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Abstract V

Abstract

Increasing costs due to the rising attrition of drug candidates in late developmental phases
alongside post-marketing withdrawal of drugs challenge the pharmaceutical industry to
further improve their current preclinical safety assessment strategies. One of the most
common reasons for the termination of drug candidates is drug induced hepatotoxicity, which
more often than not remains undetected in early developmental stages, thus emphasizing
the necessity for improved and more predictive preclinical test systems. One reason for the
very limited value of currently applied in vitro test systems for the detection of potential
hepatotoxic liabilities is the lack of organotypic and tissue-specific physiology of hepatocytes
cultured in ordinary monolayer culture formats.

The thesis at hand primarily deals with the evaluation of both two- and three-dimensional cell
culture approaches with respect to their relative ability to predict the hepatotoxic potential of
drug candidates in early developmental phases. First, different hepatic cell models, which are
routinely used in pharmaceutical industry (primary human hepatocytes as well as the three
cell lines HepG2, HepaRG and Upcyte hepatocytes), were investigated in conventional 2D
monolayer culture with respect to their ability to detect hepatotoxic effects in simple
cytotoxicity studies. Moreover, it could be shown that the global protein expression levels of
all cell lines substantially differ from that of primary human hepatocytes, with the least
pronounced difference in HepaRG cells.

The introduction of a third dimension through the -cultivation of spheroids enables
hepatocytes to recapitulate their typical native polarity and furthermore dramatically
increases the contact surface of adjacent cells. These differences in cellular architecture
have a positive influence on hepatocyte longevity and the expression of drug metabolizing
enzymes and transporters, which could be proven via immunofluorescent (IF) staining for at
least 14 days in PHH and at least 28 days in HepaRG spheroids, respectively. Additionally,
the IF staining of three different phase Il transporters (MDR1, MRP2 and BSEP) indicated a
bile canalicular network in spheroids of both cell models. A dose-dependent inducibility of
important cytochrome P450 isoenzymes in HepaRG spheroids could be shown on the
protein level via IF for at least 14 days. CYP inducibility of HepaRG cells cultured in 2D and
3D was compared on the mRNA level for up to 14 days and inducibility was generally lower
in 3D compared to 2D under the conditions of this study. In a comparative cytotoxicity study,
both PHH and HepaRG spheroids as well as HepaRG monolayers have been treated with
five hepatotoxic drugs for up to 14 days and viability was measured at three time points
(days 3, 7 and 14). A clear time- and dose-dependent onset of the drug-induced hepatotoxic
effects was observable in all conditions tested, indicated by a shift of the respective ECso

value towards lower doses by increasing exposure. The observed effects were most
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pronounced in PHH spheroids, thus indicating those as the most sensitive cell model in this
study. Moreover, HepaRG cells were more sensitive in spheroid culture compared to
monolayers, which suggests a potential application of spheroids as long-term test system for
the detection of hepatotoxicities with slow onset. Finally, the basal protein expression levels
of three antigens (CYP1A2, CYP3A4 and NAT 1/2) were analyzed via Western Blotting in
HepaRG cells cultured in three different cell culture formats (2D, 3D and QV) in order to
estimate the impact of the cell culture conditions on protein expression levels. In the QV
system enables a pump-driven flow of cell culture media, which introduces both mechanical
stimuli through shear and molecular stimuli through dynamic circulation to the monolayer.
Those stimuli resulted in a clearly positive effect on the expression levels of the selected
antigens by an increased expression level in comparison to both 2D and 3D. In contrast,
HepaRG spheroids showed time-dependent differences with the overall highest levels at day
7.

The studies presented in this thesis delivered valuable information on the increased
physiological relevance in dependence on the cell culture format: three-dimensionality as
well as the circulation of media lead to a more differentiated phenotype in hepatic cell
models. Those cell culture formats are applicable in preclinical drug development in order to
obtain more relevant information at early developmental stages and thus help to create a
more efficient drug development process. Nonetheless, further studies are necessary to
thoroughly characterize, validate and standardize such novel cell culture approaches prior to

their routine application in industry.
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Zusammenfassung

Steigende Kosten aufgrund der zunehmenden Terminierung von Wirkstoffkandidaten in
spaten Entwicklungsphasen sowie der Marktricknahme von Arzneimitteln stellen die
pharmazeutische Industrie vor die Herausforderung, ihre Ublichen standardisierten
Sicherheitsprifungen weiterzuentwickeln. Dabei stellt Arzneimittel-induzierte Hepatotoxizitat
einen der Hauptgrinde fur das Scheitern neuer Wirkstoffkandidaten dar, weswegen die
Notwendigkeit zur Entwicklung pradiktiver Modelle unumganglich ist. Ein Grund fur die sehr
limitierte Aussagekraft der herkdbmmlichen in vitro Testsysteme zur Erfassung potentieller
Hepatotoxizitdt besteht darin, dass die organ- und gewebespezifischen Eigenschaften in
gewohnlichen Zellkulturformaten nahezu ganzlich verloren gehen.

Die vorliegende Arbeit beschéaftigt sich mit der Bewertung zwei- und dreidimensionaler
Zellkulturmodelle mit Bezug auf deren jeweilige Aussagekraft auf potentielle hepatotoxische
Effekte von Wirkstoffen im Rahmen der friihen Arzneimittelentwicklung hinweisen zu kénnen.
Dabei wurden zunéchst verschiedene hepatische Zellmodelle (Primare humane Hepatozyten
(PHH) sowie die drei Zelllinien HepG2, HepaRG und Upcyte Hepatozyten) in der Ublichen,
zweidimensionalen Zellrasen-Konfiguration auf ihre Fahigkeit untersucht, in einfachen
Zytotoxizitatsstudien hepatotoxische Effekte zu detektieren. Darlber hinaus zeigten
Proteomanalysen der vier Zellmodelle, dass die Proteinexpression der Zelllinien erheblich
vom Expressionsmuster primarer Hepatozyten abweicht, wobei der geringste Unterschied in
HepaRG Zellen zu sehen war.

Die Einfuhrung einer dritten Dimension durch die Kultivierung von Sparoiden ermdéglicht den
Hepatozyten die Ausbildung einer zelltypischen Polaritét sowie eine enorme Vergrof3erung
der Interaktionsflache zwischen benachbarten Zellen. Diese Veranderungen der zellularen
Architektur haben einen positiven Einfluss auf die Langlebigkeit der Zellen mit einer stabilen
Expression wichtiger fremdstoffmetabolisierender Enzyme und Transporter, was mittels
Immunfluoreszenzfarbungen Uber einen Zeitraum von mindestens 14 Tagen in PHH
Spharoiden und 28 Tagen in HepaRG Sphéaroiden gezeigt werden konnte. Des Weiteren
deuteten die Farbungen dreier Phase IIl Transporter (MDR1, MRP2 und BSEP) auf ein
kanalikulares Netzwerk in den Sphéaroiden beider Zellmodelle hin. Eine dosisabhangige
Induzierbarkeit wichtiger Cytochrom P450 Isoenzyme konnte zudem in HepaRG Sphéaroiden
auf Proteinebene mittels IF gezeigt werden, die jedoch auf mRNA Ebene im Vergleich zur
Zellrasenkultivierung  Uberwiegend  geringer ausfiel. In  einer  vergleichenden
Zytotoxizitatsstudie wurden HepaRG und PHH Sphéaroide sowie HepaRG Zellrasen fir
maximal 14 Tage mit finf hepatotoxischen Arzneimitteln behandelt und die Viabilitat wurde
and drei Zeitpunkten bestimmt (3, 7 und 14 Tage). Eine deutliche Zeitabhangigkeit der

zytotoxischen Effekte konnte in allen getesteten Bedingungen dahingehend beobachtet
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werden, dass der ECso Wert mit langerer Behandlungsdauer deutlich sank. Die beobachteten
Effekte waren am deutlichsten in PHH Spharoidkultur, die somit das sensitivste
Zellkultursystem darstellte. Des Weiteren zeigten sich HepaRG Zellen in Sphéaroidkultur
sensitiver als in Zellrasenkultur, was wertvolle Hinweise auf die potentielle Anwendung von
Sphéaroiden als Langzeitkultur-Modell lieferte. Letztlich wurde die Proteinexpression dreier
Antigene (CYP1A2, CYP3A4 und NAT 1/2) mittels der Western Blot Methode durchgefihrt,
um die basale Expression Dieser in drei verschieden Zellkulturformaten (2D, 3D und QV) in
HepaRG Zellen tber einen Zeitraum von 14 Tagen zu vergleichen. Das QV Zellkulturformat
ermdglicht einen pumpenbetriebenen Fluss des Zellkulturmediums, welcher dem Zellrasen
mechanische Stimuli durch Scherkrafte sowie molekulare Stimuli durch die dynamische
Zirkulation zufuhrt. Diese Stimuli zeigten einen deutlich positiven Effekt auf die Expression
der untersuchten Antigene; zu jedem Zeitpunkt (Tag 3, Tag 7 und Tag 14) zeigten HepaRG
Zellen im QV Format eine deutlich erhdhte Expression im Vergleich zur Kultivierung in 2D
und 3D. Die Expression in HepaRG Sphéaroiden zeigte zeitliche Schwankungen mit der
generell hdchsten Expression an Tag 7.

Die in dieser Arbeit durchgefihrten Studien liefern wertvolle Hinweise auf die erhéhte
physiologische Relevanz in Abhangigkeit des Zellkulturformats: Dreidimensionalitat sowie die
Zirkulation des Zellkulturmediums filhren zu einem physiologisch relevanteren Phanotyp der
hepatischen Zellmodelle. Diese Zellkulturformate kénnen in der praklinischen
Arzneimittelentwicklung eingesetzt werden, um zu friheren Zeitpunkten humanrelevantere
Informationen zu erhalten und somit den Entwicklungsprozess effizienter gestalten. Weitere
Studien sind jedoch nétig, um ein neues Zellkulturformat umfangreich zu charakterisieren, zu
validieren und zu standardisieren, damit Dieses Anwendung in der industriellen Routine

finden kann.
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Introduction 1

1 Introduction

1.1 Toxicology

The interdisciplinary scientific field of toxicology, named from the Greek toxicon = poison and
logos = science, concerns adverse effects of chemical, biological or physical agents on living
organisms.

Paracelsus (Philippus Theophrastus Aureolus Bombastus von Hohenheim, 1493 — 1541), a
physician who introduced chemicals to medicine (Borzelleca, 2000), defined a statement on

poisonous effects of things, which today is still a fundamental toxicological concept:

LAll things are poison and nothing is without poison, only the dose permits something not to

be poisonous “

Paracelsus stated that the dose makes the poison, which is today defined as the dose-
response relationship. Over time, toxicology emerged from basic observational practice of
potential adverse outcomes after contact of organisms with agents towards a highly
sophisticated field in science, which becomes more and more evident since the exposure to
agents, especially in the context of industrialization, grows steadily. The progress of scientific
methods alongside advanced knowledge in all scientific fields has enabled a revelation in our
understanding of underlying mechanisms that may lead to adverse outcomes (Milles, 1999).
Today, toxicology is essential in many industries, e.g. pharmaceutical, food, cosmetic,
environmental and forensic toxicology; and it is always focused on the adverse effect an
agent may cause to people, animals and environment. The focus is driven by the definition of
an agent’s dose that is “safe” and toxicity studies are required before bringing a product on
the market. In the pharmaceutical industry, those assessments are often conducted using a
battery of in vitro and in vivo experiments, being required by law before any exposure to
humans.

For pharmaceutical development, animal experiments are required by law and are used to
help understand potential adverse outcomes of a drug candidate. However, they are limited
predictors of what happens in humans, since the non-clinical species used in drug
development have many known differences to humans (e.g. different substrate specificities
of enzymes or different anatomic features like absence of gall bladder in rats).

In 1959, the scientists William Russell and Rex Burch published ,The Principles of Humane
Experimental Technique’ which proposed the concept of 3Rs — which aims to Reduce,

Refine and Replace animal experiments whenever possible. This will only be possible
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through conscious planning and maximization of information that can be generated as well
as development and consideration of alternative test strategies, which are able to cover
endpoints without the necessity of animal models. The use of animal models can be reduced
by covering the maximum feasible number of endpoints in a single experiment. Secondly,
continuous progress has been made in gathering a maximum of information via in vitro and
in silico methods prior to animal testing since more information means refined planning of
animal studies and reduced suffering to those animals within a study. Finally, replacement
evolves from the progress of alternative methods, such as novel in vitro and in silico models,
which optimally are able to cover endpoints reliably without the use of in vivo studies.

The 3R principle is widely accepted as an ethical code in chemical, pharmaceutical and
cosmetics industries as they permanently strive to develop and validate novel alternatives for
the accurate prediction of potential adverse outcomes in humans, animals and the
environment.

Those progresses are actively supported by the European Union and the European Union
Reference Laboratory for alternatives to animal testing (EURL ECVAM), funded in 1991 by
the Joint Research Centre (Institute for Health and Consumer Protection), which aims to
assist and promote the development and promotion of alternative test methods and further

coordinates the evaluation of those at the European level.

1.1.1 Toxicology in drug development

Drug discovery and development describes the process a new molecular (chemical or
biological) entity must pass through before eventually being marketed. This process is time
and cost intensive and takes on average 10 — 15 years from discovery to the market and the
estimated costs for research and development are about 1.2 billion US dollars per drug
(EFPIA, 2014). Drug discovery and development is a tiered process by which the number of
drug candidates decreases with every tier, as unfavorable candidates are sorted out (figure
1.1).
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Figure 1.1: Drug discovery and development process from discovery to marketing. The discovery phase
can be further divided into lead discovery (LD), le  ad optimization (LO) and exploratory development
(ED), in which supportive in vitro test batteries are implied, but may vary across co  mpanies (adapted
from PhRMA 2015, modified) .

This process starts within basic research, in which a solid knowledge base is built to
understand the molecular mechanisms underlying a certain disease and thus enabling the
elucidation of potential biological targets (usually a protein or a gene, referred to as “pre-
discovery in figure 1.1) that are manipulatable by a potential new drug candidate. Thereby,
the targets need to be validated and their distinct involvement in the disease must be proven
and subsequently, test molecules must be tested for their ability to interact with the target
depending on how it needs to be altered in order to ameliorate or eliminate the outcome of
the disease.

A common way to select compounds in those early stages is the screening of large
compound libraries for their potential ability to interact with the drug target of interest. This
process is known as Hit Discovery and often results in lists of more than 1,000 compounds.
In order to narrow the number of hits, in silico methods are used, which sort out unfavorable
compounds by physicochemical properties given by a compound’s structure (SAR =
structure activity relationship). Subsequently, the compounds are ranked according to their
potency for target activity and the effective concentration should be relevant to achievable
plasma concentrations. Early tests of drug efficacy (in vivo) as well as absorption,
distribution, metabolism, excretion (ADME, in vitro and in vivo) and toxicity (in vitro) are
conducted to identify the most valuable lead compounds and eventually the preclinical
candidates (1- 5 candidates) for regulatory preclinical testing.

During the preclinical phase, the compounds must pass a battery of tests including efficacy,

formulation analysis/optimization, drug metabolism and pharmacokinetics (DMPK) toxicity
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and safety pharmacology (in vitro and in vivo). This battery ensures that a drug candidate is
appropriate for entering clinical trials.

In phase | clinical trials, the drug candidate is either tested in healthy volunteers or patients
(first in human), depending on the severity of the targeted disease — e.g. therapeutics that
are developed for the life-prolongation of severe, life-threatening diseases such as late stage
cancer medication are tested in patients as the severity of expected side effects is accepted
for the patient population but not for healthy volunteers, whereas drug candidates for the
therapy of non-life-threatening diseases, for which no severe side effects are expected, are
tested in volunteers. The major aims of phase one clinicals trials are to address the
tolerability, side effects and pharmacokinetics. If phase | is passed by a candidate, it enters
phase Il clinical trial, in which it is administered to a small group of patients (100 — 500)
depending on the intended indication. Phase Il studies are considered as proof of concept
trials, in which the therapeutic efficacy of the candidate is confirmed. Following phase I, a
larger group of patients are exposed during phase lll in order to assess the candidate’s
safety, dose-response relationship and risk-benefit analyses. After the successful completion
of all phases and approval of the marketing application by the regulatory authorities, the new
drug is launched onto the market, where it enters phase IV (post-marketing phase or
pharmacovigilance) in which adverse effects of either very low incidence or in specific

subpopulations may be monitored.
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1.1.2 Strategies of early safety assessment

During pre-clinical drug development, a potential drug candidate is assessed in terms of
safety via a battery of in vitro and in vivo tests to deliver a comprehensive toxicological
profile. Already during lead discovery, in silico toxicology is used to enable toxicity
prediction(s) (Simon-Hettich et al., 2006) based on the chemical structure, which helps to
prioritize compounds and/or optimize high throughput hit. Subsequently, in vitro and in vivo
toxicity studies are conducted in order to support candidate selection. These later stage
studies are performed in accordance with the recommendations of regulatory authorities (e.g.
U.S. Food and Drug Administration (FDA)), which are responsible for the approval of clinical
trials and marketing authorization of new drugs. Many guidelines exist that describe the
safety testing strategies required during development, with two major sources: The
International Conference on Harmonization of Technical Requirements for Registration of
Pharmaceuticals for Human Use (ICH) and the Organization for Economic Co-operation and
Development (OECD). Guidelines exist that cover all safety aspects, e.g. carcinogenicity,
genotoxicity, safety pharmacology etc. All studies that are required