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ABSTRACT

S 55746 ((S)-N-(4-hydroxyphenyl)-3-(6-(3-(morpholinomethyl)-1,2,3,4-
tetrahydroisoquinoline-2-carbonyl)benzo[d][1,3]dioxol-5-yl)-N-phenyl-5,6,7,8-
tetrahydroindolizine-1-carboxamide) is a new selective Bcl-2 inhibitor developed by Servier
Laboratories and used to restore apoptosis functions in cancer patients. The aim of this work
was to develop a translational approach using physiologically based (PB) pharmacokinetic
(PK) modeling for interspecies extrapolation to anticipate the nonlinear PK behavior of this
new compound in patients. A PBPK mouse model was first built using a hybrid approach,
defining scaling factors (determined from in vitro data) to correct in vitro clearance
parameters and predicted Kp values. The qualification of the hybrid model using these
empirically determined scaling factors was satisfactorily completed with rat and dog data,
allowing extrapolation of the PBPK model to humans. Human PBPK simulations were then
compared to clinical trial data from a phase 1 trial in which the drug was given orally and
daily to cancer patients. Human PBPK predictions were within the 95% prediction interval
for the 8 dose levels, taking into account both the nonlinear dose and time dependencies
occurring in S 55746 kinetics. Thus, the proposed PK interspecies extrapolation strategy,
based on preclinical and in vitro information and physiological assumptions, could be a
useful tool for predicting human plasma concentrations at the early stage of drug

development.
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Introduction

The development of a new chemical entity is a long and expensive process. According to
several studies (Kola and Landis, 2004), the rate of approval in the field of oncology after
entry into phase 1 is approximately 5%, among the lowest of all therapeutic areas. At the
beginning of the 1990s, the main reasons for the high attrition rate were a lack of efficacy and
unfavorable pharmacokinetics (PK). For this reason, improvement of drug selection at the
earliest stage of development based on PK properties (absorption, distribution, metabolism,
and excretion) has been encouraged, and the extrapolation of preclinical data to human has
been performed much earlier in the development process.

In this way, preclinical information can be a precious resource for predicting the
behavior of a compound in humans and therefore can be decisive for “go/no go” decisions.
Several methods with different degrees of complexity have been described to predict human
PK from non-clinical settings. The most empirical approach for interspecies PK extrapolation
is based on the prediction of human PK parameters (clearance, volume of distribution) by
allometric scaling (Boxenbaum, 1982; Mordenti, 1986; West et al., 2002; Tang and
Mayersohn, 2006) and has been widely used in recent decades. Other more sophisticated
strategies have also been developed (Dedrick, 1973; Wajima et al., 2004), based on the
assumption that concentration-time profiles of a drug from a variety of species could be
superimposed when the curve axes were normalized (by mean residence time, body weight,
or dose per kilogram). However, those techniques can be applied only to drugs with linear
kinetics and thus have a limited range of applications.

With the progress of in vitro experiments and the availability of microsomes and
hepatocytes from different species, human clearance parameters could be better determined
thanks to the development of in vitro/in vivo extrapolation (Houston and Carlile, 1997,

Houston, 2013). The use of PBPK (physiologically based pharmacokinetic) modeling
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(Rostami-Hodjegan et al., 2012) can be an attractive strategy for predicting drug PK thanks to
the differentiation of system-specific parameters from drug-specific parameters. Unlike
empirical and classical compartmental models, which can be useful to describe data, PBPK
models use physiological concepts that facilitate interspecies extrapolation. In a PBPK
model, compartments represent tissues or organs; their volumes are set to the real physical
volumes, and the different organ-specific blood flows are also considered. In this approach,
the disposition profiles are predicted from the physico-chemical properties of the compound
and the species-specific physiological parameters (Espie et al., 2009; Jones and Rowland-
Yeo, 2013).

Most interspecies extrapolation studies deal with compounds presenting linear PK
processes, and few studies have tried to scale the kinetics of drugs exhibiting nonlinear
behavior (Dong et al., 2011; Chen et al., 2013) from preclinical studies to clinical trials. In
those studies, a Michaelis—Menten equation (Michaelis et al., 2011) has been used to describe
the nonlinear phenomenon, and correlations have been calculated using a power law model
(Dedrick, 1973) (according to body weight) for the Vm and K parameters to predict human
parameters. Even if acceptable predictions have been made at some doses, though, difficulties
have still been highlighted regarding the ability to capture both linear and nonlinear processes
simultaneously (Dong et al., 2011; Chen et al., 2013).

This study focused on the compound S 55746 ((S)-N-(4-hydroxyphenyl) -3- (6-(3-
(morpholinomethyl) - 1,2,3,4-tetrahydroisoquinoline -2- carbonyl)benzo [d] [1,3]dioxol-5-
yl)-N-phenyl -5,6,7,8-tetrahydroindolizine -1- carboxamide), which was identified as a new
Bcl-2 inhibitor. Bcl-2 family proteins largely mediate the mitochondrial apoptotic pathway
(Bagci et al., 2006), and in many cancers, apoptosis is affected by Bcl-2 anti-apoptotic
protein overexpression (Cosulich et al., 1997; Ottilie et al., 1997), impairing the cell’s ability

to undergo normal apoptosis (Reed, 2004). Therefore, by inhibiting the Bcl-2 protein, S
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55746 can reactivate apoptosis and decrease tumor growth. S 55746 has shown a nonlinear
PK during preclinical studies, which presents challenges for interspecies scaling of its PK.
The aim of this work therefore was (i) to propose a PK extrapolation strategy based on PBPK
modeling, (ii) to predict its PK behavior in humans based on preclinical studies, and (iii) to

compare our predictions to the data from the first-in-human trial of S 55746.
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Material and Methods
In Vitro Methods

Protein Binding. S 55746 (Figure 1) was provided by Servier Laboratories. The
unbound fraction in plasma (fup) of [14C]-S 55746 was determined in animals and humans by
dialysis using the Rapid Equilibrium Dialysis device system (Thermo-Fischer,
Massachusetts) at the concentrations of 500, 5000 and 50000 ng/mL for all species. Aliquots
of spiked plasma were placed into the sample chamber, and samples of non-spiked dialysis
buffer were added to the buffer chamber. The plates were covered and incubated at 37°C at
500 rpm on an orbital shaker (for 1, 3, 4 and 5h). All incubations were performed in triplicate
and analyzed by liquid scintillation counting.

Blood to Plasma Partition. The blood to plasma concentration ratio (Roip) was
determined in triplicate per concentration for all species. Prior to spiking blood, a small
aliquot of blood was taken for the determination of the hematocrit. Spiked blood samples
were incubated on a roller mixer for 1 h at 37°C and then centrifuged at room temperature.
Finally, plasma was transferred into appropriate tubes to be analyzed by liquid scintillation
counting to allow the determination of drug concentration. The blood-to-plasma

concentration ratio was calculated using the following equation:

— Cnt
Rpip = -

Eq1
where Cp and Cp, are respectively the drug concentration in blood and plasma.

Microsome and Hepatocyte Clearance Determination.
Microsomal incubations were carried out for different times (0, 7, 17, 30 and 60 min) at 37
°C with human liver microsomes (HLM) with S 55746 at a final concentration of 0.1 and 40

uM. Reactions were initiated by addition of nicotinamide adenine dinucleotide phosphate

(NADPH) after a 10 minutes pre-incubation time. During incubation, aliquots were sampled
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at each incubation time and the enzymatic reaction was stopped by protein precipitation using
methanol.
For hepatocytes, S 55746 was incubated for different time points (0, 5, 10, 20, 30, 60 and 100
min) in William EC medium (Thermo-Fischer, Massachusetts). Reactions were initiated by
the addition of S 55746. During incubation, aliquots were sampled at each incubation time
and the enzymatic reaction was stopped by protein precipitation using acetonitrile.
Samples were then centrifuged and the supernatants transferred to analysis plates, followed
by analysis using liquid chromatography coupled with mass spectrometry in tandem (LC-
MS/MS).
The Km and Vm parameters of S 55746 in HLM and in hepatocytes were determined via
substrate disappearance kinetics. Since the enzyme activity decreases with time, Vi can be
described by:

Vi = Vo - e Kat Eq2
where Vo is the initial Vim and kg the inactivation constant for the degradation of enzyme
activity.
The model used to describe the disappearance of the substrate was therefore:

as _  VilS]

dt — Kmp+[S]

Eq 3
The data were analysed with the nonlinear analysis software WinNonlin Version 5.1
(Pharsight Corporation, USA). The K and Vi parameters were estimated with inclusion of
microsomal binding data.

The determination of the intrinsic clearance was calculated using the following formulas

according to microsome or hepatocyte experiments:

Vm
CLint,vitro,mic/hep = Kt Co Eq4
CLint vivo = CLintvitromic - MPPGL - Liver Weight Eq5
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where CLintvivo iS the intrinsic clearance for the whole organ, CLintvitomic iS the intrinsic
clearance determined with the microsomal system, and MPPGL represents the microsomal
protein per gram of liver of the relevant species; and

CLintvivo = Clintpitronep - HPGL - Liver Weight Eq6
where CLintvitrohep IS the intrinsic clearance measured by the hepatocyte system and HPGL
represents the number of hepatocytes per gram of liver.

Identification of Enzymes Involved in Human Hepatic Metabolism. Cytochrome
(CYP) contribution was determined via clearance experiments with S 55746 and recombinant
human CYPs (rhCYPs) 1A2, 2C8, 2C9, 2C19, 2D6, and 3A4. S 55746 was incubated with
each individual rhCYP for 0 min, 7 min, 17 min, 30 min, or 60 min.

The relative contribution of each CYP enzyme to the oxidative part of the microsomal
clearance of S 55746 was estimated by comparing each individual CYP’s intrinsic clearance

(CLintrhcyp) to the sum of individual CYP intrinsic clearance (3 CLint,hcyp).

CLing, hCYP
Y. CLint,ThCYP

fm(%) = Eq7
A relative activity factor (RAF) was estimated from the ratio of the intrinsic clearance (values
for CYP specific probe substrates using rhCYP and using human liver microsomes using the

following equation:

CLing,"hCYP
CLine,HLM

RAF = Eq8
The concentration of bactosomes to be used in the incubation was calculated from the
concentration of HLM used as standard for intrinsic clearance measurement, using the

following equation:

[HLM]
RAF

[rhCYP] = Eq9
Where [rhCYP] is the bactosomal protein concentration and [HLM] is the microsomal protein

concentration.

10
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Supernatants were analyzed using a turboflow LC-MS/MS Platinum Mass Spectrometer to
assay S 55746 concentrations. Orthogonal assays using microsomes and CYP inhibitors were
conducted in order to confirm the results.

Assessment of Mechanism-based Inhibition in Humans liver microsomes. The
possible existence of mechanism-based inhibition (Obach et al., 2007) of CYP3A4 was also
investigated. Human liver microsomes were pre-warmed with S 55746 (0, 0.25, 0.5, 1, 2, 3,
10 and 30 pM) for 5 min at 37°C. The pre-incubation was initiated by addition of NADPH or
buffer, and at different pre-incubation times (0, 2, 4, 6, 8, 12 and 14 minutes), an aliquot of
the pre-incubate was collected and added to a vial containing midazolam (Sekiguchi et al.,
2011). After an incubation of 7 min, reactions were terminated by addition of methanol.
Samples were placed on ice before centrifugation. Supernatants were analyzed using LC-
MS/MS for measurement of hydroxymidazolam concentration. Calculations and regression
analysis were performed using Excel™ 2003 (Microsoft Corporation, Roselle, USA) and
XIfit4 (IDBS software, Guildford, UK).

A value for Kinact (maximum inactivation rate constant) and Kapp (concentration which
produces the half maximal rate of inactivation) was determined by nonlinear regression

analysis. The data were fitted to the following equation:

kops = % Eq 10
where Kobs is the slope observed when representing the natural logarithm of percent remaining
activity against the pre-incubation time, Kinact is the maximum inactivation rate constant, [1] is
the inhibitor concentration and Kapp is the concentration which produces the half maximal
rate of inactivation.
Induction.

Isolated human hepatocytes cultured on type | collagen plates were used to assess the

induction potential of S 55746. For 3 days, these human hepatocytes were treated with S

11
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55746 at 0.1, 1, 2.5, 5, or 10 uM omeprazole (a known inducer of human CYP1A),
phenobarbital (a known inducer of human CYP2B6), or rifampicin (a known inducer of
human CYP3A). After 3 days, the hepatocytes were incubated with the cytochrome P450
substrates phenacetin (CYP1A2), bupropion (CYP2B6), and midazolam (CYP3A4) for
assessment of enzyme activity.

Following the incubation, hepatocytes were harvested to isolate RNA (ribonucleic
acid), analyzed by quantitative reverse transcriptase polymerase chain reaction. The obtained
activities were compared to those of control cultures not exposed to the test compounds or to
the reference CYP inducers. The results were expressed as fold induction compared to the
control conditions or as a percentage of the reference inducer CYP activity or mRNA
expression increase. When a concentration-dependent increase of CYP mRNA was observed
and a maximum fold change was reached during the experiments, the data (fold induction)
were processed for the determination of induction parameters (Indmax, maximal fold
induction and Ind C50, concentration at which there is a 50% maximal induction effect) by

non-linear regression fitting of the data.

Apparent Permeability: Papp Determination. The Caco-2 cell line (Hilgers et al.,
1990) was cultured in Dulbecco’s modified Eagle’s Medium containing 10% (v/v) of fetal
calf serum, 1% L-glutamine, nonessential amino acids, antibiotics, and amphotericin. Cells
were seeded at 90,000 cells per cm? onto a microporous membrane of 24-multiwell insert
plates so that apical (A) and basolateral (B) media would be separated by the cell monolayer.
Cells were maintained at 37°C in an atmosphere of 95% air and 5% CO. and used between
21 and 30 days post seeding. S 55746 was incubated at 10 uM in the apical chamber.

Samples (duplicate) were collected at 30 and 90 min in the basolateral chamber and analyzed

12
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by LC-MSMS. Reference compounds Papp a-s (Cimetidine, propranolol) were used to
determine the calibration curve of the Caco-2 model.

Table 1 shows the in vitro and in silico parameters for all species.

PBPK Modeling

The PBPK modeling strategy was based on the use of either in vitro or in vivo data
(according to a retrograde approach) depending on the quality of the predictions (Peters,
2008). Simcyp software, version 14 (Jamei et al., 2009a; Jamei et al., 2013), was used to
perform PBPK modeling.

Distribution. In the full PBPK distribution model, we assumed that the drug distributes
instantaneously and homogeneously within each tissue and that its uptake in each tissue is
limited by the blood flow (perfusion limited). The rate of change of the drug in a non-
eliminating tissue is described by the following differential equation (Nestorov, 2003; Jones

et al., 2009):

Cr
KpT.p1

dc
Vr 'd_tT = Qr* (Capr = Copir) = Qr " (Capr =

) Eq 11
where Qr is the tissue blood flow and V7 is the volume of the tissue. The subscript T denotes
the tissue, the subscript a represents the artery, bl denotes the blood, and v the vein. Cap and
Cvpi,T refer to the concentration in the arterial blood entering the tissue and the concentration
in the venous blood leaving the tissue, respectively, and Kpr.n is the coefficient partition
between the tissue and the blood.

It has been considered that the drug might be eliminated only from liver where the rate

of change of the drug can be expressed by:

dcp
Vi —=0Qn" (Ca,bl - v,bl,h) — CLintwivo * Cun Eq 12
dt

where the subscript h denotes the liver, CLintvivo the intrinsic in vivo clearance, and Cyn the

unbound concentration in the liver.

13
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The equations of Poulin and Theil (Poulin and Theil, 2002a; Poulin and Theil, 2002b),
modified by Berezhkovskiy (Berezhkovskiy, 2004), and the equations of Rodgers and
Rowland (Rodgers et al., 2005a; Rodgers et al., 2005b; Rodgers and Rowland, 2006; Rodgers
and Rowland, 2007) were compared to predict tissue/plasma partition coefficients (Kpr:p)
from physico-chemical parameters and the resulting volume of distribution in plasma:

Vss = Vi * Rpip + 2 Vr - Kpryp Eq13

Clearance. The well-stirred model (Rowland et al., 1973; Pang and Rowland, 1977)

was used to determine hepatic clearance CLnp from the intrinsic clearance CLint, the hepatic

blood flow Qn, and the unbound fraction in blood fupi:

CL — Qh'fu,bl'CLint,vivo £q 14
h.bl Qn+fupr'Clintvivo

Where fypn was calculated by dividing the unbound fraction in plasma (fup) by the blood to
plasma ratio.

Oral Absorption. The oral absorption in humans was predicted using the ADAM
(Advanced Dissolution, Absorption, and Metabolism) model (Jamei et al., 2009b; Patel et al.,
2014) implemented in Simcyp. The ADAM model is a multi-compartmental gastrointestinal
(GI) transit model. The GI tract is treated as a one-stomach, seven-small-intestine, and one-
colon compartment, and the drug can exist in several states simultaneously: unreleased,
undissolved, dissolved, or degraded. In this model, data from apparent permeability
experiment (Papp) are used to predict the effective permeability across the enterocyte (Sun et
al., 2002) and the integration of the dissolution profile of the formulation can be used to
determine the fraction of the pharmaceutical active compound released from the formulation
over time.

Strategy for Interspecies Qualification. Before performing PBPK simulations in
humans, a qualification exercise was performed on different preclinical species. For this

qualification with rat and dog PBPK models, the mouse physiological model parameters were

14
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replaced with the corresponding values for rat and dog, and the drug-specific parameters
measured in mouse-specific in vitro systems (e.g. CLint, fup) were replaced with the
corresponding values measured in rat and dog in vitro systems. Simulations were carried out
based on the dose and administration schedule in the in vivo studies, and the rat and dog
PBPK model predictions were evaluated for their goodness of prediction based on the model
evaluation criteria described below (see Prediction performances and parameter analyses).
Intravenous PK data from two preclinical species, rat and dog, were available to qualify the

PBPK approach and to validate interspecies extrapolation.

In Vivo Preclinical PK Studies

All of the animal experiments were reviewed and approved by the ethical committee,
and were in general accordance with the animal health and welfare guidelines; it was also
ensured there were no other alternative methods than live animals to achieve the study
objectives. Severe combined immunodeficient (SCID) female mice, male Wistar rats, and
male beagle dogs from Charles River Laboratories were used for PK studies. The oral
formulations were different in each species, so only intravenous (V) studies were considered
in preclinical species (mouse, rat, dog) to better characterize clearance and distribution
processes.

Mouse Studies. SCID mice (female) were treated with S 55746 by IV bolus of 1, 3, 10,
or 25 mg/kg. Blood samples (from the tail or saphenous vein) between 0.083 to 30 h after
dose were collected in 2 to 5 mice per time point.

Rat Studies. PK studies in Wistar rat (male) were conducted after an IV infusion
administered at the following doses: 0.5, 1.5, or 5 mg/kg. Blood samples (from the tail vein)
were collected from 0.17 to 24 h after administration. Three animals were used for each dose

level.

15
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Dog Studies. In PK studies in Beagle dog (male), S 55746 was given after a single 1V
bolus administration. Doses of 0.2 and 1.5 mg/kg were administered to dogs. S 55746 was
quantified from 0.17 to 24 h after administration. Data from three dogs were available for

each dose.

Clinical Study

Clinical protocols were approved by the French regulatory agency (Agence Nationale
de Sécurité du Médicament, or ANSM), and all subjects gave written informed consent for
participation in the clinical trials. Dose escalation in the phase | clinical trial was driven by
the Continual Reassessment Method (Garrett-Mayer, 2006).

S 55746 was given orally once a day to fasted cancer patients (non-Hodgkin lymphoma,
chronic lymphocytic leukemia, and acute myeloid leukemia) for a period of 21 days at
different doses (100 mg, 200 mg, 300 mg, 400 mg, 500 mg, 700 mg, 900 mg and 1100 mg).

Blood samples were collected over 24 h on the first and eighth days of administration.

Bioanalytical method

The drug concentrations in plasma were determined using liquid chromatography coupled
with mass spectrometry in tandem (LC-MS/MS). For this bioanalytical method, samples were
thawed at room temperature, vortex mixed and centrifuged. Aliquots of samples were added
to the Ostro™ (Waters, Milford, Massachusetts, USA) sample preparation plate with the
internal standard (N-(4-{2-[(3aS,9bR)-8-Cyano-1,2,3,3a,4,9b-hexahydrochromeno [3,4-
c]pyrrol-2-yl]ethyl}phenyl)acetamide, hydrochloride) to remove proteins and phospholipids.
Plates were mixed at room temperature. After elution in 96 well plate, 100 ul of the eluate
was mixed and injected directly into the LC-MS/MS system. Analytes were separated using a

pentafluorophenyl column (100x2.1 mm, 2.6 pum). Multiple-reaction monitoring was selected
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for detection at m/z 711.4 > 624.4. The lower limit of quantification was 1 ng.mI for mice
studies, and 5 ng.ml* for rats and dogs studies. For clinical study, the lower limit of

quantification was 10 ng.ml™.

Prediction Performances and Parameter Analyses

Since observed PK data were drug concentrations in plasma, PBPK model-predicted plasma
concentrations were obtained by dividing predicted blood concentrations by the blood to
plasma ratio.

Non-compartmental Analysis. For in vivo studies, the S 55746 plasma concentration—
time profiles were analyzed by non-compartmental analysis, and the area under the curve
(AUC) was calculated using the log-linear trapezoidal rule.

Assessment of Prediction Accuracy. The accuracy of PBPK prediction was evaluated
on AUC and plasma concentrations. The goodness of prediction in each preclinical species
was evaluated based on the average fold error (AFE) and on the root mean square error

(RMSE) (Sheiner and Beal, 1981). The fold error, AFE, and RMSE were calculated as

follows:
PRED
fold error = Eq 15

OBS

Y. log fold error

AFE =10 n Eq 16
log PRED—log OBS)2
RMSE = \/2( 29 PRED=l00 089 £q17

where PRED is the prediction, OBS is the observation, and n is the number of samples.
To account for the interindividual variability existing in clinical data, prediction
performances were assessed using the 95" confidence interval of the simulated AUC and

maximal concentration, Cmax (Abduljalil et al., 2014).

17

¥202 ‘vz 11dy uo sfeulnor 134SY e B1o's jeuuno fiadse pwip wio.y pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 2, 2019 as DOI: 10.1124/dmd.118.085605
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 85605

Results
S 55746 compound

From in vitro experiments (data shown in Table 1), S 55746 was shown to be an
ampholyte compound with a high lipophilicity. In all species tested, S 55746 was found to be
highly bound to plasma proteins and extensively metabolized (mainly by CYP450 enzymes).
Also, S 55746 exhibits both enzymatic induction properties and mechanism based inhibition
on CYP3AA4.

PBPK Modeling in Mice

A basic PBPK approach was first applied in mice using the intrinsic clearance
parameters determined with in vitro experiments (and extrapolated to in vivo using
physiological scaling factors) and distribution parameters predicted from physico-chemical
properties. This approach resulted in poor prediction accuracy and did not account for the
nonlinear elimination process seen in vivo (data not shown).

A comparison with a hybrid PBPK approach (Sayama et al., 2012; Sayama et al., 2013)
was undertaken next. In this case, the in vivo clearance and in vivo volume of distribution
determined with a previous compartmental model analysis (Pierrillas et al., 2018) were used
to calculate empirical scaling factors (SFs) in the PBPK model. Parameters determined from
the compartmental analysis are shown in Table 2.

In addition, the Poulin and Theil method corrected by Berezhkovskiy provided better
performances for the Kpr:p calculation than the Rodgers and Rowland method (the Rodgers
and Rowland method implemented in Simcyp software better predicts the volume of
distribution for strong bases whereas S 55746 is an ampholyte compound).

Regarding elimination, the nonlinear elimination uncovered in the previous

compartmental analysis (Pierrillas et al., 2018) was incorporated into the PBPK model: a
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back calculation of the in vivo clearance parameters was done to insert these parameters into

the PBPK model according to the following relationships (demonstration in the appendix):

Vin = m,int Eq 18

Km,int Vm,int
K. = m,in + X
m

Eq 19
fubt Qn

Where Vn is the in vivo maximum rate of elimination, Vm,int is the intrinsic maximum rate of
elimination, K is the drug concentration in plasma corresponding to 50% of the maximum
rate of elimination, Km,nt is the intrinsic drug concentration corresponding to 50% of the
intrinsic maximum rate of elimination, fup the unbound fraction in blood, and Qn the hepatic
blood flow.

In addition, the considered compound was demonstrated to have a low hepatic
extraction coefficient (En < 0.3) during PK studies in mice. Consequently, the in vivo

clearance could be approximated by the intrinsic clearance times the unbound fraction:

Vin = m,int Eq 20
— K .
Ky =% £q 21
fubl

A predictions versus observations plot of plasma concentrations performed with the
hybrid approach is shown in Figure 2, and all measures of predictive performances are
reported in Table 3. PBPK predictions resulting from the hybrid approach and the
descriptions of concentration—time profiles (shown in the supplemental material) were more

satisfactory than those obtained with the classical method (using in vitro CLint). The ratios

/‘;}iﬂ for each dose are in the range of acceptance (0.5- to 2-fold). In the observed dose
Pred

range in mice, AFE ranged from 0.672 to 1.42 and RMSE varied from 0.138 to 0.491. These

performances are acceptable because no interindividual variability has been taken into
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account in the proposed PBPK model. The hybrid approach was therefore selected for use in

the interspecies extrapolation, and the subsequent qualification with rat and dog.

Qualification of the PBPK Approach with Rat and Dog Data
As the hybrid approach was satisfactory in mice, SFs for clearance and distribution

parameters were calculated from the mouse as follows:

V...
j;}%@n — __vitro Eq 22
Vim
—
Km. .
T — q
SFK vitro Eqg 23

m Km

Vsspivo—Vbi'Rpl:
SFKp — /sswivo P £q 24

XVrKprp

—

Where SFkm, SFvm and SFkp are respectively the scaling factors for Km, Vm and the
coefficient of patition Kp, Km vitro, Vm vitro are the clearance parameters determined from in
vitro experiment and Km , Vm are the in vivo clearance and distribution parameters
determined from the previous compartmental analysis (Pierrillas et al., 2018).

To qualify the hybrid PBPK approach, clearance and distribution parameters were
predicted in rat and dog using SF defined in mice, assuming that the discrepancies between in
vitro and in vivo parameters in other species had a similar origin to that in mice. For both
species, predictions versus observations plots are presented in Figure 2, concentration—time
profiles for all of the qualification exercises are presented in the supplemental material

(Supplemental Figure 1), and predictive performances are shown in Table 4.

For rat data, concentration—time profiles were well predicted; furthermore, the e
Pred

ratios were acceptable (jUUCﬂ ratios between 1.10 and 1.20). Concerning dog data, the
Pred

. AUC
exposure parameters were also satisfactory (AU—O”S

Pred

ratios less than 2 and above 0.5), but the
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concentration—time profiles were less well described (especially the terminal phase) than in
rat.

Regarding prediction performances of plasma concentrations, AFE values for both
species were not out of the limits of [0.5, 2], and RMSE did not exceed 27.6%. These results
implied that the predictions were acceptable.

Thus, the qualification of the hybrid approach with the application of the SFs was
considered satisfactory with rat and dog data. For this reason, the same strategy was selected

for the prediction of human PK.

PBPK Predictions Challenged with Clinical Data

The SFs defined in mice were applied to human in vitro clearance and distribution
parameters. In addition, the metabolic pathway of S 55746 determined from in vitro studies
on human cells was incorporated into the model. In vitro studies highlighted that CYPs were
responsible for 85% of the metabolism of S 55746 and furthermore that CYP3A4 was the
main isoenzyme involved (97% of CYP-mediated metabolism) (Table 1). Accordingly, liver
clearance was described as the sum of CYP3A4-dependent clearance (82.5%) and CYP3A4-
independent clearance (17.5%). Because this CYP3A4-independent clearance likely resulted
from uridine 5'-diphospho-glucuronosyltransferase (UGT enzymes), an interindividual
variability of 75% was added to this parameter (Court, 2010). Concerning the absorption
process, the dissolution profile of the drug in formulation and the in vitro permeability data
from Caco-2 experiments were added to the human PBPK model. The predictions were better
using hepatocyte data rather than microsomal data (data not shown), which is certainly due to
the involvement of drug conjugation.

For both PK sampling days (day 1 and day 8), the predicted concentration-time profiles

were in good agreement with the observed data (Supplemental Figure 2). Furthermore,
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despite the large interindividual variability, our approach satisfactorily predicted the observed
AUC and Cmax values for patients at all doses (Figure 3), permitting the qualification of the
PBPK extrapolation strategy at eight dose levels. Exploring the PK characteristics of S 55746
in humans by simulation of the PBPK model at the different doses (Supplemental Figure 3), S

55746 PK appeared to be proportional to the dose in the studied dose range.
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Discussion

A new approach has been developed for predicting the nonlinear PK characteristics in
humans of a new Bcl-2 inhibitor using PBPK modeling and interspecies extrapolation. The
application of the classical interspecies prediction methods (allometry, Dedrick method,
Wajima method) was not appropriate because of the violation of their main assumptions
(nonlinear PK of S 55746 in nonclinical species). Consequently, in vivo mouse data were
used to build a hybrid PBPK model, and SFs were derived to correct in vitro clearance (Vm,
Km) and distribution (Kp) parameters. Since SFs determined in mice were applied to other
species, this implied that the reasons for divergence between in vitro and in vivo parameters
were similar among species.

The use of in vitro parameters with physiological scaling factors directly as input into
the PBPK model in mice led to poor prediction accuracy and particularly did not reflect the
nonlinear behavior of the compound seen during in vivo preclinical studies along with other
factors not taken into account in the commonly used (or physiological) extrapolation factors.
This was accounted for by the development of a hybrid approach defining SFs in the mouse
for both Vi and K parameters, and was qualified using two other non-clinical species (rat
and dog).

The high value of RMSE found in the model evaluation exercise in mice is probably
due to the fact that the Simcyp animal module (version 13) does not incorporate physiological
interindividual variability. In consequence, all of the variability highlighted during the
previous compartmental population analysis of in vivo mouse data (Pierrillas et al., 2018) was
considered as residual variability in the PBPK analysis and consequently inflated RMSE
values.

The use of SFs has always been controversial regarding the rationale and foundations.

The need for additional SFs between in vitro and in vivo values for clearance and distribution
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parameters can arise from many processes. In this example, a likely explanation could be the
implication of transporters for distribution and elimination of the compound. Indeed, during
clearance determination on microsome or hepatocyte suspension, transporters are not
functional, and consequently, the measurement does not represent the whole of what is
occurring in vivo. S 55746 is a BDDCS (Biopharmaceutics Drug Disposition Classification
System) class 2 compound (Benet et al., 2011; Broccatelli et al., 2012), so this assumption is
reinforced. In addition, approximately 50% of S 55746 molecules are positively ionized at
physiological pH, confirming the plausibility of the involvement of cation transporters, such
as organic cation transporters (Koepsell et al., 2007; Giacomini et al., 2010).

The implication of transporters affecting the distribution process can also be invoked to
explain the need for SFs for Kp values. Other arguments in favor of SF could be an incorrect
assessment of the plasma protein binding (fup) or a non-consideration of a tissue-binding
component in the Kp calculation.

Furthermore, the interspecies extrapolation with the hybrid approach was based on the
assumption that the reasons for divergence between in vitro and in vivo parameters were
similar across species. This can be considered as a strong hypothesis but was supported by
the data; however, finding mechanistic explanations for SF remains a challenge for future
research.

Regarding the human data, the best results were obtained using the clearance (in
combination with the SFs) determined from hepatocytes rather than microsomes. The
possible involvement of conjugation or glucuronidation (which is not assessed with
microsome experiments) can explain this result.

In addition, in vitro studies revealed that S 55746 affected its own metabolism
(CYP3A4) by mechanism-based inhibition and induction. The predicted combination of both

phenomena seems to reflect the observed kinetic profile of S 55746. However, the power to
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detect an invalidation of the model is low because of the small population size combined with
the large observed variability.

On the other hand, for few patients (over all doses), the PBPK model does not seem to
capture Cmax and exposure parameters very well. Nevertheless, investigation showed that
these patients were also given proton-pump inhibitors; these medicines increase the pH in the
stomach, leading to lower solubility of S 55746 and consequently to a reduction in drug
absorption.

Overall, the combination of this PBPK model-building approach with interspecies
extrapolation led to acceptable and satisfactory predictions in humans at different doses and
described well all of the kinetic processes observed so far. Furthermore, the PBPK model-
building strategy could have important applications in the development of drugs with
nonlinear kinetics by helping to anticipate PK behavior using all information available from
preclinical and in vitro studies at the earliest stage. In addition, the combination of this PBPK
model with a pharmacodynamic model could be useful for early forecasting of efficacy in
humans, to propose doses for testing in clinical studies, to optimize the design of phase 1

studies, and ultimately for making “go/no go” decisions.
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Legend for Figures

Figure 1: Chemical structure of S 55746.

Figure 2: Observed plasma concentrations versus PBPK plasma concentration predictions in
mice, rats, and dogs. Circles represent observations, the dotted line represents the identity

line, and the red lines represent the two-fold interval.

Figure 3: AUC and Cmax in plasma versus doses and day of treatment. Crosses represent the

observations, and the blue segments represent the 95% prediction interval of AUC and Cpax.
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TABLES
Table 1: Characteristics of the S 55746 compound
Parameters
Drug-dependent Parameters
pKa Acidic: 9.7 / Base: 6.9
Log P 4.4
g.mol? 710.8
Molecular weight
Pcaco-2 10_6 cm.s’l 5.00
Species-dependent Parameters
Mouse Rat Dog Human
Unbound fraction in plasma f, % 1.50 2.77 1.78 2.50
Blood to plasma ratio Ryip 1.10 1.12 0.81 0.86
In vitro metabolic parameters
Mouse Rat Dog Human
. Vi pmol/min/mg prot 1310 4260 n/a 1070
Microsome parameters K. UM 0.44 154 n/a 0.625
Hepatocvte barameters Vi pmol/min/10° hep 627 n/a 132 283.8
patocytep Ko uM 3.4 n/a 0.8 1.08
Metabolic pathway in human
Clearance due to CYP’s 85%
Contribution of CYP’s 97% due to CYP3A4
kinact 1/h 12.6
MBI parameters Kono UM 155
Induction parameters Ind max 1041
P Ind C50 ny 3.03
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Table 2: In vivo mouse PK parameters using compartmental PK approach

Parameters (Unit) Definition Estimates
Ve (LkgD) Volume of distribution of the 1.18
central compartment
Vp (L.kgh Volume of distribution of the 1.15
peripheral compartment
Km (ng.ml%) Drug concentration 654
corresponding to 50% of
maximum rate of
elimination
Vm (mg.hlkg?) Maximum rate of 3.79
elimination
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Table 3: Prediction performances of the PBPK model in mice

DMD # 85605

Mouse data
AUC
Dose (mg/kg) AUCops (ng.ml.h) AUCpreq (ng.ml.h) AUCops/pred Ratio
1 437 311 0.71
3 2020 1256 0.62
10 9170 8032 0.88
25 38846 41616 1.07
Concentration
Dose (mg/kg) AFE RMSE
All doses 0.865 0.303
1 0.820 0.138
3 0.672 0.275
10 0.911 0.324
25 1.42 0.491
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Table 4: Prediction performance of the PBPK model in rat and dog (model qualification)

Interspecies qualification performance

AUC
Dose (mg/kg) AUCops (ng.ml.h) AUCpreq (ng.ml.h) AUCops/pred Ratio
Rat data
0.5 129 143 1.11
1.5 402 462 1.15
5 1650 1945 1.18
Dog data
0.2 110 74 0.67
1.5 908 1236 1.36
Concentration
Dose (mg/kg) AFE RMSE
Rat data
All doses 0.914 0.195
0.5 0.829 0.156
1.5 0.868 0.133
5 1.04 0.256
Dog data
All doses 0.955 0.234
0.2 0.57 0.276
1.5 1.467 0.192
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Figures

Figure 1:

37

¥202 ‘vz 11dy uo sfeulnor 134SY e B1o's jeuuno fiadse pwip wio.y pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 2, 2019 as DOI: 10.1124/dmd.118.085605
This article has not been copyedited and formatted. The final version may differ from this version.

Figure 2:
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APPENDIX
Appendix 1: Demonstration of the relationship between intrinsic and whole body
clearance parameters

We know that:

Qnfubr'CLlint
CL = Eg25
h.bl Qn+fupr'Clint
In addition,
V .
CLipy = —22— £q 26
nt Km,int"'cu
Therefore, we can write:
. Vi Koy int+C
CLh,bl — Qn fu,bl m,int X m,int u £q 27
Km,int+Cu Qn'(Km,int+Cu)+fubt'Vm,int
fubl'Vmint
CL = . . - ] Eq 28
h,bl Qh (Qh'Km,int"'fu,bl'Vm,int)+Qh'cu
Then,
Fubl'Vmint
CLh bl = - - Eq 29
, FfubtVmi
(Km,int"'%:m)"'cbl'fu,bl
_ Vm,int
CLh'bl - Km,int+Vm,int]+C Eq 30
fubl Qn bt
Moreover,
v,
Ly, =—2 Eq 31
¢ h.bl Km+Cpi 93
Which permits us to write:
Vim _ Vm,int
Km+Cp1 - Km,int+Vm,int]+C Eq 32
fupi Qn bt
And from this equation we can deduce:
Vin = m,int Eq 33
Ko Vo i
Km — [ m,int + m,lnt] £q 34
fubl Qn
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