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Foreword

Laboratory animals have long been used as surrogates for human beings, because it has
been considered acceptable to expose them to conditions and procedures which would not
be considered acceptable, if applied to ourselves.

Initially, the focus was mainly on gaining a better understanding of how the body’s
cells, organs, and systems function and are controlled, and how failures of one kind or
another can lead to pathological conditions. Then, from about the middle of the last cen-
tury, animals came to be used more and more in tests to determine the effects of exposure
to chemicals and chemical products—in attempts to determine information of direct rele-
vance concerning the efficacy of drugs and vaccines and /or the adverse eftects of chemicals
and other kinds of chemical products, in the hope of predicting likely effects in humans, as
a basis for appropriate risk assessment and risk management.

However, attitudes toward the reliance on this approach are now changing, with the
increasing recognition that the knowledge gained from animal studies cannot be expected
to have direct relevance to humans, but can even have dangerous consequences.

This problem is particularly acute for the pharmaceutical industry, which is in a state of
crisis because of the increasing occurrence of the late withdrawal of new drugs as a result of
lack of efficacy or unacceptable side effects not detected during preclinical testing, despite
the application of highly expensive and seemingly sophisticated testing in animals.
Meanwhile, the introduction of the EU REACH system for chemical toxicity has revealed
that many more chemicals than had been expected lack the information needed to provide
for what is considered to be an acceptable risk assessment. Also, it has to be recognized,
albeit very reluctantly in some quarters, that two of the main types of animal test, which are
very costly and which can cause great suffering to the animals involved, namely, reproduc-
tive toxicity tests and the rodent bioassay for chemical carcinogens, simply cannot be relied
on to identity chemicals likely to have adverse effects during human reproduction or to
cause cancer in humans. I have never understood how the full lifetime feeding of the maxi-
mum tolerated dose of a chemical to a rat or mouse could tell us anything about the carci-
nogenicity of the chemical for rodents, let alone for humans. We don’t eat very high doses
of single chemicals throughout our lives.

There are two main and insuperable reasons for these difficulties. First, functions and
controls in animals and humans tend to be very different in detail, however similar they may
appear to be on the surface. Animals are highly adapted to their individual and specific life-
styles and environments. During evolution, species separate and diverge from common
ancestors, based on these adaptations, which tend not to involve the emergence of some-
thing totally new, but which rely instead on modifications of what was already there. This
has profound implications for attempts to model human diseases in animals, especially
since, in view of the absence of sufficient knowledge about what is being modeled, it is
impossible to judge whether or not a particular model has any value.

Russell and Burch referred to the problem of species difference in The Principles of
Humane Experimental Technigue (1959), when they warned of the “high fidelity fallacy.”
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This is the assumption that, because other mammals are similar to humans in many respects,
they are always the best models to use in fundamental biomedical research, drug develop-
ment, and toxicity testing, where humans are the focus of concern. This warning has been
largely ignored.

One response to the unsolvable problem of species differences is the attempt to human-
ize animals by transferring human genes into their genomes, in the hope of simulating
effects and responses in humans. However, that can be considered naive, since the manipu-
lation of complex networks of interacting controls, which are not sufficiently well under-
stood and which will inevitably differ considerably in animals and humans, is likely to
produce information which cannot be interpreted with confidence, and which may be dan-
gerously misleading.

The second insuperable problem is that the “human” being to be modeled in animals
doesn’t actually exist. Human polymorphism leads to an infinite variety of different
humans—there are many, many subpopulations within the overall human population,
which will differ in their susceptibilities to disease and in their responses to chemicals and
chemical products, including drugs. One result of this is that a drug which is highly effec-
tive in one patient can be lethal to another. Similarly, a chemical which has no effect in some
individuals can induce a highly allergic response in others.

The only way forward is to recognize that the modern, but still developing, techniques
of cell biology and molecular biology, combined intelligently with the vast information
storage and computational systems which are now available, should be applied directly to
human material in vitro and ex vivo, and in some situations, subject to strict ethical con-
trols, to human volunteers. Carefully planned and executed, this approach could take
account of human polymorphism, past or concurrent disease, and the differential effects of
age, occupation, lifestyle, and exposure to medicines and other chemicals.

In the pharmaceutical industry, for example, the “one drug suits all” concept has been
overthrown, and therapies in the future will involve “personalized medication,” where the
treatment will be designed specifically for the individual patient. In the case of other chemi-
cals and products, the “one test suits all” concept also needs to be abandoned, in terms of
both effects and people, and replaced by “personalized safety evaluation,” which takes
account of hereditary and lifestyle factors.

The very challenging prospect, which is the subject of this most important book, is that
human-based in vitro studies and procedures could make major contributions to the two
seemingly insuperable problems, if handled critically and intelligently. The increasing array
of'in vitro systems includes the use of cell fractions, cell lines, stem cells (including induced
pluripotent stem cells), engineered tissues, dynamic bioreactors, multiorgan systems, and
cells-, organs-, and (even) humans-on-a-chip, combined with high-throughput screening,
high-content screening, the “omics” approaches, systems modeling and simulation, phar-
macokinetic and toxicokinetic modeling, virtual tissue modeling, virtual human popula-
tions, and biomarkers, strategically used, with effective bioinformatics support.

One problem, evident from the chapters in this book, is the vastness of the range of
technical possibilities. Manageability will be a key factor in the way forward, combined with
the need to rigorously and regularly evaluate the relevance and reliability of what is proposed
or what is being done, including whether it will yield a clear and applicable outcome.

One trap which must be avoided is to use animal test data as the “gold standard” to be
matched by nonanimal, replacement alternative tests. If the animal tests themselves are not
sufficiently relevant and reliable, how can the data they provide be used in the validation of
human-based (by definition, more relevant) tests? Sadly, this trap is often laid, not least by
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some regulators, who say that they feel “more comfortable” with animal test data than with
predictions based on in vitro procedures.

It is essential that the highest scientific standards should be made, through, for exam-
ple, compliance with the principles of Good Cell Culture Practice, which is analogous to
Good Laboratory Practice and Good Manufacturing Practice.

There is also a danger of overspecialization and isolation, leading to blind alleys and
the pursuit of red herrings, and of the production of enormous amounts of data. Russell
and Burch referred to this in The Principles, where they feared the “gradual growth of awe
before experts,” and said that “respect for expert specialist knowledge should never
become uncritical.” They added that “the problem of interspecialist communication
merges into the general one of information retrieval” and that “we now have far too much
information as a species to digest as individuals.” What they foresaw is an even greater
problem today, when we are overwhelmed with information which is not critically evalu-
ated before it is dumped on the world. We even have electronic journals, which publish
manuscripts as they are received, without independent peer review. What we need are
more avowed synthesizers, capable of broad and lateral thinking, and not committed to a
particular dogma or strategy.

In particular, there is a need to recognize that it is not possible to have “mechanistic
tests” without sufficient knowledge of the “mechanism” on which the test purports to be
based. That is why fundamental and applied toxicology must progress hand-in-hand, so
that there is greater confidence that the right questions are being asked, before attempts are
made to answer them.

It is also essential to make full use of bioinformatics and what is known as systems toxi-
cology and evidence-based toxicology, as a way of developing and applying intelligent and
integrated strategies involving stepwise approaches. One major concern is that the nonani-
mal test possibilities will become so numerous and so costly that their use will not be prac-
ticable. Decision-tree schemes will therefore be essential. For example, if the likelihood of
major hepatotoxicity is revealed, it will not be essential to test for toxicity to the kidney or
the thyroid gland, or for carcinogenicity or reproductive toxicity.

It is now almost exactly 50 years since I went as a postdoctoral fellow learn about cell
culture in Harry Rubin’s group in the Virus Laboratory at the University of California at
Berkeley. The use of cell cultures had created the breakthroughs in quantitative animal
virology, which led, inter alia, to the production of polio vaccines (albeit at the cost of the
lives of hundreds of thousands of rhesus monkeys, whose kidney cells were used to pro-
duce the viruses for the vaccines). We worked on Rous sarcoma virus (RSV) and chicken
leucosis viruses in chick embryo fibroblast cell cultures. Rubin and Temin had developed
an assay for RSV, based on the production of foci of virus-transformed fibroblasts, and
Temin did the crucial experiments which showed that RSV, an RNA virus, made a DNA
copy of itself, which was used to produce new virus particles. The enzyme involved was
reverse transcriptase, and its discovery was one of the most important leaps forward in cell
and molecular biology.

At that time, the fibroblasts and kidney cells were mere substrates in which the viruses
could replicate, and there were few signs of the outstanding and astounding developments
in cell culture technology which would give us the impressive range of techniques and
procedures which are available today. It could be said that the fundamental science of toxi-
cology in general, and the applied science of toxicity testing in particular, have been pain-
fully slow in adopting these developments to their benefit, largely due, no doubt, to the
entrenchment of the animal experimentation bias. However, I am confident that the
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regrettable situation is about to change, thanks to the huge efforts being invested in
industry and in academia throughout the world.

I am greatly encouraged by the excellent chapters in this book. However, as Russell and
Burch warned, there is a danger that the reader will be overwhelmed by the detail and the
sophistication. One way to overcome that problem is to begin by reading only the
Introductions of the various chapters, to see how well the authors have set the background
scene of what is to come, before looking at their Discussions and Conclusions sections, to
see how they summarize the current state of the art and look to the future. Then, an overall
impression having been gained, the detailed coverage and supportive evidence in the mid-
dle of each chapter can be carefully scrutinized and appreciated.

Ultimately, the question is whether the various in vitro approaches will contribute to an
increase in understanding and a decrease in uncertainty. We cannot escape the fact that,
although we may have many pieces of information to try to fit together, we certainly don’t
have all the pieces we need and we don’t know how many pieces are missing. In addition,
we must be suspicious that the pieces we do have are not merely the parts of one puzzle,
but may be parts of an unknown number of different puzzles. Moreover, we cannot assume
that all the pieces are of equal value, as we know that, far from being lifeless equivalents cut
from the original picture with a jigsaw to form a conventional jigsaw puzzle, there are,
within each piece of information having potential pharmacotoxicological significance, sto-
ries and histories, and pluses and minuses, and main streams and blind alleys, and dynamic
interactions among them that are far more profound. Worst of all, we have no picture on a
box to guide us—we have to create the eventual picture or pictures ourselves, by using
strategies and applying rules which we have to devise and validate along the way.

Nottingham, UK Michael Balls
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In this book, we attempt to bring together the important issues and considerations we
believe are needed in order to develop a workable, reliable, integrated testing strategy for
the replacement of animals in toxicity testing regimes.

We begin the book with a review on “The past, present, and future of chemical risk
assessment” by Alice Limonciel. She describes the history of the development of chemical
testing and the evolution of chemical regulation. This process has had several key mile-
stones. Among them were Elixir Sulfanilamide in 1937 and the thalidomide disaster in the
late 1950s and early 1960s. The unfortunate use of the solvent diethylene glycol in Elixir
Sulfanilamide caused the deaths of over a hundred people due to acute renal failure and
introduced regulations where proof of safety of a compound was required to be shown
before marketing. The thalidomide disaster introduced the necessity to test for reproduc-
tive toxicity. It is perhaps not surprising that these two examples were pharmaceuticals.

While testing is important for the chemical and cosmetic industry, the pharmaceutical
industry is somewhat a special case as compounds are designed to be taken up, distributed,
and have biological activity. Thus testing is a necessary and highly regulated part of drug
development. However, just because we rigorously test compounds doesn’t mean we nec-
essarily predict toxicities or a lack of them in humans. Individually, nonhuman mammals
poorly predict human toxicity, and thus several species are used to cover predictive ground,
unfortunately at the expense of specificity. Therefore, there is an inevitable loss of com-
pounds which are toxic in animals but safe in humans. Thomas Hartung (contributor of
Chap. 11) has pointed out that aspirin, one of the most widely used pharmaceuticals today,
would have most likely not been brought to market if it had to pass through current pre-
clinical testing regimes. Thus one of the main scientific rationales for developing in vitro
alternatives is to improve on current animal-based testing regimes in the preclinical phase.

The ability to maintain cells outside the living body is documented as far back as 1885,
when the zoologist Wilhelm Roux maintained embryonic chicken cells in a warm saline
solution for several days. However, the true foundation of modern cell culture was arguably
not until the mid 1950s when Eagle began to investigate the nutritional requirements of
cells in culture [1, 2]. Already in 1959, Russell and Burch had realized the importance of
cell culture as a real alternative to animal use, stating that “Mammalian tissue cultures have
become one of the most important replacement techniques, and indeed one of the most
important developments in biology” [3]. Since 1959, there has been a dramatic increase in
the development and use of in vitro cell cultures which was mostly driven by technological
advances in molecular biology such as polymerase chain reaction (PCR), transfection, and
gene silencing. Primary cells and cell lines have now become extremely widely used tools.
The improvements in cell immortalizations, such as telomerase overexpression [4], the
development of high-content omic approaches, and the discovery of methods to make
somatic cells pluripotent are continuing to push back the borders of'in vitro research. These
approaches are well suited to pharmacological and toxicological approaches and have great
potential to increase our understanding of the molecular perturbations of chemicals and
may eventually overtake animal studies as predictive tools.

ix
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The safety assessment of chemicals is a composite of hazard identification and risk of
exposure. Thus for the pharmaceutical industry in particular, where the chemical is intended
to enter the body and usually the circulation, all cells are potentially exposed making hazard
identification of primary importance. If in vitro toxicity testing regimes are to replace whole
animal tests for pharmaceutical development, they will have to represent all the major organs
and tissues. While this might sound an impossible task, it could be more manageable by
considering a tiered approach using the most commonly affected cells or tissues first. The
first line are the liver and kidney, since, due to their respective roles in xenobiotic metabolism
and excretion, they are exposed to and interact with a wide variety of chemical entities. So
theoretically if a lead chemical demonstrated either hepatotoxicity or nephrotoxicity at con-
centrations close to their therapeutic range, they should be stopped at this stage. However,
if this is not the case, other cell systems would then need to be tested. In vitro models for
liver and kidney toxicity are discussed in Chaps. 2 and 4, respectively. The heart is obviously
a vital organ and any compound that adversely affects its function could have very serious
implications for health. Cardiotoxicity is the primary reason for postmarketing drug with-
drawals and thus is of major interest for drug development [5]. The progress in the develop-
ment of in vitro cardiac models is discussed in Chap. 3, and detailed protocols are provided.
Neurotoxicity and injury to the blood brain barrier are also a major toxicological concern,
particularly with the potential of chemical-induced injury to contribute to neurodegenera-
tive diseases such as Alzheimer’s and Parkinson’s. The issues concerned and in vitro models
available are detailed in Chaps. 6 and 7. The lung due to its involvement in blood oxygen-
ation, metabolism, and the elimination of volatile substances is also an important toxicologi-
cal target and is of special interest for drug delivery. The lung represents a selective barrier
between the external and internal environments and is thus challenged on a permanent basis
with air-borne pollutants including nanoparticles. In vitro models of the lung are reviewed
in Chap. 5, while the special consideration of nanoparticles is addressed in Chap. 21.
Xenobiotics have the potential to interfere with immune responses either by increasing or
decreasing specific immune activity, and thus can lead to immunosuppression, sensitization,
autoimmune disease, and may even promote cancer. The challenges associated with the
development of immunotoxicity assays in vitro are discussed in Chap. 11.

The organs and tissues mentioned so far are important as their disturbance can lead to
severe ill health and mortality. However, nonvital organs where quality of life can be severely
impaired should also be considered for in vitro screening regimes. For example, many com-
pounds, including aminoglycoside antibiotics, can cause permanent deafness, a situation
which can have serious implications to life quality. The mechanism of ototoxicity and the in
vitro models available are discussed in Chap. 9. Of special consideration for the cosmetic
industry are the external physiological barriers and body surfaces, where cosmetics are often
applied, for example the skin and eyes. Indeed the progress for the development of alterna-
tive nonanimal strategies has been most successful, so far, for dermal and ocular toxicity
(Chaps. 8 and 10).

Many compounds either through direct action on DNA or indirect action, for example
through chronic tissue injury, immunomodulation, and endocrine disruption, can cause
cellular and tissue perturbations leading to the development of cancer. Thus, the carcino-
genic potential of compounds is of critical importance for human safety. While several in
vitro systems for testing genotoxicity are available, the identification of nongenotoxic car-
cinogens is more difficult. These issues are elaborated in more detail in Chap. 14.

In addition to effects of compounds on the intended individual, we also need to con-
sider their impact on fetal development and reproductive potential. We now know that the
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placenta is not an all exclusive barrier to the maternal environment. Certain chemicals, for
example thalidomide, can cross this barrier, where they may cause serious adverse develop-
mental effects. Chemicals, such as endocrine disrupters, may in addition reduce fertility
which is a serious societal concern. Thus development and reproductive toxicity are impor-
tant endpoints and are discussed in Chaps. 12 and 13.

As already mentioned, the fairly recent discovery of the possibility to induce pluripo-
tency in somatic human cells (inducible Pluripotent Stem Cells, iPSC) [ 6], has the potential
to revolutionize how we study human diseases and is likely to provide a plethora of new
biological tools for pharmacological and toxicological investigations. Apart from providing
a new source for primary cell culture, iPSC-derived target cells could form the first in vitro
basis for studying population-based dynamics, genetic susceptibility, and idiosyncrasies.
The development and use of iPSC for the major target organs is addressed in Chap. 15,
while the use of iPSC and progenitor cells for neurodevelopmental toxicity is specifically
reviewed in Chap. 16.

One of the major driving forces for the use of in vitro systems is their applicability to
high-content analysis. Indeed the coupling of well-characterized relevant cell culture sys-
tems with powerful high-content, information-rich techniques such as transcriptomics,
proteomics, metabolomics, and high-content imaging is pushing back the boundaries and
allowing a true mechanistic understanding of molecular events (Chaps. 17 and 18) [7]. The
use of these new technologies has provided us with a vast amount of mechanistic informa-
tion on how cells function at a molecular level and how they deal with chemical and physi-
ological stressors [8]. These types of experimental approaches are driving a new age in
toxicological science where the focus is the discovery and elucidation of molecular mecha-
nisms underlying chemical-induced cellular perturbations (Chap. 19). Indeed the OECD is
promoting the development of the so-called “Adverse Outcome Pathways” (AOP) concept
where a molecular initiating event, in which a chemical interacts with a biological target(s),
is followed by a sequential series of events that ultimately result in an adverse outcome in
an individual organisms or a population [9]. The elucidation of such molecular pathways
relevant for adverse effects of compounds can lead us to the discovery of mechanistically
anchored biomarkers. These biomarkers can be used to develop better predictive systems or
may even be employed in clinical settings (Chap. 20).

A very important but often neglected aspect of in vitro toxicology is pharmacokinetics
or toxicokinetics. Kinetics deals with how a test compound is altered by the system it is
applied to. For an in vitro system, the available concentration of the compound can be
decreased by binding to cell culture-ware such as a plastic cell culture dish, by binding to
proteins in the cell culture medium, by evaporation and due to cellular uptake or cellular
metabolism. The latter two points are critical in both in vitro and in vivo systems and are
discussed in detail in Chap. 22. Knowing the actual concentration that cells can interact
with, either by measurement as a free concentration in the cell medium or as a tissue con-
centration in the cell lysate, is crucial not only for experimental interpretation but also to
extrapolate to the in vivo situation. Indeed, we must eventually extrapolate from in vitro to
in vivo in order to establish safe exposure limits, which is after all the end goal of the exer-
cise. These issues are dealt with in Chaps. 23 and 24.

In order to realize the vision of Russell and Burch and to go a step closer to animal free
testing, we will require an integrated, systems biology approach, utilizing good cell culture
practice [10], good laboratory practice, relevant and robust biological systems together
with appropriate analytical tools and prediction models. Such an integrated strategy should
be fit-for-purpose and need to be recognized and accepted by regulatory authorities. Thus
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it is of utmost importance that scientists, industry, and regulators understand the needs of
each other; only then can an integrated, tiered strategy based on in vitro techniques be put
in place. In Chap. 25, the considerations in the development of in vitro toxicity testing
methods intended for regulatory use are detailed.

In conclusion, the majority of the contributors of this book share our opinion that the
use of animals for safety assessments is approaching its end of life and will eventually be
phased out by more predictive human-derived in vitro systems and é# silico approaches.
What these in vitro systems will be like is uncertain, but we would be surprised if iPSCs
were not an integral part of it, as this technology allows both human population-based
screening and safety evaluation tailored to individuals. Finally, we were delighted to receive
such a positive response from the experts we contacted and were very pleased that, without
exception, each chapter was written with the high standards and expert insight that we
hoped for. We are confident that this book has accomplished its goals and will be of benefit
not only to students, scientists, and regulators working in the field of chemical safety assess-
ment but also to the wider scientific audience.

Ispra (VA), Italy Anna Bal-Price
Innsbruck, Austria Paul Jennings
References
1. Eagle H (1955) Nutrition needs of mamma- factors. Cell 131(5):861-872.doi:10.1016/
lian cells in tissue culture. Science j.cell.2007.11.019
122(3168):501-514 7. Wilmes A, Limonciel A, Aschauer L, Moenks
2. Eagle H (1955) The specific amino acid require- K, Bielow C, Leonard MO, Hamon J, Carpi D,
ments of a human carcinoma cell (Stain HeLa) in Ruzek S, Handler A, Schmal O, Herrgen K,
tissue culture. ] Exp Med 102(1):37—48 Bellwon P, Burek C, Truisi GL, Hewitt P, Di
3. Russell WMS, Burch RL (1959) The principles Consiglio E, Testai E, Blaauboer BJ, Guillou
of humane experimental technique. Methuen, C, Huber CG, Lukas A, Pfaller W, Mueller SO,
London Bois FY, Deckant W, Jennings P (2013)
4. Wieser M, Stadler G, Jennings P, Streubel B Application of integrated transcriptomic, pro-
Pfaller W. Ambros . Riedl C ’Katinger H teomic and metabolomic profiling for the
Grillari L’ Grillari-Vog:lauer R ( 5008) WTERT delineation of mechanisms of drug induced cell

alone immortalizes epithelial cells of renal stress. ] Proteomics 79:180-194. doi:10.1016/

proximal tubules without changing their func- jjprot.2012.11.022
tional characteristics. Am J Physiol Renal 8. Jennings P, Limonciel A, Felice L, Leonard

Physiol 295(5):F1365-F1375. doi:10.1152/ MO (2013) An overview of transcriptional

ajprenal.90405.2008 regulation in response to toxicological insult.
5. Stevens JL, Baker TK (2009) The future of Arch Toxicol 87(1):49-72. doi:10.1007/

drug safety testing: expanding the view and s00204-012-0919-y

narrowing the focus. Drug Discov Today 9. Jennings P (2013) Stress response pathways,

14(3-4):162-167. doi:10.1016/j.drudis. toxicity pathways and adverse outcome path-

2008.11.009 ways. Arch Toxicol 87(1):13-14. doi:10.1007 /
6. Takahashi K, Tanabe K, Ohnuki M, Narita s00204-012-0974-4

M, Ichisaka T, Tomoda K, Yamanaka S 10. Bal-Price A, Coecke S (2011) Guidance on

(2007) Induction of pluripotent stem cells good cell culture practice (GCCP), vol 56.

from adult human fibroblasts by defined Neuromethods. Human Press, Springer, NY


http://dx.doi.org/10.1007/978-1-4939-0521-8_25
http://dx.doi.org/10.1152/ajprenal.90405.2008
http://dx.doi.org/10.1152/ajprenal.90405.2008
http://dx.doi.org/10.1016/j.drudis.2008.11.009
http://dx.doi.org/10.1016/j.drudis.2008.11.009
http://dx.doi.org/10.1016/j.cell.2007.11.019
http://dx.doi.org/10.1016/j.cell.2007.11.019
http://dx.doi.org/10.1016/j.jprot.2012.11.022
http://dx.doi.org/10.1016/j.jprot.2012.11.022
http://dx.doi.org/10.1007/s00204-012-0919-y
http://dx.doi.org/10.1007/s00204-012-0919-y
http://dx.doi.org/10.1007/s00204-012-0974-4
http://dx.doi.org/10.1007/s00204-012-0974-4

Contents

Foreword . . .. . . P
Preface. . ..o o X
COntributors. . . . ... Xvii

PAarT I INTRODUCTION

1 The Past, Present, and Future of Chemical Risk Assessment .. ............ 3
Alice Limonciel

PART II  SystEMIC ORGAN TOXICITY

2 In Vitro Systems for Hepatotoxicity Testing . ... ........ ... ... ...... 27
Jan G. Hengstler, Seddik Hammad, Abmed Ghallab,

Raymond Reif, and Patvicio Godoy

3 In Vitro Methods for Cardiotoxicity Testing . . . .................. ... 45
Vaibhav Shinde, Umesh Chaudbari, Isaia Sotiviadon,
Jiivgen Hescheler, and Agapios Sachinidis

4 Renal Cell Culture . ... 79
Paul Jennings, Lydia Aschauner, Anja Wilmes,
and Gervhard Gstraunthaler

5 Cellular Models for In Vitro Lung Toxicology. . . .. .................... 103
Oliver H. Wittekindt

ParT III  NEUROTOXICITY

6 In Vitro Developmental Neurotoxicity Testing:
Relevant Models and Endpoints .. ...... ... ... ... . 125
Anna Bal-Price and Helena T. Hogbery

7 Blood-Brain Barrier In Vitro Models and Their Applications
in Toxicology . . ... 147
Anacelle Fabulas-Da Costa, Christophe Landry, Lucie Dehouck,
Emmanuel Sevin, Marvie-Pievve Dehouck, Roméo Cecchelli,
and Maxime Culot

PART IV SENSORY ORGAN MODELS

8 Ocular ToXICItY . . . .t 169
Chantra Eskes, Evwin van Viiet, Michael Schiiffer, and Valérie Zuang
9 In Vitro Models for Ototoxic Research . . ......... ... ... ... ... ... 199

Jochen Schacht and Michael G. Leitner

Xifi



Xiv Contents

ParT V' OTHER ORGANS AND ASPECTS

10 Dermal Toxicity: Skin Sensitization . . ... ...t
David Basketter and Silvia Casati

11 ImmUNOtOXICILY . . . vttt
Thomas Hartung

12 Reproductive TOXICItY . . . ..ottt
Giovanna Lazzari and Cesare Galli

13 Evaluating Endocrine Disruption In Vitro. . .. .......... ... ... . .....
Patrick J. Devine

14 Current and Emerging In Vitro Methods for Genotoxicity
and CarciNOGENICILY . . . .t vttt et e e
Federica Madia, Pascal Phrakonkham, and Raffaelln Corvi

ParT VI THE UsE oF STEM CELLS

15 Use of Induced Pluripotent Stem Cells in Drug Toxicity Screening . . .. ... ..
Caroline Rauch, Paul Jennings, and Anja Wilmes

16 Human Stem/Progenitor Cell-Based Assays for Neurodevelopmental
Toxicity Testing . . . . oo
Ellen Fritsche

ParT VII TECHNIQUES AND MARKERS

17 High Content Imaging Approaches for In Vitro Toxicology . .............
Marianne Uteng, Davide Gevmano, Kamal Kumar Balavenkatraman,
Francois Pognan, and Armin Wolf

18 Application of “Omics” Technologies to In Vitro Toxicology . ............
Nina V. Balmer, Tyna Dao, Marcel Leist, Kinga Vojnits,
Tanja Waldmann, Liang Zhao, Helena T. Hogbery,
and Erwin van Viiet

19 Stress Response Pathways . ... ... . .
Martin O. Leonard, Alice Limonciel, and Paul Jennings

20 Translational Biomarkers, In Vitroand In Vivo . . . .....................
Anja Wilmes, Alice Limonciel, Martin O. Leonard, and Paul Jennings

PART VIII CHALLENGES AND CONSIDERATIONS

21 NanotoxXicology . . ..ot
Agnieszka Kinsner-Ovaskainen, Pascal Colpo, Jessica Ponti,
and Frangois Rossi

22 Consideration of Metabolism in In Vitro Cellular Systems. . ..............
Olavi Pelkonen, Jorma T. Ahokas, Jukka Hakkola,
and Miia Turpeinen

23 In Vitro Approaches to Predictive Biokinetics . . . ......................
Bas J. Blaauboer



Contents XV

24 Extrapolating In Vitro Results to Predict Human Toxicity. ... ............ 531
Nadia Quignot, Jévémy Hamon, and Frederic Y. Bois

25 Considerations in the Development of In Vitro Toxicity
Testing Methods Intended for Regulatory Use .. ...................... 551
Sandra Coecke, Gevard Bowe, Anne Milcamps, Camilla Bernasconi,
Amnn-Charlotte Bostroem, Gilles Bories, Salvador Fortaner,
Jean-Michel Gineste, Varvara Gouliavmon, Ingrid Langezaal,
Roman Liska, Emilio Mendoza, Siegfried Movath, Vittorio Reina,
Iwona Wilk-Zasadna, and Maunvice Whelan






Contributors

Jorma T. AHOKAS « Toxicology, School of Medical Sciences, RMIT-University, Melbourne,
VIC, Australia

Lyp1a ASCHAUER « Division of Physiology, Department of Physiology and Medical Physics,
Innsbruck Medical University, Innsbruck, Austria

KaMAL KUMAR BALAVENKATRAMAN o Novartis Institutes for BioMedical Research, Basel,
Switzerland

MICHAEL BALLS « ¢/0 Fund for the Replacement of Animals in Medical Experiments
(FRAME), Nottingham, UK

NINA V. BALMER « Doerenkamp-Zbinden Department of In Vitro Toxicology and Biomedicine,
University of Konstanz, Konstanz, Germany

ANNA BAL-PRICE « European Union Refevence Laboratory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Research Centre, Euvopean Commission, Ispra (VA), Italy

Davip BASKETTER « DABMEB Consultancy Ltd, Bedfordshire, UK

CAMILLA BERNASCONI « European Union Refevence Laboratory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Research Centre, European Commission, Ispra, VA, Italy

Bas J. BLAAUBOER « Division of Toxicology, Institute for Risk Assessment Sciences,
Utrecht University, Utrecht, The Netheriands

Freperic Y. Bois o Mathematical Modeling for Systems Toxicology, Royallien Research
Center, Technological University of Compiegne, Compiegne, France; INERIS,
DRC/VIVA/METO, Verneuil en Halatte, France

GILLES BORIES « European Union Reference Laboratory for Alternatives to Animal Testing
(EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Research Centre, European Commission, Ispra, VA, Italy

ANN-CHARLOTTE BOSTROEM « European Union Refevence Laboratory for Alternatives to
Amnimal Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and
Consumer Protection, Joint Research Centre, European Commission, Ispra, VA, Italy

GERARD BOWE « European Union Reference Labovatory for Altevnatives to Animal Testing
(EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Research Centre, European Commission, Ispra, VA, Italy

Sivia Casatt « European Union Refevence Labovatory for Alternatives to Animal Testing
(EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Researvch Centre, European Commission, Ispra, VA, Italy

Romeo CeEccHELLL « BBB Laboratory, IMPRT: IFR114, Université Lille Novd de France,
UAvrtots, Lens, France

UwmesH CHAUDHARI « Center of Physiology and Pathophysiology, Institute of Neurophysiology,
University of Cologne, Cologne, Germany

XVii



Xviii Contributors

SANDRA COECKE « European Union Reference Laboratory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Research Centre, European Commission, Ispra, VA, Italy

PascaL Corro « Nanobiosciences Unit, Institute for Health and Consumer Protection, Joint
Research Centre, European Commission, Ispra, VA, Italy

RAFFAELLA CORVI « European Union Reference Labovatory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Research Centre, European Commission, Ispra, VA, Italy

ANAELLE FaBULAS-DA Costa « BBB Laboratory, IMPRT: IFR 114, Université Lille Nord
de France, UAvrtois, Lens, France

Maxime CurotT « BBB Laboratory, IMPRT: IFR 114, Université Lille Novd de France,
UArtois, Lens, France

Ty~na DAO o Department of Environmental Health Science, Bloombery School of Public
Health, Johns Hopkins University, Baltimore, MD, USA

Lucie DEnouck « BBB Laboratory, IMPRT: IFR 114, Université Lille Nord de France,
UArtois, Lens, France

MARIE-PIERRE DEHOUCK « BBB Laboratory, IMPRT: IFR 114, Université Lille Nord
de France, UAvrtois, Lens, France

Patrick J. DEVINE « Novartis Institutes for BioMedical Research Inc., Cambridge, MA, USA

CHANTRA Eskes o SeCAM Services and Consultation on Alternative Methods, Agno,
Switzerland

SALVADOR FORTANER « European Union Reference Laboratory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Researvch Centre, European Commission, Ispra, VA, Italy

ELLEN FritscHE « IUF, Leibniz Research Institute for Environmental Medicine,
Heinrich-Heine-Universitit Diisseldorf, Diisseldorf, Germany

CESARE GALLI « Avanten, Laboratory of Reproductive Technologies, Cremona, Italy;
Fondazione Avanten, Cremona, Italy; Department of Vetevinary Medical Sciences,
University of Bologna, Bologna, Italy

DavIDE GERMANO « Novartis Institutes for BioMedical Research, Basel, Switzeriand

AHMED GHALLAB « Leibniz-Institut fiir Avbeitsforschung an der TU Dortmund,
Dortmund, Germany; Department of Fovensic and Veterinary Toxicology, Faculty of
Veterinary Medicine, South Valley University, Qena, Egypt

JEAN-MICHEL GINESTE « European Union Refevence Laboratory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Researvch Centre, European Commission, Ispra, VA, Italy

Patricio Gopoy « Leibniz-Institut fiir Avbeitsforschung an der TU Dortmund,
Dortmund, Germany

VARVARA GOULIARMOU « European Union Refevence Laboratory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Research Centre, European Commission, Ispra, VA, Italy

GERHARD GSTRAUNTHALER « Division of Physiology, Department of Physiology and Medical
Physics, Innsbruck Medical University, Innsbruck, Austria

Juxkxka Hakkora « Department of Pharmacology and Toxicology, University of Oulu,

Ouln, Finland



Contributors Xix

SEDDIK HAMMAD o Leibniz-Institut fiir Arbeitsforschung an der TU Dortmund,
Dortmund, Germany; Department of Forvensic and Vetevinary Toxicology, Faculty of
Veterinary Medicine, South Valley University, Qena, Egypt

JEREMY HAMON « Mathematical Modeling for Systems Toxicology, Royallien Research
Center, Technological University of Compiegne, Compicgne, France

TroMAS HARTUNG « Bloombery School of Public Health, The Johns Hopkins University,
Baltimore, MD, USA

JaN G. HENGSTLER « Leibniz-Institut fiir Avbeitsforschung an der TU Dortmund,
Dortmund, Germany

JURGEN HESCHELER « Center of Physiology and Pathophysiology, Institute of Neuvophysiology,
Unaversity of Cologne, Cologne, Germany

HEeLENA T. HOGBERG « Department of Environmental Health Science, Center for
Alternative to Animal Testing (CAAT), Bloomberg School of Public Health, The Johns
Hopkins University, Baltimore, MD, USA

PAUL JENNINGS « Division of Physiology, Department of Physiology and Medical Physics,
Innsbruck Medical University, Innsbruck, Austria

AGNIESZKA KINSNER-OVASKAINEN o Nanobiosciences Unit, Institute for Health and
Consumer Protection, Joint Reseavch Centre, European Commission, Ispra, VA, Italy

CHRISTOPHE LANDRY « BBB Laboratory, IMPRT: IFR 114, Université Lille Nord de France,
UArtois, Lens, France

INGRID LANGEZAAL « European Union Reference Labovatory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Researvch Centre, European Commission, Ispra, VA, Italy

GIOVANNA LazzARI « Avantea, Laboratory of Reproductive Technologies, Cremona, Italy;
Fondazione Avantea, Cremona, Italy

MARCEL LEIST « Doerenkamp-Zbinden Department of In Vitro Toxicology and Biomedicine,
University of Konstanz, Konstanz, Germany

MICHAEL G. LEITNER o Institute for Physiology and Pathophysiology, Philipps University
Marburg, Marburyg, Germany

MARTIN O. LEONARD « CRCE, Public Health England, Chilton, UK

ALICE LIMONCIEL « Division of Physiology, Department of Physiology and Medical Physics,
Innsbruck Medical University, Innsbruck, Austria

RowmaN Liska « European Union Reference Labovatory for Alternatives to Animal Testing
(EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Researvch Centre, European Commission, Ispra, VA, Italy

FeDERICA MADIA « European Union Refevence Laboratory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Researvch Centre, European Commission, Ispra, VA, Italy

EmiLio MENDOZA « European Union Reference Labovatory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Research Centre, European Commission, Ispra, VA, Italy

ANNE Mi1Lcamps « European Union Reference Laboratory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Research Centre, European Commission, Ispra, VA, Italy



XX Contributors

SIEGFRIED MORATH « European Union Reference Laboratory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Research Centre, European Commission, Ispra, VA, Italy

Oravi PELKONEN « Department of Pharmacology and Toxicology, University of Oulu,
Oulu, Finland

PascaL PHRAKONKHAM « European Union Reference Labovatory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Research Centre, European Commission, Ispra, VA, Italy

Francois POGNAN « Novartis Institutes for BioMedical Research, Basel, Switzerland

Jessica PoNTI o Nanobiosciences Unit, Institute for Health and Consumer Protection,
Joint Research Centre, Euvopean Commission, Ispra, VA, Italy

Napia QUIGNOT « Strategy & Decision Analytics, LA-SER, Paris, France

CAROLINE RaUCH « Division of Physiology, Department of Physiology and Medical Physics,
Innsbruck Medical University, Innsbruck, Austria

RAYMOND REIF o Leibniz-Institut fiir Avbeitsforschung an der TU Dortmund,
Dortmund, Germany

VITTORIO REINA o Ewuropean Union Reference Laboratory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Research Centre, Euvopean Commission, Ispra, VA, Italy

Francors Rosst « Nanobiosciences Unit, Institute for Health and Consumer Protection,
Joint Research Centre, Euvopean Commission, Ispra, VA, Italy

Acar10s SACHINIDIS « Center of Physiology and Pathophysiology, Institute of Neurophysiology,
Unaiversity of Cologne, Cologne, Germany

JOCHEN SCHACHT « Kresge Hearing Research Institute, The University of Michigan,

Ann Avbor, MI, USA

MICHAEL SCHAFFER « European Union Reference Laboratory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Research Centre, European Commission, Ispra, VA, Italy

EMMANUEL SEVIN « BBB Laboratory, IMPRT: IFR 114, Université Lille Novd de France,
UAvrtoss, Lens, France

VAIBHAV SHINDE « Center of Physiology and Pathophysiology, Institute of Neuvophysiology,
University of Cologne, Cologne, Germany

Isa1a SotriapOU « Center of Physiology and Pathophysiology, Institute of Neurophysiology,
University of Cologne, Cologne, Germany

Muia TURPEINEN « Department of Pharmacology and Toxicology, University of Oulun,
Ouln, Finland

MARIANNE UTENG « Novartis Institutes for BioMedical Research, Basel, Switzerland

ERWIN VAN VLIET o SeCAM Services and Consultation on Alternative Methods, Agno,
Switzerland

KiNnGga VoINITS o Department of Pediatric Surgery and Center for Stem Cell Research
and Regenerative Medicine, University of Texas Medical School at Houston, Houston,
TX, USA

Tanja WALDMANN o Doerenkamp-Zbinden Department of In Vitro Toxicology
and Biomedicine, University of Konstanz, Konstanz, Germany

MAURICE WHELAN « European Union Reference Laboratory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Researvch Centre, European Commission, Ispra, VA, Italy



Contributors XXi

IwoNa WILK-ZASADNA « European Union Reference Laboratory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Research Centre, European Commission, Ispra, VA, Italy

ANJA WILMES « Division of Physiology, Department of Physiology and Medical Physics,
Innsbruck Medical University, Innsbruck, Austria

OLIVER H. WITTEKINDT o Institute of General Physiology, Ulm University, Ulm, Germany

ARMIN WOLF « Novartis Institutes for BioMedical Research, Basel, Switzevland

LIANG ZHAO « Department of Envivonmental Health Science, Bloombery School of Public
Health, Johns Hopkins University, Baltimore, MD, USA

VALERIE ZUANG « European Union Refevence Laboratory for Alternatives to Animal
Testing (EURL ECVAM), Systems Toxicology Unit, Institute for Health and Consumer
Protection, Joint Research Centre, European Commission, Ispra, VA, Italy



	Foreword
	Preface
	References

	Contents
	Contributors

