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Abstract

The main achievements and results of the ESNATS project (Embryonic Stem cell-based Novel Alternative
Testing Strategies) were presented at the final project conference that was held on the 15" September 2013,
the day before the traditional EUSAAT (European Society of Alternatives to Animal Testing ) congress in Linz
(Austria).

The ESNATS project was an FP7 European Integrated Project running from 2008 to 2013, which aim was to
develop a novel toxicity test platform based on embryonic stem cells (ESCs), in particular human ESC (hESCs),
to accelerate drug development, reduce related R&D costs, and propose a powerful alternative to animal tests
in the spirit of the "Three R principle". Altogether ESNATS made first the proof of concept that hESCs can be

used to build up robust, reproducible and ready-to use test assays predicting human toxicity. In the end mainly
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5 test systems were developed at a level to enter possible pre-validation procedure. Those methods are based
on hESC (human embryonic stem cells) and can be combined to study the possible effect of a chemical
exposure during the early stage of development of the human embryo.

In addition to the presentations made by the main project partners, external speakers were invited to give
lectures on relevant topics both in the field of neurotoxicity and more in general the applicability of hESC for

developing advanced in vitro tests.

Introduction
The ESNATS (Embryonic Stem cell-based Novel Alternative Testing Strategies) project is an integrated Project
funded within the FP7 under grant agreement n® HEALTH-F5-2008-201619. The goal during the project’s five-
year of duration (2008-2013) was to develop a novel toxicity test platform based on embryonic stem cells
(ESCs), in particular human ESC (hESCs), to accelerate drug development, reduce related R&D costs, and
propose a powerful alternative to animal tests in the spirit of the "Three R principle." The work was organized
in four research areas:

1. Reproductive toxicity

2. Neurotoxicity

3. ESC-based toxicogenomics and toxicoproteomics signatures

4. Metabolism, toxicokinetics and modelling
In addition, some activities were focused on building a common glossary, disseminating the results, and the
discussions about the ethical aspects of using hESC.
In order to present the final deliverables of the ESNATS project to the public, it was decided to organize a
public Conference on the 15" September 2013, in conjunction with the annual EUSAAT (European Society for

Alternatives to Animal Testing) congress that has been taking place in Linz for 15 years.



The ESNATS Conference in Linz combined the work done within the consortium with input from people who
were not part of the project, which contributed to the success of the event. Two panel discussions played an
important role in increasing interest in this fascinating topic.

The present paper provides an overview of the event by presenting each lecture and main discussion points.
The morning session hosted some participants in the ESNATS project, while in the afternoon, relevant
stakeholders were invited to represent an external point of view on the use of hESC for toxicity testing. The
conference was organized by the authors with the help of ARTTIC, one of the consortium partners. The name of
all speakers with affiliations are mentioned in each section.

About 300 participants followed the event with interest and with lively contributions during the discussion

sessions.

Opening address: Horst Spielmann, President of EUSAAT, Freie Universitaet Berlin, DE-Berlin

Introductory lecture was from Horst Spielmann who is the president of the European Society of Alternatives to
Animal Testing (EUSAAT). This final conference of the ESNATS Project was hosted by the annual EUSAAT
congress which has taken place in Linz 18 times, demonstrating the long tradition of this event.

The reasons for the collaboration between EUSAAT and the ESNATS project are clear, as tests based on
embryonic stem cells are the most promising alternatives to animal tests.

Historically, the idea of applying embryonic stem cells to develop toxicity tests occurred when it was discovered
that mouse ES could be differentiated into cardiac cells. The heart is the earliest organ that develops in the
embryo, and this is why the embryocardiac test is very important in the establishment of developmental
testing. Even though this test has an official protocol® and is already widely used by industry, regulatory
acceptance is still undefined. Nevertheless, the pharmaceutical company Roche has recently made an
important investment in full automation of the test, which is now routinely applied in the investigation of new
drug candidates. This test represents the first step toward a more modern approach for toxicology in the 21*

century.



Overview of the ESNATS project: Jirgen Hescheler, Coordinator of ESNATS, University of Cologne, DE-
Cologne.

The ESNATS project (www.esnats.eu) was funded with about €12 million by the European Commission within

the FP7 Framework program (Contract number: HEALTH-F5-2008-201619). It lasted 66 months, starting from
1°** April 2008, with the participation of 33 organizations equally distributed between universities and private
Companies, including some SME (small and medium-sized enterprises).
The primary goal was the development of a set of toxicology assays by applying primarily human stem cells in
four areas of research:

1. Reproductive toxicity

2. Neurotoxicity

3. ESC based toxicogenimic and toxicoproteomic signature

4. Toxicokinetics metabolism and modeling
At the beginning, organization of the work was not easy, as each partner had its own testing experience. During
the first three years, 14 new tests were developed (Figure 1), but only few were evaluated in depth in the last
two years (representing the stages of differentiation and with the challenge of combining them in an effective
strategy (Figure 2). In the transcriptomics PCA (Principal Component Analysis) plot, there is a clear separation
of those selected tests demonstrating that they are complementary, with each of them giving a piece of
information®. The test protocols were developed and optimized, the prediction model arranged, and now they
are ready for more formal evaluation, and perhaps to start the pre-validation procedure.
The work has demonstrated the possibility of applying hESC in a reproducible way giving indications that ES-
derived systems for the assessment of neuronal toxicity could be a potential alternative approach to animal-
based testing assays, and possibly even a major improvement in the predictive capacity. This goal was achieved
through the optimization and standardization of the procedure for handling global transcriptomics data.
The limit in the development of those tests was the low number of chemicals with known developmental

neurotoxicity (DNT) properties. Clearly, this list needs further expansion for future activity and validation of the
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strategy. Moreover, more systems should be developed for accurate classification of DNT and DT and more
efficient and accurate omics technologies for complexity reduction in predictive toxicity. Development of test
systems toward 3D and higher complexity for long term and chronic exposures must represent the future
challenge. A link between in vitro results must be correlated to in vivo adverse outcomes with better prediction
of adverse effects in vivo based on the tested compounds’ omics signatures.

The ESNATS project was not only composed of scientific activities, but included discussions about the ethics of
using hESC. One of the deliverables was the creation of a card game that could stimulate constructive debate
also among a lay audience. Training and dissemination were also important part of the work, including summer
courses that provided the opportunity to meet young and motivated students.

Over 100 papers were published in peer reviewed journals under the umbrella of ESNATS

(www.esnats.eu/publications).

The ESNATS hESC-based toxicity test battery: Marcel Leist, University of Konstanz, DE-Konstanz

At the beginning, the project targeted several areas of toxicity testing, but it became rapidly clear that the
strength of pluripotent stem cells, i.e. embryonic stem cells (ESC) or induced pluripotent stem cells (iPSC), was
especially the modeling of early stages of embryo development?. Such stages can hardly be addressed by other
model systems. The first broad approach also comprised the use of both murine and human ESC. Since murine
ESC (mESC) are easier to handle, the first set of interesting results was obtained with such cells: the discovery
of coordinated waves of gene expression during neural differentiation® and the establishment of a set of
transcriptional biomarkers for all brain cell types®. In spite of the success in this area, it was soon decided to
quit the murine models in favor of the use of hESC. These cells offer the large advantage of directly studying
human developmental processes. The project decision was accompanied by an intense discussion and weighing
of the ethical aspect of the decision®.

During the following project phase, emphasis was shifted from cell biological issues related to the culture and

directed differentiation of hESC towards the setup of toxicological test systems. Quality criteria and test
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definitions were worked out, in order to support the generation and transfer of robust test systems, suitable
for pharmaceutical compound testing’.

Another very important preliminary step was the agreement of a list of chemicals with known activity to
challenge the new tests and measure their relevance and predictivity. This step required intense literature
surveys and expert discussions, as there was at the beginning of the project only a small list of compounds with
unambiguous developmental neurotoxicity proven in humans®. In this situation, it was very important to work
out transparent selection criteria and guiding scientific principles for test compound selection and use®. The 10
selected chemicals represent a very good starting point for method development. In parallel with test chemical
selection, a system was worked out that allows the presentation of complex test protocols. This may facilitate
discussion and exchange of knowledge in a field in which such technical information is of utmost importance.
At the end of the first half of the project period, about 14 test systems were available for further development.
Figure 1 shows how those tests were distributed to cover all steps of the embryo development with specific
attention to neurotoxicity; tests are named by using the abbreviation of the partners which were mostly
involved in the development. Tests in Figure 1 were too many for building a testing strategy and therefore a
decision was taken about which one should be more effective. Selection was not easy due to the high value of
all of them, but in the end a small number of assays was selected, based on their relevance, performance
criteria, and state of development/internal validation. Details on the single tests and selection procedure are
described by Krug et al.? and Zimmer et al.®. Generally speaking, tests were based on a combination of gene
profile detected with transcriptomics analysis with some phenotypic or functional change. The hESC-based
methods are summarized in Figure 2, which gives an overview of the different periods and processes relevant
to early embryonic/neuronal development that are covered by each single tests. Main steps of the procedure
are also described by giving the timing for cell re-plating, medium exchange and timing for test item exposure.
The selected tests were used on the one hand for biomarker discovery on the basis of transcriptome profiling.

On the other hand the assays made part of a test battery strategy developed by the ESNATS consortium. In this



context, 28 compounds (comprising 21 human drugs) were screened, and e.g. the UKN2 system identified 11
hits for further characterization.

The ESNATS test battery strategy was not limited to hit finding, but it included follow-up assays (such as
transcriptome profiling or correlation of specific developmental toxicity with cytotoxicity in the test systems) as
well as in vitro in vivo extrapolation (IVIVE) activities (based on physiology-based pharmacokinetic modeling) to

relate the test concentrations to relevant human doses.

The ESNATS hESC-based toxicity biomarker identification study: Jan Hengstler, IFADO, DE-Dortmund
The selected test battery (Figure 2) was challenged with two chemicals representing two different classes of
DNT in order to understand the ability to discriminate between different toxicants and also to optimize some
test parameters®. Those two chemicals are valproic acid (VPA) and methylmercury chloride (MeHg). Valproic
acid is an anti-epileptic drug and histone deacetylase (HDAC) inhibitor, while MeHg is a food contaminant and
unfortunately infamous for Minamata disease. Mannitol was used as negative control.
Referring to Figure 2, the five methods are focused on the following phases:

1. UKK: Multi-lineage differentiation into ecto-, meso-, and endoderm

2. UKN1: Neuroectodermal induction from neural ectodermal progenitor cells

3. JRC: Neural tube formation; rosettes

4. UNIGE: Transition of neural precursor cells to mature neurons

5. UKN2: Inhibition of neuroblast (neural crest) migration
The first step was the optimization of the probes, considering that the effect is not always proportional to
either the number or the intensity of gene expressions that are altered. Optimization by PCA analysis led to the
identification of 500 probes with the highest variability.
Further investigations were performed for the determination of the number of biological replicates (set at 4),
and the test item concentration which resulted as a critical parameter. Cytotoxic concentration resulted in an

unspecific gene expression response, while too low concentration gave, in some cases, false negative
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outcomes, even though this aspect had a high variability in the five tests. The effect of concentration on gene
expression was assessed in details through the establishment of a biostatistical tool based on gene ontology
(GO) group activation profiles, revealing that apoptosis always occurs, even at very low concentration, while
catabolism (i.e. protein degeneration) was detected only at cytotoxic doses. The optimal concentration is
closest to cytotoxicity level with no induction of catabolism and not too low to avoid diluting the response.
Another critical parameter is the exposure time, as the effect can be very variable, with evidence of a “big
bang-like” coordination principle during partial time exposure. While early time window of incubation during
differentiation may help to elucidate the mechanism, exposure during the whole differentiation period is more
effective in definition of the response of toxicant chemicals.

When all parameters were defined, the battery was challenged with a set of 12 chemicals split in “valproic acid-
like” compounds and “methylmercury-like” compounds, in order to define the capability of the battery of tests
to correctly identify the group of affinity. When all results were available with the 12 compounds at different
concentration tested on all 5 systems, different sets were applied to train the system until a satisfactory result
was obtained. This conclusion is not enough for assessing that the system can be widely applied, but it is
definitely an effective starting point for the real application of this battery.

The cost of the test battery is now at 11,000€ with a duration of 6 weeks.

Hepatocyte in vitro systems to study metabolism: stem cell derived hepatocytes as an alternative to primary
hepatocytes: Jan Hengstler, IFADO, DE-Dortmund

The ideal in vitro system must include metabolism, as it is well known that in many cases the effect of a
chemical is generated by any of the metabolites, rather than the substance itself.

In line with the general philosophy of the ESNATS project, some efforts were dedicated to the study of the
possibility of using human stem cell-derived hepatocytes to study metabolism®®. The same procedure that is
usually applied for mouse hepatocytes were applied for cells of human origin. The procedure is promising, as it

offers the possibility of studying human metabolism that is demonstrated being very different from mice even
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though similar to rat. Primary human hepatocytes work well, but the supply of primary cells relies on liver
biopsies from hospitals.

In this sense, working with stem cell-derived hepatocytes has a tremendous effect. The 3D cell culture was
challenged with many chemicals demonstrating that metabolic activity is present, even though with limitations.
Firstly, the physical-chemical property of the chemicals may have an effect by impacting the absorption
characteristics and the interaction with the 3D cells. Moreover, the cell isolation procedure is critical, with
differences in the response between freshly isolated cells and those that have been stored for just 24 hours,
which corresponds to the period when the largest effect occurs'***.

Other differences lie in the fact that this system resembles a chronic inflammation status with collagen
entering the cells. The non-healthy status may have an impact on metabolic activity. In spite of what occurs in
vivo, stem cell-derived hepatocytes are unable to be adjusted after damage. Some experiments were also

performed with hepatocytes differentiated from hESC, but with no major improvements. The reasons for the

differences could be that in vitro cells are not vascularised and there is a substantial lack of perfusion.

hSKP-derived hepatocytes for toxicity testing: Joery De Kock, Vrije Universiteit Brussel, BE-Brussels

One of the goals of the ESNATS project was to integrate functional metabolizing systems into newly developed
in vitro testing strategies for the toxicological study of substances affecting the nervous system and the
reproductive system. Since the liver is the main organ for xenobiotic biotransformation, in vitro models
properly reflecting the human in vivo situation are preferably liver-derived. Since primary human hepatocytes
are very scarce and their large-scale in vitro use is hampered by their inability to proliferate in culture, other
cell sources needed to be explored. As such, postnatal stem cells were considered to be suitable as they have
the ability for self-renewal and the potential for multi-lineage differentiation. Within the ESNATS project, the
primarily focus was on human skin-derived precursor cells (hSKP). These cells acquired, upon exposure to
hepatogenic growth factors, specific features of hepatic progenitor cells as well as typical characteristics of

adult hepatocytes. Although these hSKP-derived hepatic cells were not yet fully functional hepatocytes, they
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were able to respond to the exposure to acetaminophen, a well-known hepatotoxicant, in a comparable way as
cultured primary human hepatocytes (Figure 3). As such, hSKP-derived hepatic cells might represent a suitable
early preclinical model for in vitro hepatotoxicity testing of new chemical entities. Future research will involve
the analysis of more chemical substances that cause acute liver failure or other types of liver damage including

steatosis and cholestasis.

In vitro-in vivo extrapolation of prenatal (neuro) toxicity assay data by PBPK modeling: Sieto Bosgra, TNO, NL-
Utrecht
In the replacement of animal studies by in vitro and in silico methods, a prominent role has been attributed to

1314 These models can be used to extrapolate toxic

(physiologically based) pharmacokinetic, (PB)PK modeling
concentrations in in vitro assays to human toxic doses in vivo, which can then be directly compared to human
exposure estimates in risk assessment. Furthermore, in the phase of assay development and characterization,
similar models can be used to correlate toxicity findings in vitro to observations in vivo, be it from available
animal study information or human epidemiology. This approach helps to interpret and establish confidence in

1.">, showing that

the outcome of the assays. An early example of this approach was set by Verwei et a
extrapolation of the effective concentrations of some well-known teratogens in the classic embryonic stem cell

test to in vivo gave an accurate prediction of the oral dose in rats associated with embryotoxicity. The approach

was developed further in the EU FP7 projects ESNATS and ChemScreen (www.chemscreen.eu) which is part of

the larger project SEURAT-1 (www.seurat-1.eu) to study a replacement of in vivo Repeated Dose Systemic

Toxicity Testing.
The approach to in vitro-in vivo correlation is based on the following steps:
1) A (PB)PK model is built to describe the absorption, distribution, metabolism and excretion of the toxic
compound of interest. Published PBPK models can be implemented, or new models can be established

based on pharmacokinetic data in the species of interest. Even predictions of the kinetic behavior of
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compounds from in vitro assays (binding and metabolism) and physicochemical properties may provide
useful information.

2) The PBPK model is used to simulate the target organ concentration related to the dose at which
relevant effects have been observed in vivo.

3) The unbound concentration may differ between the fluids surrounding the target cells in vivo and the
test medium concentrations in vitro. This difference is corrected for to predict the nominal
concentration in vitro expected to show effects.

Sensible study designs with in vivo relevant concentrations were defined using this method, and the results
were compared between test systems with differing protocols. The effective concentrations observed in vitro
in general showed a very good correspondence (within an order of magnitude) with those predicted based on
in vivo toxicity information from historical animal and/or human data (Figure 4)°. In the ChemScreen test
battery for reproductive toxicity, the predictions based on in vivo toxicity data and PBPK modeling
corresponded with those assays showing effects at the lowest concentrations, revealing the critical
mechanisms of action of the compounds tested. This helped distinguish critical results in the battery from the
secondary responses that inevitably occur at higher concentrations, and helped explain why compounds such
as valproic acid only tested positive at relatively high concentrations’®.

Although improvements and larger scale validation are still needed, these results demonstrate the feasibility of

extrapolating in vitro toxicity observations and make the use of these test systems for risk assessment possible.

Pluripotent stem cell-derived engineered neural tissues: what’s new?: Karl-Heinz Krause, University of
Geneva, CH-Geneva

17,1
718 |n 3D culture,

Neurons can be developed from pluripotent stem cells (PSC) in both 2D and 3D models
complex structures resembling brain tissue can be generated. These structures are referred to as CNS

organoids or engineered neural tissues (ENT).
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The protocols to engineer ENTs are straight forward. The starting material for ENTs are neurospheres or PSC-
derived neural stem cells. The latter can be readily frozen and thawed when needed, providing an important
logistic advantage. To generate ENTSs, neural stem cells or neurospheres are plated on air-liquid interface on a
semi-permeable membrane that separates the cells from neural induction medium. On top of the cells, there
is a spontaneous formation of a nanofilm of medium. After 24 hours the system is homogeneous and after two
weeks in culture it resembles fetal neural tissue. ENTs are ready for further experiments 4-8 week after initial
culture. Experimental read-out that can be performed on ENTs include electrophysiology, immune
histochemistry, or neurotransmitter analysis. Long-term culture of ENTs is possible (up to 1 year), but
overgrowth with unwanted (e.g. fibroblast-like) cell types may occur.

There is the possibility of preparing different types of ENTs, by changing the starting material, or fine-tuning
the timing of neurosphere culture, as well as inclusion of cell fate modulating compounds (growth factors,
peptides, small molecules) and/or other cell types (e.g. inflammatory ENTs through inclusion of microglia).
ENTs were used to study glioblastoma invasion'® and Cytomegalovirus infection. These approaches gave
interesting results and showed specificity of the experimental system. For example, only glioblastoma tumor
cells, but not other tumors, showed the invasive phenotype, typical of glioblastoma in vivo.

In conclusion, ENTs are expected to have abundant biomedical applications as they can be applied to study
human brain development, but also pathophysiology research of human CNS disease (tumor invasion; infection
with human-specific pathogens). It is expected that such human 3D culture system will have a positive impact

on drug development and toxicology testing.

Identification of thalidomide-specific transcriptomics and proteomics signatures during differentiation

of human embryonic stem cells: Agapios Sachinidis, University of Cologne, DE-Cologne

The disaster caused by Thalidomide in the late 1950s is well known and the causality has been studied in depth.
Thalidomide is the typical example of the failure of the animal model during the development of a drug.

Thalidomide is a hypno sedative drug that was found to cause retardation of limb growth (dysmelia) during
13



human embryogenesis. It was first introduced on the market in 1954 and distributed in many countries around
the world. The first child afflicted with thalidomide damage to the ears was born on December 25, 1956, in
Australia, but before being completely withdrawn from the market the number of affected newborn children
was enormous, including almost 3,000 in Germany alone. Most of the animal tests for Thalidomide were
negative, hindering the real toxicity on humans. This tragedy, therefore, was the consequence of the poor
predictivity of animal models for human beings.

There are many different phases from basic research to marketing of a new drug. Drug discovery and early
development is relatively fast and inexpensive. The problems start with the beginning of the pre-clinical
phases, when testing new drug candidates on animals is mandatory. Among 5,000 compounds starting the pre-
clinical phase, only five enter the clinical phase and just one is marketed in the end. From an economical
standpoint, 900 million euro are spent for drug development with 75% of that spent on projects that fail,
mostly due to the weakness of animal models. Of course, this is not generally true. For example, penicillin
protects both mice and humans from staphylococcal infections, but the majority of substances have different
outcomes (like corticosteroids, which are widely teratogenic in animals but not in humans).

In the case of Thaledomide, understanding the mechanism of action may help elucidating the reason why the
animal model was not effective and, moreover, generate the possibility for testing new drugs in vitro to
determine the possible effects on the development of the foetus during pregnancy.

The gene expression during hESC differentiation was therefore studied in relation to thalidomide exposure.
Details of the protocol are reported elsewhere®. LC-MS analysis performed during the first 14 days of hESC
differentiation showed expression of nerve cell development-related proteins and loss of pluripotency-related
proteins. When exposed to sub-toxic concentration of Thalidomide, a clear and reproducible effect was
recorded in a concentration-dependent manner with strong perturbation of genes associated with heart, limb
development, and WNT signalling.

It was discovered that thalidomide suppresses the glutathione transferase genes and nucleocytoplasmatic

transporter with consequential interference in the nucleo-cytoplasmic trafficking pathways. Another important
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conclusion is that Thalidomide inhibits the expression of the glutathione S-transferases of the alpha class
(GSTA), which has a very important activity in protecting the cell against the damage caused by ROS (Reactive

Oxygen Species).

How can the ESNATS data be used to define mechanisms of action and/or AOPs: Panel discussion chaired by
Thomas Hartung, CAAT, US Baltimore

The concept of an Adverse Outcome Pathway (AOP) framework for establishing the relevance of non-animal
methods for safety assessment is increasingly accepted, as seen by the rising number of publications on this
topic in recent time. Despite its novelty, there is already an official working group at the OECD, which is
focused on AOP and chaired by R. Kavlock from EPA and M. Whelan from the JRC, European Commission.

The ESNATS project is very much in line with this concept, including a number of methods that are based on a
functional level. However, quick adaptations should be avoided in favor of a real change in mindset, in order to
introduce a new vision in toxicological assessment. Looking at what happens in a cell, which is in contact with a
chemical, is not enough, starting e.g. from the consideration that each outcome should be combined with
toxicokinetics assessment.

Just defining a pathway might be easy, but the recognized AOP must be correlated with a toxic response in
humans. For the moment, all models are based on the hazard identification of chemicals, and the real risk
assessment is generally not yet addressed. After all, any model is a reductionistic approach, whose limits must
be very well known and considered. Cells react and defend against a given toxicant, and some effects are
recorded at concentrations that are generally lower than the corresponding damaging concentration in vivo.
The hypothesis is put forward that this threshold may be correlated with the inter-individual variability.
Typically, the development of new in vitro tests starts from the classification of the training set of chemicals
and the biology of the process is considered on a second level.

From the regulatory point of view, the newly developed methods can be immediately applied for example to

justify a read-across approach or to satisfy the request for testing in a second species in case of a reproductive
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toxicity strategy. The possibility of explaining the mechanism can be very useful to assist the regulator in

accepting the new approach.

Bottlenecks for the implementation of alternative methods in regulatory reproductive and developmental
toxicity testing: Aldert Piersma, RIVM, NL-Bilthoven

In many sectors, regulatory acceptance always represents a bottleneck to the acceptance of innovative
approaches. In the area of alternative methods, it is of the utmost importance that regulators are involved
from the beginning of the process, with two main advantages: From the perspective of the regulators, they
have the opportunity to understand the method and immediately begin procedures to accelerate the
acceptance, and, from the other side, the developer can refine the assay to accomplish the requests of the
regulators.

In summary, there are 4 main areas that must be considered.

1 - Biological Applicability Domain

Applicability domain is often a serious constraint, particularly when dealing with the batteries of tests
necessary to provide the whole characterization. In this case, many tests will return false negatives, because

a chemical may not be active at the specific endpoint addressed by a specific test.

An example of a study to understand the applicability of a test is provided by Robinson et al.”* who studied the
Rat Whole Embryo Culture (rWEC) test in comparison with the in vivo equivalent test. The principle of the assay
is very simple, as the rat embryo is cultured in vitro to study the effect of a toxicant. Correlation of
transcriptomic data between in vivo and in vitro is very high, providing the identification of gene expression
levels that are associated with developmental toxicity endpoints in vivo. Even though the rWEC cannot be
considered a full replacement, as some animals are still use, it would represent an interesting improvement
compared to the classical method for the study of developmental toxicity. However, the assessment performed
against in vivo data does not guarantee reliability of results on humans, confirming the need to use human

materials for toxicological tests.
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2 — Method description, reproducibility

The method protocol should contain sufficient details to allow reproducibility within and among laboratories.
Even if the composition of the medium is the same, the origin of the cells controlled, etc., the method should
be robust enough to damper any other factors deriving from different operator, different batches, and so on.

3 - Validation

The route to validating alternative methods was established by Hartung et al.”?, who defined the concept of the
modular approach for evaluation of different aspects of a new assay. This system works very well for one-to-
one replacement methods, but needs adaptation. Beyond basic procedures for reproducibility and reliability,
the first difficulty arises from the definition of applicability domain that should not only cover physical chemical
properties of the test item, but should also consider the biological interactions that are required by the assay.
Another interesting discussion regards the possibility of testing mixtures.

As already mentioned, the constraint of getting reliable “gold standard” is a strong limitation to the
acceptability of alternative methods.

Last, but not least, there is the need to define the criteria that characterize an assay as valid, and for what
purpose this validity is relevant.

4 -Regulatory acceptance

Regulatory acceptance depends on the definition of the test and the information that it can provide, for both
scientific content and the number/type of animals that it can save. In case of a testing strategy, the ideal
position for a test is when the outcome can be utilized for decision making. In general, the increasing
complexity of the tests may help in the definition of the toxicological profile at the expense of throughput.

The difference will arrive when the strategy will be based on AOP, with each test defining a specific pathway.
Validation processes will change the perspective, becoming focused on mechanism. Chemical selection will be
based on the capacity of triggering a pathway, and findings will be evaluated on the basis of biological

applicability domains of the assays. Such strategy must include kinetic justification for relevance in vivo.
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The final goal should be a set of tests capable of a global assessment of the chemicals, rather than considering

the toxicity endpoint-by-endpoint, and this will offer the opportunity for a real replacement of in vivo tests.

Interspecies comparison of Pathways contributing to Neurodevelopmental Toxicity: Neurospheres as Test
Systems that model Processes involved in Brain Development: Ellen Fritsche, Leibniz Research Institute for
Environmental Medicine, DE-Duesseldorf

The Neurosphere assay was developed with the goal of the assessment of DNT in humans by using human
neural progenitor cells (NNPCs), which grow as neurospheres in a 3-D system?.

First step was the understanding of the processes that are necessary for brain development and that can be
studied in the neurosphere assay. The result is an assay capable of mimicking basic process of brain
development: NPC proliferation, differentiation, and migration.This assay can be used to assess functionality of
toxicity pathways, i.e. pathways, which contribute to one or more developmental processes. This pathway to
function approach helps discriminating between adaptive and adverse responses. The procedure is
straightforward and in comparison to human neurospheres also rodent NPCs can easily be prepared enabling
species comparisons.

Surprisingly, when the assay was challenged with chemicals that are known to be effective in vivo, in some
cases the result was negative. For example, Polycyclic Aromatic Hydrocarbons (PAHs) had no substantial effects
on human NPC development. When the experiment was repeated with murine NPCs (mNPCs), effects on NPC
proliferation and migration were observed confirming the DNT effects on mice in vivo. This result was
unexpected because it is known that PAHs interfere with a receptor that in theory is present in both humans
and mice, the Arylhydrocarbon Receptor (AhR). Further investigations showed that the AhR, in contrast to
mice, is not expressed during this developmental period in human NPC and thus PAHs do not cause adverse
effects on NPC development®®. Lack of AhR in human fetal brains in vivo was confirmed by others.

Glia cell adhesion to extracellular matrix (ECM) proteins is a prerequisite for CNS development. However,

analyses of interference of compounds with cell adhesion is an understudied field of research. We found that a
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natural antioxidant has a strong effect on cell adhesion. In the neurosphere assay, this adhesion effect is
measured as considered responsible for a modification of the radial glia migration, similarly to what occurs in
vivo. Thus, disturbed cell adhesion causes confusion in the radial outgrowth of glia cells. Even though similar
effects were measured in both rat NPC (rNPC) and hNPC, the effective concentration in hNPC is only half of that
for disturbing adhesion of rNPC.

High Content Image Analysis (HCA) allows the automatic and simultaneous assessment of nerve cells. This
effective principle was adapted to the neurosphere assay by writing algorithms allowing automated analyses of
cell migration, neuronal migration on top of the glia carpet, neuronal number and neurite outgrowth. Together
with previously published automatic sorting and plating of neurospheres®, this neurosphere HCA makes this
method suitable for medium throughput testing.

In conclusion, the neurosphere assay is a precious system to assess DNT, but also to elucidate inter-species
differences with interpretation of rodent in vivo data and to study pathway-to-function data that can help in

completing AOPs for (developmental) neurotoxicity.

Transforming the Conduct of Toxicology in the US: the Tox21 Program: Robert Kavlock, US Environmental
Protection Agency, US-Washington

The history of the Tox21 program began with the consideration that traditional toxicological approaches were
not effective enough to meet the expectation of the 21* Century. Actually, the limits of the traditional
approach have been very well known for many decades: poor predictive value of rodent toxicology studies with
high costs of late failures in drug development, thousands of chemicals queuing for further investigations (as in
the area of reproductive toxicity), unbearable costs, the time consumed by in vivo tests, etc.

At the beginning of this millennium, efforts were focused on computational toxicology, with the awareness
that there was the need to produce faster and more accurate risk assessments for less cost relative to
traditional means and to classify chemicals by their potential to influence molecular and biochemical pathways

of concernzs. It was clear that computational models combined with p|| sical chemical data could provide a
y
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rough idea about the toxicological properties of a substance, which is very useful for prioritization, but not
enough to manage the risk.

The next step in the evaluation was the NRC publication about the vision and the strategy for a new toxicology
paradigm?’ which suggests a novel approach based on in vitro tests with human cell lines, where the focus is on
toxicity pathways as a more efficient, informative, and less costly system for assessing the hazards posed by
chemicals. Soon after this publication, a memorandum of understanding was signed between the main U.S.
governmental institutions for health and the environment in a project for High Throughput Screening, Toxicity
Pathway Profiling, and Biological Interpretation of Findings. Public reaction was mixed, with some strong
supporters and others claiming that such an approach would have been never successful for many reasons.
Actually, this idea of developing in vitro models for predictive toxicology was present among toxicologists since
early 80s. What is different now is a better knowledge of biology, more computer tools, and high level
machinery, plus major government investments that allowed, for example, the beginning of a huge project—
ToxCast—to test many chemicals with in vitro methods in order to understand mechanisms and create an
automatic system for new assessments. The approaches for identifying key toxicity pathways are based on
toxicogenomic data combined with known toxicity pathways and genetic associations in human diseases, and
with the support from drug discovery methodologies. The numbers of chemicals screened in this project are
presented in Table 1. At the moment, Phase Il has just started and results from Phase Il already available on
the EPA website (http://epa.gov/ncct/toxcast/data.html). Simultaneously, a specific program for screening
endocrine disruptors, called E1K, was also initiated. The whole project is a balance between the number of
chemicals and the number of tests. Recently, more considerations have been assigned to the area of
toxicokinetics to compare the outcome of the ToxCast project with real exposure to humans and the
environment®.

Some results of the project are now already available and can be applied for prioritization, grouping of

chemicals, elucidation of specific mechanisms of action, etc. All results are public, including experimental
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details and protocols. It is a huge effort and external collaborations are welcome—such as one that has been

just sign by the JRC (Joint Research Centre) from the European Commission.

Predictive models and computational embryology: Thomas Knudsen, US Environmental Protection Agency,
US-Research Triangle Park

Today computational system biology represents a tremendous potential for integrating the dynamics of cell-
level function into multi-cellular networks that propagate change to higher levels of organization.
Bioinformatics provides us with insight into how cells are wired for a response to perturbation and to the
pathways underlying their regulation. In practice, starting from a model that is constructed over a specific
molecular functions that control morphogenetic cell behaviors, computer models construct a biological
network that simulate the final reaction. The idea is having in silico tissue models that may help in replacing
animal tests.

The starting point uses ToxCast results which are public available in a database:

(http://actor.epa.gov/actor/faces/ToxCastDB/Home.jsp). As already noted, the ToxCast project is currently

evaluating over 2,000 chemicals in more than 600 in vitro assays focused on the molecular and cellular
pathways to target chemical interactions. This huge amount of data is statistically correlated with the known in
vivo endpoints of the tested chemicals through multivariate analysis. It is not only a matter of inserting
numbers, but making new, intelligent combinations.

For example, through the ToxCastDB (the database containing all data from the ToxCast project), univariate
association was applied to filter known in vivo species-specific developmental data (rat and rabbits) and in vitro
results to a multivariate model. A very interesting association was found among developmental toxicants and
processes related to neo-vascularization, leading to the hypothesis that disruption of embryonic blood vessel
formation may be a direct target for some developmental effects”. The thousand chemicals in the ToxCast set
were ranked according to their response on each endpoint, where thalidomide appears among the first ones as

it shows a very high activity in many of them®.
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The next step was determining the link between this result with consequences of disruption through in-depth
study of embryonic limb development. All researchers agree that the evolution has moved from the
development of fish fin to limb bud outgrowth. This correlation allows listing relevant pathways that can be
selected as markers.

A model was set to reproduce the normal development. Electronically, each gene can be knocked down to see

what the consequences may be—with very interesting results (still not published data).

EPAA calls for a “Stem Cells in Safety Testing” forum to keep fluent communication Beatriz Silva-Lima, EPAA
stem cell group, BE-Brussels

The European Partnership  for  Alternative Approaches  to Animal Testing (EPAA,
http://ec.europa.eu/enterprise/epaa/) was founded in 2005 as a follow-up of the workshop “Europe goes
Alternatives” organized by the European Commission. EPAA is an unprecedented voluntary collaboration
between the European Commission, European trade associations, and companies. The vision of EPAA is based
on the principle of 3Rs, but with the final goal of a better and more predictive science. EPAA is active in many
different sectors, including chemicals, cosmetics, crop protection, and others, with the idea that sharing
knowledge and resources may help accelerate the development, validation, and acceptance of alternative
approaches.

Compared to the beginning, there is now the awareness that one-to-one replacement of current animal tests is
not possible and efforts are to be focused on new ways of doing science.

In 2009, another workshop was organized on the research needed to enable future hazard identification on
chronic repeated dose systemic toxicity without the use of in vivo testing. The result was the creation of
another two task forces within EPAA that address stem cell research and computational chemistry plus systems
biology. Regarding stem cells, the discussion concerned how to select cell types of interest and the most
appropriate readout for MoA identification. In 2011, 30 experts among industry, academia, and regulators

mapped the available information and decided to build a permanent forum to monitor current activities and
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identify new needs and possible development. This forum is still active and open to anyone who can actively
contribute. At the moment, the identified priorities are on standardization of assay protocols, chemical
selection for method development, definition of criteria for validation, and acceptance of new models. Of
course, this is a very rapidly expanding field, and re-discussion of each issue is always required, like the
prioritization of cell lines, definition of toxicity pathways, and so on. A core group in charge of organizing the
next workshop is planning another EPAA International Stem Cell Forum workshop in 2014 “Benchmarking of
stem cell assays in safety assessment across international consortia”.

Currently in the EU, there is a clear intention among regulators to take part in the process from the very
beginning, as demonstrated during many EPAA meetings that were directly hosted by EU agencies like EMA in

London and ECHA in Helsinki.

Data infrastructure for chemical safety Jos Kleinjans, University of Maastricht, NL-Maastricht
The goal of the Data Infrastructure for Chemical Safety project (diXa) is to develop a robust and sustainable
infrastructure for the collection of high throughput toxicogenomics datasets produced by past, present and

future EU research projects (www.dixa-fp7.eu). Overall, the institutions aim at reducing testing on animals as

much as possible. With this aim, many projects were funded within the FP7 and now there is the real risk that
all data generated thus far, will get lost just because the results are not collected and stored within a dedicated
and robust data infrastructure. Moreover, it is very important that companies and universities do not waste
precious time and resources in duplicating experiments, but rather should create a network sharing data in the
area of toxicogenomic.

Consequently, the main goal of the Dixa Project is to further develop and adopt a robust and sustainable
service infrastructure (e.g. data infrastructure and e-science environment) for harboring multiplexed data sets
as produced by past, current and future EU research projects on developing non-animal tests for predicting

chemical safety as conducted by the research community of toxicogenomics and to link this with other
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research communities maintaining globally available chemical/toxicological databases and databases on
molecular data of human disease.

Dixa database is now part of the larger ISA (Investigation Study Assay) Community which has adopted
technologies and reward mechanisms to support interoperability and promote the growth of an open data
communing culture®’.

Existing chemoinformatics databases which are widely available, are exploited as a source of data. For

example, data on drug targets are collected by ChemBL (www.ebi.ac.uk/chembl) which is an open-access

database for drug discovery and safety. Compounds are stored in a structure-searchable format and associated
to the biological target that characterizes their bioactivity. By contrast, except for cancer, very little omics
information is available from relevant human endpoints such as liver, kidney and cardiovascular diseases,
demonstrating once more the need for filling this gap, with the proposal of building a sort of databank on
biopsies from people suffering different organ injury.

As a proof of concept the diXA project has exploited in vitro data derived from the Japanese Open TG-Gates
project that has generated transcriptomics data from primary human hepatocytes in many compounds. The
application of the connectivity map methodology between transcriptomics data from those human cancer
tissue samples and in vitro toxicogenomics data sets can predict liver carcinogenicity32. For such purposes DiXa
has decided to include human epidemiological data as well.

As a conclusion, there is a clear need to build up a common platform for storing toxicogenomics data within a
well-designed and dedicated data infrastructure, not only to sustain the data, but also to create a novel
research tool, to allow for cross-compound, cross-study, cross-platform meta analyses and to deepen our

knowledge on toxic mechanisms-of-action with the final goal of improving predictivity of human toxicity.
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How can the ESNATS assays be applicable in companies/regulatory toxicology and what are necessary future
developments: Second panel discussion (chair: Michael Schwarz, University of Tuebingen, DE-Tuebingen)

The topic about how new developed tests could be immediately applied is of the utmost importance. Even
though ESNATS was mainly addressed to the pharma world, the questions about how to use in vitro methods
are generally valid and relevant for other purposes.

Since the ESNATS assays are not yet fully validated, their acceptability for chemical toxicity testing (e.g. REACH)
is limited. However, companies can immediately use the ESNATS assays in early drug development for “in-
house” use for prioritization during lead compound optimization, to select the lead candidate compounds, and
early screen-out compounds predicted to show undesirable toxicity profiles. For those drug candidates or
chemicals, which have already shown toxicity in vivo, the in vitro techniques can be helpful in unraveling the
MoA and to improve the confidence in read-across based on chemical similarity by adding information based
on biological similarity.

The potential use of the ESNATS test systems may be improved in the future for example with further
development of 3D models and by replacing immortal cell lines with iPS cells and hepatocytes with full
metabolic activity, plus providing cells that represent healthy or diseased humans.

Another step for the acceptance of in vitro methods is represented by the change in mindset that should be
focused on the definition of adversity at the molecular level. The problem is that at cellular level there is always
an effect and a clear identification of those changes that contribute to adversity on the organism level is not
trivial. An additional complication, particularly relevant for developmental tests, is that the cells themselves are
changing. It was discussed broadly, whether it is at all necessary to distinguish between adaptive and adverse
changes. This may depend on the applicability domain of the test. Discussants felt that for chemical testing, any
measurable effect could be regarded as adverse, as the main purpose of testing is to identify the lowest
chemical concentration that does not have an effect. It was put to reason, whether omics methods were too
sensitive for this approach, but the panel’s experience was that this is not the case, if appropriate statistical

methods are applied. The situation may be more difficult for testing of drugs and pesticides that are expected
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to have potent biological effects. This would require a case-by-case evaluation, as is common place also for
current animal testing approaches. All marketed drugs have effects on animals, and only the experience of
both pathologists and regulators may judge their real toxicological relevance. A similar weight-of-evidence and
cost-benefit-weighing approach will need to be applied to in vitro methods in the future.

Another step for the acceptance of in vitro methods is represented by the change in mindset that should be
focused on the definition of adversity at the molecular level. The problem is that at the cellular level there is
always an effect and the clear distinction with what can cause adversity in an organism is not trivial. To make
things more difficult, it should be considered that, for example, in developmental tests, the cells themselves
are changing.

Regulators will need to acquire confidence for this procedure, and this requires good justification and complete
descriptions of the methods. Integrated testing strategies that use both in vitro and in vivo approaches could

be a stepwise bridging approach to transit to new in vitro methods.

Conclusions

After a long day of presentations and discussion on this fascinating topic, the general impression is that the
work has just started and we are probably on the right track. There are two different goals. The first one is
more immediate, and it is about validating the few main methods that have been selected and investigated in
detail during the ESNATS project. In the near future, this approach will allow the early detection of possible
hazards of new drugs, along with the possibility of better understanding the toxicological properties of many
chemicals that circulate among workers and consumers.

On the long run, the possible goal will be the implementation of a new vision of toxicology based on the
mechanism of action of drugs and chemicals on human cells, with a series of tests that are combined in an
effective testing strategy. No one knows how long it will require and it likely depends on the investment of
both human and economic resources. The ambition is high but it is well worth the effort if the final deliverable

is a safer world.
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Figure 1. List of tests that were available at the end of the first phase of the ESNATS project. Assays are named

with the abbreviation of the research Institute where the main development steps were performed.
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Figure 2. List and description of the five methods that were selected to move onto the second phase of the
ESNATS project
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Figure 3: hSKP-HPC and hHEP exposed to sub-cytotoxic concentrations of acetaminophen. Comparison of up
and down regulated genes
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Figure 4: Comparison of the in vitro effect concentration in cell experiments with in vivo equivalent toxic
concentrations. DES: Diethystilbestrol, RA: Retinoic Acid, ESF: Endosulfan, CSA: Cyclosporin A, MMC:
Methylmercurychloride, GPA: Glufosinate ammonium, MEHP: Monoethylhexylphthalate, VPA: Valproic Acid,
MAA: Methoxyacetic acid
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Table 1: List of activities in the ToxCast Project

Set Chemicals | Assays | Endpoints Completion | Available

ToxCast Phase | 293 ~600 ~1100 2011 Now

ToxCast Phase Il 767 ~600 ~1100 03/2013 10/2013

ToxCast Phase llla 1001 ~100 ~100 Just starting | 2014

E1K (endocrine) 880 ~50 ~120 03/2013 10/2013

Tox21 8,193 ~25 ~50 Ongoing Ongoing
Table 1
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