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1. Introduction

1.1. Oral absorption and food effect

Oral drug delivery is often the preferred route of administration. It is convenient for the patient, and
it is cost-effective. One of the major challenges in the development of orally administered drugs is the
poor solubility of an increasing number of drug candidates (1, 2), especially for several kinase inhibitors
in the oncology drug development pipeline (3). A compound with a low aqueous solubility, when being
developed as an immediate-release solid oral dosage form, may exhibit a low and highly variable oral
bioavailability due to solubility- or dissolution rate-limited absorption, that makes it susceptible to
interactions with food or acid-reducing agents (ARA) (4). Delayed gastric emptying, altered pH levels
along the gastrointestinal (Gl) tract, increased bile flow and splanchnic blood flow are among the
mechanisms that can impact the absorption of an orally administered drug when taken concomitantly
with food (5). The interaction potential with ARAs is primarily based on the increase in gastric pH,
which is a sub-aspect of the food effect and is therefore also considered in this work. To guide the
clinical study design and provide labeling information, food and drug interaction studies with ARAs are

requested by the health authorities during drug development (6, 7).

In the recent years, several research groups and initiatives (e.g. from the universities of Frankfurt/
Main (Germany), Greifswald (Germany), Athens (Greece), or within large EU-funded projects like
OrBiTo (8) or UNGAP (5)) have addressed methods to understand and predict food effects in human.
Among them are in vitro based approaches using solubility and dissolution tests (9, 10) or
biopharmaceutic classification (11, 12), in vivo preclinical testing, especially in the dog (13), and in silico
approaches with physiologically based pharmacokinetic (PBPK) modeling (14). However, due to limited
predictive power, it is not yet possible to replace clinical food effect studies. The goal of the thesis is

to contribute to this desirable aim. In particular, the following goals were tackled:

e Evaluation of the performance of in vitro solubility and dissolution data in food effect
predictions for poorly soluble compounds

e Improved prediction of food effects on drug exposure through understanding the mechanisms
underlying the absorption/ exposure in human and rat

o Development of a workflow using the GastroPlus® PBPK model that addresses the current

scientific challenges in food effect predictions

Therefore, previously proposed food effect prediction methods were taken up and applied to ten
model drugs (with clinical food effect studies available) to evaluate their performance and suggest

further improvements. The work included literature research and evaluation, in vitro solubility and
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dissolution testing in combination with approaches to analyze and understand the in vivo

pharmacokinetics (PK) and PBPK modeling.

1.2. Compound selection

Ten oral compounds in the therapeutic area of oncology have been selected as model drugs, as they
can be especially susceptible to food effects due to their often low aqueous solubility and low to
medium permeability (15) and as changes in the PK can have a significant impact on their safety profile
(16). The compounds chosen for this research were selected from a review summarizing the effect of
food and acid-reducing agents of oral targeted anticancer drugs by Willemsen et al. (17). The selection
was based on the following criteria: Firstly, compounds with poor aqueous solubility
(Biopharmaceutics classification system (BCS) class Il and 1V (18)) were chosen, as their absorption is
expected to be more sensitive to changes in the Gl environment in the presence of food compared to
highly soluble drugs. The second criterion was the availability of intravenous (IV) pharmacokinetic data
in humans, which is crucial for the identification of the oral bioavailability and the understanding of
the PK through the quantification of the hepatic clearance. Moreover, drugs that did not require
special handling following light sensitivity or occupational exposure level < 1 ug/m3, were selected.
Crizotinib, dabrafenib mesylate, erlotinib hydrochloride (HCl), gefitinib, imatinib mesylate, pazopanib
HCl and trametinib 1:1 dimethyl sulfoxide (DMSO) co-solvate (in the following trametinib*DMSO) were
selected as they met these criteria. M1 was included as a lead compound in drug development that
meets the above criteria as well. Additionally, vemurafenib and lapatinib ditosylate were included
despite the absence of intravenous pharmacokinetic data because the strong observed food effect

makes them relevant.

The research was performed at the dose of their clinical food effect studies using the relevant salt form
for each model compound, which is always referred to when the drug names are mentioned in this

work unless stated otherwise.

Of particular note is the fact that the market formulations and formulations in the food effect studies
contain crystalline active pharmaceutical ingredient (API), except for vemurafenib, which is co-
precipitated with hydroxypropyl methylcellulose acetate succinate (HPMC-AS) as an amorphous solid
dispersion in the Zelboraf® 240 mg film-coated tablets (19). Amorphous dispersions are of special
interest in the pharmaceutical industry to improve the bioavailability of poorly soluble drugs (20).
Therefore, the in vitro solubility and dissolution characterization of vemurafenib in this research is not

only based on the crystalline API but also the amorphous form.
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1.3. Biopharmaceutic tools and classification frameworks

The investigation of food and ARA effects on the absorption of orally administered drugs are topics
within the biopharmaceutical research field. The term “biopharmaceutics” was introduced in the
middle of the 20" century to entitle an upcoming research area on the relationship of the

physicochemical drug properties and dosage forms, and the biological effects (21).

Biopharmaceutic classification frameworks have been proposed to evaluate drug properties that can
determine the absorption and in vivo performance, such as the solubility, dose, and permeability, e.g.
the BCS (18) or the Developability Classification System (DCS) (22). The BCS was introduced in the
regulatory guidelines to investigate the bioequivalence of drug products and waive clinical
bioequivalence studies for highly soluble and permeable drugs (23, 24). It has also been evaluated with
respect to food effect predictions (11, 12), making it an interesting subject for discussion within this
work. In the BCS (18), the solubility threshold for the high solubility classes (BCS | and Ill) is defined on
the drug substance level using the highest dose strength that needs to be completely dissolved in
250 mL or less of an aqueous medium within the pH range of pH 1 - 6.8 at 37 °C. The high solubility
drugs are classified as BCS | in case of high permeability and BCS Il in case of low permeability, while
the poorly soluble high permeability drugs are categorized as BCS class Il and poorly soluble as well as
poorly permeable drugs are assigned to BCS class IV (18). The BCS classification has been further
modified with the DCS (22), in which a solubility boundary is introduced between lla (dissolution rate-
limited) and Ilb (solubility-limited) for highly permeable drugs, defined by the threshold of solubility-
limited absorbable dose (SLAD) that can be completely dissolved in 500 mL media. A drug with a SLAD
lower than the clinical dose belongs to DCS class Ilb. The DCS aims to guide the drug product
development strategy for poorly soluble drugs. Complete absorption of class lla drugs can be achieved
by simpler means like particle size reduction, whereas class Ilb drugs require more complex

technologies, e.g. solid dispersions.

Permeability is the main driver controlling the absorption rate, besides the drug solubility. According
to the guidelines, it can be evaluated in different in vitro or in vivo test systems, or indirectly through
the fraction absorbed in humans (23, 24). In this research, the apparent permeability in Caco-2 cells
and a calculated effective permeability in human intestines based on the structural properties (25) is

considered to provide a certain range of permeability estimates of the model drugs.

Besides the in vitro solubility and permeability testing, in vivo preclinical testing and in silico PBPK
modeling are important biopharmaceutic tools (8). Different biopharmaceutic tools are used in this
work to characterize the selected model drugs and predict their food effect, which will be explained in

the following sections.
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1.3.1. In vitro solubility and dissolution testing
1.3.1.1. Media and buffer solutions
As the physiological pH levels are altered in the presence of food, the pH dependence of the model

drugs’ solubility in the physiological pH range of pH 1.2-7.4 (26) was tested. Food intake may especially
impact (increase) the gastric pH, leading to reduced solubility of weakly basic drugs, representing a

majority of the model drugs in this research.

To better estimate the drug solubilization in the fasted and fed state in vivo, biorelevant media have
been proposed (27, 28), containing ingredients like bile salts and phospholipids, that are present in
human intestinal fluids (HIF). In the meanwhile, the originally proposed compositions of the fasted
state simulated intestinal fluid (FaSSIF) and fed state simulated intestinal fluid (FeSSIF) have been
updated (29, 30). Unless indicated otherwise, the terms FaSSIF and FeSSIF in this work refer to the

compositions shown in (31).

1.3.1.2. Solubility

The thermodynamic drug solubility is a material specific property which can solely be modified by
chemical manipulation of the molecule itself (32). Solubility of drug candidates in aqueous media is
one of the most important physicochemical properties that not only determine the hit/lead
compounds for pre-clinical in vivo animal studies in drug discovery but also influence the formulation
strategies and clinical study design in drug development (Table S 1). With the advent of combinatorial
chemistry and high-throughput screening, it is technically feasible to screen for in vitro biological
activities across a very large quantity of molecules which in turn generate a growing number of poorly
water-soluble lead compounds (1, 2). Solubility is determined in vitro to evaluate the risk for poor
absorption due to insufficient solubilization of the drug in the Gl with increasing complexity while a
compound is advancing in development. At the early discovery stage, high-throughput measurements
of solubility aim to alert any solubility issues on pre-clinical in vivo testing and guide a rational drug
design to improve solubility. Towards the late discovery stage, progressively more accurate and
sensitive analytical methods are performed to measure the equilibrium solubility of hit/lead
compounds to gain a better understanding of the overall drug developability (33). Poorly soluble drug
candidates might require salt form approaches, solubility enabling formulations and more extensive
clinical testing. Commonly, the pharmaceutical industry perceives poor solubility as a
research/discovery rather than development issue because it is not cost-effective to modify the

molecule or develop formulation strategies to overcome poor solubility at the development stage (4).

The solubility of the model drugs was measured, as food effects on exposure are often associated with
low and pH dependent solubility. The solubility after 24 h in buffers of different pH with and without

sodium taurocholate (TC) and lecithin was quantified via high performance liquid chromatography
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(HPLC) analysis and assumed to represent the thermodynamic value. The pH range tested depended
on the pK, and solubility values itself. In case of very high (> BCS class | threshold) or very low (HPLC
guantification not possible) solubility, the tests in pH levels at the lower or upper end of the selected

range (pH 1.2 - 7.4) were omitted.

1.3.1.3. Dissolution

In contrast to the solubility, the dissolution kinetics, as extrinsic characteristic, are determined by
various factors like the surface area- (particle size) and properties or solid state (32) in a drug
formulation. Dissolution testing is described in the pharmacopeias (e.g. United States Pharmacopeia
(USP) <711> or European Pharmacopeia (Ph. Eur.) 2.9.3) and recognized by the health authorities as a
tool to assess the batch to batch consistency of a drug product, in formulation development and in the

assessment of bioequivalence for high solubility and permeability drugs (24, 34, 35).

Biorelevant dissolution testing with the intention to predict the in vivo performance of a dosage form
requires specific media, physiologically relevant volumes, and can also be done in non-pharmacopeial
setups (36). Biorelevant dissolution tests have been performed in fasted and fed state simulating
media to predict food effects on exposure, also in combination with PBPK modeling (37-40). In
biorelevant dissolution tests in pharmacopeial USP Il setup, usually 500 mL volume of intestinal
simulated media and 250 mL for simulation the fasted stomach are used with a paddle speed of 50
revolutions per minute (rpm) (37, 38), 75 rpm (39-41), or 100 rpm (42). In this research, dissolution
tests in FaSSIF and FeSSIF are applied to a subset of the selected model anticancer drugs, to examine
their suitability as a standard screening tool for food effect predictions. The compound selection of the
subset for dissolution tests in 500 mL and 250 mL USP Il setup was based on the drug solubility and the
observed food effect in clinical studies. Tarceva® (erlotinib) 100 mg film-coated tablets, Iressa®
(gefitinib) 250 mg film-coated tablets, and M1 30 mg film-coated tablets were chosen. Their solubility
in FaSSIF and FeSSIF is sufficient to ensure the release of at least 5 % of the dose but still not too high,
so that differences between the release profiles in 500 mL or 250 mL FaSSIF and FeSSIF might be seen.
As neither of those three drugs showed a significant food effect in their clinical studies (43, 44),
Votrient® (pazopanib) 400 mg film-coated tablets and Zelboraf® (vemurafenib) 240 mg film-coated
tablets with considerable (possibly dissolution-related) food effect in human (45, 46), were additionally
selected. Due to the low solubility of pazopanib (0.0012 mg/mL in FaSSIF) and vemurafenib
(0.0054 mg/mL in FaSSIF, as HPMC-AS coprecipitate) in those media, the tests were performed in the

USP IV dissolution apparatus.

The comparison of the measured dissolution profiles is facilitated by fitting a mathematical function
to describe the release curve and obtain profile specific dissolution parameters. Nicolaides et al. (47)

evaluated the usefulness of different mathematical models, where the first order model was found to
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be one of the most generally applicable. Therefore, it was selected also for this research. A linear zero-

order model was fitted to the cumulative USP IV dissolution profiles with incomplete release.

Following the increasing number of poorly soluble drug candidates, their ability to form supersaturated
solutions to increase absorption has gained more and more interest (36). Besides the transfer model
developed by Kostewicz et al. (10), different setups have been presented (48). A simplified procedure,
the so called “dumping” method (49), where a drug solution is dumped into FaSSIF, was applied to

measure the precipitation kinetics of the model drugs in this research.

1.3.2. Invivo PK analysis

Before candidate drugs enter the first in man study and clinical testing, their PK, safety, and efficacy is
tested in preclinical species. Also in the later phase, specific (e.g. biopharmaceutical) issues can be
investigated in animals, as the studies are facilitated regarding ethical justification and costs compared

to human studies, and subsequently confirmed in humans (50).

The collected preclinical and clinical in vivo data can provide information on the mechanisms
underlying the PK of a drug, e.g. if poor solubility measured in vitro limits drug absorption in vivo (51).
Evidence suggest that the oral bioavailability may not always depend on the thermodynamic solubility
of drug substances that were determined to be poorly water-soluble. First, adequate oral absorption
has been reported for several BCS II/IV drugs including non-steroidal anti-inflammatory drugs (e.g.
naproxen and ketoprofen) (52, 53) and other therapeutics such as phenytoin, diazepam, warfarin,
lamotrigine, glipizide and sulfamethoxazole having an absolute bioavailability (F) greater than
approximately 90 % (54). Secondly, although poorly water-soluble, lipophilic compounds are generally
expected to show better solubilization in Gl fluids with food and thus a better oral absorption in the
fed state (12), poorly water-soluble anticancer drugs such as imatinib, sunitinib, trametinib, and
vandetanib have a limited food effect (17). Moreover, enabling formulations improving the apparent
or kinetic solubility of poorly water-soluble active ingredients do not always enhance oral
bioavailability (55), indicating that solubilization is not the key factor limiting the systemic exposure.
Lastly, poor oral bioavailability may be caused by other mechanisms such as first-pass gut and hepatic
metabolism, and transporter-mediated intestinal efflux. To identify these, additional confirmatory
studies are required, such as metabolite quantification studies comparing the PK profiles between oral

and intravenous administrations (56, 57) and quantification of fecal drug.

Figure 1 shows the workflow applied in this research to identify the model drugs with solubility-limited
absorption based on early human or preclinical PK data. A potential loss of drug in the gut can be
identified by calculating the gut bioavailability from single dose IV and oral PK studies. The gut
bioavailability or gastro intestinal availability (F.*Fg) represents the fraction of the administered dose

reaching the portal vein and was calculated using the oral bioavailability and systemic clearance. The



Introduction 7

oral bioavailability (F) of a drug represents the fraction of the administered dose that becomes
available in the systemic circulation. It consists of the fraction absorbed into the enterocytes (F.), the
fraction that escapes any potential metabolism in the gut (F¢) and the fraction that escapes the first

pass metabolism (Fn).

Single oral and intravenous dose

Gut bioavailability 100 %

Later available data

Complete absorption, no gut
metabolism

PBPK analysis shows that
exposure is insensitive to
input solubility increase

Sufficient solubility and
dissolution

Exposure increases
dose-proportional in dose
escalation study,
absence of food effect

Gut bioavailability < 100 %

Confirmation of previous
findings

Incomplete absorption
and/or gut metabolism
and/or efflux

PBPK analysis shows a
solubility limited exposure

Insufficient solubility causes
loss of drug in the gut

Less than dose-proportional
increases in exposure,
positive food effect

Confirmation of previous
findings

No solubility-limited

absorption expected

Solubility-limited absorption

expected

Figure 1: Schematic illustration of the proposed methods to assess solubility-limited absorption behavior

through a mechanistic analysis of pharmacokinetic data (51)

A gut bioavailability of 100 % indicates limited drug metabolism in the gut and a complete oral
absorption due to adequate solubility and intestinal permeability. The subsequent PBPK analysis can
clarify, whether a potentially reduced gut bioavailability is caused by insufficient solubilization or pre-
systemic metabolism. Later available clinical data such as ascending oral dose PK or food effect study
can confirm the outcomes of the PBPK modeling approach. Exposure increasing in a less-than dose
proportional manner can indicate limited absorption at higher doses due to insufficient solubilization.
Increased exposure of a poorly soluble drug in the fed state compared to the fasted state can also
indicate solubility-limited absorption in the fasted state. As solubility-limited absorption and food

effect are often associated (4), they can help to indicate one another.

The PK analysis was based on human PK data from the literature and rat PK data. One goal was to
investigate, whether or not the rat is a good model to predict solubility-limited absorption in human.
Appropriate rat PK data at the required dose (human food effect dose scaled by body weight) were
not available in the literature and the different formulations/ unknown particle sizes used by the
investigators can affect the results. Therefore, a dedicated rat PK study was performed for the

purposes of this work.
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1.3.3. Insilico PBPK modeling

PBPK models are powerful in silico tools that describe drug absorption, disposition, metabolism, and
elimination through the integration of PK mechanisms, compound data, anatomy and physiology (58).
PBPK models for absorption modeling often consist of a complex gut compartment and one or more
systemic compartments that determine the decrease in drug concentrations after dosing, following its
distribution and elimination properties that can be obtained from IV PK characterization of the drug.
The advanced compartmental and transit (ACAT) model (59) is a comprehensive gut model, that
consists of nine luminal gut compartments with different physiological properties, nine associated
enterocyte compartments and provides different states of the drug, e.g. dissolved and undissolved, to

simulate the absorption.

PBPK models can be primarily built based on observed PK data, e.g. to analyze covariates, in a
top-down setting or based on in vitro data to extrapolate clinically untested scenarios in a so-called

bottom-up prediction (60).

The PBPK modeling approach used for the analysis of clinical and rat PK data in this work was a
top-down modeling approach to find out about the mechanisms responsible for the observed PK. A
lineshape analysis as described by Peters (61) was performed using a generic PBPK model built in
MATLAB®. The identification of solubility-limited absorption using this model is straight forward, as
the absorption relies on the input solubility at a certain pH and the input permeability. If the simulated
exposure is insensitive to changes in permeability, potential absorption problems can be attributed to

the solubility.

PBPK modeling is not yet recognized by the health authorities to waive food effect studies, but it has
been used to predict and explain food effects on the exposure of several drugs. Recently, Li et al.
reviewed the performance of PBPK modeling in published food effect predictions (14). 50 % of the
reported food effects were found to be predicted within 1.25-fold and 75 % within 2-fold of the
observed value. Gaps in knowledge on the drug product, APl and physiology were identified that
currently hinder better prospective predictions by PBPK. Mostly, the food effects simulations were
performed retrospectively, and the models were case-specifically adjusted to fit the observed fed state
PK profile and gut first pass metabolism is often unconsidered (62-65). The need for a standardized
procedure for food effect predictions with PBPK modeling, including proper validation of the model
with clinical PK data, has been recognized and recently a workflow for food effect predictions has been

suggested by Tistaert et al. (62).

Following up on this, bottom-up food effect predictions with PBPK were also part of this research. The
goal was to develop and evaluate a workflow for prospective food effect predictions that does not

require compound specific solutions to fit the observed food effect. To cover the knowledge gaps in



Introduction 9

compound-specific input parameters and the physiological variability, the approach proposed in this
work includes several simulations using different parameter settings. Therefore, the commercially
available software GastroPlus® was used, which provides a very detailed ACAT model with the
flexibility to adjust the relevant parameters. It offers different dissolution models, for example the
default Johnson Model based on the modified Nernst-Brunner equation (66) and in vitro solubility, or
the Z-Factor model based on Takano et al. (67), that enables the use of in vitro dissolution data as

input.

1.4. Research Objectives

Concomitant food intake can alter the absorption and PK of a drug through various mechanisms.
Therefore, food-drug interactions represent a challenge in the development of orally administered
drugs. The objective of this work is to evaluate and improve the current food effect prediction
strategies based on ten oral anticancer model drugs. To this aim, in vitro solubility and dissolution
testing, mechanistic analysis of human and rat PK data using top-down PBPK modeling and food effect
simulations by bottom-up PBPK modeling are in the focus of this research. Based on these selected

tools, the research objectives can be divided into three parts:

1. Evaluation of the performance of in vitro solubility and dissolution data in food effect predictions

for poorly soluble compounds (BCS Il and IV)

e Investigation whether there is a connection between pH dependent solubility in vitro and
observed food effect in vivo

e Comparison of the relative difference between FaSSIF and FeSSIF solubility and the observed
food effect in clinical studies

e Comparison of the relative difference between dissolution parameters from FaSSIF and FeSSIF
release profiles with the effect of food on the PK of the model drugs in the clinical studies

e Examination whether common biorelevant dissolution conditions provide good food effect

predictions for the model drugs and can be recommended as a screening method

2. Improved prediction of food effects on drug exposure through understanding the mechanisms

underlying the absorption/ exposure in human and rat

e Analyzing early clinical pharmacokinetic data in combination with top-down PBPK analysis to
identify drugs whose absorption is truly limited by solubility in vivo and therefore expected to
exhibit food effect

e Assessment of the relevance of in vitro solubility for in vivo absorption using PBPK top-down

analysis



Introduction 10

e Examination of the rat as a model for solubility-limited absorption in human

3. Development of a workflow in GastroPlus® for food effect predictions that addresses current

scientific challenges

e Development of a workflow for improved food effect prediction using in GastroPlus®, that
meets the following requirements
— does not require fitting the model to the observed fed state PK profile
— includes considerations on gut first pass metabolism
— deals with the uncertainty of compound-related input parameters
— accounts for the highly variable physiological conditions in the Gl

e Evaluation of the developed procedure based on the ten model drugs of this research
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2. Materials

2.1. Drug substances and drug products

Table 1: Drug substances and drug products used in this work

Material

Manufacturer

Crizotinib

Dabrafenib mesylate

Erlotinib hydrochloride

Gefitinib

Imatinib mesylate

Lapatinib ditosylate monohydrate
M1

Pazopanib hydrochloride
Trametinib*DMSO (1:1)
Vemurafenib (crystalline)

Iressa® 250 mg film-coated tablets
M1 30 mg film-coated tablets
Tarceva® 100 mg film-coated tablets
Votrient® 400 mg film-coated tablets
Zelboraf® 240 mg film-coated tablets

Merck KGaA, Darmstadt, Germany (internal batch)
Chem Shuttle, Hayward, CA, USA

Activate Scientific, Prien-Chiemsee, Germany
Merck KGaA, Darmstadt, Germany (internal batch)
abcr GmbH, Karlsruhe, Germany

Ark Pharm, Arlington Heights, IL, USA

Merck KGaA, Darmstadt, Germany (internal batch)
Ark Pharm, Libertyville, IL, USA

Asta Tech, Bristol, PA, USA

Chem Shuttle, Hayward, CA, USA

AstraZeneca GmbH, Wedel, Germany

Merck KGaA, Darmstadt, Germany (internal batch)
Roche Pharma AG, Grenzach-Wyhlen, Germany
Novartis Pharma GmbH, Niirnberg, Germany
Roche Pharma AG, Grenzach-Wyhlen, Germany

2.2. Chemicals

Table 2: Chemicals used in this work

Material

Manufacturer

1 N Hydrochloric acid

1 N Sodium hydroxide (NaOH)

10 % sodium dodecyl sulfate (SDS) solution
Acetonitrile

FaSSIF/FeSSIF/FaSSGF (“SIF Powder”)
Formic acid

Glacial acetic acid

Kleptose®

Lactochem® Fine Powder

Methanol

NaOH pellets

Potassium dihydrogen phosphate (KH2PO4,)
Sodium acetate trihydrate

Sodium chloride (NaCl)

Sodium dihydrogen phosphate monohydrate
(NaHzPO4*H20)

Sodium formate

Trifluoroacetic acid

Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Biorelevant.com Ltd, London, UK
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Roquette, Lestrem, France

DTFE Pharma, Goch, Germany
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany

Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
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2.3. Buffer and dissolution media

Table 3: Buffer and dissolution media used in the solubility and release tests within this research

Simulated Gastric Fluid (SGF) pH 1.2

NacCl
1 N Hydrochloric acid
Purified water

20¢g
80 mL
ad1lL

Fasted state simulated gastric fluid without SIF Powder (FaSSGF blank) pH 1.6

NacCl 20¢g
0.025 N Hydrochloric acid pH 1.6 ad1lL
FaSSGF pH 1.6

SIF Powder 0.06g
FaSSGF blank pH 1.6 ad1lL
Formate buffer pH 3.0

Sodium formate 0.54¢
Formic acid 1.58 mL
Purified water ad1lL

Acetate buffer pH 4.0

Solution A (822 mg sodium acetate
trihydrate in 100 mL purified water)
Solution B (1.44 mL glacial acetic acid in
250 mL purified water)

FeSSIF blank pH 5.0

approx. 20 mL

approx. 100 mL

NaOH 4.04¢g
Glacial acetic acid 8.65¢g
NacCl 11.87g
Purified water ad1llL
FeSSIF pH 5.0

SIF Powder 11.2¢g
FeSSIF blank pH 5.0 ad1lL
FaSSIF blank pH 6.5

NaOH 042g
NaH2PO4*H20 3.95 g
NacCl 6.19g
Purified water ad1llL
FaSSIF pH 6.5

SIF Powder 2.24¢g
FaSSIF blank pH 6.5 ad1lL
Phosphate buffer pH 7.4

0.2 N KH2PO4 250.0 mL
0.1 N NaOH 394.4 mL
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2.4. Instruments and software

Table 4: Instruments and software used in this work

Instrument/ Software

Manufacturer

780 pH Meter

Analytical balance Mettler Toledo XP205
Eppendorf Centrifuge 5804 R

Erweka DT 80 dissolution tester with 400 mL
mini vessel and mini paddle

Excel® for Office 365 MSO

Fraction collector C 615

GastroPlus® v 9.5

Hitachi LaChrom Elite® HPLC System
Magnetic stirrer RCT basic

MATLAB® software version R2017a

Micro balance XP6U Comparator

Milli-Q water purification system
Multipette® Xstream

Openlab® chromatography data system
Piston Pump CP 7-35

Precision balance Sartorius MSE3203S-1CE-DR

Shaking water bath 1083

USP Il dissolution tester AT 7 smart
USP IV dissolution tester CE 7 smart
WinSOTAX®plus - Dissolution Software

Metrohm GmbH & Co. KG, Herisau, Switzerland
Mettler Toledo, Giessen, Germany

Eppendorf AG, Hamburg, Germany

Erweka, Heusenstamm, Germany

Microsoft Corporation, Redmond, WA, USA
Sotax, Aesch, Switzerland

Simulations Plus, Lancaster, CA, USA
Hitachi High-Technologies Co., Tokyo, Japan
IKA®-Werke GmbH & CO. KG, Staufen, Germany
The MathWorks, Inc., Natick, MA, USA
Mettler Toledo, Giessen, Germany

Merck KGaA, Darmstadt, Germany
Eppendorf AG, Hamburg, Germany

Agilent Technologies, Santa Clara, CA, USA
Sotax, Aesch, Switzerland

Sartorius, Lab Instruments, GmbH & Co.KG,
Goettingen, Germany

GFL, Burgwedel, Germany

Sotax, Aesch, Switzerland

Sotax, Aesch, Switzerland

Sotax, Aesch, Switzerland

2.5. Other materials

Table 5: Other materials used in this work

Material

Manufacturer

Acrodisc CR 0.45 um PFTE syringe filters
(25 mm)

Capsugel® PCcaps®

Chromolith® High resolution RP-18e
100x4.6 mm HPLC column

Chromolith® Performance RP-18e 100 x 3 mm
HPLC column

Eppendorf Tubes® 1.5 mL

Glass beads 1mm

Whatman® glass microfiber filters GF/D
Whatman® glass microfiber filters GF/F

Pall Life Sciences, East Hills, NJ, USA

Capsugel, Lonza, Bornem, Belgium
Merck KGaA, Darmstadt, Germany

Merck KGaA, Darmstadt, Germany

Eppendorf AG, Hamburg, Germany
Sotax, Aesch, Switzerland
Whatman, Dassel, Germany
Whatman, Dassel, Germany
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3. Methods

3.1. HPLC-methods for drug quantification

The dissolved amount of drug in the solubility and dissolution assays was quantified by HPLC analysis
in reference to a 0.1 mg/mL (or further diluted) standard solution. If possible, a largely universally
applicable and economic HPLC method, further referred to as HPLC method 1, was employed. For
crizotinib, gefitinib and M1 quantification an alternative method, further referred to as HPLC
method 2, was used to ensure reliable quantification. Details are given in Table 6 and the appendix
(Table S 2, Table S 3, Table S 4). Compound specific changes to optimize the presented basic HPLC

methods are shown in Table S 5. The data was processed using the OpenlLab® chromatography data

system.

Table 6: HPLC methods for drug quantification

Parameter HPLC Method 1 HPLC Method 2

Equipment Hitachi LaChrom Elite® HPLC System
Detector UV detector

Wavelength see Table S 2

Injection System
Injection volume

Column

Eluent A

Eluent B

Gradient
Column Temperature
Autosampler Temperature

Applied for compounds

Autosampler

see Table S 2

Chromolith Performance;
RP-18e, 100 x 3 mm
Purified water

+ 0.1 % Formic acid

Acetonitrile

+ 0.1 % Formic acid

see TableS 3
37°C
25°C
dabrafenib, erlotinib, imatinib,
lapatinib, pazopanib,

trametinib, vemurafenib

Chromolith High Resolution;
RP-18e, 100 x 4.6 mm
950 mL Purified water

50 mL Acetonitrile
1 mL Trifluoracetic acid
950 mL Acetonitrile
50 mL Purified water
1 mL Trifluoracetic acid
see TableS 4
35°C
25°C

crizotinib, gefitinib, M1
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3.2. In vitro solubility testing
3.2.1. Thermodynamic solubility measurements

The solubility of the model compounds was measured in duplicate in buffers from pH 1.2 to pH 7.4 as
appropriate. Additionally, solubility was measured in biorelevant buffers containing different amounts
of “SIF Powder” (commercially available TC/ lecithin-mixture in the molar proportion of 5:1 for the
preparation of FaSSIF and FeSSIF) at pH 5.0 (based FeSSIF blank) and pH 6.5 (based on FaSSIF blank) to
obtain concentrations of 0/ 3/ 15 mM TC and 0/ 0.75/ 3.75 mM lecithin. The buffer compositions are
presented in Table 3. Drug substances in the marketed salt form were used and in case of vemurafenib
ground market product, Zelboraf® 240 mg film-coated tablets (containing amorphous vemurafenib
coprecipitate). APl was weighed into an Erlenmeyer flask in excess with 10 mL of the media. The flask
was incubated at 37 °C in a shaking water bath with 250 movements per minute. After 1 h, 2 h and
24 h, samples were taken and centrifuged at 14,000 rpm and 37 °C for 5 minutes to remove the
remaining solid drug. Additionally, the pH of the solution was measured. The supernatant was analyzed

by HPLC after dilution with an appropriate organic solvent to prevent re-precipitation.

3.2.2. Dumping experiments

Two-stage solubility tests were performed to explore the precipitation kinetics of the model drugs in
solution dumped into 37 °C FaSSIF. The dose of the clinical food effect study as well as the intestinal
volume of 500 mL was scaled-down by a factor of 25 to reduce the required APl amount. 20 mL FaSSIF
in an Erlenmeyer flask were preheated in a shaking water bath at 37 °C. 1/25 of the food effect study
dose (as API in the clinically relevant salt form) completely dissolved in 0.6 mL simulated gastric fluid
(SGF) pH 1.2 if possible, or otherwise DMSO (resulting in max. 3 % DMSO in the final mixture) was
added under gentle shaking (approx. 120 movements per minute) and afterward incubated with 250
movements per minute. Samples were drawn after 15, 30 and 120 min, centrifuged and diluted prior
to the HPLC analysis as described in 3.2.1. The dumping tests were performed in duplicate. To identify
supersaturation, the concentrations at 15 min, 30 min and 120 min after dumping of the drug solutions
were compared to the thermodynamic solubility after 24 h in pure FaSSIF. The potential bias that the
supersaturation is attributed to the presence of DMSO can be excluded when the concentration after
15 min is higher than 120 min after dumping the solution. If this was not the case, a shake-flask
solubility test of the drug in FaSSIF + 3 % DMSO was performed, to identify the thermodynamic

solubility in FaSSIF + 3 % DMSO and confirm the supersaturated state in the dumping experiment.
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3.2.3. Solubility parameters for biopharmaceutical classification

The BCS classification of the model compounds was taken from literature (17). Additionally, the dose
number (Do) was calculated for the dose applied in the clinical food effect studies (Mo) according to
Amidon et al. (18) with Equation 1 using the measured thermodynamic solubility in FaSSIF (Cs) and
volume (Vo) of 250 mL.

My
o,
Cs

Equation 1: Dy =

Furthermore, the SLAD was calculated according to Butler et al. (22) to classify the model compounds
based on the DCS classification system using Equation 2 with the thermodynamic solubility in FaSSIF
(Ssi) and volume (V) of 500 mL. The permeability-dependent multiplier (M) equals the absorption
number (A,) for high permeability compounds (in this work, all model drugs with calculated Pes
> 1x10* cm/s), and is kept at unity for others (here only pazopanib). A, was calculated according to
Equation 3 (18) using the calculated human effective permeability (cPes) according to (25), a tube
radius (R) of 1 cm (18) and residence time (trs) of 3.32 h (22). In the case of pazopanib, the cPes was

quite low (< 1) and M, was kept at unity.
Equation 2: SLAD = Sg; xV * M,,

CPeff

Equation 3: 4,, =

* tres

To discuss the relationship of dose and solubility with regard to the rat Gl, the required volume of
FaSSIF to dissolve the oral doses used in the rat PK study designed for this research was calculated. To
this aim, the dose (for a rat of 0.25 kg body weight) was divided by the measured thermodynamic
FaSSIF solubility of the drug.

3.3. In vitro dissolution
3.3.1. USP Il dissolution tests

Dissolution tests of Tarceva® 100 mg film-coated tablets (containing 109.28 mg erlotinib HCI), Iressa®
250 mg film-coated tablets (containing 250 mg gefitinib free base) and M1 30 mg film-coated tablets
were performed in 500 mL medium in the USP Il paddle apparatus described in USP <711> and Ph. Eur.
2.9.3. The tests were conducted with n=3 tablets and sampling after 5, 10, 15, 20, 30, 45, 60, 90, 120,
180 and 240 min. A paddle speed of 75 rpm was used unless coning and adhesion to the vessel wall
required an increase to 100 rpm. Moreover, mini-dissolution tests in 250 mL FaSSIF and FeSSIF were
performed in a mini paddle apparatus, scaled down by 1/3 of the USP Il apparatus, with comparable
hydrodynamics (68). After filtration with 0.45 um PTFE filters and appropriate dilution, the dissolved

drug was analyzed by amount HPLC analysis.
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The sample volume was not replaced, so the released amount of drug at the first sampling time was

calculated according to Equation 4 and for the subsequent timepoints according to Equation 5.

i A m *P *
Equation 4: w = —= % Vp, * Msta*Psea*f
Astd Vsta*D

=1 Aseq Vsta*D

i A 1 4 *xPcrg*
Equation 5:w = (ﬁ*(vs—vs,wt))ﬂ(z" L) Vp)] o

w % of dose released

As Area sample

Astd Area standard solution

Vp Dissolution volume [mL]

mstg  drug weight for standard solution [mg]

Pstq purity of standard substance [%]

f dilution factor of the sample solution prior to HPLC analysis
Vstd Volume for the preparation of the standard solution [mL]

D dose [mg]

Vs sample volume [mL]

Vswot  total volume of the samples taken up to the current time point [mL]

3.3.2. USP IV dissolution tests
Dissolution tests of Votrient® 400 mg film-coated tablets (containing 433.33 mg pazopanib HCI) and

Zelboraf® 240 mg film-coated tablets (containing 240 mg vemurafenib in form of HPMC-AS
coprecipitate) were performed in the USP IV (flow-through cell) apparatus described in USP <711> and
Ph. Eur. 2.9.3 using 22.6 mm cells and open circuit. The cells were filled with 6 g of 1 mm glass beads
to ensure laminar flow and the tablets were placed in the described holder. A 2.7 um Whatman GF/D
glass fiber filter was used to retain the coarse particles followed by a 0.7 um Whatman GF/F glass fiber
filter to retain the undissolved fine material. 30 mL of the eluted buffer after 2, 4, 6, 8, 10, 15, 20, 25,
30, 35, 45, 55, 65, 75 and 85 min each, were automatically sampled in the fraction collector,
representing 93.75 % of the eluted buffer in the fractions of 2 min duration (between 0-10 min of the
release test), 37.5 % of the eluted buffer in the fractions over 5 min (between 10-35 min of the test),
and 18.75 % of the 10 min-fractions (between 35-85 min of the test), adequately splitted by the
WinSOTAX®plus dissolution software. To prevent precipitation in the fraction collector a previously
evaluated buffer was filled into the vials in the fraction collector prior to the dissolution test. The
release from the dosage forms was tested in FaSSIF and FeSSIF with a flow-rate of 16 mL/min and n=3

tablets each.
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The released amount of drug in each sampling interval was calculated according to Equation 6 and

summed up to obtain the cumulative release versus time profile.

. As*Csta*Vi
Equation 6: %releasedyer fraction = W * 100% * f

As Area sample

Asig Area standard solution

Cstd Concentration of the standard solution [mg/mL]

Viot total volume containing the released amount of drug in the regarding time span including the
discarded sample volume during splitting and the sample dilution [mL]

D dose [mg]

F dilution factor of the sample from the fraction collector prior to HPLC analysis

3.3.3. Dissolution parameter fitting
3.3.3.1. First-order and zero-order model fit
To compare the USP Il dissolution profiles in FaSSIF and FeSSIF, a first-order exponential function

(Equation 7) was fitted to the measured data as illustrated in Figure 2, with W; as the amount dissolved
at time t, Wmax the maximum amount dissolved and k the first order dissolution constant (47) using the

Solver Add-in in Excel® for Office 365 MSO.

Equation 7: W, = W4, (1 — k5

40
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Figure 2: Exemplary measured dissolution profile with exponential fit to illustrate the first-order model fitting

For USP IV dissolution profiles from open circuit that do not show in complete release during the time
of the test, fitting an exponential function is not appropriate (as the maximum amount is not yet
reached). Therefore, a zero-order model (Equation 8) with W; as the amount dissolved at time t and ko
the zero-order dissolution constant, was fitted to the initial linear part of the cumulative dissolution
profiles, observed between 0-6 min for Votrient® 400 mg tablets and 0-15 min for Zelboraf® 240 mg

tablets by linear regression in Excel® for Office 365 MSQO®.

Equation 8: W, =k, * t
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The coefficient of determination (R?) was calculated according to Equation 9.

Z?zl(%releasedobs,m,ed—%released]citted)2

Equation9: R?2 =1 —
a Y (Wreleased seorpeq—%released ,pserpeq)”

3.3.3.2. Z-Factor fit

The z-factor (z) for the use in GastroPlus® was fitted according to Equation 10 in the built-in module in
the software to the USP Il dissolution profiles and to the USP IV dissolution profiles using the Solver
Add-in in Excel® for Office 365 MSO® assuming that the luminal concentration (C) equals 0, as the

release tests were performed under sink conditions.

2
Equation 10: % =zM,, (%)5 (Cs—C)

Mp amount dissolved

Mu,o/ Myt amount undissolved at the time 0 or t
Cs solubility in the medium

3.4. Permeability assessment
3.4.1. Apparent permeability through a Caco-2 cell monolayer

Permeability data of the model compounds across a TC7 Caco-2 monolayer on a microporous
polycarbonate membrane filter (Figure 3) was provided by the In Vitro DMPK Design 1 lab at Merck
Healthcare KGaA (Darmstadt, Germany). The apparent permeability (P.pp) Was measured
bidirectionally, from apical (A) to basolateral (B) and Bto A, in a 24-well plate and up to five compounds
per well. The passive apparent permeability was calculated as the geometric mean of P, A to B and
P.pp B to A. The assay was performed using Hank’s balanced salt solution (pH 7.4) as apical and
basolateral matrices and in the presence of cyclosporine A that inhibits the transporter P-glycoprotein
(P-gp). The compounds were added in form of DMSO stock solutions to obtain a final drug
concentration of 1 uM, with a final DMSO concentration of < 1 %. Before the reaction over 2 h at 37 °C,
5 % CO, and saturated humidity, the transepithelial resistance was measured to ensure the monolayer
integrity (=250 Q). The reference compounds including propranolol (high permeability reference),
pindolol (medium permeability reference), atenolol (low permeability reference), melagatran
(impermeable), indinavir (reference substrate for P-gp efflux) were used. HPLC analytic was used to

guantify the drug concentrations after the reaction in the apical and basolateral matrix.



Methods

20

Apical
buffer

| TTTTTTTTRRNNNaaaaTTaT
Caco-2 cell monolayer ‘

Basolateral | \ UL g

buffer

polycarbonate
/' membrane

filter

Figure 3: Schematic illustration of the Caco-2 permeability test setting

3.4.2. Calculation of the effective intestinal permeability

The effective human intestinal permeability was calculated, based on log P (CLOGP), the polar surface

area and the number of hydrogen bond donors (HBD) according to Equation 11 (25). The input values

used for the calculation are shown in Table 7.

Equation 11: log Pesy = —3.061 + 0.190 CLOGP — 0.010 PolarSurfaceArea — 0.246 HBD

Table 7: Input parameters for calculation of the effective permeability of the ten model compounds

Polar Surface

Area* [AZ] CLOGP* HBD*
Crizotinib 77.99 3.57 2
Dabrafenib 110.86 5.46 2
Erlotinib 74.73 3.2 1
Gefitinib 68.74 3.75 1
Imatinib 86.28 4.38 2
Lapatinib 106.35 4.64 2
M1 94.71 421 0
Pazopanib 119.03 3.55 2
Trametinib 102.06 3.18 2
Vemurafenib 91.92 4.62 2

* sourced from drug bank (https://www.drugbank.ca/), except for M1

3.5. Rat PK study

3.5.1. Preparation of the dosage forms
IV PK studies (cassette) at 0.2 mg/kg were performed in 40 % Polyethylene glycol (PEG) 200/ 60 %

water+0.3 % DMSO per compound (from DMSO stock solutions) with up to 4 compounds per cassette

plus a reference drug to ensure the PK is appropriate. For the IV PK studies at a higher dose of crizotinib

(4.9 mg/kg) and erlotinib (3.0 mg/kg), a vehicle screening was performed. Aqueous buffers of

pH 3.0-5.5 (due to the better crizotinib and erlotinib solubility in acidic media) were tested with

different adjuvants to ensure complete solubilization of the required dose within 1 h, stability for at
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least 24 h (confirmed with HPLC analysis) and a final pH between pH 3 and pH 50 mm acetate buffer
pH 4.0 was found suitable for a bolus injection of 1 mL/kg of crizotinib (4.9 mg/kg) and 2 % DMSO/
20 % Kleptose® (beta-cyclodextrin) in 50 mm acetate buffer pH 4.0 for erlotinib (3.0 mg/kg), with a

final pH of 4.6 and 4.0, respectively.

The doses for the oral PK studies were derived from the doses at the human food effect studies and
were body weight-scaled (Table 8). The drugs were administered as pure APl in the form of the
clinically relevant salt in Capsugel® PCcaps® (length 7.18 mm, internal diameter 2.06 mm) of gelatin.
In case the dose did not fit into one capsule, it was evenly divided into two capsules. The market
formulation of lapatinib, that undergoes a positive food effect in human as well, could not be tested
as the sample amount exceeded the capacity of two capsules. M1 rat PK at 0.5 mg/mL was already
available in an internal database at the desired dose from oral suspension in DMSO/PEG 400/water

(20:40:40, V/V/V) and was used for the PK analysis to identify solubility-limited absorption.

Table 8: Overview of the oral doses employed in the rat PK studies

Dose Dose Dose Dose Amount of
(free base) (free base) (free base) rat (salt form) ground tablet
human 70 kg [mg/kg] 250 g [mg] 250g rat 250g rat

[mg] [mg] [mg]
Crizotinib 250 3.6 0.89 0.89 -
Dabrafenib 150 2.1 0.54 0.63 -
Erlotinib 150 2.1 0.54 0.59 -
Gefitinib 250 3.6 0.89 0.89 -
Imatinib 400 5.7 1.43 1.71 -
Lapatinib 1500 34.8 5.36 8.70%* -
M1 27 0.39 0.10 0.11 -
Trametinib 2 0.03 0.007 0.008 -
Pazopanib 800 11.4 2.86 3.10 4.71
Vemurafenib 960 13.7 3.43 3.43 12.43%*

* 2 capsules were used to deliver the high dose

Prior to the capsule preparation, the particle size of all APls and the ground market products were
homogenized using mortar and pestle until most of the particles were <10 um in diameter. The
particle size was controlled by light microscopy. In the case of the ground Zelboraf® film-coated tablet,
many particles remained > 100 um. This could not be improved by ball-milling (Fritsch Pulverisette 23,
Fritsch, Idar-Oberstein, Germany) with different milling times, speed and grinding balls. However, it is
not considered relevant as the APl is already solidly dispersed within the formulation so that there are

no actual API crystals whose particle size could influence the dissolution.

The capsules were filled with the funnel and stand provided by the capsule manufacturer. Due to the

low dose of 0.008 mg, trametinib was diluted with lactose (Lactochem® Fine Powder) by 1:100 prior to
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the capsule filling using mortar and pestle. The drug content and content uniformity of the blend were
tested with HPLC analysis and 0.008 mg trametinib could be dosed with an average content of 103.8 %

and relative standard deviation of 1.67 % (n=10).

3.5.2. Invivo rat PK study
3.5.2.1. Contribution statement and ethical declaration
The rat PK studies were conducted at Nuvisan GmbH (Grafing, Germany) according to established

practice and operation procedures, in cooperation with the NCE Discovery DMPK department at Merck
Healthcare KGaA, Darmstadt, Germany. The oral PK studies were performed with capsules prepared
by myself. The vehicles for the IV PK testing of 3 mg/kg erlotinib and 4 mg/kg crizotinib were prepared
according to the instructions, resulted from my vehicle screening. The results were reported to me in
form of the measured plasma concentration time profiles, the percentage amount of parent drug

recovered in the feces and calculated PK parameters.

All animal experiments were approved by the District Government of Upper Bavaria and conducted in
compliance with German and European Animal Welfare Laws and Regulations in an Association for

Assessment and Accreditation of Laboratory Animal Care (AAALAC) accredited facility.

3.5.2.2. IV PK testing in the rat

Female Han Wistar Rats (n=3) received a single tail vein intravenous bolus injection of the model drugs
at 0.2 mg/kg in cassette or alone (in case of 3.0 mg/kg erlotinib and 4.9 mg/kg crizotinib 1V) in the
formulations described in 3.5.1. Consecutive blood samples were taken sub-lingually under isoflurane
anesthesia, after 0.1, 0.5, 1, 2, 4, 6 and 24 h and were further processed to obtain plasma. The animals
were housed in individual metabolism cages allowing the collection of feces for a period of 24 h or

48 h. Samples were stored at —20 = 5 °C until the bioanalytical quantification.

3.5.2.3. Oral PK testing with capsules in the rat

The rats were deprived of food for 6 h prior to administration of the capsules. Water was offered ad
libitum. Female Han Wistar rats (n=3) received a single oral administration of the model drugs in
capsules by gavage, at the dose levels listed in Table 8. Blood samples (40 pL per sampling point;
sublingual) were taken after 0.25, 0.5, 1, 2, 4, 6, and 24 h using ethylene diamine tetraacetic acid
(EDTA)-coated capillaries. Plasma samples were obtained after centrifugation (10,000 g; 4 °C; 5 min)
and stored at - 20 °C until UPLC-MS/MS analysis. The animals were housed in individual metabolism
cages allowing the collection of feces for a period of 24 h or 48 h. Samples were stored at—20+5 °C

until the bioanalytical quantification.

3.5.2.4. Quantification of the drug concentrations in the plasma and feces samples

The concentrations of the model drugs in the plasma were quantified using an UPLC method with

tandem mass spectrometric detection (UPLC-MS/MS) previously developed at Nuvisan GmbH. The
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UPLC-MS system consisted of a Waters Acquity UPLC coupled to an AB Sciex mass spectrometer API
5500 Q-trap. The UPLC separation was carried out on a reversed phase column (HSS T3, 1.8 uM, 2.1 x
50 mm) using a mobile phase gradient with 0.1% formic acid and acetonitrile as eluents. The plasma
samples were spiked with internal standard and the analyte was extracted from the matrix using
tertiary-butyl methyl ether (tBME). The organic phase was evaporated to dryness under a stream of

nitrogen and the residue was dissolved in acetonitrile/water (1:1, v/v) for LC-MS/MS analysis.

The feces samples were extracted with 4 times the volume of ethanol/water (4:1, v/v) and further
diluted with blank fecal extract. Aliquots of the diluted aqueous-ethanolic extracts were then spiked

with internal standard and diluted in acetonitrile/water (1:1, v/v) for UPLC-MS/MS analysis.

3.5.2.5. Pharmacokinetic Evaluation
The pharmacokinetic parameters maximum plasma concentration (Cmax) and time to reach the

maximum plasma concentration (tmax) were taken from the observed data. The area under the plasma
concentration-time curve (AUC), clearance (Cl), volume of distribution at steady state (Vs), and half-
life (ti2) were calculated using the custom-made software ‘DDS-TOX’. DDS-TOX’' was previously
evaluated for several compounds and found to generate results comparable to the validated software
WinNonlin® (Princeton, New Jersey, USA). The AUC values were calculated by non-compartmental
analysis using the linear up/log down method. The oral bioavailability is derived from oral and IV AUCs
from time 0 extrapolated to infinity (AUCo.inf) and the percentage of extrapolated AUC is given related

to the measured AUC from time 0 to the last sampling time (AUCo.jast).

3.6. Analysis of clinical and preclinical pharmacokinetic data to
identify solubility-limited absorption
3.6.1. Data collection

The different steps in the identification of solubility-limited absorption are presented in Figure 1. The
human clinical PK data from the literature used for the analysis is presented in Table 9. For the
calculation of the human gut bioavailability, the IV PK profiles and absolute bioavailability studies were
used. To verify and optimize the PBPK absorption models, the 1V and oral fasted PK profiles from the
food effect study were used. The reported PK after orally administered ascending doses were reviewed
with respect to the dose-proportionality of exposure. For erlotinib HCl and imatinib mesylate, some of
the required PK data were not available. The absolute bioavailability of erlotinib was determined in
healthy volunteers after administering an oral dose of 150 mg and an IV dose of 25 mg (69), but the
resulting plasma clearance is not given in the publication. Instead, the IV PK profiles and renal clearance
of erlotinib in patients were used. The clearance decreases from 8.41 L/h to 3.12 L/h with an increasing

dose from 25 mg to 100 mg (70).
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Table 9: Clinical pharmacokinetic data analyzed to assess solubility-limited absorption. The numbers in brackets

represent the reference numbers

Single dose Pharmacokinetics Food effect study m
escalation
Oral dose Intravenous Clearance Absolute Dose Dose range
[mg] dose [mg] [L/h] bioavailability (mg) [mg]
Crizotinib 250 (71) 50 (71) 46.8 (71) 43 % (71) 250 (71) 50-300 (72)
Figure 3
Dabrafenib 150 (73) 0.05 (73, 74) 12 (73) 94.5 % (73) 150 (75) 12-300 (76)
Table 11.2
Erlotinib 150 (70) 100 (69) 3.12 (69) 59 % (70) 150 (43) 3-1000 (77)
Figure 2a
Gefitinib 250 (44) 50 (44) 41.6 (44) 57 % (44) 250 (44) 50-700 (78)
Figure 3
Imatinib 400 (79) 100 (79) 10(79) 98 % (79) 400 (79, 80) 25-1000 (81)
Figure 2 (79)
(capsule)
Lapatinib not available  not available  not available  not available 1,500 (82) approx.
Figure 1 600-1800 (83)
M1 500 0.0156 12.8 72 % 30 30-1400
Pazopanib 800 (84) 5(84) 0.246 21 % (84) 800 (86) 50-2000 (87)
(84, 85) Table 11.11
Trametinib 2(88) 0.005 (88) 3.21(88) 72 % (88) 2(89) 0.125-10 (90)
Table 11.1
Vemurafenib not available  not available notavailable  not available 960 (46) 240-960 (19)
Figure 1

Considering that the range of renal clearance of erlotinib is quite small compared to a liver blood flow
of 90 L/h, the lowest value of renal clearance (i.e., 3.12 L/h following 100 mg V) was used to obtain
the lowest “worst-case”-gut bioavailability. In the erlotinib PBPK top-down analysis, the 75 mg IV PK
profile (69), was used as the plasma concentrations are the closest to the oral profile. For imatinib
mesylate, the oral PK profiles of the 400 mg capsule formulation in the absolute bioavailability study
(79) were used to substitute the plasma-concentration time profiles of the food study that are not

available.

For the assessment of solubility-limited absorption in the rat, the results of the rat PK study presented
in 4.2.2.1 were used. Information on dose-proportionality in the rat was collected from the literature.
Due to its size, the rat is not a common model to test the effect of food on the oral dosage forms of
drugs (12) and limited data for the model compounds is available. Therefore, food effect studies in the

rat are not covered by this work.
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3.6.2. Gut bioavailability calculation

The gut bioavailability or gastro intestinal availability (F.*Fg) was derived from the absolute
bioavailability F according to Equation 12 (91), with the fraction that escapes the first pass metabolism
(Fn) calculated using a liver blood flow (Q) of 90 L/h in human (92) and 72 mL/min/kg in the rat (93). In
this case, the hepatic clearance is assumed to be equal to the systemic clearance (Cl).

Equatioan:F=Faxlfngh:Faxp:qx(1_%)

3.6.3. Top-down PBPK analysis

A PBPK top-down lineshape analysis of observed plasma concentration-time profiles as described by
Peters (61) was performed using a generic PBPK Model built in MATLAB® (61). Before the oral
simulations, the clearance and distribution parameters were fitted by optimizing the intrinsic
microsomal clearance (CLint) and K, factor, a multiplicative factor to scale all the tissue distribution
coefficients at the same time, to best comply with the observed IV PK profiles (Figure 4, taken from

Peters et al. (94)). The entire workflow is illustrated in Figure 5.
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Pharmacokinet 2008, 47:261-75.

Figure 4: Optimizing the intrinsic microsomal clearance (CLint) and Kp factor (multiplicative factor to scale all the
tissue distribution coefficients at the same time), to best comply with the observed IV PK profiles. Increasing
the CLint shifts down the profile, while the K, factor changes to shape of the predicted profile (94).

For vemurafenib and lapatinib, whose pharmacokinetic data after an intravenous administration in

humans are not available, CLi: and K, factor were derived from the plasma concentration-time profiles
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following a single dose of oral administration. The clearance was derived from the elimination-slope
of the oral PK profiles in logarithmic scale, whose elimination rate constant (ke) depends on the
clearance (Cl) and unbound volume of distribution (Vss,u) (Equation 13) at time points well beyond the
absorption phase (usually after 24 h for immediate-release dosage forms). The volume of distribution
was estimated according to the Vs, equivalency approach presented in (95). The mean value of the
volume of distribution per kilogram body weight in mouse, rat, and (in case of lapatinib) dog was used
based on the assumption plasma protein binding, is the same across different species, as shown in

Table 10.

Equation 13: k, = CI/V

ss,u

Table 10: Preclinical data to estimate the human clearance and volume of distribution of lapatinib and
vemurafenib. The numbers in brackets represent the reference numbers.

Lapatinib Vemurafenib Lapatinib Vemurafenib
Volume of distribution Volume of distribution plasma protein plasma protein

[L/kg] [L/kg] binding [%] binding [%]
mouse 8.55 (96) 0.263 (97) &b >99.0 (96) 99.81 (98)
rat 6.15(96) 0.211b >99.0 (96) 99.85(98)
dog 5.70(96) not available >99.0 (96) 99.79 (98)
human not available not available >99.0 (96) 99.86(98)
average 6.80 0.237 - -

2 Volume of distribution in mice reported to be 7.9 mL for mice of an average body weight 30 g (97)

bVolume of distribution after single intravenous dose (steady state data not available, but the plasma protein
binding is high and very similar across the different species)

Besides the CLin: and K, factors, the oral PBPK simulations at the dose of the food effect study were
based on FaSSIF solubility and effective permeability. The PBPK input parameters are shown in Table S

6 for the human simulations and Table S 7 for the simulations of rat PK.

The mismatch between observed and predicted AUC or profile shape can deliver an understanding of
the mechanisms underlying exposure, which can be used to optimize the models (61) (Figure 5, left
case). When a simulated profile cannot match the steep upswing of the observed profile and is
characterized by a poor sensitivity to permeability increase, solubility in vivo might be greater than the
measured FaSSIF solubility. In the models underpredicting the observed PK, the input solubility was
increased to the minimum value that best captures the observed profile (75-125% of the observed
AUC), in the following called “in vivo solubility”. The true solubility in vivo could be even higher.
However, a good fit to the observed profile of low (BCS class I/ IV) or borderline permeability drugs
may also be achieved by increasing the input permeability. To investigate the permeability sensitivity,

the oral simulations were performed with effective permeability derived from apparent permeability
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in Caco-2 cells (scaled to the effective human intestinal permeability by a factor of 25) as well as

effective permeability calculated from structural properties.
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Figure 5: Schematic illustration of the top-down PBPK modeling approach (51)

If a loss of drug in the intestine in vivo is caused through gut metabolism or efflux, the predicted profiles
show significantly higher plasma concentrations and AUC than the observed profile (Figure 5, middle
case). In these cases, the intestinal loss was introduced to the PBPK by reducing the regional absorption

in the intestinal compartments.

To match the observed profile, the gastric emptying rate was reduced in the models of the drugs that
might delay the gastric emptying (Figure 5, right case). Data on drug-induced gastric emptying are not
always published, but the model has been validated for the identification of delayed gastric emptying

in the rat (99).

To identify solubility-limited exposure, the PBPK simulations were repeated with a hypothetically high
solubility. Analog to the BCS class | solubility criterion, a solubility value of dose/250 mL was used, and
1 mg/mL for low-dose (< 250 mg) drugs. AUC or Crax ratios of the PBPK simulations using hypothetical
BCS class I-like solubility to the best fit simulations that are significantly higher than 1 indicate

solubility-limited exposure. A ratio of 1 or close to 1, identifies non-solubility-limited absorption.
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3.7. Bottom-up food effect predictions using GastroPlus®

A workflow (Figure 6) to improve prospective food effect predictions was developed, that does not
require model fitting to the observed fed state PK profile, considers the potential bias through gut first
pass metabolism, incorporates the uncertainty in compound related input parameters as well as the

highly variable physiological conditions.
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Figure 6: Schematic illustration of the developed bottom-up PBPK workflow to enhance food effect predictions.
In case in Step 4 a similarly good models can be obtained using different parameter settings, one model with
each possible setting is built (Optimized model 1 - n), as the input parameters cannot be validated only based

on the plasma profile.
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3.7.1. Understanding the PK of the drug

The first step in Figure 6 provides an understanding of two important mechanisms in the gut
contributing to the PK - absorption and gut first pass metabolism. To estimate the fraction absorbed,
the gut bioavailability was calculated as described in 3.6.2 as it provides information on a potential loss
of drug in the gut. Moreover, information on the amount of parent drug excreted in the feces, for
example in radiolabeled mass balance studies (ideally at the same dose as the food effect study), was
collected as it contributes to the estimation of the fraction absorbed by delivering information on the
amount of unabsorbed drug. For drugs that are reported to undergo biliary excretion, differentiation
from unabsorbed and biliary excreted drug was enabled through the time window of excretion
(unabsorbed drug from immediate release formulations is usually excreted after 24-48 h (100, 101)).
The differentiation between unabsorbed drug and gut metabolism was supported by the analysis of
available clinical PK data described in 3.6 including top-down PBPK modeling and analysis of dose-
exposure proportionality. To further assess the amount of gut first pass metabolism, information in
the literature on gut metabolism of the model compounds was collected and relevant metabolism via
CYP3A4, as the most prominent gut metabolizing enzyme (102). Moreover, the systemic clearance was
consulted, as a significant gut first pass is rather unlikely if the systemic clearance is low. Intestinal loss
due to efflux transporters has been neglected, as the most prominent intestinal efflux transporter, p-

glycoprotein is easily saturable and is only clinically relevant for a very limited number of drugs (103).

For the model drugs with good gut bioavailability and non-solubility-limited absorption, a fraction
absorbed of 1 (complete absorption) was assumed. For solubility-limited drugs with low systemic
clearance or limited CYP3A metabolism, the calculated gut bioavailability was used as the target
fraction absorbed. In the absence of IV PK data, the fraction absorbed can only be roughly estimated
based on the amount of excreted parent drug in the feces. In this research, it was further refined based
on the assumption that the observed food effect is solubility-driven, for example, if the exposure

increased by 5-fold in the fed state, the fasted state fraction absorbed was estimated < 20 %.

3.7.2. Obtaining clearance and volume of distribution from the IV PK
profile

The parameters for compartmental PK models (1-3 compartments) were fitted to the mean observed
intravenous PK profiles based on the IV dose, infusion time, and body weight using the PKPlus module

in GastroPlus®. The IV PK data used is shown in Table 11.
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Table 11: Clinical pharmacokinetic data used for building and validating the GastroPlus® models. The numbers
in brackets represent the reference numbers.

Observed IV PK

Observed p.o.

Observed p.o.

AUC and Cmayx under different

profile profile (fasted) profile (fed) conditions for verification 2
Dose Dose Dose - Lower and With/ without
higher dose [mg] ARA at dose
[mg] [mg] [mg]
[mg]
Crizotinib 50 (71) 250 (71) 250 (71) 50/ 300 (72) 250 (104)
Figure 1 Figure 3 Figure 3
Dabrafenib 0.05 (74) 150 (75) 150 (75) 75 (105) b not available
Table 11.3 Table 11.2 Table 11.2 95 (oral
suspension) (106)
Erlotinib 75 (69) 150 (43) 150 (43) 50/ 200 (107) 150 (108)
Figure 2 Figure 2a Figure 2a
Gefitinib 100 (44) 250 (44) 250 (44) 50/ 500 (78) 250 (109)
Figure 1 Figure 3 Figure 3
Imatinib 100 (79) 400 (79) not available 25/ 750 (110) 400 (111)
Figure 1 Figure 2 (capsule)
Lapatinib not available 1,500 (82) 1,500 (82) 175/ 1800 (112) 1250 (113)
Figure 1 Figure 1
M1 0.0156 30 30 30/ 1400 not available
Pazopanib 5 (85) 800 (86) 800 (86) 50/ 2000 (114) 800 (115)
Figure 11.8 Table 11.11 Table 11.11
Trametinib 0.005 (116) 2 (89) 2 (89) 0.5/ 10 (90) not available
Table 11.3 Table 11.1 Table 11.1
Vemurafenib not available 960 (46) 960 (46) 240/ 720 (117)¢ not available
Figure 1 Figure 1

2 Assumption: AUC and Cmax given as free base
b dose higher than 150 mg in HPMC capsule are not available
¢ higher dose not available

3.7.3. Bottom-up oral PK prediction

The oral bottom-up PBPK simulations at the doses of the food effect studies were based on the fitted

compartmental PK parameters as well as logP, pKa, molecular weight of the relevant salt form, fraction

unbound in plasma, blood to plasma ratio from literature and measured pH dependent and biorelevant

(FaSSIF and FeSSIF) solubility of the relevant salt form after 24 h (4.1.1.1 and 4.1.1.2), as well as Caco-

2 permeability (4.1.4). For erlotinib and M1, whose solubility depends on the chloride concentration

of the buffer, the pH dependent solubility profile in the presence of 130 mM NaCl was used, as it is

assumed to be more physiologically relevant. As reference solubility, the lowest measured value was

used, because it is the most critical. The solubility in phosphate buffer pH 7.4 was used as reference

solubility value with the following exceptions: Dabrafenib and vemurafenib with acidic pK, close to 7

have increased solubility at pH 7.4. Pazopanib and lapatinib aqueous solubility at pH 7.4 was too low



Methods 31

for HPLC quantification using the generic quantification method. The pK, and pH dependent solubility
profile, as well as the bile salt solubilization ratio (SR), were fitted to the measured data, as
recommended in GastroPlus®. The bile salt solubilization ratio is a model parameter that can be
derived from the solubility differences in buffer with (FaSSIF, FeSSIF) and without (FaSSIF blank, FeSSIF
blank) bile salts to establish the compound solubility depending on the intestinal bile salt
concentrations in the model (Equation 14) (118). For capsules, the recommended shorter stomach
transit time of 0.1 h was used, as the released capsule content might be emptied faster from the
stomach than API from dosage forms that depend stronger on prior disintegration. The Caco-2
permeability was converted to the human effective permeability based on the reference compounds
propranolol and atenolol in the assay using the built-in tool in GastroPlus®. The input parameters are
presented in Table S 8. If evident from clinical PK data, gut first-pass metabolism was implemented
according to 3.7.1. In case, a certain gut first pass input value could not be defined, it was covered

during model optimization.

Equation 14: Cg,, = Cgp + SCps * SR * MW * [TC]

Cax solubility in the presence of sodium taurocholate
Cso solubility in the absence of sodium taurocholate
SCys  solubilization capacity of the bile salt for the drug
SR bile salt solubilization ratio

MW  molecular weight

[TC]  sodium taurocholate concentration

3.7.4. Model optimization and verification
3.7.4.1. Model optimization

The models were optimized to meet the predefined target fraction absorbed (3.7.1) and observed

plasma concentration-time profiles (Table 11).

The following parameters were optimized, as they are uncertain to some degree. The in vivo relevant
precipitation time cannot be measured, the particle size of the drug products used in the clinical
studies is not published and the composition if the intestinal fluids is highly variable, which affects, the
bile salt solubilization ratio (30, 119). The reference solubility in a defined aqueous buffer is a
parameter that is adequately measurable in vitro and is therefore only adapted as the last choice. A
parameter sensitivity analysis (PSA) for these parameters was conducted according to Table 12. The
default minimum and maximum values in GastroPlus® were used except for the maximum border of
the precipitation time, where the maximum possible value that GastroPlus® allows of 1,000,000 s was

used and the maximum border of the bile salt solubilization ratio. The maximum possible bile salt
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solubilization ratio for each compound was evaluated by using a hypothetically 10-fold different FaSSIF

and FeSSIF solubility for the fitting and is presented in Table S 9.

In case a similarly good fit to the observed fasted state profile and target fraction absorbed could be
obtained using different parameter settings, a model with each possible setting was built. This covers
for the parameter non-identifiability, as the input parameters cannot be validated only based on the

plasma profile.

Table 12: Parameters tested in the PSA to optimize the bottom-up PBPK predictions in the fasted state

Minimum Baseline value Maximum
Particle radius [um] baseline value/10 25%* baseline value*10
Precipitation time [s] baseline value/10 900* 1,000,000
Bile salt solubilization baseline value/10 fitted to in vitro data fitted to hypothetically
ratio (Table S 8) different in vitro data
(Table S 9)
Reference Solubility baseline value/10 individual in vitro value baseline value*10
(Table S 8)

*GastroPlus® default value

3.7.4.2. Determination of a verification procedure
Besides the AUC and Cnax in the fasted state of the food effect study, AUC and Cmax of the lowest and

highest dose available and after ARA intake (Table 11) were simulated to verify the PBPK absorption
models. The PK under acid reduced conditions were simulated by changing the stomach pH from

pH 1.3 to pH 4.5 (120).

To define the acceptance limits, the coefficient of variation (CV%) in the food effect study was
consulted and calculated from the standard deviation (SD) if necessary. In case the CV% was < 50 %,
an acceptance limit for the simulated AUC or Cmax at the dose of the food effect study of 1.5-fold (lower
or higher) of the observed values was used. When the CV% was 50 %-100 %, maximum 2-fold deviation
from observed values were accepted and following a CV% > 100 % in the food effect study maximum
3-fold of the observed. The limits for the lower and higher dose as well as acid reduced condition
simulations were based either on the CV% (like for the food effect dose) or the fold-difference in AUC
at the food effect dose between the respective study and the food effect study, to account for the
inter-study variability. The higher value was used. In the cases where single-dose ARA studies were not
available for verification, the models were verified using the AUC or Cmax ratios without ARA to with
ARA. In these cases, the model passed the verification when the predicted ratio was within the AUC or

Cmax Without ARA/ with ARA-ratios’ 90 % confidence interval reported in the literature.

When there are different models that adequately simulate the observed fasted exposure at the food
effect dose of one drug, the verification exercise may reveal differences in the performance of these

models, when simulating different scenarios.
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3.7.5. Food effect prediction strategy
Food effect predictions for each model drug were performed using the default Human-Physiological-
Fed physiology (Table S 10), with a stomach transit time of 1 h and a constant stomach pH of pH 4.9,
as well as a customized more detailed fed stomach physiology regarding the re-acidification derived
from Koziolek et al. (100) (Table 13), implemented in a mixed-multiple dose file.
Table 13: Increase in stomach pH after completion of a meal collected using the SmartPill® derived from mean
values by Koziolek et al. (100). The data was collected locally using the SmartPill® and was highly variable

between time points within one subject. The fed stomach content is heterogenic and exhibits pH gradients. pH
values between pH 1 and pH 7 might coexist at the same time (100).

Time [min] Stomach pH

0-5 4.6
5-30 3.8
30-45 3.3
45-60 3.2
60-90 3.0
90-108 2.7
108-138 2.4
138-148 2.2
148-158 2.0
158-208 1.7
208-224 13
224-270 1.0

To distinguish the impact of the different factors that change at the same time during the fed state
simulation, a PSA of the absorption relevant physiological parameters that change in the presence of
food was performed - in the following called “Food-PSA”. The parameters tested are shown in Table
14 along with the minimum and maximum limits. The bile salt solubilization ratio was used in the PSA
as a surrogate for the intestinal bile salt concentrations that actually change in the presence of food.
Additionally, simulations were performed with increased bile salt concentrations of:

— the mean value between the Human-Physiological-Fasted and Human-Physiological-Fed

physiology (Table S 10),
— the concentrations of the Human-Physiological-Fed physiology,

— and double concentrations of the Human-Physiological-Fed physiology.

Table 14: Parameters tested in the “Food PSA”

Minimum Baseline value Maximum
Stomach pH 0.5 1.3 5.0
Stomach Transit Time [h] Baseline value/2 0.25 (tablet) 6h
0.1 (capsule)

Bile salt solubilization ratio Baseline value/10 Model specific (Table 27) Baseline value*10
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4. Results and Discussion

4.1. Importance of in vitro solubility and dissolution data in food
effect predictions
4.1.1. In vitro solubility testing

4.1.1.1. pH dependent solubility
The solubility of the model drugs after 24 h in buffers of physiologically relevant pH 1.2 - pH 7.4 (26) is

presented in Figure 7, along with the pK, values reported in the U.S. Food and Drug Administration’s
(FDA) Clinical Pharmacology and Biopharmaceutics Reviews or (80, 113). The solubility of crystalline
vemurafenib (19) (Table S 11) and trametinib*DMSO (90) (Table S 12) is not displayed. It is extremely
low (< 0.26 pg/mL and < 0.6 pg/mL, respectively), which complicates an exact quantification, and not
pH-dependent across the entire pH range. Therefore, the reported data in the literature for crystalline
vemurafenib and trametinib*DMSO (19, 90) (Table S 11, Table S 12) were used for the purposes of this
work. The solubility of the amorphous vemurafenib obtained from ground Zelboraf® 240 mg film-
coated tablets shown in Figure 7 was measured according to the procedure described in 3.2.1.
Crizotinib, gefitinib and imatinib mesylate are highly soluble in acidic media (78, 80, 121). The amounts
of drug substance (equivalent to 10 mg/mL solubility for crizotinib and gefitinib/ 5 mg/mL for imatinib)
weighed in for the solubility tests were completely dissolved at the lowest pH shown in Figure 7. The
actual solubility could be even higher, but as it already complies with the BCS class | solubility criterion

of > dose/ 250 mL (18), it is not expected to make a difference for the purposes of this work.

As expected based on the weakly basic nature of all compounds excluding vemurafenib, their solubility
declines when the increasing pH approaches their basic pK, values (Figure 7). This is because the
amount of ionized species decreases, whose solubilization is usually facilitated. Dabrafenib and
vemurafenib have an acidic pK, value within or close to the measured range (19, 76) and therefore
show increased solubility when approaching pH 6.6 and pH 7.9, respectively. Moreover, vemurafenib
is co-precipitated with the acid-insoluble HPMC-AS (19) in the tested ground market formulation,
preventing dissolution at low pH and facilitating solubilization at higher pH. The solubility of both,
crystalline and non-crystalline vemurafenib, were found to be low (< 0.26 pug/mL) up to pH 4.5 (19)

(Table S 11).

The measured solubility profiles of erlotinib HCl and M1 are characterized by lower solubility at pH 1.2
and pH 1.6 than at pH 3 or pH 4, as well as better solubility at pH 6.5 (FaSSIF blank) compared to pH 7.4,
and do not comply with their pK; values. This is because the solubility of these drugs depends on the
chloride concentration in the buffer (common-ion effect). In the solubility profiles of erlotinib HCI and
M1 in buffers of the same chloride concentration (130 mM) (Figure 7 in blue), the pH dependent

solubility is overruled between pH 1.2 and pH 4 in case of erlotinib, and completely set off for M1. The
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solubility profile at 130 mM chloride is assumed to be the more physiologically relevant, as 130 mM

chloride is a common concentration in the human Gl (122-124).
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Figure 7: Measured pH dependent solubility (after 24 h) profiles of the model drugs (n=2)

Overall, the measured solubility is well in line with the values reported in the literature (for example

in the FDA’s Clinical Pharmacology and Biopharmaceutics Reviews) and their pK, values. Only a few

values differ significantly from the expectations. Of particular note is the unexpectedly high lapatinib

ditosylate solubility in formate buffer pH 3.0 with approx. 0.1 mg/mL after 1 h, 2 h and 24 h. The

solubility reports of this compound in the literature are conflicting, with 0.001 mg/L in 0.1 N

hydrochloric acid (HCI) (83) vs. 0.001 mg/mLin 0.1 N HCl acid (at 25 °C) (125), and the pH dependence

is not thoroughly discussed (a 1000-fold decrease in solubility from pH 4 to pH 7 was reported in (113)).

However, the measured value at pH 3 is not in line with these observations, neither with its pK, values.
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Therefore, it is not considered in the further course of this work. Maybe, the thermodynamic solubility
was not yet reached in the in-house experiment, or factors other than the pH, e.g. the buffer species
or osmolarity have a huge impact on the solubility. Besides the lapatinib solubility at pH 3, there were
only small deviations from the literature. For example, the measured pazopanib solubility in SGF pH 1.2
(1.68 mg/mL) and erlotinib in formate buffer pH 3.0 (0.75 mg/mL) are 2-3-fold higher than the greatest
reported pazopanib solubility (0.65 mg/mL at pH 1.1 (121)) and erlotinib solubility (approximately
0.4 mg/mL at approximately pH 2 (77)). These differences can be batch-related, and no further data

were excluded from the use in this work.

For some of the drugs, supersaturation after 1 h and 2 h compared to the 24 h solubility was observed,
due to their salt form. For example, the solubilities of erlotinib HCI, imatinib mesylate, lapatinib
ditosylate after 1 h were up to 3-fold, = 18-fold, 46-fold higher in FeSSIF blank pH 5.0 (erlotinib and
imatinib), acetate buffer pH 4 (lapatinib) than after 24 h, respectively.

Salt form approaches for ionizable drug candidates can speed up their dissolution and increase the
rate and extent of absorption (4, 126). Upon dissolution, the acid/ base nature of the counter ions or
the drug itself can alter the pH of the solution, especially in the case of salts with medium-strong acids
or bases like mesylate or tosylate. The pH of the solution was measured after the 2 h and 24 h sampling
to make sure the final pH is still as desired. The deviations from the initial pH were less than 0.2
pH-units with the following exceptions: The pH of the imatinib mesylate solution decreased during the
solubility test in pH 7.4 to pH 6.5 after 2 h and further to pH 6.0 after 24 h. This explains why the
pH 7.4-solubility seems to be higher than in FaSSIF blank (pH 6.5), where the pH was stable. During the
crizotinib pH 5 and the gefitinib pH 4 solubility test, the pH increased by 0.4 units, due to the basic
nature of these drugs. It shows that even at the resulting higher pH, the solubility is BCS class | like. A
change in pH was especially observed for the model drugs with high solubility and large amounts of
drug substance used in the test. Small changes in pH and solubility are less critical to absorption when
solubility is high. In vivo, there might also be gastrointestinal pH fluctuations due to a limited buffer
capacity (26), but the pH shift can be less pronounced than in vitro when the dose is lower and the

volume is higher.

The generated pH dependent solubility data can be used for the purposes of this work. This includes
the discussion of the relative differences in the fasted versus fed state, the use as gastric input solubility
in the generic PBPK model built in MATLAB® (pH 1.6 for human, pH 4 for the rat) and input for the
GastroPlus® absorption models. The measured solubility data are adequately in line with the values
reported in the literature and their pK, profile. For the different exercises within this work, the 24 h
solubility (assumed equilibrium) was used, as it is well established in later stages of drug development

(4), better reproducible than kinetic phenomena (127) and therefore more comparable between the
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different model drugs. However, the solubility differences between fasted and fed state pH can be
different at time points earlier than 24 h. The Gl transit time might not always be long enough to reach

the thermodynamic solubility in vivo.

4.1.1.2. Biorelevant solubility
The solubility after 24 h in the presence of 0/ 3/ 15 mM sodium taurocholate and 0/ 0.75/ 3.17 mM

lecithin (fixed combinations) in pH 6.5 (FaSSIF blank) and pH 5.0 (FeSSIF blank) is presented in Figure
8. The concentrations were selected according to the first published FaSSIF and FeSSIF versions (27),
which are available as instant “SIF-Powder” since 2008 (128), and have become widely used in the
academia and industry (129). The combination of 3 mM TC/ 0.75 mM lecithin is derived from FaSSIF
and 15 mM TC/ 3.75 mM is used in FeSSIF. To distinguish the bile salt vs. pH effect on solubility, the
FaSSIF-TC/lecithin concentrations were also tested in the FeSSIF blank buffer and the other way

around.

As expected based on their amphiphilic nature and ability to act as surfactants (118), the solubility in
buffers containing greater amounts of TC/ lecithin is higher than in the buffers without or with lower
TC/lecithin concentrations. And as expected based on the pH dependent solubility, the solubility at
pH 6.5 is generally lower than at pH 5.0 at the same TC/ lecithin concentration. It is not the case for
dabrafenib with an acidic pK, of 6.6 and M1, where the higher chloride concentration in the FeSSIF
blank buffer pH 5.0 prevents better solubility compared to the buffer FaSSIF blank pH 6.5. The low
solubility of the vemurafenib-HPMC-AS coprecipitate at pH 5.0 is increased by the presence of 3 mM
TC/ 0.75 mM lecithin to the level of FaSSIF blank (pH 6.5) + 3 mM TC/ 0.75 mM lecithin and with 15 mM
TC/ 3.75 mM lecithin even higher than in the analog pH 6.5 buffer. Substantially higher concentrations
have been observed after 1 h for vemurafenib (amorphous) and lapatinib with up to 17-fold and 3.6-
fold of the 24 h-solubility. Supersaturation with < 2-fold of the 24 h-solubility has been observed for

erlotinib, gefitinib, and pazopanib after 1 h.

The TC/ lecithin dependence of crizotinib, imatinib mesylate and trametinib*DMSO solubility is not
shown in Figure 8. The solubility of crizotinib in FeSSIF blank pH 5.0 is already very high (> 10 mg/mL),
and a potential further solubility increase by TC/ lecithin is not considered relevant for absorption. The
interaction of imatinib with the micelles leading to a gel formation (130), hindered the solubility
determination in the supernatant with 15 mM TC/ 3.75 mM lecithin. For the above explained analytical
reasons, the reported trametinib*DMSO solubility in (90) (Table S 12) was used in this work. Trametinib
FaSSIF pH 6.3 and FeSSIF pH 4.9 solubility were found to be 0.8 pg/mL and 3.9 ug/mL after 24 h,

respectively. The differences in FaSSIF and FaSSIF blank solubility (pH 6.5) are shown in Table 15.
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Figure 8: Measured solubility (n=2) of the model drugs (after 24 h) at pH 6.5 (FaSSIF blank) and pH 5.0 (FeSSIF
blank) with different taurocholate and lecithin concentrations

To better quantify the bile salt sensitivity of the solubility, the ratios of FaSSIF (3 mM TC/ 0.75 mM
lecithin) solubility to FaSSIF blank (without TC/ lecithin) solubility were calculated (Table 15). Lapatinib
is the compound with the most sensitive solubility to 3 mM TC/ 0.75 mM lecithin addition to the buffer
FaSSIF blank (pH 6.5), with 87-fold solubility increase. The solubility of the gefitinib and amorphous
vemurafenib is also very sensitive to 3 mM TC addition with 48 and 26-fold increase, respectively, while
the solubility of the other model drugs increases < 10-fold. The ratios of FeSSIF (15 mM TC/ 3.75 mM
lecithin) solubility to FeSSIF blank solubility were also calculated for comparison (data not shown), and
confirmed that lapatinib is most sensitive drug to the presence of bile salts, followed by vemurafenib

(gefitinib was not outstanding).
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Table 15: Comparison of the model drugs’ FaSSIF and FaSSIF blank (without taurocholate and lecithin)
solubility. The numbers in brackets represent the reference numbers.

FaSSIF solubility FaSSIF blank FaSSIF solubility/

[mg/mL] solubility [mg/mL] FasileFb::::k
Crizotinib 0.7430 0.4964 1.5
Dabrafenib mesilate 0.0037 0.0028 13
Erlotinib HCI 0.0124 0.0019 6.7
Gefitinib 0.0887 0.0018 48.0
Imatinib mesilate 25 0.7314 26.8
Lapatinib ditosylate 0.0350 0.0004 87.4
M1 0.0728 0.0148 4.9
Pazopanib HCI 0.0012 0.0003 4.4
Trametinib*DMSO 0.0008 (90) 0.0003* (90) 2.7
Vemurafenib (amorphous) 0.0054 0.0002 26.0

* unspecified buffer pH 6

The data shown in Figure 8 and Table 15 indicates a risk of a positive food effect for all drugs. Solubility
enhancement via the increased bile salt concentration as well as a potential intestinal pH decrease
through the chyme enhance the solubility of erlotinib, gefitinib, lapatinib, pazopanib, and vemurafenib.
Dabrafenib and M1 solubility is enhanced by the bile salts in the buffer compositions tested. This topic

is further elucidated in 4.1.3, together with the results of the dissolution tests.

The presented solubility data in the presence of bile salts and lecithin for the discussion on the
performance of the in vitro solubility and dissolution data in to food effect predictions. Moreover, it is
used in this work as (intestinal) input solubility in the generic PBPK model built in MATLAB® (FaSSIF
solubility) and in GastroPlus® for bottom-up PK predictions (FaSSIF and FeSSIF solubility). The dose
number, SLAD and required volume of FaSSIF to dissolve the dose for the rat were calculated based on

the FaSSIF solubility.

4.1.1.3. Dumping experiments

The goal of the dumping tests was to investigate, whether the model drugs are capable of generating
and maintaining supersaturated concentrations upon the transfer of a solution into a medium where
the solubility is lower. This is relevant for the MATLAB® PBPK modeling part of this work. The need for
increasing the input solubility of a drug is supported if it can generate supersaturation (caused by the
stomach pH or a solubility enhancing formulation), that might then enhance absorption. The results
are shown in Table 16. The red color code highlights the drugs and time points, where the measured
concentrations after dumping the drug solutions are higher than the thermodynamic (24 h) solubility

in FaSSIF.
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Table 16: Observed supersaturation after dumping of drug solutions into FaSSIF. Legend: Red = the measured
concentrations at the given sampling time are higher than the thermodynamic (24 h) solubility in FaSSIF;
green = the measured concentrations at the given sampling time are below the thermodynamic (24 h) solubility
in FaSSIF; yellow = slight supersaturation. If there was a difference between the n=2 samples, the fold-
difference in solubility for both is given in the table.

Supersaturation after 15 min | Supersaturation after 30 min | Supersaturation after 120 min
compared to 24 h solubility in | compared to 24 h solubility in | compared to 24 h solubility in
FaSSIF FaSSIF FaSSIF

Crizotinib |

Dabrafenib 1.4-fold/ 1.5-fold |

Erlotinib ‘

Gefitinib |

Imatinib ‘

Lapatinib ‘

M1 |

Pazopanib ‘

Trametinib ‘

Vemurafenib* ‘

*crystalline

Dabrafenib shows supersaturation up to 15-30 min, gefitinib and pazopanib up to 30-120 min, and
lapatinib, trametinib, and crystalline vemurafenib for at least 120 min. The solubility of the
vemurafenib batch in FaSSIF of 0.7 ug/mL after 24 h was measured for comparison, which is slightly

higher than in aqueous buffers (19) (Table S 11) and therefore plausible.

All 5 compounds that required a solubility increase in the MATLAB® PBPK model (dabrafenib, lapatinib,
pazopanib, trametinib, vemurafenib) showed higher concentrations in the dumping experiment than
measured via shake flask method after 24 h. Dabrafenib, pazopanib, vemurafenib showed higher
concentrations after 15 min than after 120 min, so that the supersaturation could be directly
confirmed. In the cases of lapatinib and trametinib, the supersaturated state 2 h after dumping was
confirmed through a comparison with the concentrations after 2 h and 24 h of a shake flask solubility
test in FaSSIF + 3 % DMSO using solid API. Gefitinib shows supersaturation in the dumping test as well,
but there was no need to adjust solubility in the model, as the thermodynamic value is high enough to
enable the simulation of the observed PK. For imatinib, crizotinib and M1, the assay was not expected
to generate supersaturation, as the solubility of these drugs in FaSSIF is sufficient to dissolve the
weighed amount. Precipitation of the erlotinib dose was quick, and the thermodynamic value was
reached already after 15 min, but there was no need to adjust the solubility in the model. To
summarize, increasing the input solubility of dabrafenib, lapatinib, pazopanib, trametinib, and
vemurafenib can be justified, as the compounds can generate supersaturated solutions for at least

15 min.
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4.1.2. In vitro dissolution testing
The common biorelevant USP Il dissolution setup uses 500 mL FaSSIF or FeSSIF (39-41). This was not

useful for all model drugs, as the expected release in most buffers of the food effect dose was <5 %
according to the previously presented low solubility, e.g. for dabrafenib, pazopanib and vemurafenib.
When only low amounts of drug are released, it is difficult to interpret the differences in performance
between the different test conditions. Moreover, the low solubility might be the main factor shaping
the release profile in these experiments, not the dissolution kinetics. For the USP Il dissolution tests,
erlotinib (Tarceva® 100 mg film-coated tablets), gefitinib (Iressa® 250 mg film-coated tablets), and M1
30 mg film-coated tablets were selected. The medium paddle speed of 75 rpm, that is often used in
the biorelevant release tests (39-41), could not be applied in all release tests of the selected drug
products, as the release rate was in some instances strongly affected by assay related influencing
factors, e.g. coning behavior. Among the USP Il dissolution tests in 500 mL FaSSIF and FeSSIF, there
was strong coning or tablets sticking to the vessel wall in at least one of the buffers at 75 rpm, so that
the paddle speed was increased to 100 rpm in both media. For the M1 formulation, this might not even

|II

be sufficient, as discussed below. To summarize, a “one-fits-all” biorelevant dissolution test procedure

in FaSSIF and FeSSIF could not be identified. The test conditions are given along with the results.

The human exposure of erlotinib, gefitinib and M1, selected for the USP Il dissolution tests, is not
substantially altered in the presence of food (Table 9). Therefore, pazopanib (Votrient® 400 mg film-
coated tablets) and vemurafenib (Zelboraf® 240 mg film-coated tablets) with a huge positive food
effect in human were also included - but in the USP IV (flow-through cell) open system to enable more

drug release than in an USP Il vessel, where saturation is easily reached.

4.1.2.1. Dissolution testing of the selected model drugs in the USP apparatus Il
Prior to the release tests in biorelevant media, the dissolution of the drug products in buffers that

enable complete release was tested. For erlotinib the QC medium (available at the FDA Dissolution
Database (131) by the time the experiment was performed) 0.1 N HCl + 1 % sodium dodecyl sulfate
(SDS)) was used, and FaSSGF pH 1.6 for gefitinib and M1. In all cases, complete release could be
achieved and the full dose was recovered. This indicates that the tablets and filters are suitable for the

following experiments.

The release profiles in 500 mL FaSSIF and FeSSIF of the selected model drugs erlotinib, gefitinib and
M1 in the USP Il apparatus with first order (exponential) fit are shown in Figure 9. The mean profiles
of the Tarceva® 100 mg release tests met the maximum amount released expected based on the
thermodynamic drug solubility. While the variability in FaSSIF was low, the three tablets in FeSSIF

behaved differently, as two of them showed supersaturated concentrations while the third tablet
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approached the solubility limit only slowly. A good first-order model fit to the mean profile could be

obtained for both, FaSSIF and FeSSIF, with higher Wnax and k in FeSSIF.
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Figure 9: FaSSIF and FeSSIF dissolution profiles of the selected model drugs erlotinib, gefitinib and M1 in the
USP Il apparatus with first order (exponential) fit. The tested drug products Tarceva® 100 mg film-coated
tablets and Iressa® 250 mg film-coated tablets contain 109.28 mg erlotinib HCl and 250 mg gefitinib free base,
respectively. The tested M1 tablets contain 30 mg M1. The dissolution tests were performed with n=3 dosage
units at 37 °C and 100 rpm paddle speed. The expected release was calculated based on the thermodynamic
solubility in the shake-flask test and a first-order model was fitted to the dissolution profile.

During the release tests of Iressa® 250 mg film-coated tablets, the maximum amount released was
reached very rapidly (approximately after 15 min) in FaSSIF as well as in FeSSIF, with very low variability
in both media. The standard deviation is not shown in the Iressa® FaSSIF dissolution profile, as only
two vessels were evaluated, because the paddle in the third vessel was not properly fixed. The released
amount of drug in the remaining two vessels did not differ by more than = 1 % at any time-point, so
the experiment was not repeated. The expected maximum amount released in FaSSIF of 18 % based
on the gefitinib solubility of about 0.09 mg/mL, was not achieved, suggesting that the tablet batch has
lower solubility after 240 min (0.06 mg/mL) than the tested API batch after 24 h. In FeSSIF, complete
gefitinib release was observed as expected. Good first-order model fits to the mean Iressa® release

profiles in FaSSIF and FeSSIF could be obtained. Wmax was higher in FeSSIF than in FaSSIF, while k was
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lower in FeSSIF than in FaSSIF. This observation can be explained by the fact that the film of the Iressa®

250 mg tablets adhered to the vessel wall in the FeSSIF but not in the FaSSIF dissolution tests.

As mentioned earlier, there was massive coning in the M1 dissolution tests, even with 100 rpm paddle
speed, preventing proper mixing and drug release from inside the cone. This is visible in the release
profiles in Figure 9 as the expected complete release of 30 mg M1 in 500 ml FaSSIF and FeSSIF is not
yet achieved after 240 min. The exponential fit to the release profiles is possible, but might be
misleading, when the actual Wmax is not covered by the profile or the low k is an artifact caused by

strong coning in the vessel.

Recently, intestinal volumes lower than 500 mL have been reported (132, 133). To investigate the
influence of the volume, the release tests of Tarceva® 100 mg, Iressa® 250 mg and M1 30 mg
film-coated tablets were also performed in 250 mL in a mini-dissolution apparatus. As the dimensions
are scaled down by 1/3 of the USP Il apparatus, a first-order dissolution rate k similar to the 500 mL
profile is expected, but a lower Wmax, When the solubility is not sufficient for complete dissolution of
the dose in 250 mL of the buffers. Overall, the dissolution profiles in 250 mL met these expectations.
The release tests in 250 mL in the mini-dissolution apparatus confirm the previously reported findings
that the release behavior can be similar to the regular USP Il apparatus, but does not always match
(68), for example when supersaturated concentrations occur like in the Tarceva® 100 mg release tests

or in case of serious coning as observed for M1.

The FeSSIF/FaSSIF k and Wmax-ratios in the 500 mL release tests are shown in Table 17 and discussed
in 4.1.3, together with the relative differences in FaSSIF and FeSSIF solubility with regard to the

observed food effects in the clinical studies.

4.1.2.2. Dissolution testing of the selected model drugs in the USP apparatus IV
The release from the selected drug products Votrient® 400 mg film-coated tablets (containing

433.33 mg pazopanib HCI) and Zelboraf® 240 mg film-coated tablets (containing 240 mg vemurafenib
in form of HPMC-AS coprecipitate) was tested in FaSSIF and FeSSIF at 37 °C with a flow rate of
16 mL/min over 85 min. The maximum flow rate of the pump (16 mL/min) was chosen to speed up the
dissolution tests of these very low solubility drugs to achieve the maximum performance. The run time
was limited, by the maximum volume of 10 L buffer that is allowed in the associated lab. As the

equipment supplies seven cells in parallel, each tablet was released in 1360 mL of buffer.

Figure 10 and Figure 11 present the cumulative profiles (upper plots, a and b) of the USP IV release
tests in FaSSIF and FeSSIF with linear fit and expected release of drug according to the solubility after
1 hin the shake-flask test. In the lower plots (c and d), the percentage of dose released in the individual

sampling intervals over 2 min (in the sampling intervals from 0-10 min after the start of the release
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tests), 5 min (between 10-35 min of the release test) and 10 min (between 35-85 min of the test), is
shown. The amount released per sampled fraction is expected to increase with the sampling duration,
as illustrated by the dashed line in the plots c and d. The solubility after 1 h in the shake-flask test was
chosen as a reference to calculate the expected release as it delivered the better fit to the measured

profiles than the thermodynamic solubility after 24 h.

The release profiles of pazopanib in both, FaSSIF and FeSSIF (Figure 10) are characterized by a rapid
initial dissolution rate, followed by a very slow dissolution rate after 15 min. The solubility-wise
expected total amount released during the duration of the test was exceeded in both, FaSSIF and
FeSSIF dissolution tests, during the first minutes of rapid release. This could be explained by the
presence of excipients in high concentrations in the cell upon disintegration and dissolution before
they are washed out. The film coating contains polysorbate 80 (134), which is commonly known as a
solubilizing agent, and the contained Povidone K30 can inhibit the precipitation of dissolved pazopanib
(135). Once these soluble excipients are washed out from the cell, the dissolution rate of pazopanib
decreases massively, although sink conditions are permanently assured. The dissolution rate beyond
15 min matches quite well with the expectations based on the shake flask-solubility after 1 h (Figure
10c and d). It was excluded that this phenomenon is an artifact due to precipitation in the fraction
collector, as the resulting concentrations were lower than the thermodynamic solubility in the buffer
mixture in the fraction collector at room temperature. The sample stability for at least 24 h was also
tested and confirmed. The oral bioavailability of 800 mg pazopanib is 21 % in the fasted state (84). In
the selected experimental setting, the release of the absorbed amount in vivo appears impossible
within 3-4 h, a typical small intestinal transit time (136). This indicates that the absorption of the
weakly basic pazopanib in vivo might depend on the solubilization in the stomach at lower pH than in
FaSSIF and FeSSIF. A zero-order model was fitted to the initial part of the cumulative dissolution profile
that was linear up to 6 min after the start of the test. The zero-order dissolution rate constant kg is

higher in FeSSIF than in FaSSIF, in accordance with the better solubility in this medium (Figure 8).



Results and Discussion

45

a. Votrient 400mg in FaSSIF

b. Votrient 400mg in FeSSIF

(cumulative) (cumulative)
10 50
@ observed -+--@:-- observed
8 linear fit (2-15 min) 40 linear fit (2-6 min)
expected expected
el kel
2 6 2 30
© @©
D o
[2] [9]
2 4 2 20
y =0.1478t- 0.0741 y = 0.6866t - 0.6883
2 R? =0.9734 10 R?=09933 1
e o o 8 S TR
o0& 0
0 50 100 0 50 100
time [min] time [min]
c. Votrient 400mg in FaSSIF d. Votrient 400mg in FeSSIF
(fractions) (fractions)
0.4 1.5
=
:: E ..... observed E i observed
I expected u expected
03} f
o n o 1 :I
© i o} o
® oL I
02 55 o .
o e |y
= ; =05 E :
01} o2
o
] & 9. ..
ce & . L R
0 Sope © & O & 0
0 50 100 0 50 100
time [min] time [min]

Figure 10: Votrient® 400 mg USP IV release profiles (cumulative and per fraction) with zero-order linear fit
and expected release. Votrient® 400 mg film-coated tablets contain 433.33 mg pazopanib HCI. The
dissolution tests were performed using a flow rate of 16 mL/min at 37 °C. The plots a and b represent the
cumulative dissolution profiles, while the plots c and d show the released drug amount in the individual
collected fractions. The zero-order model was fitted to the initial part of the cumulative dissolution profile
that was linear up to 6 min after the start of the test. The expected release was calculated based on the
API solubility after 1 h in the shake-flask test.

The release profiles of Zelboraf® 240 mg in FaSSIF and FeSSIF (Figure 11) were linear up to 15 min,
followed by a continuous decrease in dissolution rate. Usually, the release rate is only expected to
decrease when the amount of undissolved drug is depleted. However, this phenomenon can also be
observed in the USP IV dissolution data reported by other groups (137, 138), and was attributed to the
hydrodynamics in (137). The profile in FaSSIF could only be recorded up to 20 minutes, as the cell
became clogged. The issue could not be fixed by using different filters. However, the linear part of the
profile was adequately captured to fit the zero-order dissolution rate constant ko. It was fitted to the
linear part from 0-15 min of the FaSSIF and FeSSIF release profiles and is similar in both media (even
slightly higher in FaSSIF), which was unexpected given the 24-fold higher thermodynamic FeSSIF
solubility (Figure 8). However, the solubility after 1 h is only 1.6-fold higher in FeSSIF than in FaSSIF,
where massive supersaturation was observed, probably through the better solubility of the HPMC-AS

matrix at the higher pH 6.5. The supersaturation in FaSSIF after 15 min can be even higher than after
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1 h (Figure 11c), enabling higher drug release than in FeSSIF, which explains the slightly higher ko,

derived from the initial part of the profile.
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Figure 11: Zelboraf® 240 mg USP IV release profiles (cumulative and per fraction) with zero-order linear fit

and expected release. Zelboraf® 240 mg film-coated tablets contain 240 mg vemurafenib in form of HPMC-

AS coprecipitate. The dissolution tests were performed using a flow rate of 16 mL/min at 37 °C. The plots a
and b represent the cumulative dissolution profiles, while the plots c and d show the released amount in

the individual collected fractions. The zero-order model was fitted to the initial part of the cumulative
dissolution profile that was linear up to 15 min after the start of the test. The expected release was

calculated based on the vemurafenib solubility from ground Zelboraf® 240 mg film-coated tablets after 1 h
in the shake-flask test.

The release profiles of Votrient® 400 mg (pazopanib) and Zelboraf® 240 mg (vemurafenib) in the flow-

through cell apparatus, differ in the extent of the release and profile shape due to the different

solubility in the tested media, as well as the nature of the formulations. Votrient® 400 mg contains

crystalline pazopanib HCl and shows (after an initial boost through the excipients) a release rate that

complies with the solubility of the crystalline drug. In contrast, Zelboraf® 240 mg contains amorphous

vemurafenib, creating high drug concentrations in solution, when the polymer dissolves. The enabled

vemurafenib release is permanently higher than expected based on the crystalline solubility

0.7 pg/mL in FaSSIF and 1.9 ug/mL FeSSIF after 24 h), which would be for example 0.1 % of the dose
(0.7 ug Mg p

after 20 min in FaSSIF and 1 % of the dose after 85 min in FeSSIF (data not shown in Figure 11). Of note,
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the clinical doses of both, pazopanib and vemurafenib, require the intake of more than one tablet. In
the USP IV dissolution apparatus, only one tablet per cell can be tested, but as sink conditions are
permanently assured, the dissolution rate might not be different if higher doses are tested. The
maximum flow rate (16 mL/min) of the pump was chosen to speed up the dissolution tests of these
very low solubility drugs to achieve the maximum performance. In the literature, different lower flow
rates in biorelevant dissolution experiments in the USP IV flow-through cell apparatus have been
investigated (64, 137-139). However, this would not help to overcome the discussed in vitro-in vivo
misfit of the pazopanib release. In the absence of vemurafenib oral bioavailability in human, no
conclusions about the correlation of the amount of drug released in vitro and absorbed in vivo can be

drawn. To discuss the food effect, the FeSSIF/FaSSIF ko and Wmax-ratios are shown in Table 17.

4.1.3. Summary of the relative fed/fasted differences in vitro and in vivo
The performance of in vitro solubility and dissolution tests in food effect predictions is evaluated

through a comparison of the relative differences of in vitro measured parameters in fed state and
fasted state simulated media (solubility, dissolution rate k, and total amount released Wnax) with the
relative difference in the pharmacokinetic parameters (AUC and Cmax) in the fed and fasted state (Table

17).

The clinical data show a strong (> 2-fold) positive food effect for lapatinib, pazopanib, and
vemurafenib. The ratios of FeSSIF/FaSSIF solubility after 24 h, indicate better solubility in the fed state
of these three drugs, but also for all other model drugs, whose exposure is not increased by
concomitant food intake in the clinical trials. The extent of observed food effect does not correlate
with the 24 h FaSSIF/FeSSIF solubility ratio and is generally overpredicted. Calculating the
FaSSIF/FeSSIF solubility ratio using the 1 h or 2 h concentrations in the shake flask solubility test results
in an even higher value for most model drugs, because the supersaturation (if any) in the shake-flask
solubility tests after 1 h and 2 h compared to 24 h was higher in FeSSIF than in FaSSIF, except for
vemurafenib. Therefore, it is concluded that the general mismatch of the solubility-ratio and the AUC
and Cmax fed/fasted ratios, is not caused by the use of the 24 h solubility. It could be promoted by the
fact, that the volume in the gut is not infinite and differences in fasted and fed state solubility may be
leveled out. When fasted and fed state solubility are both high enough, the dose can be completely
dissolved, independent of the food state. Moreover, the concomitant absorption process removes
dissolved drug from the lumen, allowing further solubilization of the remaining solid in vivo. It is worth
noting, that a food effect is only observed for the three model drugs with dose number Do > 277.78
(Table 18), suggesting that for the other 7 model drugs with Do < 193.55, solubility is already sufficient

in the fasted state.
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Table 17: Difference in pharmacokinetic parameters in the fed and fasted state versus the difference of in vitro
measured parameters in fed state and fasted state simulated media. The Cmax and AUC fed/fasted ratios are
taken from the clinical food effect studies of the model drugs, referenced in this table. The FeSSIF/ FaSSIF 24 h-
solubility ratios were calculated from the measured data presented in 4.1.1. The FeSSIF/ FaSSIF Wmax and k
ratios were fitted to the presented dissolution profiles the USP Il apparatus in 500 mL FaSSIF and FeSSIF (4.1.2).
The FeSSIF/ FaSSIF ko ratios were fitted to the presented dissolution profiles in FaSSIF and FeSSIF in the USP IV
apparatus (4.1.2). The numbers in brackets represent the reference numbers.

Crmax AUC FeSSIF/ FaSSIF FeSSIF/ FaSSIF FeSSIF/ FaSSIF
fed/ fasted fed/ fasted 24 h-solubility Wiax k or ko

ratio ratio ratio ratio (500 mL) ratio (500 mL)
Crizotinib 0.86 (71) 0.86 (71) >14 not tested not tested
Dabrafenib 0.49 (140) 0.70 (140) 2 not tested not tested
Erlotinib 1.56 (43) 1.66 (43) 9 9.9 2.5
Gefitinib 1.32 (44) 1.37 (44) 29 7.8 0.7
Imatinib 0.89 (80) 0.92 (80) n.a.* not tested not tested
Lapatinib 3.03 (82) 4.25 (82) 8 not tested not tested
M1 1.29 1.17 6 1.8 1.0
Pazopanib 2.08 (45) 2.34 (45) 4 n.a. 4.0
Trametinib 0.301 (141) 0.897 (141) 5 not tested not tested
Vemurafenib 2.5 (46) 4.7 (46) 26 n.a. 0.7

* interaction of imatinib with the micelles leading to a gel formation (130), hinders solubility determination in
the supernatant

The pH dependent solubility does not seem connected with a negative food effect. AlImost all
compounds are weak bases showing decreased solubility at higher pH levels (Figure 7), but only
dabrafenib and trametinib show a negative effect of food on exposure (Table 17), whereby trametinib
is a neutral compound with pH independent solubility (90) (Table S 12). It seems to be overruled by
other factors like the better bile-salt mediated solubilization in the fed state. Moreover, the intensity
of the pH independent solubility (pH 1.6/ pH 5.0 solubility ratio) does not correlate with the
appearance of a negative effect of ARA on the exposure for the six model drugs where ARA studies are
available (Table S 13). A negative ARA effect is already observed at lower Do (Table 18) for drugs that
do not show positive food effect (e.g. erlotinib and gefitinib), indicating that pH dependent loss in

gastric solubility can be compensated by other factors.

Testing the release from oral dosage forms can provide additional information to drug substance
solubility tests, as the physiological relevance can be enhanced when the clinical dose is released in an
appropriate gastrointestinal volume, and the dissolution kinetics are captured. A drug can have better
solubility in FeSSIF than in FaSSIF but still show the same USP Il dissolution profile in both media, when
the solubility is equally sufficient. Imatinib, for example shows similar release profiles in aqueous

buffers of pH 1, pH 4.5 and pH 6.8 (81), and therefore most probably also in FaSSIF (pH 6.5) and FeSSIF
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(pH 5.0), which would indicate the absence of a solubility mediated food effect. The erlotinib, gefitinib,
and M1 Wp.x FeSSIF/FaSSIF ratios of > 1 (Table 17), however, indicate a risk for a positive food effect,
just like the FeSSIF/FaSSIF solubility ratios. For erlotinib and gefitinib, this consistency is because the
Whax Values are determined by the low solubility. The food effect prediction by release tests in 250 mL
volume can be even more misleading, for example in the case of gefitinib, when the low FaSSIF
solubility only allows a 50 % lower Wmax than in 500 mL, but still complete release in FeSSIF. The
first-order dissolution rate constant k FeSSIF/FaSSIF ratios of erlotinib, gefitinib and M1 released in
500 mL (Table 17) or 250 mL (data not shown) do not show a correlation with the observed food effect.
Factors like coning (especially for M1), and tablet adherence to the vessel wall (especially Iressa®
250 mg in FeSSIF) lead to a strong dependency of the amount released to paddle speed and
hydrodynamics, that are different from the physiological situation and therefore do not simulate the
actual in vivo release. The zero order ko FeSSIF/FaSSIF ratio from pazopanib USP IV release tests (Table
17), indicates a faster dissolution onset in the first 6 minutes of the FeSSIF release test, which is in line
with the FeSSIF/FaSSIF solubility ratio and the observed positive food effect in the clinical study (45).
However, extrapolating the total amount of released drug in this setting to an intestinal transit time of
3-4 h zero-order ko, is similar in FaSSIF and FeSSIF and does not indicate a risk for the observed positive
food effect in the clinical study (46). As vemurafenib is a low permeability drug (19), its absorption may
not depend strongly on the initial dissolution rate, but more on the total dissolved amount during the
entire Gl passage, which is likely higher in the fed state than in the fasted state as shown by the

FeSSIF/FaSSIF solubility ratio, and can explain the food effect.

In both dissolution apparatuses, USP Il and USP IV, in vitro in vivo correlations (IVIVC) have been
obtained by other research groups after testing different dissolution media and agitation speed/ flow
rates, e.g. in (64, 142). However, the common biorelevant dissolution setup, used in this research, may
not always be able to achieve this. Currently many working groups focus on enhancing the
understanding of the physiology and the optimization of the in vitro assays, for example for 2-stage or
even multi-compartmental dissolution testing to better mimic and predict the in vivo behavior of oral

dosage forms (48).

In vitro in vivo correlations and comparisons rely on the assumption that the appearance of the drug
in blood following oral administration is only limited by formulation-related factors such as release and
dissolution. This assumption is invalid when intestinal loss by efflux or drug metabolism become
relevant for a drug. In this research, solutions are provided to identify the mechanisms contributing to
an intestinal loss based on clinical pharmacokinetic data. In the section 4.2, the identification of
compounds with solubility-limited absorption in the fasted state is described, for which enhanced

solubility in fed state simulated media in vitro is also meaningful in vivo.
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4.1.4. Permeability and solubility in BCS and DCS framework
The solubility-relevant parameters in BCS (Do) and DCS (SLAD) framework determined for the model

compounds are presented along with the results of the permeability assessment in Table 18. The dose
number of > 1 calculated from the FaSSIF solubility matches the BCS classification as low soluble drugs
(i.e. BCSclass Il or IV) reported in the literature for all compounds except for imatinib. The dose number
calculated for imatinib of 0.38 indicates that the full dose can be dissolved in 250 mL of FaSSIF. This
might differ from the BCS classification for regulatory purposes, as agueous (not biorelevant media)
are employed in the solubility tests when evaluating a biowaiver. A low solubility of 50 pg/mL at pH 7.4
was reported for imatinib (80). However, solubility in biorelevant media is considered more in vivo
relevant (28). The DCS classification is more liberal, as it is based on a volume of 500 mL FaSSIF and the
possibility for high permeability to compensate the effect of poor solubility or dissolution on the
absorption (22). Therefore, crizotinib, gefitinib, and M1 were identified next to imatinib as drugs that
may not have solubility-limited absorption at the doses employed in the food effect studies (DCS
class lla), based on their SLAD greater than that dose. As biopharmaceutics classification systems are
not available for the rat, required volume of FaSSIF to dissolve the dose/0.25 kg for the rat was
calculated to discuss the relationship of dose and solubility with regard to the rat Gl. The apparent
permeability through a Caco-2 cell monolayer is relatively high for all model compounds (considering
the P.pp Of the high permeability marker propranolol (31.89*107 c¢m/s) and low permeability marker
atenolol (0.13*10° cm/s) in the assay), except for vemurafenib and lapatinib. This is in line with the
reported BCS classifications (Table 18), except for crizotinib that appears to have moderate rather than
low permeability in the current assessment. The calculated Pt was provided to obtain a certain range

of possible permeability estimates for the use in the generic PBPK model in MATLAB®.

The presented biopharmaceutics parameters are discussed later with regard to the predictivity of
solubility-limited absorption and food effects compared to the proposed analysis of clinical and

preclinical PK data.
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Table 18 : Summary of parameters in the biopharmaceutics classification frameworks. The numbers in brackets represent the reference numbers.

Parameters Crizotinib Dabrafenib Erlotinib Gefitinib Imatinib Lapatinib M1 Pazopanib Trametinib Vemurafenib
Measured solubility in 0.7430 0.0037 0.0124 0.0887 >5 0.0350 0.0728 0.0012 not 0.0054
FaSSIF pH 6.5 [mg/mL] measured
Clinical dose in food 250 150 150 250 400 1500 clinical dose 800 2 960
effect study [mg]? is yet to be

established
Dose number 1.35 193.55 53.10 11.27 0.38 277.78 >1 2909.09 11.43 711.11
BCS classification IV (72) I1(76) I1(77) 11(78) I1(17) IV (83) likely IV 11(87) 11(90) IV (19)
SLAD [mg]2 985.72 4.41 24.18 227.43 6527.96 23.75 > dose in 0.55 0.45°b 8.20

food effect

study

DCS classification v Ilb Ilb Ila lla v likely IV Ilb Ilb v
required volume of 15 234.5 59.9 11.6 0.3 248.5 1.7 2698 13.8 555.6

FaSSIF to dissolve the
rat dose/0.25 kg [mL]
Measured Caco-2 Papp 15.35 12.45 40.43 10.41 25.90 0.21 14.70 28.46 15.44 0.11

passive [106 cm/s]

Calculated human P 2.22 2.38 3.58 5.23 2.61 1.84 6.19 0.85 1.07 2.54
[104 cm/s]

@ dose given as parent drug
b calculated using literature solubility from FDA Clinical Pharmacology and Biopharmaceutics Review (90)
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4.2. Predicting the food effect on exposure through understanding
the mechanisms underlying absorption in human and rat

4.2.1. Analysis of clinical PK data

4.2.1.1. Gut bioavailability in human
All compounds except for pazopanib (0.21) and erlotinib (0.61) demonstrated good gut bioavailability

> 0.75 (Table 19) in the absolute bioavailability study, which was tested at the same dose as food effect,
with the exception of M1, where the absolute bioavailability was determined at 500 mg and the food
effect at 30 mg. It can be assumed, that the gut bioavailability at 30 mg is equal or even higher. The
gut bioavailability suggests sufficient solubility for adequate absorption of crizotinib, dabrafenib,
gefitinib, imatinib, M1, and trametinib at the doses employed in their food effect studies. It cannot be

calculated in the absence of IV PK of vemurafenib and lapatinib.

4.2.1.2. Human top-down PBPK analysis
The CLin: and K, factors were obtained from IV PBPK simulations and for vemurafenib and lapatinib, in

the absence of IV PK data, the CLin: could be derived from the oral PK profile after the volume of
distribution was estimated (Table 10). The data is presented along with the input parameters in Table
S 6. The oral PBPK simulations of all compounds at the doses of their food effect studies captured the
observed PK adequately, (Table 20, Figure S 1) except for erlotinib and M1. The exposures of erlotinib
and M1 were over-predicted using the in vitro solubility data and either of the permeability estimates
(derived from Caco-2 Payp or calculated Peg) due to an intestinal loss or in case of M1 retention of the
drug. Crizotinib, gefitinib, and imatinib were identified as drugs that might delay gastric emptying so
that the gastric emptying rate was decreased in their models. To allow the observed tmax with a
subsequent decrease in plasma concentrations, the colonic absorption of vemurafenib and pazopanib
was decreased in the models. To simulate the observed exposure of the extremely poorly soluble
dabrafenib, lapatinib, trametinib, and vemurafenib (with solubility in FaSSIF or FaSSGF blank pH 1.6
<0.01 mg/mL), the input solubilities were increased. This suggests that the in vitro solubility
measurement of the drug substance in a defined solvent may underestimate the true solubility in vivo.
Weak bases such as dabrafenib and lapatinib are expected to generate supersaturated solutions in
vivo after the transit from the acidic stomach to a neutral environment of the intestinal tract.
Moreover, the highly variable buffer capacity, pH and bile salt concentrations in the Gl fluids may not
be accurately characterized under the in vitro conditions (44). Like in the case of vemurafenib, the API
may be released from enabling formulations, containing amorphous drug, improving the apparent

solubility and absorption (143).
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Table 19: Collection of human pharmacokinetic data used to identify solubility-limited absorption. The numbers in brackets represent the reference numbers.

Gut Bioavailability Dose-proportionality of exposure Observed clinical food effect on AUC and Cax

Calculated F,*Fg Dose range tested Dosing schedule Increase in exposure Food effect study AUC fed/fasted ratio Cmax fed/fasted ratio
[mg] dose [mg]
Crizotinib 0.90 50-300 single dose less than proportional 250 0.86 (71) 0.86 (71)
50-200 steady state more than proportional
200-300 steady state more than proportional
(72)
Dabrafenib 1.09 12-300 single dose dose proportional 150 0.70 (140) 0.49 (140)
steady state less than proportional (76)
Erlotinib 0.61 100-1,000 not available dose proportional (77) 150 1.97/0.93 (43) 1.57/1.15 (43)
Gefitinib 1.06 50-500 single dose (HV) dose proportional 250 1.37 (44) 1.32 (44)
50-400 steady state (pat.) dose proportional
50-700 steady state (pat.) more than proportional
(78)
Imatinib 1.16 25-1,000 not available. dose proportional (81) 400 0.92 (144) 0.89 (144)
Lapatinib n.a. approx. 600-1,800 steady state dose proportional (83) 1,500 4.25 (82) 3.03 (82)
M1 0.86 30-1,400 steady state less than proportional 30 1.17 1.29
(food effect dose is within
the linear region)
Pazopanib 0.21 50-2,000 single dose less than proportional 800 2.34 (45) 2.08 (45)
steady state less than proportional (87)
Trametinib 0.75 0.125-10 single dose more than proportional 2 0.897 (141) 0.301 (141)
(Cmax proportional) (90)
Vemurafenib n.a. 240-960 single dose dose proportional 960 4.7 (46) 2.5 (46)
steady state dose proportional (19)
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Table 20: Observed vs predicted human pharmacokinetic parameters at doses employed in their clinical food effect studies and simulation using
hypothetical BCS class I-like solubility

Observed PK parameters PK Parameters from best fit PBPK Simulations PK Parameters from best fit PBPK Simulations AUC and Cmay ratios using hypothetical BCS
using Caco-2 Permeability using calculated P class I-like solubility to best fit
Caco-2 permeability Calculated Pt
AUCo.24h Crmax tmax AUCo.241n Cinax Tmax SOIUbi“ty AUCo.241n Crax tmax SOIUbi“ty AUCo.241n Crax AUCo.24h Crmax
[h*uMm] [uM] [h] [h*uMm] [uM] [h] increase [h*uMm] [uM] [h] increase ratio ratio ratio ratio
[mg/mL] [mg/mL]
Crizotinib 3.635 0.311 5.05 3.36 0.261 3.6 none 3.34 0.257 4 none 1.0 1.0 1.0 1.0
Dabrafenib 25.38 3.99 2 18.6 3.89 2.48 0.0037 18.4 3.52 2.72 0.0037 1.0 1.3 1.0 1.3
- 0.0616 - 0.0616
Erlotinib 213 1.94 4.13 53.9 4.03 3.67 none 35.6 1.98 4.71 none 11 21 1.6 34
Gefitinib 2.549 0.161 3.72 2.24 0.142 3.82 none 2.27 0.145 3.42 none 1.0 1.0 1.0 1.0
Imatinib 28.91 3.51 1.51 36.4 2.78 1.6 none 36 2.65 2.24 none 1.0 1.0 1.0 1.0
Lapatinib 18.07 1.46 3.96 15.3 1.18 2.88 0.0350 22.7 14 3.92 0.0350 1.0 1.0 4.6 11.0
- 6.6044 - 0.0943
M1 1.073 0.0621 8 1.75 0.312 0.96 none 1.76 0.352 0.8 none 1.0 1.0 1.0 1.0
Pazopanib 843.6 47.3 4 889 50.7 5.44 0.0012 978 55.7 5.12 0.0012 3.9 4.0 2.7 2.7
- 0.0237 - 0.2370
Trametinib 0.1162 0.0136 1.5 0.0912 0.0052 2.16 0.0008 0.0896 0.0054 1.76 0.0008 1.1 1.7 1.0 1.0
- 0.0069 - 0.0416
Vemurafenib 94.71 6.41 4.08 109 5.91 4.7 0.0054 133 7.3 6.14 none 2.6 2.6 54.1 53.8
- 0.6124
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Moreover, hydroxypropyl methylcellulose (HPMC) presented in the shell of dabrafenib capsules may
inhibit precipitation of supersaturated dabrafenib solution over an extended period of time (41), or
the presence of SDS in trametinib (27) tablets may increase the apparent solubility in vivo through
enhanced solubilization. By dumping an API solution into FaSSIF (described in 3.2.2), it was shown, that
dabrafenib, lapatinib, trametinib, and vemurafenib, whose solubility was increased in the model, are

capable of generating supersaturation for at least 15 min in vitro (Table 16).

The effect of solubility on the oral absorption was investigated by simulating the PK metrics with a
hypothetical BCS class I-like solubility in the established PBPK models. The ratios of Cmax and AUC
between increased hypothetical BCS class I-like solubility input to the best-fit “in vivo solubility” are
summarized in Table 20. The PBPK models identify crizotinib, dabrafenib, gefitinib, imatinib, M1, and
trametinib as insensitive to an increase in the input solubility parameters with an AUC or Cmax ratio
close to 1. The exposure in the models of pazopanib and vemurafenib is increased with the BCS class |
input solubility, using either the Caco-2 permeability or the calculated Pet by 2.6 - 54.1-fold, and is

therefore likely to be limited by solubility.

The PBPK modeling example of pazopanib is illustrated in Figure 12. First, the CLin: and K, factor were
obtained from PBPK simulation of observed IV PK data (Figure 12a). The PBPK simulation of oral PK
profiles using in vitro FaSSIF solubility and Caco-2 permeability data under-predict the observed PK
profile (Figure 12b). A 20-fold increase in the input solubility was required to capture the observed
absorption rate, (Figure 12c) and a reduced colonic absorption was required for the elimination to
overtake after the tmax (Figure 12d). By increasing the solubility to a hypothetical BCS class I-like non-
absorption limiting value, simulated Cmax and AUC are 4-fold higher than the observed Cmax and AUC
(Figure 12e). This suggests that the absorption of pazopanib is limited by poor solubility. In contrast,
sensitivity to a hypothetically high permeability increase is low (Figure 12f), as expected for a BCS

class Il drug.
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Figure 12: PBPK analysis of pazopanib pharmacokinetic profiles (51); a) PBPK simulation of intravenous infusion

of 5 mg pazopanib over 5 minutes to obtain the intrinsic clearance and K, factor, for simultaneously scaling all

tissue distribution coefficients; b) Pazopanib 800 mg oral administration simulated with in vitro FaSSIF solubility

and Caco-2 permeability; c) Pazopanib 800 mg oral administration simulated with Caco-2 permeability and an

input solubility that is 20-fold higher than FaSSIF solubility; d) Pazopanib 800 mg oral administration simulated

with Caco-2 permeability, an input solubility that is 20-fold higher than FaSSIF solubility and reduced colonic

absorption; e) Pharmacokinetic profile using hypothetical BCS class I-like solubility in the pazopanib PBPK

model with good fit in d); f) Pharmacokinetic profile using hypothetically high permeability of 10¥10“cm/s in

the pazopanib PBPK model with good fit in d)

The PBPK simulations of erlotinib are shown in Figure 13. The in vitro FaSSIF solubility was sufficient to

explain the observed erlotinib PK profile. Erlotinib Cnax Was stronger increased using the hypothetical

BCS class I-like solubility in the PBPK model than the AUC (Figure 13c), indicating that its rate of

absorption depends on dissolution, rather than solubility. Moreover, the PBPK simulations indicate

that erlotinib undergoes an intestinal drug loss of drug that could be related to gut metabolism or

efflux. Erlotinib is a CYP3A substrate and gut metabolism has been previously reported (145). With only

1% of the dose as parent drug in the feces after oral administration (145), the contribution of

transporter-mediated intestinal efflux to the loss of drug is unlikely. As shown in 4.3.1, CYP3A is

metabolizing other model compounds as well, but the good gut bioavailability of > 0.75 of most of
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these compounds and the PBPK analysis do not indicate a contribution to an intestinal loss. Gut first
pass metabolism of lapatinib is mentioned in (146). However, lapatinib is an example of a compound
where it might be difficult to distinguish gut metabolism from poor absorption in the PBPK, as the very
low solubility is probably contributing in addition to its poor exposure in human. Since there is no IV
PK data for the compound, the gut bioavailability cannot be calculated. To really quantify the gut first

pass, the appearance of metabolites in radiolabeled IV and per oral (p.o.) studies could be compared.
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Figure 13: PBPK analysis of erlotinib pharmacokinetic profiles (51); a) PBPK simulation of intravenous
administration of 75 mg erlotinib to obtain the intrinsic clearance and multiplicative K, factor, for
simultaneously scaling all tissue distribution coefficients; b) Erlotinib 150 mg oral administration simulated with
in vitro fasted FaSSIF solubility and Caco-2 permeability. The discrepancy in exposure between predicted and
observed may be attributed to intestinal loss mediated by metabolism or efflux rather than due to an in vitro to
in vivo disconnect in solubility. In vitro measurements of solubility tend to be much lower than observed, as the
dynamics of dissolution cannot be adequately captured in the assays. c) Erlotinib 150 mg oral administration
simulated with hypothetical BCS class I-like solubility and Caco-2 permeability enables a higher Cmax while AUC
remains similar to simulated profile in ¢, indicating a slow in vivo dissolution and an absorption not limited by
solubility; d) Erlotinib 150 mg oral administration simulated with in vitro FaSSIF solubility and Caco-2
permeability, using reduced intestinal absorption scaling factors to simulate the intestinal loss, probably

mediated by efflux or gut metabolism
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For most compounds, there is only a minor difference between the simulations using the two different
permeability values (Table 20). After scaling the Caco-2 permeability by a factor of 25 for the use in the
PBPK model, the difference in calculated and Caco-2 derived human P is 2-fold or more, except for
dabrafenib and M1 with < 2-fold. However, changing the permeability of dabrafenib and M1 by more
than 2-fold, has no effect on the simulated Cmax and AUC. In the cases of the poorly permeable
vemurafenib and lapatinib, in contrast, changing from the low measured permeability in the Caco-2
assay to a moderate calculated Pt leads to a significant increase in predicted exposure. The sensitivity
of the simulated exposure to a hypothetical solubility increase to BCS class | level is also different
between the two permeability estimates of vemurafenib and lapatinib. Moreover, higher than
observed exposure can be achieved in the model using a hypothetically high permeability as well as

solubility. Therefore, solubility or permeability limitation are non-identifiable for these compounds.

4.2.1.3. Dose linearity and food effect in human

Exposure of all model compounds, except for pazopanib > 800 mg (24, 31) and M1, single dose PK is
reported to be dose-proportional or more than dose-proportional (Table 19). The exposure of
crizotinib increases less-than-dose-proportionally according to the FDA’s Clinical Pharmacology and
Biopharmaceutics Review (19), but the data presented suggests dose-linearity. These data can indicate
solubility-limited absorption at higher doses, when the exposure increases in a less than dose
proportional manner or non-solubility-limited absorption when the PK is linear or increases more than

dose proportionally.

The food effect data were collected to investigate the coherence of solubility-limited absorption and
food effect of the model drugs, which is discussed in 4.2.3. The AUC and Cnax fed/fasted ratios reported
in the literature are presented in Table 19. Concomitant food intake has only a strong impact on the
exposure of lapatinib, vemurafenib and pazopanib (strong positive food effect). In the erlotinib food
study at 150 mg (43), the change in AUC in the fed state compared to the fasted state differs in the
two periods of the study (97 % AUC increase in period 1 and 7 % AUC decrease in period 2). The small

observed food effect of gefitinib is confounded by a very high inter-subject variability (32).
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4.2.2. Analysis of preclinical PK data
4.2.2.1. Results of the in vivo rat PK studies
The calculated PK parameters resulting from the rat PK study are presented in Table 21. The clearance,

volume of distribution, and amount of parent drug excreted in the feces after IV administration are
presented along with the absolute and gut bioavailability, as well as the percentage of the dose
excreted in the feces after oral administration. The variability (indicated by the range of the
parameters) was lower after IV than oral administration. The percentage of AUC extrapolation provides
information on the reliability of the extrapolated AUCo.inr and therefore the calculated bioavailability.
Extrapolation of <20% is generally considered uncritical, but higher values provide risk for
miscalculation of PK parameters based on the extrapolation. The extrapolated AUC from the last
measured time point to infinity (AUCiast-inf) Was higher than 20 % for the long half-life drugs trametinib,

gefitinib, vemurafenib, and pazopanib.

The oral absorption of vemurafenib and ground Zelboraf® was so much delayed in one of the three
animal each, that the plasma concentration after 24 h represented the Cmax 0f the profile, these animals
were also excluded from the analysis. Due to the low oral trametinib dose (0.04 mg/mL), several
plasma concentrations in the individual profiles were lower than the limit of quantification (0.5 ng/mL).
The analysis was performed based on the mean profile resulting from the available values. The IV PK
parameters of dabrafenib and gefitinib are only based on 2 animals, as the third animal was dosed

extravascular.

A common practice for PK characterization in drug discovery is cassette IV PK testing at a low dose
(147, 148), e.g. 0.2 mg/kg like in the present study. The low dose enables the quantitative contribution
of all eliminating mechanisms to capture the full pharmacokinetic potential. At a higher, clinically
relevant dose, the clearance might be lower if some of these mechanisms get saturated. In this work,
the IV clearance is directly used for the calculation of oral bioavailability and in the oral PBPK models.
Therefore, a similar degree of metabolic saturation and comparable clearance after oral and IV dosing
is crucial for compounds with non-linear PK. For the model drugs erlotinib and crizotinib, non-linear
clearance in the rat was strongly suspected. The elimination slopes in the oral profiles were less steep
than after the low IV dose of 0.2 mg/kg. Moreover, bioavailability of >300 % was calculated for
erlotinib based on the AUC after 0.2 mg/kg IV (data not shown). IV PK testing at doses closer to the
oral dose generated better data for both drugs to use in the presented analysis of rat PK data to identify

solubility-limited absorption.
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Table 21: Results of the rat PK studies. The numbers in brackets represent the range of the values.

Vemura-

Parameters Crizotinib  Dabrafenib Erlotinib Gefitinib Imatinib Lapatinib M1 Pazopanib Votrient® Trametinib fenib Zelboraf®
IV dose 4.9 0.2 3.0 0.2 0.2 0.2 0.2 0.2 n.a. 0.2 0.2 n.a.
[mg/kg]
Clearance 3.94 0.70 0.26 0.57 0.67 0.19 7.93 0.01 n.a. 0.33 0.03 n.a.
[L/h/kg] (3.42-4.70)  (0.71-0.70)  (0.24-0.29)  (0.47-0.72) (0.64-0.69)  (0.15-0.32) (n.a.) (0.01-0.02) (0.29-0.35)  (0.03-0.04)
Vss [L/kg] 25.2 0.71 1.28 3.49 2.09 0.87 19.6 0.17 n.a. 6.79 0.21 n.a.
(22.3-29.2)  (0.62-0.76)  (1.18-1.39) (2.90-4.41) (2.07-2.13) (0.73-0.86) (n.a.) (0.17-0.17) (6.54-7.00)  (0.20-0.22)

% of dose as 9.1 <1 4.6 114 1.8 <1 43 1.7 n.a. <1 <1 n.a.
parent in (1.8-16.4) (3.0-6.9) (0.7-22.1) (0.1-4.3) (n.a.) (0.1-3.9)
feces 0-24 h
(Iv)
Oral dose 4.4 3.5 3.0 4.1 6.0 34.8 0.5 13.0 14.9 0.04 12.0 15.4
[mg/kg]
Absolute 0.41 0.63 0.65 0.73 1.5 0.43 0.17 0.73¢ 0.40 0.36° 0.010¢ 0.13¢

A (0.16-0.56)  (0.50-0.77) (0.52-0.81) (0.40-1.67) (1.24-1.76)  (0.32-0.52) (n.a.) (0.32-1.78)  (0.26-0.56) (0.003- (0.14-0.15)
bioavailability

0.022)

Gut 1 0.75 0.69 0.84 1 0.45 1 0.73 0.40 0.39 0.010 0.13
bioavailability
% of dose as 13 9.5 7.3 <1 3.6 6.4 51 15.8 1.5 80 47c¢ 27.6¢
parent in (0.0-34.0)  (0.3-18.6)  (4.5-10.0) (0.8-5.5) (0.0-7.0) (n.a.) (0.4-42.9) (0.0-2.5) (11.3- (8.2-56.0)  (0.0-55.1)
feces 0-24 h 135.2)
(oral)
% of dose as not 1.1 4.7 not not not not not 29.3 41 not 32.7¢
parent in measured (1.5-0.6) (2.1-3.8) measured measured measured measured measured (16.5-41.8) (17.8-74.4) measured (6.7-58.6)
feces 24-48 h
(oral)
% AUC <20 <20 <20 59 <20 <20 n.a. 51 20 68 122 43
extrapolation
(oral)?

@ The fraction of the extrapolated AUCst-inf is presented as percent of the measured AUCo-ast.

bplasma concentrations at many time points < LOQ, only the mean profile was analyzed
¢absorption in 1 animal was so much delayed, that the plasma concentration after 24 h represented the Cmax of the profile, this animal was excluded from the analysis
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The rat clearance of dabrafenib (2 mg/kg) (73) and imatinib (10 mg/kg) (149) reported in the literature
are in accordance with the measured clearance in this study at 0.2 mg/kg. However, the clearances
reported for gefitinib (5 mg/kg) (150), pazopanib (10 mg/kg) (151), and lapatinib (10 mg/kg) (96) are
higher than in the current rat study. As the doses in the literature are much higher, this was unexpected
as elimination mechanisms might get saturated at higher concentrations leading to a slower clearance
of the drug. The crizotinib clearance at 5 mg/kg is with 29 + 8 mL/min/kg (152) approximately 2-fold
lower than in the current study at the same dose. The differences in between the clearances measured
within this work and the literature values could be explained by different animal strains or genders
between the studies. The absolute bioavailability in this study does not deviate more than + 10 % from
the reports in the literature of dabrafenib (4 mg/kg) (73), erlotinib (dose unknown) (70), pazopanib
(10 mg/kg) (151), and trametinib (3 mg/kg) (153). For crizotinib (25 mg/kg) (152), lapatinib (10 mg/kg)
(96), the bioavailability reported in the literature did not deviate by more than + 20 % from the results
in this study. Same is true for vemurafenib (30 mg/kg) when considering the lower value of 18 %
bioavailability in the source (98). An approximately -23 % lower oral bioavailability of 49.8 % after
5 mg/kg oral gefitinib in female rats has been reported in (150), and a lower estimated imatinib
bioavailability of approximately 53 % (149). The differences can be explained by the above addressed

differences in clearance, different oral or IV doses, the formulations or food-state in the studies.

The mean plasma concentration-time profiles are shown in Figure 14. The tmax in all mean oral PK
profiles of this study is unusually late (at the 4 h or 6 h sampling point). This delay in oral absorption is
related to the capsule dosage form. Saphier et al. (154) investigated the gastric emptying of enteric
coated PCcaps® in the original size of 7.18 mm length as well as shortened capsules in rats with X-ray
imaging. The capsules of 7.18 mm length, the same size as the capsules used in this work, were
retained in the stomach for > 5 h. The gastric residence time of almost all shortened capsules of 4.8 mm
length administered in the fasted state and approximately two-thirds of the 4.8 mm capsules tested
with free food-intake was > 2.5 h. High variability between the rats and different study days has been
reported (154). Even though the capsules prepared for the PK study in this research were not coated,
these findings explain the delay in oral absorption. This assumption is supported by the fact, that even
smaller particles of 0.5 mm-2 mm can be retained in the rat stomach for at least 4 h (155), sizes that
occur upon the disintegration of the capsules. Furthermore, Jang et al. (155) found that mini gelatin
capsules of size 9 can stick to the esophagus for up to 1 h. Even though M1 was administered as an
oral suspension, its absorption was delayed as well. The same phenomenon occurs in human and is
not fully understood. The particle size was homogenized (to < 10 um for the most part) among the
different APIs to exclude this factor as a covariate. Such particle sizes are common to enhance the
dissolution kinetics of poorly soluble drugs (156). However, the gastric emptying kinetics turned out to

be the absorption rate-limiting step.
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Figure 14: Mean (SD) plasma concentration-time profiles after IV and oral (capsules) administration in the rat, (a) 4.9 mg/kg crizotinib iv; (b) 0.2 mg/kg dabrafenib iv; (c)
2.97 mg/kg erlotinib iv; (d) 0.2 mg/kg gefitinib iv; (e) 0.2 mg/kg imatinib iv; (f) 0.2 mg/kg lapatinib iv; (g) 0.2 mg/kg pazopanib iv; (h) 0.2 mg/kg M1 iv; (i) 0.2 mg/kg
trametinib iv; (j) 0.2 mg/kg vemurafenib iv; (k) 4.4 mg/kg crizotinib p.o.; (I) 3.5 mg/kg dabrafenib p.o.; (m) 3.0 mg/kg erlotinib p.o.; (n) 4.1 mg/kg gefitinib p.o.; (0)

6.0 mg/kg imatinib p.o.; (p) 34.8 mg/kg lapatinib p.o.; (q) 13.0 mg/kg pazopanib p.o.; (r) 0.5 mg/kg M1 p.o.; (s) 0.044 mg/kg trametinib p.o. (oral suspension); (t)
12.0 mg/kg vemurafenib p.o.
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In some of the individual rat PK profiles of different model compounds, the plasma concentrations
drop temporarily during the absorption phase. In the cases of crizotinib (Figure 14k) and pazopanib
(Figure 14q), this issue is so pronounced that it is visible even in the mean profiles. It can be explained
by discontinuation of the intestinal drug supply through the delayed, variable and unsteady gastric
emptying. As it does not affect the overall AUC, it will have a negligible impact on the identification of

solubility-limited absorption.

The late Cmax in combination with a lack of measured plasma concentrations between 6 h and 24 h is
hampering an accurate half-life estimation when the terminal slope of the log-profile is only based on
2-3 data points. This impacts the AUC extrapolation to infinity and, therefore, the bioavailability
calculation, especially for drugs with long estimated half-lives (trametinib, gefitinib, vemurafenib, and
pazopanib). The bioavailability calculated from the measured AUCq.i.st provides the minimum expected
bioavailability in vivo, which is 0.33, 0.46 (0.23-0.67), 0.006 (0.001-0.015) and 0.59 (0.35-1.02) for
trametinib, gefitinib, vemurafenib, and pazopanib, respectively. The uncertainty in trametinib,
gefitinib, vemurafenib, and pazopanib bioavailability affects the gut bioavailability calculation and is

discussed in the next section (4.2.2.2).

The ground market products of pazopanib (Votrient® 400 g film-coated tablets) and vemurafenib
(Zelboraf® 240 mg film-coated tablets) were administered at the same dose as the APIs to investigate
the potential effect of the formulation on the extent of absorption. In the case of pazopanib, the
performance of the ground tablets was similar to the API, as expected according to the composition of
the market formulation containing crystalline APl (134). For vemurafenib, however, the ground tablet

was superior due to its amorphous state within Zelboraf® (Table 21) (19).

4.2.2.2. Gut bioavailability in the rat
Imatinib, M1, crizotinib, dabrafenib, and gefitinib have good gut bioavailability > 0.75 in the rat at the

dose tested (Table 21), whereas the gut bioavailability of trametinib, erlotinib, lapatinib, vemurafenib,
and pazopanib API in capsule is < 0.75. This indicates a loss of the long half-life drugs trametinib,
vemurafenib and pazopanib in the gut (whose bioavailability is uncertain to some degree) even with
the bioavailability calculated based on AUCq.n, Which is higher than the bioavailability based on
AUCo.ast. For trametinib, the apparent low gut bioavailability could also come from the approximately
5-times higher IV than oral dose. Higher systemic clearance after oral administration could have led to
lower bioavailability in general, not necessarily lower gut bioavailability. For gefitinib, the gut
bioavailability based on the extrapolated AUCo.ins (0.84) (Table 21) is significantly higher than the value
calculated with the measured AUCq.iast (0.53). The use of extrapolated AUC indicates the absence of an

intestinal loss of drug, while the use of AUCo..st suggests otherwise.
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4.2.2.3. Rat top-down PBPK analysis
The IV PBPK simulations provided the CLixx and K, factors (Table S 7) for the use in the oral PK

simulations for all compounds except for pazopanib and vemurafenib. The clearance of these two
compounds is very low (0.01 L/h/kg and 0.03 L/h/kg, respectively) and cannot be captured in the PBPK
model, as the simulations get insensitive to further CLin:reduction at some point. Therefore, pazopanib
and vemurafenib were excluded from the rat PBPK simulations. For the oral PK simulations of
dabrafenib, only one animal (rat 1) was used as the variability in the absorption phase is extremely
high and the mean profile is therefore not representative. The second animal had extremely delayed
absorption and the third animal with a very fast onset died between 4 h and 6 h after administration

(Figure S 2).

The oral PBPK simulations at the body weight-scaled doses of their human food effect studies could
capture the observed AUC of M1, crizotinib, trametinib, dabrafenib, gefitinib, and erlotinib adequately,
using the in vitro FaSSIF solubility and either of the two permeability estimates (i.e. Caco-2 permeability
or calculated Pes) (Table 22). The exposure of lapatinib was overpredicted by approximately 2-fold,
which could be related to gut first pass metabolism. The imatinib AUC was underpredicted by
approximately 2-fold, although it was completely absorbed. This is probably because the input CLint
derived from the 0.2 mg/kg IV PK profile is higher than after 6.0 mg/kg p.o. in vivo due to saturation of
eliminating mechanisms. This theory is supported by the fact, that an imatinib bioavailability of 1.5 was
calculated based on these data, as it leads to a smaller dose-normalized IV AUC than oral AUC.
Reducing the imatinib CLint in the model by one third as a test, resulted in good Crnax and AUC prediction.
The PBPK simulations identified complete absorption for all compounds except for trametinib, with a

fraction absorbed of 47 % simulated with Caco-2 permeability and 38 % with calculated Pes.

In contrast to the AUC, the shape of all simulated plasma concentration time profiles, except for
trametinib, did not match the observed. The initial upswing was faster and resulted in higher Cnax and
earlier tmax, than in vivo, while the later time points were under-predicted, indicating prolonged
absorption. This behavior is typical when gastric emptying is delayed in vivo (99), which is caused by
capsules used in the current study, as discussed earlier. The default gastric emptying rate in the model

is 0.37 min* (61) and the values used for the individual simulations are shown in Table 22.
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Table 22: Observed vs predicted rat pharmacokinetic parameters and simulation using hypothetical BCS class I-like solubility

Observed PK parameters

PBPK simulated PK Parameters using Caco-2

PBPK simulated PK using calculated P

AUC and Cpax ratios (hypothetical BCS class |

Permeability like solubility to best-fit solubility) from
PBPK simulations
Caco-2 permeability Calculated Pt
AUCO-24 h Cmax tmax AUCO-24 h Cmax tmax GER AUCO»ZA h Cmax tmax GER AUC0-24 h Cmax AUC0-24 h Cmax
[h*uM] [uM] [h] [h*uMm] [uM] [h] [min-1] [h*uM] [uM] [h] [min-1] ratio ratio ratio ratio
Crizotinib 1.348 0.133 4 14 0.17 1.84 0.006 14 0.17 1.92 0.006 1.0 1.0 1.0 1.0
Dabrafenib (R1) * 9.684 1.11 4 6.87 1.2 2.16 0.005 6.86 1.2 2.24 0.005 1.0 1.0 1.0 1.0
Erlotinib 24.21 1.87 6 19.8 2.15 3.36 0.005 19.7 2.14 3.52 0.005 1.0 1.0 1.0 1.0
Gefitinib 7.969 0.466 6 9.1 0.481 8 0.001 9.19 0.487 7.92 0.001 1.0 1.0 1.0 1.0
Imatinib 31.72 2.57 4 16.8 2.08 2.64 0.006 16.8 2.08 2.72 0.006 1.0 1.0 1.0 1.0
Lapatinib 93.16 7.19 6 permeability too low 192 14.4 5.84 0.0025 n.a. n.a. 1.0 1.0
M1 0.0175 0.0032 4 0.0152 0.0045 11 0.01 0.0152 0.0045 1.06 0.01 1.0 1.0 1.0 1.0
Trametinib 0.0438 0.0026 6 0.0553 0.0030 5.36 0.37 0.0537 0.0023 6.72 0.37 2.3 4.8 2.3 5.6

* The PBPK analysis as only performed for one animal (R1). The second animal (R2) had a fast onset but died 4-6 h after administration and R3 had extremely delayed absorption.
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Like in the human PBPK simulations, the effect of solubility on the oral absorption was investigated by
simulating the PK metrics with a hypothetical BCS class I-like solubility in the established PBPK models.
The ratios of Cnax and AUC between increased hypothetical BCS class I-like solubility input to the in

vitro solubility input are summarized in

Table 22. The PBPK simulations of all compounds except for trametinib are insensitive to an increase
in the input solubility with an AUC or Cnax ratio of 1. The exposure and Cmax in the trametinib model are
increased using the BCS class | solubility, with either the Caco-2 permeability or the calculated P by >
2-fold and indicate therefore solubility-limited absorption behavior. This explains also why the
simulations are not affected by the delay in gastric emptying, which is only the rate-limiting step for
the absorption of readily soluble and permeable drugs. The dabrafenib absorption in the PBPK model
was non-solubility-limited for rat 1. Therefore it is likely, that this is generally the case for dabrafenib
and could be proven based on further rat PK profiles, where the elimination slope is characterized
using time points beyond the absorption phase (unlike in rat), and the actual Cnax is better captured

than in rat 3, leading to a more representative measured AUCo..ast (Figure S 2).

As expected according to their high-medium permeability, there is only a minor difference between
the simulations using the two different permeability values of imatinib, M1, crizotinib, trametinib,
dabrafenib, gefitinib, and erlotinib. In contrast, changing from the moderate calculated P to the very
low Caco-2 derived value decreases the simulated exposure of lapatinib immensely. Even when
increasing the input solubility to the BCS class | level, the simulation using the Caco-2 permeability

underestimated the observed PK profile by approximately 40 % and a curve fit cannot be obtained.

4.2.2.4. Dose linearity of exposure in the rat

The information on dose proportionality of exposure in the rat available in the FDA’s Clinical
Pharmacology and Biopharmaceutics Reviews differ in the dose range tested (including two or more
doses), the dosing schemes (i.e. steady state or single dose) and the vehicles used. Single-dose PK is
preferred for the discussion of solubility-limited absorption because accumulation and saturation
effects at steady state can cover effects observed at a single dose. However, these data are not always
published. Vehicle components can increase the solubility (e.g. SDS) or inhibit the precipitation (e.g.
HPMC) of the drug, and therefore enhance absorption (156) and result in a different dose-exposure
relationship compared to administration of pure API. The exposure of imatinib, trametinib, gefitinib,
erlotinib, and lapatinib is reported to be dose-proportional or more than dose-proportional, whereas
a less than dose-proportional relationship was reported for crizotinib, dabrafenib, and vemurafenib

(Table 23). The data is not available in the rat for pazopanib and M1.
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Table 23: Evaluation of the model compounds’ dose proportionality of exposure in the rat available the FDA’s
Pharmacology Reviews. The numbers in brackets represent the reference numbers.

Dose range tested

Dosing schedule

Formulation/ Vehicle

Increase in exposure

Crizotinib
Dabrafenib
Erlotinib

Gefitinib

Imatinib
Lapatinib
M1
Pazopanib

Trametinib

Vemurafenib

50-500 mg/kg
5vs. 10 mg/kg
20 vs. 100 mg/kg

5vs. 12.5 mg/kg

60-> 300 - 750
mg/m?2
2 vs. 10 mg/kg
not available
not available
1> 5mg/m?
30-800 mg/kg

crystalline API

30-250 mg/kg
co-precipitate

steady state (day 7)

single dose
single dose

single dose

steady state
single dose
not available
not available

single dose

steady state

no formulation info
HPMC suspension
no formulation info

0.5% HPMCin 0.1%
Polysorbate 80 for
oral dosing

purified water, USP

no formulation info
not available
not available

i.a.1.5% HPMC, 5%
mannitol 60 and 0.2%
SDS
2% hydroxypropyl
cellulose (Klucel LF) in
deionized water
adjusted to pH 4
(£ 0.2) with 1 N HC

less than proportional (157)
less than proportional (158)
+ proportional (159)

dose proportional (150)

more than proportional (149)
more than proportional (96)
not available
not available

more than proportional (153)

less than proportional (160)

4.2.3. Solubility-limited absorption and food effect in human and rat

4.2.3.1. Identification of solubility-limited exposure and food effect in human

Table 24 summarizes the properties within the biopharmaceutic frameworks (BCS and DCS) coupled

with properties/methods used in the analysis (gut bioavailability, PBPK simulations, and dose linearity)

for the identification of solubility-limited oral pharmacokinetics in human. Every property/method is

color-coded for the drugs selected in this study to distinguish solubility-limited drugs (red) from those

that are not (green). On the far right, the food effect for these drugs is also color-coded red or green

to distinguish drugs that show a positive food effect from those that do not.
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Table 24: Heatmap presenting the properties in the BCS and DCS frameworks along with properties/methods
used in the analysis of human pharmacokinetic data (51)

Human PBPK
Human gut model Dose
Dose number SLAD . s .. proportionality Food effect
Bioavailability sensitive to . .
(BCS) (DCS) (F.*Fy) solubilit in human single-
avE . v dose PK studies
increase
Imatinib
M1
Crizotinib
Gefitinib
Trametinib
Dabrafenib
Erlotinib
Lapatinib IV PK data

required for the
calculation is
not available

Vemurafenib

Pazopanib

Table 25: Heatmap presenting the dose/solubility relationship in the rat along with properties/methods used in
the analysis of rat pharmacokinetic data

% of dose

Required Rat PBPK

excreted as Dose
volume of Rat gut arent drug in model roportionalit
FaSSIF to Bioavailability P 8 sensitive to prop . v
. " the feces - of exposure in

dissolve the (Fa*Fg) solubility

after p.o. vs. . the rat

dose [mL] N increase
IV dosing

Imatinib
M1
Crizotinib
Gefitinib
Trametinib
Dabrafenib
Erlotinib

Lapatinib
Vemurafenib

Pazopanib not available

not available

not available

Legend Table 24 and Table 25:

Green - No solubility limitation: Dose number < 1 (BCS I/111), SLAD > clinical dose, required volume of FaSSIF to
dissolve the dose for a rat with 0.25 kg body weight is < 2 mL, gut bioavailability > 0.75, % of dose excreted as
parent drug in the feces in the rat after p.o.< IV dosing, PBPK model is not sensitive to increase in solubility, dose-
proportional or supra proportional increase of AUC and Cmax in the food effect dose range, absence of positive
food effect (AUC and Cmax fed/fasted ratio < 1)

Red - solubility-limited: Dose number > 1 (BCS I11/1V), SLAD < clinical dose, required volume of FaSSIF to dissolve
the dose for a rat with 0.25 kg body weight is > 2 mL, gut bioavailability < 0.75, % of dose excreted as parent
drug in the feces in the rat after p.o.> IV dosing, better exposure in PBPK model using increased input solubility
(solubility and/or permeability limitation of vemurafenib and lapatinib absorption is non-identifiable), less than
dose proportional increase of AUC and Cmax, 2 2-fold positive food effect

Yellow: The human food effect of gefitinib (approx. 30 % increase in AUC and Cmax (44)) is confounded by a high
inter-subject variability, the human food effect of erlotinib is inconsistent (97 % AUC increase in period 1 and 7
% AUC decrease in period 2 (43)) between the two periods of the 150 mg single dose food effect study; the rat
gut bioavailability of gefitinib was estimated between 0.53 and 0.84
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BCS classification for regulatory purposes, based on in vitro solubility in aqueous buffers and effective
permeability suggests that all model drugs are expected to show solubility-limited exposure. Imatinib
could qualify as a BCS class | drug based on the dose number in FaSSIF (Table 18). The less conservative
DCS classification for drug development purposes, however, identifies imatinib, M1, crizotinib and
gefitinib as drugs having sufficient solubility at their food effect doses for complete oral absorption,
which aligns better with the clinical outcomes. The gut bioavailability calculation and PBPK modeling
are possible when IV and oral PK data from Phase | clinical studies become available. Both these
assessment methods show the same trends regarding solubility-limited absorption for all model drugs
except for erlotinib. A reduced gut bioavailability of < 1 indicates an intestinal loss of drug, but it cannot
identify the responsible mechanism. Insufficient solubilization, gut first pass metabolism or efflux by
intestinal transporters are the possible causes. Hypothesis testing with PBPK analysis can identify
insoluble drugs whose poor oral bioavailability is due to the intestinal loss mediated by gut metabolism
rather than the poor aqueous solubility, as exemplified earlier by erlotinib (Figure 13). Another
advantage of the PBPK approach over the gut bioavailability is that it can be applied even when IV data
are not available, provided the oral profile is sufficiently well characterized. Single ascending dose PK
can confirm the results from the PBPK analysis to distinguish solubility limitation (less than dose
proportional PK) from gut metabolism and efflux (supra dose proportional). However, as pointed out
earlier, it is difficult to establish a dose-exposure relationship as the analysis is often challenged by high
variability and insufficient dose groups, commonly encountered in oncology drug development (Figure
15). This seems to be the case for the BCS class IV model drugs vemurafenib and lapatinib, where the
dose linearity is not in line with the PBPK outcome. The doses of the food effect studies of both these
compounds at the upper end of the dose range tested in the dose-escalating studies so that they are
not well covered. The solubility-limited exposure of pazopanib was adequately predicted by all

assessment methods.

Table 24 shows that the compounds for which the PBPK analysis identified solubility-limited exposure
are also those for which a positive food effect was observed. The AUC and Cnayx ratios from the PBPK
exercise comparing hypothetical BCS class I-like solubility to best-fit solubility correlate with the extent
of observed food effect. This demonstrates that the proposed analysis of clinical PK data can predict

the solubilization-driven food effect of drugs identified as solubility-limited.

The type, amount and quality of the available PK data are important to estimate the gut bioavailability
and conduct the PBPK analysis, especially for more complicated scenarios. For example, if the
elimination is concentration-dependent, it is important that the intravenous and oral PK studies are
conducted using a similar plasma concentration range. Alternatively, intravenous administration of a
radiolabeled concomitant micro-dose in addition to a clinically relevant orally administered dose could

help distinguish between hepatic and intestinal extractions. Although the IV and oral doses in the



Results and Discussion

70

AUC/dose [10 % h/mL]

06,1 -1
C,ax/dose [107°mL""]

o
o

o
™

2
[}

2
»

o
[N}

Figure 15: Dose proportionality of AUC and Cmax in human single-dose PK studies confounded by high inter-subject variability (51)
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absolute bioavailability studies were not identical in the absolute bioavailability studies (Table 9), the
similar elimination slopes in the log PK profiles (Figure S 1) indicate suitability. The terminal slope of
the oral dabrafenib PK simulation is steeper than the observed because it was derived from the
observed IV PK that is characterized by a shorter half-life than the oral PK (74). Therefore, prolonged
absorption is hypothesized (74). If intravenous administration is not feasible, sufficiently characterized
single-dose oral PK profiles with less than 20 % AUC extrapolation, ideally after different doses, are
necessary to estimate the elimination parameters. A mass balance study at the clinically relevant dose
with quantification of parent drugs in the feces can also provide information about the extent of
absorption in form of the unabsorbed amount excreted in the feces. An additional analysis of parent
drug in the feces after intravenous administration is required to confirm the absence of biliary
excretion. With regards to inter-subject variability in clinical studies, the common design in dose
escalation with three to ten subjects per dose group in Phase | studies may not be sufficient to capture
the full range of intra- and inter-subject variability (especially for patients with liver or colon
carcinoma), as illustrated in Figure 15. In the practice, full PK characterization (e.g. at very high doses
or 1V) as described might not always be feasible in human, which is why the use of preclinical species

is especially interesting.

4.2.3.2. Identification of solubility-limited exposure in the rat

Table 25 presents the combined results of the rat PK analysis in a heatmap equivalent to Table 24 that
shows the outcomes in human. The red color-code indicates solubility-limited absorption, while green
points to sufficient solubilization in the rat at the dose tested. As there is no BCS-equivalent
classification system in the rat, the required volume of FaSSIF to dissolve the dose for a 0.25 kg animal
was calculated. A physiological water content in the rat Gl in the fasted state of 3.2 £1.8 mL and
7.8+ 1.5 mL in the fed state was found by McConnell et al. (161) and a stomach volume of 0.2 mL
fasted and 1.3 mL fed was reported in (162). Therefore, the cut-off volume < 2 mL for the green color
code indicating non-solubility-limited absorption was chosen. Only the selected doses of crizotinib, M1
and imatinib, can be dissolved in this volume of FaSSIF in vitro so that this parameter indicates
solubility-limited absorption for all other model drugs at their doses. Like in human, the calculated gut
bioavailability is less conservative than the classification based on in vitro solubility, but as already
discussed in 4.2.3.1, it cannot distinguish between a loss of drug through gut first pass or solubility-
limitation. The amount of parent drug excreted in feces the after IV and oral administration was
quantified in this study to support this distinction. If the percentage of the recovered dose in the feces
is greater after oral administration than after IV, it is possibly due to unabsorbed or effluxed material.
This was the case for trametinib, vemurafenib and pazopanib. However, full quantification and mass
balancing cannot be assured with this study design, which is why solubility-limited absorption can still

not be excluded with certainty for erlotinib and lapatinib, as well as gefitinib that has uncertain gut



Results and Discussion 72

bioavailability between 0.53 and 0.84. As described for the human PK analysis, the proposed PBPK
approach can identify solubility-limited absorption as the cause of an intestinal drug loss. If the AUC
and Cmax simulated with hypothetically high solubility of BCS class | standard are not significantly higher
than the observed, the drug loss is likely caused by gut metabolism or efflux, which seems to be the
case for erlotinib, lapatinib and gefitinib (if any). Rat PBPK modeling of pazopanib and vemurafenib
were not possible due to the very low observed clearance. However, the PK was sufficiently
characterized in the rat to conclude solubility-limited absorption (reduced gut bioavailability and
higher percentage of dose as parent in the feces compared to IV). The dose-exposure relationship in
the rat was assumed to comply with the results from the PBPK analysis to confirm solubility-limited
(less than dose proportional PK) or non-solubility-limited (proportional or more than dose proportional
increases in exposure) absorption. For all compounds except for lapatinib, the lowest dose of the dose
range tested was higher than the dose in the rat PK study within this research. This suggests
non-solubility-limited absorption of imatinib, gefitinib, and erlotinib even at higher doses than tested
in this research and explains the apparent contradiction with the PBPK results in the cases of crizotinib
and dabrafenib. However, certain vehicle components can enhance the solubility and promote dose-
linear absorption, which might be the case for trametinib, where the current PK analysis suggests
solubility-limited absorption from the APl in capsules but supra-proportional PK in the rat is reported

in the literature (153).

To summarize, the proposed approach to analyze rat PK data (based on gut bioavailability, percentage
of dose as parent in the feces after oral compared to IV administration, PBPK analysis and dose-
linearity of exposure) identifies solubility-limited absorption in the rat for trametinib, pazopanib, and
vemurafenib from capsules filled with API of the clinically relevant salt form at the body weight-scaled
human food effect study doses. Non-solubility-limited absorption behavior was identified for imatinib,
M1, crizotinib, dabrafenib, gefitinib, erlotinib, and lapatinib in the same setting. As the rat is not a
common model to test the effect of food on the oral dosage forms of drugs (12), the food effect is only

discussed in human in this work.

4.2.3.3. The rat as a model for solubility-limited exposure in human and its use in
drug development

The rat as a model for human absorption has been extensively studied and intestinal permeability in
the rat and intestinal permeability or fraction absorbed in human were found to correlate by different
groups (163). However, the levels of enzyme expression and systemic as well as gut metabolism differ
in human and rat (163, 164), which is why the rat is not necessarily a good model to predict human
bioavailability. In this research, the rat PK data was processed to identify the extent of and

solubility-impact on the absorption.
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The proposed analysis of pharmacokinetic data using PBPK modeling identifies the same solubility or
non-solubility-limited absorption behavior in human and rat at body-weight equivalent doses for
imatinib, M1, crizotinib, dabrafenib, gefitinib, erlotinib, vemurafenib, and pazopanib (8 of 10
compounds). While the human PK was generated by different (in some cases solubility-optimized)
formulations, the rat PK analysis was based on pure APl in capsules. In this setting, trametinib showed
solubility-limited absorption behavior in the rat, but not in human. As the human formulation
(Mekinist®) contains SDS (90), a potential solubility-limited absorption behavior of the pure APl might
be overcome by the formulation and the possibility for a positive food effect ruled out. However, the
example of vemurafenib shows that even after optimizing the formulation, the absorption can still be

solubility-limited.

Lapatinib is the only model drug, where the results regarding solubility-limited absorption are not in
line in human and rat, and cannot be explained by the different formulations. The high sensitivity of
its solubility to the bile salt concentration might be the cause for the misprediction of the rat, asitis a
species with higher bile flow rate (165) and intestinal bile salt concentrations (166, 167) compared to
human or dog. The difference in the model drugs’ solubility in the presence and absence of
taurocholate and lecithin is presented in (Figure 8 and Table 15). With 87-fold solubility difference in
regular FaSSIF and the FaSSIF blank buffer, it is the most TC/ lecithin-sensitive of the included drugs.
Vemurafenib solubility is also quite sensitive but the FaSSIF solubility is still very low compared to its
dose. The gefitinib solubility in both FaSSIF and FaSSIF blank is generally higher, while the dose is lower
so that the better bile salt mediated solubilization is less critical for absorption and might not create a

difference in rat and human absorption.

A quantitative comparison of rat and human “in vivo solubility” derived from best-fit PBPK simulations
was unfortunately not possible in our study due to the capsule-induced delay in gastric emptying in

the rat, rendering the best-fit solubility.

To summarize, the analysis of early human PK data demonstrates that deconvolution of key
mechanisms driving intestinal loss with PBPK analysis reliably identifies poorly water-soluble drugs
whose oral absorption is truly solubility-limited and are therefore likely to show a positive food effect.
The analog analysis based on rat PK, which is available earlier on in discovery and can be studied more
extensively (e.g. higher dose range, IV testing almost always possible), delivered the same outcomes
for 8 out of 10 examined oral anticancer drugs. The rat PK analysis can identify drugs where solubility-
optimized formulations might increase the absorption or even mitigate a positive food effect in human.
This suggests, that this approach to analyze preclinical and early clinical data can be considered to
guide decisions in formulation development, on conducting food interaction studies or to negotiate

study waivers with the regulatory agencies for drugs beyond the BCS class I. The rat PK study in this
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research was performed in capsules to monitor the performance of the APl in a solid dosage form, free
of excipient/ formulation effects, at the relevant dose to predict the human food effects of the model
drugs reported in the literature. However, the analysis can also be performed based on the data that

is routinely generated in drug discovery.

4.3. Predicting the food effect on drug exposure using GastroPlus®
4.3.1. Targetfraction absorbed and input gut first pass for the model drugs

PBPK models for the use of prospective predictions of untested clinical scenarios need to be
mechanistically correct. To allow this, the fraction absorbed (F.) and the fraction metabolized in the
gut (Fg) are identified in the first step of the developed workflow (Figure 6). As these fractions cannot
be measured directly, the assessment is based on available clinical PK data and top-down PBPK
analysis, as described in 3.6. The combination of bottom-up and top-down PBPK approaches is not new
(168-170). However, its use for the quantification of F, and F; has not been previously reported to

improve PBPK food effect predictions. The results are presented in Table 26.

Crizotinib, gefitinib, imatinib, M1, dabrafenib, and trametinib have been identified as drugs with
non-solubility-limited absorption at the dose of their food effect studies by an analysis of available
clinical PK data (4.2.3). The presence of gut metabolism for these drugs could be excluded, as the gut
bioavailability is high (>0.75). The amount of unmetabolized drug recovered in the feces can be
attributed to biliary excreted drug, as it was mainly collected after more than 24 h. Therefore, a
fraction absorbed of one was targeted in the GastroPlus® PBPK models and no gut firs- pass
metabolism was implemented (Table 26). Pazopanib and erlotinib were found to have reduced gut
bioavailability, which was attributed to gut first-pass metabolism in the case of erlotinib and poor
absorption in the case of pazopanib (4.2.3). This is supported by the fact that 67.3 % of unmetabolized
radiolabeled pazopanib was recovered in the feces (the majority of radioactivity was recovered < 48 h)
(84), but only 1 % of erlotinib parent drug (145). Therefore, it was assumed that the fraction absorbed
of pazopanib equals the calculated gut bioavailability of 0.21 and the fraction absorbed of 1 was
targeted for erlotinib, while 39 % gut first-pass metabolism was implemented in the PBPK model (Table

26).

In the absence of IV PK data for lapatinib and vemurafenib, the fraction absorbed can only be roughly
estimated. In the case of vemurafenib, a radiolabeled mass balance study at the same dose like the
food effect study is available. It reports 38 % excretion of vemurafenib parent drug in the feces, which
might be partially biliary excreted and partially unabsorbed (171). However, food increases the
vemurafenib exposure by approximately 5-fold (46). This is likely to be solubility mediated, as the
vemurafenib half-life is very long 71.7 h (171). Any inhibiting effects of the food on elimination and

metabolism might therefore have only limited effect on the overall exposure. The vemurafenib fraction
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absorbed was estimated with 0.2 (Table 26) based on the food effect. As the mass balance study of
lapatinib was performed at a 6-times lower dose than the relevant dose in the food effect study, only
limited conclusions can be drawn. 27 % of the dose were recovered as parent drug in the feces at
250 mg (146), but the unabsorbed amount of drug after intake of 1500 mg could be even higher.
Therefore, the fraction absorbed was estimated as 0.25 based on the approximately 4-fold food effect
on lapatinib exposure (82) (Table 26). This procedure is of course not feasible in the absence of a clinical
food effect study and highlights again the importance of good PK characterization that enables
mechanistic insights to the human PK. As already pointed out earlier (4.2.3), IV PK characterization is
particularly essential. For both, lapatinib and vemurafenib, the extent of gut first-pass metabolism

cannot be estimated based on the available data.

Estimating the fraction absorbed and extent of gut first-pass metabolism supports building PBPK
models closer to the in vivo situation. In addition to the observed plasma concentration time profile,
it provides information on the target condition.

Table 26: Target fraction absorbed and input gut first pass for the GastroPlus® models. The numbers in brackets
represent the reference numbers.

% dose parentin
* H o,
Compound Fa*F @:ad::ze parent feces GUtast:St CYP3Ad Target F ":Jr:l:rs{:
P @ e (mg] drugin @ dose reporte d metabolism getta 8 ass
g feces [mg] P P
Crizotinib 0.9 250 53 (172) 250 no yes (72) 1 0
Dabrafenib 1 150 21.8(173) 95 no yes (76) 1 0
Erlotinib 0.61 150 1(145) 100 yes (145) yes (145) 1 39
Gefitinib 1 250 12.1(174) 50 yes (175) yes (176) 1 0
Imatinib 1 400 23 (177) 200 no yes (81) 1 0
Lapatinib not 1500 27 (146) 250 yes (82) yes (83) estimated n.a.
available 0.25b
M1 0.86 500 no yes 1 0
Pazopanib 0.21 800 67.3 (84) 400 no yes (87) 0.21 0
Trametinib 0.75 2 27.4;45.0 2 no no (90) 1 0
(178)2
Vemurafenib not 960 55 (171) 960 no 5% (179) estimated n.a.
available (minor 0.2b

contribution)
2 individual data of the two patients in this study. Due to poor total dose recovery, the fraction of parent dose
recovered in the feces is given as % of the excreted dose
bin the absence of IV PK data, the fraction absorbed was estimated based on the food effect on AUC

4.3.2. Bottom-up oral PK prediction, model optimization and verification
4.3.2.1. Bottom-up oral PK prediction

After fitting the compartmental PK parameters to the IV PK data, the oral bottom-up predictions were

performed. The anticipated target fraction absorbed (Table 26) was achieved in the bottom-up
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predicted models of the compounds crizotinib as well as imatinib and was adequately approached by
M1 with 89.4 % (Table 27). Imatinib AUC and Cnax Were predicted within the predefined limit of 1.5-
fold of the observed values (Table 28). There was no need for further model optimization to reproduce
the observed plasma concentration-time profile in the fasted state. Despite the accurate prediction of
crizotinib and M1 fraction absorbed, the crizotinib Cnax and M1 Cnax as well as AUC were not well
captured. The models required further optimization. The other model drugs’ anticipated target
fraction absorbed was underpredicted (Table 27). Underperformance of simulations from poorly
soluble compounds was previously reported in the literature and attributed to an over-sensitivity to

the low aqueous solubility (180) or fixed by adjusting the precipitation time (168).

Table 27: PBPK models with absorption related compound characteristics in the bottom-up oral PK prediction
and their changes during model optimization

Model Name Particle size Precipitation Bile salt Gut first pass Other Fraction

(um) time (s) Solubilization (%) absorbed (%)
Ratio

Crizotinib 25 900 0 0 - 100

bottom up

Dabrafenib 25 900 16,200 0 - 9.8

bottom up

Dabrafenib 2.5 1,000,000 0 0 Reference 99.9

Opt 1 solubility*10

Erlotinib 25 900 36,400 39 - 33.7

bottom up

Gefitinib 25 900 473,000 0 - 48.7

bottom up

Gefitinib 25 1,000,000 473,000 0 - 99.6

Opt1l

Gefitinib 25 900 4,830,000 0 - 93.6

Opt 2

Imatinib 25 900 6062,1 0 - 100

bottom up

Lapatinib 25 900 2,040,000 0 - 0.7

bottom up

M1 6.2 900 140,000 0 - 89.4

bottom up

Pazopanib 25 900 32,900 0 - 5.4

bottom up

Pazopanib 25 1,000,000 32,900 0 - 17.8

Opt1l

Pazopanib 2.5 1,000,000 32,900 0 - 30.2

Opt 2

Trametinib 25 900 71,800 0 - 3.0

bottom up

Trametinib 2.5 900 68,500 0 Reference 100

Opt 1 solubility*10

Vemurafenib 25 900 2,860,000 0 - 3.3

bottom up

Vemurafenib 1 900 2,860,000 58 - 15.9

Opt1l

Vemurafenib 25 900 22,900,000 58 - 18.5

Opt 2
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Table 28: Acceptance criteria in the verification simulations (fold of the observed value). The references for the
studies considered are given in Table 11.

Compound Food effect study Higher/lower dose ARA study
Crizotinib 1.5 2 not available
Dabrafenib 15 2 not available
Erlotinib 2 3 single dose not available ¢
Gefitinib 2 2 2

Imatinib 1.5 15 1.5

Lapatinib no variability information @ 2b single dose not available ¢
M1 not available
Pazopanib 15 3 single dose not available ¢
Trametinib 1.5 1.5 not available
Vemurafenib 2 2 not available

@ No information in the variability was given in the reference presenting the food effect study, the same criterion
as for the lower/higher dose was applied

b The coefficient of variation (CV%) was not given in the reference presenting the dose escalation, but the
parameters AUC and Cmax Were in a range of approximately 2-fold.

¢ Single dose ARA (acid-reducing agents) study was not available, therefore the simulations were verified using
the 90 % confidence interval of AUC and Cmax ratios without ARA to with ARA

Initially, the idea was to use measured in vitro dissolution data in GastroPlus®. For the IR formulations
of the model drugs, the use of the Z-Factor dissolution model is appropriate. However, the measured
dissolution data did not seem to represent the in vivo release well (4.1.3), especially for M1 with very
pronounced coning effects, even with 100 rpm paddle speed. Z-Factors were fitted to the different
release profiles of gefitinib, erlotinib, pazopanib, and vemurafenib and applied in the bottom-up PBPK
simulations. However, the bottom-up underprediction of erlotinib and pazopanib was not fixed by
using the z-Factor - not even in the case of gefitinib, where the release is extremely fast (Figure 9). Only
the simulated vemurafenib exposure was massively increased, but the observed AUC was

overpredicted by approximately 3-fold.

Although there are successful reports about the use of in vitro dissolution data in GastroPlus® (181) or
other PBPK models (40) in the literature, the present study indicates that it does not generally improve
the simulation performance. It might require testing of various dissolution conditions (or even fitting
of the dissolution data to the observed PK (182)) until the data contributes to the simulation of the

desired results. However, the verification and justification of such an approach might be questionable.

4.3.2.2. Optimization of the bottom-up PBPK models

The aim of the model optimization procedure was to identify the parameters responsible for the misfit
of the bottom-up PBPK simulations. The parameters to be adjusted were selected based on their
reliability. The underprediction of the observed PK appears to be based on the parameters determining
the solubilization in the models. This phenomenon was also observed in the top-down PBPK approach

(4.2.1.2). Therefore, the solubilization-related parameters were included in the PSA.
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API micronization is often used to increase the oral bioavailability of poorly soluble drugs via an
accelerated dissolution rate through increasing the available surface area. Common milling techniques
are capable of generating mean particle sizes of < 10 um, with individual particles of 2-5 um (156).
Therefore, the lower limit for particle radius in the PSA of 2.5 um was chosen. The default value of
900 s precipitation time was used in the bottom-up simulations, as there is no recognized common
method available to identify it in human. The full range of precipitation time (up to the maximum
possible value of 1,000,000 s) in GastroPlus® was tested in the PSA. The variability of human intestinal
fluid (HIF) solubility and the differences in HIF and simulated intestinal fluids (SIF) solubility in fasted
and fed state have been investigated by different groups. The results of these intestinal solubility tests
in different media were often within a range of 2-fold, but in some cases, 6-20-fold variation was
observed. (30, 119). Therefore, the bile salt solubilization ratio was increased based on the assumption
that FaSSIF and FeSSIF solubility might vary up to 10-fold in vivo. The reference solubility was tested

within the default range suggested by the software, which is 10-fold variation of the initial value.

The model optimization process is exemplified by the case of pazopanib (Figure 16). The results of the
PSA identify the sensitive parameters to be optimized. The pazopanib bottom up PBPK model (with
fraction absorbed of 5.4 %) is especially sensitive to an increase in precipitation time and reference
solubility, followed by a decrease in particle size. As illustrated in Figure 16, a fraction absorbed of

approximately 18 %, which is close to the target fraction absorbed, can be achieved when increasing

Pazopanib bottom up

3. 3e3 6,0ed 1,1e4 2,0ed 3,6ed 6,6ed 1,2ed 2,2ed 4,0ed 7,2ed

L) ¥ L] L] L] L]
90 2,5e2 2,0e3 1,6ed 1.3e5 1.0e6
Precipitation Time (s)

L] L] L) L) L] L] L]
3,E-5 5,E-5 8,35E5 2,32E4 6,46E-4 1,8E3 3,E3
Reference Solubility (mg/mL)

L] L) L] L] ¥ ¥ L] L] L)
25 4147 69 11,6 194 323 539 899 152 250
Particle Radius (um)

Figure 16: PSA of the fraction absorbed to optimize the bottom-up predicted pazopanib model
in the fasted state
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the precipitation time to the maximum of 1,000,000 s. Therefore, this setting was used to build the
optimized model, “Pazopanib Opt 1” (Table 27). Decreasing the particle size to 2.5 um in addition,
results in a fraction absorbed of 0.30 in the model “Pazopanib Opt 2” (Table 27) and an even better fit
to the observed plasma concentration-time profile. The reference solubility remained unchanged, as

it is the parameter with the highest confidence among the ones tested in the PSA.

An overview of the bottom-up predicted as well as optimized models of all model drugs is provided in
Table 27, along the parameters that have been adjusted to build these models. Besides the pazopanib
bottom-up model, the bottom-up model of gefitinib was especially sensitive to an increase in
precipitation time, which led to “Gefitinib Opt 1”. The gefitinib model was also sensitive to an increase
in bile salt solubilization ratio, resulting in “Gefitinib Opt 2”. The vemurafenib bottom up PK simulation
provided a good AUC prediction but a delayed and underpredicted Cmax. TO optimize this model, the
particle size was decreased to 1 um in “Vemurafenib Opt 1”7, as its market formulation contains
amorphous vemurafenib coprecipitate. There are no actual API particles whose size could be
absorption-limiting. In the model “Vemurafenib Opt 2”, the bile salt solubilization ratio was increased,
as the bottom-up model was sensitive to this parameter as well. Both, decreasing the particle size and
increasing the bile salt solubilization ratio, led to an increased predicted Cmax of vemurafenib as
desired - but at the same time to an AUC increase, which is overcome by introducing gut first pass
metabolism to “Vemurafenib Opt 1” and “Vemurafenib Opt 2”. Optimization of particle size,
precipitation time and bile salt solubilization ratio alone each or in combination was not sufficient to
enable complete absorption of dabrafenib and trametinib in the PBPK models. Therefore, the
reference solubility of these compounds had to be increased in addition. The crizotinib AUC bottom-
up prediction was good and the underprediction of Cmax and early tmax Was overcome by increasing the

stomach transit time to 2 h. This is analog to the previous top-down PBPK analysis (4.2.1.2).

If there are different possibilities to simulate the fasted state exposure adequately and no way to
further validate them on a mechanistic basis (like in the cases of gefitinib, pazopanib, and
vemurafenib), it is necessary to consider all possible input parameter combinations for the food effect
predictions. In the cases of erlotinib and lapatinib, there is the need to change the particle size,
precipitation time and bile salt solubilization ratio at the same time to reproduce the observed plasma
concentration-time profiles. Optimizing one factor alone or two factors in combination cannot account
for the observed PK. This results in numerous possible fasted state models and the proposed workflow

is therefore not applicable to these compounds in the practice.

The fraction absorbed of M1 was accurately predicted by the bottom-up PBPK model, however, Cmax

and AUC were over-predicted. M1 simulated tmax Was too early. The PSA to optimize the M1 model did
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not provide improvements that reduce Cmax and AUC without reducing the fraction absorbed.

Therefore, the proposed workflow is not applicable to M1.

For low permeability drugs, the effective permeability is usually also included in a PSA. However, all
model compounds in this work except for lapatinib and vemurafenib exhibit high permeability. For
those BCS class Il drugs, low sensitivity to changes in permeability is anticipated, and was confirmed
by the top-down PBPK analysis (4.2.1.2). Therefore, the effective permeability for vemurafenib and
lapatinib is discussed separately. Changes in Ps within a 2-fold range (GastroPlus® default in the PSA
module), affects the bottom-up predicted fraction absorbed of both lapatinib and vemurafenib less
pronounced than the solubility related parameters (only + 0.6 % in fraction absorbed of lapatinib and
+ 4.4 % for vemurafenib). Moreover, an increase in permeability is associated with a simultaneous AUC
and Cmax increase, which is why changing the permeability does not overcome the challenges related
to optimizing the vemurafenib PBPK model (i.e. increasing the Cnax Without increasing the AUC). In the
case of lapatinib, additional variation of the permeability would have increased the number of possible

models even more.

Besides the parameters that can be covered by the PSA, the extent of gut first pass metabolism (if not
evident from clinical PK data) needs to be considered and adapted during the model optimization. To
this aim, several models with different extent of gut first-pass metabolism were built. However, this
can eventually result in a large number of models with different input parameter combinations but
similar PK. In the case of lapatinib, this circumstance hinders the practical application of the entire
suggested procedure for food effect predictions. The input gut first-pass metabolism for vemurafenib
of 58 % was chosen, as it reduces the AUC overprediction to comply with the anticipated acceptance
range of vemurafenib simulations of 2-fold (Table 28) after the Cmax was improved. 58 % of gut first
pass metabolism is a very high estimate for a low clearance compound like vemurafenib. However,
considering the low fraction absorbed, the absolute amount of dose involved is low (<< 58 % of the
total dose). Higher concentrations in the intestine than in the liver and different enzyme expression

could contribute to quantitative differences in hepatic and intestinal metabolism.

In general, the bottom-up predicted PBPK models of most model drugs could be optimized by adjusting
the input parameters with low confidence. Thereby, modulation of the precipitation time was
particularly important. It was increased for all three weakly basic drugs, whose bottom-up model
needed optimization (dabrafenib, gefitinib, pazopanib). However, no general conclusions on the model

optimization can be drawn based on the limited number of 10 model drugs.
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4.3.2.3. Verification of the optimized PBPK models
Model verification is important to increase the confidence in the simulations. To verify the absorption

model, different simulation exercises of clinical situations, that were not used to build the PBPK
models, were performed as described (lower dose, higher dose, and acid reduced conditions). If a
previous food effect study of this drug is available, the model should be verified against this data as

well (62).

The simulations were performed according to the available data. The limits of acceptance for the
verification simulations, based on inter and intra-study variability (CV %), were 1.5-fold or 2-fold of the
observed value in most cases (Table 28). All optimized models, except for the “Trametinib Opt 1” did
not fail in more than 1 verification simulation (Table S 14). When there were two optimized models of

the same compound, the performance in the verification simulations was similar.

Even though, the verification exercise did not identify the best model, it is still recommended to
challenge the models to find out for what purposes they might be valid. For example, in the case of
trametinib, where “Trametinib Opt 1” underpredicted the PK at the lower dose (0.5 mg) and
overpredicted the PK at the higher dose (10 mg) by more than 1.5-fold, the absorption model enabled
a fraction absorbed of 100 % at both doses. The AUC and Cnax mispredictions are apparently caused by
non-linear systemic PK, and the model might still be used for absorption related predictions. However,
it should be acknowledged, that simulating the fed state, is a more complex scenario than the ones

tested in the verification simulations.

4.3.3. Predicting the effect of food on the model compounds’ exposure
4.3.3.1. Food effect prediction using different fed state physiologies

The effect of food on the simulated PK in the optimized models was first tested using the default
Human-Physiological-Fed physiology (Table S 10). However, this is only one possible constellation of
parameters. In vivo, the Gl physiology in the fed state is highly dynamic and variable. For example,
gastric pH values of > pH 5 change to pH 1 and lesser directly after the meal (100). Gastric transit times
of 4.3 h-20.2 h (100) and 69 min - 583 min (with a mean of 308 min) (183) have been reported, and
highly variable bile salt concentrations of 0.74 mM - 86.14 mM in the fed state have been observed in

HIF of healthy volunteers (184).

The fed stomach physiology reported by Koziolek et al. (100) was translated into an alternative
stomach physiology for the application in PBPK food effect predictions to test the impact of the
physiology. This alternative fed stomach physiology is more dynamic than in the default Human-
Physiological-Fed physiology. It covers the reacidification of the stomach pH after the meal intake and

uses a longer stomach transit time of 4.5 h. The predicted food effects using the different fed stomach
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physiologies are compared in Table 29, along with the 90 % confidence intervals of the observed AUC
and Cnax fed/fasted ratios determined in the clinical food effect studies. When two models of one
compound were available, the predicted AUC or Cnax fed/ fasted ratio is presented in the form of a

range between these two values.

Table 29: Food effect prediction using the default Human-Physiological-Fed physiology and fed stomach
physiology derived from Koziolek et al. (100). The numbers in brackets represent the reference numbers. AUC
ratio (90% Cl) - 90 % confidence interval of the AUC fed/fasted ratio, Cmax ratio (90% Cl) - 90 % confidence
interval of the Cmax fed/fasted ratio

Predicted food effect Pre_dncted food effect
using Human using a fed stomach
using Auman- X N
Observed Food effect . . physiology derived
Physiological-Fed >
N from Koziolek et al.
physiology
100
- . tmax tmax
AUCratio  Cnax ratio . . . .
(90% Cl) (;:;% al) fasted fed AUCratio  Cpaxratio | AUCratio  Cmax ratio
[h] [h]
Crizotinib 0.789- 0.779- 5 5 1.002 0.782 1.002 0.392
0.933 0.954 (71) (71)
(71) (71)
Dabrafenib 0.57-0.85 0.35-0.69 2 6 1 0.69 1 0.46
(140) (140) (140) (140)
Gefitinib 1.239- 1.16- 5 5 1.00-1.00  0.90-0.93 | 1.00-1.04 0.58-0.61
1.508 1.498 (44) (44)
(44) (44)
Imatinib 0.89°b 0.93°b not 1.5h 1 1 1 0.43
(144) (144) available later
than
fasted
(144)
Pazopanib 1.64-3.35 1.51-2.98 4 6 0.08-0.35 0.06-0.24 2.23-3.09 1.46-2.00
(45) (45) (45) (45)
Trametinib 0.697- 0.243- 1.5 4.03 1.00¢d 0.774 0.98¢<4d 0.344
0.828¢ 0.371 (141) (141)
(141) (141)
Vemurafenib 2.8-8.0 1.8-3.4 4 8 1.92-5.13 1.91-5.70 | 2.01-5.30 1.80-5.26
(46) (46) (46) (46)

@ AUC and Cmax fed/fasted ratio was calculated for the crizotinib bottom-up prediction without prolonged
stomach transit time, as the stomach transit time in the Human-Physiological-Fed physiology of 1 h would be
otherwise shorter than in the fasted state simulation with 2 h stomach transit time to reproduce the Cmax
appropriately, and lead to distortion of the ratio

b 90% Cl not available
¢ AUCo-168

9 the predefined acceptance criteria in the verification simulations (4.3.2.3) were not met by this model
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The Human-Physiological-Fed physiology provides prediction of the AUC fed/fasted ratio within or
close to 90% Cl in the clinical studies of all compounds except for pazopanib, where a strong negative
food effect was predicted, but a strong positive food effect observed (Table 29). Moreover, it provides
predictions of the food effect on the Cnax Within or close to the 90% Cl in the clinical studies for all
compounds except for pazopanib (like the AUC prediction) and trametinib, where the negative effect

on Cmax is Not captured.

The fed stomach physiology derived from Koziolek et al. (100) provides a good food effect prediction
on the AUC of all model drugs. Using this physiology, the strong positive food effect on pazopanib AUC
and Cmax is adequately simulated. The fed state Cmax prediction is improved for dabrafenib and
trametinib with a negative food effect on Cmax. However, a negative food effect on crizotinib, gefitinib,

and imatinib Cnay is falsely predicted using the alternative fed stomach physiology.

The fact that different physiologies are required to get a good food effect prediction might be related
to the study design. Gastric emptying rate is a function of the caloric content of the meal (185). The
emptying process of the drug depends on its distribution within the stomach and the mixing with the
food, which is related to the relative timing of the food and dosage form intake. Effective gastric mixing
is assumed to take primarily place in the distal part of the stomach (5). Therefore, gastric emptying of
the drug might be more delayed, when taking the drug after full completion of the meal, compared to
an earlier intake. Exact information on the relative timing of the food and drug intake is not reported
for all studies. However, the following example shows that the timing of drug and food intake might
not be the only explanation why different physiologies are required to get a good food effect
prediction. Crizotinib was administered 30 minutes after starting the meal (71) and trametinib within
5 minutes after completion of the meal (141), which might be equivalent. However, the Human-
Physiological-Fed physiology provided the better prediction for crizotinib, whereas the fed stomach
physiology derived from Koziolek et al. (100) was superior in the case of trametinib. In this research,
food effect studies with a standardized high-fat meal were selected for all model drugs (for imatinib,
the meal type is not clarified in (144)). Therefore, the meal type might not be responsible for the
differences. Further differences can come from the concomitant fluid intake or the position of the
dosage form in the stomach with regard to the so called “Magenstrasse” (186) for accelerated gastric

emptying of liquids.

The superiority of one of the two applied fed state physiologies cannot be confirmed. Therefore, it is

recommended to simulate the fed state PK with both physiologies and consider all eventualities.

When the food effect was simulated with two different fasted state models in this work (in the cases

of gefitinib, pazopanib, and vemurafenib), the results using the two models were similar. Therefore,



Results and Discussion 84

the better way to optimize the bottom-up predicted fasted state models cannot be derived

retrospectively, after the food effect simulations.

When it comes to the differentiation of negative food effect and absence of food effect (for completely
absorbed drugs in the fasted state), it is noteworthy that the model drugs with relatively late tmax in
the fasted state have similar tmax in the fed state (e.g. crizotinib, gefitinib, imatinib). Therefore, these
drugs show similar Cnax With and without concomitant meal intake. In the cases of trametinib and
dabrafenib with early fasted state tmax, in contrast, the fed state tmax is significantly delayed leading to
a negative food effect on the Cmax (Table 29). This might be related to the stomach transit time, which

is discussed in the following section 4.3.3.2.

4.3.3.2. Food-PSA
To further investigate the impact of the multiple parameters that change in the presence of food, the

Food-PSA of the absorption relevant parameters provides information on the impact of each factor
separately. It helps to understand the food effect simulation outcome and the observed food effect in
vivo. Moreover, the Food-PSA can identify the critical parameters responsible for good or misleading

food effect predictions within this research.

As previously described, the stomach pH, stomach transit time and intestinal bile salt concentrations
are among the highly variable properties in the fed state Gl. Therefore, they were selected as variables
for the Food-PSA (Table 14). The upper limit for the stomach pH of pH 5 was chosen according to (100).
A stomach transit time in the upper middle range of 6 h was chosen as the maximum value of the PSA.
Technically, the bile salt solubilization ratio is not a physiological parameter that changes in the
presence of food. It was varied in the Food-PSA by 10-fold to investigate whether it can be used as a

surrogate for testing different levels of intestinal bile salt concentrations (which is more complex).

The Food-PSA is exemplified by the models Pazopanib Opt 1 (AUC) (Figure 17) and Dabrafenib Opt 1
(Cmax) (Figure 18) to illustrate the causes of the inconsistent food effect predictions using the different
physiologies (default Human-Physiological-Fed physiology vs. fed stomach physiology derived from
Koziolek et al. (100)).

The model Pazopanib Opt 1 suggests that the observed absorption-related positive effect of food on
pazopanib AUC (45) is caused by the prolonged stomach residence time rather than better bile salt
solubilization. Although the solubility of pazopanib HCl increases when sodium taurocholate and
lecithin are added to the buffer, it is still very low (even in FeSSIF with 5 ug/mL) (Figure 8). The buffer
pH, however, has a stronger effect of on pazopanib solubility than the bile salt/ lecithin concentration.
Pazopanib solubility increases by several orders of magnitude when in decreasing the pH from pH 6.5

(solubility 0.3 pg/mL) to pH 1.6 (solubility 1 mg/mL) (Figure 7). Therefore, the increased residence time
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in the stomach with lower pH than the intestine (as it is reacidified) enhances the solubilization of
pazopanib. As a BCS Il high permeability drug (87), the dissolved pazopanib is directly absorbed after
its emptying into the duodenum. Moreover, the Food-PSA reveals the cause for the poor food effect
prediction of pazopanib using the Human-Physiological-Fed physiology: In the model, the negative
effect of the increased gastric pH on pazopanib AUC overrules the positive effect of the prolonged
stomach transit time. In Figure 17, the small increase in simulated AUC following a stomach pH increase
to pH 3 is caused by the pK,-fitted solubility profile. It allows slightly better solubility as the pH
increases beyond the basic pK, value of 2.1 (87) before it is reduced again when approaching the basic
pKa value of 6.4 (87). Since pazopanib solubility is extremely pH dependent and its absorption depends
strongly on the solubilization in the stomach, the positive food effect can only be simulated when
gastric reacidification and a reasonably long fed state gastric emptying time are implemented in the

fed state physiology.
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900.0004
850.000-
800.000-
750.000-
700.000-
£50.000-

— 600.000

E 550.000-

£ 500.0001

£ 450,000

Q 400.0004

= 350.000-
300.000-
250.000-
200.000-
150.000-
100.000-

50.0004

0,13 0,3 0,45 0,7 1,07 25439 6

¥ ¥ L] L) L] ¥ L] L] L] L
05 065 083 1,08 139 18 232 3, 387 5
Stomach pH

L) L) L) L) L) L L) L L L]
3.3ed 55e3 9,2el 1,5e4 2,6ed 4,3ed T,1ed 1,285 2,0e5 3,3ed
Bile Salt Solubilization Ratio

Figure 17: The impact of the physiological changes in the presence of food on the simulated AUC of the model
Pazopanib Opt 1
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Although the solubility of dabrafenib mesylate is influenced by the bile salt and lecithin concentration,
changes in bile salt solubilization cannot increase the extent or rate absorption (Figure 18). Its
absorption is already relatively fast (tmax of 2 h (140)) and complete (gut bioavailability of 1.09) in the
fasted state, when administered with a HPMC capsule shell. Dabrafenib mesylate solubility is pH
dependent and therefore, an increased stomach pH slows down the absorption in the model, resulting
in a decreased Cmax. However, the pH shift alone can only decrease the Cnax by approximately 25 % in
the model (Figure 18, Table 30). An increase in stomach residence time results in stronger Cmax
reduction following the delayed presentation of the drug to the absorption site. To simulate the
dabrafenib Crax decrease (by approximately 50 %) that is observed in vivo in the fed state compared
to the fasted state (140), the increase in stomach transit time is essential. Gastric emptying delay has
not been reported as a possible reason for the food effect, which is hypothesized to be related to
precipitation in the fed stomach with elevated pH (140). However, the dabrafenib fasted and fed state
PK profiles cross each other in the characteristic way for different gastric emptying rates (140) - with a
slower absorption rate but higher terminal concentrations of the delayed fed state profile. Using a
stomach transit time of 4.5 h in combination with a dynamic gastric pH (fed stomach physiology
derived from Koziolek et al. (100)) provides a better fed state Cmax prediction than 1 h stomach transit

time in combination with a static gastric pH of 4.9 (Human-Physiological-Fed physiology) (Table 29).
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Figure 18: The impact of the physiological changes in the presence of food on the simulated Cmax of the model
Dabrafenib Opt 1

An overview of the Food-PSA results of all compounds is provided in Table 30. For better visualization,
the parameters that changed by < 20 % are highlighted in green, and > 20 % in red. The 20 % limit was

selected corresponding to the traditional bioequivalence limit of 80 % - 125 %.
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Table 30: Percentage deviation of AUC and Cmax following the physiology related changes in the Food PSA for all
compounds’ optimized fasted state models (Bile salt SR- Bile salt solubilization ratio, double fed intestinal bile
salts - double bile salt concentrations in each compartment than in Human-Physiological-Fed physiology in
GastroPlus®)

AUC | Crmax

Model Stomach Stomach Bilesalt Double fed Stomach Stomach Bile salt Double fed
Name transit pH SR intestinal transit pH SR intestinal
time 6 h pH5 *10 bile salts time 6 h pH5 *10 bile salts

Crizotinib
bottom up
Dabrafenib
Opt1l
Gefitinib
Opt1l
Gefitinib
Opt 2
Imatinib
bottom up
Pazopanib
Opt1
Pazopanib
Opt 2
Trametinib
Opt1
Vemurafenib
Opt1l
Vemurafenib
Opt 2

The stomach transit time was identified as a critical parameter in most of the PBPK models. Prolonged
gastric transit delays and reduces the Cmax of rapidly dissolving and absorbed drugs. Therefore,
crizotinib, gefitinib, dabrafenib, imatinib, and trametinib, show BCS class I-like behavior. Moreover,
prolonged gastric residence time can enhance the absorption of poorly soluble weakly basic drugs (like
pazopanib), as the drug has more time to dissolve in the stomach with a lower pH than the intestine.
Delayed gastric emptying might have a positive effect on the exposure of the poorly permeable
vemurafenib administered as acid insoluble HPMC-AS coprecipitate (19), through increasing the time

window for intestinal permeation and absorption.

Although all model drugs except for trametinib and vemurafenib have pH dependent solubility (weak
bases), an increase in stomach pH from pH 1.3 to pH 5 does not significantly affect the simulation of
these model drugs. Only gefitinib and pazopanib AUC and Cmax are reduced by more than 20 %.
However, the exposure of these two drugs is not reduced after food intake in vivo (44, 45). As
discussed, a constant stomach pH of pH 5 might be too conservative to explain the pazopanib food
effect. This could also be true for gefitinib, as its AUC and Crmax remain unchanged up to stomach pH of
pH 3.9 in the Food-PSA, but then decreases dramatically with further pH increase. The results are in
line with the lack of connection between negative food effect and pH dependent solubility discussed

in 4.1.3. Interestingly, pazopanib and gefitinib exposure decreases when co-administered with an ARA
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(109, 115), suggesting that their solubility is in principle pH dependent in vivo, but the negative effect

is ruled out by other meal triggered processes.

As the models of crizotinib, gefitinib, imatinib, dabrafenib, and trametinib were optimized to have a
fraction absorbed of 100 %, better bile salt solubilization (either by increasing the bile salt solubilization
ratio or the intestinal bile salt concentrations) was not expected to increase the exposure of these
drugs. Only the models of vemurafenib, whose solubility is stronger affected by the bile salt
concentrations than pazopanib (Table 15), are sensitive to better bile salt solubilization. Increasing the
bile salt solubilization ratio or the intestinal bile salt concentrations in each gut compartment led to an
increase in simulated vemurafenib AUC and Cmax. The good quantitative agreement of the simulation
results with 10-fold increased bile salt solubilization ratio vs. double fed intestinal bile salt
concentrations (which are also approximately 10-fold higher than in the fasted state) is related to the
fact that both factors contribute equally to the drug solubility in the presence of bile salts (Equation
14). The high vemurafenib bile salt sensitivity is in line with the strong absorption related effect of food

on exposure in vivo (46).

To summarize, the stomach transit time has emerged as a crucial parameter that can promote a
positive as well as a negative effect of food on the drug absorption. The prediction of a negative food
effect on the exposure of some model drugs mediated by an increased stomach pH was not in line with
the observed in vivo PK data. Improved solubilization mediated by increased bile salt concentrations
can be identified with a PSA of the bile salt solubilization ratio. The Food-PSA can identify the
parameters most critical to the absorption in the presence of food. However, the identification of the
most important factor might not always be possible. When one parameter in the baseline setting
changes, the sensitivity of the other parameters could be altered. The observed food effect in vivo
might only be explained by a combination of parameters. This could be the case for the model
“Pazopanib Opt 2”, where a positive food effect is simulated using the fed stomach physiology derived
from Koziolek et al. (100), but not indicated by the Food-PSA. Moreover, it must be acknowledged,
that the mechanistic validity of the Food-PSA is limited by the validity of the model, i.e. the input
parameters. However, the Food-PSA aids in understanding the behavior of the PBPK model, which is

beneficial in any case.
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4.3.4. Summary of the bottom-up PBPK food effect predictions

Prospective food effect predictions require consideration of all uncertain parameters - compound-wise
as well as physiology-wise - to come up with a range of possible predicted food effects. For this
purpose, GastroPlus® is a useful tool for absorption modeling, as it provides the mechanistic basis to
account for different possible scenarios. Uncertainty related to compound input parameters can be
clarified by a PSA and worked around by building different possible models, if necessary. The various
physiological aspects that change in the presence of food can be covered by the proposed Food-PSA

and by creating customized fed physiologies according to the current state of science.

A workflow has been developed to improve prospective food effect predictions that do not require the
fitting of the model to the observed fed state PK profile. For the first time, bottom-up PBPK predictions
were combined with a top-down PBPK approach to enable model optimization not only based on the
observed plasma concentration time profile, but also the fraction absorbed, after assessing the risk

and extent of possible gut first pass metabolism.

The workflow has proven useful when gut bioavailability was complete in the fasted state so that the
space for a positive food effect through solubilization was limited. The decrease in stomach pH showed
minor or no effect on the exposure of the model drugs. The highly variable stomach transit time
appeared to be a common cause for a potential negative food effect. The proposed approach focuses
on solubility related food effects, so that additional effects of the food on first pass metabolism and

efflux might not be detected.

Food effect prediction of drugs with gut bioavailability < 1 represent the greater challenge, because
many of these drugs are sensitive to multiple uncertain parameters in the models. When more than
two parameters need to be altered at the same time to reproduce the PK in the fasted state, for
example in the cases of erlotinib and lapatinib, it ends up in numerous potential models, whose input
parameter combinations can hardly be scientifically justified. This limitation is more likely to affect the
models of low permeability compounds (BCS class Il and IV), as the P is an additional sensitive
parameter in the model (in contrast to BCS class | and Il drugs). The intestinal fluid volume in the PBPK
absorption model, a recent topic (14), could especially influence the PK prediction of poorly soluble
drugs and can be included in the workflow in the future. The success of the proposed approach is
limited when the PK is not sufficiently characterized. For example, the fraction absorbed cannot be
distinguished in the absence of IV PK. Moreover, the gut first pass cannot be precisely estimated, which
increases as an additional covariate the number of possible models. As discussed earlier (4.2.3),
suitable doses in the IV PK study, the mass balance study and dose range in escalation are crucial for

proper PK characterization, especially of drugs with non-linear PK.
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The quality of the simulation outcomes, as well as PSA results, depends on the quality and in vivo
relevance of the input parameters in the model. The problem of non-identifiability of the relevant
combination of compound-related input parameters, an issue for all model drugs except for imatinib
and crizotinib, was addressed by considering different possible parameter combinations. Thus,
following the proposed workflow, the risk for significant solubility-related food effect on the AUC of all
model drugs (except for erlotinib, lapatinib, and M1) could be correctly indicated. It can support, for
example, the decision, whether a preliminary food effect study with the non-market formulation or
dose is necessary. However, it is not recommended to make decisions in drug development only based
on PBPK predictions for compounds with high sensitivity to multiple uncertain input parameters. More

model compounds with well-characterized PK required to further probe the proposed approach.
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5. Summary and Outlook

In the drug development of oral drugs, food effect investigations are mandatory. Clinical food effect
studies are resource intensive and are, currently, not subject to biowaivers. Therefore, several research
groups work on the prediction of food effect. This work provides insights into the performance of in
vitro solubility and dissolution testing and PBPK modeling in food effect predictions. Moreover, it
provides rationales for potential biowaivers in the future based on a mechanistic analysis of clinical
and preclinical PK data to identify drugs with solubility-limited absorption. This is connected to a high

risk for a positive food effect on drug exposure and relevant for proper design of clinical trials.

5.1. Importance of in vitro solubility and dissolution data in food
effect predictions

The solubility and dissolution data generated for the model drugs of this work considered in isolation
did not reflect the observed food effects in the clinical studies. The relative difference between FaSSIF
and FeSSIF solubility or dissolution parameters are greater than the differences in fed and fasted AUC
or Cmax in the clinical studies. Generally, a stronger positive food effect was predicted than observed.
Based on the selected model drugs, the common biorelevant dissolution conditions cannot be
recommended as a screening method. The pH dependent solubility in vitro is not associated with a
negative effect on AUC or Cnax in the clinical food studies of the model drugs. The in vitro models
cannot mimic the exact in vivo conditions and therefore do not always deliver a good food effect
prediction when considered as an isolated factor. In these cases, the use of in vitro release profiles in
PBPK absorption models for the prediction of unknown scenarios is also not reasonable. However,
when it can be shown, that a drug has solubility-limited absorption in vivo, enhanced solubility in the
fed state simulated in vitro, is also meaningful in vivo. For other biopharmaceutic questions, coupling
the in vitro solubility and dissolution data with other factors has been recommended as well, for
example in the assessment of relative bioavailability as suggested by Aburub et al. (187). The need to
test several dissolution conditions to obtain an IVIVC (142) also underlines the fact that there is not

one specific in vitro test setting, that always represents the in vivo situation.

In vitro solubility is important for the biopharmaceutic classification of drugs. The hypothesis that food
increases the exposure of most BCS class Il drugs (188) could not be confirmed by the selected model
anticancer drugs. Most of them are categorized in BCS class Il and still do not exhibit a strong positive
food effect (17). This research suggests that the BCS classification system is too strict when it comes to
the identification of drugs with true solubility-limited absorption in vivo. The DCS classification system
has a more liberal solubility class threshold. Therefore, fewer model drugs are categorized as solubility-
limited in the DCS than the BCS, which aligns better with their clinical observations related to solubility

(e.g. gut bioavailability, dose linearity of exposure or food effect).
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Solubility is a crucial input parameter in PBPK models, for top-down analysis of observed clinical PK or
bottom-up PK predictions. The PBPK models simulate the dynamic interplay of dissolution, permeation
and absorption permeation that the current in vitro models cannot deliver. In both PBPK platforms
used in this research (generic PBPK model in MATLAB® and GastroPlus®), the in vitro data tended to
underpredict the observed PK, but the models could be optimized and used for their specific purpose

within this work to assess and understand the food effect of the model drugs.

To summarize, solubility measurements are (among multiple other applications in drug discovery and
development) useful for food effect assessments. However, the actual solubility in vivo might be better
than in vitro, which is why clinical/ preclinical PK data should be considered to identify drugs with

solubility-limited absorption that are susceptible to food effects.

5.2. Prediction of food effect on exposure through understanding
the mechanisms underlying the absorption in human and rat

This work clearly shows a correlation between solubility-limited absorption and food effect. It was
demonstrated that deconvolution of key mechanisms driving an intestinal loss of drug with PBPK
analysis reliably identifies poorly water-soluble drugs whose oral absorption is truly solubility-limited.
These drugs are therefore likely to show a positive food effect or benefit from a solubility-enhancing
formulation development. Not all poorly water-soluble (defined under the biopharmaceutic
framework) and weak basic compounds have solubility-limited oral absorption. The ARA effect has not
been entirely investigated as the clinical studies are not available for all model drugs, but a negative
effect of ARA on the absorption might also be less probable if solubility is not absorption limiting. A
more realistic approach based on the totality of evidence from in silico modeling and early clinical data
may be considered in the future as the basis of regulatory requirement for food and ARA interaction

study biowaivers.

The analog analysis to assess solubility-limited absorption based on rat PK delivered the same
outcomes than in human for 8 out of 10 examined oral anticancer drugs. Drugs with strongly bile salt
sensitive drug solubility might be susceptible to misfits between human and rat due to the different
intestinal bile salt levels. The rat PK analysis can identify drugs that may benefit from

solubility-optimized formulations to increase absorption or mitigate a positive food effect in human.
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5.3. Predicting the of food effect on exposure using GastroPlus®

Combining the learnings from the top-down PBPK analysis and the measured solubility data, a
workflow has been developed in GastroPlus® to improve prospective food effect predictions and does
not require the fitting of the model to the observed fed state PK profile as the full range in drug-related

input parameters and physiological variability is considered.

The workflow has proven useful when gut bioavailability was complete in the fasted state so that the
space for a positive food effect through solubilization was limited. The decrease in stomach pH showed
minor or no effect on the exposure of the model drugs and the highly variable stomach transit time
was discussed as a cause for a potential negative food effect. Food effect prediction of compounds,
with gut bioavailability < 1, represent the greater challenge, as many of these are sensitive to multiple
uncertain parameters in the models. The feasibility is limited when more than two parameters need
to be altered at the same time to reproduce the PK in the fasted state, resulting in numerous potential
models, whose input parameter combinations can hardly be scientifically justified. It can be used to
support for example the decision, whether early food effect study with non-market formulation/dose
is necessary. However, it is important to characterize the sensitivity of the models to input parameters
with low confidence. It is not recommended to make decisions in drug development only based on

PBPK predictions for compounds with high sensitivity to multiple uncertain input parameters.

5.4. Conclusions

Food effect predictions based solely on in vitro solubility and dissolution data were found to be poor
and are not recommended. The elaborated workflow for food effect predictions via bottom-up PBPK
modeling using GastroPlus® overcomes the current scientific challenges regarding the uncertainty in
compound input parameters and the highly variable fed state Gl physiology for most model drugs.
However, gaps like the intestinal fluid volumes remained uncovered and the non-identifiability of the
relevant input parameters remains a problem if the model is sensitive to several uncertain parameters.
The mechanistic analysis of human and rat PK data using top-down PBPK modeling provides valuable
rationales to guide decisions on conducting food interaction studies and in formulation development.
It can be easily adopted in the current drug development and bears the potential to negotiate study
waivers with the regulatory agencies in the future. The approach may be especially useful in the
development of anti-cancer drugs, where the clinical food effect investigations are often limited by
high toxicity and studies in healthy volunteers are not possible. Investigations of the effect of food on
drug metabolism will help to complement this research. The objective of this work to evaluate and
improve the current food effect prediction strategies based on ten oral anticancer model drugs was

met and the learnings may also be applied to other poorly soluble drugs or drug candidates.
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Table S 1: Potential issues arising from poor drug solubility and their consequences (51)

Potential issues
Low and highly variable
oral bioavailability

Poor dose-exposure
proportionality

Accurate measure of free
concentration limited by
precipitation, adsorption
or binding in in vitro
assays

Inability to achieve high
concentrations

Need for advanced
formulation development

Need for additional in
vitro solubility and
dissolution tests

Need for additional
clinical studies

Consequences

High inter-patient variability in clinical response leading to inefficient
treatment or poor patient safety

Need for dose augmentation leading to increased risk of Gl toxicity
and poor patient compliance

Hampering clinical translation

Nonlinear dose-exposure relationship

Poor tolerability of biological matrices to solubilizing components
limits the possibility for improving solubility. Therefore, performance
of in vitro assays (e.g., activity screening in cell culture, metabolic
stability and transporter assays, binding and displacement assays,
enzyme inhibition etc.) is compromised by the variability and
inconsistency of the measured concentrations.

Limits the range of concentrations that can be tested in preclinical in
vivo toxicological assessment

Complete binding and inhibition profiles cannot be obtained.

As compounds progress through discovery and into development,
the solid-state properties will almost certainly change solid-state
properties of material will not be the final, or optimal

Increase cost of drug product

Use of more physiological (biorelevant) media to get the most
realistic characterization and avoid under prediction by compendial
buffers

Two-stage dissolution and precipitation testing for weak bases

Food effect studies

Acid-reducing agent (ARA) studies

Bioequivalence studies
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Table S 2: Overview of the compound specific HPLC parameters detection wave length, injection volume and
solvent for the preparation of a 0.1 mg/mL standard solution

Detection wave Injection Solvent for standard
length [nm] volume [pL] solution
Crizotinib 264 40 Methanol/ Water 50:50
+0.1% 1 N HCl
Dabrafenib 331 30 Methanol/ Water 50:50
Erlotinib 247 5 Methanol/ Water 70:30
Gefitinib 252 10 Methanol
Imatinib 265 8 Methanol/ Water 50:50
Lapatinib 268 99 Acetonitrile/ Water
50:50
M1 260 15 Acetonitrile/ Water
30:70
Pazopanib 267 10 Acetonitrile/ Water
50:50
Trametinib 245 5 Acetonitrile + 1 % DMSO
Vemurafenib 249 10 Acetonitrile/ Water

80:20

Table S 3: Applied gradient in HPLC Method 1

Time [min] Eluent A [%] Eluent B [%] Flow rate [mL/min]
0 90 10 0.85
0.6 90 10 0.85
4 10 90 0.85
5.5 10 90 0.85
5.6 90 10 25
8 90 10 25
8.1 90 10 0.85
8.5 90 10 0.85
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Table S 4: Applied gradient in HPLC Method 2
Time [min] Eluent A [%] Eluent B [%] Flow rate [mL/min]
0 85 15 3
4 45 55 3
4.1 5 95 3
5 5 95 3
5.1 85 15 3
7 85 15 3

Table S 5: Introduced compound specific changes to optimize the presented basic HPLC methods

Compound

Optimizations of the Basic HPLC method

Dabrafenib

Gefitinib

Lapatinib

Trametinib

Vemurafenib

Dabrafenib elutes after 5.5 min, therefore the period of 10 % Eluent A/
90 % Eluent B in Method 1 was extended up to 6.0 min

Gefitinib elutes already after 2.4 min, so the gradient of Method 2 is
changed back to the initial conditions after 4.1 min instead of 5.1 min to
shorten the run time to 6 min

The expected lapatinib sample concentrations were very low. To enable
the use of higher injection volumes the column of Method 1 was changed
to Chromolith High Resolution; RP-18e, 100 x 4.6 mm and a flow rate of
1.5 mL/min was used instead of 0.85 mL/min

Trametinib elutes after 5.8 min, therefore the period of 10 % Eluent A/
90 % Eluent B in Method 1 was extended up to 6.5 min

The flow rate of Method 1 was increased to 1.5 mL/min and kept constant

to avoid baseline noise during the peak elution.
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Table S 6: Summary of input parameters for the human physiologically based pharmacokinetic simulations with the generic PBPK model in MATLAB®

Crizotinib Dabrafenib Erlotinib Gefitinib Imatinib Lapatinib M1 Pazopanib Trametinib Vemurafenib
Molecular weight 450.34 (72) 615.68 (76) 429.90 (77) 446.9 (78) 589.7 (80) 943.48 (113) 547.1 473.99 (87) 693.5 (90) 489.93 (19)
logP 4.28 (72) 2.9 (76) 3.22 4.15 (78) 1.99 (80) 6(113) 3 3.55¢2 4.99 (90) 3.0 (19)
Basic pK, values 9.4,5.6(72)  2.2,1.5(76) 5.42 (77) 7.2,5.4(78)  8.07,1.52(80) 4.6,6.7 (113) 9.5,2.8 6.4,2.1(87) n.a. n.a.
Acidic pK, values n.a. 6.6 (76) n.a. n.a. n.a. n.a. n.a. 10.2 (87) n.a. 7.9,11.1(19)
Unbound fraction in 0.093 (72) 0.003 (76) 0.065 " 0.089 (174) 0.05 * 0.01°% 0.0215 0.001 (87) 0.026 (90) 0.0014 (19)
plasma
Blood to Plasma Ratio 1.14 (72) 0.54 (76) 0.71% 0.76 ' 1.1(95) 0.84 (96) 0.8 0.76¢ 3.2 (90) 0.58 (19)
Caco-2 P,pp passive 15.35 12.45 40.43 10.41 25.9 0.21 14.7 28.46 15.44 0.11
[10-6 cm*!]
CPess [10* cmst] 2.22 2.38 3.58 5.23 2.61 1.84 6.19 0.85 1.07 2.54
Input solubility 0.7430 0.0037 0.0124 0.0887 5 0.0350 0.0728 0.0012 0.0008 (90) 0.0054
[mg/mL]
pH input solubility 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.3 (90) 6.5
refers to
Gastric solubility 10(121) 0.0117 0.1665 21(78) 5 0.0055 0.0213 1.0779 0.0004 (90) 0.0003
[mg/mL]
pH gastric solubility 1.6 (121) 1.6 1.6 1(78) 1.6 1.6 1.6 1.6 2 (90) 1.6
refers to
Hypothetical BCS class
I-like solubility 1.0 1.0 3.5 1.9 n.a.d 1.0 9.7 3.8 1.0 1.0
[mg/ml]
CLint © 250 3,150 40 800 100 720 365 175 19 80

[1l/min/mg protein]

K, factor® 1 20 0.45 0.8 18 0.45 13 1 0.22 0.3
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@ sourced from Drug Bank (https://www.drugbank.ca/)

b plasma protein binding 92-95 % (77)=> mean value 93.5 % = unbound fraction 0.065

¢ blood to plasma concentration ratio 0.59 - 0.93 (87)=> mean value 0.76

4 solubility is already BCS class | niveau

¢ fitted to observed intravenous pharmacokinetic profile

Abbreviations: HCI - hydrochloride, logP - decadic logarithm of the partition coefficient, pKa - acid dissociation constant, Caco-2 Papp passive - apparent passive permeability
determined in Caco-2 assay, cPeff - calculated effective permeability, CLint - intrinsic microsomal clearance, Ky factor - multiplicative factor, to scale the tissue distribution
coefficients, DSMO - dimethyl sulfoxide

References:

The numbers in brackets represent the reference numbers from the main text.

*

us Food and Drug Administration. Imatinib (Gleevec) Clinical Pharmacology and Biopharmaceutics Review - Part 1.
<https://www.accessdata.fda.gov/drugsatfda docs/nda/2001/21335 Gleevec.cfm> (2001). Accessed July 7 2018.
us Food and Drug Administration. Lapatinib (Tykerb) Medical Review - Part 1.

<https://www.accessdata.fda.gov/drugsatfda_docs/nda/2007/022059s000 MedR_P1.pdf> (2007). Accessed July 27 2017.

Gruber, A. et al. Monitoring of erlotinib in pancreatic cancer patients during long-time administration and comparison to a physiologically based pharmacokinetic model.
Cancer chemotherapy and pharmacology 81, 763-71 (2018).

Li, J., Brahmer, J., Messersmith, W., Hidalgo, M. & Baker, S.D. Binding of gefitinib, an inhibitor of epidermal growth factor receptor-tyrosine kinase, to plasma proteins
and blood cells: in vitro and in cancer patients. Investigational new drugs 24, 291-7 (2006).



https://www.drugbank.ca/
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2001/21335_Gleevec.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2007/022059s000_MedR_P1.pdf
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Table S 7: Summary of input parameters for the rat physiologically based pharmacokinetic simulations with the generic PBPK model in MATLAB®

Crizotinib Dabrafenib Erlotinib Gefitinib Imatinib Lapatinib M1 Pazopanib Trametinib Vemurafenib
Molecular weight 450.34 (72) 615.68 (76) 429.90 (77) 446.9 (78) 589.7 (80) 943.48 (96) 547.1 473.99 (87) 693.5 (90) 489.922 (19)
Dose [mg/kg] 4.4 3.47 2.97 4.13 5.95 34.79 0.5 12.95 0.044 11.98
logP 4.28 (72) 2.9 (76) 3.22 4.15 (78) 1.99 (80) 6 (113) 3 3.55 (87) 4.99 (90) 3.0 (19)
Basic pK, values 9.4,56(72)  2.2,1.5(76) 5.42 (77) 7.2,5.4(78) 8.07,1.52(80) 4.6, 6.7 (113) 9.5,2.8 6.4,2.1(87) n.a. n.a.
Acidic pK, values n.a. 6.6 (76) n.a. n.a. n.a. n.a. n.a. 10.2 (87) n.a. 7.9,11.1(19)
Unbound fraction in 0.057 (157) 0.016° 0.085 ° 0.038" 0.055 £ 0.01 (96) 0.07 0.0042 (151) 0.04 (153) 0.0015 (98)
plasma
Blood to Plasma Ratio 0.88 (152) 0.58%° 0.715% 1.25 (150) 1.1(95)° 0.41 (96) 0.72 0.76 (87)® 0.88 (153) 0.6 (98)
Caco-2 P,y passive 15.35 12.45 40.43 10.41 25.9 0.21 14.7 28.46 15.44 0.11
[106 cms?]
CPes [104 cmst] 2.22 2.38 3.58 5.23 2.61 1.84 6.19 0.85 1.07 2.54
Input solubility 0.7430 0.0037 0.0124 0.0887 5 0.0350 0.0728 0.0012 0.0008 (90) 0.0054
[mg/mL]
pH input solubility 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.3 (90) 6.5
refers to
Gastric solubility 210 0.0040 0.07264 2.6 (78) 220 0.0047 0.01314 0.0359 0.0003(90) <0.00026
[mg/mL] (19)
pH gastric solubility 4 4 4 4 4 4 4 4 4 4
refers to
Hypothetical BCS class 1.0 1.0 3.5 1.9 n.a.e 1.0 9.7 3.8 1.0 1.0
I-like solubility
[mg/mL]
ClLint f 1200 710 40 100 90 280 9000 n.a. 53 n.a.
[1l/min/mg protein]
K factorf 3 8 1.2 0.7 17 0.45 21 n.a. 2.15 n.a.
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@ sourced from Drug Bank (https://www.drugbank.ca/)

b blood to plasma ratio in the rat is not available, human value used

¢ blood to plasma concentration ratios ranged from 0.45 to 0.71 in all tested species (value of 0.58 - in the middle - is used)

4 solubility in acetate buffer pH 4.5 + 130mM NacCl

¢ solubility is already BCS class | level

ffitted to observed intravenous pharmacokinetic profile

Abbreviations: logP - decadic logarithm of the partition coefficient, pKa - acid dissociation constant, Caco-2 Papp passive - apparent passive permeability determined in caco-2
assay, cPesf - calculated effective permeability, CLint - intrinsic microsomal clearance, Kp factor - multiplicative factor, to scale the tissue distribution coefficients, DSMO - dimethyl
sulfoxide

References:

The numbers in brackets represent the reference numbers from the main text.

t

Gruber, A. et al. Monitoring of erlotinib in pancreatic cancer patients during long-time administration and comparison to a physiologically based pharmacokinetic model.
Cancer chemotherapy and pharmacology 81, 763-71 (2018).

Li, J., Brahmer, J., Messersmith, W., Hidalgo, M. & Baker, S.D. Binding of gefitinib, an inhibitor of epidermal growth factor receptor-tyrosine kinase, to plasma proteins
and blood cells: in vitro and in cancer patients. Investigational new drugs 24, 291-7 (2006).

European Medicines Agency: EMA/CHMP/242419/2013/corr 1 - CHMP assessment report Tafinlar. <https://www.ema.europa.eu/documents/assessment-
report/tafinlar-epar-public-assessment-report_en.pdf> (2013). Accessed May 2017.

Hoshino-Yoshino, A., Kato, M., Nakano, K., Ishigai, M., Kudo, T. & Ito, K. Bridging from preclinical to clinical studies for tyrosine kinase inhibitors based on
pharmacokinetics/pharmacodynamics and toxicokinetics/toxicodynamics. Drug metabolism and pharmacokinetics, 1108300227- (2011).

Kretz, 0., Weiss, H.M., Schumacher, M.M. & Gross, G. In vitro blood distribution and plasma protein binding of the tyrosine kinase inhibitor imatinib and its active
metabolite, CGP74588, in rat, mouse, dog, monkey, healthy humans and patients with acute lymphatic leukaemia. British journal of clinical pharmacology 58, 212-6
(2004).
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https://www.ema.europa.eu/documents/assessment-report/tafinlar-epar-public-assessment-report_en.pdf
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Table S 8: Summary of input parameters for the oral bottom-up physiologically based pharmacokinetic simulations using GastroPlus®

Crizotinib Dabrafenib Erlotinib Gefitinib Imatinib Lapatinib M1 Pazopanib Trametinib Vemurafenib
Dose [mg]® 250 177.7 163.9 250 447.9 2435.6 30 866.7 2.25 960
Dosage form IR Capsule IR Capsule IR Tablet IR Tablet IR Tablet IR Tablet IR Tablet IR Tablet IR Tablet IR Tablet
Molecular weight 2 450.34 (72) 615.68 (76) 429.90 (77) 446.9 (78) 589.7 (80) 943.48 (113) 547.1 473.99 (87) 693.5 (90) 489.93 (19)
logP 4.28 (72) 2.9 (76) 3.2b 4.15 (78) 1.99 (80) 6(113) 3 3.55b 4.99 (90) 3.0(19)
Basic pKa values 9.4,56(72)  2.2,1.5(76) 5.42 (77) 7.2,5.4(78)  8.07,1.52(80) 4.6, 6.7 (113) 9.5,2.8 6.4,2.1(87) n.a. n.a.
Acidic pKa values n.a. 6.6 (76) n.a. n.a. n.a. n.a. n.a. 10.2 (87) n.a. 7.9,11.1(19)
Unbound fraction in 0.093 (72) 0.003 (76) 0.065¢ 0.089 (174) 0.05 * 0.015 0.0215 0.001 (87) 0.026 (90) 0.0014 (19)
plasma
Blood to Plasma Ratio 1.14 (72) 0.54 (76) 0.71% 076" 1.1 (95) 0.84 (96) 0.8 0.764 3.2 (90) 0.58 (19)
Pett human 1.4978 1.7273 3.6387 1.08 1.9237 0.2068 2.0037 1.9215 0.1983
[104 cm/s?]
Reference solubility 0.1894 0.0028 0.0028 0.0011 0.4639 0.0004 0.0654 0.0003 0.0002 (90) 0.0002
[mg/mL]?
pH reference solubility 7.4 6.5¢ 7.4 7.4 7.4 6.5f 7.4 6.5f 8(90) 5e
refers to
pH dependent See Figure 7 See Figure 7 See Figure 7 See Figure 7 See Figure 7 See Figure 7 See Figure See Figure 7 no (90) See Figure 7
solubility a 7
FaSSIF solubility 0.7430 0.0037 0.0124 0.0887 5 0.0350 0.0728 0.0012 0.0008 (90) 0.0054
[mg/mL]?
FeSSIF solubility 10 0.0083 0.1125 2.6 58 0.2844 0.4427 0.0051 0.0039 (90) 0.1302
[mg/mL]?
Precipitation time [s] 900 900 900 900 900 900 900 900 900 900
Dissolution model Johnson Johnson Johnson Johnson Johnson Johnson Johnson Johnson Johnson Johnson
Particle radius [um] 25 25 25 25 25 25 6.2 25 25 25
Compartmental model 3 Comp. 2 Comp. 2 Comp. 3 Comp. 3 Comp. 1 Comp. 3 Comp. 3 Comp. 3 Comp. 1 Comp.




Appendix Xiv

2 referring to the clinically relevant salt form

b sourced from Drug Bank (https://www.drugbank.ca/)

¢ plasma protein binding 92-95 % (77)=> mean value 93.5 % = unbound fraction 0.065
9 blood to plasma concentration ratio 0.59 - 0.93 (87)=> mean value 0.76

¢ solubility at pH 7.4 higher because of acidic pKa

fsolubility at pH 7.4 not measurable (too low)

& interaction with bile salts, biphasic system, using lower solubility than FaSSIF could lead to misfit of bile salt solubilization ratio - however model is not sensitive to bile salt SR
atall

Abbreviations: IR - immediate release, logP - decadic logarithm of the partition coefficient, pKa - acid dissociation constant, Pesf - effective permeability converted from measured
Caco-2 permeability, Comp. - compartmental model, FaSSIF - fasted state simulated intestinal fluid, FeSSIF - fed state simulated intestinal fluid

References:

The numbers in brackets represent the reference numbers from the main text.

* US Food and Drug  Administration. Imatinib (Gleevec) Clinical ~ Pharmacology =~ and  Biopharmaceutics ~ Review - Part 1.
<https://www.accessdata.fda.gov/drugsatfda docs/nda/2001/21335 Gleevec.cfm> (2001). Accessed July 7 2018.
§ us Food and Drug Administration. Lapatinib (Tykerb) Medical Review - Part 1.

<https://www.accessdata.fda.gov/drugsatfda docs/nda/2007/022059s000 MedR P1.pdf> (2007). Accessed July 27 2017.

Gruber, A. et al. Monitoring of erlotinib in pancreatic cancer patients during long-time administration and comparison to a physiologically based pharmacokinetic model.
Cancer chemotherapy and pharmacology 81, 763-71 (2018).

Li, J., Brahmer, J., Messersmith, W., Hidalgo, M. & Baker, S.D. Binding of gefitinib, an inhibitor of epidermal growth factor receptor-tyrosine kinase, to plasma proteins
and blood cells: in vitro and in cancer patients. Investigational new drugs 24, 291-7 (2006).



https://www.drugbank.ca/
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2001/21335_Gleevec.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2007/022059s000_MedR_P1.pdf
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Table S 9: Maximum possible bile salt solubilization ratios, assuming 10-fold different FaSSIF and/or FeSSIF solubility ; FaSSIF (fasted state simulated intestinal fluid) and FeSSIF
(fed state intestinal fluid) solubility were independently varied by a factor of 10 to account for potential physiologic variation. The maximum possible bile salt solubilization
ratio, that was achieved, by this exercise is shown in Table S 9 and used as upper limit for the parameter bile salt solubilization ration in the parameter sensitivity analysis to

optimize the bottom-up predicted PBPK models in GastroPlus®.

Compound Crizotinib Dabrafenib Erlotinib Gefitinib Imatinib Lapatinib M1 Pazopanib Trametinib Vemurafenib
Change in FaSSIF*10 FaSSIF*10 FaSSIF = FaSSIF*10 FaSSIF*10 FaSSIF*10 FaSSIF = FaSSIF*10 FaSSIF = FaSSIF/10
biorelevant FeSSIF = FeSSIF/10 FeSSIF*10 FeSSIF/10 FeSSIF/10 FeSSIF = FeSSIF*10 FeSSIF/10 FeSSIF*10 FeSSIF*10
solubility

Maximum 911,00 226,000 538,000 4,830,000 280,000 9,070,000 1,710,000 722,000 884,000 22,900,000
value

bile salt 0 16,200 36,400 473,000 6062 2,040,000 140,000 32,900 71,800 2,860,000

solubilization
ratio fitted to
in vitro data
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Table S 10: Luminal pH, transit times and bile salt concentrations of the Human-Physiological-Fasted and Human-Physiological-Fed physiologies in GastroPlus®

Human-Physiological-Fasted

Human-Physiological-Fed

pH Transit time [h] Bile salt [mM] pH Transit time [h] Bile salt [mM]

Stomach 1.30 0.25 0 4.90 1.00 0

Duodenum 6.00 0.26 2.8 5.40 0.26 14.4
Jejunum 1 6.20 0.95 2.33 5.40 0.95 12.02
Jejunum 2 6.40 0.76 2.03 6.00 0.76 10.46
lleum1 6.60 0.59 1.41 6.60 0.59 7.28
lleum 2 6.90 0.43 1.16 6.90 0.43 5.99
lleum 3 7.40 0.31 0.14 7.40 0.31 0.73
Caecum 6.40 4.50 0 6.40 4.50 0

Asc Colon 6.80 13.50 0 6.80 13.50 0
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Table S 11: pH dependent solubility of vemurafenib, taken from the Zelboraf® FDA Clinical Pharmacology and
Biopharmaceutics Review (19)

Table 1. Solubility of crystalline form II in aqueous media across the pH range (pH
1 to 7.5) at 37°C

pH of supernatant RO5185426 (mg/1000 ml)
Medium pH after 24h @ 37°C after 2h @ 37°C | after 24h @ 37°C
0.1 NHCI 1.0 1.1 <0.26 <0.26
50 mmol phosphate buffer | 3.0 3.0 <0.26 <0.26
50 mmol acetate buffer 4.5 4.5 <0.26 <0.26
50 mmol phosphate buffer | 6.8 6.8 <0.26 <0.26
50 mmol phosphate buffer | 7.5 7.5 <0.26 <0.26
Water - 8-9 <0.26 <0.26

Table 2. Solubility of MBP (RO5185426 in non-crystalline form) in aqueous media
across the pH range (pH 1 to 7.5) at 37°C

pH of supernatant RO5185426 (mg/1000 ml)

Medium pH after 24h @ 37°C after 2h @ 37°C | after 24h @ 37°C
0.1 N HCI 1.0 1.1 <0.26 <0.26

50 mmol phosphate buffer | 3.0 3.0 <0.26 <0.26

50 mmol acetate buffer 4.5 4.5 <0.26 <0.26

50 mmol phosphate buffer | 6.8 6.8 0.51 0.50

50 mmol phosphate buffer | 7.5 7.5 0.38 0.94

Water --- 8-9 <0.26 1.57

Table S 12: pH dependent solubility of trametinib, taken from the Mekinist® FDA Clinical Pharmacology and
Biopharmaceutics Review (90)

Table 1. Solubility of trametinib

Solvent Solubility® (pg/mL)
0.5hour | 2hours 4 hours | 24 hours
pH2 ND? 01 03 04
pH4 ND 0.1 03 03
pH6 ND 0.1 03 0.3
pH8 ND 0.1 02 02
SGF3 ND 0.4 0.6 04
FaSSIF4s 10.8 23 1.5 08
FeSSIFs# 49.1 16.8 89 3.9

! Determined at 37°C on material typical of commercial drug
substance

2 ND - not detected, detection limit (DL)=0.025 pg/mL
? Simulated Gastric Fluid, pH=1.2

* Fasted State Simulated Intestinal Fluid, pH=6.3

® Fed State Simulated Intestinal Fluid, pH=4.9

® The fall in solubility over time is ascribed to precipitation of the
less soluble non solvated parent

Source: 3.2.8.1.3. General Properties, p 3.
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Table S 13: pH dependent solubility and observed effect of acid-reducing agents on AUC and Cmax of the model
drugs; The Cmax and AUC without/ with ARA ratios are taken from the clinical ARA studies of the model drugs,
referenced in this table. The pH 1.6/ pH 5.0 24 h-solubility ratios were calculated from the measured data
presented in Figure 7. The numbers in brackets represent the reference numbers from the main text.

Crmax AUC pH 1.6/ pH 5
without/ with without/ with 24 h-solubility
ARA ratio ARA ratio ratio
Crizotinib 1(104) 0.90 (104) not available *
Dabrafenib not available not available 8
Erlotinib 0.39* (108) 0.54* (108) 36%*
Gefitinib 0.29 (109) 0.53 (109) >20
Imatinib 0.97 (111) 1.07 (111) >17
Lapatinib 0.76 (113) 0.74 (113) 14
M1 not available not available 2
Pazopanib 0.58 (115) 0.60 (115) 634
Trametinib not available not available 1%
Vemurafenib not available not available 1

t both solubility values are > 10 mg/mL

* In the reference (108), interaction studies with omeprazole and ranitidine are reported. The Cmax and AUC
without/ with omeprazole ratios are shown in this table as the effect of omeprazole on erlotinib exposure was
greater than ranitidine’s.

** The ratio is also influenced by the different chloride concentrations (59 mM in FaSSGF blank pH 1.6 and 203
mM in FeSSIF blank pH 5.0)

¥ Comparison of pH 2 and pH 4 solubility, see Table S 12 (90)
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Table S 14: Performance in the four simulations to evaluate the model performance of the optimized GastroPlus® PBPK models. The success in every simulation exercise to
evaluate the performance of the optimized PBPK models is color-coded in green, if the simulation passed the acceptance criteria in Table 28, and in red, if the deviation in PK
parameters exceeded the acceptance limit. Moreover, it is indicated, whether the observed PK were over- or underpredicted, when the verification failed.

AUC Cax

Food effect study
dose (fasted)

Acid reduced Food effect study
conditions dose (fasted)

Acid reduced
conditions

Model Name Lower dose Higher dose Lower dose Higher dose

Crizotinib bottom up

Crizotinib STT 2

Dabrafenib Opt 1

Gefitinib Opt 1

Gefitinib Opt 2

Imatinib bottom up

Pazopanib Opt 1

Pazopanib Opt 2

Trametinib Opt 1

not available not available

Vemurafenib bottom up not applicable ¢ not available not available

not applicable d

not applicable @

Vemurafenib Opt 1

not applicable ¢ not available not available

Vemurafenib Opt 2

not applicable ¢ not available not available

@ Crizotinib bottom-up prediction with prolonged stomach transit time (STT) of 2 h to overcome the Cmax underprediction and early tmax
b The extent of observed negative ARA effect on Cmax is not adequately simulated using stomach pH of 4.5, but pH 4.9
¢ PK with HPMC capsules at doses higher than in the food effect study (150 mg) is not available, the simulation was substituted by a simulation of a 95 mg oral suspension

4 Only single dose AUCo-sh is available for 240 mg-960 mg. For the simulations with tmax is > 8 h, AUC verification based on this data is not appropriate. Moreover, PK at doses
higher than the food effect study (960 mg) is not available. To substitute, Cmax verification performed at the next highest dose available (720 mg).



Appendix XX

. a b c d e
5 10° 102 10°
= el P 1
c \ % : L
o VS o o |
8 : 0.0 SR LN oo 100 | 10° “
g 102 | 10 L S o ‘ o
g : M " Sy ; \o‘. L
8 M 10 M 10 o - S
£ ] e \\ \\\
3 10 10® = 102 =
0 10 20 10 20 0 10 20 0 10 20 0 10 20
= f g h i
= 102 102 10?2 107 102
c ! g |
S \
B 10 \ 10° L3 ¥ S y 10° 10 10’
E %0000
8 | 0 9
§ 100 [P 00g, 102 10% 9 g | g 100
s J o J oo q .. .4 :
3
3 10°t 104 10 106 107"
a0 10 20 0 10 20 0 10 20 0 10 20 0 10 20
= k | m n o
= 10° 10° 10? 10° 10°
§ '. Sl < ‘y e, f fee....... p r’"-':!.-,:;‘_
5 ‘,‘ 100 P,‘ Q‘\.‘ 100 /’f&.r,f“_ﬂn.ﬂw\d ‘ e 109 | g
2 | N, / 2
g \\\ 10
S 107" N 1072 10"
© N
g N
8 10 102 107 10 102
a0 10 20 0 10 20 0 10 20 0 10 20 0 10 20
= . P q s
2 102 102 10° 10° 10°
= f'.‘imﬁ"“““‘ ru‘o ...... 0 g ff""ﬂbﬁcﬁ: .
o
-] » {
T 100 |@e000. o | 10" §/ ® 102 Pengqq o 100
| | f y
g | 10 | |
g 102 10 10 1017 [~ observed
g Predicted
8 10 107! 10710 106 1072
a0 10 20 0 10 20 0 10 20 0 10 20 0 10 20
time [h] time [h] time [h] time [h] time [h]

Figure S 1: Observed and predicted intravenous and oral human PK profiles using Caco-2 permeability in the generic PBPK model built in MATLAB® ;(a) 50 mg crizotinib iv; (b)
0.05 mg dabrafenib iv; (c) 75 mg erlotinib iv; (d) 100 mg gefitinib iv; (e) 100 mg imatinib iv; (f) 1,500 mg lapatinib iv simulation with 1,500 mg observed oral profile; (g) 5 mg
pazopanib iv; (h) 0.0156 mg M1 iv; (i) 0.005 mg trametinib iv; (j) 96 mg vemurafenib iv simulation with 960 mg observed oral profile; (k) 250 mg crizotinib p.o.; (I) 150 mg
dabrafenib p.o.; (m) 150 mg erlotinib p.o.; (n) 250 mg gefitinib p.o.; (0) 400 mg imatinib p.o.; (p) 1,500 mg lapatinib p.o.; (q) 800 mg pazopanib p.o.; (r) 30 mg M1 p.o.; (s) 2 mg
trametinib p.o.; (t) 960 mg vemurafenib p.o.
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Figure S 2: Individual dabrafenib plasma concentration time profiles in the rat after 3.5 mg/kg p.o. in capsules



