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1 Abstract

The present work examines various methods to assess the bioavailability of selected
compounds as well as several influences thereof, before administration to a patient. It
is important to consider the safety aspects of drugs, not only by assessing toxicities
and monitoring plasma concentrations of drugs in pharmacokinetic (PK) studies, but
also by illuminating the underlying mechanisms leading to adverse events or ineffective
treatment. Additionally, it is crucial to understand the impact of molecular properties on
the PK performance of a compound and connect those properties with a susceptibility
to certain co-variate influences. This strategy will not replace in vivo studies on animals
and humans but has the potential to drastically reduce both and thus manage safety
and efficacy trials with a much smaller budget. In this thesis, four chemotherapeutic
agents, erlotinib, selumetinib, capecitabine and irinotecan, have been investigated
regarding their bioavailability and influences thereof, based on their molecular
properties, in a physiologically based pharmacokinetic (PBPK) model and animal
model. Erlotinib is an orally administered tyrosine kinase inhibitor (TKI) with
physicochemical properties of a weak base and therefore exhibits pH-sensitive
absorption characteristics. The concomitant administration of erlotinib with acid-
reducing agents resulted in drug concentrations below the activity threshold in patients
and thus an ineffective chemotherapeutic treatment. It was demonstrated in the PBPK
model that the underlying mechanism responsible for this drug-drug interaction (DDI)
was the reduced solubility of the compound in a higher pH-range of the stomach,
induced by the acid reducing agents, which decreased the dissolution and solubility of
erlotinib and thus led to considerably reduced plasma concentrations in patients.
Additionally, erlotinib plasma concentrations exhibited a generally high inter-patient
variability in the analyzed PK profiles. The PBPK model showed that physiological
differences such as variations in the plasma protein binding rate as well as differences
in the hepatic clearance considerably affected the bioavailability of the drug. Those
variations can result from co-medication, different stages of the respective disease and
the overall performance, including organ dysfunctions. Selumetinib, another orally
administered TKI with similar physicochemical characteristics as erlotinib, but lower
aqueous solubility, was administered to patients in formulations containing excipients
to enhance the absorption and thus the bioavailability of the drug. The PK profile of
selumetinib consequently changed when administered with excipients, and the



bioavailability enhancing mechanisms were demonstrated in a PBPK model.
Additionally, physiological differences affected the plasma concentrations of
selumetinib, resulting in high inter-patient variability, similar to erlotinib. The PBPK
model however displayed no significant impact of acid reducing agents on the plasma
concentrations of selumetinib, due to the formulation, which provided a stable solubility
over the physiological pH-range. Overall, the PBPK model demonstrated its usefulness
in formulation development by increasing the understanding of the compound’s
properties and their impact on the bioavailability. Capecitabine has been designed as
triple prodrug and is transformed to the active moiety 5-fluorouracil (5FU) in liver and
tumor tissue, which allows the drug to reach its target more specifically. This strategy
also helped to decrease haematotoxicity, which was observed in SFU-based treatment,
due to the higher concentration of the chemotherapeutic agent in tumor tissue and less
in the systemic circulation. The PBPK model of capecitabine therefore included its
metabolites as well as the enzymatic cascade leading to 5FU. Influences on the
metabolic steps and their effect on the 5FU concentration in various compartments
were demonstrated, which can derive from physiological or genetic differences, as well
as DDlIs. The model can thus also serve as basis for further investigations of the clinical
relevance of connected genetic polymorphisms. Irinotecan, another established
chemotherapeutic drug, was also designed as prodrug, with the active compound
being SN-38. It is usually administered as intravenous infusion, however to reduce its
systemic effects, it can also be applied as hepatic arterial infusion. The administration
of irinotecan was further investigated as hepatic arterial infusion in combination with
two different embolization particles in an animal model for the indication of colorectal
liver metastases. This specific administration method was used to increase the local
concentration of irinotecan in the tumor tissue and thus further increase the cytotoxic
effect in the liver metastases and additionally embolize small blood vessels in the tumor
tissue to reduce the tumor growth by lowering the blood supply. Plasma, tumor and
liver samples were then analyzed to detect the impact of different administration
methods and embolization particles on the antitumoral effect.

Altogether, the thesis encourages the combination of various PK tools to effectively

increase the safety and efficacy of chemotherapeutic treatment for patients.



2 Zusammenfassung

Die vorliegende Arbeit untersucht verschiedene Methoden zur Bestimmung der
Bioverfugbarkeit und darauf Einfluss nehmende Faktoren, anhand ausgewahlter
chemotherapeutischer Arzneistoffe. Eine sichere Arzneimittel-Anwendung sollte nicht
nur durch eine Uberwachung von Plasmakonzentrationen oder Evaluierung von
Toxizitaten in pharmakokinetischen (PK) Studien gewahrleistet werden, sondern auch
durch Aufklarung der zugrunde liegenden Mechanismen, die zu unerwlnschten
Nebenwirkungen oder unwirksamen Behandlungen fuhren. Daruber hinaus ist es
wichtig, den Einfluss molekularer Eigenschaften auf die PK Parameter einer Substanz
zu verstehen und diese mit einer Anfalligkeit flr bestimmte Co-Faktoren zu
verknupfen. Dieser Ansatz wird Studien an Tieren und Menschen bezulglich Sicherheit
und Wirksamkeit nicht ersetzen, kann diese jedoch deutlich reduzieren und somit die
Ausgaben in der Arzneimittelentwicklung senken. In dieser Arbeit wurden vier
Chemotherapeutika, Erlotinib, Selumetinib, Capecitabin und Irinotecan, hinsichtlich
ihrer Bioverfligbarkeit und ihrer molekularen Eigenschaften untersucht und darauf
Einfluss nehmende Faktoren in einem physiologisch-basierten pharmakokinetischen
(PBPK) Modell und einem Tiermodell dargestellt.

Erlotinib ist ein oral verabreichter Tyrosinkinase-Inhibitor (TKI) mit den
physikochemischen Eigenschaften einer schwachen Base und zeigt daher pH-
abhangige Absorptionseigenschaften. Die gleichzeitige Anwendung von Erlotinib mit
saurereduzierenden Arzneistoffen fUhrte bei Patienten zu Plasmakonzentrationen
unterhalb  der  Aktivitatsschwelle und somit zu einer unwirksamen
chemotherapeutischen Behandlung. Im PBPK-Modell wurde gezeigt, dass der Grund
fur diese Arzneimittelwechselwirkung in der verringerten Loslichkeit von Erlotinib im
héheren pH-Bereich liegt, der durch die saurereduzierenden Arzneistoffe im Magen
verursacht wurde. Dieser Prozess verringerte sowohl die Lésung als auch die
Loslichkeit von  Erlotinib  und fuhrte somit zu deutlich reduzierten
Plasmakonzentrationen bei Patienten. Daruber hinaus haben Erlotinib-
Plasmakonzentrationen eine generell hohe Variabilitat in den analysierten PK-Profilen
der Patienten gezeigt. Das PBPK-Modell veranschaulichte, dass physiologische
Unterschiede z.B. in der Plasmaprotein-Bindungsrate oder in der Leber-Clearance, die
Bioverfugbarkeit des Arzneimittels erheblich beeinflussen konnen. Diese

Schwankungen kénnen durch eine gleichzeitig verabreichte Co-Medikation, einem



unterschiedlichen Stadium der Erkrankung oder durch mogliche Organschwachen in

Patienten entstehen.

Selumetinib, ein weiterer oral verabreichter TKI mit &hnlichen physikochemischen
Eigenschaften, aber einer geringeren Wasserloslichkeit als Erlotinib, wurde Patienten
in Formulierungen mit Resorptions-verstarkenden Hilfsstoffen verabreicht, um die
Bioverfugbarkeit des Arzneistoffs zu verbessern. Das PK-Profil von Selumetinib
anderte sich folglich durch die Verabreichung mit den Hilfsstoffen. Die Mechanismen,
die zur Verbesserung der Bioverfugbarkeit fuhrten, konnten in einem PBPK-Modell
analysiert werden. Zusatzlich haben jedoch, ahnlich wie bei Erlotinib, physiologische
Unterschiede die Plasmakonzentrationen von Selumetinib beeinflusst, was zu einer
hohen Variabilitat in den PK-Profilen von Patienten fuhrte. Das PBPK-Modell zeigte
jedoch anders als bei Erlotinib, keinen signifikanten Einfluss von saurereduzierenden
Arzneistoffen auf die Plasmakonzentration von Selumetinib, da durch die Formulierung
die Loslichkeit von Selumetinib Gber den physiologischen pH-Bereich hinweg stabil
gehalten wurde. Diese Anwendung verdeutlicht, dass PBPK-Modelle auch bei der
Entwicklung von geeigneten Formulierungen eingesetzt werden konnen, indem sie die
Eigenschaften des Arzneistoffs und deren Einfluss auf die Bioverfligbarkeit

veranschaulichen.

Capecitabin ist ein Prodrug und wird durch dreifachen Metabolismus in Leber- und
Tumorgewebe zur aktiven Substanz 5-Fluorouracil (5FU) umgewandelt. Durch die
spezifische Aktivierung von Capecitabin zu 5FU im Tumor kommt es zu einer hdheren
Konzentration des Arzneistoffs im Tumorgewebe und daher zu geringeren
Konzentrationen in der systemischen Zirkulation. Diese Strategie wurde unter
anderem entwickelt um die Hamatotoxizitat der 5FU Therapie zu reduzieren, die durch
die erhdhte systemische Verfugbarkeit zustande kommt. Das PBPK Modell von
Capecitabin umfasst zusatzlich alle Metaboliten bis hin zu 5FU und die dazugehdrigen
enzymatischen Metabolisierungsschritte. Im Modell konnten Einflisse auf die
Metabolisierung und ihre Auswirkung auf die 5FU-Konzentration in verschiedenen
Kompartimenten gezeigt werden, die sich aus physiologischen oder genetischen
Unterschieden sowie DDIs ergeben konnen. Das Modell kann somit auch als
Grundlage fur weitere Untersuchungen zur Prufung der klinischen Relevanz

genetischer Polymorphismen dienen.



Irinotecan, ein weiterer etablierter chemotherapeutischer Arzneistoff, wurde ebenfalls
als Prodrug entwickelt, und wird im Kérper zum aktiven Wirkstoff SN-38 metabolisiert.
Irinotecan wird in der Regel als intravendse Infusion verabreicht, kann jedoch in der
Indikation kolorektaler Lebermetastasen zur Verringerung seiner systemischen
Wirkungen auch als hepato-arterielle Infusion appliziert werden. Die hepato-arterielle
Verabreichung von Irinotecan wurde in einem Tiermodell zusatzlich in Kombination mit
zwei verschiedenen Embolisations-Partikeln  untersucht. Diese spezifische
Verabreichungsmethode wurde verwendet, um die lokale Konzentration von Irinotecan
im Tumorgewebe zu erhdhen und dadurch die zytotoxische Wirkung in den
Lebermetastasen weiter zu steigern. Auflerdem wurden durch die mitverabreichten
Partikeln kleine Blutgefalle im Tumor embolisiert, um so das Tumorwachstum
zusatzlich durch eine verringerte Blutversorgung zu hemmen. Anschlielend wurden
Plasma-, Tumor- und Leberproben analysiert, um den Einfluss der verschiedenen
Verabreichungsmethoden und Embolisations-Partikeln auf die Tumor-reduzierende

Wirkung zu untersuchen.

Zusammenfassend soll die aktuelle Arbeit einen Einblick in die Vielzahl von PK
Untersuchungsmethoden geben und den Einsatz von Kombinationen verschiedener
Methoden in der Arzneimittelentwicklung und klinischen Routine anregen um letztlich
die Sicherheit und Wirksamkeit einer chemotherapeutischen Behandlung fur Patienten

zu erhohen.



3 Introduction

3.1 Pharmacokinetics and bioavailability

Pharmacokinetics (PK) describes the time dependent course of a drug and its
metabolites in different compartments in a physiological system (1). The steps a drug
undertakes on its way through the body can be summarized as absorption, distribution,
metabolism and excretion (ADME) processes (2). The sum of these steps determines
the bioavailability of the compound, defined by the US Food and Drug Administration
(FDA) as the “rate and extent to which the active ingredient or active moiety is
absorbed from a drug product and becomes available at the site of action” (3). The PK
profile, including the bioavailability of a drug is dependent upon the physicochemical
properties of a compound, as well as the formulation, application method and site of
the drug and the physiology of the target population (4-8). For a better understanding
of the PK pathways of the drug and hence to predict its in vivo performance, molecular
properties and ADME parameters can be measured by in vitro and in vivo methods or
calculated by in silico tools to approximate its fate. Understanding the PK pathways is
essential to anticipate problems in the clinical use, such as low bioavailability at the
target site. The obtained insights can be used in drug development to assist in
optimization of either the molecule, the formulation or the administration route. Drug
metabolism and pharmacokinetics (DMPK) has emerged as scientific discipline to
understand and illustrate the fate of the drug in physiological environment to ensure
the availability of the drug at the target site for an efficiently executed pharmacological
action and reduced incidence of adverse events (9). The field has been greatly
expanded from in vitro and in vivo animal studies to in silico methods more recently,
which allows the process to be more time- and cost-effective. It has improved success
rates of drug discovery and development over the last 15-20 years and thus plays an
important role in drug development for drug safety and efficacy (9-11).

3.1.1 PK drug profiling

Drug profiles are usually measured in plasma, even though the central compartment
is mostly not the target site. The measured bioavailability thus only indirectly indicates
the efficacy of the treatment but allows a standardized characterization of the drug in

the intended dosage and route of administration (12). Important PK parameters include
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the area under the curve (AUCo-t), describing the disposition of the drug, the peak
concentration (Cmax) and the time to peak concentration (Tmax) as well as the clearance
rate (Cl), volume of distribution (Vd) and the elimination half-life (tYzel). Most analytical
methods have been developed for plasma samples, however the analysis of additional
samples from e.g. blood, serum, tissue, biopsy, saliva, urine or feces can be necessary
to accurately predict the distribution in the body (13). The PK profile can also be
obtained by in silico predictions with suited software tools using information of the
molecular properties of the drug and the physiology of the target population. These
physiologically-based pharmacokinetic (PBPK) models are based upon mathematical
calculations following the ADME steps (14-17). Most predictions refer to standard
conditions, which often differ from the clinical situation observed in patients. It is
therefore important to consider possible changes in parameters and their effect on the
drug disposition and bioavailability. Changes in physiological parameters can have a
considerable influence on the drug profile and may result in concentrations outside the
therapeutic window, defined as the concentration range, where a drug has a
therapeutic, but not toxic effect in a patient (18). Hence, exceeding this range can
cause ineffective treatment or a higher incidence of adverse events. Reasons for
variability in the plasma concentration and therefore bioavailability can derive from

parameters in all ADME steps.

3.1.2 Variabilities

Drug concentrations in patients are pursued to occur as steadily as possible, because
a high variability in the PK profile of a drug can cause unpredictable effects during the
treatment of patients (19-21). However, drug administrations other than continuous
infusion imply a natural fluctuation of drug concentration in the PK profile. It is therefore
essential to adapt the dosing schedules to the PK profile of a drug to maintain optimal
steady state levels. For drugs with a high risk of variability, due to interferences in the
treatment, therapeutic drug monitoring (TDM) has been established to monitor drug
levels in patients to ensure a safe and efficient treatment (22-23). However, the link
between observed variabilities and PK interactions can often only been drawn
retrospectively by statistical analysis of the PK data. Additionally, it is difficult to include
TDM in a regular clinical routine or outpatient regimens, which gave rise to PBPK

modeling, aiming to detect and understand the co-variate influences and their clinical



relevance in the physiology of the target population before administration to the patient
(24-30). A transparent PK pathway and prediction of the clinical relevance of co-variate
influences, such as drug-drug-interactions (DDIs) or physiological changes, can thus
decidedly reduce inter-and intra-patient variabilities. PBPK models can also predict the
drug levels in additional compartments, e.g. target organs or tissues linked to adverse

events, which are often difficult to analyze in vivo (31-32).

3.1.3 Bioavailability assessment - in vitro/in silico/in vivo methods

There are several methods available to predict and approximate the PK profile in
patients, which support the decision for advancing, holding or terminating a drug
candidate during drug development. DMPK has not only advanced the understanding
of target physiologies and research tools but has demonstrated that the selection of an
appropriate model, including a specific strategy and correct data interpretation, is
critical for the success of the process (9). In vitro methods as well as animal models
have been favored for decades in drug discovery and development, whereas often
quantity dominated over quality regarding the extractable information. Nonetheless,
automated high-throughput screening (HTS) methods can be of great use to effectively
assess PK parameters on a large set of compounds in early stages of drug
development (2). In the prediction of physicochemical properties of compounds, in
silico methods have in many cases superseded in vitro screenings, for a quick
determination of the drug-likeness of a compound. In the field of ADME parameters,
still many in vitro tools and animal models are used to describe the PK profiles of new
drug candidates and especially toxicology and risk assessment still strongly rely on
animal models, even though a slow tendency to replace, refine and reduce the use of
these models can be observed (3Rs) (33-35). In addition, the development of in silico
tools for the prediction of ADME parameters has advanced and decidedly benefits from
the extensive curation of in vitro data, which can be used to improve the predictive
strength of in silico models. However, even though in silico and in vitro models rapidly
develop to facilitate the drug development process, some investigations still require in
vivo studies. The following sections describe several methods to determine in vivo
bioavailability in a target population and examine their potential to increase safety and

efficacy of treatments.



3.2 Key parameters in bioavailability predictions

3.2.1 Molecular properties

The physicochemical properties of a compound determine and correlate with many
ADME and PK parameters and are thus an important first step of characterizing a
possible drug candidate in early drug development (36-37). Some general standards
have been established to guide development decisions. Lipinski et al predicted an
increased risk of lower permeability, absorption and consequently bioavailability if the
compound fulfills certain criteria. These outlines are summarized as the rule of five
(ROS%) and limit the lipophilicity, measured as logP (<5), the molecular weight (<500
Da) and the number of hydrogen bond donors (<5, expressed as the sum of all OH’s
and NH’s) and acceptors (<10, expressed as the sum of all O’s and N’s) of a compound
for drug-likeness (38-40). It can be further extended by the Veber rule, limiting the
number of rotatable bonds (<10), the polar surface area (<140 A) and the total number
of hydrogen bonds (<12) (41).

Measurements of the physicochemical properties of most compound libraries showed
an increased tendency for compounds with at least one of those criteria, indicating that
the chemical space in which the potential drug candidates occur is likely differing from
the compound libraries used in drug development, often resulting in low bioavailability
compounds (38). The lipophilicity of a compound is usually measured as octanol/water
coefficient, which describes the distribution of the compound in the water (hydrophilic)
or octanol (lipophilic) phase of a mixture. There is a positive correlation between
lipophilicity and permeability, therefore the lipophilicity can be used as first estimation
of the passive permeability through the intestinal membrane (2,42-45). The logP value
is pH sensitive and it is therefore important to measure the logP at the appropriate pH
(7.4 for the blood and 6.8 for the intestine). The consideration of molecular weight (MW)
is important for the absorption, because the process can be hindered when the
molecules are too big for permeating passively through the membrane (46). The
passage is then dependent upon active transport, which generally comes with a lower
bioavailability and higher variability. To cross membranes, the hydrogen bonds to
water molecules must be stripped off and a high number of hydrogen bond donors and
acceptors in the molecular structure makes the process energetically more expensive
and therefore unlikely (47). The number of hydrogen bond donors and acceptors can

be calculated as the sum of oxygen and nitrogen atoms or from the calculation of the



polar surface area. It is also dependent upon the ionization of a compound, and
therefore by its pKa values, which should be measured in an adequate pH range. The
ionization constant displays the strength of acidity or basicity of a compound and
therefore also determines the ionization at a given pH in an aqueous solution. This is
important, because non-ionized compounds are more likely to permeate passively
through the membrane (48). For a better estimation of the ability to permeate the
intestinal membrane, the pH-dependent logD could therefore be used instead of logP,
which has been demonstrated by Kokate et al 2008 (49). The polar surface area is the
sum of surfaces of polar atoms such as oxygen and nitrogen including attached
hydrogens in a compound. It has also shown to correlate well with the permeability of
membranes (50). It can be calculated by generating a 3D geometry to determine the
surface. In drug development, it is now however usually calculated by software tools
(561-52).

Many different software tools focus on the prediction of physicochemical
characteristics to replace HTS methods by either substructure-based or property-
based calculations (53-62). Calculations based on fragments or on single-atom levels
divide the molecular structure into substructures and then summarize the known
contributions of individual fragments under application of correction factors to the
requested parameter. The prediction results have shown to improve when the
contributions of atoms, structural fragments and intramolecular interactions were
combined in the calculations. Property-based methods employ descriptors of the entire
molecule and calculate the prediction based on parameters derived from empirical
methods, or by using 3D structure- or topological descriptors (60). In the field of
property-based methods, models based on artificial neural network ensembles (ANNE)
showed the best results for the prediction of the physiochemical parameters pKa and
logP (59).

However, in all cases of in silico predictions of physicochemical or PK properties, the
curation of reliable data is crucial in the model building process as well as the
establishment of a clear endpoint with little variability (59). It is also highly beneficial to
use training sets with compounds that cover a large chemical space for a broad
application of the model.

10



3.2.2 ADME parameters

Predictions of ADME parameters are still mostly based on in vitro and in vivo methods
(63-64). In silico methods have nevertheless been developed to predict ADME
parameters, even though it is more difficult to establish these models, due to the often
more unstable endpoints and in general less data than for molecular properties, which
can be relevant for the establishment of these models, since they rely on both, quantity
and quality of data (65-67). Tools such as the ADMET Predictor™ (Simulations Plus,
CA), which operates with ANNE based models, are able to deliver predictions of
relevant ADME parameters based on the molecular properties of a compound (68).
These include predictions of solubility and permeability for an estimation of the
absorption properties of a compound, plasma protein binding and distribution in to red
blood cells for an assessment of the distribution, or sites of metabolism, Vmax and Km
values as well as intrinsic clearance, calculated for the main drug metabolizing
cytochrome P (CYP) 450 enzymes (69-70). However, even though these predictions
can give a first impression of the PK performance of the compound, it is recommended
to compare the obtained data with in vitro data to check if the evaluated compounds
are within the limits of the chemical space the model was trained and tested with. Users
must also be aware that the predictions are approximations, based on in vitro data of
similar compounds, which can underly variations and errors just as any in vitro
experiment. Additionally, all ADME parameters produce a static image of the molecule
instead of picturing the dynamic equilibrium in physiological environment. Therefore,
in vivo studies are still the gold standard in evaluating the PK profile of a new drug
candidate. However, also PBPK models can depict the dynamic situation of drugs in
physiological environment, thus greatly enriching and facilitating the entire process of
candidate selection for further development (30,71-76). PBPK models combine
information of the molecular characteristics and PK properties of a drug with a selected
physiology, therefore relying on the correct input data of the molecular and PK
properties of the analysed compounds. It is crucial for the model development process
to understand the methods and conditions under which the data was obtained from in
vitro experiments to correctly apply the information to the model. Thus, also small
differences, such as different measurement methods or even temperature can
influence the outcome of the experiment and consequently the prediction. The model
hence underlies several basic variabilities, which must be minimized by following the

recommended modelling guidelines including important validation steps in the model
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building process to improve the accuracy and the predictive power of these models
and thus increase the reliability to enable a more frequent use in drug development
(14-16).

Absorption

In pharmacokinetics the term absorption process mainly focusses on the intestinal
absorption because most drugs are designed for oral administration. The intestinal
absorption requires two main steps, the solubility of the compound, including the
dissolution from the dosage form and the permeability across the gut wall (77-78).
These two parameters have been combined in the Biopharmaceutics Classification
System (BCS) to map compounds, based on their properties, for a quick evaluation of
their absorption characteristics. Drugs are divided into four classes, | - high solubility,
high permeability; Il — low solubility, high permeability; Ill — high solubility, low
permeability and IV — low solubility and low permeability compounds (79-84). The BCS
was originally intended as guidance for generic drug biowaivers, but advanced in
recent years to a valuable scientific framework in early drug development to estimate
the absorption characteristics of a drug (74,85-88). It can also reveal possible
absorption difficulties leading to low bioavailability, which are often associated with
certain BCS classes.

Solubility and permeability can be predicted from the molecular structure of a drug
candidate (89-95). Additionally, the absorption process can be simulated in a PBPK
model (96-97). In vitro absorption related experiments must be conducted in the
intended dose strength and formulation, because solubility and permeability are also
dependent upon formulation. The solubility of a compound should be tested in the
highest dose strength or highest single dose administered in 250 ml aqueous media
and a pH range of 1 — 6.8, at 37 £ 1 °C to cover the relevant physiological range in the
intestine. A drug considered highly soluble, must be soluble in 250 ml aqueous media,
across the measured pH range in the highest intended dose strength (98). The 250 ml
refer to common study protocols of administration of a drug to a fasting person with an
8-ounce glass of water. Solubility measurements should include the testing of a
compound’s solubility in intestinal fluid media, which can differ to the aqueous media
by composition. Especially the fed state media contains a high number of bile salts,
which can increase the solubility of poorly water-soluble compounds (99-103). Bile

salts can stabilize highly lipophilic molecules and thus prevent nucleation and
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precipitation at the absorption site, which would inhibit the absorption of the compound.
The dissolution of the drug from the formulation is a prerequisite for absorption and
another part of the solubility measurements. In vitro dissolution testing is not only
imperative for regulatory purposes, it is also a valuable tool in formulation development,
in quality control and for monitoring the manufacturing process (104-106). The
dissolution is guided by many factors, including the dosage form, particle size, dose
strength or the dissolution media. There are standard methods for solid dosage forms,
with the United States Pharmacopeia (USP) apparatus USP 1 (basket method) and
USP 2 (paddle method), stirring rates, defined medium and temperature, however
deviation from those standard methods is accepted if properly justified (107-108). The
testing must be robust and reproducible as well as economical and simple and must fit
dosage form characteristics and the intended route of administration. The extraction of
the compound of the solid-state matrix into solution is then expressed as percent
released over time in a dissolution plot. High solubility drugs are expected to release
80% of the drug in a time course of 30 minutes (98). The dissolution test can also be
used for the comparison of dosage forms and potencies or measuring the effect of
excipients or surfactants as well as particle size on the formulation (2).

The second step of the absorption process is the transport of the drug from the
gastrointestinal lumen into the systemic circulation, hence the permeation through the
intestinal membrane. There are several possibilities to cross the intestinal membrane,
depending on the properties of the drug. The transcellular route through the
enterocytes can be passed actively or passively, whereas the paracellular pathway
occurs passively by bypassing the enterocytes at tight junctions, adherens junctions or
desmosomes (109-110). The paracellular route allows the diffusion of ions and
molecules with a low MW aside the enterocytes. Paracellular permeability can be
increased in certain pathological conditions, resulting in unspecific crossing of the
epithelial layer for molecules with higher MW. The more frequent route for oral drugs
however is the transcellular pathway. The type of passage depends on the molecular
properties, mainly on the lipophilicity/hydrophilicity of a compound, as well as the
ionization state at a pH of approximately 6.8 and the molecular weight. Due to the
architecture of the membrane, moderately lipophilic compounds can readily permeate
passively, resulting in adequate permeation and steady absorption (111-112). Highly
lipophilic compounds however often show a greater variability in their absorption rate,

which could be due to a deficient solubility at the absorption site (113-115). Hydrophilic
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compounds and compounds with a higher MW are generally dependent upon active
transport through the membrane. These mechanisms require influx transporters, such
as the organic anion transporting polypeptides (OATP). There are however also efflux
transporters present in the enterocytes, such as breast cancer resistance protein
(BCRP), P-glycoprotein (P-GP) and ATP binding cassette (ABC) transporters, resulting
in varying or poor absorption rates for these compounds (116-122). There are many
ways to measure the permeability, however the chosen method should reflect the
transport mechanisms involved. The BCS permeability classification is indirectly based
on the extent of absorption of a compound and can thus be determined through in vivo
or in vitro studies. In vivo studies include mass balance studies with unlabelled stable
isotopes or radiolabelled drug substance or from bioavailability calculations, using
intravenous administration as reference. In vitro methods involve permeation studies
on cultured epithelial cells or human or animal tissue, as well as in situ perfusion of
human or animal tissue. In vitro methods are considered appropriate for drugs using
passive transport and many of those methods have been thoroughly validated in many
studies. The most common cultured cell assays include CaCo-2 cells (human epithelial
colon adenocarcinoma cell lines), which express several transporters, including
dipeptide carriers and P-GP for an estimation of active transport involvement in the
absorption process, as well as Madin-Darby canine kidney (MDCK) cells or 2/4/A1 cell
lines, able to depict the paracellular transport (123-130). Isolated sections of human or
animal tissue can also be used for the measurement of intestinal permeability, mounted
in a chamber as barrier between two compartments. In situ perfusion involves either
an isolated segment or the whole small intestinal tract, remaining in situ while being
perfused, and the measurement of the disappearance of the drug from the solution
(2,131-132). A drug is considered highly permeable if the absolute bioavailability is >
85 % or if > 85 % of the drug is recovered unchanged or as parent and metabolites in
urine (98). In general, in vivo studies are more common, however they fail to illustrate
the underlying absorption mechanisms, therefore often a combination of methods is
recommended. Excipients, as well as surfactants and stabilizing agents in the
formulation can influence the absorption rate, however they mostly influence solubility
and stability at the absorption site instead of the permeation itself (5,133-137).
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Distribution

Once the compound is absorbed and reaches the systemic circulation, it is distributed
into different compartments of the body, which enables the compound to reach its
pharmacological target. The unbound fraction of the drug is available for
pharmacological action, whereas the remaining drug is bound to intrinsic structures,
such as plasma proteins, erythrocytes or tissue (12,138-143). If the drug is bound, it
can neither perform any therapeutic action, nor can it be metabolized or eliminated.
The extent of distribution and binding can be described by the PK parameter volume
of distribution (Vd), which is defined as the theoretical volume of body fluid that holds
the total amount of an administered drug at the same concentration as observed in the
blood plasma (144). It is thus a proportionality factor that relates the amount of drug in
the body to the concentration of drug measured in a biological fluid. Drugs with a high
Vd are therefore highly distributed into tissue or bound to plasma proteins or
erythrocytes and very little is present and circulating in plasma. Low Vd drugs on the
other hand are present in plasma almost fully unbound and thus require little more
theoretical volume than the body plasma volume. Measuring the concentration of a
drug in plasma can visualize the availability of the drug in the systemic circulation,
however it cannot depict the drug concentration at the target site. Depending on the
target organ or target site, the analysis of biopsy or fluid samples can be necessary for
a full monitoring of the distribution kinetics of the substance. This is however rarely
possible, therefore the bioavailability of the drug at the target site is usually estimated
with distribution coefficients for each organ or tissue, based on the physicochemical
properties of the compound and physiological parameters of the target population
(145-149). Apart from the distribution into tissues, the binding of drugs to plasma
proteins and red blood cells can be essential for the kinetics and availability and thus
the pharmacological action of the drug. This is mainly relevant for lipophilic drugs, since
they occur to a higher extent bound to plasma proteins for transport through the central
compartment. For highly bound drugs, the free and therefore active fraction is small,
hence changes in protein binding can then result in a distinct variability in drug
disposition if e.g. another highly bound drug is administered concomitantly, and both
drugs compete for the binding site of plasma proteins (150-151). Furthermore, organ
dysfunctions can cause alterations in plasma protein levels, resulting in varying
bioavailability of highly protein bound drugs (152-154). As a result, the unbound

concentration can suddenly increase significantly, which can be clinically relevant if the
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increased concentrations exceed the range of the therapeutic window and thus lead to
a higher rate of adverse events or toxicities. The plasma proteins mostly involved in
drug binding are alpha-acidic glycoprotein (AGP) and human serum albumin (HSA)
(155). There are two main methods to assess the plasma protein biding rate of a drug,
ultrafiltration and equilibrium dialysis, and additionally the TRANSIL® method has
evolved more recently. Ultrafiltration is performed by filtering plasma, in which the drug
is dissolved, through a membrane with hydrostatic pressure. The membrane cannot
be passed by larger molecules, such as proteins as well as drugs bound to these
proteins. It is therefore possible to separate the free drug fraction of the drug for
analysis. However, often leakages and adsorption of the drug to the device were
observed to interfere with the analysis, leading to imprecise outcomes (156).
Equilibrium dialysis works through the diffusion of drug dissolved in plasma across a
semipermeable membrane into isotonic protein-free buffer. Only the free fraction of the
drug can permeate and after reaching equilibrium, the concentration in the buffer can
be measured. Difficulties in this method arose by adsorption of the drug to the device,
as well as from volume shift, because buffer can also permeate through the membrane
and dilute the plasma-drug-solution (157). The TRANSIL® method is based on the
distribution of the drug between plasma water, plasma proteins and a solid-supported
lipid membrane representing erythrocytes and showed an overall lower susceptibility
to interferences than the ultrafiltration and equilibrium dialysis. The method can also
be used for membrane affinity studies, regarding the intestinal membrane or the
blood/brain barrier (159-160). The extent of binding to erythrocytes and partitioning into
the red blood cells (RBCs) can be measured in vitro, by adding drug to an RBC
suspension. After reaching an equilibrium, the concentration of drug can be measured
in plasma water and erythrocytes (161). It can also be assessed ex vivo, by drawing
blood samples after drug administration and separating the RBCs from plasma by
centrifuge before analyzing the samples. Many drugs exhibit a fast partitioning,
therefore in vitro method can be applied in most cases, also it is much easier and
cheaper. Ex vivo can be more specific concerning the equilibrium time, however the
drug can simultaneously distribute into tissue, especially when the partitioning step is
generally slow, and thus again result in inaccuracy. An exact measurement of
partitioning into and onto RBC is important for drugs with a high binding rate, which is
often elevated in lipophilic drugs or drugs which are easily partitioning into RBCs, such
as compounds with low molecular weight (<150kDa) (2,161).
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Metabolism

Metabolism describes the biotransformation of a drug towards a more hydrophilic
compound for an easier and quicker excretion by the organism. It is thus closely related
to the elimination phase of the ADME process (162). Metabolic reactions mainly take
place in the liver and to a minor extent in the intestine, lung and plasma, and can be
divided into two phases. Phase | reactions can result in three possible outcomes; the
drug becomes inactive trough metabolism, both the parent drug and the metabolite are
pharmacologically active, or the inactive parent drug is a prodrug and can be
transformed into the active metabolite (163-164). The reactions include dealkylation,
oxidation, aliphatic and aromatic hydroxylation and deamination (165). In phase I
metabolism ionizable groups are attached to the molecule to transform them into
compounds soluble enough to be excreted in urine or bile. These phase Il metabolites
are unlikely to be pharmacologically active. However, they can be retransformed into
active components through intestinal enzymes and reabsorbed through the gut wall, in
an enterohepatic circle (166). This reuptake can be described as phase Ill metabolism.
Most phase | enzymes are part of the CYP450 family, acting as monooxygenases,
dioxygenases and hydrolases (167). CYP enzymes can be divided in numerous
subfamilies, responsible for the metabolism of xenobiotics and endobiotics and their
activity can be crucial for the bioavailability of a drug. It is hence necessary to know
the phase | metabolism pathways and the enzymatic activity of the metabolizing
enzymes to properly predict the fate of a drug in the body. For drugs exhibiting a high
first pass effect, this mechanism can be bypassed by e.g. administering a prodrug as
inactive precursor, which is then transformed to the active metabolite by enzymatic
conversion or by co-administering an enzyme inhibitor to ensure a stable concentration
of the active moiety in the systemic circulation. The rate and extent of metabolic
conversion as well as its saturation can be described by the Michaelis Menten constant
(Km) and the velocity of the reaction (Vmax). The metabolic conversion can decisively
influence the overall bioavailability and variations in enzyme expression levels or
metabolic activity can have a considerable impact on the safety and efficacy of a
treatment (170). The insights into the metabolic pathway as well as the extent of the
enzymatic reaction or any interferences therewith are important for a further
combination of the drug in clinical use. Many DDIs are based on metabolic inhibition
or induction, therefore new drug candidates are now regularly checked for such

interactions, if their metabolic pathway includes the common enzymatic reactions.
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Phase Il enzymes catalyze glucuronidation, sulfation, methylation, acetylation,
glutathione and amino acid conjugation (171). Phase Il enzymes are mostly
transferases, with the most common UDP-glucuronosyltransferases (UGTs) and
sulfotransferases (SULTs) as well as N-acetyltransferases (NATs), glutathione-S-
transferases (GSTs) and several methyl-transferases (COMT, TPMT). The abundance
of phase | and Il enzymes changes with age, gender, diseases or genetics and as such
underlies variations (172). Therefore, the determination of metabolic pathways should
always consider the circumstances and conditions of the target population for an
adequately accurate bioavailability prediction of the drugs. There are various methods
to illustrate the metabolic pathways of a drug, based on in vitro or in silico methods to
create a metabolic profile of the drug (173-175). Since most enzymes involved in drug
metabolism occur in the liver, there are various essays based on homogenized liver
and liver fractions, e.g. liver S9-, cytosolic, or microsomal fraction, as well as liver slices
or isolated perfused liver (2). However, also cell based and hepatocyte cultures, as
well as microsomes containing recombinant human enzymes play a big role in
metabolism assays. The closest system to in vivo experiments is the isolated perfused
liver, because it can show phase | and Il metabolism (176). It can be used as open or
closed system and various parameters can be adapted to display in vivo situations.
Hepatocytes are relatively easy to handle and control and well-accepted for predictions
of the metabolic stability and the metabolic profile and are also able to depict drug-drug
interactions based on the metabolic activity of a drug (177). Liver homogenates, such
as microsomal, cytosolic or S9 fractions contain several phase | and |l enzymes and
usually require additional co-factors, such as NADPH. The enzyme content of the
assays must be defined to adequately calculate the metabolic activity. The in vitro
metabolic profile of a drug further helps to choose an appropriate preclinical safety
species, able to demonstrate the fate of the drug closest to a human in vivo system.
Various species show a different distribution of enzymes and therefore drug
metabolism, hence a species with similar distribution is required for an appropriate
metabolic profile (178).

Elimination

After the drug has been metabolized and transformed to a more hydrophilic compound,

it can be excreted through urine or bile, unless it is reabsorbed in enterohepatic
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circulation. Parameters influencing the elimination phase are mostly based on the
physiology of the target organism, such as renal or hepatic clearance rates. The renal
function can be approximated by the creatinine clearance, however, for a specific drug
clearance, it is necessary to analyze the excreted drug fraction in urine or feces from
a human model (179). Variations, such as renal or hepatic impairment, as well as
dialysis can strongly influence the bioavailability of a drug. If the excretion of a drug is
hindered, it can accumulate in the body and consequently exceed the concentrations
of the therapeutic window resulting in toxicities. Depending on the impaired organ, the
state of impairment and the route of elimination for a drug, precautions such as dose
reductions or a change in the therapeutic regimen must be considered (23,180-182).
This is especially necessary for drugs with a narrow therapeutic window, where a close
monitoring of plasma concentrations as well as the renal and hepatic function is
recommended. Dialysis can affect plasma concentrations of a drug, due to the clearing
effect, where fractions of the drug can be filtered from the blood and thus result in a
reduced availability in plasma (183). This is however in most cases manageable by
adapting the administered dose and timing according to the dialysis schedule. The
drug might also bind to the dialysis equipment and therefore result in reduced plasma
concentrations, which can however be easily predicted if relevant in in vitro
experiments. PK studies focusing on the effect of renal/hepatic impairment on the
plasma concentrations and bioavailability are usually conducted in vivo. However, also
PBPK modeling can illustrate the effects of hepatic or renal impairment by
implementing physiological changes accompanying these conditions, such as reduced

excretion or modified plasma protein binding rates, in the model (184).

3.3 Influencing factors on bioavailability

Influences on the bioavailability of a drug can be population- or drug-based. Alterations
based on the population can derive from physiological differences or medical
conditions of patients and drug-based changes can originate from DDls of
concomitantly applied co-medication or from the formulation or administration method
and -site (22,182,185-187). Those changes are responsible for inter- and intra-patient
variabilities in the observed plasma concentrations, which can be clinically relevant.
Physiological differences can be based on e.g. age, body weight, gender or race
(152,188-190). Age and body weight can alter the distribution of the drug, by
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differences in cardiac output and therefore distribution in the systemic circulation or
partitioning of lipophilic drugs into adipose tissue (191). Gender differences can
change distribution kinetics, with different plasma protein binding rates in men and
women or differences of distribution into red blood cells, due to a natural diversity
between women’s and men’s hematocrit. Furthermore, enzyme expression levels and
activities can vary due to gender, resulting in alterations in drug metabolism. The
overall health status of a patient can also change the bioavailability, if the renal or
hepatic function is impaired (182,192-193). Polymorphisms of enzymes, transporters
or other intrinsic structures can also affect the bioavailability and the extent of alteration
determines if the change has a physiological or pathological effect on the patient. If the
polymorphism affects a drug eliminating enzyme it is highly likely to have grave effects
on the drug disposition, resulting in accumulation or non-effective treatment (194). Of
the drug-based influences, co-medication is mainly responsible for bioavailability
alterations throughout all ADME stages, but also formulation and administration can
strongly impact the bioavailability of a drug. Influences in absorption can derive from
complexation, physiochemical interactions or inhibition of drug transporting enzymes
(170,195). Complexation mostly results in insufficient absorption, alike
physicochemical interactions, derived from e.g. acid reducing agents, which increase
the stomach pH and therefore result in reduced solubility for drugs with a pH sensitive
dissolution and disintegration. Some drugs are also known to inhibit important drug
transporters and thus the absorption of other drugs, or contrarily, helping a drug to be
absorbed by inhibiting relevant efflux transporters in the intestine (116-117). This
mechanism can be used in formulation development, especially for BCS class IV
drugs, which are often susceptible to drug efflux and show an overall difficulty in
absorption process, due to their low solubility and permeability (5). These drugs can
either be changed and optimized to obtain molecular properties better fit to the
requirements of the administration, or their formulation can correct their disabilities.
Specific formulation development is thus mostly required for BCS class Il and IV drugs,
with low solubility, which can be enhanced by excipients (196-197). An increase in
permeability is often more difficult to accomplish without optimizing the molecule, but
also BCS class IV drugs have shown to improve their bioavailability through an
improved formulation. Class IV drugs often exhibit a high molecular weight or high
lipophilicity, which makes them susceptible to efflux transporters. One strategy to
enhance the permeability is therefore to inhibit these efflux transporters for an
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increased absorption of the compound. It is often also necessary to add surfactants
and stabilizing agents to the formulation to prevent the drug from precipitation in the
intestine (133-137). Naturally, the body uses bile salts to enable absorption for
lipophilic compounds from food (26,198). This effect can be used for the absorption of
drugs. Some drugs are therefore recommended to be administered with or after food,
thus enhancing their chances for absorption from the intestine. Co-medication can also
alter the protein binding of drugs, which can affect highly protein bound drugs with a
small free fraction of the drug available for pharmacological action (150-151). For drugs
with a narrow therapeutic window, concentrations can then result outside their
therapeutic index and cause a higher rate of treatment emergent adverse events
(TEAE). Another influence on the drug disposition is the administration. Even though
most drugs are designed for oral use, there are many possible administration routes
and it is usually necessary to define those in advance, because certain routes require
specific properties and contrarily, certain properties limit the variety of administration
routes (187). Different routes or methods can however also arise for already approved
drugs. Especially in oncology, where the cytotoxic effects of the drugs should be limited
to the cancerous cells and tissues to minimally affect healthy tissues, the administration
with additives has been successfully implemented in therapy (199). Increased drug
concentrations in specific cancer tissues or metastases can increase the
pharmacological effect of the drug and reduce the systemic exposure and therefore
also adverse events and toxicities. The specific administration can be e.g. investigated
in animal models. Many DDIs also derive from interactions in metabolism, based on
inhibition or induction of certain metabolic pathways or genetic variations thereof
(170,194,200). If a degradation of a drug is thus limited it can easily result in
accumulation and therefore cause severe toxicities and adverse events. On the
contrary, an induced metabolism can reduce the effective drug concentration in the
systemic circulation to a level where the treatment is ineffective. Both scenarios are
highly undesirable, therefore a transparent analysis of the metabolic pathways has
proved to be highly beneficial for the clinical safety. If a drug is highly and rapidly
metabolized, which strongly limits its pharmacological action, it can be designed as
prodrug, which is ideally transformed into the active compound at the target site and

thus perform its pharmacological action more precisely and efficiently (201-202).
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3.4 Outlook

The central role of PK studies is to gain understanding of underlying processes
occurring after drug administration and to optimize drug candidates by balancing the
physicochemical and ADME properties with the efficacy of the drug (2). This process
requires a comprehensive assessment of the overall compound quality, which not only
focusses on the potency against the target, but also on the ADME parameters (203).
A shift from PK studies only serving regulatory affairs to integrating PK into drug
development to guide decisions for further development and increase the
understanding of the compounds properties is highly beneficial. Additionally,
combining PK with pharmacodynamic (PD) in PK/PD models can facilitate the bridging
from preclinical to clinical stages of drug development (204). Transforming PD aims
into measurable endpoints also helps to define therapy success and leads towards a
more individualized therapy (205-206). It can furthermore increase the transparency of
therapeutic regimen and guide treatment decisions. A measurable PD endpoint for
every drug and disease would increase the application of PK/PD models instead of
relying on semi empirical measurements for characterizing the safety and efficacy of a
drug. In silico models have been the most cost-effective tool developed in drug
development lately and regulatory offices take notice of its possibilities. Hence, the
focus of future PK studies should include dynamic modeling by using the combination
of in vitro in silico and in vivo methods to achieve relevant approximations of drug
disposition at the target site and link them to therapeutic effects (14,207-208).
However, it will be necessary to enhance the trust in the predictive power of in silico
models through an increase of the understanding for the relative risk of extrapolations
and the correct use of obtained data. Conclusively, this approach represents a more
resource-orientated process to maximize the information obtained from animal or
human studies and thus increase safety and efficacy of patient treatment in an
evidence-based way.
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5 Aim of the thesis

The in vivo bioavailability of a drug or drug candidate is based on the physicochemical
properties of the compound as well as the drug formulation, application method and -
site and the physiology of the target population. DMPK, which nowadays represents
an integral part in drug development, provides a wide range of tools to investigate the
PK characteristics and thus also the bioavailability of a compound. There are various
in vitro, in silico or in vivo methods available to predict the in vivo PK profile of a drug,
but the applied method should be selected carefully in consideration of the desired
outcome. Several physicochemical properties of a compound can be related to
parameters in the ADME process, which describe the PK profile of a drug. It has thus
become possible to predict drug PK profiles by in silico methods, based on the
molecular properties of a compound and a mathematical description of the ADME
steps. These PBPK models have now advanced to predict drug profiles in various
physiologies, including several application methods or formulations. The aim of this
work was to evaluate the impact of influences derived from variations in physiology,
formulation or administration site or -method on the bioavailability of selected drugs.
The four investigated antineoplastic compounds, erlotinib, selumetinib, capecitabine
and irinotecan, were selected as role models to demonstrate the impact of these

influences on their bioavailability.

Erlotinib is an orally administered TKI and exhibits a high inter-patient variability in the
PK profiles of patients. The compound is characterized by a pH-sensitive absorption,
with low aqueous solubility in a higher pH range, hence the concomitant administration
of acid reducing agents can alter the absorption and result in plasma concentrations
below the therapeutic threshold. The interaction was detected by analysis of patient
data but is however not solely responsible for the observed variability in plasma
concentrations. We wanted to investigate if the observed DDI could be predicted more
easily by a PBPK model, based on the physicochemical properties of erlotinib, before
administration to a patient and if the model can elucidate the main mechanisms

responsible for the inter-patient variability.

Selumetinib, another orally administered TKI, which is currently in phase Il
investigations, exhibits similar molecular properties as erlotinib but has a low aqueous

solubility over the whole physiological pH-range, which limits the absorption and
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consequently the bioavailability of the drug. It has thus been administered to patients
in formulations containing excipients to enhance its absorption. We wanted to illustrate
the impact of the deployed excipients on the PK profile of the compound and highlight
the application of in silico tools in formulation development.

Capecitabine was designed as triple prodrug of the chemotherapeutic drug 5-
fluorouracil and as such exhibits an extensive metabolic cascade. TEAEs of
capecitabine have been observed to increase when combined with other cytotoxic
agents. Insights were therefore required concerning underlying mechanisms leading
to the high number of TEAEs and the observed variability in plasma concentrations of
patients, to detect if these events were based on a DDI or an accumulation of side
effects. Additionally, several genetic polymorphisms have been identified in
capecitabine metabolizing enzymes, however their exact influence on the safety and
efficacy of capecitabine treatment has not yet been reported. We therefore wanted to
elucidate the impact of physiological differences and influences in the metabolic
cascade on the PK profile of capecitabine and its metabolites in plasma, liver and tumor

tissue.

Irinotecan, a prodrug of the active moiety SN-38 is a well-established
chemotherapeutic agent and is used in treatments for various solid cancers but causes
numerous toxicities of which many can be related to the SN-38 presence in the
systemic circulation. A new application method was therefore proposed for the
treatment of colorectal liver metastases, which includes hepatic arterial infusion
instead of systemic infusion as well as the use of embolization particles to increase
SN-38 concentrations in tumor tissue and simultaneously decrease its systemic
exposure. The purpose of the investigation was to analyze irinotecan and SN-38
concentrations in liver, tumor and plasma samples in an animal model to illustrate the
differences that result from the varying application methods and routes, including the
use of two different embolization particles. Additionally, we wanted to evaluate the
individual antitumoral effect of each application method and their applicability in clinical

routine.
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Abstract

Purpose In this study, a therapeutic drug monitoring (TDM) of erlotinib in pancreatic cancer patients was performed over 50
weeks to reveal possible alterations in erlotinib plasma concentrations. Additionally, a physiologically based pharmacokinetic
(PBPK) model was created to assess such variations in silico.

Methods Patients with advanced pancreatic cancer received a chemotherapeutic combination of 100 mg erlotinib q.d.,
500-900 mg capecitabine b.d. and 5 mg/kg bevacizumab q.2wks. Samples were analyzed by HPLC and the results were
compared to a PBPK model, built with the software GastroPlus™ and based on calculated and literature data.

Results The erlotinib plasma concentrations did not show any accumulation, but displayed a high inter-patient variability
over the whole investigated period. Trough plasma concentrations ranged from 0.04 to 1.22 pg/ml after day 1 and from 0.01
to 2.4 pg/ml in the long-term assessment. 7% of the patients showed concentrations below the necessary activity threshold
of 0.5 pug/ml during the first week. The impact of some co-variates on the pharmacokinetic parameters C,,,,, and AUC, ,,
were shown in a PBPK model, including food effects, changes in body weight, protein binding or liver function and the
concomitant intake of gastric acid reducing agents (ARAs).

Conclusion This study presents the approach of combining TDM and PBPK modeling for erlotinib, a drug with a high
interaction potential. TDM is an important method to monitor drugs with increased inter-patient variability, additionally,
the PBPK model contributed valuable insights to the interaction mechanisms involved, resulting in an effective combination
from a PK perspective to ensure a safe treatment.

Keywords Erlotinib - Long-time administration - Therapeutic drug monitoring - Interaction assessment - PBPK model

Introduction

Erlotinib (Tarceva®, OSI Pharmaceuticals, Melville, NY,
USA; Roche, Basel, Switzerland; Genetech, South San Fran-
cisco, USA) is a potent and reversible inhibitor of the epider-
mal growth factor receptor (EGFR) tyrosine kinase and has
been approved for the treatment of patients with metastatic

< Andrea Gruber
andrea.gruber @univie.ac.at
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bevacicumab or oxaliplatinum has been under investigation
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pH above its pKa value of 5.4. Therefore, a physicochemi-
cal interaction with co-administered acid reducing agents
(ARAs), increasing the gastric pH, is very likely to occur
and has been reported before [5—7]. However, as a recent
study showed, the negative influence of ARAs on erlotinib
absorption can be diminished by drinking acidic beverages
[8]. Erlotinib is well absorbed with mean peak plasma levels
of 2—4 h after oral ingestion, resulting in an estimated bio-
availability of 60% [1, 9]. Since the absorption of erlotinib
can be influenced by food, its bioavailability is considered
unpredictable after absorption to a fed state and can vary
from 60 to 100% [1]. Hence, the intake of erlotinib is rec-
ommended to a minimum of 2 h after and 1 h before a meal.
Due to its high lipophilicity, erlotinib is highly bound to
plasma proteins at approximately 95%, mainly to albumin
and a-1 acid glycoprotein [10], therefore the concomitant
administration of drugs with high plasma protein binding
can lead to altered unbound erlotinib plasma concentrations
[11]. Erlotinib is primarily metabolized by CYP3A4 and
to a minor extent by CYP1A2 and CYP1ALl. A pre- or co-
treatment with CYP3A4 inducers or inhibitors can alter the
bioavailability of erlotinib and should thus be avoided dur-
ing the treatment with erlotinib [12, 13]. Smokers should be
advised to stop smoking during erlotinib therapy, due to a
CYP induction and hence reduced plasma concentrations in
comparison to non-smokers [14]. Gender aspects have been
investigated, but resulted in a non-significant difference [15].

Due to the various possible pharmacokinetic interactions,
plasma concentrations of erlotinib have been reported to
show a high inter-patient variability [16]. In this study, the
primary endpoint was to conduct a TDM of erlotinib over a
long-time period to evaluate possible undesired changes in
plasma concentrations. TDM is an effective tool in routine
cancer care to reveal therapeutic interferences and to ensure
that plasma concentrations of a drug are above the neces-
sary threshold [17-19]. However, TDM is expensive and in
case the influential co-variates on the plasma disposition are
known, it would be easier and more economical to predict
the concentration profile in a defined patient by a suitable
software. In silico methods have shown to be of assistance
in the drug development process since many years, but their
support in later stages has been promoted only more recently
[20-22]. Hence, the secondary objective of this study was
to create a physiologically based pharmacokinetic (PBPK)
model to predict a concentration—time curve with the soft-
ware GastroPlus™ and use it to identify characteristics that
may lead to altered erlotinib plasma concentrations, such as
variations in body weight, liver function, certain co-medica-
tion or drug administration to a fasted or fed state.

@ Springer
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Methods
Erlotinib study
Study population

Patients eligible for this phase 1b study suffered from his-
tologically or cytologically documented adenocarcinoma
of the pancreas with locally advanced not radically resect-
able or metastatic disease. Inclusion criteria for this study
were ECOG performance status 0-2, age > 18 years, life
expectancy of > 12 weeks, adequate bone marrow function
(absolute neutrophil count (ANC) > 1.5 % 10°1, platelet
count > 100 x 10%/1, hemoglobin (Hb) >9 g/dl) adequate
liver function (serum (total) bilirubin <3 X upper limit of
normal (ULN), aspartate aminotransferase (AST), alanine
aminotransferase (ALT) <2.5/5 X ULN (patients without/
with liver metastases), albumin > 25 g/l) and adequate
renal function (serum creatinine <2 X ULN or creati-
nine clearance > 50 ml/min). Patients must not have been
treated for metastatic or locally advanced diseases, but
were allowed prior adjuvant radiotherapy and previous
adjuvant chemotherapy, excluding the three therapeutic
agents used in this trial, capecitabine, erlotinib and beva-
cizumab. Amongst several further exclusion criteria, the
most important were history or evidence of not controlled
brain metastases or seizures, major surgical procedure
planned within 28 days prior to study treatment, pregnant
or lactating females or evidence of any disease or meta-
bolic dysfunction that contradicts the use of the investiga-
tional drugs or puts the patient at high risk from treatment
complications. All concomitant medication was reported
and the intake of drugs inhibiting or inducing CYP3A4
was prohibited during the study, along with medication
specifically contraindicated to one of the three study drugs
[1, 23, 24]. All patients were asked to keep a diary during
their treatment, containing co-medication and health status
to retrace possible interactions and treatment failures.

Study design

The study was originally designed to evaluate the PK per-
formance of erlotinib in the combination therapy of erlo-
tinib, capecitabine and bevacizumab over a week, before
the amendment for an evaluation of erlotinib plasma con-
centration over a longer period was approved by the Ethi-
cal Committee of the City of Vienna (vote EK 08-159-
0908, EudraCT number 2008-004444-36) as a separate
amendment to the clinical study protocol. Patients had
been informed about the aim of this investigation and had
given their written consent. The patients were divided into



Cancer Chemotherapy and Pharmacology (2018) 81:763-771

765

4 dose levels, with constant erlotinib (100 mg, p.o., q.d.)
and bevacizumab doses (5 mg/kg, i.v., 2wks), but differ-
ent capecitabine doses (500, 650, 800, 900 mg, p.o., b.d.).
Serial blood samples were obtained on day 1 pre-dose, 1,
2,3,4,5, 6, 8 and 24 h after erlotinib ingestion. Blood
samples on days 2-8 were drawn pre-dose and 4 h after
administration of erlotinib. Further blood samples were
obtained in the long-term evaluation once a week before
erlotinib ingestion, hence 24 h after the last erlotinib dose.
The Cioun value was selected as sampling time for the
pharmacokinetic monitoring of erlotinib as recommended
in literature [19].

Sample preparation, analysis and PK calculations

After removing the blood cells from the samples by centrifu-
gation (10 min for 4000 rpm), erlotinib was separated from
the plasma by solid phase extraction using Oasis® HLB C18
cartridges. Erlotinib was quantified by a sensitive and selec-
tive, validated, reversed phase HPLC assay as described in
the literature [25].

For the pharmacokinetic analysis of plasma concentration
data on day 1, Phoenix WinNonlin version 6.2.1 software
(Pharsight Corporation, a Certara™ company) was used to
calculate the PK parameters Cpeux, Ciroughs Tmaxs AUC 04
as well as the volume of distribution (Vj), total body clear-
ance (Cl,,) and terminal half-life (7',). For this purpose,
the noncompartmental model 303 of the WinNonlin library
was chosen. From day 2 until day 8, the trough and peak
concentrations were analyzed, but only the trough concentra-
tions were evaluated until the end of the study. The param-
eters were calculated as arithmetic mean + SD and the range
(min—-max) was calculated for comparison to the simulation
output.

The statistical evaluation of the plasma data was per-
formed using the scientific software GraphPad Prism version
6.00 for Windows (GraphPad Software, La Jolla California
USA).

PBPK modeling

The erlotinib plasma concentration—time profile was created
in a PBPK model using the GastroPlus™ software version
9.5. (Simulations Plus Inc., Lancaster, California, USA). A
general description of the software is available in the user
manual [26]. PBPK simulations differ from compartmental
PK simulations in the calculation of diffusion coefficients
for all compartments, for a more precise distribution of the
compound into different tissues over time [27]. The physico-
chemical and absorption—distribution—metabolism—elimina-
tion (ADME) properties used in this model were calculated
by the ADMET Predictor™ module of the software and are
summarized in Table 1. Some parameters were optimized,
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Table 1 Input parameters for the erlotinib PBPK model in Gastro-

Plus™

Parameter Predicted value  Optimized value
Molecular weight (g/mol) 39345 393.45
LogP (neutral) 3.13 2.7

Basic pKa 4.46 54
Intrinsic solubility (mg/ml) 0.078 0.0089
Solubility at pH=2 (mg/ml) 22.44 0.40
Solubility factor 334.44 50.0
Permeability (cm/s x 107%) 2.7 2.7
Fraction unbound in plasma (%) 4.57 4.57
Blood plasma ratio 0.71 0.71

Liver clearance (1/h) 40.0 4.0
FaSSIF (mg/ml) 0.003 0.003
FeSSIF (mg/ml) 0.117 0.7
Solubilization ratio 1.03E4+04 8.01E+04
Particle radius/diameter (um) 25/50 15/30
Mean precipitation time (s) 900 100

Solubility factor: ratio of the solubility of ionized to unionized drug;
FaSSIF: compound solubility in intestinal fluid in fasted state; FeS-
SIF: compound solubility in intestinal fluid in fed state; solubilization
ratio: effect of bile salt concentration in FaSSIF and FeSSIF media on
solubility of the compound

using parameter sensitivity analysis (PSA) to obtain a good
fit for the model.

Input data for the model

Tarceva® 100 mg tablets contain 109.3 mg erlotinib hydro-
chloride, which is equal to 100 mg erlotinib free base [1].
The properties of the erlotinib base were used as input
parameters for the PBPK model. Erlotinib is a weak base
and a lipophilic compound, with a good intestinal perme-
ability. The free base is only very slightly soluble in water,
but the solubility of the hydrochloride salt is higher at a
lower pH, indicating that the drug will easily dissolve in
the acidic environment of the stomach. With the overall low
solubility and a high permeability, the drug is considered
a Biopharmaceutics Classification System (BCS) class II
compound [28].

Modeling strategy

The general workflow of PBPK modeling has been described
in many publications and tutorials [29-31]. The prelimi-
nary model in this case was based solely on the physico-
chemical data from the ADMET Predictor™ module of
GastroPlus™, using a human PBPK model of a standard
30-year old, healthy man, which was subsequently changed
to a man of 60 years and 60 kg, corresponding to the
study population. The physicochemical parameters logP,

@ Springer
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pKa and intrinsic solubility were updated based on litera-
ture data [1, 32]. The best suited distribution model was
the Lukacova model, which was chosen according to the
properties of the compound for the perfusion-limited tissue
distribution coefficients of erlotinib [26]. The liver clear-
ance, calculated by ADMET Predictor™ was implemented
and adjusted to match the observed Cl, in the population.
Since the majority of erlotinib is metabolized in the liver,
the gut metabolism was excluded in this model. Concern-
ing the oral absorption modeling, the dissolution was best
described by the Johnson model and the particle size was
adapted to depict the quick dissolution of erlotinib in the
acidic environment of the stomach. The selected gut physiol-
ogy calculation method was the human-physiological-fasted
model with the Opt logD Model SA/V 6.1 for the calculation
of the absorption scale factors. Ultimately, the solubilization
ratio (SR) and the mean precipitation time were optimized
by PSA to fit the oral absorption. The SR is calculated by
GastroPlus™ according to the solubility of the compound
in simulated intestinal fluids in fasted (FaSSIF) and fed state
(FeSSIF) and gives an idea on how much additional solubil-
ity can be gained through the increased intestinal bile salt
concentration in a fed state [26].

The PBPK model was calculated as a single and a popula-
tion simulation, whereas the population simulation was set
up with 25 American patients of 50-70 years and was used
as comparison to the erlotinib plasma concentrations of the
population studied. The simulation output was formulated as
arithmetic mean with a 90% confidence interval (CI) and the
corresponding range (min—-max). The single simulation of
a standard patient of 60 years and 60 kg, receiving erlotinib
at a fasted state was used to evaluate the impact of pos-
sible co-variates on the plasma concentration of erlotinib.
The selected co-variates include ingestion of erlotinib at a
fasted or fed state, changes in body weight, protein binding
and liver function and the influence of a concomitant use
of ARAs during the erlotinib therapy. For the fed state, the
absorption model human-physiological-fed was chosen and
the liver blood flow was adapted [26]. Differences in body
weight, liver clearance and protein binding were considered
by modifying the according parameters. The concomitant
intake of ARAs was modeled by changing the stomach pH
from 1.3 to 5.0 and increasing the transit time from 0.25 to
0.5h [33].

Results
Patients characteristics
26 Patients with advanced, metastatic pancreatic cancer

were selected to participate in the first week of the study.
A subsequent set of 10 out of the 26 patients was chosen
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according to the selection criteria specified in the Methods
section, to participate in the amendment of the study for a
longer period. The demographics of the patients are listed
in Table 2. Since there was no sign of interference from
the different capecitabine doses on erlotinib plasma con-
centrations, the four dose levels with varying capecitabine
doses, but constant bevacizumab and erlotinib doses, were
pooled for the pharmacokinetic calculations. All 26 patients
completed the first week of the study, but only 2 out of 10
patients completed the therapy up to 50 weeks; 8 patients
were discontinued due to progression of the disease. The
patients were checked upon every week concerning their
performance status and 3 patients were therefore temporar-
ily discontinued during the 50 weeks, because of toxicity
and side effects.

Long time performance

The analyses of the plasma samples on day 1 showed a
mean erlotinib peak concentration of 0.84 pug/ml at 2 h after
administration, but revealed a high variability of Cp, from
0.21 to 1.82 yg/ml. The mean trough concentration at 24 h
after ingestion was 0.33 pg/ml in a range of 0.04-1.22 g/
ml. The AUC,,_,, ranged from 1.23 to 36.37 ug h/ml with a
mean value of 12.47 pug h/ml. With a bioavailability of 60%
[1, 11], the calculated V is 97.86 1, the Cl,,, is 5.51 I/h and
the mean 7T, is 18.72 h. The key PK parameters are sum-
marized in Table 3.

Based on the analyses of the first day, the parameters
Cpeak and Cq, Were expected to illustrate a continuously
high variation in the first week. The steady state was reached
6 days after the first administration with a mean C,, of
1.38 pg/ml in a range of 0.11-3.24 pg/ml. The mean Cig,
value after 6 days was 0.72 pg/ml and varied from 0.05 to
2.27 pg/ml. Although the mean Cp ., and C,g, values
were above the activity threshold of 0.5 ug/ml, 10 of the

Table 2 Patient demographics

Characteristics Week 1 Week 2-50
(n=26) (n=10)

Gender n (%)

Female 14 (53.8%) 6 (60%)

Male 12 (46.2%) 4 (40%)
Age (years)

Median (min—-max) 65.5 (47-80) 65.5 (55-74)
Body weight (kg)

Median (min—-max) 68.5 (44-97) 63.0 (44-84)
Body height (cm)

Median (min-max)  170.0 (156.0-186.0)  170.0 (156.0-186.0)

Body surface (m?)
1.79 (1.36-2.22)

Median (min—-max) 1.69 (1.36-2.06)
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Tgble 3 Observed and Time Parameters  Dimension  Observed Simulated
simulated PK parameters of
erlotinib for day 1, 3 and 6 Mean®+SD Min-max N Mean® Min—max N
Day I Cpeax pg/ml 0.84+0.54 0.21-1.82 26 0.78  0.60-0.99 25
Clast pg/ml 0.33+0.29 0.04-1.22 26 0.30  0.29-0.31 25
T ax h 2.00 1.00-8.00 26 1.89  1.20-2.90 25
AUC, o, ug-h/ml 12.47+9.38 1.23-36.37 26 1147  9.57-14.07 25
T\ el h 18.72+13.10 4.10-59.00 26 1090 nc 25
Va4 1 97.86+61.72 18.00-268.09 26 67.80 nc 25
Clyy I/h 5.51+5.73 0.47-30.09 26 430 nc 25
Day3  Cyouen pg/ml 0.45+0.37 0.003-1.51 26 044  0.40-0.48 25
Cpeak pg/ml 1.04£0.62 0.19-2.99 26 1.04  0.98-1.10 25
Day 6  Cyouen pg/ml 0.72+0.53 0.05-2.20 26 051  0.46-0.56 25
Cheak pg/ml 1.38+0.66 0.11-3.24 26 1.09  1.02-1.15 25
Cpeux Peak plasma concentration, Cy,,, plasma concentration of the last analyzed sample, T,,,,, time of peak

plasma concentration, AUC,_,, area under the curve for the time 0-24 h, T,,,,, terminal elimination half-

life, V,; volume of distribution, C/,

drug ingestion, nc not calculable

tot

total body clearance, C,,,,, plasma concentration before subsequent

T ,ax data are expressed as median, all other PK parameters are calculated as arithmetic mean

Table4 Mean trough concentrations +SD (ug/ml) during long time
administration of 100 mg erlotinib q.d.

Patients Weeks N Crough’ Min-max
Pat.1 1-15 10 1.67+0.44 0.77-2.20
Pat.2P 1-9 9 0.16+0.04 0.12-0.23
Pat.3 1-50 50 0.89+0.68 0.09-2.68
Pat.4 1-8 7 0.66+0.27 0.14-1.06
Pat.5" 1-4 0.37+0.09 0.25-0.46
Pat.6 1-8 8 1.78 +£0.74 0.73-3.06
Pat.7 1-9 1.20+0.51 0.31-1.80
Pat.8” 1-16 16 0.27+0.38 0.02-1.31
Pat.9P 1-50 47 0.06+0.04 0.01-0.16
Pat.10 1-11 11 0.16+0.06 0.07-0.31

“All mean Ci,,,, values are calculated as arithmetic mean

PPatients with co-medication of acid reducing agents

26 patients did not reach the threshold within 24 h after the
first administration and 2 of the 26 patients never reached the
threshold in the first week of erlotinib therapy. The adminis-
tration of capecitabine and bevacizumab was continued for
treatment purpose.

In the long-term monitoring, the erlotinib plasma con-
centrations did not show any significant accumulation in
the blood over the whole investigated period. However,
the high variability persisted throughout the rest of the
study (Table 4). Mean erlotinib trough concentrations in
the long-term study were calculated for each patient and
ranged from 0.06 to 1.78 pg/ml. The long-term analysis
showed Ciop Values below the activity threshold for 5 of
the 10 patients, who all received ARAs concomitantly. An
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unpaired ¢ test demonstrated a statistically significant differ-
ence (P <0.002) between the ARA and non-ARA group in
the calculated trough concentrations.

PBPK basic model

The workflow for building, optimizing and verifying the
erlotinib model is described in the “Methods” section. The
preliminary model resulted in an underprediction of C,,,
and AUC,,_,, by 37 and 90%, respectively, corresponding
to the observed values; hence a further optimization was
necessary. Therefore, the physicochemical parameters logP,
pKa, intrinsic solubility and the maximum solubility of the
hydrochloride salt as well as the physiology settings and
the liver clearance were adjusted. The optimized model was
evaluated with in vivo data of an i.v. application of 100 mg
erlotinib and resulted in an underprediction of 20% in AUC
024 and an overprediction of 12% for the C,.,, compared to
the mean parameter values of the study [34]. For the mod-
eling of the oral absorption, the dissolution and absorption
models were implemented and the particle size, SR and
the mean precipitation time were modified. The population
simulation resulted in a slight underprediction of AUC_,,
by 9% and C,,,, was underpredicted by 13% in comparison
to the mean plasma concentration of the erlotinib study, but
both values were still well within the observed concentration
range as can be examined in Fig. 1.

Co-variates

Figure 2 illustrates the effect of possible co-variates on erlo-
tinib plasma concentration. Insert a displays the comparison
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£ observed

- simulated
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concentration [pg/ml]

72

48
time [h]

Fig. 1 Comparison of the observed mean erlotinib plasma concentra-
tion (+SD) for the days 1-8, to the simulated mean erlotinib plasma
concentration (+90% CI), calculated by the population simulation
model of GastroPlus™

of the mean observed concentration in patients, who received
erlotinib to a fasted state, without any relevant co-medication
to the predicted GastroPlus™ single simulation, match-
ing the settings of the standard patient of the study. Cpe,x
differed by 8.5% but AUC,,_,, achieved a 100% fit to the
observed values, concluding that the prediction can be used
for further modifications. The administration of erlotinib at
a fed state, resulted in an increased bioavailability and AUC
[1], as could be shown in insert b for the AUC,_,,, which
increased by 12% from 14.1 to 15.8 pg h/ml. Body weight
has no impact on the total body clearance of the drug [35],
but has a potential effect on the C,,, and the V,, as shown
in insert c. A reduced body weight resulted in a 16% higher
Cp.x and a 25% lower V4 and the increased body weight
caused a decrease in C,,,, by 20% and higher distribution
into the tissue by 42%. Insert d depicts the difference in C,,,
and AUC,, ,,, due to co-administered ARAs, which reduced
the AUC, ,4 by 39% and C,,, by 49% in the simulation,
compared to a reduction by 52 and 56% respectively, in the
study population. The physicochemical drug—drug interac-
tion has been reported [7-9] and the PBPK model, as well as
the analyses of the plasma samples of patients who received
ARA co-medication in this study, support these findings.
Changes in the hepatic clearance are displayed in insert e,
from an elevated hepatic clearance of 10 I/h to a reduced
liver clearance of 2 1/h. This range was obtained from the
PK analyses of the plasma concentrations of the study. In
the simulated high hepatic clearance patient, C,,,, decreased
by 26% and AUC,_,, by 55%, and in the low hepatic clear-
ance patient C,,, increased by 12% and AUC_,, by 41% in
comparison to the values of the average patient. The fraction
unbound of erlotinib in plasma was estimated to be 4.6%, but
when changed to 10%, due to a possible pharmacokinetic

interaction with a strongly protein-bound co-medication, and
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therefore a higher fraction unbound of erlotinib, as shown in
insert f, the plasma concentration did not result as expected
in a higher C,,,,, and AUC,,_,,, but was distributed to a higher
extent into adipose and liver tissue, and resulted in a higher
Cl, of 7.66 I/h and lower C,,, and AUC,,_,, by 33 and 49%,
respectively.

Discussion

TDM has shown to be beneficial in oncological patients to
ensure a safe and effective treatment, especially when drugs
with high inter-patient variabilities are used. To date, TDM
of erlotinib has been reported up to a maximum of 30 days
[4, 36]. In this study, it is the first time that erlotinib levels
have been monitored closely for 1 week and further once a
week for up to 50 weeks. The daily administration of erlo-
tinib over a long-time period did not lead to drug accumula-
tion in the central compartment. Steady state was reached
within 6 days after the first erlotinib ingestion, but the vari-
ability in plasma concentrations remained high throughout
the study. However, based solely on the limited knowledge
about the study population, the co-variates, influencing the
plasma concentrations, were difficult to deduce.

PBPK models have gained more importance with the
increased progress of their features and are useful in many
stages of drug development. In this case, the PBPK model
was built to demonstrate the influence of co-variates on the
erlotinib plasma concentration. The administration of TKIs
to a fed state has often been discussed to increase the AUC
and bioavailability [12], which was shown accordingly in
the model. The influence of body weight on the distribu-
tion of a lipophilic compound such as erlotinib was also
shown and matched our expectations, as did the differences
in hepatic clearance. When a higher or lower liver clearance
rate was implemented, the elimination changed accordingly.
However, the simulation of an increased unbound fraction
of erlotinib did not result in the expected elevated plasma
concentration, but in a higher distribution into adipose and
liver tissue and therefore an increased elimination and lower
plasma concentration. The biggest influence though seemed
to come from the concomitant intake of ARAs, which has
been reported before in patients [7, 8] and healthy subjects
[9]. The decreased AUC », and Coy levels often result
in an ineffective treatment below the activity threshold.
Patients receiving both, erlotinib and ARA were advised to
terminate the use of ARAs, but due to gastrointestinal side
effects, some patients continued a combined intake.

In conclusion, a PBPK model can demonstrate effects of
co-variates that are known in advance. However, although
assumptions about possible interactions can be drawn
from other drugs of the same class of compounds, the list
might not be complete and some influences might still be
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Fig.2 Simulated impact of co-variates on erlotinib plasma concen-
tration vs observed mean concentration. a Standard patient without
co-variates, b ingestion of erlotinib at a fed state, ¢ patients with ele-
vated (85 kg) and reduced (45 kg) body weight, d concentrations with

unrevealed. Therefore, a TDM is nonetheless recommended
for drugs with a high interaction profile and a narrow thera-
peutic window and cannot be replaced entirely by in silico
predictions. From a PK point of view, PBPK modeling com-
bined with TDM represents a new strategy to evaluate the
therapy of drugs with high inter-patient variability.
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Abstract

Intraarterial chemotherapy for colorectal liver metastases (CRLM) can be applied alone or together with embolization par-
ticles. It remains unclear whether different types of embolization particles lead to higher intratumoral drug concentration.
Herein, we quantified the concentrations of CPT-11 and its active metabolite SN-38 in plasma, liver and tumor tissue after
hepatic arterial infusion (HAI) of irinotecan, with or without further application of embolization particles, in a rat model
of CRLM. Animals underwent either systemic application of irinotecan, or HAI with or without the embolization particles
Embocept® S and Tandem™. Four hours after treatment concentrations of CPT-11 and SN-38 were analyzed in plasma, tumor
and liver samples by high-performance liquid chromatography. Additionally, DNA-damage and apoptosis were analyzed
immunohistochemically. Tumor tissue concentrations of SN-38 were significantly increased after HAI with irinotecan and
EmboCept® S compared to the other groups. The number of apoptotic cells was significantly higher after both HAI with
irinotecan and EmboCept® S or Tandem™ loaded with irinotecan compared to the control group. HAI with irinotecan and
EmboCept® S resulted in an increased SN-38 tumor concentration. Both HAI with irinotecan and EmboCept® S or Tandem™
loaded with irinotecan were highly effective with regard to apoptosis.

Keywords Hepatic arterial infusion - Irinotecan - SN38

Background

Intraarterial chemotherapy for patients with colorectal liver
metastases (CRLM) has been performed for decades, but is
recently of increased interest [1]. Although intraarterial regi-
mens alone failed to show any benefit compared to systemic
application in first-line approaches [2], modern multimodal
treatment strategies combining systemic and intraarterial
D4 Anne Kauffels application of chemotherapy show promising results [3,

anne.kauffels @med.uni-goettingen.de 4]. Even after resistance to first- or second-line systemic
chemotherapy, patients with CRLM profited from intraarte-
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application are thought to increase the concentration of the
chemotherapeutic drug within the tumor tissue. The chemo-
therapeutic drugs can be combined with embolic agents such
as lipiodol or embolization particles. The use of embolic
agents should lead to an even greater increase of the drug
concentration compared to the application of the drug alone.
There are two types of embolization particles: Non-degra-
dable hydrogel drug eluting beads (DEB) and degradable
starch microspheres (DSM). Whereas DEB are loadable with
irinotecan or doxorubicin before administration and persist
within the tissue leading to vascular occlusion, DSM cannot
be loaded and are completely degraded by serum a-amylases
[9].

Irinotecan plays a key role as chemotherapeutic drug both
for systemic and locoregional treatment of metastatic colo-
rectal cancer [10]. It is administered as a prodrug (CPT-11)
which requires metabolic conversion into its active metabo-
lite SN-38 by carboxylesterases [11]. However, although
SN-38 provides the anti-tumor effect of irinotecan, it is also
responsible for adverse side effects associated with irinote-
can therapy such as diarrhoea or hematotoxicity [12, 13].
Thus, it is of great interest to use an application form of
irinotecan that provides a high concentration of SN-38 inside
the tumor tissue. Moreover, the intraarterial application is
theoretically capable to attenuate adverse side effects by low-
ering the systemic exposure to the chemotherapeutic drug.
Therefore, a locoregional application form like HAI seems
to be ideal to achieve these goals.

The present study was conducted to quantify the con-
centration of CPT-11 and SN-38 in plasma, liver and tumor
tissue after HAI with irinotecan alone or in combination
with one of two different type of embolization particles,
EmboCept® S (DSM) or Tandem™ 40 um (DEB), in a rat
model of CRLM. The concentrations after systemic applica-
tion were quantified for comparison. Additionally, immuno-
histochemical analyses were performed to detect apoptotic
cell death and DNA-damage in tumor tissue.

Materials and methods
Drugs/embolization particles

Irinotecan was purchased as a liquid concentrate from Act-
avis (Puren Pharma GmbH&Co. KG, Munich, Germany)
at a concentration of 20 mg/mL and was given in a dose of
90 mg/m?. The body surface area was calculated according
to “Meeh’s formula”: A= KxW??, where A stands for body
surface area; K is an animal specific constant (in the present
study 9.1); and W stands for the body weight [14].
EmboCept® S (amilomer, degradable starch microspheres
35/50 um) was obtained from PharmaCept GmbH (Berlin,
Germany) at a concentration of 450 mg/7.5 mL. Tandem™
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40 um drug eluting beads were purchased from CeloNova®
BioSciences Germany GmbH (Ulm, Germany).

According to the user’s guidelines EmboCept® S (DSM)
and irinotecan were mixed shortly before administration;
Tandem™ 40 pm beads (DEB) were loaded for at least
30 min with irinotecan before administration.

Cell culture

The syngeneic rat colon adenocarcinoma cell line CC531
was purchased from CLS Cell Lines Service GmbH (Eppel-
heim, Germany). Cells were expanded and stored in frozen
aliquots (— 150 °C). After thawing the cells were cultured
in RPMI-1640 (Roswell Park Memorial Institute) medium
supplemented with 10% FCS (fetal calf serum) and 1% glu-
tamine on 75 cm? culture flasks and kept at 37 °C and 5%
CO, in a humidified incubator. After the third passage cells
were counted and resuspended in PBS (phosphate buffered
saline) at a concentration of 5x 103 cells/100 uL for tumor
cell implantation.

Animals

In total 37 male WAG/Rjj rats (Charles River laboratories,
Sulzfeld, Germany) aged 10-13 weeks with a mean body
weight of 225 +6.88 g (mean + SEM) were included in the
experiment. The animals were kept in a temperature- and
humidity-controlled 12 h day/night cycle enviroment with
free access to water and standard laboratory chow (ssniff-
Spezialdidten GmbH, Soest, Germany). All experiments
were approved by the regional legislation on animal pro-
tection (No. 14/1610). Experiments were performed in
accordance to the Guidelines for the Welfare of Animals in
Experimental Neoplasia of the United Kingdom Coordinat-
ing Committee on Cancer Research [15] and the Guide for
Care and Use of Laboratory Animals [16].

Colorectal liver metastases model

Animals were anaesthetized by sevoflurane inhalation and
underwent a median laparotomy of about 1.5 cm. To perform
tumor cell implantation 5x 10> CC531 cells were adminis-
tered subcapsularly into the left and median liver lobe each
using a 27 G needle (Sterican, B. Braun, Melsungen, Ger-
many). Laparotomy was closed with a PDS 4-0 continuous
suture (Ethicon/Johnson&Johnson Medical GmbH, Norder-
stedt, Germany).

Hepatic arterial infusion
On day 10 after tumor cell implantation animals received

intraperitoneal injection of Ketamin/Cepetor® for anaesthe-
sia and underwent relaparotomy. According to previously
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described experiments, for HAI the gastroduodenal artery
was canulated using a catheter (ID 0.28 mm, Smiths Medical
International Ltd., Hythe, UK) [17]. The tip of the catheter
was placed at the common hepatic artery without occluding
the artery and allowing orthograde bloodflow. After HAI
the catheter was removed and the gastroduodenal artery was
ligated. For systemic treatment the subhepatic vena cava was
punctured with a 27 G needle (Sterican, Braun, Melsun-
gen, Germany) [18, 19]. Laparotomy was again closed with
a PDS 4-0 continuous suture (Ethicon/Johnson&Johnson
Medical GmbH, Norderstedt, Germany).

In a preliminary experiment one animal was sacrificed 4 h
and one 24 h after systemic treatment to evaluate the ideal
time point for analysis of plasma and tissue concentrations
of CPT-11 and SN-38. As CPT-11 and SN-38 concentra-
tions of both plasma and tissue were decisively lower or
even not measurable after 24 h we continued the study with
sacrificing the animals 4 h after drug administration (Sup-
plementary Figs. 1 and 2).

Accordingly, 35 animals were randomly assigned to five
study groups (n="7 each). The animals underwent either
HAI with NaCl 0.9% (Sham), irinotecan (HAI iri), irinote-
can and EmboCept® S (HAI iri + Embo) or Tandem™ 40 um
loaded with irinotecan (HAI iri+ Tandem). Moreover, one
group received systemic application of irinotecan alone (sys
iri). Body weight was measured at the time points of tumor
implantation and treatment.

Tissue and blood samples

Four hours after treatment animals underwent relaparotomy
under sevoflurane anaethesia. Blood was obtained by cardiac
puncture and subsequently centrifuged with 8000 rpm for
5 min (Eppendorf AG, Hamburg, Germany). Plasma was
stored at — 80 °C before high performance liquid chroma-
tography (HPLC) analyses. The complete liver was removed
and washed in PBS at 4 °C. Tissue samples of healthy liver
and both tumors were collected and snap frozen in liquid
nitrogen or fixed in 4% phosphate-buffered formalin and
subsequently embedded in paraffin. Frozen samples were
kept at — 80 °C before HPLC analyses.

Analytical assay for CPT-11 and SN-38

Total amounts of CPT-11 and SN-38 were quantified in
plasma and tissue samples by an isocratic reversed-phase
HPLC method, using fluorimetric detection as described
previously [20, 21]. Shortly, the analytical procedure was
as follows:

Blood samples: The thawed blood samples were mixed
with ice-cold acetonitril (ACN) acidified with 8.5% H;PO,
and vortexed for 15 s (VELP® Scientifica Vortex Mixer,
Velp Scientifica Srl, Usmate Velate MB, Italy). After protein

59

precipitation had been completed, samples were centri-
fuged (VWR® Galaxy 16 DH, VWR International GmbH,
Vienna, Austria) at 13 000 rpm for 5 min to obtain a clear
supernatant.

Tissue samples: Thawed tissue samples (liver or tumor,
about 50-100 mg) were weighed into tissue homogeniz-
ing tubes CK14 (Peqlab Biotechnologie GmbH, Erlangen,
Germany), mixed with the 10 fold volume (mg/uL) of ice-
cold ACN acidified with 8.5% H;PO, and homogenized on
a Minilys® (Bertin Technologies, Montigny le Bretonneux,
France) at 8 000 rpm for 15 s (three cycles per sample). The
resulting homogenate was centrifuged at 13 000 rpm for
5 min to obtain the clear supernatant for analysis.

Chromatography

Analysis was performed by use of a VWR-Hitachi Chro-
master System (VWR International GmbH, Vienna, Austria)
as described in the literature [22]. CPT-11 and metabolites
were detected at an excitation wavelength of 360 nm and
emission wavelength of 500 nm.

Histology and immunohistochemical analysis

Formalin fixed and paraffin embedded (FFPE) tissue of both
tumor and liver was cut in 2 um sections. Slices were stained
with hematoxylin-eosin (HE) for exact localization of tumor
site. For immunohistochemical analysis the sections from
FFPE liver and tumor tissues were mounted on microscope
slides (Starfrost, Light Laboratories, Dallas, Texas, USA).
Epitope retrieval was performed with CC1 cell conditioner
(60 min at 100 °C, Ventana Medical Systems, Tucson, Ari-
zona, USA) and followed by primary antibody incubation
(24 min at 37 °C) using the benchmark XT stainer (Ventana
Medical Systems, Tucson, Arizona, USA). For visualiza-
tion of the epitope-antibody complex and color development
the ultraview universal DAB detection kit (Ventana Medical
Systems, Tucson, Arizona, USA) was used. Counterstaining
was performed with hematoxylin. Quantitative analyses were
performed in a blinded fashion.

Caspase-3 as a marker for apoptotic cell death was
detected using a rabbit monoclonal anti-cleaved caspase-3
antibody (1:1000; Cell Signaling Technology, Danvers,
USA). Ten high-power-fields (HPF) were analyzed per
specimen and positively stained tumor cells were counted
and given as absolute number per HPF.

YH2AX as a marker for early DNA-damage was detected
using a rabbit polyclonal anti-yH2AX antibody (1:100;
abcam plc, Cambridge, UK). Ten HPF were analyzed per
specimen and positively stained tumor cells were counted
and given as absolute number per HPF.

PCNA as proliferation marker was detected using a mouse
monoclonal anti-PCNA antibody (1:1500; invitrogen GmbH,
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Carlsbad, USA). PCNA-positive tumor cells were estimated
in percentage per HPF and analyzed using a score ranging
from 0 to 4 (0<1%, 1=1-10%, 2=10-30%, 3=30-50%,
4>50% of PCNA-positive cells).

Statistical analysis

Statistical analysis was performed with the use of the soft-
ware package STATISTICA (Systat Software, Germany).
After analysis of normal distribution (quantile—quantile
plot), pairwise comparison between each treatment group
and Sham, each HAI group and sys iri, and HAI iri and
both HAI iri + Embo and HAI iri + Tandem was performed
by Student’s t test (normal distribution) or Mann—Whitney
u-test (non-normal distribution). Statistatical comparison of
HAI iri+ Embo and HAI iri + Tandem was not performed.
Statistical significance was set at p<0.05. All values are
expressed as mean + standard error of the mean (SEM).

Results
Health conditions and tumor establishment

All animals showed an appropriate increase in body weight
from the day of tumor implantation (225 +6.88 g) until the
day of treatment (240 +5.52 g). No animal showed any
impairment due to tumor burden. Two animals developed
disseminated tumors. These animals were excluded from
further evaluation. All other animals developed single
tumors of about 6 mm in diameter.

Chromatography

In plasma and tissue samples CPT-11 and SN-38 were quan-
tified by a fluorimetric detection method. This procedure

allows a selective and highly sensitive quantitation of the
compounds. There were no peak interferences with matrix
compounds or peaks resulting from drugs of premedication
or sacrification procedure.

CPT-11 concentration

The measured CPT-11 concentrations are depicted in Fig. 1.
Plasma concentrations of CPT-11 were in a similar range
(1.0-2.5 pmol/L) after systemic application of irinotecan,
HAI with irinotecan alone and HAI with irinotecan and
EmboCept® S. However, HAI with Tandem™ 40 um loaded
with irinotecan led to low concentrations 4 h after treatment
resulting in a significant difference compared to systemic
application of irinotecan (p=0.019) and HAI with irinotecan
alone (p <0.0001; Fig. 1A).

Mean liver tissue concentrations of CPT-11 after systemic
application of irinotecan, HAI with irinotecan alone and
HAI with irinotecan and EmboCept® S were about 10-20
fold higher compared to CPT-11 plasma concentrations.
However, after HAI with Tandem™ 40 um loaded with iri-
notecan only small amounts of CPT-11 were detectable and
therefore resulted in a significant difference compared to
systemic application of irinotecan (p =0.002) and HAI with
irinotecan alone (p <0.001; Fig. 1b).

Mean CPT-11 concentrations in tumor tissue showed a
larger interindividual variability and were about 50 to 150
fold higher in comparison to the plasma concentrations, with
significantly higher concentrations after HAI with irinote-
can alone and HAI with irinotecan and EmboCept® S com-
pared to systemic application of irinotecan (p <0.001 and
p=0.003, respectively). CPT-11 concentrations in tumor tis-
sue after HAI with Tandem™ 40 um loaded with irinotecan
were significantly lower compared to the other application
methods (Fig. 1c).
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Fig.1 CPT-11 concentrations of plasma (a), liver (b) and tumor tis-
sue (¢) of animals undergoing systemic administration of irinotecan
(sys iri) or HAI with irinotecan alone (HAI iri), HAI with irinote-
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can+EmboCept® S (HAI iri + Embo), or HAI with irinotecan + Tan-
dem™ 40 uM (HAI iri + Tandem). Mean + SEM; *p <0.05 versus sys
iri, *p<0.05 versus HAI iri
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CPT-11 was not detectable in samples from Sham-
treated animals.

SN-38 concentration

The measured SN-38 concentrations are displayed in
Fig. 2. There was no difference in plasma concentrations
between the systemic application of irinotecan, HAI with
irinotecan alone and HAI with irinotecan and EmboCept®
S at 4 h after administration. Of interest, after HAI with
Tandem™ 40 um loaded with irinotecan plasma concen-
trations of SN-38 were significantly lower compared to
systemic application of irinotecan or HAI with irinotecan
alone (p <0.001, both; Fig. 2a).

SN-38 liver concentrations were about fivefold higher
compared to plasma concentrations in all treatment
groups with no significant difference between the groups
with the exception of significantly lower concentrations
after HAI with Tandem™ 40 pm loaded with irinotecan
compared to systemic application of irinotecan or HAI
with irinotecan alone (p <0.001, both; Fig. 2b).

The SN-38 concentrations in the tumor tissue were
similar after systemic application of irinotecan, HAI with
irinotecan alone and HAI with Tandem™ 40 pm loaded
with irinotecan. On the contrary, HAI with irinotecan and
EmboCept® S resulted in significantly higher concentra-
tions (p=0.032 compared to systemic application of iri-
notecan and p=0.019 compared to HAI with irinotecan
alone) compared to the other groups. After HAI with
Tandem™ 40 um loaded with irinotecan SN-38 concen-
trations were increased compared to liver tissue concen-
trations (Fig. 2c).

SN-38 was not detectable in any sample from Sham-
treated animals.

Immunohistochemical analysis

Immunohistochemical analysis of the protein expression of
PCNA as a marker for cell proliferation showed comparable
proliferation rates in the tumor tissue of all groups (Fig. 3a).

All treatment groups showed an increased phosphoryl-
ation of H2AX to YH2AX as a marker for DNA-damage
compared to control animals (Sham), which was most
pronounced after HAI with irinotecan and EmboCept® S,
although without reaching statistical significance (Fig. 3b).

The expression of caspase-3 as a marker for apoptotic
cell death was significantly higher after systemic applica-
tion of irinotecan, HAI with irinotecan and EmboCept®
S and HAI with Tandem™ 40 um loaded with irinotecan
(p=0.035, p=0.003 and p=0.009, respectively) compared
to control animals (Sham). Expression of caspase-3 after
HAI with irinotecan alone compared to control animals was
also increased, but failed to reach the level of statistical sig-
nificance (p=0.0536). Although the greatest level of expres-
sion of caspase-3 was detected after HAI with irinotecan and
EmboCept® S and HAI with Tandem™ 40 um loaded with
irinotecan, there was no significant difference between the
treatment groups (Fig. 3c).

Discussion

We herein describe for the first time the successful meas-
urement of CPT-11 and SN-38 in a rat model of CRLM.
Although quantitative analysis of CPT-11 and SN-38 has
been performed successfully in plasma, urine, feces, liver
and kidney of rats [23], the quantitative analysis of CPT-11
and SN-38 in preclinical cancer models has so far only been
described in larger animals such as rabbits or pigs [24, 25].
In times of increased concern about animal welfare, small
animal models are of great interest. In contrast to keeping
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Fig.2 SN-38 concentrations of plasma (a), liver (b) and tumor tis-
sue (c) of animals undergoing systemic administration of irinotecan
(sys iri) or HAI with irinotecan alone (HAI iri), HAI with irinote-
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can+EmboCept® S (HAI iri+ Embo), or HAI with irinotecan + Tan-
dem™ 40 uM (HAI iri 4+ Tandem). Mean + SEM; *p <0.05 versus sys
iri, ¥p<0.05 versus HATL iri
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large animals, housing small animals can be more species-
appropriate due to the smaller body size and shorter life-
span. Moreover, economic pressure does not allow every
institution to perform experiments in large animal models
[26].

The model of CC531 CRLM in WAGRIj-rats [27, 28]
is well established for the use of HAI [17-19, 29-31] and
various other diagnostic tools or liver-directed therapies
[32-34].

To date, it is not completely known to which degree the
microvascular structure of the experimental CC531 CRLM
is comparable to the microvascular structure in human
CRLM. However, the anatomy of the human hepatic micro-
vasculature has been analyzed in detail in various studies
[35]. Thus, it is commonly understood that terminal hepatic
arterioles and terminal portal venules, that supply the blood
to the liver sinusoids, have a diameter of 15-35 um [36].
Accordingly, the microvascular bed of the rat liver has also
been well analyzed. Koo and colleagues investigated the
diameter of the hepatic and portal venous system in rats in
1975 and described the diameter of these microvessels rang-
ing from 45.6 +1.06 to 9.7 +0.18 pm on the portal venous
side and from 42.0+0.79 to 9.2 +0.26 um on the hepatic
side of the microvascular bed [37]. Thus, it can be stated,
that the livers microvascular structure of rats and humans
is at least comparable. In accordance with these findings
we hypothesize that, although it consists of irregular tumor
vessels, the microvasculature of CRLM in rats and humans
is comparable. In this context Gonda et al. showed in a liver
metastases model in Donryu rats, that the irregular tumor
vessels measured from 12 to 105 um in diameter and receive
their main blood supply from the hepatic artery axis [38].
Thus, even though the authors used rat hepatoma cells to
induce liver metastases, the tumor vessels match the diame-
ter of the normal liver microvascular bed. Hence, we assume
that the microvasculature associated with the CC531 experi-
mental metastases resemble that seen in clinical colorectal
metastases.

The CC531 model used in the present study proved to be
feasible for quantative analyses of both the prodrug CPT-11
and its active metabolite SN-38 in plasma and tissue sam-
ples. A prior attempt of Buck et al. to evaluate SN-38 tumor
tissue concentrations in a murine model of colorectal cancer
failed, which the authors explained by the low conversion
rate of CPT-11 to SN-38 and the even lower administra-
tion dose of irinotecan in mice [39]. It is also well known
that CPT-11 has a very low affinity to the human carboxy
esterase hCES2. Therefore only small amounts of SN-38
are generated in the human metabolism. Moreover, the con-
centration of SN-38 in plasma is not only dependent upon
its formation by carboxy esterases, but also depends upon
the redistribution from tissue into plasma. In humans con-
ventional systemic administration of irinotecan at a dose
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of 180 mg/m? over 1 h led to CPT-11 peak concentrations
measured in a range of 4000-6000 nmol/mL whereas SN-38
peak concentrations ranged from 40 to 100 nmol/mL, giving
evidence for the very limited conversion rate [22].

However, the rat metabolism of CPT-11 differs at certain
stages from the human metabolism. Rats do not express the
cytochrome P450 enzyme 3A4, which is mostly responsible
for conversion of CPT-11 into its inactive compounds amin-
opentanocamptothecin (APC) and norpentanocamptothecin
(NPC) in humans [11]. It is therefore expected that rats are
able to metabolize even more CPT-11 into its active metabo-
lite SN-38 [40].

In the present study the plasma concentrations of CPT-
11 were increased after HAI with irinotecan alone or HAI
with irinotecan and EmboCept® S (DSM) compared to the
systemic application. The low levels of plasma concentra-
tions of CPT-11 after systemic application in humans can be
explained by the high volume of distribution of irinotecan,
which ranges at steady-state from 136 to 255 L/m? [41]. Dis-
tribution of CPT-11 into the liver tissue takes place rapidly
and has shown to be completed within 1 h after the infusion
in a study comparing plasma levels of CPT-11 and SN-38
in patients with CRLM [22]. Therefore, in these patients
there was no significant difference in plasma concentrations
of CPT-11 and SN-38 comparing application of irinotecan
either by HAI or systemically 4 h after treatment. This was
explained by the rapid distribution of CPT-11 from blood
into tissue [22]. Interestingly, the authors found a higher
metabolic conversion rate of CPT-11 into its active metabo-
lite SN-38 after intraarterial application and concluded that
this application form is beneficial from a pharmacokinetic
point of view. This can be explained by the fact that liver
tissue contains a high activity of human carboxy esterase
hCES?2 which is responsible for the formation of SN-38
[22]. This is in line with the findings of the present study,
where HAI with irinotecan alone or in combination with
EmboCept® S led to higher concentrations of the active
metabolite SN-38 in liver and tumor tissue compared to the
systemic application of irinotecan.

Only the concomitant application of irinotecan with
EmboCept® S resulted in significantly higher tumor tissue
concentrations of SN-38 compared to both systemic applica-
tion of irinotecan and HAI of irinotecan alone. EmboCept®
S as a DSM is degraded completely by serum a-amylases
with a half-life of 35 min within the human metabolism [42],
leading to an only temporary arterial occlusion. Accordingly,
in the present study, a temporary arterial occlusion, provided
by EmboCept® S led to a higher conversion of CPT-11 into
SN-38 within the tumor tissue. The effect of the temporary
arterial occlusion has also been described in a study with
a pig model by Pieper et al. [43]. Thereby animals under-
went HAI with EmboCept® S of a whole liver lobe. Sub-
sequently, the arterial blood flow was not only completely
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reconstituted, but there was also no sign of considerable
liver damage [43]. These data support the potential use of
EmboCept® S even in tumors which do not allow a highly
selective vascular approach due to multiple tumor sites or
vascular specificities.

In the present study the use of Tandem™ 40 ym (DEB)
loaded with irinotecan did not lead to elevated tumor tissue
concentrations neither of the prodrug CPT-11 nor its active
metabolite SN-38. Moreover, it even led to significantly
lower values compared to HAI with irinotecan alone. Quite
the contrary, previous studies in preclinical models of rab-
bit and pig origin showed that the application of Tandem™
40 um loaded with irinotecan led to higher tissue concentra-
tions of both CPT-11 and SN-38 compared to HAI with iri-
notecan alone. Additionally, after application of Tandem™
40 um loaded with irinotecan SN-38 was still detectable
after 72 h, which was not the case after HAI of irinotecan
alone [24, 25]. Accordingly, in a clinical study patients with
unresectable CRLM showed a decrease in tumor size after
intraarterial therapy with DEB loaded with irinotecan hint-
ing to the effective anti-tumor qualities of the embolization
agent in combination with the drug [44].

There are certainly limitations to our study with regard to
the evaluation of Tandem™ 40 um drug eluting beads. The
loading with irinotecan was carried out following exactly
the instructions from the users’ guidelines, which should
have ensured a correct loading process of the beads. We
hypothesize that the low levels of CPT-11 and SN-38 con-
centrations are due to the slow release of irinotecan from the
beads in vivo. This hypothesis is supported by the results
from the previous studies mentioned above which showed
the highest tissue concentration of SN-38 24 h after HAI
with loaded beads and even measurable amounts of both
CPT-11 and SN-38 after 72 h [24, 25]. 1deally, for the evalu-
ation of Tandem™ 40 um drug eluting beads repeated blood
sampling and sacrification of animals at different time points
after administration would have been necessary to create an
area under the curve (AUC) and to enable exact evaluation
of the drug release.

Finally, in the present study immunohistochemical analy-
sis 4 h after treatment revealed that DNA-damage and apop-
totic cell death was already detectable in the tumor tissue.
Expression of caspase-3 as marker for apoptosis was even
significantly higher in three of the treatment groups com-
pared to Sham-treated animals. Although application of Tan-
dem™ 40 pym loaded with irinotecan did not result in high
tumor tissue concentrations of CPT-11 or SN-38, higher
expression levels of caspase-3 were detectable. This finding
supports the hypothesis that apoptosis is not only induced
by irinotecan itself but might also be due to the permanent
vascular occlusion caused by the DEB Tandem™ 40 um.

The preclinical CC531/WAGRij model of CRLM is
feasible for quantitative analysis of CPT-11 (prodrug) and
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SN-38 (active metabolite) after systemic application and
HALI of irinotecan. The combined application of irinote-
can and EmboCept® S via HAI led to significantly higher
SN-38 tumor tissue concentrations compared to all other
treatment groups. The time span of 4 h between administra-
tion of therapy and sacrification of the animals seemed too
short to release CPT-11 quantitatively from the Tandem™
40 um drug eluting beads loaded with irinotecan. A longer
time span would have been favorable for the detection of
CPT-11 after Tandem™ 40 pm application. However, the
study compared four different application methods (systemic
application of irinotecan, HAI with irinotecan alone, HAI
with irinotecan and EmboCept® S, HAI with irinotecan and
Tandem™ 40 um loaded with irinotecan) and therefore the
sampling time of 4 h was chosen as a compromise to show
the distribution of compounds in plasma and tissue after
varying application ways. In addition to the pharmacologi-
cal effects, immunohistochemical analyses with regard to
apoptotic cell deaths and DNA-damage revealed a favorable
effect when irinotecan was combined with embolization par-
ticles. Further studies are necessary to define the ideal type
of embolization particle and to evaluate a potential benefit
for the treatment of colorectal metastases.
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Abstract

Abstract

The MEK 1/2 inhibitor selumetinib has been administered to patients in a suspension and a capsule
formulation, each containing an excipient to enhance the bioavailability of the drug. Resulting plasma-
concentrations varied distinctly between the two formulations and additionally included a high
interpatient variability. A physiologically-based pharmacokinetic (PBPK) model was created to analyze
the impact of the applied bioavailability-enhancing excipients Captisol® and TPGS on the absorption
of the drug. The pharmacokinetic profiles of the two formulations showed a superior plasma disposition
for the TPGS formulation, with an increased dose normalized (DN) Cpax by 2.78- and 2.81-fold and DN
AUC;y by 1.97- and 1.84-fold, respectively in patients and simulation, compared to the Captisol®
formulation. A parameter sensitivity analysis of the absorption parameters revealed an increased
solubilization and permeability for selumetinib in the TPGS formulation and an increased intestinal
solubility for the combination with Captisol®, resulting in an improved bioavailability for both
formulations, compared to the application without excipients. Furthermore, the impact of physiological
influences was evaluated in the model, to investigate the observed variability in the selumetinib plasma
disposition. Changes in the plasma protein binding rate and hepatic clearance both significantly
influenced the plasma concentration of selumetinib and are thus responsible for a basic variation in
patients, depending on the physiological condition, state of disease or co-medication of the patient.
PBPK modelling is a potent tool to understand the mechanisms responsible for highly variable plasma

concentrations and can therefore provide support in both drug development and clinical practice.
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Introduction

Physiologically based pharmacokinetic (PBPK) modeling has become an increasingly important method
in drug development to predict and visualize the performance of a drug candidate in their respective
formulation and physiological environment. PBPK models can help to better understand the
pharmacokinetic (PK) profile of a drug, including underlying mechanisms, to identify problems for the
intended clinical use, based on the physicochemical properties of the compound and the physiological
parameters of the target population (1-8). This is especially useful for drugs with a high variability in
their plasma concentration-time profile. Additionally, the biopharmaceutics classification system (BCS)
has proven to be a useful scientific framework for an assessment of the absorption process, based on the
solubility and permeability characteristics of the compound. It has been introduced by Amidon et al and
was originally intended for regulatory bioequivalence issues (9), however it is now also commonly used
in drug discovery and development (10-11). It classifies orally administered drugs into four different
classes, depending on the magnitude of their key absorption parameters aqueous solubility and intestinal
permeability (12-14). However, also physiological parameters, as well as dosage forms and formulations
of a drug can influence the absorption rate and consequently the characteristics and BCS classification
as well as the bioavailability of the compound (15). Dealing with low solubility and low permeability
drugs is becoming an increasingly pressing issue, since many of the pipeline drugs exhibit these
characteristics (16). Therefore, various strategies have emerged to enhance the absorption rate of a
compound, such as particle size reduction, nano-formulations, crystal engineering or the use of
excipients for inclusion-complexes, lipid-based technologies or self-emulsifying systems (17-22).
Excipients are inactive additives, used to modify the solubility and hence increase the absorption and
bioavailability of a drug. Additionally, some excipients have shown to inhibit the P-glycoprotein (P-gp)
transporter and thus drug efflux from enterocytes, which can also lead to a higher effective intestinal
permeability and therefore a higher bioavailability of the compound (23-24). However, modifying the
physicochemical properties of a compound and therefore altering the balance between solubility and
permeability is delicate and may result in a tradeoff. Improving the solubility and hydrophilicity might
at the same time decrease the permeability through the intestinal membrane and thus lead to an unwanted
effect of an overall reduced bioavailability (25). To assess the effect of an excipient on the absolute

bioavailability of the compound, changes to both, solubility and permeability should be considered.

In this study, a PBPK model of selumetinib (AZD6244, Astra Zeneca), an orally administered MEK 1/2
inhibitor (26) was used to demonstrate the effect of different formulations on the absorption and
bioavailability of the drug as well as to identify additional parameters responsible for the high variability
in the plasma disposition of patients. In vitro and in vivo literature data of two formulations, including
different dose strengths was used to establish the PBPK model with the software GastroPlus™
(Simulations Plus Inc., CA.) and validate the simulated plasma concentration-time profile. Selumetinib

is a lipophilic compound with low aqueous solubility and low to moderate permeability and is therefore
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classified as BCS class IV drug (27). It has a considerably high protein binding rate and is eliminated
hepatically (28). It has been administered to patients in two formulations each containing a different
excipient, to enhance its absorption rate. Variations in plasma concentration were therefore expected
from the formulation differences. The impact of the excipients on the absorption and bioavailability of
selumetinib can be demonstrated in a PBPK model as well as additional influences in absorption,
distribution, metabolism and excretion (ADME) parameters. Some co-variates have already been
identified by previous studies (27-32), but their effect on the plasma concentration has not been
evaluated in a PBPK model yet. Several physiological and pharmacokinetic co-variates were therefore
selected for assessment, such as administration to a fed state, pH changes in the stomach due to a possible
co-medication of acid reducing agents (ARAs), changes in protein binding, body weight or age and

impairment of hepatic or renal function.

Materials and methods
Data evaluation

Table I

In vivo PK data of selumetinib was assessed from 11 clinical phase I-III trials, published between 2010-
2017, for comparison and validation of the PBPK model. The evaluated studies are listed in Table I
(27,32-41). The first in human studies of selumetinib were conducted with a “mix and drink” suspension
of 100 mg selumetinib free base, formulated in 30 ml 25% (v/w) aqueous solution of Captisol®, a
substituted cyclodextrin, as excipient. In further studies, the suspension was replaced by a capsule
formulation of 75 mg selumetinib hydrogen sulfate, formulated with Tocophersolan, a water-soluble
vitamin E derivative, as excipient. The PK parameters Cmax, AUCint and Tmax as well as clearance (Cl),
volume of distribution (Vd) and elimination half-life (Tina) were evaluated from single dose
administrations of selumetinib monotherapy. The capsule formulation has been further investigated in

patients regarding food effect and hepatic and renal impairment (27-28,32).
Excipients

Captisol®, a sulfobutylether-B-cyclodextrin (SBE-BCD), is used to enhance the solubility of poorly
soluble compounds (42-45). The cyclodextrin structure consists of a hydrophilic surface and a lipophilic
central cavity and can thus form water-soluble inclusion complexes with lipophilic compounds, such as
selumetinib. In an aqueous solution, the complex and the free fraction of the drug are in dynamic
equilibrium. Although the solubility strongly increases through the complexation, the permeability has
been observed to decrease for many compounds when combined with cyclodextrins (46-50). Literature
revealed various effects of cyclodextrin complexation on the overall bioavailability of compounds, from

decreased or unchanged to increased bioavailability (25). An increase in bioavailability can result from

2
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an enhanced availability of drug in solution and reduced precipitation at the absorption site, due to the
constant release of drug from the complex and its stabilizing effects (42,51). However, the
bioavailability can also decrease through the complexation, when a major fraction of the drug is bound
and consequently unavailable for permeation, therefore an excess of cyclodextrin is not recommended
for a drug formulation (51). Although the mechanistic understanding of the excipient-drug-reaction has

advanced, it still underlies many compound-individual variations.

Tocophersolan, D-a-tocopheryl polyethylene glycol 1000 succinate (TPGS), is used as solubility and
permeability enhancer for poorly performing compounds (52-54). It has an amphiphilic structure with a
hydrophilic head and lipophilic tail and assembles to stable micelles in aqueous environment. It can
incorporate lipophilic molecules into the micelles to increase their solubility and further the permeation
through the intestinal membrane. Its ability as surfactant is also important to prevent nucleation and
subsequent precipitation of poorly soluble drugs at the absorption site (55). Moreover, TPGS also
showed effective inhibitory function to P-gp (56) and has been hence described to further increase the
permeability and overall bioavailability in many drugs susceptible to P-gp efflux. TPGS can be
formulated in self-emulsifying/micro-emulsifying drug delivery systems (SEDDs/SMEDDs) as solid
dispersions (17,19), which can be then encapsulated for an easier drug administration and higher

compliance.
PBPK modeling
Table 1T

The software GastroPlus™ 9.6 (Simulations Plus Inc., Lancaster, CA) was used to build the PBPK
model of selumetinib, based on literature data and predictions from the ADMET Predictor™ module of
the software. The input parameters are summarized in Table II. Values for the physicochemical
parameters lipophilicity (logP), ionization constant (pKa) and solubility, the distribution parameters
protein binding (fraction unbound in plasma) and blood/plasma ratio as well as the hepatic clearance
were included according to literature (27-29,37). The permeability was estimated for a low to moderately
permeable compound (8,27). The total body clearance of the in vivo studies was integrated as hepatic
clearance in the model, since selumetinib has not shown significant gut metabolism or renal excretion.
The gut physiology was set to a fasted state. This basic model was used to assess the impact of a
simultaneous change of the main absorption related parameters permeability and solubility on the
bioavailability of selumetinib in a 3D parameter sensitivity analysis (PSA). However, the absorption
process for a highly lipophilic compound with low aqueous solubility can also depend on further
parameters, such as the solubilization ratio, which describes the solubility increase through bile salt
solubilization in the intestine, as well as the particle size of the formulation or the precipitation time in
the intestine. Therefore, the absorption related parameters were optimized for each formulation, using
the Optimization module of GastroPlus™ and a population simulation was conducted to subsequently

compare and validate the simulations with the respective reported plasma concentration-time data.
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Influences of formulation and co-variates

The models of both formulations were used to describe the influence of the excipients from the two
formulations on the absorption and pharmacokinetic profile of selumetinib by PSA. Additionally, the
simulation of the TPGS-selumetinib capsule was used to demonstrate the effect of further co-variates
on the plasma concentration of the compound. Possible influences of seven co-variates on the variability
of selumetinib plasma concentration were considered. The absorption of BCS class IV compounds can
be altered by concomitant food intake (27,32). Usually in a fed state, the stomach pH increases from
about 1-2 to 4-5 and the transit time prolongs from 15 min to about 1 h, which often results in varied
absorption kinetics compared to a fasted state administration (57). ARAs are frequently combined with
oral chemotherapeutic agents because of a prevalent appearance of gastrointestinal side effects of these
drugs. The triggered increase in stomach pH can alter the solubility and consequently the absorption of
the chemotherapeutic agent, if the solubility of the drug is low and pH-dependent (58). As a lipophilic
drug, selumetinib is considerably distributed into tissues, therefore age and body weight were assumed
to be a likely co-variate (29). Since selumetinib is highly bound to plasma proteins, it was expected that
even a minor variation of the unbound fraction would result in a significantly altered plasma
concentration (28). The hepatic clearance is the major elimination route and the plasma concentration
of selumetinib is therefore presumably sensitive to changes in this parameter, whereas changing the

renally eliminated fraction should not result in significant changes (28).

Results
Analysis of literature data
Table III

The selumetinib PK parameters evaluated from literature are listed in Table 11, of both, the suspension
and the capsule formulation. It comprises PK data from published clinical trials (see Table I) of 68
patients receiving the “mix and drink” suspension with 100 mg selumetinib free base and 484 patients
receiving the capsule formulation with 75 mg selumetinib hydrogen sulfate salt. Since the composition
of phase II and phase III capsule shells differ by minor qualitative changes, a bioavailability trial was
conducted, but concluded a similar exposure for both formulations, even though the phase III
formulation resulted in a marginally reduced Ciax, compared to the phase II capsule (32). However, the
reported variation is still within the Crax range of the evaluated literature data of the capsule formulation,
therefore the PK results of phase II and III capsules were combined in this data analysis. The reported
mean Cnax values for the suspension ranged from 486-807 ng/ml and from 1150-1537 ng/ml for the
capsule. AUCiy mean values ranged from 2700-3299 ng-h/ml and 3680-6335 ng-h/ml in the respective
groups. Tmax median values were between 1-1,5 h for both formulations. To enable a better comparison

of the two formulations, dose normalized (DN) values were calculated. Values increased by 2.78-fold
4
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for DN Cpax and 1.97-fold for DN AUC;, from the suspension to the capsule formulation. The absolute
bioavailability of the capsule formulation was calculated to be 62% (39) and the reported relative
increase of bioavailability from the suspension to the capsule formulation, based on DN AUCy.24, was
calculated to be 263% (36). Both, CI and Vd appeared to be higher in the suspension group with 29.0-
44.4 1/h and 365.0-415.0 1 respectively, compared to the capsule group with 12.1-21.5 I/h and 89.3-
175.2 1. Tiper was observed in all trials in a similar range of 4.5-13.7 h and therefore remained unaffected

from the galenic formulation.
PBPK simulations
Fig. 1.

The basic model, built from ADMET Predictor™ calculations and literature data resulted in a low
fraction absorbed of 12.5%, as well as a low bioavailability of 7.6%, as expected for a BCS class IV
compound. The model was used to demonstrate the effect of increased absorption parameters on the
bioavailability of selumetinib. The 3D PSA (Fig. 1) showed the sensitivity of the absolute bioavailability
towards increasing values of the absorption parameters solubility and permeability. A distinct
augmentation in solubility could improve the bioavailability up to approximately 40%. Any further
increase in bioavailability to the reported 62% for the capsule formulation involved an additional
enhancement of the compound’s intestinal permeability. The model can be used to evaluate the potential
risk of a tradeoff between solubility and permeability and its effect on the bioavailability and plasma

disposition of the compound, thus facilitating the process of formulation development.
Table IV
Fig. 2.

The models of the two selumetinib formulations were generated by optimizing the absorption related
parameters to fit the evaluated literature data for further investigation. The resulting PK parameters and
plasma concentration-time profiles of the respective population simulations are shown in Table IV and
Fig. 2. Plasma concentration-time data has also been transformed into logarithmic values to illustrate
the biphasic course of the curve, indicating a two-compartment model; 2-3 h after administration, the
distribution phase terminates, and the elimination phase predominates. The optimization of the
suspension formulation resulted in a strong increase of the solubilization ratio (SR), highlighting the
importance of the solubility of the compound in the intestinal fluid and only a modest change in
permeability. Due to the increased SR there was no further change in the intrinsic solubility. The
resulting mean Cnax of the population simulation for the suspension was 484 ng/ml in a 90% CI range
of 401-566 ng/ml and the mean AUC;,s value was 3019 ng-h/ml in a 90% CI range of 2771-3814 ng-
h/ml. Tmx was reached after 1.44 h (1.37-1.56 h) and the calculated bioavailability (F%) of the
population simulation was 47.8%. The optimization of the capsule formulation included a strong

increase in both, permeability and SR, compared to the basic model as well as a prolonged precipitation
5
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time, indicating a higher stability of the compound in the intestine. The resulting mean Cpax of the
population simulation for the capsule formulation was 1014 ng/ml in a 90% CI range of 933-1095 ng/ml
and the corresponding mean AUC,s value was 4171 ng-h/ml in a 90% CI range of 3721-4623 ng-h/ml.
The mean Twmax Was reached after 0.74 h (0.7-0.83 h) and the calculated absolute bioavailability of the
simulation was 65.7%. To compare the simulated PK parameters of the different formulations and dose
strengths, DN values were calculated and resulted in similar values as the reported literature data, with
an increase from the suspension to the capsule formulation for DN Cpax by 2.81-fold and for DN AUCiy¢
by 1.84-fold. However, even though the simulations achieved a good fit with the reported PK profiles,
the relative increase in simulated bioavailability resulted in only 137%, and thus differed significantly
from the value described in literature (36). Therefore, additional parameters influencing the plasma

disposition of the compound were evaluated.
Impact of formulation and physiological co-variates on the plasma disposition
Fig. 3.

To evaluate the influence of the optimized absorption values on the PBPK models, PSAs were conducted
for both formulations. Fig. 3 shows the sensitivity of the PK parameters Cmax (Fig. 3a) AUC (Fig. 3b),
Tmax (Fig. 3c) and bioavailability (F%) (Fig. 3d) in the Captisol® suspension model of selumetinib
towards the permeability and SR of the compound. All four parameters were strongly influenced by the
enhanced SR and only to a minor extent by the permeability. Optimizing the SR value in the PBPK
model increased Cpax by 6.3-fold, the AUC by 2.7-fold and the F% by 2.9-fold compared to the basic
model. This enhancement shows that a higher availability of dissolved drug in the intestine has a distinct
effect on the plasma disposition of the drug. The higher solubility in the intestinal fluids also reduced
Tmax by 2.8-fold, indicating a quicker uptake from the intestine. Since the optimization of the
permeability resulted in only a small change compared to the basic model, its contribution to the
enhanced plasma disposition of selumetinib in the suspension formulation is limited. Cuax increased by
1.25-fold through optimizing the permeability, AUC by 1.23-fold, F% by 1.2-fold and Tnmax was reduced
by 2.25-fold. However, even though the effect of permeability within the range of the optimization on
the plasma disposition was small, the PSA indicates that an onward rise in permeability can further
increase Cmax, AUC and F%, contrarily to an additional enhancement of SR. Based on literature, the
expected effect of Captisol® was an increased solubility and therefore an increased bioavailability,
matching the outcome of the PSA and the GastroPlus™ optimization. The excipient was not associated

with an enhanced intestinal permeability (44,48).
Fig. 4.

Fig. 4 depicts the sensitivity of Cnax (Fig. 4a), AUC (Fig. 4b), Tmax (Fig. 4c) and F% (Fig. 4d) in the
TPGS capsule simulation of selumetinib towards the optimized absorption parameters permeability and

SR. On the contrary to the suspension model, the capsule simulation is considerably dependent on both
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parameters. Optimizing SR enhanced Cpax by 2.3-fold and reduced Tiax by 1.75-fold, compared to a
2.7-fold increase of Cmnax and 2.8-fold decrease of Tmax by optimizing the permeability. Although the
effect of both parameters on Crax is similar in the optimized range, only an additional increase of
intestinal permeability has the potential to further enhance Cpay, in opposition to the intestinal solubility,
which shows a limited effect on the peak plasma concentration. However, altering the absorption
parameters showed minimal effect on the plasma disposition of the selumetinib capsule simulation, with
an increase of 4% by SR and 14% by permeability for the AUC as well as 2% and 11% respectively for
the F%. Moreover, a further enhancement of both absorption parameters did not result in an additional
growth of AUC and F%. As described in literature, TPGS was expected to enhance both, solubility and
permeability of selumetinib, due to its stabilizing and solubilizing effects and surfactant characteristics

(59).

The PSAs showed that the optimization of the absorption parameters produced similar results for the
characterization of the excipients Captisol® and TPGS as reported in literature. However, the PBPK
model also demonstrated, that the high variations in the patient plasma profiles of selumetinib not only
derived from formulation differences and varying absorption parameters. The PBPK model of the
capsule formulation was therefore used to illustrate the impact of several physiological co-variates on
the selumetinib plasma concentration, to better explain the high variability in the data obtained from

patients. The influences of selected clinically relevant co-variates are displayed in Fig. 5.
Fig. 5.

The absorption of a BCS class IV compound is usually altered positively by concomitant food intake,
resulting in an increase in AUC and bioavailability. However, in this case the excipient TPGS changed
the properties and BCS classification of the compound and consequently the food effect. It has been
shown in patients that concomitant food intake negatively affected the absorption of selumetinib,
resulting in a reduced Cmax by 50-62% and a minimal decrease in AUCint by 16-19% (27,32). Tiax Was
delayed by 1.5-2.5 h. Simulating a fed state in the model decreased Cmax by 32%, whereas AUCint
remained unchanged and Tmax increased by 0.2 h, which does not correspond to the reported data. Yet,
by additionally prolonging the transit time in the stomach, Cnax Was reduced by 58%, AUCiy by 19%
and Tmax was prolonged by 2.5-fold (Fig. 5a). Otherwise, eliminating the positive effect of TPGS on the
permeability reduced Cmax by 50% and prolonged Tmax by 2-fold thus suggesting either an altered
transportation of the capsule through the intestine when administered with food, or an instability of the
TPGS micelles in the presence of food. In both cases, the calculated F% was only reduced
insignificantly. Another possible co-variate could be the concomitant administration of ARAs, which
are used to reduce the frequently occurring gastrointestinal side effects of many chemotherapeutic agents
through elevating the stomach pH. A weakly acidic environment can significantly decline the solubility
of a weak base such as selumetinib and might result in an inferior absorption and plasma concentration

(57-59). The combination of ARAs with selumetinib has not yet been reported in patients. The model
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displayed no significant effect of a gastric pH elevation on the plasma disposition, as shown in Fig. 5b,
only Tmax was minimally extended, due to a prolonged gastric emptying time, indicating a stable
solubility of the TPGS formulation over the physiological pH range (52). The elevated lipophilicity of
selumetinib correlates with a high protein binding rate, with a small unbound fraction of 0.35%. The
plasma concentration is therefore sensitive to small changes in the protein binding rate, which could be
demonstrated in Fig. 5c. Increasing the unbound fraction to 0.6% (+71%) resulted in a decreased Cpmax
and AUCixs by 27% and 35% respectively and reducing it to 0.2% (-43%) led to higher Ciax and AUCy¢
by 44% and 68%. The deviation from 0.2%-0.6% used in this example was measured in patients and
thus accounts for a basic variation in the plasma concentration (28). An equally important co-variate
responsible for a high variability is the hepatic clearance. Selumetinib is metabolized mainly by CYP
enzymes in the liver, only a small percentage is eliminated renally, therefore any changes in the hepatic
clearance were expected to impact the plasma concentration of selumetinib. As demonstrated in Fig. 5d,
elevating the hepatic clearance from 12 to 16 I/h, decreased Cmax and AUCiys by 20% and 19%
respectively and reducing it to 8 I/h yielded an increase in Cmax and AUCiy by 23% and 62%
respectively. The applied range of hepatic clearance values in the simulation was within the range of the
reported patient data. Both parameters, protein binding and hepatic clearance resulted in a deviation of
+ 15% for the calculated F% in the investigated range of variation. The impact of the physiological
parameters age and body weight was minimal and a reduction of the already low renal clearance did not

affect the plasma profile of selumetinib, as anticipated.

Discussion

The PBPK model of selumetinib was used to evaluate the PK profile of the compound and investigate
the potential mechanisms responsible for the high variability in plasma concentrations, observed in
patients. Based on the low solubility and low to moderate permeability of the compound, variations were
expected mainly during the absorption process. However, selumetinib was administered to patients in
formulations containing excipients to increase the absorption and bioavailability of the drug for an
effective treatment. The utilized excipients were Captisol® in a suspension and TPGS in a capsule
formulation, both increasing the absorption of selumetinib. The TPGS formulation was subsequently
selected for further development and investigation, due to the better performance concerning absorption
rate and bioavailability, compared to the suspension. The detailed mechanisms behind the absorption-
increasing effects of both excipients on the PK profile of selumetinib have however not been further
examined. Even though excipients can be generally characterized, they often exhibit compound-
individual and concentration-dependent effects. Captisol® has been described in literature as solubility
enhancer, but also showed the potential of decreasing the permeability of compound, presumably
through increased complexation and therefore reduced availability of unbound drug for absorption in

the intestine (46-50). The GastroPlus™ optimization as well as the PSA of selumetinib in the suspension
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formulation showed a distinct increase in solubilization due to the cyclodextrin completion, but no
tradeoff in permeability. TPGS was associated with increased solubilization and stabilization through
micelle formation with the compound in the intestinal fluids. Consequently, a higher permeability can
be achieved, resulting in enhanced absorption and bioavailability of the drug. TPGS also inhibits the P-
gp transporter and is therefore often used in formulations of drugs susceptible to the drug efflux of P-gp
(56). Selumetinib possesses a high lipophilicity, which suggests adequate permeability, since lipophilic
molecules are likely to permeate well through membranes via passive transport, except for very large
molecules or a high activity of efflux transporters (19). In the case of selumetinib, the molecular weight
is still within the range of drug-like compounds (17), therefore the possibility of efflux transporters
should be further investigated to explain the low permeability. The absorption related parameters of both
formulation models were optimized using the GastroPlus™ Optimization module. It can calculate
simulation parameters to fit available plasma concentration-time data and was therefore applicable and
useful in the presented model. However, to describe the absorption process more detailed, in vitro-in
vivo correlations (IVIVC) could be performed, by implementing data on dissolution, solubility and
permeability of the compound in the respective formulations into the model. The model was able to
produce plasma concentration-time simulations in a similar range as observed in patients. DN Cpax and
DN AUC;y values showed a distinct increase from the suspension to the capsule formulation in both
data sets, with an increase by 2.78- and 2.81-fold for DN Ciax and 1.97- and 1.84-fold for DN AUC;x¢
in literature and simulation respectively. The reported relative increase in bioavailability by 263% from
the suspension to the capsule formulation was however not reproducible to this extent by only changing
the formulation dependent absorption parameters in the model. A broader evaluation of co-variates
responsible for variations in plasma disposition revealed the hepatic clearance and protein binding rate
as parameters with significant influence on the plasma profile of selumetinib. Values for both parameters
have been fluctuating in patients due to their physiology, different stages of the respective diseases and
the overall performance as well as co-medication. Even small changes in these parameters resulted in
relevant changes in the corresponding plasma concentration. Given, that the simulations considered just
one parameter at the time, the probability for higher variations strongly increases when two or more
parameters vary simultaneously, as will be the case in a physiological environment. Body weight and
age were thought to have a larger effect on the plasma concentration, however the actual effect remained
minimal in the tested range. The renal elimination of selumetinib is low, therefore changes in plasma
concentration were not expected. Patients with end-stage renal disease undergoing hemodialysis showed
an altered selumetinib plasma disposition, depending on the timing of drug administration and dialysis
(28). It was however not possible to display the impact of hemodialysis in the current model. As BCS
class IV drug, selumetinib was expected to exhibit an increased absorption when administered with food,
due to the bile salt solubilization effect (17). A higher concentration of bile salts in the intestine can
incorporate lipophilic molecules and therefore enhance their solubility further the permeation through

the intestinal membrane. However, excipients such as TPGS can change those characteristics, hence the
9
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expected positive food effect for selumetinib resulted in a negative effect in the formulation with TPGS.
This effect has already been observed in a similar case of a BCS class II compound with low solubility
and high lipophilicity where an alteration of relevant absorption properties by TPGS resulted in a
reduced absorption at a fed state, compared to a fasted state (2). Furthermore, drugs with weakly basic
properties have often shown a significantly reduced absorption rate when co-administered with ARAs,
because of a decreased solubility at a higher pH (57-62). However, due to the stable intestinal solubility
of selumetinib with TPGS over the physiological pH range, the malabsorption effect through commonly
co-administered ARAS is negligible.

Conclusion

The PBPK model shows the PK profile of selumetinib and the impact of two excipients on the absorption
of the BCS class IV compound. The model additionally demonstrates the influence of several
physiological co-variates on the plasma disposition of selumetinib and thus reveals parameters
responsible for the high variability observed in plasma concentrations of patients. The goal of this study
was to emphasize the potential of PBPK modeling in drug development to identify co-variates and gain

understanding of the underlying mechanisms, to ensure an efficient and safe treatment for patients.
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Table Captions

Table I. List of studies contributing to the pooled pharmacokinetic analysis.

Table II. GastroPlus™ model input parameters.

Table III. Literature pharmacokinetic parameters for selumetinib in the suspension and capsule
formulation.

Table I'V. Pharmacokinetic key parameters for selumetinib in the suspension and capsule formulation,
calculated in a GastroPlus™ population simulation.
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Table 1

Table I. List of studies contributing to the pooled pharmacokinetic analysis.

Formulation Dosage | N | Reference Year | Lit.
Suspension 100 mg | 26 | Adjei A. etal. 2008 | 33
28 | Banerji U. et al. 2010 | 34

14 | O'Neil B. et al. 2011 35

Capsule 75mg | 34 | Banerji U. etal. 2010 | 34
21 | Leijen S. et al. 2011 | 27

11 | Bridgewater J. etal. | 2016 | 36

6 | Dymond A. et al. 2016 | 37

50 | Zhou D. et al. 2016 | 38

22 | Dymond A. et al. 2017 | 39

190 | Dymond A. et al. 2017 | 40

37 | LoRusso P. et al. 2017 | 41

113 | Tomkinson H. etal. | 2017 | 32
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Table 2

Table II. GastroPlus™ model input parameters.

Parameters Basic model Suspension Capsule
Molecular weight [g/mol] 457.69 457.69 457.69
pKa acidic (a), basic (b) 8.2 (a), 2.7 (b) 8.2 (a), 2.7 (b) 8.2 (a), 2.7 (b)
logP 3.88 3.88 3.88
Solubility [mg/ml] 0.0034 at pH 7.4 | 0.0034 at pH 7.4 | 0.0034 at pH 7.4
Permeability [cim/s x 1074] 0.5 0.7 4.0
Solubilization ratio 6.54 E4 1.94 E6 3.18 E6
Particle radius [um] 25.0 5.0 5.0
Mean precipitation time [sec] 900 100 2000
Fraction unbound in plasma [%] 0.35 0.35 0.35
Blood/plasma ratio 0.6 0.6 0.6
Hepatic clearance [I/h] 14.0 16.0 12.0
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Table 3

Table III. Literature pharmacokinetic parameters for selumetinib in the suspension and capsule

formulation.
Suspension — 100 mg Capsule — 75 mg

Parameters Mean range * Mean range *

(n=68) (n=484)
Crnax [ng/ml] 486-807 1150-1537
AUCiys [ng-h/ml] 2700-3299 3680-6335
Tmax [h] 1.0-1.08 1.0-1.55
CI/F [I/h] 29.0-44.4 12.1-21.5
Vd/F [1] 365.0-415.0 89.3-175.2
Tize [h] 4.5-11.1 5.33-13.7

* Values were obtained as geometric mean. only Tmax as median
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Table 4

Table I'V. Pharmacokinetic key parameters for selumetinib in the suspension and capsule formulation,
calculated in a GastroPlus™ population simulation.

Suspension — 100 mg Capsule — 75 mg

Parameters Mean * 90% CI Mean * 90% CI
(n=25) (n=25)

Cinax [ng/ml] 484 401-566 1014 933-1095
AUC;y [ng-h/ml] 3019 2771-3814 4171 3721-4623
Tmax [h] 1.44 1.37-1.56 0.74 0.7-0.83
Cl [I/h] 16.02 n.c. 12.34 n.c.
Vd [1] 69.13 n.c. 69.26 n.c.
Tize [h] 2.99 n.c. 3.89 n.c.

* All simulated values were calculated as geometric mean

n.c. not calculable
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Figure Captions

Fig. 1. 3D PSA surface plot of solubility and permeability on the bioavailability of selumetinib.

Fig. 2. Plasma concentration-time profile of selumetinib (linear + log scale), calculated in a
GastroPlus™ population simulation (£ 90% CI), in the suspension (triangles) and capsule (squares)

formulation.

Fig. 3. Parameter sensitivity analyses of the selumetinib suspension formulation: impact of permeability

and solubilization ratio on Cpax (a), AUC (b), Tmax (¢) and bioavailability (F%) (d).

Fig. 4. Parameter sensitivity analyses of the selumetinib capsule formulation: impact of permeability

and solubilization ratio on Cpax (a), AUC (b), Tmax (¢) and bioavailability (F%) (d).

Fig. 5. Simulation of physiological influences on the plasma concentration of selumetinib. Fasted vs fed
state administration (a), influence of gastric pH-changes due to co-administered acid reducing agents
(ARAs) (b), changes in the protein binding rate (unbound fraction — FuP%) (c), changes in hepatic
clearance (Cliep) (d).
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Figure 1 Click here to access/download;Figure;Fig. 1.jpg 2
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Figure 2 Click here to access/download;Figure;Fig. 2.jpg 2
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Figure 3 Click here to access/download;Figure;Fig. 3.jpg =
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Figure 4
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Figure 5
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6.1.4 Capecitabine

Pharmacokinetic modeling of the sequential metabolism
of capecitabine to 5-fluorouracil (5FU) for evaluation of
influencing factors on 5FU disposition in plasma, liver

and tumor tissue and assessment of related toxicities.

Gruber A, Czejka M, Dittrich C.

Cancer Chemother Pharmacol. Submitted 2019
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Pharmacokinetic modeling of the sequential metabolism of capecitabine to 5-
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Purpose

This study evaluated the pharmacokinetic (PK) profile and toxicities of the combination
therapy of capecitabine (CCB) with oxaliplatin and cetuximab and used a
physiologically-based pharmacokinetic (PBPK) model to assess the impact of
physiological changes on the concentration of CCB and its metabolites in plasma, liver
and tumor.

Methods

Plasma concentrations of 24 patients receiving the triple therapy were assessed as
well as treatment-emergent adverse events (TEAEs), graded according to CTCAE. The
PBPK model was developed based on CCB, 5’-deoxy-5-fluorocytidine, 5’-deoxy-5-
fluorouridine and 5-fluorouracil (5FU) and the enzymatic steps involved in the
activation of CCB to 5FU in liver and tumor tissue.

Results

Plasma PK data of CCB and its metabolites was in a similar range as reported for CCB
monotherapy, hence ruling out an underlying drug-drug interaction in the triple-
therapy. In two patients TEAEs grade (G) 3 and in 18 patients 52 TEAEs G 2 were
observed. The PBPK model showed the impact of physiological co-variates and
variations in the metabolic conversion on the disposition of CCB and its metabolites. As
anticipated, the highest influence on the 5FU tumor disposition derived from the
enzymes directly involved in formation and inactivation of 5FU, with significantly higher
influence of the liver enzymes compared to the tumor enzymes, indicating that the
tumor blood flow is relevant in the 5FU tumor disposition.

Conclusion

PBPK models can illustrate underlying mechanisms of TEAEs and physiological
consequences of co-variate influences on drug disposition, thus enabling a more
rational treatment and a decrease of unexpected toxicities.
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Abstract

Purpose

This study evaluated the pharmacokinetic (PK) profile and toxicities of the combination therapy of capecitabine
(CCB) with oxaliplatin and cetuximab and used a physiologically-based pharmacokinetic (PBPK) model to assess

the impact of physiological changes on the concentration of CCB and its metabolites in plasma, liver and tumor.
Methods

Plasma concentrations of 24 patients receiving the triple therapy were assessed as well as treatment-emergent
adverse events (TEAEs), graded according to CTCAE. The PBPK model was developed based on CCB, 5’-deoxy-
5-fluorocytidine, 5’-deoxy-5-fluorouridine and 5-fluorouracil (5FU) and the enzymatic steps involved in the

activation of CCB to 5FU in liver and tumor tissue.
Results

Plasma PK data of CCB and its metabolites was in a similar range as reported for CCB monotherapy, hence ruling
out an underlying drug-drug interaction in the triple- therapy. In two patients TEAEs grade (G) 3 and in 18 patients
52 TEAEs G 2 were observed. The PBPK model showed the impact of physiological co-variates and variations in
the metabolic conversion on the disposition of CCB and its metabolites. As anticipated, the highest influence on
the SFU tumor disposition derived from the enzymes directly involved in formation and inactivation of SFU, with
significantly higher influence of the liver enzymes compared to the tumor enzymes, indicating that the tumor blood

flow is relevant in the SFU tumor disposition.
Conclusion

PBPK models can illustrate underlying mechanisms of TEAEs and physiological consequences of co-variate

influences on drug disposition, thus enabling a more rational treatment and a decrease of unexpected toxicities.

Keywords: Capecitabine, metabolism, toxicities, PBPK modeling, SFU disposition
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Introduction

Capecitabine (CCB), a triple prodrug of the antimetabolite 5-fluorouracil (SFU), is used in mono- or combination
therapy with several cytotoxic or cytostatic agents for the treatment of various solid cancers such as colorectal and
breast cancer [1-6]. The efficacy of the treatment is dependent upon the tumor specific activation of CCB to SFU
by enzymes predominantly expressed in tumor tissue and liver [7-11]. The therapy with the orally administrable
CCB is considered equivalent to SFU regarding efficacy, however the toxicity profiles of the two drugs differ. The
main side effects associated with CCB include gastrointestinal toxicities and hand-foot syndrome [12], which in
severe cases can require dose reductions. An increase in treatment-emergent adverse events (TEAEs) was observed
for CCB when combined with other cytotoxic compounds in a therapeutic regimen, which can derive from drug-
drug interactions or an accumulation of side effects.

The treatment combination of SFU or CCB with oxaliplatin (OX) and the monoclonal antibody cetuximab (CTX)
in patients with advanced colorectal cancer was investigated in the COIN trial [13] and reported a significantly
increased incidence of gastrointestinal toxicities in the CCB-based therapy, compared to the 5FU-based
combination. Treatment-related deaths were predominantly connected to gastrointestinal toxic effects in the CCB-
based therapy and the progression-free survival only improved in in the SFU- based therapy with OX and CTX,
but not in patients receiving the CCB-based treatment. Additionally, the negative influence of the combination
CCB, 0OX, and CTX was reflected by a shorter overall median duration of therapy compared to the SFU-based
treatment. In this context, a PK study was conducted to elucidate possible drug-drug interactions of the
chemotherapeutic agents CCB and OX and the monoclonal antibody CTX in metastatic colorectal cancer patients
[14] to explain the detrimental effect described by Maughan et al [13] when using CCB instead of SFU in the
combination with CTX and OX. However, Rachar et al [14] detected no PK interaction between the investigated
drugs CCB, CTX and OX. Since toxicities are often linked to a higher exposure of cytotoxic compounds and thus
higher plasma concentrations of the respective compounds, adverse events in a chemotherapeutic treatment can be
partly anticipated based on a patient’s PK profile. Variabilities in the PK profile can furthermore be predicted by
in silico tools, to illustrate if changes, derived from age, gender, dosage, tumor entity or other sensitive parameters,
such as genetic variations in the case of CCB [15], impact the disposition of chemotherapeutic drugs in the tumor
compartment or are responsible for a generally high interpatient variability. Additionally, pharmacogenetic tests
to predict CCB related toxicities by analyzing genetic polymorphisms responsible for alterations in metabolic
pathways have emerged. However, the detailed impact of critical polymorphisms on the PK profile of CCB and
its metabolites in physiological environment has not yet been determined [15-18].

PBPK modeling facilitates risk assessment concerning dosage, physiology or co-medication by demonstrating the
influence of co-variates on the disposition of drugs in various compartments [19-21] and can thus increase
treatment safety. The current study presents a GastroPlus™ PBPK model of CCB and its sequential metabolism
to 5’-deoxy-5-fluorocytidine (DFCR), 5’-deoxy-5-fluorouridine (5’-DFUR) and 5FU. It furthermore contains the
metabolic steps involved in the activation and inactivation process of SFU, characterized by enzyme expression
and enzymatic activity, to identify sensitive parameters responsible for the high interpatient variability observed

in patient data.
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Materials and Methods

PK study

Study population

Patients eligible for this PK study were diagnosed with histologically confirmed KRAS wild type adenocarcinoma
of the colon or rectum in the metastatic setting. Inclusion criteria were ECOG performance status < 2, age > 18
years, absolute neutrophil count (ANC) > 1.5 x 10%/L, platelet count > 100 x 10%/L, hemoglobin (Hb) > 8 g/dl),
serum (total) bilirubin < 1.5 x upper limit of normal (ULN), aspartate aminotransferase (AST), alanine
aminotransferase (ALT) < 2.5 ULN (< 5 x ULN if liver metastases were present) and serum creatinine < 2 x ULN.
Patients must not have had previous chemotherapy for metastatic disease, except for prior adjuvant chemotherapy
if the chemotherapy treatment free interval was > 6 months, or administration of any of the investigational agents
within 4 weeks prior to the study entry as well as previous exposure to epidermal growth factor receptor (EGFR)-
pathway targeting therapy. Further exclusion criteria were grade (G) 3/4 allergic reaction to any of the investigated
chemotherapeutic agents, known or suspected brain metastases, New York Heart Association (NYHA) grade 3/4
heart failure or uncontrolled angina, pregnancy or lactation. The intake of drugs specifically contraindicated to one
of the three study drugs was prohibited and all concomitant medication was reported. All patients were asked to
keep a diary during their treatment and were checked upon once a week to retrace possible adverse events (AEs),

interactions and treatment failures.

Study design

The study was designed as multicenter, randomized phase II trial with each 12 patients assigned to arm A and B,
allowing the exclusion of potential carry-over effects. The study schedule of the two arms was characterized by a
difference in the sequence of administration of the antitumoral agents CCB, OX and CTX in the three treatment
cycles of each three weeks [14]. This procedure should minimize potential effects associated with inter-patient
variability. A possible influence of CTX on the PK profile of CCB has been assessed in treatment cycles 1 and 2
with varying sequences of CCB and CTX [14]. The third treatment cycle was designed to assess the impact of
CTX on the PK profile of CCB in the triple therapy with CCB, OX and CTX, compared to an administration of
CCB and OX. CCB was administered at a dose of 1000 mg/m? bid for two consecutive weeks, OX was applied as
130 mg/m? iv on day 1 of cycle 3 and CTX was given as 400 mg/m? iv loading dose followed by 250 mg/m? iv
maintenance dose weekly on day 1 of cycle 3 in arm A and on day 8 of cycle 3 in arm B, respectively. Safety
assessments were including analyses of AEs, laboratory data and vital signs. TEAEs/toxicities which were at least
possibly related to study treatment were graded according to U.S.-NCI Common Terminology Criteria for Adverse
Events (CTCAE), version 4.0. TEAEs were coded using the MeDRA coding dictionary, version 17.0, and
classified by the System Organ Class (SOC) Preferred Terms (PT). The study was approved by the Ethical
Committee of the City of Vienna (EudraCT number 2011-002921-23). Patients had been informed about the aim
of the investigation and had given their written consent. All procedures performed in studies involving human
participants were in accordance with the ethical standards of the institutional and/or national research committee

and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.

PBPK modeling
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Fig. 1 PBPK model concept for CCB and its metabolites DFCR, DFUR and 5FU, including the involved enzymes
carboxylesterases (CES) 1 and 2, cytidine deaminase (CDA), thymidine phosphorylase (TP) and

dihydropyrimidine dehydrogenase (DPD) for the metabolic conversion in the respective compartments

The PBPK model was created using GastroPlus™ 9.6. (Simulations Plus Inc., Lancaster, CA, USA). Fig. 1 shows
the PBPK model concept of CCB and its metabolites DFCR, DFUR and 5FU. The simulation is based on a single
CCB dose of 1000 mg/m?, calculated for a patient of 65 years and 75 kg and a body surface area of 1.9 m2?, thus
matching the patient characteristics of the PK study from which patient data of CCB monotherapy was used for
validation of the model [14]. A tumor compartment was added to the PBPK model to include the enzymatic activity
of involved enzymes in the tumor itself as well as to monitor the concentrations of the active moiety SFU in the
tumor tissue and to evaluate the impact of possible influences on the tumor concentration. The relevant parameters
for the additional compartment, tumor blood flow and volume, were based on literature data [22]. Furthermore,
the basic physicochemical parameters for all compounds have been obtained from literature, as well as distribution
and elimination data. The absorption parameters solubility and permeability have been included only for CCB to
determine the absorption from the intestine and consequently the plasma disposition of the parent compound. The
plasma protein binding rate is 54%, 10%, 62% and 10% for CCB, DFCR, DFUR and 5FU respectively and
diffusion into red blood cells has been reported to be minimal [23-24]. The involvement of the enzymes
carboxylesterases (CES), cytidine deaminase (CDA), thymidine phosphorylase (TP) and dihydropyrimidine
dehydrogenase (DPD) in the metabolic conversion of CCB to SFU and inactivation and elimination of SFU was
included in the model. The first conversion step from CCB to DFCR is performed by the carboxylesterases CES
1 and CES 2. Due to the main activity of CES 1 and CES 2 in the liver, the metabolic activity of both enzymes
was determined in microsomal and cytosolic fractions of liver homogenates [25-27]. Even though the reported
affinity of CCB to CES 2 is higher than to CES 1, the excessive predominance of CES 1 by 50-fold compared to
CES 2 in liver microsomes [38-31] leads to an enzymatic conversion of CCB to DFCR by both enzymes. CES also
occur to a minor extent in the intestine, yet the activity of the intestinal CES 1 and 2 show distinctly lower values
than the hepatic CES 1 and 2 [32-33], hence its influence on the disposition of CCB and its metabolites is minimal
and will not be regarded in the current PBPK model. The metabolic conversion of the first metabolite DFCR to
the second metabolite DFUR is performed by CDA, which predominately occurs in liver and tumor tissue.
Similarly, also the conversion from DFUR to SFU occurs in both liver and tumor tissue and is performed by TP.
Both enzyme activities have been determined in vitro in the cytosolic fraction of liver and tumor homogenates
[8,25,34]. The elimination of CCB, DFCR and DFUR from the central compartment mainly takes place through
metabolic conversion, however a small part of each metabolite is also excreted renally [35-36]. The elimination of
5FU and thus the inactivation of the drug is executed by the DPD, which transforms SFU into 5,6-dihydro-5-
fluorouracil (FUH2), a catabolic metabolite which will not be further regarded in this PBPK model. The enzymatic
activity of DPD has been determined in both liver and tumor tissue [8,37-38]. The enzymatic activities were
described by the Michaelis-Menten constant Km and the velocity of the enzymatic reaction V max for the individual
enzymes and respective substrates. Mean Km and V. values were calculated from in vitro data and Vmax values
were further optimized to fit the patient plasma concentrations by using the optimization module of GastroPlus™.
In vitro enzyme expression values (mg enzyme/g tissue) were reported for CES 1 and CES 2 in liver microsomes
and TP and DPD in tumor tissue. TP and DPD liver expression values were adopted from the tumor expression

values. CDA expression levels have not been reported in literature yet, therefore CDA liver and tumor expression
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has been optimized to fit the observed patient data. The input parameters for the PBPK model are summarized in
Table 1. After validation of the PBPK model with plasma concentration-time profiles of CCB, DFCR and DFUR
from the PK study and SFU data from literature, the model was used to depict the influence of co-variates on the
concentration in plasma, liver and tumor for all four compounds. Co-variates such as renal impairment, age or
administration of the drug with food have been reported to be responsible for interpatient variability [39-41]. The
co-variate body weight was already considered in the administered dose by integrating the body surface area of
the patient into the individual dosage calculation. The blood flow rate in tumor tissue can vary depending on the
physiology of the patient and the tumor entity and should be considered as co-variate alongside the liver blood
flow rate. Additionally, variations in enzyme activities have been reported as potent co-variates, due to either
genetic polymorphisms in the metabolic enzymes or physiological differences. Therefore, the influence of
variations by 0.1-10-fold in the model parameters enzyme expression and Vm. have been evaluated for the

disposition of the active moiety SFU and its precursors in plasma, liver- and tumor tissue.

Table 1

Results

FPatient characteristics

28 patients were entered into this study and randomly assigned to study arm A or B. Four patients did not receive
the complete study treatment, thus being ineligible for the PK evaluation. One of them experienced a severe
infusion related allergic reaction to CTX at the first administration and one patient exhibited a rapidly declining
ECOG status. Another patient developed early progressive disease after two cycles of therapy. The fourth patient
was not able to start the therapy due to generalized edema. Hence, 24 patients, 12 patients in each arm, completed
the three cycles and were therefore included in the analysis reported in this investigation. The patient demographics

have already been reported by Rachar et al [14].

PK profile of CCB and its metabolites

Fig. 2 Plasma concentration-time profile of CCB (a) and its metabolites DFCR (b) and DFUR (c) in the third
treatment cycle, including the GastroPlus™ simulations for plasma, liver- and tumor tissue. Simulated plasma-,
liver- and tumor concentration-time profiles of 5-FU (d)

Table 2

The plasma PK data of the third treatment cycle is summarized in Table 2 and lies within the reported range after
application of 1000 mg/m? CCB [35,39-42]. Plasma concentration-time profiles of CCB, DFCR and DFUR are
displayed in Fig. 2, alongside with the simulated concentration-time profiles of the PBPK model for all four
compounds. The described mean values of Ciax and AUCq.s did not significantly differ in arm A and arm B and
coincide with already reported PK data of CCB monotherapy, indicating that there is no PK interaction between
the three applied drugs, as was demonstrated in previous publications for CCB with CTX and for CCB with OX
[14,43-44]. Nonetheless, a high variability was visible in the evaluated PK profiles, particularly in CCB
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concentrations, with deviations of Cax by 3.5-fold and AUCo.¢ by 3-fold compared to the calculated mean. Plasma
concentration results from the simulation were predicted in a similar range as observed in patients and were
additionally calculated in liver and tumor tissue. The SFU concentrations in the model were validated with
literature data [35,39-40], since SFU was not analyzed in the patients participating in the current PK study. The
simulation was additionally calculated in dosages ranging from 500 mg/m? to 1500 mg/m? to confirm the reported
dose linearity and to validate the PBPK model. Cnax and AUCy values increased linearly from 500 mg/m?-
1500 mg/m? for CCB, DFCR and DFUR, only 5FU concentrations did not follow linearity with changing CCB
dosages. In the 1500 mg/m? dosage, SFU Cnax and AUCy.¢ increased by additional 54% and 44 %, respectively in
both, plasma and liver, and by 16% for Cpax and 13% for AUCy.s in tumor tissue. The application of 500 mg/m?
resulted in additionally decreased Cmax and AUCy.s in both plasma and liver by 30% and 24% and in tumor tissue

by 12% and 10%, respectively.

Treatment-emergent adverse events/toxicities

Of the 24 patients in the PK study, two patients developed a G 3 TEAE; one in form of severe diarrhea in the three
treatment cycles and another patient in form of lymphopenia in cycle 3. It has been reported that a higher grade of
toxicity can be correlated to a higher systemic exposure to DFUR [9], therefore the PK data of both patients with
G 3 TEAEs have been evaluated accordingly. Both patients displayed increased CCB concentrations by 2.5-4-fold
throughout the duration of the study, however showed DFCR and DFUR values close to the mean values, thus no
correlation could be made in these cases with an elevated DFUR exposure. G 2 TEAE according to U.S. NCI-
CTCAE v.4.0, based on SOC-PT, were observed for: gastrointestinal disorders in 3 patients/ 5 events comprising
diarrhea, nausea, emesis, and abdominal pain; skin and subcutaneous tissue disorders in 2 patients / 3 events
consisting in erythema; general disorders and administration site conditions in 5 patients /5 events comprising
asthenia, fatigue, and pyrexia; infections and infestations in 2 patients / 3 events comprising herpes simplex and
urinary tract infections; metabolism and nutrition disorders in 2 patients / 2 events comprising decreased appetite
or hypokalemia; psychiatric disorders in 1 patient / 1 event as sleep disorder and under investigations in 1 patient
/ 1 event in form of decreased weight. Overall, 11 patients experienced 20 TEAEs G 2 (median 2; range 1-5 events
per patient). G 2 haematotoxicity with lower values of Hb was seen in 9 patients / 16 controls, lymphopenia in 7
patients / 15 controls, neutropenia in a single patient / control and thrombopenia not at all. Overall, haematotoxicity
was observed in 13 patients and 32 controls, respectively. Altogether, in 18 patients, 52 TEAEs/toxicities G 2 were

recorded. No further significant deviations from normal values of laboratory parameters were registered.

PBPK model

Fig. 3 Influences of the physiological co-variates gender (a), renal impairment (b), liver blood flow (c) and tumor

blood flow (d) on the AUC of CCB, DFCR, DFUR and 5FU in plasma, liver- and tumor tissue

To illustrate possible mechanisms behind the observed variability, which may be linked to toxicity and therefore
treatment failures, the PBPK model was used to demonstrate the effects of several co-variates on the disposition
of CCB, DFCR, DFUR and 5FU in plasma, liver and tumor compartments. The influences on the AUC of the four

compounds are displayed in Fig. 3. Physiological variations in a study population can comprise age, gender and
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body weight of which the current dosing scheme already includes body weight as variable through the calculation
of the body surface area for the applied dosage of CCB. Thus, age and gender remain as basic physiological co-
variates in a CCB study population. Age did not significantly affect the AUCs of CCB, DFCR, DFUR or 5FU in
plasma, as reported previously [9], and neither in liver nor tumor tissue, as demonstrated in the model (data not
shown). Gender differences were predicted in a 65-year-old male and female with 75 kg body weight. AUCs and
peak concentrations of all four compounds were elevated by 10-20% for the female compared to the male
physiology in all compartments, thus not resulting in statistically or clinically relevant changes. All four
compounds are renally excreted in a low to moderate extent [35-36], thus renal impairment is expected to have an
influence on the concentrations. The simulation showed that the expected effect on plasma concentrations was
confirmed, but only minimal effects were observed in liver and tumor tissues. The highest effect was monitored
in DFUR plasma concentrations and AUC with an increase by 22.4% and 39.8% respectively. Since all enzymes
involved in the metabolism of CCB to SFU are located in liver, tumor or both, the liver and tumor blood flow were
anticipated to influence the concentrations of the compounds. Tumor blood flow can vary with tumor entity [22]
and liver blood flow can differ due to physiological changes [41,45-46]. In the simulation, both parameters have
been changed in a 2-fold range. Altering the liver blood flow in the specified range had minor effects on the plasma
concentrations of all compounds and insignificant effects on the concentrations in liver and tumor tissue.
Increasing the tumor blood flow however resulted in an elevated tumor AUC of DFCR and DFUR by 1.5-fold and
a slightly reduced AUC of 5FU in tumor tissue by 16%, whereas a decreased tumor blood flow inversely resulted
in a reduced tumor AUC of DFCR and DFUR by 40% and minimally increased tumor AUC of 5SFU. The
administration of CCB is usually recommended 30 min after a standard meal, however the administration with
food can alter the PK profile, due to a delayed absorption. In the simulation the peak concentrations of all four
compounds decreased on average by 35% in plasma, by 45% in liver and by 30% in tumor tissue. Tmax Was delayed
by 1.6-2.2-fold, yet the AUC of CCB and its metabolites did not decrease in the observed time frame, hence the

slower absorption did not alter the disposition of the compounds in the investigated compartments.

Fig. 4 Impact of variations by 0.1-10-fold in Vmax (a,b,c) and enzyme expression levels (d,e,f) of the metabolizing
enzymes of CCB to 5FU, on the plasma-, liver- and tumor-disposition of SFU. The assessment includes the
carboxylesterases (CES) 1 and 2 in liver and cytidine deaminase (CDA), thymidine phosphorylase (TP) and

dihydropyrimidine dehydrogenase (DPD) in liver and tumor tissue

Due to the extensive metabolism involvement in the concept of the triple prodrug CCB, the contribution of each
enzyme in liver and tumor is crucial for the disposition of CCB and its metabolites in the different compartments,
plasma, liver and tumor. The influences of all involved enzymes are of specific interest concerning the SFU
disposition, as displayed in Fig. 4. Including the enzymatic activity into the PBPK model required both enzyme
expression values in liver and tumor tissues, depending on the enzyme, as well as Km and Vnax to describe the
enzymatic reaction. Parameter sensitivity analysis exhibited a similarly strong dependence of the enzymatic
reactions on the respective Vmax and enzyme expression levels, therefore both parameters of each enzymatic step
have been investigated regarding their contribution to the SFU concentrations in plasma, liver and tumor. Varying
Vmax and expression levels of the first metabolic step, executed by CES 1 and CES 2, minimally impacted the AUC
of 5FU in all three compartments, likewise the AUCs of the precursors DFCR and DFUR. Variations of V nax in

the range obtained from in vitro experiments however affected the AUCs of CCB similarly in plasma, liver and
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tumor by +84% to -57% for CES 1 and +73% to -45% for CES 2. Integrating reported variations of the enzyme
expression levels resulted in AUC variations of CCB by +13% for CES 1 and +10% for CES 2 alterations in all
compartments. The CDA located in the liver showed a stronger effect on the SFU disposition in all three
compartments regarding both, enzyme expression and Vmax values. Applying the range of in vitro Vmax values for
the liver enzyme to the model decreased the AUC of SFU by up to 36% in plasma and liver and increased by up
to 66% in tumor tissue. The AUC of DFCR increased by 2- to 3-fold in all three compartments, whereas the AUC
of DFUR resulted in only minimal alterations. Adjusting the V. of CDA in tumor tissue in the range of in vitro
values increased the DFCR tumor disposition by 94% but decreased the tumor AUC of DFUR and 5FU by 15%
and 20%, respectively. Since the CDA expression levels were optimized by the software, the range of experimental
values could not be applied in this step. Variations in the third metabolic conversion step by TP affected 5SFU and
DFUR disposition in all three compartments. However, changing V max of the liver enzyme according to in vitro
measurements altered the AUC of SFU only minimally, due to the little variability observed for this parameter.
Varying Vmax of the TP located in tumor tissue in the range of in vitro values, decreased he SFU tumor disposition
by 26% but increased the DFUR disposition by up to 2.4-fold. The expression levels in tumor tissue have shown
a broad range of variation and are thus likely to highly affect the disposition of SFU and DFUR. Decreasing the
expression of TP in tumor tissue in the measured range increased the AUC of DFUR by 3.6-fold and decreased
the SFU AUC by 52% in tumor tissue. Adopting the same expression range of the TP tumor enzyme to the TP
liver enzyme would result in extensive variations in disposition for DFUR and 5FU in all three compartments. The
AUC of DFUR would be subjected to a possible increase up to 4.2-fold in plasma and liver and 3.2-fold in tumor.
The AUC of SFU would decrease by 70% in plasma and liver and could increase up to 2.5-fold in tumor tissue.
The last enzymatic step involved in the metabolic cascade is executed by the DPD, which inactivates SFU through
catabolic metabolism. A high enzymatic activity and expression would be expected to decrease the SFU levels in
all compartments. The V. of the liver DPD was reported to show little variability in experiments, however,
adapting even the small changes in V. of the liver DPD to the model resulted in high variations of SFU AUCs
by 3-fold in plasma and liver and 1.65-fold in tumor tissue. Changing the V.« of DPD located in tumor tissue in
the range observed in experiments decreased the AUC of SFU by 43%. Decreasing the expression levels of DPD
in the model tumor tissue according to in vitro measurements did not significantly change the SFU disposition in
any compartment, however, adopting the same range to the liver enzyme would result in massive increases of SFU

disposition in plasma and liver by 37-fold and in tumor by 10-fold.

Discussion

This study inquired the sequential metabolism of CCB to 5FU in the compartments plasma, liver and tumor
including the assessment of co-variate influences on the disposition of the four compounds CCB, DFCR, DFUR
and SFU. It also evaluated the applied antitumor therapy and related toxicity in patients, operating under the general
assumption, that higher concentrations of chemotherapeutic agents are responsible for a higher observed toxicity.
Both, plasma concentrations of CCB, DFCR and DFUR as well as TEAEs have been monitored in all patients of
the present PK study. The mean plasma concentrations of all three compounds were within the reported range,
however showed a high standard deviation. Especially CCB concentrations varied strongly, both inter- and

intraindividually. During the 9 weeks of treatment with changing sequences of CCB application in combination
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with CTX and OX, two out of 24 patients developed G 3 toxicities. Both patients were associated with highly
elevated Cpax and AUCq¢ values of CCB, though normal values of DFCR and DFUR, thus not following the
previously reported correlation of high DFUR exposure and safety aspects [9]. It has however been reported that
higher DFUR concentrations correlate with the incidence of hand-foot-syndrome, which has not been observed as
G 3 TEAE in any patient during the treatment period. The PBPK model was created to better understand the
reasons behind the high variations observed in patient’s plasma concentrations as well as to illustrate consequences
from physiological changes, co-medication or dosage changes on the disposition of SFU and its precursors in
various compartments.

As previously reported, age and gender did not have any clinically relevant effects on the concentrations of all four
compounds in plasma, liver or tumor, even though the simulated physiologies varied regarding arterial, venous
and liver blood flow, volume of arterial and venous supply as well as systemic clearance. In addition, also
separately changing the liver blood flow in a 2-fold range resulted in negligible changes in all compartments. The
possibility of hepatic dysfunction affecting the disposition of CCB and its metabolites has been described in
literature as non-clinically relevant with insignificant changes in plasma concentrations of hepatically impaired
patients [41]. Since all four compounds are excreted renally in a low to moderate extent with higher extraction
rates for DFCR and DFUR, it was shown in both, patients and the PBPK model, that plasma concentrations of
both compounds increase with reduced renal clearance. Tumor concentrations on the other hand were minimally
altered through the reduced systemic clearance. Patients with severe renal impairment were reported with
considerably elevated DFUR plasma concentrations and were associated with G 3 and 4 TEAEs. Even patients
with mild renal impairment suffered from significantly higher G 3 and 4 incidents than patients with normal renal
function [40]. The strongest impact on plasma, liver and tumor concentrations however derived from influences
in the metabolic cascade. In the current PBPK model the enzymatic activity was described by the enzyme
expression in liver and tumor tissue and the kinetic parameters Vmax and Km. Variations in expression and V max
values have shown to considerably contribute to the disposition of all compounds. Various studies have been
dedicated to the risk assessment of the variability in enzymatic activity in CCB and 5FU therapy concerning
toxicity and treatment failures. The enzymes CES 1 and CES 2 only affected the directly involved CCB and had a
minimal effect on the other compounds, including the SFU disposition.

The CDA, located in tumor and liver, is responsible for the formation of DFUR from its precursor DFCR, however
the model showed that only the liver enzyme is responsible for variations in DFUR plasma concentrations and is
thus involved in the development of possible TEAEs, based on the assumption that an increased DFUR exposure
is correlated with higher toxicity. The CDA located in tumor tissue only affects the respective tumor
concentrations, however to a lower extent than the liver enzyme. A high CDA activity of +180% of the average
value has been reported in a patient, which led to severe toxicities after CCB administration [47]. According to the
PBPK model, the high CDA activity led to strongly increased DFUR and 5FU concentrations and consequently
caused serious AEs. Genetic polymorphisms have been detected in the CDA gene, with the consequence of high
transcription of the enzyme in normal tissues and thus a higher incidence for overall toxicity in CCB treatment
[48-49].

The TP mediates the conversion from DFUR to 5FU and is therefore the key enzyme in the development of the
active moiety. Variations in V. and expression of the TP in liver notably altered DFUR and SFU disposition,
where an increase in Vmax and expression resulted in an expected decrease for DFUR and increase for SFU in

plasma and liver. However, the disposition of both, DFUR and 5FU decreased in tumor tissue. Yet, increasing the
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expression and V. of the tumor TP resulted in a decrease for DFUR and increase for SFU in tumor tissue. This
discrepancy has been discussed by Blesch et al [9], and their findings suggested that the tumor blood flow and thus
the supply of DFUR as precursor from plasma plays a crucial role in SFU formation, however as reported by
Vaupel et al [22], the variations in tumor blood flow between different tumor entities were reported by
approximately 2- to 5-fold and thus much smaller than the variations considered by Blesch et al. In the current
PBPK model, alterations in the tumor blood flow rate and their impact on SFU concentrations have been evaluated
in a 2-fold range, hence the effect on the SFU tumor disposition was smaller than in the previously calculated 10-
fold range [9]. The TP has also been reported to stimulate angiogenesis and is potentially involved in the regulation
of cell proliferation and apoptosis [50-51] and was therefore suggested to be monitored to ensure a favorable ratio
between TP and DPD for a better susceptibility to the CCB therapy in patients [52].

The DPD is responsible for the inactivation of SFU and is thus the second key enzyme in this metabolic cascade
regarding efficacy and toxicity of the treatment. In the model, the liver DPD showed the most powerful impact on
the disposition of SFU in a 10-fold range of both, V. and expression levels in all compartments. Even in the
range of experimental measurements, the variations were substantial, which strongly supports and encourages the
analysis of DPD levels in patients to detect possible deficiencies or genetic variants with lower activity before
starting CCB or 5FU therapy [53-55]. The DPD in tumor tissue only showed a minor influence on the SFU tumor
disposition, thus varying DPD levels in different tumor entities were not expected to highly influence the therapy
outcome.

Several strategies have been developed and comprise genotype and phenotype-based diagnostics to evaluate the
risk of 5FU associated toxicities [15-18,56-58]. The field of pharmacogenetics thus plays an important role in CCB
and SFU therapy, to detect genetic variations which possibly alter the activity or expression of key enzymes.
Combining the information of clinically relevant genetic variations regarding enzyme phenotype modifications
with a PBPK model could therefore improve predictions for treatment efficacy or toxicity and facilitate risk

assessment concerning physiology, dosages and co-medication.

Conclusion

The current PBPK model displays the influences of possible co-variates and could serve as basis for further
integration of relevant changes in parameters describing the enzymatic reactions and thus providing insights into
the effects of polymorphisms and co-medication on plasma, liver and tumor concentrations of CCB and its

metabolites.
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Table 1 Input parameters for the GastroPlus™ PBPK model of CCB and its metabolites DFCR, DFUR and 5SFU

Compounds CCB DFCR DFUR 5FU
Molecular weight (g/mol) 359.4 245.2 246.2 130.08
LogP 0.6 -1.15 -1.08 -0.81
pKa (acidic (a), basic (b)) 8.8 (a) 2.47 (b) 8.04 (a) 7.45 (a)
Solubility (mg/ml) 26 (pH 7.4) - - -
Permeability (cm/s*10"-4) 3 i ) i
Fraction unbound in plasma (%) 46 20 38 20
Blood plasma ratio 05 1.08 0.91 3
Renal Clearance (1/h) 2.3 5 10 0.5
Enzymes CES1 CDAIiv TPiy DPDiiy
In vitro assay type microsomal cytosolic cytosolic cytosolic
In vitro Vmax (nmol/min/mg P) 80 20 12 0.5
In vivo Vmax (mg/s) 0.0075 0.016 0.099 0.011
In vitro Km (umol/l) 2000 1600 600 3
In vivo Km (mg/l) 718.7 392.3 147.7 0.39
Tissue expression (mg/g) 24 0.4 0.04 0.008
Protein molecular weight (kDA) 62 16 55 111
CES 2 CDAw TP DPDuw
In vitro assay type microsomal cytosolic cytosolic cytosolic
In vitro Vmax (nmol/min/mg P) 80 20 12 0.01
In vivo Vmax (mg/s) 0.336 0.065 0.099 0.000217
In vitro Km (umol/l) 2000 1600 600 3
In vivo Km (mg/1) 718.7 392.3 147.7 0.39
Tissue expression (mg/g) 0.05 0.1 0.04 0.008
Protein molecular weight (kDA) 62 16 55 111
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Table 2 Click here to access/download;Table;Table 2.docx %

Table 2 Plasma concentrations of CCB and its metabolites DFCR and DFUR in treatment cycle 3 and
GastroPlus™ simulation results. Cnax and AUCy.¢ values are calculated as arithmetic mean £SD. Ty is displayed

as median (min-max)

Arm A Arm B Simulation

Day 1 Day 5 Day 1 Day 5
CCB
Cinax [ng/ml] 12.72 +12.93 8.46 £5.29 12.65 £ 10.88 11.84 £6.38 8.83
AUCo.6 [ng-h/ml] 22.24 +15.76 6.26 £3.59 21.29+10.20 9.35+4.63 15.47
Tmax [h] 1.0 (0.5-1.5) 1.5 (0.5-2.0) 0.75 (0.5-2.5) 0.75 (0.5-2.0) 0.6
DFCR
Crnax [ng/ml] 6.24 +2.95 4.89 £2.28 7.01 £2.40 6.55£2.62 6.32
AUCo.6 [ng-h/ml] 18.77 £7.65 4.58+2.8 26.06 = 13.46 7.79 £3.61 12.75
Trmax [h] 1.0 (0.5-1.5) 1.5 (0.5-2.0) 1.0 (0.5-3.0) 1.0 (0.5-2.0) 0.72
DFUR
Crnax [ng/ml] 8.75+£ 4.05 8.89 £4.51 8.58 £2.06 8.52+251 7.83
AUCo.6 [ng-h/ml] 16.98 £ 6.05 7.76 £5.48 21.69 £9.34 9.50 £ 2.85 16.49
Tmax [h] 1.0 (0.5-1.5) 1.50 (0.5-2.0) 1.0 (0.5-3.0) 1.0 (0.5-2.0) 0.86

116




Figure 1 Click here to access/download;Figure;Fig. 1.docx %

CCB DFCR DFUR 5FU FUH,

. . CES1
B 7~ CES2 .. _/('OH . DA , P _/ TP o\\»‘, { ‘ DPD -
D Wa { JOS @ B O P L Catabakc
© % T Liver ’ s Tumor e Tumor ° Tumor ~ Metabolism
Liver Liver Liver
i f I
[ Evaluation: patient data 1 Evaluation: literature data

117
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b DFCR

a 14 CCB 14
12 12
= Scce A =
E 10 E 10
> ®cce B > EDFCRA
2 —ccCB sim plasma = DFCR B
c 8 / *CCB sim liver < s — DFCR sim plasma
2 ~'CCB sim tumor 2 **DCFR sim liver
E E “*DFCR sim tumor
T 6 T s
° °
< c
°
© 4 8 4
2 2
° 0
0 1 2 8 4 5 6 0 1 2 3 4 5 6
time [h] time [h]

d 5FU

C 44 DFUR ‘a4
12 1.2 -
’ \\
’ A

- = '
= = N “
E 10 ADFUR A E 1.0 ' \
> A DFUR B =y H * — 5FU sim plasma
2 ~DFUR sim plasma 2 [l N **5FU sim liver

'
s 8 “DFUR sim liver s 08 ' M “"5FU sim tumor
= “'DFUR sim tumor = B
© ©
£ i '
P = 0.6 !
° ° '
© ° ]
e < )
° °
o 4 2 0.4 '

'

]

2 0.2 B
0 0.0
5 6 [ 1 2 3 4 5 6
time [h]

3
time [h]

118



Figure 3
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Figure 4
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