1686
BSEP 5 Rat J-Exp-Biol-2001-204-1673-1686
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TCA Results 1 uM Donor
Experimental K  Values

* Experimental K, values utilized from literature and V., values fit to data.

We have obtained superior model

Taurocholic Acid Active Exp Km
results with new datasets but they

[v Taurocholic Acid Active Exp Km-Conc Basolateral Total
Iv O Taurocholic Acid Active Conc Basolateral Total Obs 3 e
v T Taurocholic Acid Acti xp Km-Conc Basolateral Total Err can nOt be Shown untll pUbIIShed'
v
v
v
v Taurocholic Acid Active Exp Km-Conc Cells Without Bile Transporter Type K., (Exp) (WM) Vhax (LmMol/s/L)
v g 7 . _ CaRs BSEP Efflux 5 6.83E-03
[V T Taurocholic Acid Active Exp Km-Conc Cells Without Bile Err OST alpha/beta  Efflux 5.8 9.63E-02
1 NTCP Influx 6 3.88E-02
10 4
—
=
=) 0 - O 4
- 10 = g
c O 5
2 Lo 3
S 104 o
= ®
c = 2
o 107 g 0o = -
e Efflux 0 3 / 0
o < /
o) 14 O
O s Phase
10 o
O
L} v L} v L} v /0O
0 01 02 03 04 05 06 o:
Simulation Time (h) 0 0.1 0.2 0.3 04 0.5 0.6

Simulation Time (h)



Case Study 2: Quantification of
Influx Transport vs. Metabolism
Statin Compounds

Suspended Hepatocytes
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- L
Cell Membrane

Fic. 1. Compartmental model describing hepatocyte incubation.
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Time (min)

100

Fic. 3. Typical plots for atorvastatin (A and D), cerivastatin (B and E), and indomethacin (C and F) cell and medium data and associated WinNonlin-generated fits to the
model (Fig. 1). A to C, concentration of drug in cells and medium; D to F, amount of drug in cells or medium: cells (A, cells; A, medium).

* Media and whole cell concentration data for atorvastatin,

cerivastatin, and indomethacin.

 Used a simple compartmental model to extract clearance values

Paine, DMD (2008) 36:1365-1374
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Atorvastatin

1.2

Solubility (mg/mL)

0.8 "

0.4+

Cerivastati

2]

N

=]
I
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=

=]
I

Solubility (mg/mL)

-

@

o
I

8.0+

00 t=Supme ||

Solubility o

PO T W W |
00 20 40 60 80 100120140

— S+Sol=0.18 mg/mL @ pH 4.5
— Sol (water exp) =0.11 mg/mL
— Sol (pH 1.2) =0.01 mg/mL
— Sol (pH 7.4) =0.70 mg/mL
S+SF =285
— SF(Exp)=70
S+ LogP 4.28
— LogP exp =4.18 (biobyte)
S+ pKa (Acid) =4.71,11.05
— pKa Exp = 4.51 (schonherr_Eur-I-Pharm-Biopharm_2015-155-170)

OATP1B1 Substrate (K, = 0.77 uM)
Vildhede_Drug Metab_Disp_2014 42.7_1210-1218

Caco-2 Papp (MembranePlus) = 4.80E-05 cm/s

S+ Metabolism (2C9)
— Experimental (3A4) (K., = 44.9 uM)
Park_Xenobiotica_2008 38.9 1240-1251

0.0 o
00 20 40 60 80 10.0120140

pH

Solubility
— S+Sol=0.2 mg/mL @ pH 4.92
S+SF = 280.7
S+ LogP 3.04
— LogD exp =3.26 @ pH 5 (biobyte)
S+ pKa (Acid/Base) = 4.39, 5.39
OATP1B1/1A1? Substrate (K, = 5.86 uM)

Xenobio-Metabol-Dispos-2000-15(3)-219-225
Caco-2 Papp (MembranePlus) = 7.5E-08
cm/s
S+ Metabolism (3A4) (K., = 11.8 uM)

AP 7.2 = ADMET Predictor v. 7.2

S+ stands for properties predicted with
Simulations Plus models

S+Sw = solubility in pure water

SimulationsPlus
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v Ato 12 Atorvastatin_In_Vitro-Conc Media Total
ICZ bs [V O Atorvastatin_in_Vitro-Conc Media Total Obs

12 Atorvastatin_In_Vitro-Conc Media Total [V —_T__ Atorvastatin_In_Vitro-Conc Media Total Err
v O  Atorvastatin_In_Vitro-Conc Media Total Obs

v Atorvastatin_In_Vitro-Conc Media Total Err

2004
| cZ—— Vitro-Conc Cells Err 0.7~|
0.651 1804
0.64
102 M 20551 5 o
—_ . 3 3 1404
s Cells 205 s
5 10 4 £0.454 £ 1204
s 2 0.4 =
2 10 g0.35- = 1001
© € 0.3 S 080
£, -y 2o
c ] o
° 2 . . 0.154 0404
1071 .
3 Media .
005 2o
3 .05
10 . ol : 0004, .
0 1 0 1 0 1
Simulation Time (h) Simulation Time (h) Simulation Time (h)
Cerivastati
v ce v cerivastatin 1uM opt Vmax Intcpt_1Y2-Conc Media Total 4
v m] M o s v [m] cerivastatin 1uM opt Vmax Intcpt_1Y2-Conc Media Total Obs ~
v cerivastatin 1uM opt Vmax Intcpt_1Y2-Conc Media Total W T cerivastatin 1uM opt Vmax Intcpt_1Y2-Conc Media Total Err ¥
v [m] cerivastatin 1uM opt Vmax Intcpt_1Y2-Conc Media Total Obs

[V —_T____ cerivastatin 1uM opt Vmax Intcpt_1Y2-Conc Media Total Err
W T cerivastatin 1ulM opt \ X pt_1Y2-Conc Cells Er h L. X .
0.61 Lipid bilayer permeability
102 9554 model was fit due to poor
s Cells Z05¢  prediction from structure
2 10
c
2 070
] : <
g 10" 8 0604’
c C 0504
§ 1h - = — 8 8 0404,
107 i 0304
<]
S Media 020
2 010
107 000+ .
( H 0 1

Simulation Time (h) Simulation Time (h) Simulation Time (h)



TABLE 2
Derived and associated predicted in vitro parameters for atorvastatin, cerivastatin, and indomethacin

Data are mean *= S.D., and n = 3 unless otherwise stated.

Indomethacin
CLiyuprake (V/min/10° cells) 375 =45 413 =47 599 = 101
Lin pass (£1/min/10° cells) R e 237 = 63
CL,y0 e (V/min/10° cells) 43 +0.65 23+06 1.0 = 0.49
v 18 7.8 35
Kpem (ml) 0.092 * 0.007 0.15 = 0.04 0.15 +0.13
fu e, 0.011 * 0.0002 0.0081 = 0.001 0.054 * 0.041
CL,.. (pl/min/10° cells) e "o 40+23
CL,,.q (1l/min/10° cells) 68 + 31 17 = 14 7+4
VsS,eq (ml/10° cells)* T — 2+04
ned.ss 0.14 = 0.04 0.2 = 0.06 0.54 + 0.1
. 6 H .
* At a cell concentration of 1 X 107 cells/ml. Pa|ne, DMD (2008) 36.1365—1374
Atorvastatin_In_Vitro_1_Y cerivastatin 1TuM opt Vmax Intcpt_1Y2
v Clearance Metabolic 2C9Atorvastatin_In_Vitro_1_YNONE — I3 Clearance Metabolic 3Adcerivastatin 1uM opt Vmax Intcpt_1Y2NONE
’UT 12 Clearance Transport OATPApicalinflux I %) |]7 Clearance Transport OATPApicalinflux
I o 28 800
9 120 Ls00 o S % k750
©o 1104 L o o 1 k700 ©
2 450 Q© — /
J (&) 244 o
% 100 Influx oo 2 < 2 Influx jgg o)
£ 0904 =
E 350 Q E 201 F550 Q
£ o080 < 184 k500 S
= 0704 300 2 =T H450 £
~ 060- L ~ ] : k400
g 080 250 3 L u Metabolic 50 =
T E) © 121 350 S
5 0504 oo = & ) =
= 040 ) e 9 g:g 2
. L = b
E os0] Metabolic g o % 200 &
o L = 061 s
S 0204 100 S 150 x
o Loso = e F100 2
< 010 = o 024 050
2 000 = v 000 —
g 0003 T 000 s T 000
Simulation Time (h) Simulation Time (h)

Atorvastatin Results Cerivastatin Results

V.., 3A4 (umol/s/L) 0.119 V.. 3A4 (umol/s/L) 3.74E-02
V.., OATP1B1(umol/s/L) 31.9 V.., OATP1B1(umol/s/L) 295.28

Cl .o (uL/min/Mcell) 63 (68 Lit.) Cl o (uL/min/Mcell) 20 (17 Lit.)

Cl ¢ (uL/min/Mcell) 471 (375 Lit.) Cl ¢ (uL/min/Mcell) 704 (413 Lit.)



simpler compartmental model with fewer fitted parameters

Compartmenal Membrane Plus
model*

Intracellular volume

Cell membrane volume

Membrane/water partitioning
(kmem)

Active uptake

Passive diffusion

Metabolism

*Paine, DMD (2008) 36:1365—1374

Fitted
Fitted
Fitted

Fitted
Fitted

Fitted

System parameter
System parameter

Predicted from compound
properties

Fitted

Predicted from compound
properties (atorvastatin only)

Fitted
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Case Study 3: In Vitro to In Vivo Extrapolation
Using MembranePlus and GastroPlus

MembranePlus- GastroPlus-

Simulation Software
for Drug Discovery
and Development

in vitro permeability
simulation software




Propafenone Metabolism
Suspended Hepatocytes

OH

Property Value
S+Sw (mg/mL) @ pH 10.28 0.49
S+pKa (Base) 9.47
S+SF 114
S+logP 3.03
S+Peff (x10-4 cm/s) 1.76
DiffCoef (x10-5 cm/s) 0.65

50.04

40.04

30.04

Solubility {mg/mL)

20.0+4

10.04

0.0

} 1 I } e 4
00 20 40 60 80100120140

pH

AP 7.2 = ADMET Predictorv. 7.2

S+ stands for properties predicted with

Simulations Plus models
S+Sw = solubility in pure water

* Reportsindicate itis a CYP2D6
substrate and has saturable dose
dependent kinetics.

* Have IV data to compare predicted K
andV_, to.

SimulationsPlus
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(A) (B)

100 0.25 1
—4
0.20 1
R -
2 e 0151
£ E
§ ® 005um F 0.10-
10 - O 02uM
\ A 1uM 0.05 1
A 5uM
T Y T T T 1 0-00 " 5
0 15 30 45 60 75 90 0.01 0.1 1 10
Time (min) Concentration (uM)

FiG. 2. A, disappearance of propafenone in cryopreserved human hepatocytes at
various initial concentrations. Propafenone at concentrations of 0.05, 0.2, 1, and 5
1M was incubated with 1 X 10° cells/ml human hepatocytes individually prepared
from three donors. Each point represents the mean = S.D. of the remaining
percentage of substrate to the initial concentration in hepatocytes from three donors.
B, relationship between initial substrate concentration and depletion rate constant of
propafenone in cryopreserved human hepatocytes. Each point represents the
mean * S.D. of depletion rate constants of three donors. The line represents the
curve predicted from eq. 1.

Komura, Drug metabolism and disposition 33.6 (2005): 726-732.

* 100 rpm
e 2 mLincubation
e 1 Mcell/mL

SimulationsPlus
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propafenone 0.05uM
v propafenone 0.05uM-Conc Media Total

v [m] propafenone 0.05uM-Conc Media Total Obs
v propafenone 0.05uM-Conc Media Total Err

propafenone 0.2uM

v propafenone 0.2uM-Conc Media Total
[V O propafenone 0.2ul-Conc Media Total Obs
v propafenone 0.2uM-Conc Media Total Err

0.051 0.24
0.194
0.0454 0.184
= 0474
= 0.041 = 0.164
3 3 0.15
g0.035- g 0.144
- = 0.131
- =
© 0.03 © 0.124
€ € 0.1
0.0254 3 o414
g € 0.09+
o 0.024 0 0.08-
0.074
0.0154 0.06-
E 0.054
0011, . . , ooad
0 005 01 0.15 0 005 01 015 02 025 03
Simulation Time (h) Simulation Time (h)
propafenone 1uM propafenone 5uM
v propafenone 1uM-Conc Media Total v propafenone SuM-Conc Media Total
[V O propafenone 1uld-Conc Media Total Obs [V O propafenone Suli-Conc Media Total Obs
¥ __T__ propafenone 1ulM-Conc Media Total Err [V __T__ propafenone SuM-Conc Media Total Err
54
= =
2 S
c c
b= 2
® ®
] ]
c c
[+ 3
g g
° ° 44 [u}
(&) (&)
0 01 02 03 04 05 06 0 1

Simulation Time (h)

Simulation Time (h)

*  K_=0.0146 uM
« V__ =9.27E-02
umol/s/L cytosol

* V.. Convertsto:

e 2.17E-02 nmol/min/
Mcell

K., calculated was lower
than the paper which is
indicative of the true
intracellular K based on
unbound intracellular
concentration
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Convert CLint

T Convert Km and ¥max T Convert T1/2 T Transporters

" Microsomes
{* Hepatocytes
" ICYP

" Cytosolic Protein

~In vitro assay type: —— 1 In vitro fraction unbound: ——

" Fuplasma
" Fu calc [Austin)
{ Fu calc [Hallifax)

invito Vmax |0.0217  |nmol/min/10"6 cells v |

" User defined |1UU °
% In vivo Ymax IUUZSS? ma/s Metabolite:

¢ |n vitro value is unbound

invito Km 0.01461  Jumol/L ~|

In vivo Km,u |4.985E-3 ma/L NDNE

Hide Advanced Options

Km and ¥max values exported

to table!

Body Weight |74 Tissue Weight |1 800 ’/

Mill Cells/g Tiss |1 20

drug Mwt |341 .45

Hepat Conc in vitro [Mcells/ml] |1

Save Current Settings as Defaults

Restore GastroPlus Settings

o 8.74E -4 mg/s/mg-enzyme upon export.

or rows with PBPK location, Ymax will be converted

Transfer 2DE Km and Ymax values to Enzyme table |

Enzyme

208 ~l pmol/Mil Calls [2533

Mt | 55801

Tissue I- Zl Physiology I vl

Calculate Clint | In vivo Clint, u_[1.9268E+4 L/

Close |

SimulationsPlus

SCIENCE + SOFTWARE = SUCCESS



GastroPlus with the in vitro extrapolated CYP2D6 clearance

Data:

propafenone PBPK

v

Cp-Venous Return-propafenone PBPK

v a Cp-Venous Return-propafenone PBPK Obs
v I Cp-Venous Return-propafenone PBPK Err

Hollmann, Cardiac Arrhythmias, Springer 125-132

Simulation Time (h)

20

Concentration (ng/mL)

propafenone PBPK

v Cp-Venous Return-propafenone PBPK
v a Cp-Venous Return-propafenone PBPK Obs
v I Cp-Venous Return-propafenone PBPK Err

[
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Conclusion

MembranePlus has multiple capabilities to assess

— Passive and active drug transport in various assays

— Interplay between metabolism and passive/active drug transport:
e Sandwich Hepatocytes

* Plated Hepatocytes
* Suspended Hepatocytes
— Drug disposition in Bile
* Sandwich Hepatocytes
— Drug concentration within cellular structures
* Lysosomes, lipid bilayers

— Extract relevant parameters for IVIVE in GastroPlus

— Additional validation with datasets and software release imminent
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