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EXECUTIVE SUMMARY

EXECUTIVE SUMMARY 
Progress Report 2012 & AXLR8-3 Workshop Report

This publication is the fifth in a series of  reports documenting the 

progress of  European as well as internationally-funded research 

to advance the science of  safety testing and the ‘3Rs’ concept 
(Replacement, Reduction and Refinement of  animal testing). Since 2010, these reports 

have been prepared by the EU-funded coordination project, AXLR8 (pronounced 

‘accelerate’). AXLR8 has the objective to monitor the progress of  EU, Member State 

and third country research projects aimed at the development of  advanced/3R tools 

and testing strategies, to identify gaps in knowledge, to define priority research needs, 

and to prepare, publish and disseminate progress reports on an annual basis. AXLR8 

is particularly concerned with accelerating a transition in Europe toward a ‘toxicity 

pathway’-based paradigm1-5 for chemical safety assessment as a means of  improving 

health and environmental protection, positioning the EU on the leading-edge of  a rapidly 

developing global research area, and working toward replacement of  animal testing.

Chapter 1 is the introduction to the Progress Report 2012, in which the objectives and 

deliverables of  the AXLR8 project are described, with emphasis on key 2012 activities.

1  US National Research Council. Toxicity Testing in the 21st Century: A Vision and Strategy. Washington, DC: 
National Academies Press (2007).

2  Berg N, De Wever B, Fuchs HW, et al. Toxicity in the 21st century – working our way towards a visionary real-
ity. Website: www.ivtip.org/images/IVTIP_publication-final.pdf  (2010).

3  Ankley GT, Bennett RS, Erickson RJ, et al. Adverse outcome pathways: A conceptual framework to support 
ecotoxicology research and risk assessment. Environ Toxicol Chem. 29, 730-41 (2010).

4  US Environmental Protection Agency. NextGen, Website epa.gov/risk/nexgen (2010).
5  EPAA. Final Report – Workshop on Computational Chemistry and Systems Biology. Website http://ec.europa.

eu/enterprise/epaa/2_activities/2_1_science/ws_comp_chem_final.pdf  (2011).
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Chapter 2 consists of  annual progress 

reports, and in some cases final reports, 

from EU-funded projects. Because most 

of  these projects have been described in 

detail in earlier AXLR8 reports, previously 

published content will not be repeated. 

Readers are referred to Progress Reports 

2008-2011, which are available online at 

axlr8.eu/publications. 

Chapter 3 contains the report of  the third 

annual (AXLR8-3) workshop, held 11-

13 June 2012 in Berlin, Germany from 

with a focus on developing a ‘Roadmap 

to Next Generation Safety Testing Under 

Horizon 2020’ (i.e., the forthcoming 8th 

EU Research and Innovation Framework 

Programme). 

The workshop began with a public 

satellite meeting focussing on the use 

of  3R approaches in the context of  the 

EU ‘REACH’ (Registration, Evaluation, 

Authorisation and Restriction of  

Chemicals) legislation. The body of  the 

workshop consisted of  presentations 

from leading EU, Member State and third 

country research initiatives aimed at 

advancing testing tools in key health areas 

(i.e., cancer/carcinogenicity, reproductive 

and developmental disorders/toxicity and 

immune disorders/sensitisation), as well 

as toxicity/’adverse outcome pathway’ 

(AOP) approaches in general. Manuscripts 

from invited presentations are included in 

section 3.3. 

Workshop participants were twice 

divided into breakout groups for focused 

discussions of  specific health areas, 

i.e., the scientific state-of-the-art and 

of  knowledge gaps and priorities for 

future EU research funding as a basis for 

forthcoming recommendations and an 

AXLR8 research roadmap proposal to the 

European Commission. Break-out group 

reports are included in section 3.4. 
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1INTRODUCTION

INTRODUCTION
Progress Report 2012 & AXLR8-3 Workshop Report

Chemicals are essential to modern life, yet we need more 

innovative, efficient and human-relevant testing tools to improve 

regulatory safety decisions that protect against adverse health 

and environmental impacts, replace animal use, and support 

economic growth and greener chemistries. 

The European Union has long been a leader in supporting research to advance the 

development and validation of  ‘alternative’, non-animal testing strategies for regulatory 

purposes, including more than 150 million € in funding under the 6th and 7th EU Research 

& Innovation Framework Programmes alone. But in the past number of  years, similarly 

large-scale research initiatives have been launched in the United States, Japan and 

elsewhere. Whereas EU research has traditionally been ‘policy-driven’ (i.e., responsive 

to legislative mandates to replace the use of  animals cosmetics and chemicals testing) 

and ‘bottom-up’ (i.e., where research proposals are considered on their own scientific 

merit without regard to a wider strategy), programmes in other regions are increasingly 

‘science-driven’ and strategic ‘top-down’ in nature. Thus, while opportunities for 

synergistic collaboration clearly exist, it is first necessary to reconcile the divergent 

research approaches.

The EU coordination project AXLR8 (pronounced ‘accelerate’) is working to do precisely 

that. A collaboration between the Freie Universität Berlin, Humane Society International/

UK and the Flemish Institute for Technological Research, AXLR8 acts as a focal point for 

dialogue and coordination among leading European and global research teams working 

to develop advanced tools for safety testing and risk assessment by organising scientific 
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workshops and publishing an annual 

progress reports. AXLR8 also serves as 

a bridge between test method developers 

and end-users to ensure that the needs of  

industry and regulators are understood in 

order to support efficient uptake of  novel 

testing and assessment tools as they 

become available.

Paradigm Shift in Toxicology

“A not-so-distant future in which virtually 

all routine toxicity testing would be 

conducted in human cells or cell lines” 

is the way one eminent scientific panel 

has described its vision of  toxicity testing 

in the 21st century, or Tox21. This vision 

has been inspired by two decades of  

unprecedented scientific and technological 

advances—from the sequencing of  the 

human genome and birth of  functional 

genomics to the rapid growth of  computing 

power, computational biology, and robot-

automated high-speed chemical screening 

systems. Together, these advances have 

triggered a revolution in biology and have 

made available a wide range of  new tools 

for studying the effects of  chemicals on 

cells, tissues and organisms in a rapid and 

cost-efficient manner.

Today, work is under way in many parts 

of  the world, and at the level of  the 

Organisation for Economic Co-operation 

and Development (OECD), to identify and 

characterise ‘Adverse Outcome Pathways’ 

(AOPs), i.e., a linear sequence of  events 

from the exposure of  an individual to 

a chemical substance through to an 

understanding of  the adverse (toxic) effect 

at the individual level (for human health) 

or population level (for ecotoxicological 

endpoints)1-3. Each AOP is a set of  chemical, 

biochemical, cellular, physiological, and 

other responses that characterise the 

biological effects cascade resulting from 

a particular molecular initiating event 

(Figure 1). Once the key events in an 

AOP are identified, it should be possible 

to develop appropriate molecular or cell-

based systems to test for these disruptions, 

and through the integration of  state-of-

the-art computational modelling tools, 

to make predictions regarding chemical 

or product safety risks to human beings 

and the environment without recourse to 

classical animal tests (Table 1). 

The ultimate goals are to assess safety:

•	 Of  a much larger number of  

substances and mixtures than is 

currently possible

•	 More rapidly, efficiently, and cost-

effectively than at present

•	 In systems that may be more relevant 

to toxicity in humans, as well as 

capable of  identifying the cellular 

mechanisms at the root of  toxicity 

and disease

•	 Using fewer or no animals.

1 OECD (2012). Proposal for a Template and 
Guidance on Developing and Assessing the 
Completeness of  Adverse Outcome Pathways. 
Website http://www.oecd.org/chemicalsafety/
testingofchemicals/49963554.pdf

2 OECD (2012). Appendix I – Collection of  Working 
Definitions. Website http://www.oecd.org/
chemicalsafety/testingofchemicals/49963576.pdf

3 US Environmental Protection Agency (2012). 
Chemical Safety for Sustainability: Strategic Research 
Action Plan 2012-2016. Website http://epa.gov/
research/docs/css-strap.pdf



15INTRODUCTION
Progress Report 2012 & AXLR8-3 Workshop Report

Figure 1. The Adverse Outcome Pathway (AOP) concept (reprinted with permission from OECD1). 

Tool How It’s Used

Adverse outcome pathway 
(AOP) elucidation

Studying chemicals’ mode(s) of  toxic action to  
identify critical cellular targets which, when  
perturbed by chemicals, lead to toxicity. These ‘ 
targets’ can then be modelled in human cell tests

Biomarkers Predictive markers of  biological change that can be 
detected before a toxic effect is seen in people

Biomonitoring Measurement of  toxic chemicals in human blood, 
urine or other tissues that can be used to identify 
biomarkers of  exposure and toxicity

Cell-based assays Model critical ‘circuits’ in human toxicity pathways 
and test for chemically induced perturbations

Computational systems  
biology modelling

Computer simulation of  the human body to describe 
and predict complex interactions among cells,  
tissues, organs and organ systems

High-throughput platforms Ultra-high-speed robotic automation of  human cell-
based tests

Kinetic modelling Mathematical approach to predicting how a  
chemical will be absorbed, transported within,  
metabolised, and excreted from the body

-Omic tools Examine how chemical exposures effect the activity 
and interactions of  genes (genomics), proteins  
(proteomics), metabolites (metabolomics), etc.

Structure-activity 
relationship modelling

Predict a chemical’s biological properties based on 
its molecular structure on the basis that similar  
molecules often have similar activities

Table 1. The Tox21 toolbox.
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In parallel with the elucidation of  AOPs, 

some EU Member States and third 

countries have begun to invest heavily in 

a variety of  key enabling technologies, 

such as bioengineered ‘organs-on-a-

chip’ and virtual organs. For example, 

researchers at the Technical University of  

Berlin have, for many years, been working 

to develop a human chip-based platform 

for repeated dose toxicity testing (see p. 

210), an ambition that is now spreading to 

Russia (see. p. 233) and the United States, 

with an unprecedented US$132 million 

investment by the National Institutes of  

Health, the Defense Advanced Research 

Projects Agency and the Food and Drug 

Administration to build and link 10 human 

organs-on-chips to mimic whole-body 

physiology. Examples of  advanced in silico 

modelling of  human organs include the US 

EPA Virtual Embryo project (p. 183) and 

the >50 milllion € Virtual Liver Network, 

funded by the German Federal Ministry of  

Education and Research (virtual-liver.de).

AXLR8 Workshops

For the past three years, AXLR8 workshops 

have brought together the coordinators 

of  EU-funded health and environmental 

research projects, Member State and 

third country initiatives working to develop 

advanced tools for toxicological safety 

assessment. AXLR8 workshops provide a 

platform networking, information sharing, 

and strategic planning. On the basis of  

material presented during the workshops, 

AXLR8’s Scientific Panel, comprised 

of  top European and international 

scientists (Table 2), deliberates to offer an 

independent opinion regarding priorities 

for future European research 

The preliminary ‘roadmap’ recommended 

by the AXLR8 Scientific Panel for future 

EU research in this area is a hybrid of  

European and international models 

(Figure 2). It maintains a focus on key 

areas of  health policy concern (i.e., cancer, 

reproduction, development, immune 

system and allergies, and organ toxicity), 

while incorporating Tox21 tools as core 

‘building blocks’ of  any research strategy. 

These include:

•	 Identification and understanding 

of  toxicological modes-of-action 

associated with adverse health effects 

and disease in humans, including 

elucidation of  critical key events in 

AOPs at the molecular and cellular 

levels.

•	 Development of  experimental, 

theoretical and computational models 

that capture specific mode-of-action 

events at different scales (molecular, 

cell, tissue, organ, organism), 

underpinned by a systems biology 

approach to integrate models and 

make quantitative predictions. 

•	 Expansion and refinement of  

‘physiologically-based biokinetic’ 

(PBBK) modelling and computational 

chemistry methods to predict in vivo 

bioavailability, biotransformation and 

bioactivity of  exogenous chemicals.

•	 Translational research and proof-

of-concept activities to realise fit-

4 NIH (2012). NIH funds development of  tissue chips 
to help predict drug safety. Website: http://www.nih.
gov/news/health/jul2012/ncats-24.htm.
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European Experts

Name Institution Sector Country

Nathalie Alépée L’Oréal Cosmetics FR

Patric Amcoff European  
Commission

Government SE

Jürgen Borlak Fraunhofer Institute Research institute DE

Steffen Ernst AstraZeneca Pharmaceuticals SE

Julia Fentem Unilever Consumer products UK

Ellen Fritsche University of   
Duesseldorf

Academia DE

Joanna Jaworska Procter & Gamble Consumer products BE

Robert Landsiedel BASF Chemicals DE

Maurice Whelan European  
Commission

Government IT

International Experts

Name Institution Sector Country

Mel Andersen Hamner Institutes for 
Health Sciences

Research institute US

Robert Kavlock Environmental  
Protection Agency

Government US

Hajime Kojima National Institute of  
Health Sciences

Government JP

Representatives of EU-Funded Projects

Name Institution Project Country

Manuel Carrondo Instituto de Biologia 
Experimental e  
Tecnologica

VITROCELLOMICS PT

Barry Hardy Douglas Connect OpenTox, ToxBank CH

Jürgen Hescheler Universität Köln ESNATS, DETECTIVE DE

Jos Kleinjans Maastricht University carcinoGENOMICS,  
DETECTIVE

NL

Carl-Fredrik Man-
denius

Linköping University INVITROHEART,  
VITROCELLOMICS

SE

Michael Schwarz Universität Tübingen ReProTect, COACH DE

Flavia Zucco Consiglio Nazionale 
delle Richerche

LIINTOP IT

Table 2. Members of the AXLR8 Scientific Panel.

INTRODUCTION
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for-purpose methods and tools for 

toxicological hazard and potency 

prediction, and the demonstration 

and evaluation of  these in a safety 

assessment context.

The draft AXLR8 roadmap recognises 

that classical ‘integrated projects’ need 

to evolve into larger-scale research 

‘clusters’, with each health concern 

cluster warranting funding at a level of  

50 million € over at least five years. The 

need for dedicated funding to support 

world-class research infrastructure 

Figure 2. Illustration of  the hybrid top-down funding model proposed by the AXLR8 Scientific Panel 
for future AOP-priented research under Horizon 2020.

was also strongly underlined. But most 

importantly is the need for effective and 

up-front coordination—even before calls 

for proposals are issued and research 

consortia come together—to maximise 

potential synergies within and between 

projects and clusters; clearly define 

responsibilities, relationships, milestones 

and deliverables; lead long-range planning; 

and be empowered to ensure general 

accountability of  all participants. ‘Value 

added’ collaborations among established 

research teams in other parts of  the 

world should be encouraged to share 
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the workload, develop synergies without 

duplication, and together reach for an 

ambitious, global objective that would be 

impractical to pursue on a regional basis.

 

AXLR8 Outreach & 
Dissemination

An important aspect of  the ALXR8 work 

programme is outreach and engagement 

with a wider audience of  stakeholders. 

This is because the ultimate success of  

this coordination project will depend on the 

acceptance of  the paradigm shift, and the 

underpinning research and development 

activities, by bench scientists, research 

funding bodies, regulators, politicians, civil 

society organisations, and the European 

public at large.

Scientific workshops and other forums 

in which AXLR8 has been an invited 

contributor include the following:

•	 8-9 February, Lisbon: SEURAT-1 2nd 

Annual Meeting (H. Spielmann)

•	 19 April, Strasbourg: Meeting of  

the European Parliament Intergroup 

on the Welfare and Conservation 

of  Animals (N. Cohen): “Advancing 

Safety Science and Health Research 

with Modern, Non-Animal Tools“

•	 15 May, Brussels: European 

Parliament Lunch Debate on the 

‘Human Toxome Project’ (T. Seidle): 

“The EU FP7 Project AXLR8—

Accelerating the Transition to a 

Toxicity Pathway Paradigm“

•	 7-8 June, Paris: 5th Meeting of  the 

OECD Extended Advisory Group 

on Molecular Screening and 

Toxicogenomics (T. Seidle)

•	 22 August, Pretoria, South Africa: 

Workshop on Alternatives to the Use 

of  Animals (B. Grune)

•	 6 September, Linz: European 

Society for Alternatives to Animal 

Testing (EUSAAT) Congress 2012 (H. 

Spielmann): “The EU FP7 Project 

AXLR8—Drafting a Roadmap to 

Innovative Toxicity Testing in the 21st 

Century (Tox21) in Europe and the 

USA”

•	 10 October, Brussels: European 

Parliament Symposium on ‘Advancing 

Safety Science and Health Research 

with Innovative, Non-Animal Tools’

•	 17 October, Lisbon: European 

Society for Toxicology In Vitro (ESTIV) 

Congress 2012 (T. Seidle): “Promoting 

3R Best Practices Globally—Sectoral 

Regulations & the AXLR8 Project“

•	 24 October, Brussels: SETAC Europe 

6th Special Science Symposium (H. 

Witters): “The EU FP7 Coordination 

Project AXLR8“ (poster)

•	 13 November, Brussels: Horizon 2020 

briefing for Member State Permanent 

Representations (T. Seidle): “Advancing 

Safety Science and Health Research 

with Modern, Non-Animal Tools“

•	 20 November, Zurich: European 

Consensus Platform on Alternatives 

(ecopa) Annual Conference (T. Seidle): 

“Advancing Safety Science and Health 

Research with Modern, Non-Animal 

Tools“

•	 28 November, Rio de Janeiro, Brazil: 

1st Latin American Congress of  

Alternative Methods to the Use of  

Animals in Education, Research and 

Industry (COLAMA 2012) (T. Seidle): 



20

“3R Best Practices to Pathway-Based 

Toxicology—Bridging the Gap”

•	 29-30 November, Brasilia, Brazil: 

Cosmetics Regulatory Science 

Workshop (T. Seidle): “3R Best 

Practices to Pathway-Based 

Toxicology—Bridging the Gap”

In addition, the website axlr8.eu provides 

‘one stop shopping’ for links to relevant 

EU research projects and annual progress 

reports, key international initiatives and 

publications, and a listing of  upcoming 

meetings and conferences. There you 

can also register for the periodic AXLR8 

e-newsletter.

Advancing Safety Science 
Through Horizon 2020

Accelerated development and integration 

of  advanced molecular and computational 

biology tools into safety testing and 

health research has been identified by the 

European Commission as an important 

industrial leadership and societal 

challenge to be addressed under the 

forthcoming EU research and innovation 

framework programme ‘Horizon 2020’. 

Between 2014 and 2020, the Horizon 

2020 funding programme will contribute 

a projected 80 billion € toward tackling 

major societal challenges, to creating 

industrial leadership in Europe, and to 

increased excellence in the European 

science base. To achieve these aims, 

European Commission legislative 

proposals for Horizon 2020 envision a full 

range of  integrated support across the 

research and innovation cycle, including:

•	 Future and emerging technologies; 

collaborative research to open new 

fields of  innovation

•	 Research infrastructures; ensuring 

access to world-class facilities

•	 Leadership in enabling and industrial 

technologies, including bioinformatics 

and systems biology, -omic tools, 

bio-chips and sensors, and next-

generation computing, simulation 

software and robotics.

AXLR8’s Scientific Panel considers that 

the fields of  toxicology and human 

biomedicine could advance by a quantum 

leap through the refocusing of  research 

resources to understand the root causes 

of  human toxicity and disease (i.e., AOPs), 

coupled with development of  innovative 

and human biology-based research and 

testing tools as described above. The 

European Commission and Member 

States have already begun to invest in 

this research area, and collaborative 

agreements have been struck between EU 

and global research teams to maximise 

coordination, data sharing, and potential 

synergies. The AXLR8 Scientific Panel 

estimates that a dedicated investment 

of  at least 325 million € under Horizon 

2020, together with equivalent funding 

commitments in other regions, will be 

needed to fully address the scientific 

challenges that lie ahead. 

Key features of  the future EU research 

effort under Horizon 2020 include:

•	 Public-public partnerships with 

other innovation-driven economies 

and public-private partnerships with 

INTRODUCTION
Progress Report 2012 & AXLR8-3 Workshop Report
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industry

•	 A ‘top-down’ strategic focus aimed at 

the elucidation of  AOPs relevant to 

human toxicology and disease

•	 Development and qualification of  

human biology-based in vitro tools to 

test for disruptions of  key events in 

AOPs, together with computational 

tools to relate in vitro test results to 

the real world.
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2     PROGRESS REPORTS
  FROM EU-FUNDED
  PROJECTS

PROGRESS REPORTS FROM EU-FUNDED PROJECTS
Progress Report 2012 & AXLR8-3 Workshop Report

To date more than 150 million € in funding has been provided 

under the 6th and 7th EU Framework Programmes for Research

and Innovation to advance the development of  advanced tools to improve the relevance 

and efficiency of  chemical and product safety assessment while replacing, reducing 

or refining (3Rs) testing on animals. These funding activities have largely been ‘policy-

driven’ by various pieces of  EU legislation, e.g., the ‘REACH’ Chemicals Regulation 

1907/2006, the Cosmetics Regulation (EC) No 1223/2009, the Animal Experiments 

Directive 2010/63/EU, and even the Treaty on the Functioning of  the EU1-4—all of  which 

provide explicit mandates to replace animal use in testing and research with non-animal 

approaches. To achieve this goal, a variety of  large-scale ‘integrated projects’ have been 

undertaken, in which scientists from academia, industry and government collaborate 

toward the establishment of  modernised approaches to the assessment of  classical 

health endpoints such as reproductive toxicity or sensitisation.

In this chapter, progress reports of  ongoing or recently ended FP6 and FP7 projects are 

presented alphabetically.

1 Regulation (EC) No 1907/2006 concerning the Registration, Evaluation, Authorisation and Restriction of  
Chemicals (REACH). Website http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=oj:l:2006:396:0001:084
9:en:pdf

2 Regulation (EC) No 1223/2009 on Cosmetic Products. Website http://eur-lex.europa.eu/LexUriServ/LexUriServ.
do?uri=OJ:L:2009:342:0059:0209:en:PDF

3 Directive 2010/63/EU on the Protection of  Animals Used for Scientific Purposes. Website http://eur-lex.
europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:276:0033:0079:en:PDF

4 Treaty on the Functioning of  the European Union. Website http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?ur
i=OJ:C:2010:083:0047:0200:en:PDF
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carcinoGENOMICS
Development of  a High-Throughput Genomics-
Based Test for Assessing Genotoxic and 
Carcinogenic Properties of  Chemical
Compounds In Vitro

Contract number: LHSB-CT-2004-512051
Project type:  Integrated Project (FP6)
EC Contribution:  10,440,000 €
Starting date:  1 November 2006
Duration:  60 months
Website: carcinogeniomics.eu 

 

Background & Objectives

The major goal of  carcinoGENOMICS was to develop and select appropriate -omics-

based in vitro methods for assessing the carcinogenic potential of  compounds as a 

potential alternative to the 2-year rodent carcinogenicity bioassay. The idea was to 

design a battery of  mechanism-based in vitro tests covering major target organs for 

carcinogenic action e.g., liver, lung, and kidney. -Omic responses (i.e., genome-wide 

transcriptomics as well as metabonomics) were generated following exposure to a well-

defined set of  model compounds, namely genotoxic (GTX) carcinogens, non-genotoxic 

(NGTX) carcinogens and non-carcinogens (NC). Through extensive biostatistics, 

literature mining, and analysis of  molecular-expression datasets, differential genetic 

pathways were searched capable of  predicting GTX or NGTX mechanisms of  chemical 

carcinogenesis. Finally, integration of  the generated transcriptomic and metabonomic 

data into a holistic understanding of  systems biology was pursued to build an iterative 

in silico model of  chemical carcinogenesis.

Structure of  the carcinoGENOMICS Project

To achieve the goal of  being an effective integrated, coordinated project, the management 

of  the project was based upon optimisation of  the natural and direct interactions between 

the different work packages (WPs) and individual participants (research partners). The 

multidisciplinary approach required to reach the objectives set by carcinoGENOMICS 

involved different methodologies ranging from cell technology, microarray technology to 

metabonomics and bioinformatics. 
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Therefore, the project was subdivided 

in three strong interdisciplinary fields, 

being the development of  cell technology, 

genomics analysis and the development 

of  cell bioinformatics. For that reason, 

the carcinoGENOMICS partners were 

composed of  university groups, 

governmental research institutes, large 

enterprises, and small and medium 

enterprises (SMEs). Extensive areas of  

interaction were clearly present between 

the WPs. 

Development of cell technology

Liver models: successful tools for mechanism-

based in vitro detection of genotoxicants

Partners Involved: Biopredic International, 

France (BPI), Cellartis, Sweden (CELL), 

University Hospital La Fe, Spain (HULAFE), 

Vrije Universiteit Brussel, Belgium (VUB), 

Maastricht University

The main task of  the liver work package 

was to provide the best possible liver in 

vitro model for the carcinoGENOMICS 

project. The partners provided six liver-

based in vitro models including models 

of  rat and human origin as well as fully 

differentiated and progenitor-based cell 

systems.

The models chosen were: (i) human 

hepatoma-derived cell lines including 

HepaRG, HepG2 and transcription factor-

transfected HepG2 cells, (ii) human 

embryonic stem cell-derived hepatocyte-

like cells (hES-Heps), and (iii) conventional 

and Trichostatin-A (TSA) stabilised 

primary rat hepatocytes.

In a first phase, in order to establish 

the most appropriate exposure time 

and doses, all in vitro models were 

challenged with three GTX and three 

NGTX carcinogens and with 3 NC. Two 

different time-points (24h and 72h) and 

two different low-cytotoxic concentrations 

(IC10 and IC10/2) were set. Each cell 

model was exposed to all individual 

compounds and RNA, cell extracts and 

media were collected for further analysis 

(transcriptomics, metabonomics).

As from these results, exposure time 

seemed to affect the results more than 

the concentrations used, in the second 

phase of  the project, the next set of  six 

prototypical compounds (two of  each 

group) was tested for both time points 

(24h and 72h), but only at one dose 

(IC10). For full characterisation of  all 

experimental systems, several approaches 

of  data analysis were applied. Although 

each approach was specific and oriented 

towards a different methodology, they all 

came to the same conclusion—namely 

that the HepaRG cell line generated 

the most reliable gene classifier able 

to discriminate the GTX carcinogens 

from the NGTX carcinogens and NC 

(Table 1 and Figure 3). All other in vitro 

models also succeeded to yield cancer-

relevant characteristic results for the GTX 

exposure gene groups, but they were less 

performing than HepaRG cells, as some 

genes were also deregulated by NGTX 

carcinogens and NC. Irrespective of  the 

tested in vitro model, it was very clear that 

the most uniformly expressed pathway 

following GTX exposure of  the cells is the 

p53 pathway and its subsequently induced 
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networks.

Based on these results, the HepaRG cell 

line was chosen as the best performing 

human liver-based in vitro model and was 

further used in the second phase of  the 

project, in which 15 additional compounds 

(five of  each group) were tested. These 

experiments were performed by the lead 

laboratory, VUB. Once again, samples 

were taken following exposure to all 

compounds at IC10 doses for 24h and 

72h. Very convincingly, the different data 

analysis approaches again led to a similar 

outcome—namely that GTX carcinogens 

could be separated at the gene and 

pathway level from NGTX and NC.

So, the human HepaRG cell line generated 

the most robust gene classifier that 

discriminated the GTX from the NGTX 

carcinogens and NC. This model can now 

be taken forward in a proof-of-principle 

study to evaluate the usefulness of  the 

carcinoGENOMICS-generated reference 

gene biomarker set as a mechanistic 

follow-up of  false positive findings in the 

EU standard battery of  mutagenicity/

genotoxicity tests of  pharmaceuticals, 

cosmetics and chemicals in general.

In addition, it is worthwhile mentioning 

that Cellartis has, within the five years 

of  carcinoGENOMICS, developed a 

homogenous, reproducible, feeder-free 

monolayer culture of  human embryonic 

stem cell-derived hepatocyte-like cells 

(hES-HEP). The hES-HEP display 

a morphology resembling primary 

hepatocytes and they express important 

hepatic markers and liver-related proteins. 

The carcinoGENOMICS project has shown 

that the hES-HEP can be produced with 

a robustness and reproducibility to allow 

repeated toxicity testing. The results 

generated during the carcinoGENOMICS 

project clearly indicates the potential 

for using human embryonic stem cell-

derived hepatocyte-like cells as an in vitro 

model for hazard assessment of  chemical 

carcinogenesis.

Another aspect of  the work on the liver 

model was to develop a new in vitro 

system to assess individual idiosyncrasy 

towards carcinogenic and toxic effects of  

chemicals. In view of  the known variation 

in susceptibility in the human population, 

risk assessment procedures for non-

genotoxic compounds apply an extra 

safety factor of  10 when extrapolating 

safety limits from animal toxicity studies 

to humans. In order to gain more insight in 

the relevance of  this default assumption, 

we investigated transcriptomic and 

metabolomic responses in a liver model 

more susceptible of  carcinogenicity by 

genetically manipulating the enzymes 

involved in bioactivation of  procarcinogens.

Finally, an interlaboratory study was carried 

out in order to test the reproducibility/

transferability of  the HepaRG-based 

methodology, an important point in the 

validation process of  an in vitro method.  

See the section on Optimisation & 

Prevalidation.

Kidney models: a success story

Partners involved: University College 

Dublin (UCD), Innsbruck Medical 

PROGRESS REPORTS FROM EU-FUNDED PROJECTS
Progress Report 2012 & AXLR8-3 Workshop Report



27

University (IMU), Liverpool John Moores 

University (LJMU)

The kidney cell model has been a real 

success story in the carcinoGENOMICS 

project. The model is ready to be taken 

forward to the next steps in developing a 

novel in vitro assay to detect carcinogens. 

Initially, in the early stages of  the project, 

the strategy of  the three participating 

laboratories was to focus on the biology 

of  the renal cells and provide a model 

reflecting the in vivo characteristics of  the 

kidney. The cells were chosen to reflect 

the renal proximal tubule as this is the 

main site of  renal tumours in humans. 

Three human renal cells were investigated, 

namely primary human renal cells, the 

HK-2 human renal cell line and the RPTEC/

TERT1 a novel human cell line. The novel 

RPTEC/TERT1 cell was found to maintain 

excellent characteristics of  the proximal 

tubule including transport capabilities and 

maintenance of  a primary cilium. It also 

showed normal chromosomes and nuclear 

stability. It was therefore chosen as the 

human renal cell model. The NRK-52E cell 

line was chosen as the rat model in order 

to incorporate interspecies comparison 

and in vitro–in vivo comparison.

Both cell lines were challenged in phase 

1 with 15 compounds, including five GTX, 

five NGTX, and five NC and gene expression 

analysis and selected metabonomics were 

examined following six-, 24- and 72h 

exposure to the compounds at the IC10 

concentrations for cell viability reduction 

at 72h. Following RNA extraction in the 

participating laboratories, the samples 

were forwarded for transcriptomics 

analysis. Both the NRK-52E rat cells and 

the human RPTEC/TERT1 performed very 

well in these assays in terms of  being able 

to classify the 15 compounds into the 

respective classes of  GTX, NGTX and NC. 

However, in terms of  pathway analysis, the 

RPTEC/TERT1 cells demonstrated more 

pathways, which seemed to be intuitively 

more relevant to cancer development. 

Pathway analysis was able to more 

clearly separate the 15 compound into 

the respective three classes compared 

to gene-based analysis. Also an initial 

interlaboratory study between UCD and 

IMU demonstrated excellent comparability 

of  the results in the RPTEC/TERT1 cells.

It was therefore decided to carry the 

RPTEC/TERT1 cells into phase 2 of  the 

project, where the cells were challenged 

with an additional 15 compounds: five 

GTX, five NGTX, and five NC in the lead 

laboratory in UCD. Once again, RNA was 

extracted following with the 72h IC10 

viability at the six-, 24- and 72h. The 

30 compounds (total from Phase 1 and 

Phase 2) into the respective classes of  

GTX, NGTX and NC could be separated. 

While this could be done to some extent on 

gene-based PCA, the correct classification 

was more successful with a pathways-

based PCA.

An EURL-ECVAM supervised interlaboratory 

initial prevalidation study was carried out 

with three coded compounds and blinded 

to the three participating laboratories led 

by UCD and also including IMU and LJMU. 

A training workshop was carried out and 

SOPs were developed for all stages in the 

laboratory studies. See the section on 
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Optimisation & Prevalidation.

Additional experiments carried out in 

UCD showed that loss of  the primary 

cilium from the RPTEC/TERT1 cells by 

carcinogens may be an additional useful 

assay to detect carcinogens in these 

cells. Work in UCD also demonstrated 

that many of  the gene changes resulting 

from carcinogen exposure in the RPTEC/

TERT1 cells are common to gene changes 

detected in human renal cancers. 

Overall the results with the kidney cell 

culture model are optimal and the next 

steps are to bring this model assay further 

along the pathway towards development 

of  a validated novel human cell assay to 

detect carcinogens.

Lung model: A lung epithelial cell-based test 

system for discriminating genotoxic and non-

genotoxic carcinogens

Partner involved: Novozymes (NZ), LUMC

Over the course of  the project, an 

immortal cell line maintaining its 

differentiation capacity was generated. 

This cell line could also maintain the 

same classifying capacity as observed 

with in vitro reconstructed lung tissue 

cultures (n=18, > 95%) without having 

the many variables that could disturb the 

transcriptomics analysis. These immortal 

lung tissue cultures are ready now for 

further validation.

In a first instance, a human bronchial 

model with relevant physiology was 

developed. While adapting to the cell 

culture conditions and establishing a 

3-dimensional reconstituted tissue, the 

transcriptional changes induced in these 

primary cells were investigated. At the 

microscopic level, the cells were found 

to establish a physiologically relevant 

tight barrier with an in vivo-relevant 

Trans-Epithelial Electrical Resistance 

(TEER), functional tight junctions, beating 

cilia, mucus-production and xenobiotic-

metabolizing enzyme activity. The 

physiology of  this in vitro tissue correlated 

well with that of  human bronchial tissue 

in vivo. The number of  passages, however, 

could not exceed four.  

Dose-finding experiments were performed 

and TEER was selected as the endpoint 

of  choice. The cell cultures were 

exposed basolaterally for 24 and 72h to 

concentrations corresponding to IC10 and 

IC10/2. A number of  exposure experiments 

with a potent carcinogen were carried out 

and it was found that a number of  factors 

could disturb their outcome. These were 

the variability between the independent 

studies themselves, cell batches and cell 

donors. The exposure period did not add 

to the test performance variability.

Other variables were the water solubility 

of  the compounds to be tested and 

alternatively the properties of  the 

organic solvent to be used. Eighteen 

solid compounds (six GTX, six NGTX 

carcinogens and six NC) were tested. 

These were correctly classified (> 95%) 

in both repeats, by all four donors for 

both treatment times, although the 

transcriptional responses were rather 

weak.
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In order to eliminate the issue of  

variability and to assure the availability 

of  a standardised easily accessible 

test system, efforts were undertaken 

to establish an immortalised cell line. 

The selected strategy comprised the 

introduction of  the human Tert gene 

in combination with suppression of  

the p16 gene in human lung cells. The 

effect of  immortalisation was studied 

by comparing the transcription profiles 

of  primary cells and immortalised cell 

lines. As expected, significant differences 

were observed between primary cells and 

immortalised cells. The immortalised cells 

were then differentiated into air-exposed 

reconstituted lung tissue with functional 

characteristics that were similar to the 

properties of  the corresponding tissue 

derived from primary cells. Exposure to 

IC10 concentrations of  NC, NGTX and 

GTX carcinogens was carried out and gene 

profiles discriminating the 3 different 

compound classes could be identified, 

suggesting that immortalisation did not 

significantly affected the differentiating 

and classifying capacity of  the test model.

Interestingly, the most accurate 

identification was obtained for NGTX 

carcinogens, a chemical class that is 

difficult to assess with the currently 

available test models. The immortalised 

tissue model is actually under study 

to allow the assessment of  airborne 

substances (e.g. gasses and volatile 

substances).

Genomic Analyses

Transcriptomics

Partner involved: Maastricht University 

(MU)

In order to minimise the bias between the 

different laboratories, the generation of  the 

RNA samples was carried out according 

to standardised protocols. Following 

RNA extraction, the complementary 

targets were further prepared and 

hybridised at the Maastricht University. 

All procedures were performed according 

to the manufacturer’s instructions on 

high-density oligonucleotide microarrays 

(i.e., Affymetrix RAT 230 2.0 GeneChip 

or Affymetrix U133 Plus 2.0 GeneChip). 

The bioinformatics analyses were further 

carried out by other partners of  the 

carcinoGENOMICS project, including 

Genedata (Basel), Max Plank Institute 

for Molecular Genetics (Berlin) and TNO 

(Zeist).

Metabonomics

Partners involved: Imperial College London 

(IC), Max Planck Institute for Molecular 

Genetics (MPIMG)

Metabolic characterisation of  the in vitro 

cell systems used by the carcinoGENOMICS 

project was another aspect of  the project. 

The aim was to contribute to the overall 

understanding of  the biochemical 

mechanisms involved, to integrate the 

metabolic data with other assays, such as 

transcriptomic profiling and to obtain a 

system wide overview of  the cell systems 
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and their response to chemical treatment.

Initially, detailed protocols were developed 

for obtaining reliable metabolic profiles 

of  in vitro cell systems including culture 

media and intracellular metabolites. 

Nuclear Magnetic Resonance (NMR) 

metabolic profiles were generated from 

four liver and two kidney cell models and 

made available to the consortium. One of  

the main scientific achievements was the 

definition of  the intra- and extracellular 

NMR metabonome of  the RPTEC/TERT1 

cell line and its response to model 

toxicants. Another significant advance 

was the demonstration of  bile acid 

production in human embryonic stem cell-

derived hepatocyte-like cells, indicating 

that the novel cell line also exhibits this 

critical aspect of  the hepatic phenotype. 

Additionally, protocols and criteria for 

assessment of  reproducibility of  in vitro 

toxico-metabonomics experiments have 

been defined.

Development of Cell Bioinformatics

Bioinformatics & systems biology

Partners involved: Nederlandse Organisatie 

voor toegepast-natuurwetenschappelijk 

onderzoek (TNO), Max Planck Institute for 

Molecular Genetics (MPIMG), Genedata, 

European Bioinformatics Institute (EBI)

As part of  the development of  suitable in 

vitro assays for carcinogenicity screening 

of  chemicals for liver, kidney and lung 

as target organs, bioinformatics support 

needed to be provided to the consortium. 

This primarily concerned analysis of  

gene expression (transcriptome) data for 

the first phase of  the project involving 

the selection of  in vitro models for each 

target organ and for the second phase of  

the project, in which additional chemicals 

were tested with selected in vitro models. 

One of  the first bioinformatics activities 

consisted of  the collection and storage 

of  metadata (descriptive experiment 

data in ISATAB format). This step allowed 

for tracking of  the raw data, accurate 

normalisation of  the data towards 

corresponding solvent controls, proper 

annotation of  toxicity classes as well as 

correction for possible confounding factors 

in downstream bioinformatics analyses. 

Several bioinformatics analyses where 

subsequently applied to the microarray 

data. After quality control and condensing 

of  microarray raw data, partner 

Genedata employed extensive support 

vector machine-based classification and 

cross-validation approaches to several 

datasets from the consortium using its 

Expressionist® platform. Further, the 

effect on the classification outcome of  

different normalisation approaches was 

investigated. Moreover, MPIMG applied 

ANOVA modeling to discover gene lists 

differentially expressed between the 

different toxicological classes. In addition, 

the MPIMG ConsensusPathDB interaction 

resource was used to characterise the 

response genes at the level of  biological 

networks. TNO also contributed to the 

selection of  the cell models, using 

ToxProfiler in which the overrepresentation 

of  relevant gene sets in microarray data 

was analysed. MPIMG, in collaboration 

with Imperial College London, developed 

a novel technique and tool Integrated 
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Molecular Pathway Level Analysis (IMPaLA) 

for integrative pathway analysis of  multiple 

-omics data sets and demonstrated its 

practical applicability by predicting the 

sensitivity of  cancer cell lines for chemical 

toxicity. The work is a proof-of-concept 

study illustrating that metabolomic data 

provides crucial additional information 

beyond that provided by transcriptomics.

Optimisation & Prevalidation

Partners involved: Imperial College 

London (IC), Universiteit Maastricht 

(UM), University College Dublin (UCD), 

European Union Reference Laboratory 

for Alternatives to Animal Testing (EURL-

ECVAM)

Objectives

The second phase of  the project focused 

on the optimisation of  the most promising 

organ-specific omics-based assays. 

 

During the last decade the field of  

toxicogenomics has expanded rapidly. 

However, to date there is still limited 

experience with the validation of  

toxicogenomics data from in vitro systems, 

especially with regard to the evaluation of  

their reproducibility. Moreover, a method 

to assess the reproducibility of  in vitro 

metabonomics-based tests is also lacking. 

The carcinoGENOMICS project offered an 

excellent platform for the investigation 

of  the reproducibility of  -omics-based 

tests in general and for the assessment 

of  various bioinformatics approaches. 

In collaboration with the bioinformatics 

workpackage, several approaches were 

identified to judge data reproducibility, 

ranging from evaluation of  response 

gene lists over correlation analyses to 

multivariate statistical methods such as 

support vector machine classification and 

analysis of  variance. For more information 

on the bioinformatics methodologies 

used, read the section on Bioinformatics.

Based on transcriptome data and other 

established criteria, the most promising 

test methods used in phase 1 were 

selected. As such, two test methods 

were identified as having the highest 

potential for distinction of  GTX and NGTX 

carcinogens and NC controls: the HepaRG 

model for the liver and the RPTEC/TERT1 

model for the kidney. Both models are 

based on human cell lines. No preferred 

model for the lung was identified, as it was 

considered that the lung models needed 

further development. The objectives were 

to 1) assess test method transferability 

and between-laboratory reproducibility 

by using three coded chemicals in 

three laboratories for each test model, 

applying the same SOPs and controlled 

conditions, and 2) develop dedicated 

bioinformatics tools to serve as a basis 

for future validations of  -omics-based 

tests. The readouts for the transferability 

and reproducibility assessments were 

transriptomics and metabolomics.

Preparatory work

The choice of  the participating laboratories 

was based on expression of  interest and 

experience with the test models. VUB and 

UCD were chosen as the lead laboratory 

for the liver and for the kidney model 
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respectively. As part of  the transferability 

phase, the preparatory work included 

trainings of  the participating laboratories 

on the respective test methods and 

agreement on and finalization of  the SOPs. 

A Management Team (MT) comprising some 

of  the project partners was nominated to 

supervise the inter-laboratory study. One of  

the first tasks of  the MT was the selection 

of  the chemicals for the transferability 

and between-laboratory reproducibility 

studies. The MT also monitored the work 

conducted in the laboratories to ensure 

that it was performed according to the 

agreed controlled conditions. 

Experimental design

To assess transferability and reproducibility, 

three coded chemicals were tested by 

three laboratories in each test model. The 

lead laboratories also tested an additional 

15 chemicals (five GTX, five NGTX 

carcinogens and five NC). For the HepaRG 

liver model, the experimental design was: 

one dose (IC10 at 72h), two time points 

(24- and 72h), and three replicates. For 

the RPTEC/TERT1 kidney model, the 

experimental design was: one testing dose 

(IC10 at 72h), three time points (six-, 24-, 

72h), and three replicates.  

The transcriptomics analysis was 

conducted at UM while the metabolomics 

analysis was carried out by IC. The 

purchase, coding and distribution of  

the test chemicals to the participating 

laboratories were under the responsibility 

of  UM. 

Inter-laboratory transferability and 

reproducibility assessment

IC10 assessment

In both models the IC10 dose was 

established independently by each 

laboratory according to the agreed SOPs. 

However, before proceeding to the main 

experiments, the cytotoxicity results were 

compared across the laboratories and 

discussed to identify potential outliers 

based on criteria defined by the lead 

laboratories. The calculation of  IC10 

appeared to be the most challenging step 

of  the experimental phase of  the study and 

was especially difficult for weak cytotoxic 

substances. During these experiments 

it was realised that the criteria for the 

evaluation of  cytotoxicity required some 

refinement and better definition, which led 

to the amendment of  the SOPs. Overall, 

the laboratories generated acceptable and 

comparable IC10 values for each of  the 

compounds and could then proceed to the 

main experiments. Thus, each laboratory 

used its own IC10 values to carry out 

the main experiments and generate the 

samples for the transcriptomics and the 

metabolomics analyses.

Further development of prediction models

The lead laboratories tested 15 new 

chemicals in addition to those tested in 

phase 1 of  carcinoGENOMICS in order to 

further optimise the prediction model. New 

bioinformatic models to predict the three 

toxicity classes were developed, including 

all 30 compounds evaluated during 

Phase 1 and Phase 2 data. Subsequently, 
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the same data set was used to classify 

the coded chemicals tested during the 

inter-laboratory study and assess the 

concordance of  the predictions. More 

details about the classification models, 

their development and validation can be 

found in the section on Bioinformatics.

Reproducibility of -omics data

Independent of  the bioinformatics 

approaches applied, the HepaRG model 

generated reproducible transcriptomics 

results, with the exception of  a single 

experiment in one laboratory. In this 

cell model the GTX carcinogen was 

classified correctly and reproducible in all 

laboratories. Although the overall results 

were reproducible, the NGTX carcinogen 

could not be discriminated from the NC 

in all laboratories. After proper training 

and agreeing on a unified standard 

operating procedure, three coded 

compounds (belonging to the set of  GTX 

previously analysed and with the following 

conditions: IC10, 72h exposure time) 

were blindly tested by three laboratories: 

VUB, HULAFE and BPI. As the results 

of  the three laboratories were nicely 

reproducible, it can be concluded that the 

HepaRG cell line seems to be a robust and 

promising in vitro model especially when 

GTX carcinogens need to be identified.

Regarding the RPTEC/TERT1 model, two 

laboratories showed highly reproducible 

results, while one laboratory generated 

non-reproducible results. This outcome 

was in line with the experimental 

observations of  much slower cell growth 

in comparison to the other laboratories. 

Interestingly, despite these results the 

three coded chemicals were classified in 

the correct classes by all laboratories, 

indicating that the prediction model is 

quite robust. Metabonomics analysis in the 

kidney model also showed a reproducible 

response for some metabolite patterns. 

IC10 determinations at 72h for the three 

coded compounds were carried out in each 

of  the laboratories. The cells were then 

exposed to the respective IC10 values in 

each laboratory and RNA and supernatant/

cell extracts for metabonomics collected 

at the six-, 24- and 72h time points. 

Metabonomics data were determined in 

Imperial College, London. During the period 

of  the cell culture experiments, it became 

clear that there were some problems 

with the cell culture in LJMU as the cells 

were growing and reaching confluency 

and full differentiation at a much slower 

rate in LJMU. The metabonomics results 

also indicated some issues with the 

LJMU results. The bioinformatics results 

on the interlaboratory comparisons of  

gene changes also indicated that while 

the results from UCD and IMU were 

comparable, the results for gene changes 

in LJMU were not comparable with UCD 

and IMU. Despite this, a striking finding 

was that two different bioinformatics 

approaches showed that the three 

laboratories—UCD, IMU and LJMU—

were able to correctly classify the three 

coded compounds into GTX, NGTX and 

NC. This finding is encouraging and 

suggests that the ‘carcinogenic signal’ 

in the RPTEC/TERT1 cells is robust and 

able to successfully classify carcinogens 

despite some ‘noise’ in the system from 

a laboratory displaying some cell culture 
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problems.

Overall, these results present a proof  of  

concept that such in vitro models can be 

used for transcriptomics analysis.  

Bioinfomatics approaches for reproducibility 

assessment

Finally, the carcinoGENOMICS project 

seized the opportunity of  this exercise 

to value the considerable amount of  

work achieved by the bioinformatics 

work package to develop and optimise 

dedicated bioinformatics tools to interpret 

-omics data. A workshop on bioinformatics 

approaches for the evaluation of  omics-

based tests was held in Angera, Italy 

in January 2012 to discuss and review 

the data produced and the possible 

approaches to be used in the validation 

(i.e., reproducibility assessment) of  

transcriptomics- as well as metabonomics-

based tests. Overall, the various 

approaches used independently to analyse 

the inter-laboratory reproducibility led to 

consistent results. The demonstration that 

the different bioinformatics tools are not a 

source of  result variability is reassuring, 

especially in view of  future regulatory use 

of  transcriptomics data. The outcome of  

this work will contribute to the drafting of  a 

best practice document on bioinformatics 

approaches, which will represent a guide 

for future users. This document will also 

set the basis for the (pre)validation of  

such high-content test methods. 

 

Dissemination

Partners involved: European Consensus 

Platform for Alternatives (ecopa), Vrije 

Universiteit Brussel (VUB)

Besides organising the dissemination 

part of  the project for the partners and 

the general public, as well as taking care 

of  prevalidation and intellectual property 

issues, a main topic was the direct 

interaction with regulatory authorities 

from the very beginning to the very end of  

the project.

At the start of  the project, feedback was 

sought from regulators via questionnaires 

and interviews, but it became soon 

apparent that direct interaction with the 

respective experts of  agencies, committees 

and working groups was highly necessary. 

This was done through several workshops 

(2008, 2009 and 2010), one of  them in 

an international setting at Venice. With 

the final results becoming available in 

April 2012, the final dialogue-event with 

participation of  shareholders, partners 

and agency representatives was realised/

organised in Maastricht (17 April 2012).

All in all, 15 representatives of  authorities 

and international bodies including the 

European Medicines Agency (EMA), the 

European Chemicals Agency (ECHA), the 

Organisation for Economic Co-operation 

and Development (OECD), the Scientific 

Committee on Consumer Safety (SCCS), 

and the Medical Products Agency (MPA) 

were involved. A detailed commentary 

publication addressed the international 

aspects and the way forward. 
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Conclusions

The carcinoGENOMICS consortium 

concludes that the toxicogenomics-

based RPTEC/TERT1 kidney model is a 

promising novel tool for predicting renal 

genotoxicity/carcnigenicity in vivo. Where 

it adequately discriminates between 

genotoxic carcinogens, non-genotoxic 

carcinogens and non-carcinogens at 

fairly high accuracy, and has performed 

well in the course of  the inter-laboratory 

reproducibility comparisons, it is ready 

for use by academic toxicologists and 

during early R&D developments within 

the chemical manufacturing industry, for 

instance, for prioritising interesting new 

chemicals. This assay is also ready to be 

subjected to relevant procedures to be 

ultimately accepted as an official guideline 

for testing for kidney genotoxicity/

carcinogenicity by the regulatory 

authorities.

The carcinoGENOMICS consortium 

furthermore concludes that the 

toxicogenomics-based HepaRG liver 

model is able of  outperforming classical 

in vitro genotoxicy assays because of  

its capability of  generating fewer miss-

classifications, e.g., fewer false-positives 

for in vivo genototoxicity/carcinogenicity, 

and in view of  the fact that this model 

performed rather well during the inter-

laboratory comparisons. In this sense, 

the HepaRG model is ready for use by 

academic toxicologists and during early 

R&D developments within the chemical 

manufacturing industry, for predicting liver 

genotoxicity/carcinogenicity. However, its 

capacity for segregating non-genotoxic 

liver carcinogens from non-carcinogens 

is quite low; improving this will require 

follow-up studies.

The consortium furthermore believes that 

the human embryonic stem cell-derived 

hepatocyte model is promising and may 

bring added value for predicting liver 

carcinogenesis.  This should be further 

explored, and also here, follow-up studies 

are recommended.

The carcinoGENOMICS consortium 

also believes that the toxicogenomics-

based human primary bronchial 

model for predicting lung genotoxicity/

carcinogenicity is quite promising, 

certainly upon immortalisation, which 

will bypass the problem of  considerable 

donor variability. Due to its unavoidably 

late development in the course of  the 

carcinoGENOMICS project, this assay 

could be subjected to only a limited set 

of  model compounds, so challenging it 

by larger number of  test compounds is 

definitely warranted.

Lastly, the carcinoGENOMICS consortium 

wants to highlight that in one of  the 

first efforts ever, assessments of  

inter-laboratory reproducibility of  

toxicogenomics-based assays have been 

successfully protocolled and applied. 

For this, an integrated bioinformatics 

approach has been set in place, from 

which the toxicogenomics research 

community may considerably benefit in 

the near future.
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ChemScreen
Chemical Substance In Vitro/In Silico Screening 
System to Predict Human and Ecotoxicological 
Effects 

Contract number:  FP7-ENV-2009-244236
Project type:    Integrated Project (FP7)
EC Contribution:   3,496,724 €
Starting date:   1 January 2010
Duration:   48 months
Website: chemscreen.eu

Background & Objectives 

The complexity of  the system of  risk assessment of  chemicals has led to huge delays. 

Because of  this, the toxicological properties of  most industrial chemicals that are in 

common use are largely unknown. New legislation such as REACH aims to end this 

unacceptable situation by modernising and streamlining chemical risk assessment.  

However, this approach is unlikely to be successful without incorporating alternative, 

integrated testing strategies in which chemical characteristics are used to more 

advantage and where costly and time consuming animal tests are replaced to a large 

extent by rapid and cost-effective alternative testing methods using cultures cells. 

This is particularly needed for reproductive toxicity testing of  chemicals. Reproductive 

toxicity is important to assess both human and environmental toxicity and uses the most 

animals in toxicity testing. Unfortunately, there are very few alternative methods. We aim 

to fill this gap and select suitable tests and place them in a more general innovative 

animal free testing strategy. For this, we are generating a simple rapid screening system, 

aiming at widespread implementation within the tight time schedule of  the REACH 

programme. It will be a flexible tool that can be adapted and used for applications 

beyond the scope of  REACH and in the post-REACH period. It will use in silico methods 

for prescreening chemicals for all relevant toxic effects. When found positive, this will 

be followed by further in silico and in vitro tests, most of  which are available already. To 

fill the gap of  suitable alternative methods for reproductive toxicity testing we will use a 

novel high throughput approach combining in silico/in vitro methods.  In this approach 

we will combine knowledge of  critical processes affected by reproductive toxicants with 

knowledge on the mechanistic basis of  such effects.  Straightforward data interpretation 
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Figure 1. Graphical representation of  
ChemScreen’s major components. The 
dotted lines indicate areas where alternative 
methods are relatively well developed or under 
construction in various (FP) programmes in 
which partners participate. All work packages 
(WPs) are indicated, except WP7 (dissemination) 
and WP8 (management). 

and decision trees will be developed in 

which all information on the potential 

toxicity of  a chemical is considered. In 

this way we will provide a cost-effective 

means to generate a basic set of  data on 

toxicological properties of  chemicals and 

a decision tool to assess if  further testing 

of  chemicals is required or can be waived. 

Objectives (see Figure 1):

1. Establish in silico prescreening 

methods prioritising in vitro toxicity 

testing (WP1, leading partner DTU; 

see Table 1) 

2. Establish a database and an in 

silico prescreen to identify potential 

reproductive toxicants (WP2, FhG) 

3. Establishment of  sensitive parameters 

and a medium-throughput ‘minimal 

essential’ in vitro assay panel (WP3, 

RIVM) 

4. Establish a high-throughput 

mechanistic pathway screen, 

ReproScreen HTP, for reproductive 

toxicants. (WP4, EKUT) 

5. Integrative methods to predict in vivo 

reproductive toxicity for both human 

and environmental toxicity allowing 

informed decisions on eventual 

further testing (WP5, TNO) 

6. Integration into one user-friendly tool, 

including uncertainty assessment 

(WP6, P&GEN) 

7. Efficient dissemination to facilitate 

widespread implementation (WP7, 

BDS) 

Deliverables & Milestones 
Achieved During 2011

ChemScreen focuses on delivering a 

practical approach how to use molecular 

screening tools for reproductive toxicants 

in the context of  chemical risk assessment 

in REACH and related programmes. The 

approach includes integrated testing 

strategies and molecular screening 

tools combined with more apical tests 

and various in silico methods, including 

QSAR. The project aims to collaboratively 

generate an efficient innovative testing 

strategy combining unique expertise 

of  the participants. To attain this level 
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of  interaction, frequent meetings and 

workshop have been organised with the 

partners and the Scientific Advisory 

Board. In 2011-2012, two general project 

meetings were organised and three special 

workshops. These included workshops on 

topics that are relevant to the scientific 

programme, including one on integrated 

testing strategies and in silico methods 

and two on the organisation of  various 

feasibility studies. Beginning 2012, an 

open symposium was organised aimed at 

stakeholder interaction. At this meeting, 

results of  ChemScreen, ToxCast and 

related molecular screening programmes 

were presented and the possibilities to 

use such data in chemical risk assessment 

were discussed. 

WP1 concentrated on the establishment 

and selection of  in silico prescreening 

methods to categorise chemicals, mainly 

using (quantitative) structure-activity 

relationships (Q)SARs. This was done 

for major classes of  toxicity prioritised 

in REACH (carcinogenesis, mutagenesis 

and reproductive (CMR) toxicity and 

persistent, (very) bioaccumulative toxic 

(PBT/vPvB) compounds). As a starting 

point, DTU scientists have been using 

a unique database which comprises 

abbreviated predictions from more than 70 

(Q)SAR models on endpoints for physico-

chemical properties, fate, eco-toxicity, 

absorption, metabolism and toxicity. 

Positive predictions for carcinogenicity, 

mutagenicity and reproductive toxicity can 

be applied to avoid unnecessary animal 

testing of  compounds as replacement for 

animal tests for these endpoints. As no 

testing for reproductive effects should be 

performed in REACH on known genotoxic 

carcinogens or germ cell mutagens with 

appropriate risk management measures 

implemented, as stated in the REACH 

Annexes VIII-X, predictions for genotoxic 

carcinogens and germ cell mutagens can 

furthermore be applied to avoid testing 

for reproductive toxicity. A developmental 

toxicity screen was carried out as well, but 

predictivity of  this analysis expectedly is 

rather low. To make the (Q)SAR screening 

as comprehensive as possible, it should 

be based on as many as possible of  

the 143,835 chemicals that were pre-

registered (PRS) between 1 June and 

1 December 2008. Therefore, the work 

was carried out in collaboration with the 

Computational Toxicology Group within 

the Joint Research Centre (JRC), which 

has generated structure information for 

80,413 PRS chemicals, of  which 70,983 

chemicals were suitable for generation of  

QSAR predictions for all relevant endpoints 

results of  the QSAR analysis is depicted in 

Figure 1.

As part of  the in vitro pre-screen, it was 

envisaged to develop an exposure module 

to identify chemicals that will have no 

or negligible systemic availability (and 

anticipating that gonads and embryos will 

not be exposed) after exposure via different 

routes. To that effect, literature searches 

have been performed to investigate on one 

hand whether specific chemical properties 

can be identified to predict internal 

exposure after exposure via the oral, 

respiratory and dermal routes, and on 

the other hand which (publicly available) 

in silico tools exist leading to reliable 

prediction of  negligible internal exposure. 
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Figure 2: QSAR analysis using pre-screening tools for human health effects applied to over 70,000 
REACH pre-registration chemicals.

Based on the current knowledge, no cut-

offs based on physicochemical properties 

could be identified for the three main 

exposure routes below or above which 

internal exposure is zero or negligible. 

REACH does provide physicochemical 

criteria to waive toxicity testing via the 

respiratory route, but these criteria cannot 

waive testing via other routes of  exposure. 

Therefore, it was concluded that inclusion 

of  these criteria in a module to predict 

internal exposure aimed at excluding 

reproductive toxicity testing based on 

physicochemical criteria is not a viable 

option. Instead, the PK models will now be 

used exclusively in WP5.

WP2 focused on expansion of  databases 

containing information relevant 

to reproductive toxicity: RepDose 

(repeated dose) and FeDTex (fertility and 

developmental toxicity). First, reproductive 

toxicity studies were identified from peer-

reviewed publications as well as other 

databases provided by other partners. 

Available studies on reproductive toxicity 

were selected for data entry.  In particular, 

the number of  chemicals in FeDTex will 

be more than doubled in the course of  

ChemScreen, mounting up to over 300. A 

significant overlap with RepDose is created 

to allow comparison of  in vivo data with 

the same chemical and evaluate possible 

predictivity of  repeated dose toxicity for 

reproductive toxicity. Meanwhile, BDS and 

Simpple, in collaboration with TNO and 

other partners, are working on a database 

and software tools in which in vitro 

screening data can be linked to reference 

(in vivo) data. 

WP2 scientists started a unique 

collaboration with WP3 and the NCCT on 

the identification of  critical endpoints of  
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reproductive toxicity using combined, in-

depth analysis of  databases present at 

three different locations (i.e., Fraunhofer 

Institute, RIVM and NCCT). These results 

will be extended to ecotoxicological 

endpoints using the EDUKON database 

present at the University of  Konstanz, 

which in this period has also been 

improved and extended substantially (see 

WP5). 

In addition, using database searches 

RIVM selected two priority areas and 

relevant substances for defining predictive 

approaches in reproductive toxicology. 

These areas were, firstly, sex organ related 

malformations, allowing ChemScreen 

expertise in endocrine modulation assays 

to be employed, and secondly, neural tube 

defects, as this is a relatively well-defined 

and data-rich area of  developmental 

toxicity. These datasets were further 

refined in collaboration with TNO and FhG 

and discussed with P&G, who will take on 

the design of  predictive tools on the basis 

of  the information available.

The aim of  WP3 is the design of  a 

‘minimal essential’ reproductive toxicity 

screen, consisting of  a number of  in 

vitro assays that are representative of  

those parameters in reproductive toxicity 

that are crucial for reproductive hazard 

assessment. One way to simplify testing 

schemes is the approach of  identifying 

critical endpoints for reproductive toxicity 

using literature and database searches, 

and focusing on development of  tests for 

these endpoints. So far most endpoints 

identified so far are quite generic and 

non-specific in nature, which may mean 

that screening panels should also include 

quite simple, relatively non-specific tests 

in addition to more mechanistic assays 

coming from ChemScreen, as well as 

through NCCT/TIVSC collaborations. 

Meanwhile, progress was made at RIVM 

with the optimisation and amendment 

to higher-throughput of  two tests that 

are very likely to be included in the 

final battery, namely a genomics-based 

improved embryonal stem cell test, and 

steroidogenesis assays, in particular four 

CYP17/19 assays.  Two PhD students 

are working on enhancing the predictive 

value of  these assays. In the embryonic 

stem cell test, transcriptomics readouts 

are employed to improve the mechanistic 

readout of  the system and improve its 

predictive value. The CYP17/19 assays are 

being optimised and microsomes versus 

whole cell assays are being compared 

for their predictive value. Furthermore, 

plans have been made to start working on 

assays with testicular cell lines in order to 

fill one of  the major gaps in the spectrum 

of  reproductive toxicity testing assays. 

WP4 focused on the establishment of  

high-throughput screening methods 

(ReproScreen HTP) predictive of  

reprotoxic potential, based on insight in 

molecular mechanisms that are relevant 

to reproductive toxicity. These assays 

comprise a panel of  highly specific 

human CALUX® reporter gene assays at 

BDS, which has been expanded and now 

includes more than 25 different cell lines 

(Table 1), that are run in different assay 

formats (in particular agonistic- and 

antagonistic mode), totaling about 50 
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Table 1. Currently available stable CALUX assays. Checked in red:  stable. Orange: 
transient.

different assays. A systematic approach 

has been taken developing the screening 

panel using very sensitive and selective 

reporter genes, covering a wide range of  

receptors and signalling pathways that 

potentially are involved in reproductive 

toxicity. The approach taken aims to 

provide several advantages: Firstly, by 

providing a mechanistic base, regulatory 

acceptance is strongly facilitated. 

Secondly, this mechanistic base will 

provide input for decisions on further 

test requirements and risk assessment. 

Thirdly, cost, speed, robustness, and 

quantification are superior in these types 

of  assays. Fourthly, predictions can be 

made on both human and ecotoxicological 

properties of  chemicals when different 

prediction models are used.  One approach 

taken to develop additional reporter gene 

assays for ReproScreen is to use central 

intracellular pathways that are involved in 

regulating transcription in a mammalian 

cell. These pathways include, in addition 

to nuclear hormone receptors (see above), 

also reporter gene assays for AP1 (fos/jun 

complexes, activated via MAPK pathways), 

NF-kappaB, TCF, nrf-2, p21 and p53  

(Table 1). Clearly, most of  these pathways 

are involved in quite generic responses 

to toxicants, including ones inducing 

cytotoxicity, apoptosis and genotoxicity. 

However, since these responses can also be 

relevant in reproductive toxicity, including 

teratogenesis, these assays were also 

selected for the initial panel. In addition, 

an assays for HIF-1alpha, important for 

angiogenesis was generated and added 
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to the panel because of  its relevance to 

developmental processes. Also, a control 

cell line called cytotox CALUX has been 

generated which constitutively expresses 

the same luciferase gene under control 

of  the same expression plasmid which is 

used to generate reporter gene assays for 

steroid receptors (ie pSG5). This assay has 

been proved to be a very suitable control 

for high-throughput screening (HTS).

In addition to these highly selective 

CALUX HTS reporter gene assays, assays 

are being established in more complex, 

differentiated cells such as murine ES 

cells by introducing reporter systems 

for signalling pathways controlling key 

differentiation pathways in embryonic 

development (so-called ReproGlo assays). 

In this way, assays for up to five signalling 

pathways that are important for early 

embryonic development (Wnt/, SHH-

, TGFβ-, Delta/Notch-, and the RTK-

signalling pathway) aim to be established. 

This part of  the work experienced some 

delays so far due to problems with the 

stability of  selected clones. The results 

of  the currently running feasibility studies 

(see below) and previous studies are at the 

moment supplemented with the testing 

of  additional chemicals of  interest, and 

this data will then be analysed in order 

to define an applicability domain for the 

ReProGlo (Wnt-D3) assay.

All CALUX and ReProGlo assays have 

now been automated in 384- or 96-

well format, respectively, and a series 

of  reference compounds has been used 

to deselect less informative assays and 

identify missing endpoints. A further (de)

selection of  the assay panel is being made 

based on the critical endpoints identified 

in WP3, and additional chemical testing. 

Data storage and analysis is being set up 

in collaboration with WP6 partners.

WP5 is establishing integrative methods 

to predict in vivo reproductive toxicity for 

both human and environmental toxicity 

using in vitro benchmark (threshold) 

concentrations as a starting point. 

Prediction of  the correct in vivo dose level 

at which adverse effects can be expected 

is one of  the key issues. High-throughput 

pharmacokinetic models are being set up 

describing the bioavailability via relevant 

routes (oral, dermal, inhalation) and the 

pharmacokinetics of  the most relevant 

reference chemical classes. 

A PBPK modelling strategy has 

been developed to translate in vitro 

concentrations to in vivo dose levels. 

Instead of  building custom models for 

each chemical (class) as planned, it was 

chosen to develop one generic PBPK 

model framework describing all relevant 

compartments, physiological processes 

and exposure routes. The generic 

model with its (chemical-independent) 

anatomical and physiological parameter 

values in principle applies to all chemicals. 

The PK of  specific compounds has been 

addressed by providing chemical-specific 

parameters (relating to permeability, 

partitioning and clearance) that can be 

obtained by either in silico predictions or 

routine in vitro measurements, as input to 

the generic model. 

To this effect, an algorithm has been 

implemented to predict the binding and 
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partitioning behaviour of  compounds in 

water, protein and lipid phases of  blood 

(plasma and red blood cells) and tissues 

(interstitial fluid and cells). This algorithm 

takes as input readily obtainable chemical 

properties. It can also be used to predict 

binding and partitioning behaviour in 

culture medium if  its pH and protein 

and lipid fractions are known, and thus 

to correct for differences in unbound 

concentrations between in vitro and in vivo. 

This generic framework is more compatible 

with the rapid screening character of  the 

ChemScreen tool as a whole, and allows 

PK prediction of  a much larger number of  

compounds in a relatively short time. Till 

now, the collection of  chemical-specific 

parameter values and the comparison of  

model simulations with in vivo PK data 

have been performed for the first list of  

test compounds. In addition, in vitro-in 

vivo extrapolation of  the available data so 

far, determined by other partners of  the 

ChemScreen project, has been performed.

In risk assessment, methods determining 

defined conserved mechanisms of  

toxicity have a great advantage over more 

classical black-box approaches, such as 

morphological endpoints. This is because 

interpretation of  data is much more 

straightforward. By focusing on molecular 

mechanisms conserved in various 

species (e.g., various receptor-mediated 

processes) possibilities are explored to 

predict not only for humans but also for 

aquatic organisms (particularly fish) and 

thus for ecotoxicological effects. For this, 

extrapolation methods are being designed 

to establish if  there are conserved 

molecular mechanisms in aquatic 

organisms responsive to the action of  

different chemicals. As one of  the first 

steps, an expansion and restructuring of  

the large EDUKON ecotoxicity database 

(at UKON) has been carried out, as well as 

an inventory of  possible chemo-biological 

interactions that can be related to distinct 

molecular mechanisms.

WP6 is devoted towards the setup of  a 

software tool that integrates the methods, 

modules and databases generated in 

WPs 1-5. It aims to be a flexible and 

open tool that can be adapted and used 

for applications beyond the scope of  

REACH and in the post-REACH period. 

The tool will take into account the existing 

landscape of  related IT tools (IUCLID5, 

OECD Toolbox, OSIRIS Web tool, etc.), 

and will interface with them as required. 

Concept schemes and the basic design of  

the software tool have been established 

at SIM and PGEN. Data integration and 

analysis methods are being developed 

using a Bayesian Network (BN) approach 

using data from various sources including 

that of  the first ChemScreen HTP screens 

and data from NCCT collaborations. This 

work will increase in intensity one the full 

ChemScreen dataset is available.

For the dissemination of  the project’s 

results (WP7), various channels are used, 

including publications, folders, news 

items (see project’s website, chemscreen.

eu), participation to and organisation 

of  meetings with scientists and various 

stakeholders, etc. As one of  the project’s 

first deliverables ChemScreen’s strategy 

has been further defined and published in 

the form of  a position paper (Van der Burg 
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et al., 2011). In addition, ample attention 

is paid to validation and regulatory 

acceptance of  the test methods developed 

in ChemScreen. To this end close contacts 

with relevant ECVAM and OECD working 

groups, scientists and regulators are 

being established. Novel science- and 

performance criteria-based methods will 

be employed to validate the ReproScreen 

system, and allow rapid acceptance. 

Methods aim to be robust and simple 

allowing widespread dissemination 

using ample expertise available at BDS 

to disseminate bioassays worldwide. 

Methods to screen for endocrine disrupting 

compounds, such as the ER- and AR 

CALUX assay already were prevalidated in 

the context of  the ReProTect FP6 project, 

and subsequently have been submitted to 

EURL-ECVAM to allow formal validation. 

Since our battery of  tests of  reporter 

gene assays is very comparable to these 

tests, they may be used as ‘validation 

anchors’ in a screening battery. Through 

close collaboration, synergy will be 

attained with ongoing framework projects, 

and the NCCT molecular screening 

programmes. In order to prevalidate our 

screening battery and select relevant tests 

a feasibility study has been initiated early 

in the project using a set of  reproductive 

toxicants that are run in all available tests.

As an important integrative effort to test 

the feasibility of  using the ChemScreen 

approach to screen for reproductive 

toxicants, a ring trail has been initiated. 

RIVM has been involved in the selection 

of  the first set of  chemicals for the 

ChemScreen ring trial, based on available 

information about the toxicity profiles of  

chemicals. A selection of  12 chemicals 

was made with varying toxicity profiles 

including reproductive and developmental 

toxicants as well as endocrine-active 

substances. The outcome of  the ring trial, 

after data collection by BDS, is now being 

presented in a manuscript in preparation. 

In addition, a follow-up ring trial is being 

discussed among ChemScreen partners 

as well as with the related US STAR 

project partners. At TNO, chemicals 

have been selected to be tested in the 

second feasibility study. The selection 

was designed to create small groups of  

structurally similar chemicals with similar 

and dissimilar reprotoxic properties in 

order to develop and evaluate read-across 

approaches.

Challenges & Solutions

In the light of  the rapid progress of  the 

ToxCast programme and the aim of  

ChemScreen to come up with a practical 

tool that can be used for risk assessment, 

we plan to use all currently available 

knowledge and focus on very concrete 

examples on how to use molecular 

screening tools in conjunction with other 

tools to predict important reproductive 

toxic effects in the context of  chemical 

risk assessment in REACH and post-

REACH risk assessment of  chemicals 

and environmental samples. For this we 

will involve all ChemScreen partners and 

collaborate with NCCT/TIVSC whenever 

feasible. As a result of  discussions of  

the partners and the Scientific Advisory 

Board, it was considered timely to come to 

a more focused planning of  the activities 

in the DoW. Because of  the relative small 
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will be obtained through ChemScreen’s 

cooperation with the USEPA NCCT.

Next Steps

The ChemScreen project has made 

considerable progress at the level 

of  the individual work packages and 

establishment of  ongoing integrative 

projects. Next steps will be focused on 

HTS data generation and integration. 

Importantly, in a collaborative effort 

several feasibility and demonstration 

studies are undertaken, aiming at 

providing clear examples of  the feasibility 

of  using a practical and cost effective 

molecular screening approach in chemical 

risk assessment. These screening assays 

can then further be adapted for other 

applications involving complex chemical 

mixtures, e.g., from the environment and 

food- and feed.

Publications 2011-2012

Gijsbers L, Man HY, Kloet SK et al. Stable reporter cell lines for PPARγ-mediated 

modulation of  gene expression.  Anal. Biochem. 414:77-83 (2011)

Sonneveld E, Pieterse B, Schoonen W et al. Validation of  in vitro screening models for 

progestagenic activities: inter-assay comparison and correlation with in vivo activity 

in rabbits. Tox. in Vitro. 25: 545-554 (2011)

Suzuki G, Tue NM, van der Linden S et al. Identification of  major dioxin-like compounds 

and androgen receptor antagonist in Acid-treated tissue extracts of  high trophic-

level animals. Env. Science & Technol. 45:10203-11 (2011)

Van der Burg, B, Kroese ED and Piersma A. Towards a pragmatic alternative testing 

strategy for the detection of  reproductive toxicants. Reprod. Toxicol. 31, 558-561 

(2011)

size of  the ChemScreen project relative 

to the NCCT efforts, it was considered 

important to focus on:

The setup of  a practical globally and 

generally accessible panel of  screening 

assays, including assays that are relatively 

close to regulatory acceptance.

To place these assays in the context of  

an integrated testing method, in the 

context of  two adverse outcome pathways 

(AOPs) and their use in risk assessment:  

developmental neurotoxicity and hormonal 

disbalance and sex organ defects. 

Based on in vivo developmental toxicity 

data, two gross lists of  chemicals 

have been proposed for testing in the 

ChemScreen minimal essential and high-

throughput screens: 62 for developmental 

neurotoxicity and 20 for hormonal 

disbalance and sex organ defects. Part 

of  the minimal essential screen data 
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ESNATS
Embryonic Stem Cell-Based Novel Alternative 
Testing Strategies 
Contract number: HEALTH-F5-2008-201619
Project type:  Integrated Project (FP7)
EC Contribution:  € 11,895,577
Starting date:  1 April 2008
Duration:  60 months
Website: esnats.eu

Background & Objectives

Current toxicity testing in the drug development process is characterised by a number 

of  shortcomings: 

•	 A major part of  safety testing takes place late in the research and development 

cycle, implying protracted experimentation involving high numbers of  animals and 

generating significant costs

•	 Some in vitro assays rely on cell lines of  malignant origin or primary cells that are 

hard to standardise and limited in terms of  quantity, homogeneity and genetic 

diversity

•	 Existing assay systems based on primary animal and human cell lines do not 

reliably represent the physiological situation of  cells in native tissue.

To overcome these shortcomings, the ESNATS consortium is developing a novel testing 

system taking advantage of  the unique properties of  embryonic stem cells (ES cells), 

including:

•	 Their characteristic property to self-renew, constituting a potentially unlimited 

source of  cells,

•	 Their pluripotency (i.e., their potential to give rise to all organ-specific cell types), 

providing a source for cells of  different phenotypes required for toxicity testing

•	 The physiological relevance of  ES cell-derived somatic cells for toxicity endpoints, 

offering a perspective of  toxicological in vitro tests with improved predictivity,

•	 Their easy genetic manipulation, allowing use of  reporter gene expression as a 

powerful toxicity testing tool.

The overall aim of  the ESNATS project is to develop a novel toxicity test platform based 

PROGRESS REPORTS FROM EU-FUNDED PROJECTS
Progress Report 2012 & AXLR8-3 Workshop Report



51

on ES cells, in particular human ES 

cells (hES cells), to streamline the drug 

development R&D process and evaluation 

of  drug toxicity in (pre-)clinical studies, 

reduce related costs and thus, to increase 

the safety of  patients while reducing the 

numbers of  test animals due to earlier 

detection of  adverse effects.

To achieve the project goals, a battery of  

toxicity tests is developed using hES cells 

subjected to standardised culture and 

differentiation protocols. By using hES 

cells, both the effects of  test substances 

on the development of  organotypic cells 

from hES cells and on the differentiated 

organotypic cells can be studied.

State-of-the-art genomics approaches are 

used to identify predictive toxicoproteomic 

and toxicogenomic signatures in the in 

vitro cellular model systems developed 

by the consortium. Dose-response curves 

obtained from the various in vitro systems 

will be translated into critical dosage levels 

in vivo by using toxicokinetic modelling 

approaches.

In the final stage of  the project, the 

individual assays will be integrated into 

an ‘all-in-one’ testing strategy using 

selected hES cell lines to answer various 

toxicological questions. Such a strategy 

will avoid having to establish several in 

vitro tests based on cells of  various origins 

such as primary cells, cancer cells, etc. To 

streamline the overall strategy towards the 

eventual accomplishment of  a meaningful 

result, the Consortium decided to 

concentrate its efforts on prenatal toxicity 

with focus on the nervous system, and 

how to most efficiently feed suitable tests 

concertedly into the approach, observing 

the coverage of  all critical windows of  

neuronal cell differentiation.

This approach will be supported by 

developing concepts for automated ES cell 

culture, providing the basis for scale-up of  

ES cell-based in vitro testing. Consequently 

in this final stage, successfully developed 

tests will be combined in a testing 

strategy and a proof-of-concept study will 

be performed. 
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Deliverables & Milestones Achieved During 2011

Table 1. List of deliverables due in 2011 and summary of progress.

Del n° Deliverable Name Summary of Progress

D0.2.2 First draft of  the handbook of  

statistical methods for  

evaluation of  findings  

generated in different tests

In the draft handbook (D0.202), LUH is 

focusing on the three statistical  

problems: i) Potency estimation in assay- 

specific dose-response curves, ii) low 

sample size/high-dimension evaluation 

arising with Affymetric qPCR assays, and 

iii) characterisation of  the assay  

accuracy. First approaches and software  

solutions were provided
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Del n° Deliverable Name Summary of Progress

D0.5.7a Workshop organised by  

ESNATS

It was agreed in the ESNATS general  

assembly that it would be better to  

present more final results in the final 

workshop in month 58 since an initial 

workshop was already organised by 

UNEW in connection to the ESNATS  

meeting in April 2009

D1.1.3 Standardisation of  protocols 

and determination of   

toxicological signatures using 

toxicogeneomic, proteomic 

and epigenetic analysis

Further to the withdrawal of  UNEW from 

the Consortium and the decision to focus 

on hESC-based models only, this  

deliverable was cancelled

D1.2.3 Validation and application of the 
in vitro hESCs biomarker tests 
in a complete testing strategy 
including unknown compounds

In this deliverable, the application of hESC 
based in vitro embryotoxicity testing strategy 
to analyse gene signatures was described 
with a focus towards identification of  
unknown compounds

D1.3.3 Validation of trophoblast model 
for effects on cavitation and 
implantation

The trophoblast-based model has been set 
up and preliminary test data has been  
provided

D1.6.7 Report on the testing of the in 
vitro development assay with a 
limited set of selected toxicants

The effect of a limited set of selected  
compounds on human embryonic  
development was evaluated using 2D 
monolayer cultures for cytotoxicity and 3D 
embryonic body cultures for developmental 
toxicity

D2.2.4 Publication on toxic effects of 
tool compound set on mature 
ESCF-derived cells (acute neu-
rotoxicity)

In this deliverable, the potential of a murine 
ESC line carrying a dual luciferase reporter 
system to identify neural toxicity was evalu-
ated

D2.3.3 Report on usefulness of   

introducing metabolically 

competent cells to hESC- 

derived cultures 

Feasibility and advantages of   

incorporating metabolising cells to hESC-

derived test systems for prenatal  

neurotoxicity were evaluated

D2.3.4 Delivery of  ESC lines with 

altered apoptosis/toxicity 

sensitivity to adapt screens to 

different situations 

It was decided to cancel this deliverable 

as these kind of  ESC lines (murine-

based) were no longer needed in the 

project
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Del n° Deliverable Name Summary of Progress

D2.3.5 Publication on measures of  
sublethal toxicity/inflammatory 
response in mixed neural  
cultures or dopaminergic cultu-
res 

In this deliverable, UKN investigated in more 
detail measurements of sublethal toxicity 
during a 20d differentiation of mESC to a 
mixed culture of mature neurons

D3.2.2 Toxicity signatures for reference 
compounds modulating  
developmental processes in 
hESCs and mESCs

Analysis of the effect of thalidomide on  
multi-lineage differentiated mESCs and 
hESCs and its cross species relationship of 
gene expression responses was carried out

D3.2.3 Toxicity signal transduction  
pathways of the reference  
toxicity agents

The deliverable describes the generation of 
the toxicogenomics expression signatures, 
specifically toxicity signal transduction  
pathways of reference compounds of  
human embryonic stem cell (hESC)-derived 
embryoid bodies (EBs), neural differentiated 
hESCs, neural rosettes and SH-SY5Y cells

D4.1.2 Metabolic activities of human 
hepatocytes in transwell culture

It was shown that primary human  
hepatocytes are stable in culture over a 
few days and can function as a metabolic 
system

D4.4.3 Phenotypic characterisation of 
stem cells during various steps 
of their differentiation into the 
hepatic lineage

The geno- and phenotype of hepatic  
differentiated hSKP and rLEC are  
investigated by means of qPCR / microarray 
analysis and immunocytochemistry  
respectively

D4.4.4 Metabolic activities and gene 
expression data comparing  
‘mature’ stem cell derived  
hepatocyte-like cells and  
primary hepatocytes

In order to compare the metabolic 

capacity of  the mature hESC derived 

hepatocyte with primary hepatocytes, 

mRNA and protein expression profiles, 

metabolic capacity and induction of  drug 

metabolising enzymes were carried out 

and concluded that although the hESC 

derived hepatocytes are far from being 

human hepatocytes, they might be used 

for some routine application in in vitro 

toxicity testing

D0.4.5c Summer school The 3rd summer school was held at  
Chalkidiki, Greece on 1-5 May 2011
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Del n° Deliverable Name Summary of Progress

D1.4.6b Database of raw data and  
interpretation of results of the 
teratogens tested (hESC cardiac 
teratogenicity test)

Deliverable cancelled upon focussing on 
neural toxicity

D1.6.8 Further feasibility testing of 
the assay in collaboration with 
EURL-ECVAM using a selected 
set of test compounds

Using feeder free cell lines successfully  
evaluated three different compounds for 
their effect on cytotoxicity and  
developmental toxicity, i.e., VPA, CAR 
and NOR; the cytotoxicity  results on 
2D  cultures  revealed  toxic  effects of all 
compounds,  but the  3D developmental 
microarray analysis only showed significant 
differences after exposure of VPA

D1.7.1c Periodic SP progress report 
(part of ESNATS periodic  
progress report)

Establishment of pre-implantation embryo-
toxicity tests based on undifferentiated ES 
cells and establishment of in vitro  
blastocyst/trophoblast from ES cells as  
model for pre-implantation toxicity testing 
was completed

D2.4.1c Periodic SP progress report 
(part of ESNATS periodic  
progress report)

Optimised SOPs for mini-brains, developed 
protocols for cryopreservation and thawing 
of hESC derived neural progenitors;  
development of standardised neuro- 
toxicology testing and identification of  
neurotoxicity signatures established

D3.6.1c Periodic SP progress report 
(part of ESNATS periodic  
progress report)

Homogenisation and SOPs for toxico-

genomics completed. Developmental 

toxicogenomics signatures of  reference 

toxicants established. Determined the 

toxicity gene expression signatures of  

CNS and identified the toxicity signal 

transduction pathways of  few reference 

toxic agents

D4.3.3 Report on the evaluation of  
predicted effect levels for  
repro and/or CNS toxicity in rats 
based on in vitro testing and 
PBPK modelling; the predicted 
effect levels will be compared

Deliverable has been accomplished
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Del n° Deliverable Name Summary of Progress

with available in vivo toxicity 
data (literature) (Month 42, 
TNO)

D4.5.1c Periodic SP progress report 
(part of ESNATS periodic  
progress report)

Established primary hepatocytes as a  
metabolising system; identified gene  
expression signatures with and without  
metabolic activation and extrapolation of in 
vitro data to in vivo using PBPK modelling

D0.6.4 Periodic Report for period 3 
(M25-M36)

Summer schools organised and e- 
bulletin released (ecopa)

D1.1.4 Database of raw data and in-
terpretation and evaluation of 
results of the teratogens and 
drugs tested in in vitro gameto-
genesis systems

Deliverable cancelled due to exit of partner 
UNEW from the project

Milestone n° Milestone Name Summary of Progress

11 Novel toxicogenomic  
markers for early  
developmental toxicity

Was attained with the delivery of  

D1.2.3 and D3.2.3

12 Validated hESC based  
trophoblast model

Validation of trophoblast model for  
effects on cavitation and implantation

13 Tests for neurotoxicity Delivery of ESC lines with altered  
apoptosis/toxicity sensitivity to adapt 
screens to different situations (D2.3.4)

14 Toxicogenomics data  
available

CNS reproductive and hepatocyte  
toxicity signatures established

15 Availability of stem cell  
derived hepatocyte-like cells

SOPs available

16 Metabolic testing using  
primary hepatocytes

In vitro testing approach including  
metabolising system and PBPK  
modelling to predict in vivo effect levels 
for reproductive toxicity and CNS  
toxicity delivered

Tale 2. List of milestones due in 2011 and their status.
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Significant Results

Biomarker Study

Based on the recommendations of  the 

Strategy Working Group, a biomarker 

identification study was designed during 

the third project year, focus was laid on the 

topic ‘Prenatal toxicity with emphasis on 

the nervous system’ using hES cells and 

cell types derived thereof. Subsequently, 

presented in the list below, the most 

advanced test systems as identified by the 

test system evaluation group participated 

in the initial biomarker study testing 

two positive and one negative control 

compound. The list also provides the 

respective focus of  each test system in the 

ESNATS test strategy.

The aim of  this study was to identify 

gene expression signatures by gene array 

analysis and to establish an algorithm 

that allows identification of  compounds 

that act by a certain toxic mechanism or 

induce a specific phenotype in a pathway-

based approach.

A biostatistical analysis to identify the 

gene expression signatures and toxicity 

signal transduction pathways of  prenatal 

Partner Test systems

UKK UKK1: Toxicity assessment in human embryonic development 

using H9 hES cells, feeder-free, critical window, exposure from day 

0 or from day 10 

JRC Toxicity assessment in human embryonic early neurogenesis/ 

neural development using H9 hES cells

UKN Early and late developmental neurotoxicity of  CNS and PNS cells 

UNIGE Neurotoxicity, two dimensional and three dimensional neural 
cultures 
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toxicants on selected test systems 

confirmed. 

•	 IC10 concentration in all the reference 

compounds was identified to exibit 

enriched signal transduction.

•	 Some of  the reference toxic 

compounds affect specific pathways, 

e.g., ETP to affect T cell and B cell 

receptor signalling pathways.

•	 All reference compounds affect a few 

common pathways like focal adhesion 

pathways, p53 signalling and ECM-

receptor pathways. Also, some of  

the cancerous signal transduction 

pathways, such as bladder cancer 

and colorectal cancer pathway, were 

affected. 

Further Development and Implementation 

of the ESNATS Test Strategy

In order to challenge and validate the 

results obtained from the biomarker study, 

a biomarker extension study is being 

carried out. This study is expected to help 

identify a pattern in the gene expression 

signatures identified in the previous study 

and thus allow identification of  compounds 

that act by a specific toxic mechanism or 
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induce a specific phenotype. 

Additionally, to demonstrate a synergy 

between the ESNATS test systems, a test 

battery strategy has been developed that 

can deliver information on pharmaceutical 

candidates of  interest. The further 

development and implementation of  

the suggested test strategy has been 

elaborated in two concept papers on a) the 

biomarker study and b) the test battery 

approach where the detailed planning of  

each step of  the test strategy is described.

Figure 1 shows an overview of  the test 

strategy: the main steps in the biomarker 

study and the test battery and  how they 

are linked together. 

This test battery will assess different 

aspects of  prenatal toxicity such as 

functional impairments and changes in 

the differentiation capacity after exposure 

to well selected reference compounds of  

pharmaceutical interest. The test battery 

and the gene array chip will then be 

challenged with compounds under blinded 

conditions and the predictivity of  the tests 

will be assessed. Biostatistics will be used 

to evaluate specificity, sensitivity and 

predictive capacity of  the test model. 

PBPK modelling with a simulated pre-

incubation of  test compounds with 

hepatocytes will allow the extrapolation 

of  in vitro data to the in vivo situation 

comprehensive with a study of  the 

metabolising effects. 

Assessment of ESNATS Test Systems

To assess the readiness of  the ESNATS 

test systems to be included in the final 

test battery, an evaluation was carried out 

during the period by the Evaluation Group, 

composed of  representatives of  the 

project. The following evaluation criteria 

were applied:

•	 Availability of  SOP 

•	 Reliability of  the test

•	 Acceptance criteria

•	 Negative and positive controls

•	 Non-specific controls (depending on 

system)

•	 Biological relevance of  the test system

Experimental design for toxicity tests 

participating in the battery approach is 

based on the following:

•	 Definition of  the test method including 

its biological basis (test system) 

and a rationale for the relevance of  

the results produced such as the 

endpoints to be measured and a 

rationale or decision criteria for how 

the results are to be interpreted

•	 Definition of  the toxicity range of  test 

compounds in the test system

•	 Definition of  basic characteristics 

of  the test system and test method: 

dynamic range of  the endpoint, 

detection limit, stability of  the readout

•	 Data on response characteristics of  

the endpoint

•	 Data quality and statistical evaluation

•	 Capacity of  testing at least 20-30 

compounds.
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Satellite	  studies	  
on	  

«	  Differentiation	  »	  
and	  «	  Toxicity	  »	  

Biomarker	  Study	  

„Extended	  2+1	  study“	  

	  

Test	  Battery	  

Selection	  of	  20	  compounds	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
of	  pharmaceutical	  interest	  	  

Part	  A	  –	  Additional	  
compounds	  

Identification	  of	  
Biomarkers	  (genes	  
significantly	  up	  or	  
down	  regulated	  
upon	  compound	  

exposure	  

priority	  
compounds	  
selected	  

Comparison	  of	  gene	  
expression	  patterns	  

Interesting	  
drugs	  

Part	  B	  –	  Blinded	  
studies	  

Not	  so-‐
interesting	  

drugs	  

Parallel	  
screening	  of	  
all	  drugs	  	  

Further	  
characterization	  

Figure 1. Overview of  ESNATS test strategy.

The conclusions from the evaluation group 

was that the test systems UKK1, UKN1, 

UNIGE1 and JRC are ready to be included 

in the biomarker extension study while 

UKK1, UKN1, UKN2, JRC and UNIGE1 

were recommended to take part in the 

final test battery. All other test systems 

will support the core efforts of  the project 

by producing data complementary to the 

primary focus of  work.

Challenges & Solutions

The risk in such a project could be that 

a lot of  interesting components (i.e., cell 

models, protocols, etc.) and data are 

produced, but the step of  assembling the 

components to produce a range of  reliable 

test systems, for a specific purpose, 

and to carry out the actual analysis 

of  results, is left too late. To address 

this risk, in the third project year, the 

ESNATS partners elaborated a roadmap 

describing the detailed ‘retroplanning’ 

for implementation of  the ESNATS test 

strategy within the project duration. During 

2011, this roadmap has been reassessed 

and updated to take into account changes 

and problems encountered during the test 

system development and testing phase. 

Next Steps

In this final phase of  the project, selected 

test systems will engage on the biomarker 

extension study and the final test battery 

assessing human biologicals. In the 

biomarker extension study, the prenatal 

toxicity pathways identified based the 

previous, initial study will be challenged 
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and a pattern in the gene expression 

signatures between the two studies will 

be identified by gene array analysis. At 

the same time, a test battery strategy 

designed for testing specific toxicants 

potentially relevant for human neural 

development will be executed. 

For the biomarker study, the following 

experimental design has been agreed 

upon:

•	 A biomarker extension study involving 

two valporic acid-like compounds and 

two methyl mercury-like compounds 

will be tested by each test system 

at IC10 concentration with a solvent 

control

•	 A blinded study with three compounds 

each of  the valporic acid group and 

methyl mercury group will then be 

tested by each test system. Based on 

the gene signatures derived from the 

extension study described above, the 

test compounds will be analysed and 

a specific pattern between the two 

groups identified.

•	 A satellite study will be conducted 

to compare the response of  hESC to 

valporic acid at an immature state 

of  differentiation versus a mature 

state in just a single test system. This 

comparison is expected to identify 

altered gene expression amongst 

three exposure conditions defined by 

the test developer.

•	 A second satellite study focusing 

on identification of  unspecific gene 

expression and the corresponding toxic 

response at higher concentrations will 

also be carried out.

•	 Based on the success of  the “2+1” 

extension study, two further classes of  

compounds, EGF receptor signalling 

influencers and Wnt signalling 

influencers, will be tested by the 

test systems involved in the “2+1” 

extension study.

•	 All experiments will be carried out in 

four biological replicates.

•	 Biomarkers identified in the different 

tests will then be assembled in a 

customised multiplex chip, which will 

be challenged with compounds under 

blinded conditions as part of  the 

overall testing strategy.

For the test battery, the following approach 

has been devised:

•	 Each test system participating in the 

test battery is ultimately testing at 

least 20 compounds in an interlocking 

approach: various systems starting 

out with different compound sets so 

to overall test as many chemicals as 

possible in the shortest time possible 

and thus, trying to identify ‘hits’ early 

on.

•	 Resulting hits, namely compounds 

shown to be interesting and/or relevant 

(also called ‘priority compounds’) 

will thus be subject to test in all test 

systems, including those that are 

not part of  the ‘core effort’ but may 

produce additional, complementary 

information.

•	 Such hits will also be further assessed 

through a mechanistic characterisation 

using microarray analysis. This will 

allow combining the functional read-

outs with the microarray readouts and 
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Figure 2: Overview of  ESNATS test battery approach.

thereby increase relevance of  results. 

For the last year of  the project, it is time 

to assemble all components to produce a 

range of  reliable test systems. However, 

issues like the selection of  meaningful 

compounds and their assessment by a 

variety of  test systems and readouts, 

as well as their subsequent analyses 

will prove time consuming. As all the 

complementary parts of  the strategy add 

up to a more comprehensive overall result 

it was considered prudent to avoid the 

risk of  possible incomplete experiments 

due to tight timelines, and therefore, 

a six-month project extension was 

requested so to warrant the completion 

of  all experiments, subsequent analysis 

and interpretation. Such additional time 

would allow not only the generation of  

more complete and meaningful results, 

but also confirmation of  the relevance of  

results from the test battery, and would 

thereby underline its pertinence and 

increase its credibility.
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NanoTEST
Development of  Methodology for Alternative 
Testing Strategies for the Assessment of  the 
Toxicological Profile of  Nanoparticles Used in 
Medical Diagnostics

Contract number:  Grant Agreement 201335
Project type:   Specific Targeted Research Project (FP7)
EC contribution: € 2,994,383
Starting date:   1 April 2008
Duration:  3.5 Years 
Website: nanotest-fp7.eu

Background

Nanoparticles (NPs) have unique, potentially beneficial properties, but their possible 

impact on human health is not known. The area of  nanomedicine brings humans into 

direct contact with NPs and it is essential for both public confidence and nanotechnology 

companies that appropriate risk assessments are undertaken in relation to health and 

safety. There is a pressing need to understand how engineered NPs can interact with 

the human body following exposure. Additionally, it is important to develop alternative 

in vitro and in silico testing strategies specifically for nanomaterials. The FP7 project 

NanoTEST addresses these requirements in relation to the toxicological profile of  NPs 

used in medical diagnostics. A better understanding of  how properties of  NPs define 

their interactions with cells, tissues and organs in exposed humans is a considerable 

scientific challenge, but one that must be addressed if  there is to be safe and responsible 

use of  biomedical NPs. NanoTEST will evaluate toxic effects and interactions of  NPs 

with biological systems used in nanomedicine. There are a number of  different NP 

characteristics, which will influence transport and toxicity including size, surface area, 

coating and charge. With the use of  a suitable panel of  NPs of  the highest purity, we 

will determine how these characteristics relate to possible adverse health effects and 

develop in vitro test methods and testing strategies for NPs toxicity testing.

Objectives

The overall aim of  this project was to develop alternative testing strategies and high-

throughput toxicity testing protocols using in vitro and in silico methods which are 
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essential for the risk assessment of  these 

NPs. To be able to achieve this ambitious 

goal, the specific aims of  NanoTEST were 

as follows: 

•	 To carry out a detailed characterisation 

of  selected NPs in order to define their 

main physico-chemical properties

•	 To study specific and nonspecific 

interactions of  NPs with molecules, 

cells and organs and to develop in 

vitro methods which can identify the 

toxicological potential of  NPs

•	 To validate in vitro findings in short-

term in vivo models, to study 

manifestation of  particle effects in 

animals and humans, and to assess 

individual susceptibility in the 

response to NPs

•	 To perform both Structure-Activity 

modelling and physiologically-based 

pharmacokinetic (PBPK) modelling of  

NPs, and

•	 To adapt the most advanced and 

promising assays for high-throughput 

automated systems and to prepare for 

validation by the EURL-ECVAM. 

NanoTEST has integrated the investigation 

of  toxicological properties and effects 

of  NPs in several target systems by 

developing a battery of  in vitro assays 

using cell cultures, organotypic cell 

culture derived from different biological 

systems: blood, vascular system, liver, 

kidney, lung, placenta, digestive, renal 

and central nervous systems. As the 

activity of  NPs is likely to involve oxidative 

stress we focused on the cross-cutting 

areas of  inflammation, cellular toxicity, 

immunotoxicity, genotoxicity and related 

endpoints. Following development of  

Standard Operating Procedures and 

generation of  a common database, and in 

parallel with in silico assays (QSAR, PBPK 

modelling), NanoTEST has evaluatet toxic 

effects and interactions of  NPs used in 

nanomedicine. Results have been validated 

in an experimental ethically approved 

in vivo model. The most advanced and 

standardised techniques were adapted for 

automation and prepared for validation 

by JRC (ECVAM). Finally, the aim was to 

propose recommendations for evaluating 

the potential risks associated with new 

medical NPs, which will be communicated 

to the scientific and industrial community.

Deliverables & Milestones 
Achieved During 2011

The NanoTEST project was finalised 

in March 2012. All deliverables and 

milestones have been delivered in time, 

although the deliverables concerning 

testing strategy were updated until final 

project report submission. 

Table 1 gives an overview of  the 

panel of  commercial ENPs tested in 

NanoTEST. The comprehensive detailed 

physical and chemical characterisation 

results obtained in WP1, especially 

the investigation on NPs behaviour in 

culture media, greatly supported the 

project in deeply understanding the 

toxicological behavior of  selected ENPs 

in cell and animal systems for ENPs. 

Not only the basic physical and chemical 

properties of  pristine nanomaterials 

(‘primary’ characterisation) have to be 
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considered, but also their behaviour under 

real conditions in biological systems 

(‘secondary’ characterisation) must be 

investigated in detail in order to get the 

correct set of  information required for an 

effective testing strategy for NPs.

In vitro experiments (WP2) using cells 

representing different organ targets 

revealed that cytotoxic effects induced by 

NPs depend on the NPs properties, the 

test used and the cell type. All cytotoxicity 

Table 1. Panel of selected NPs tested in NanoTEST.

Name Abbreviation Source Comment

Nanomagnetite coated with 

Na-oleate

OC-Fe3O4 NPs PlasmaChem 

(Hamburg, D)

Nanomagnetite uncoated U-Fe3O4 NPs PlasmaChem 

(Hamburg, D)

Poly lactic-co-glycolic acid PLGA-PEO NPs Advancell (Barce-

lona, E)

Red-Fluorescent nanosilica 

25nm

Fl-25 SiO2 NPs Microspheres-

nanospheres

Red-Fluorescent nanosilica 

50nm

Fl-50 SiO2 NPs Microspheres-

nanospheres

Nanosilica powder, 20 nm SiO2 NPs NM-203 Refe-

rence Material, 

Joint Research 

Centre, Ispra, 

Italy

Nano-sized titanium dioxi-

de P25

TiO2 NPs P25-Degussa-

Evonik, Joint 

Research Centre, 

Ispra, Italy

Benchmark

Fluorescent polystyrene 

beads

Polysciences, 

Inc. (Warrington, 

PA, USA)

Reference for ex 

vivo  

experiments

Dextran-coated ferumoxide Endorem Negative  

control

assays were able to detect dose responses. 

Representative results are shown in Figure 

1. Polylactic-glycolic acid (PLGA-PEO) 

NPs induced little or no oxidative stress in 

any of  the cell types used compared with 

solid-core metallic NPs, which generally 

produced ROS. However, results showed 

that colorimetric assays such as MTT, 

WST-1, LDH, neutral red uptake are likely 

to interfere with NPs and need protocol 

adaptation and additional controls to 

avoid false-positive results (Figure 2). On 
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the other hand, cell growth- proliferation 

assays such as DNA synthesis, relative 

growth activity (RGA) and plating efficiency 

(PE) assays do not show any interference, 

but are more tedious. 

Also oxidative stress induced by NPs was 

dependent upon NP, cell type and test. 

PLGA-PEO NPs induced no or very weak 

oxidative stress in the entire range of  cell 

types in contrast to solid-core metallic NPs, 

which generally induced ROS production. 

The detection of  fluorescent probes 

by flow cytometry avoids interference 

by free NPs, but takes more time than 

detection by fluorescence plate readers 

and could not be used for high-throughput 

screening. The DHE assay is well adapted 

Figure 1. NPs induced cytotoxicity. Left: LDH in BeWo cells, exposed to Si-25, 48 hrs. Right: 

Proliferation assay in TK6 cells, exposed to OC-Fe3O4 NPs. 

Figure 2. Interference of  NPs. Left: MTT test 

without cells, A=U-Fe3O4 NPs, B=OC-Fe3O4 NPs. 

Right: Neutral Red Assay on TiO2-P25 NP. 

to flow cytometry measurement and 

DCFH-DA and bromobimane assays to 

microfluorimetry. RT-qPCR was revealed to 

be a suitable and more sensitive method 

to study antioxidant enzyme mRNA but 

is time consuming and induced delays in 

testing.

NP transport is most affected by tightness 

of  the cell barrier, increasing in the order: 

brain	≤	kidney	≤	gut	<	placenta.	NP	coating	

is also important but improved model 

membranes and analytical techniques are 

required to further investigate a greater 

range of  NPs. 

The in vitro model of  human peripheral 

blood cells reflected to a certain extent in 

vivo response of  animal peripheral blood 

immune cells to TiO2 and OC-Fe3O4 NPs 

exposure seen in exposed rats. In vivo find-

ings confirmed reliability of  the proposed 

panel of  immune assays used as biomark-

ers for assessment of  in vitro immunotox-

icity. 

Genotoxicity induced by NPs depends on 

the cell type, the NPs, the dispersion proto-

col (Figure 3) and the measured endpoint. 

It is crucially important not to use highly 
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toxic concentrations but non-cytotoxic or 

mildy cytotoxic when assessing genotox-

icity. In vitro models are valuable for pro-

viding estimates of  effects of  exposure 

as well as information on mechanisms of  

action. Validation with in vivo tests is, how-

ever, necessary in the first instance.

In the in vivo study (WP3) a single i.v. ad-

ministration of  TiO2 or Na-oleate-coated 

iron oxide (OC-Fe3O4) NPs (0.1, 1 and 10% 

of  LD50) to young female rats did not elicit 

overt acute or subacute toxicity. Subtle 

differences were seen in some parameters 

between control and NP-administered 

groups shortly after NP exposure. A sin-

gle intravenous exposure to NPs seems 

to have an immunomodulatory effect. The 

in vitro model of  human peripheral blood 

cells generally reflected in vivo responses 

of  peripheral blood immune cells to TiO2 

and OC-Fe3O4 NPs in exposed rats. In vivo 

findings proved the reliability of  our panel 

of  immune assays proposed as biomark-

ers for assessment of  immunotoxicity in 

vitro. 

 

WP4 focused on QSAR and PBPK mod-

elling. Following a preliminary review of  

the literature, it was clear that traditional 

statistically-based QSAR modelling, which 

requires multiple chemical descriptors 

and a reasonable number of  high quality 

biological datapoints, would not be fea-

Figure 3. Top: Size distribution of  TiO2 NPs in DMEM according to dispersion protocol 1 (DP1- incl 
10% foetal bovine serum (FBS) serum in stock solution) and 2 (DP2-without serum). Bottom: DNA 
damage measured by the Comet assay after 24h exposure of  EUE cells to TiO2 NPs dispersed using 
DP1 and DP2. 
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sible. Therefore, a more theoretical ap-

proach was adopted. Building on previous 

findings (Meng et al., 2009) linking the 

oxidative stress potential of  NPs with ad-

verse outcomes, including inflammation, 

cytotoxicity, and in vivo toxicities, a theo-

retical model was developed (Burello & 

Worth, 2011) for predicting the reactivity 

of  metal oxide NPs as well as their abil-

ity to cause oxidative stress through the 

generation of  ROS. The predictions for 70 

metal oxide NPs were validated against in 

vitro data taken from the scientific litera-

ture as well as in vitro data generated by 

NanoTEST partners. Overall, it was found 

that the model can qualitatively predict 

the oxidative stress potential of  metal ox-

ide particles through ROS generation. In 

addition, in the case of  titania, the model 

could predict the photocatalytic activity of  

this material and the isoelectric point of  

the planes exposed by rutile crystals.

For the PBPK modelling a study was per-

formed for integration of  a lung transport 

and deposition model and a lung clear-

ance/retention model to predict internal 

doses by inhalation exposure data. The 

combination of  the deposition model with 

the clearance model allows for the connec-

tion of  the external exposure to the internal 

dose, though further research is required 

on the extension of  this model to account 

for the distribution of  the inhaled particles 

to other targets organs in the human body.  

With proper refinement of  computational 

models and methodologies, PBPK may 

support an alternative testing strategy, 

replacing experiments that are expensive 

both in time and resources.

The overal aim of  NanoTEST was to pro-

vide a testing strategy for NPs used in 

medical diagnostics. As a result of  Nan-

oTEST the conclusion is that a NP testing 

strategy should contain at least three cyto-

toxicity tests and two representative cells 

per organ. Initially, cytotoxic response and 

dose response from non-cytotoxic to cyto-

toxic concentrations of  NPs are identified 

for in vitro studies. Positive and negative 

controls should be included in both in 

vitro and in vivo models. Oxidative stress 

endpoints are important to investigate the 

mode of  action of  NPs in biological sys-

tems. A testing strategy for assessment 

of  immunotoxic effects of  NPs should 

contain a panel of  assays covering several 

aspects of  immune response. For genotox-

icity, the micronucleus and Comet assays 

together can give a reliable picture of  po-

tential genetic instability as they measure 

different endpoints, while gH2AX assay is 

an interesting endpoint for automated pro-

cedures. 

Both PBPK and QSAR modelling show 

promising results, and further investigation 

should be performed in order to include 

them as alternative methods to study 

potential toxic effects of  NPs. 

Challenges & Solutions

The main challenge was to finalise all 

experiments and deliverables in due time 

to have sufficient space for statistical 

analysis, evaluation of  all in vitro data, 

compare assays, cell types and NPs, 

compare them with in vivo findings and 

propose testing strategy. Therefore several 
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Table 2. List of deliverables from January 2011 through March 2012 (end of project).

Del. Nº Deliverable Title

1.4 Analytical protocols for the determination of  the selected NPs in biologi-

cal tissues

1.5 Publications in peer-reviewed journals

2.0.1 Database development 

2.0.2 Statistical evaluation of  NP toxicity in different systems

2.0.3 SOPs for set of  in vitro tests for automation and validation

2.0.4 Selection of  SOPs for strategy 

2.1.1 Evaluation of  the genotoxic impact of  the NP 

2.1.2 Identify a set of  endpoint parameters to assess effects of  NP on immune 

cells

2.1.3 Evaluation of  immune cell models

2.2.2 Evaluate uptake and transport of  NP across endothelium

2.2.3 Identify alterations in endothelial adhesion properties

2.2.4 Evaluation of  endothelial model

2.3.4 Identify sinusoidal lining endothelial cells end-points.

2.3.5 Evaluation of  liver cell models

2.4.2 Determination of  the mechanisms of  uptake and pro-inflammatory res-

ponses and pathways signalling

2.4.3 Development of  tests to quantify uptake, oxidative stress  and pro-in-

flammatory responses induced  By NP on lung cells

2.4.4 Evaluation of  lung cell model

2.5.2 Preliminary report on transfer characteristics of  NP in placental models 

2.5.3 Preliminary report on NP toxicity in placental models 

2.5.4 Comparison of  transport and toxic impact of  the NP in the placental mo-

dels

2.6.1 NP characteristics in digestive cell models defined

2.6.2 NP toxicity in digestive cell models defined

2.6.3 Comparison of  effects of  mucus secretion on NP toxicity and permeabili-

ty in digestive system

2.6.4 Evaluation of  digestive cell models

2.7.4 Evaluation of  the CNS model

2.8.2 NP toxicity in renal cell models defined

2.8.3 Evaluation of  renal models

2.9.3 Implementation and assessment of  the selected automated assays 

2.9.4 Automated Toxicity testing of  NPs. M36

3.1 In vivo toxicity assessment (1week after NP exposure)
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Table 3. List of milestones from January 2011 – March 1012 (end of project).

Del. Nº Deliverable Title

3.2 In vivo toxicity assessment (2weeks after NP exposure)

3.3 In vivo toxicity assessment (3week after NP exposure)

3.4 In vivo toxicity assessment (4week after NP exposure)

3.5 Comparison of  in vivo models with in vitro models

4.3 Report on the development of  SAR for toxicity prediction

4.4 Completion of  inhalation dosimetry model for NP 

4.5 Completion of  model for nanoparticle behaviour in the cardiovascular 

system

5.2 Workshops 

5.3 Stakeholder Panel meetings 

5.4 Transfer the most developed methods to validation through EURL-ECVAM 

as alternative tests for NP used in medical diagnostics

5.5 Peer-review publications and conference presentations

6.6 Final report 

Milestone 

Nº

Milestone Title

12 Determination of  NP in biological tissues 

13 High throughput techniques developed 

14 In vivo toxicity assessment 

15 Structure-Activity and PBPK modeling

16 Completion of  database

17 Recommendations for evaluating the potential risks associated with 

new medical NP 

18 Automation of  high throughput techniques 

Challenges & Solutions

The main challenge was to finalise all 

experiments and deliverables in due time 

to have sufficient space for statistical 

analysis, evaluation of  all in vitro data, 

compare assays, cell types and NPs, 

compare them with in vivo findings and 

propose testing strategy. Therefore several 

deliverables summarising results were 

updated until the final project report 

submission.
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Next Steps

The project is now finalised. Next step is 

to write core publications according to the 

publication strategy developed within the 

project. A special edition to be published in 

journal Nanotoxicology has been arranged 

with 14 publications summarising the 

most important results with contribution 

from all WPs and partners.
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PREDICT-IV 
Novel Alternative Testing Strategies for Use in 
Pharmaceutical Discovery and Development

Contract number:  HEALTH-FP5-2007-202222
Project type:   Integrated Project (FP7)
EC contribution:  € 11,330,907
Starting date:   1 May 2008
Duration:   60 months
Website: predict-iv.toxi.uni-wuerzburg.de

Background 

In the development of  new pharmaceutical entities, lead compounds are designed on 

the basis of  desired pharmacological effects. Often, many derivatives of  these lead 

compounds are synthesised early in the development for optimised pharmacological 

response. Toxicity testing of  the many compounds with the desired pharmacological 

effects generated represents one of  the bottlenecks in the development of  new 

pharmaceuticals. Toxicity testing is time consuming, requires a high number of  

demanding in vitro and in vivo experiments and large quantities of  test compounds. In 

addition to hazard assessment the pharmacokinetics of  such compounds are still mainly 

investigated using animals to identify candidate compounds with the pharmacokinetic 

properties desired. 

Toxicity testing usually relies on the identification of  certain histopathological changes 

and clinical parameters and pathology in animals. Toxicity studies range in duration 

from two-weeks to two-years and use 5 to 50 animals/dose groups with usually three 

dose groups and a vehicle control. From such studies, detailed information on adverse 

effects and their dose-response is obtained, but the data generated require extrapolation 

to the human situation. 

The inclusion of  biomarkers for undesired effects is not yet performed in many of  the 

routine toxicity studies, but biomarkers to predict toxicity for relevant target organs are 

under development and are increasingly applied to predict possible toxicities in the 

early phase of  toxicity studies. 

In vitro toxicology using isolated or cultured cells mainly focus on the mode-of-action of  a 

chemical on the cellular level to study toxicodynamics. The results are usually integrated 
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as support for the in vivo studies, but 

such mechanistic studies are also often 

initiated after results from in vivo studies 

are available for confirmation of  mode-of-

action. Some specific in vitro studies are 

used for pre-screening to exclude specific 

unwanted effects. 

Current animal toxicity testing has a fairly 

high predictivity for adverse effects. The 

main causes of  failure in drug development 

are due to toxicity and lack of  efficacy. 

In fact, unpredicted toxicity in animals 

accounts for 25% and human adverse 

events account for 11% of  development 

failures, making toxicity/safety the major 

cause of  drug attrition. There are several 

causes of  poor correlation between 

animal and human toxicities. One of  the 

main reasons is that animal species do 

not generally predict human metabolism. 

Also, the diversity of  human patients 

and the different lifestyle susceptibility 

factors do not reflect the well-controlled 

experimental animal settings. Therefore, 

it is crucial to understand why individuals 

respond differently to drug therapy and 

to what extent this individual variability 

in genetics and non-genetic factors is 

responsible for the observed differences 

in adverse reactions. In addition, drug 

withdrawal from the market due to toxicity 

is the ‘worst case’ for a pharmaceutical 

company. Again, the major reason for 

withdrawal is unpredicted toxicity in 

humans, mostly of  an idiosyncratic nature 

and with the liver being the predominant 

organ affected. The use of  human and 

mammalian cell-based assays plays a key 

role in this endeavour. Expert knowledge 

is required to integrate the many potential 

mechanisms of  toxicities into the safety 

assessment process and to develop useful 

non animal-based systems to mimic these 

events in vitro, preferably at the earliest 

stages of  drug development.

Objectives

The PREDICT-IV project aims to expand 

the drug safety in the early stage of  

development and late discovery phase. 

Using an integrated approach of  

alternative in vitro methods, a better 

prediction of  toxicity of  a drug candidate 

will be developed. By combining analytical 

chemistry, cell biology, mechanistic 

toxicology and in silico modelling with new 

advanced technologies such as -omics 

and high-content imaging, a link between 

classical in vitro toxicology and modern 

systems biology will be set. The integration 

of  systems biology into predictive 

toxicology will lead to an extension of  

current knowledge in risk assessment 

and will lead to the development of  more 

predictive in vitro test strategies. This 

will enable pharmaceutical companies 

to take the decision on exclusion of  

drug candidates due to adverse effects 

well in advance of  performing animal 

safety testing. PREDICT-IV will evaluate 

the toxicity of  the most frequently 

affected target organs such as kidney 

and liver, complemented by neurotoxicity 

assessment using newly developed in vitro 

neuronal models.

The ultimate goal is to provide an 

integrated testing strategy together with 

sensitive markers of  cell stress in order to 

predict toxicity prior to preclinical animal 
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testing. Such integrated in vitro strategies 

will successful result in a reduction of  

animal experimentation and thereby 

decreasing the cost and time of  lead 

compound identification.

In accordance with these objectives, 

PREDICT-IV is structured as a large 

collaborative integrated project with seven 

scientific work packages (WPs) and 20 

contributing partners from academia, 

government bodies, industry and SMEs.

Deliverables & Milestones 
Achieved During 2011

In WP1 a fully functional content storage 

and sharing infrastructure (SDRS) for data 

generated by consortium members has 

been established. This enables all involved 

distributed sites to collaborative work on 

data analysis and interpretation tasks of  

information provided to the system. New 

methods based on content graphs were 

developed and integrated intending to 

facilitate inference in in vitro toxicology 

research processes. All data are accessible 

via Internet and project partners use the 

platform as a data warehouse as well for 

consecutively applied data manipulation. 

This facilitates the identification of  early 

and late biomarkers that should indicate 

activation of  biological pathways for 

chronic stress and cell dysfunction. Second 

the results from kinetic measurements are 

also collected on this platform leading 

to new insights about in vivo/in vitro 

differences about absorption, metabolism 

and excretion. 

All of  the planned -omic experiments 

for WP2 have been completed and 

submitted to the analytical laboratories. 

Transcriptomic analysis of  the -omic 

data has commenced by WP2 members 

and results thus far are encouraging. 

In the kidney model, all data streams 

are complete for CsA and integrated 

analysis shows robust transcriptomic, 

proteomic and metabolomic responses. A 

biokinetic model has also been developed 

in conjunction with WP5. The integrated 

analysis of  these data streams show that 

CsA induces oxidative stress, activating the 

Nrf2 mediated oxidative stress pathway 

and all three branches of  the unfolded 

protein response (ATF6, PERK/ATF4 and 

IRE1/XBP1). Work has continued with the 

bioactivation model, but without a major 

breakthrough thus far. 

Results of  Primary Human Hepatocytes 

(PHH) have been compared to those 

of  Primary Rat Hepatocytes (PRH) and 

HepaRG and presentations have been 

prepared for 4th annual meeting as well as 

for poster presentations at ISSX 2012 and 

Eurotox 2012. 

For HepaRG cells additional experiments 

were performed on specific compounds 

(including using different medium 

conditions) for a better understanding of  

their effects. Additional experiments for 

transcriptomics analyses were started in 

April, and are expected to be finished in 

2012. Other related studies have been 

devoted to the study of  the cholestatic 

effects of  chlorpromazine. This work is 

ongoing and will be reported in the final 

project report. 
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During the year all WP2 partners were 

allocated specific compounds, for which 

they will be responsible in the data 

analysis/collation. A workshop was 

organised to facilitate handling and 

analysis of  -omic data. 

Hepatocyte group: P2 is responsible for the 

analysis of  EMD, Metformin and Ibuprofen, 

P8 for Acetaminophen and Valproic acid, 

P9 is responsible for Chlorpromazine, 

Troglitazone and Rosiglitazone and P10 for 

Amiodarone, Fenofibrate and Metformin. 

Kidney group: P3 is responsible 

for Cadmium chloride, Cidofovir, 

Cisplatin, Clodronate, Ifosfamide, 

Chloroacetaldehyde and P11 for Adefovir 

dipivoxil and Zoledronate. 

CNS group: P16 is responsible for 

Cyclosporine and Amiodarone, P20 for 

Diazepam and Chlorpromazine. 

In WP3 efforts were focussed on some 

priority chemicals (as suggested by the 

Advisory Board) and the analysis aimed 

to define the kinetic profile of  Ibuprofen 

(IBU) and Chlorpromazine (CPZ) in the 

three hepatic models (rat and human 

primary hepatocytes, and HepaRG) have 

been completed. Cyclosporine A (CsA) 

kinetic data obtained with kidney cells (P1 

and P3) were used by WP5 to build an in 

vitro kinetic model. 

For the other models/chemicals, 

analyses started and are still ongoing. 

The characterisation of  the metabolic 

competence of  the aggregating brain 

cell cultures (control and treated with 

known CYP inducers, such as nicotine and 

lindane, at different concentrations and 

treatment times) from P16 was finalised 

through the expression of  different 

CYPs in 3D aggregates at two different 

stage of  development (20th and 33rd); 

immunostaining techniques were applied 

to identify the cell types where CYP are 

expressed. 

Results obtained in kinetic experiments 

indicated that the IBU uptake is rapid 

and progressive, the biotransformation 

is efficient in the three models, leading 

to low steady state intracellular 

concentrations. However, some relevant 

differences were observed in the kinetic 

of  the three models that could, at least 

partially, explain the species and intra-

individual differences in susceptibility 

to IBU toxicity. CPZ data indicate that 

although the chemical is metabolised in 

the three hepatic models, the possible 

saturation of  the involved enzymes lead 

to bioaccumulation cells over the 14-day 

exposure in rat primary hepatocytes and 

in HepaRG, but not in human hepatocytes. 

Regarding CsA in RPTEC/TERT1 cells, 

the almost constant intracellular 

concentration during the first 24h 

suggests low metabolism; the comparison 

of  D0 and D13 kinetics suggests a high 

potential for bioaccumulation and lack of  

significant metabolism in the cells, which 

is to be expected as proximal tubular cells 

do not possess CYP3A4 activity. The three 

reported examples clearly demonstrate 

how different can be the kinetic behaviour 

of  different chemical among the same 

model, especially after repeated treatment 

as well as how differently can react 
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different models with the same chemical, 

thus affecting significantly the actual cell 

exposure levels. 

Regarding the characterisation of  the 3D 

brain cell aggregates, it can be concluded 

that CYP1A1 and 2B1 account for 55% 

and 26%, respectively of  total CYP mRNA; 

their expression is induced by nicotine or 

lindane: the average increase was quite 

limited, but a high degree of  variability 

was evidenced in the three biological 

replicates. No time-dependence nor dose-

dependence of  inducer treatment was 

observed. CYP2B1, 1A1, 3A1, 2D2, 2D4, 

2E1 expression was detectable in controls 

3D cells but not induced. CYP2B1/

B2, 1A2 and 3A2 were always below 

the limit of  detection of  the sensitive 

assay. Preliminary results obtained with 

immunostaining for CYP1A1, clearly 

indicated that nicotine treatment is able to 

increase the level of  CYP1A1 protein. The 

localisation indicated for the moment that 

CYP1A1 is localised in some astrocytes. 

These issues will be clarified by double 

staining. 

WP4.1 A data analysis strategy for all 

-omics platforms was agreed upon in a 

workshop in Vienna (November 2011). 

A first workshop was carried out in April 

2012 to introduce all relevant partners 

to the tools available for analysing the 

different -omics data, these included BASE 

developed by P7, BRB array tools, Cluster, 

Tree View and Ingenuity Pathway Analysis. 

Additionally the use of  Microsoft Excel for 

organisation and filtering of  large data 

sets was demonstrated and automated 

macros were then later developed by P3. 

Data processing and analysis: A 

standard operating procedure (SOP) for 

transcriptomics data processing was 

finalised [PIV00755]. The main purpose of  

this SOP is also to communicate (i) which 

result files are provided by P7, (ii) how 

these files can be located and downloaded 

from SDRS, and (iii) how these files can be 

interpreted and used for further analysis. 

All gene expression profiles measured and 

provided by P2 until end of  March have 

been processed following the SOP for 

transcriptomics data processing and all 

generated records (quality assessment 

reports, normalised and annotated 

intensity profiles, differential expression 

results) were stored at SDRS. 

Transcriptomics sample processing was 

completed for all samples provided. 

There are still samples from Rostock 

and University of  Rennes outstanding, 

and currently being processed. All data 

were uploaded into SDRS, processed by 

Emergentec (as agreed in the Vienna ‘Data 

Analysis’ worhshop in October 2011). 

A new protocol for RNA isolation from 

HepaRG cells and the 2D mouse brain 

cultures was established. 

Peptide profiling: Extensive data analysis 

on several completed studies (27 LC-

MS experiments each) was carried out. 

For each study, the raw data acquired 

by the instrument (Orbitrap XL mass 

spectrometer) were forwarded by P21 

via FTP to our servers and subsequently 

processed using the iTRAQ identification 

and quantification pipeline. Mass 

spectrometry analysis of  cell lysates and 
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supernatants for the study of  kinetic 

compounds for the various cell models 

was performed for each cell model from 

WP2. 

Metabonomics: A new edition of  the SOP 

for the set up of  the MS instrument and the 

MS Metabolomics analysis of  the samples 

of  cell extracts in LC-MS and DI mode and 

of  supernatants in LC-MS was finalised. 

Mass spectrometry analysis of  cell lysates 

and supernatants for the study of  kinetic 

compounds for the various cell models 

was performed. Due to technical problems 

no further analysis of  rat hepatocyte cell 

lysates was possible. The focus of  sample 

processing was on the kinetic compounds 

within each cell model. For NMR a refined 
1H-NMR data analysis process was 

retested and data normalisation slightly 

modified. Again rat hepatocytes can no 

longer be processed. Samples from all 

other cell models have been processed, 

focusing on limited kinetic compounds. 

In WP4.2 experiments with all 11 

compounds (Cyclosporin A, Amiodarone, 

Rosiglitazone, Chlorpromazine, 

Troglitazone, Metformin, Fenofibrate, 

Ibuprofen, Acetaminophen, Valproic 

Acid, EMD335823) in rat hepatocytes is 

completed. Fluorescence based assays 

and automated imaging microscopy using 

Cellomic™ Arrayscan®) endpoints were 

measured. Biliary clearance, intracellular 

accumulation of  neutral lipids and 

phospholipids were investigated with 

carboxy-DCFDA (5-(and-6)-carboxy-2›,7›-

dichlorofluorescein diacetate), BODIPY 

(4,4-dif luoro-4-bora-3a,4a-diaza-s-

indacene) and LipidTOX™ Red reagent, 

respectively and compared with the 

cytotoxicity markers intracellular ATP and 

LDH release. Human hepatocytes were 

treated with Cyclosporin A, Amiodarone, 

Chlorpromazine or Ibuprofen. In addition, 

six compounds (Cyclosporin, Amiodarone, 

Chlorpromazine, Troglitazone, Ibuprofen 

and Acetaminophen) were treated in the 

rat hepatocyte matrigel-collagen sandwich 

configuration and the samples were 

sent to Merck (Darmstadt, Germany) for 

transcriptomics analysis. The purpose was 

to compare the transcriptional changes 

under collagen-collagen sandwich as 

performed by Merck with the Novartis 

collagen-matrigen sandwich configuration. 

Transfection and silencing experiments 

with siRNA were started in rat hepatocyte 

cultures. 

Both, RPTEC/TERT1 cells and primary 

human proximal tubule cells were 

characterised under various culture 

conditions (e.g., Cultivation on plastic and 

transwell filters). Numerous functional 

assays with HCI analysis (transporter-

mediated uptake/efflux, mitochondrial 

toxicity) were set-up. Several transfection 

methods were assessed and established. 

The four compounds Cyclosporin A, 

Cisplatin, Zoledronic Acid and Vancomycin 

were tested during 14 days in RPTEC/

TERT1 cells and in primary human proximal 

tubule cells. Cells were incubated by two 

different concentrations (low and high 

dose). After treatment kidney PSTC CRADA 

biomarkers (Clusterin, Lipocalin-2, Kim-1) 

were monitored. Various transporter tests 

were performed.
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The collaboration between P8 and P19 was 

continued in order to set up Cellomics™ 

Arrayscan® algorithm (Neuronal Profiling 

BioApplication) for measurements of  

various neuronal parameters (e.g., 

lengths, density, branching). Currently, the 

culture conditions need to be optimised by 

Rostock partners, in order to allow a proper 

HCI analysis. Testing of  compounds has 

not yet started, as optimisation of  culture 

conditions is still ongoing. 

Canalicular transport, intracellular 

accumulation of  neutral lipids as well as 

phospholipids were investigated in rat as 

well as in human hepatocyte cultures by 

high-content imaging endpoints. Taken the 

results together from all 11 compounds 

tested in rat hepatocytes, they suggest 

that there is an apparent good correlation 

of  the compounds inducing cholestasis 

and phospholipidosis in vitro to the effects 

observed in vivo. No correlation was 

found between in vitro and in vivo with the 

positive and negative compounds inducing 

steatosis. 

Interestingly, the doses used in the 14-

day treatment experiments were much 

lower in order to induce cellular effects 

compared to acute short term. Nearly all 

test compounds had effects in the range at 

concentrations which are also achieved in 

vivo in animal studies. 

Cyclosporin A, Amiodarone, 

Chlorpromazine and Ibuprofen were also 

tested in human hepatocyte cultures 

obtained from two different donors. The 

results obtained showed high donor-

to-donor variation, which did not allow 

conclusions to be drawn.  

In the previous report we have shown that 

clinically relevant biomarkers were not 

elevated upon treatment with nephrotoxic 

reference compounds to RPTEC/TERT1 

cultivated in plastic bottom well plates. 

Here we report the result from the same 

investigation performed with RPTEC-TERT 

and primary RPTEC cultivated on transwell 

filter support instead of  plastic bottom 

culture plates. Similarly to the previous 

results, we did not detect any drug-induced 

elevation of  the kidney biomarkers in 

the renal cultures cultivated on filters. 

Furthermore, we have strived to establish 

a functional high-content imaging assay 

of  specific transport mediated uptake/

efflux. Several fluorescent dyes (that have 

previously been reported to be transported 

by specific transporters) were tested 

on both primary RPTEC as well as the 

RPTEC/TERT1 cell line cultivated on filter 

support.  However, none of  the fluorescent 

dyes tested allowed us to monitor specific 

transport mediated kinetics. Accordingly, 

we conclude that the primary RPTEC and 

RPTEC/TERT1 cell culture conditions used 

are not amenable for high-content imaging 

of  functional transport mechanisms.  On 

the other hand, we have successfully 

established and validated a microscopy 

approach for measurements of  reactive 

oxygen species, superoxide, mitochondrial 

membrane potential and mitochondrial 

mass in both primary RPTEC and RPTEC/

TERT1. 

WP5 partners continued to improve the 

SimCyp simulator, in particular with a 

detailed description of  the kidney. WP5 
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approach to modelling was the subject 

of  three scientific publications and 

conferences. Dose-response modelling has 

been further developed for neurotoxicity 

and for renal toxicity, on the basis of  an 

integration of  transcriptomics, proteomics 

and metabolomics data. 

A systems biology model of  the cellular 

response to oxydative stress has been 

developed for kidney cells and used to 

model the toxicity of  cyclosporin A. It will 

be adapted to other cellular types and 

substances. In parallel, a methodology 

for the analysis of  genome-wide 

transcriptomic response as a function of  

dose administered has been proposed. 

The SimCyp software, actively developed 

in WP5, is at the forefront of  worldwide 

research and development for therapeutic 

drugs and general chemicals. 

In WP 6 European and international efforts 

were monitored with a particular emphasis 

on ToxCast and Tox21 activities in the US. 

The scientific advisory board (SAB) raised 

several issue during the 3rd annual meeting 

in May 2011 and these issues were largely 

addressed. The SAB confirmed that the 

consortium is full on track to meet the 

final objectives of  PREDICT-IV. 

Challenges & Solutions

The generation of  a comprehensive SOP 

for the sample preparation for kinetic 

analysis required a thorough information 

exchange among the involved partners. 

Since a sample preparation for optimal 

kinetic analysis was endeavoured, a 

compromise for sample processing had 

to be made. The solution included specific 

sample preparation procedures due to 

different cell culture model systems.

Next Steps

•	 Finishing the experiments with the 

selected compounds and cell models

•	 Generation of  the corresponding 

metabonomic, transcriptomic and 

proteomic data

•	 Finalising kinetic studies 

•	 Identification of  early and late 

biomarkers of  cell stress and 

dysfunction

•	 Correlating in vivo predictions to in 

vivo observations

•	 Predicting in vivo pharmacokinetics of  

a drug based upon in vitro / in silico 

data.
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SEURAT-1
Towards the Replacement of  In 
Vivo Repeated Dose Systemic 
Toxicity Testing
Project type:  Integrated Project (FP7)
EC Contribution:  € 24,800,000
Starting date:  1 Jaunuary 2011
Duration:  60 months
Website: seurat-1.eu

Background

The Seventh Amendment of  the EU Cosmetics Directive 76/768/EEC foresees a 

deadline in 2013 for the rep la cement of  animal testing of  cosmetic products in the 

fields of  repeated dose toxicity, reproductive toxicity and toxicokinetics. Triggered by 

this deadline, Cosmetics Europe – The Personal Care Association (previously known as 

‘COLIPA’) offered at the beginning of  2008 to the European Commission the contribution 

of  25 million € in order to fund the research work in one of  the most challenging areas 

in toxicology, repeated dose systemic toxicity. 

‘Safety Evaluation Ultimately Replacing Animal Testing’ (SEURAT) was presented by the 

Health Theme of  the Directorate General of  Research and Innovation of  the Euro pean 

Commission in 2008 as the long-term target in safety testing. Cosmetics Europe and the 

European Commission agreed on setting up a research initiative for the development of  

a research strategy ‘towards the replacement of  in vivo repeated dose systemic toxicity 

testing’, or ‘SEURAT-1’, indicating that this is a first step in a specific area addressing 

the global long-term strategic target, SEURAT. A tiered approach is foreseen, starting 

with innovative concepts for repeated dose systemic toxicity and ending with animal-

The projects constituting the SEURAT-1 research initiative have received funding from the European Union 7th 
Framework Programme (FP7; 2007-2013) as well as from Cosmetics Europe. The SEURAT-1 research initiative 
comprises six ‘integrated projects’ and one ‘coordination and support project’. This report is a condensed version 
of  the second annual report of  the SEURAT-1 research initiative (1 - Gocht & Schwarz, 2012). In total, a series of  
six annual reports, delivered in the form of  books, will provide a comprehensive overview about the developments 
in replacing animal tests in the field of  repeated dose systemic toxicity. The books will be made available each 
year through the scientific secretariat of  the SEURAT-1 research initiative. Should you wish to receive a copy, 
please send an e-mail to: coach-office@eurtd.com.
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free ‘innovative toxicity testing’, enabling 

robust safety assessment. A model for 

such a type of  joint funding did not exist, 

but the importance of  the proposed 

research area was evident, in particular 

because its relevance goes far beyond the 

requirements of  cosmetics legislation.

In June 2009, the framework for the 

SEURAT-1 research initiative was created 

through a call for proposals under the 

FP7 Health Theme ‘Alternative Testing 

Strategies: Towards the replacement of  

in vivo repeated dose systemic toxicity 

testing’, with a total budget of  50 million €. 

Cosmetics Europe published its financial 

commitment to the research initiative at 

the same time. The funding is provided in 

equal parts by the European Commission 

and by Cosmetics Europe. 

The SEURAT-1 research initiative began in 

January 2011. It is the first time that the 

issue of  alternatives to using animals for 

repeated dose systemic toxicity testing is 

addressed in EU-funded projects. It should 

be noted that only the proposals that do 

not themselves involve tests on living 

animals were eligible for funding.

Goals & Objectives

The goal of  the 5-year SEURAT-1 research 

initiative is to develop a consistent research 

strategy ready for implementation in the 

following research programmes. This 

includes establishing innovative scientific 

tools for better understanding of  repeated 

dose toxicity based on in vitro tests and 

identifying the gaps in knowledge, that 

are to be bridged by future research work. 

The end result would be testing methods 

which, within the framework of  safety 

assessment, have a higher predictive 

value, are faster and cheaper than those 

currently used, and significantly reduce 

the use of  animal tests. The cluster-level 

objectives of  the SEURAT-1 research 

initiative are:

•	 To develop highly innovative tools 

and methodology that can ultimately 

support regulatory safety assessment

•	 To formulate and implement a 

research strategy based on generating 

and applying knowledge of  mode-of-

action

•	 To demonstrate proof-of-concept at 

multiple levels—theoretical, systems, 

and application

•	 To provide the blueprint for expanding 

the applicability domains—chemical, 

toxicological and regulatory

The research work in the SEURAT-1 projects 

includes the development of  organ-

simulating devices, the use of  human-

based target cells, the identification of  

relevant endpoints and intermediate 

markers, the application of  approaches 

from systems biology, computational 

modelling and estimation techniques, and 

integrated data analysis.

Structure of  the SEURAT-1 
Research Initiative

SEURAT-1 is designed as a coordinated 

cluster of  six research projects, one of  

which is a ‘data handling and servicing 

project’, and a ‘coordination and support 

project’ at the cluster level. This structure 
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is illustrated in Figure 1.

The six projects forming the core of  

SEURAT-1 are listed in the beginning of  

this chapter, and further descriptions of  

their work are given in the Projects section 

below. Furthermore, a coordination 

action project (COACH) was designed in 

order to facilitate cluster interaction and 

activities. The scientific management 

and coordination of  SEURAT-1 is strongly 

supported by the Scientific Expert Panel 

(SEP), which plays a key role in providing 

scientific advice regarding the research 

work and the future orientation of  the 

SEURAT-1 Research Initiative. COACH 

provides a central secretariat to the 

SEURAT-1 research initiative and to the 

SEP. Support for the cluster is provided 

either directly through the scientific 

secretariat, or through the SEP. The SEP is 

composed of  the project coordinators and 

seven external experts. 

SEURAT-1 combines the research efforts 

of  over 70 European universities, public 

research institutes and companies. The 

composition is unique, as toxicologists, 

biologists from different disciplines, 

pharmacists, chemists, bioinformaticians 

and leading experts from other domains 

closely work together on common 

scientific objectives. The participation of  

SMEs in SEURAT-1 is high, with more than 

30%.

The SEURAT-1 Research 
Strategy

A mode-of-action backbone based on 

mechanistic understanding

The guiding principle of  the research 

strategy is to adopt a toxicological mode-

of-action framework to describe how any 

substance may adversely affect human 

health, and to use this knowledge to 

develop complementary theoretical, 

computational and experimental (in vitro) 

models that predict quantitative points of  

departure needed for safety assessment. 

Hence, this strategy fundamentally 

relies on harvesting, generating 

and consolidating knowledge about 

mechanisms of  repeated dose systemic 

toxicity, and then using this knowledge in a 

Figure 1. Structure of  the FP7 call and of  the SEURAT-1 cluster.
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purposeful and rational manner to deliver 

predictive safety assessment tools. 

The mode-of-action framework (Boobis et 

al. 2008) is based on the premise that any 

adverse human health effect caused by 

exposure to an exogenous substance can 

be described by a series of  causally linked 

biochemical or biological key ‘events’ 

that result in a pathological endpoint or 

disease outcome. An ‘adverse-outcome-

pathway’ (AOP) is a very similar concept 

proposed by the computational toxicology 

community (Anlkey et al. 2010), where 

the linking of  a chemical with a pathway 

that leads to an adverse human health or 

ecological outcome is determined by its 

ability to trigger the associated ‘molecular 

initiating event’. Another related framework 

is that of  ‘toxicity pathways’ introduced 

by the NRC (Krewski et al. 2010), where 

the description of  toxicological processes 

tends to focus on the early events at the 

molecular and cellular level. Thus, one can 

consider toxicological pathways as critical 

upstream elements of  a more expansive 

mode-of-action or adverse-outcome-

pathway description of  how a chemical 

can compromise human health (Figure 2).

The first immediate sign of  how this 

guiding principle of  the research strategy 

has influenced the cluster is reflected in 

the approach adopted for the selection 

of  reference chemicals to be used across 

the projects. Traditional approaches often 

set out to select reference chemicals that 

satisfy a heterogeneous set of  criteria such 

as: belonging to certain chemical classes, 

used in selected commercial sectors or 

products, possessing particular physico-

chemical properties, or associated 

with certain adverse health outcomes. 

Embracing the SEURAT-1 philosophy, 

the ‘Gold Compound’ Working Group 

committed instead to first identify and 

describe a range of  known modes-of-action 

more commonly cited in repeated dose 

toxicity studies, and then to pick molecules 

for which there is ample mechanistic 

evidence of  association with toxicological 

effects or pathways underpinning those 

modes-of-action. 

In the selection of  modes-of-action, the 

relevant knowledge will be taken from 

human or animal data reported in the 

literature. Other very important resources 

include publicly available databases that 

Figure 2. Representation of  the ‘adverse outcome pathway’ concept.
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can be mined for that purpose (e.g., the 

‘OPEN TG-GATES’ database established 

by the Toxicogenomics Project in Japan, 

or the DrugMatrix database of  the US 

National Toxicology Program). These 

databases not only contain information 

on organ toxicities of  many chemicals 

tested, but also on global gene expression 

changes in human and rat hepatocytes 

incubated in vitro with the test chemicals. 

These data can be used to construct 

gene regulatory networks relevant for the 

toxicity of  interest.

An important factor, too frequently 

ignored, relates to the toxicokinetics of  

the chemical in question. This can be 

very different in an in vitro system when 

compared to in vivo due, for example, 

to (i) accumulation of  a chemical in a 

target organ due to slow metabolism, (ii) 

inhibition of  an inactivating enzyme, (iii) 

lowering of  metabolic clearance (damage 

to liver), or (iv) induction of  a bioactivating 

enzyme. It is obvious, therefore, that the 

apparent toxicodynamic behaviour of  a 

given compound will be strongly influenced 

by its toxicokinetics. As a consequence, a 

central issue for the SEURAT-1 research 

initiative is how to relate treatment 

concentrations used in the various in vitro 

test systems to in vivo serum and target 

organ concentrations, and vice versa.

Rational design of in vitro test systems

The SEURAT-1 strategy dictates that the 

general aim behind the design of  in vitro 

test systems should be to capture at 

least one specific mode-of-action that is 

nominated a priori, in order to ultimately 

evaluate chemicals against that selected 

mode-of-action. However, test developers 

need to consider many other factors to 

ensure that their resulting test system is 

fit-for-purpose. What is needed, therefore, 

is a consistent, logical and transparent 

approach to test system design that helps 

to identify the most creative and feasible 

solutions while ensuring the best use of  

time and resources.

Here we follow the rational decision-

making model, which provides the basis 

for a formal and systematic process to 

progress from initial requirements right 

through to a final design specification. To 

enter the process, it is necessary to first 

have a defined and sufficiently described 

purpose of  the system, together with a clear 

indication of  what constitutes success 

and how to judge it (i.e., conception of  a 

validation strategy). Once the purpose of  

the test system and the validation strategy 

have been sufficiently defined, the rational 

decision-making model can be employed 

to guide the design process. The output of  

the process is one or more final designs 

for fit-for-purpose systems together with 

a transparent and detailed description 

of  how these designs were arrived at in a 

rational manner. The five key steps involved 

in the process are outlined in Figure 3. 

Proof-of-concept

The SEURAT-1 research initiative will 

deliver many important computational 

and experimental tools, and related know-

how, that will be critical components 

in predictive toxicology approaches. 

To demonstrate the potential of  these 
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1. Identify	  a	  comprehensive	  range	  of	  possible	  Attributes.	  

2. Apply	  Weights	  to	  Attributes.	  

 Weighting	  of	  attributes	  by	  a	  wider	  community	  

 Identify	  Essential	  attributes	  and	  sub-‐set	  of	  Desirable	  attributes	  

3. Propose	  a	  set	  of	  Candidate	  Designs.	  
 Generate	  a	  whole	  series	  of	  possible	  design	  solutions	  

4. Appraise	  Candidates	  Designs	  on	  paper.	  
 Stage	  1:	  go-‐no	  go	  assessment	  on	  essential	  attributes	  

 Stage	  2:	  score	  on	  possession	  of	  desirable	  attributes	  

5. Propose	  refined	  Final	  Design	  for	  Implementation.	  
	  

Figure 3. Rational design of  in vitro systems.

tools and how they can be assembled 

in an integrated manner, the cluster will 

undertake a proof-of-concept exercise to 

demonstrate how a mode-of-action based 

testing strategy can be used to predict 

aspects of  repeated dose target organ 

toxicity. It has been decided to stratify the 

concepts to be proven into three distinct 

levels, namely, theoretical, systems and 

application. 

Proof-of-concept at the theoretical level 

aims to show how toxicological knowledge 

concerning mode-of-action can be 

mined or, perhaps, generated and then 

reconciled, consolidated and explicitly 

described in a format that can be managed 

and communicated in an effective and 

harmonised manner. At the systems level, 

the intention is to demonstrate how test 

systems can be produced by integrating 

various in vitro and in silico tools emanating 

from the projects, in order to assess the 

toxicological properties of  chemicals 

using mode-of-action as an analytical 

basis. At the highest level, proof-of-

concept will address the desire to show 

how the data and information derived 

from the tools and methods developed 

within the cluster can actually be used in 

specific safety assessment frameworks 

and scenarios. These may include, for 

example, establishing thresholds of  

toxicological concern derived from in vitro 

assays or how to use mechanistic data to 

improve the robustness and broaden the 

applicability of  read-across.

In doing so, the intention is to engage 

regulatory scientists and stakeholders 

in a practical dialogue aimed at building 

confidence in the tools, identifying 

important sources of  uncertainty, and 

deciding on how to best progress the field 

to foster uptake and acceptance of  the 

new methodology.
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Projects

All of  the SEURAT-1 projects started on 1 January 2011. This section presents the first 

results from the research conducted within the SEURAT-1 research initiative. It focuses 

on the research highlights and, thus, is not meant to provide a complete overview about 

all of  the project activities. The overview about the Principal Investigators from each 

institution organised within the projects completes the project descriptions.

SCR&Tox
Stem Cells for Relevant, Efficient, Extended  
and Normalised Toxicology

Contract number:  266753
EC contribution: € 4,700,000 
Starting Date:   1 January 2011
Duration:   60 months

Website: www.scrtox.eu

Introduction & Objectives

In the last years, various cellular models have been widely used for the development and 

validation of  reliable and relevant in vitro toxicity tests, in the effort to optimise safety 

assessments of  xenobiotics and, at the same time, to reduce and replace currently used 

traditional animal-based experiments. Amongst these, pluripotent stem cells (PSCs) 

have been judged as particularly suitable and have become an attractive alternative 

to the use of  other human cell cultures, such as primary cells, which are difficult to 

standardise, or cell cultures with carcinogenic origin, which have often unwanted or 

unknown characteristics that might impact the cellular response to xenobiotics (Wobus 

& Löser 2011). Both embryonic stem cells (ESCs) and induced pluripotent stem cells 

(iPSCs) can be driven to differentiate towards any somatic cell type that can be targeted 

by hazardous chemicals. The use of  stem cell derivatives offers the unique opportunity 

to create toxicologically relevant cellular model that can support the paradigm shift 

towards a mechanistically oriented safety assessment.

Nevertheless, the culture and differentiation of  human PSCs are technically challenging 

and some important issues related to their use need to be addressed before they are 
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ready for routine applications. Among 

these challenges are issues such as the 

stable culture of  PSC lines, obtaining 

homogenous differentiated cell cultures 

and scale-up of  the cells of  interest in 

order to make sufficient numbers of  high 

quality cells available for toxicological 

investigations. Given the peculiar nature 

of  PSCs, a high level of  standardisation 

of  undifferentiated cell cultures as well as 

of  the differentiation process is required 

in order to ensure the establishment of  

robust and relevant test systems. It is, 

therefore, of  pivotal importance to define 

and internationally agree on crucial 

parameters to judge the quality of  the 

cellular models before enrolling them for 

toxicity testing.

Given this situation, one of  the main 

objectives of  the SCR&Tox project is 

the development of  quality control (QC) 

standards that can be applied in routine 

PSC-based toxicity testing in order to:

•	 Judge the toxicological relevance of  

data derived from stem cell based 

toxicity tests, 

•	 Monitor crucial culture steps, such as 

in differentiation protocols that will 

impact on the reliability of  the data,

•	 Provide guidance for non stem cell in 

vitro toxicologists in the use of  these 

sophisticated cellular models.

Further objectives driving the SCR&Tox 

research programme are described 

elsewhere (Laustilat et al., 2011).

Achievements

In order to evaluate the undifferentiated 

and pluripotent phenotype of  available 

PSCs, some critical QC analyses were 

routinely performed: daily analysis of  cell/

colonies morphology, analysis of  alkaline 

phosphatase activity (normally present 

in PSCs), qPCR analyses of  pluripotency 

related genes, analysis of  pluripotency 

related marker expression by both flow 

cytometry and immunocytochemistry, 

followed by high content imaging. The 

following images and descriptions give a 

fair representation of  how these crucial 

parameters should be analysed, together 

with their relative expected results, both at 

a qualitative and quantitative level. These 

analyses have been done on two PSC 

lines: the hESC line H9 (WiCell) and the 

wild type hiPSC line IMR90 (generated by 

I-Stem). When setting up QC parameters 

for hiPSCs, it is important to also use 

hESCs as a comparative gold standard, at 

least during the preliminary phases. 

According to the applied QC assays, both 

hESCs and hiPSCs should be round in 

shape, with large nucleoli, a small nuclear 

cytoplasmic ratio and at least 85-90% 

of  colonies should be flat and tightly-

packed, which is a typical morphology of  

an undifferentiated cell colony (Figure 4A, 

B). More than 80% of  the colonies should 

present alkaline phosphatase activity 

(Figure 4C, D). Accordingly, analyses 

of  qPCR for pluripotency related genes 

(Nanog, Oct4 and Sox2) and of  ectodermal 

related genes (Sox1 and nestin) should 

show a low expression of  ectoderm 

related genes and a high expression of  
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pluripotency related genes (Figure 4E).

Quantification of  the cell subpopulations, 

typically by immunocytochemistry and 

flow cytometry, is essential for providing 

information on the proportion of  

undifferentiated versus differentiated cells. 

PSCs should result to express SSEA3, 

Oct4, Tra1-60 and TRA1-81 in at least 

more than 80% of  the colonies both by 

immunocytochemistry and flow cytometry 

and these results should be reproducible 

over passages.

In addition, hESC and hiPSC cultures 

should be subjected to molecular analysis, 

typically using qPCR, to determine the 

level of  expression of  a limited number 

of  key pluripotency related genes 

(Adewumi et al. 2007). To assess stem 

cell pluripotency, the common approach 

based on ‘spontaneous’ embryoid bodies 

formation was used (Figure 5A, B), which 

can form the three germ layers. Analyses 

Figure 4. Comparison of  cell lines hiPSCs (IMR90) and hESCs (H9): colony formation potential, 
alkaline phosphatase activity and pluripotency.

of  some germ layer-specific genes should 

indicate a highly significant increase 

of  endoderm- (AFP, KRT18), ectoderm- 

(Nestin, Sox1 and Pax6) and mesoderm- 

(NPPA and Brachyury-T) related gene 

expression (Figure 5C, D). According 

to these results, preliminary threshold 

values were formulated for the analysed 

QCs and used for the characterisation of  

PSC derived neuronal cells suitable for 

neurotoxicity testing.

Innovation

Complete characterisation of  the cellular 

models is a prerequisite for their use in 

in vitro toxicological assays, including 

stem cell based toxicity tests. However, 

the unique nature of  PSCs requires 

the establishment of  critical control 

standards assessing their pluripotency, 

as well as their successful differentiation 

into toxicologically relevant target cells. 

A variety of  markers based on different 
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technologies and functional readouts have 

been proposed to evaluate the pluripotent 

status of  stem cells, as well as to 

characterise the functionality of  their cell 

derivatives. Emerging technologies such 

as -omics will expand the knowledge on 

the PSCs profiles, but will also support the 

identification of  molecular mechanisms 

relevant for toxicity assessments. 

Nevertheless, it is a balancing act to 

identify the markers and their level 

of  expression that provide sufficient 

confidence on the pluripotent status of  the 

PSCs as well as on the phenotypic identity/

cell functionality of  their derivatives and 

their applicability in routine toxicological 

laboratories. A pragmatic approach 

should be favoured in order to support a 

wide implementation in the use of  stem 

cells for safety assessments.

Figure 5. Assessment of  pluripotency in cell lines hiPSCs (IMR90) and HESCs (H9): spontaneious 
EBs formation.

Next Steps

In the second year, SCR&Tox will focus 

on the amplification and banking of  all 

quality controlled undifferentiated stem 

cells. Furthermore, emphasis will be put 

on the identification of  robust protocols 

for differentiating pluripotent stem cells 

into derivatives—both at ‘full’ terminal 

stage and, in applicable cases, at an 

intermediate, amplifiable stage—for each 

of  5 toxicological relevant lineages (liver, 

CNS, heart, skin and muscle). In parallel, 

SCR&Tox will continue working on the 

implementation of  technologies for cell 

engineering, defining cell profiles of  gene 

and protein expression and exploring 

cell functions at the gene, protein and 

electrogenic levels. 
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HeMiBio
Hepatic Microfluidic Bioreactor

Contract number:  266777

EC contribution:  € 4,700,000

Starting Date:   1 January 2011

Duration:   60 months

Website: hemibio.eu

Introduction & Objectives

In HeMiBio, we propose to generate a liver-simulating device mimicking the complex 

structure (Figure 6) and function of  the human liver. The device will reproduce the 

interactions between hepatocytes and non-parenchymal liver cells (hepatic stellate cells 

(HSC), hepatic sinusoidal endothelial cells (HSEC), and hepatic Kupffer cells) for over 

1 month in vitro. Such a Hepatic Microfluidic Bioreactor could serve to test the effects 

of  repeated exposure to chemicals, including cosmetic ingredients. To create such a 

device, the cellular components of  the liver need to be viable for over 1 month, with in 

vivo-like metabolic and transport function, and physiology. The latter includes (i) flow 

through the device, (ii) zonation of  the hepatocytes (and some non-parenchymal liver 

cells), and (iii) impact of  the non-parenchymal cells on the function and downstream 

toxicity of  hepatocytes. The device should be usable for (iv) screening for drug-drug 

interactions, as well as long-term toxicity of  chemical entities. Finally, (v) the effect of  

enzyme inducers and inhibitors on the function of  the liver-simulating system should 

be testable. However, currently, no bioreactor has yet been created that can indeed 

fulfil all the criteria set forth above. With increasing complexity, hepatocyte function is 

maintained over extended periods of  time, whereas the less complex culture systems 

are more amenable for studying the mechanisms that control the maintenance of  

cellular function.

The underlying hypothesis for successful creation of  a 3D liver-simulating device 

suitable for repeated dose toxicity testing is that: (i) hepatocytes and non-parenchymal 

cells need to be combined; (ii) both homotypic and heterotypic cellular interactions 

between the different components are required to maintain the functional, differentiated 

and quiescent state of  each cell component; (iii) (a) the matrix whereupon cells 

are maintained, (b) oxygenation, (c) nutrient transport will need to be optimised to 

support long-term maintenance of  hepatocyte and non-parenchymal cell function, in 

an environment where shear forces are kept at their in vivo-like levels; (iv) the system 

needs to be built such that repeated on-line assessment of  cellular integrity, as well as 

metabolic and transport function, and physiology of  the different cellular components, 
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Figure 6. The HeMiBio liver-mimicking device.

is possible.

The overall objectives to achieve the 

creation of  a liver-bioreactor, taking into 

account the hypotheses stated above, 

were outlined in the first Annual Report of  

the SEURAT-1 research initiative (Verfaille 

et al. 2011). In the initial phase, the focus 

of  HeMiBio was on the generation of  the 

different bioreactor prototypes, including 

the incorporation of  high-resolution 

fluorescent markers into pluripotent stem 

cells, as well as the initial complement of  

the electrochemical sensors. This reflects 

the progress made on the following, 

specific objectives: 

•	 Development of  tools able to detect 

subtle modifications in the cells 

themselves (molecular markers 

introduced into the different cellular 

components) or of  the extracellular 

medium in the near vicinity of  the cells 

and/or of  the cell culture medium for 

periods of  up to four weeks.  

•	 Development of  a 2D-bioreactor for 

the efficient isolation of  differentiated 

iPS cell mixtures by trapping different 

cell types on micropatterned surfaces. 

•	 Generation of  a 3D liver-simulating 

device mimicking the human liver, 

which reproduces the function of  the 

hepatocyte and non-parenchymal liver 

cells over one month in culture. 

Achievements

In order to monitor the effect of  toxins 
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(cosmetic and pharmaceutical products) 

on the cellular components of  the liver 

in real-time, it will be important to 

assess early stress/damage to cells. 

Therefore, HeMiBio plans to introduce 

molecular sensors allowing assessment 

of  NF-κB or p53 activation, or caspase-3 

activity in the three cellular components 

to be incorporated in the bioreactor, 

hepatocytes, HSC and LSEC. As a first 

step, Flippase Recognition Target sites 

were inserted into AAVS1 (Adeno-

associated virus integration site 1) using 

optimised ZFN nucleases in hiPSC. The 

cassette that was introduced in the AAVS1 

site consists of  a PGK promoter encoding 

a hygromycin resistance cassette (HygroR) 

and a thymidine kinase cassette (HSV-TK), 

flanked by Flippase Recognition Target 

sites. Upon excision of  the sequence 

between the FRT sites and replacement 

with the sensor cassette, gancyclovir-

based negative selection of  cells will allow 

the isolation of  correctly recombined 

clones (a process named recombinase 

mediated cassette exchange, RMCE). We 

have demonstrated that introduction of  

and CAAGS promoter driving GFP can be 

achieved by RMCE (Figure 7).

Microsensor tools provide indispensable 

information on two aspects: firstly, they 

supply the input essential for active 

control, i.e., the external regulation of  

culture conditions, such as physiological 

medium composition. Secondly, the 

sensors yield data on the tissue responses 

to toxins, in particular regarding the 

integrity of  the cellular membrane and 

the intracellular cell death process. 

They also provide important information 

regarding specific cellular functions and 

their recovery capability after a toxic 

insult. In HeMiBio, we wish to detect 

soluble molecules as chemical indicators 

of  cellular damage, as well as the overall 

health of  the culture. This task serves to 

develop sensor modules directed towards 

medium composition, e.g., pH, oxygen, 

glucose, lactate, potassium, alanine 

transaminase and NH4
+/urea. This will 

allow continuous monitoring of  the culture 

conditions, which could then, in a second 

phase, lead to continuous adjustment of  

the media composition to enhance cell 

differentiation and health.

Bioreactors are being designed for cell 

culturing as well as for toxicity testing. 

Polydimethylsiloxane (PDMS) stencils 

were fabricated by replica moulding of  

PDMS on SU8 defined silicon masters 

for the production of  2D-bioreactors. 

Stencils contained through holes ranging 

in diameter from 100 to 900 μm. This 

allowed us to differentially pattern 

hepatocytes and endothelial cells. Such 

micropatterned cultures have been 

previously shown to maintain the function 

of  primary rat and human hepatocytes 

for over 41 days in vitro, a period of  time 

deemed sufficient for second-dose toxicity 

testing. The next generation of  devices will 

be used to both capture and pattern iPS 

cell-derived cells. Using these patterns, 

we aim to study the effect of  heterotypic 

cell-cell interactions on iPS cell-derived 

hepatocyte metabolism.

The second bioreactor for which a prototype 

was developed is a flat-plate stainless 

steel bioreactor on top of  micropatterned 
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Figure 7. NF-κB, p53 and caspase-3 reporter cassettes have been created and integrated into 
AAVS1 using Flippase recombinase, and the activity of  the different cassettes was tested and 
demonstrated (Figure 7). Based on that it could be shown that all three cassettes function in 
cell line models. They will now be introduced by RMCE in the AAVS1 locus of  iPSCs. Once it is 
demonstrated that the recombination has occurred correctly, it will be important to establish that 
the activation of  NF-κB, caspase-3 and p53 reporters in the engineered iPS cells is similar to that 
of  unmodified cells. Subsequently, these cells will be suitable for long-term toxicity testing.

	  
 

glass. Cells in this bioreactor are allowed 

to aggregate in microfabricated wells, 

creating a 3D organoid that, as we had 

previously shown, can maintain its function 

up to 50 days in vitro. A hepatocyte-

endothelial micro-aggregate is shown in 

Figure 8.

Innovation

HeMiBio proposes to integrate further 

microsensors into 3D-liver bioreactors. 

Commercial sensors, aimed to monitor cell 

culture conditions, and microfabricated 

microsensors intended to detect specific 

hepatic functions in each microwell, will 

be integrated in a microfluidic cartridge. 

Here, we plan to generate microsensors 

that are able to have a stable signal for up 

to four weeks. Ion-selective sensors such 

as potassium-selective microelectrodes 

able to monitor and quantify cell death in 

real-time, as well as ammonium-selective 

microelectrodes intended to detect the 

detoxification capability of  a hepatocyte 

population, will be fabricated. Similarly, 

enzymatic microsensors, such as alanine 

transaminase and CYP450, will be created 

to monitor early signs of  dysfunction after 

exposure to toxic compounds.

By integrating micropatterning with a flat 

plate bioreactor, HeMiBio will introduce 

a one-step isolation-patterning of  mixed 

cultures of  differentiated iPS cells. 

Novel to our approach is that we use a 

self-renewing source of  cells that can 

generate all cellular components required 
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for creation of  a liver-simulating device 

using a common differentiation method. 

The laminar flow in microfluidic devices 

coupled with antibody-coated surfaces 

allows for the efficient capture of  minute 

cell populations with minimal damage. 

This combination of  micropatterning and 

microfluidic isolation offers a simple, 

yet elegant, technique for generating an 

organ-simulating environment under flow. 

Our design adapts the proven LiverChip 

design to support multicellular aggregates, 

introduces an innovative microfluidic 

gradient generator enabling the rapid 

generation of  experimental matrices for 

high-throughput screening, and, more 

importantly, integrates a novel set of  

biological and chemo-electrical sensors 

that enable the continuous measurement 

of  cellular function and health.

Figure 8. A hepatocyte-endothelial micro-
aggregate.
	  

Next Steps

HeMiBio will further elaborate on 

zinc-finger-mediated homologous 

recombination and insert additional 

marker cassettes into the different 

cell types (hepatocytes, stellate cells, 

endothelial cells). Cell culture conditions 

will be optimised for the expansion of  

quiescent iPSC-derived cells. Ion-selective 

microelectrodes will be optimised and 

equipped with a pre-concentration stage, 

and the 3D prototype bioreactors will be 

made available by the end of  the second 

year. 

The final design of  the bioreactor will 

be a 3D packed bed bioreactor with 4 

critical components: (1) a high-throughput 

microfluidics addressable array, (2) a 

plastic and glass housing, (3) a sensor 

integrated multi-well plate, and (4) a filter 

matrix on which the cells sit. Bioreactor 

dimensions have been designed to 

support the seeding of  hepatocytes, and 

equal numbers of  non-parenchymal cells 

under physiological shear and normoxic 

conditions. Cells are expected to pack 

250-500μm high, the approximate length 

of  a hepatic sinusoid, possibly giving rise 

to metabolic zonation.
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DETECTIVE
Detection of  endpoints and biomarkers for 
repeated dose toxicity using in vitro systems

Contract number:  266838

EC contribution:  € 4,340,000 

Starting Date:   1 January 2011

Duration:   60 months

Website: detect-iv-e.eu

Introduction & Objectives

The assessment of  repeated dose toxicity is a standard requirement in human safety 

evaluation and relies on animal testing, as no alternatives are currently accepted for 

regulatory purposes. In the first step towards the replacement of  in vivo repeated dose 

systemic toxicity testing, the DETECTIVE project, therefore, focuses on the identification 

of  robust and reliable, sensitive and specific biomarkers indicative for repeated dose 

toxicity of  specific compounds in the in vitro systems.

This report highlights the first functional and -omics experiments carried out in the first 

year. Upon evaluation of  the most appropriate human cellular model system for each 

organ, respectively, and after a comprehensive assessment of  the relevance of  an initial 

list of  specific compounds, first experiments have been undertaken. Such experiments 

served the purpose of  reviewing the cellular model systems and the assessment of  

corresponding functional readouts.

The main objectives in the first year of  the project were:

•	 To develop functional readouts in human in vitro model systems mainly for the liver, 

heart and kidney. These functional parameters include i) electrical activity (ECG-

like, MEA), ii) impedance measurements, iii) imaging, and iv) cell-specific functional 

readouts such as enzyme activities, cytokine release, albumin and urea secretion, 

glycogen uptake, cholestasis, steatosis, and protein release from target cells.

•	 To develop -omics readouts in human in vitro model systems for liver, heart and 

kidney. These -omics readouts include: i) integrative transcriptomics (microarrays 

for global screening of  gene expression, epigenetics, and miRNA), ii) proteomics, 

and iii) metabonomics. 

The acceptance and use of  biomarkers for regulatory purposes is a major task that has 
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Figure 9. Validation of  hiPS-derived cardiomyocytes: A. cell index during exposure to doxorubicin 
over a 14-day period; B. morphology; C. cell index; D-G. beating rates, amplitudes and frequencies.

yet to be accomplished. Indeed, it requires 

a set of  quality evaluations to determine 

the scientific validity of  the proposed 

biomarkers, such as information on the 

predictivity of  the biomarker itself, but 

also the methodologies by which it can be 

assessed.
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Achievements

Cellular systems in DETECTIVE represent 

three target organs, namely liver, heart, 

and kidney. During the first year of  

the project, first functional and -omics 

experiments were carried out with positive 

and negative controls. This was done in 

order to (i) identify one suitable cellular 

model system for each target organ to be 

used in the experiments, as, due to their 

labour intensity and high costs, -omics 

techniques can only be applied to one 

test system for each target organ; (ii) 

validate the usability of  cellular systems 

with regards to the functional readouts; 

(iii) validate the applicability of  cellular 

systems to long-term and repeated dose 

toxicity testing; (iv) identify first effective 

marker genes and (v) define exposure 

protocols for repeated dose toxicity 

testing.

As an example of  the application of  

functional readouts, Figure 9 summarises 

a study that has been performed in order 

to validate the quality of  hiPS-derived 

cardiomyocytes. The dose response 

Figure 10. Validation of  hiPS-derived cardiomyocytes: A. repeated dose toxicity study with exposure 
to doxorubicin over 90-hrs; B-C. beating rate and amplitude during exposure to doxorubicin.
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resulting from doxorubicin exposure over 

a period of  14 days was studied using the 

xCELLigence system to detect the sub-

lethal dose that could be used for long-

term repeated dose studies. 

The cell index exponentially increases 

for the first 50 hours of  cell seeding 

and reaches a plateau stage until 336 

hours (14 days), thereafter cells start 

detaching and, eventually, the cell-index 

drops significantly by 720 hours (30day; 

Figure 9A). These data suggest a testing 

window for pharmacological substances 

for in vitro toxicity testing platform. An 

estimated time of  14 days can be used as 

a period of  repeated dose testing strategy 

that can avoid noise-signal ratio of  the 

test system. Beating rates, frequencies 

and amplitudes are shown in Figure 9D, 

E, F, and G, respectively. The data are 

presented for every 24 hours after plating 

of  cells on E-plates. Note that initially (6 

hours) cells do not show the characterised 

beating pattern and are in acclimatisation 

phase. By 12 hours, beating frequency 

is normalised, but with a higher beating 

rate. Beating rate and frequency is regular 

on and after 48 hours up to 384 hours 

(15 days) and is in fidelity limits (20% ±, 

shown as bracket in panel F). Thereafter, 

an irregular beating is observed, which 

also suggests a definitive testing period 

for cardio toxicity testing platform.

Furthermore, a dose selection study 

for repeated dose toxicity testing was 

conducted. Doxorubicin at various 

concentrations was introduced after 

48 hours of  seeding and the cell index 

as a measurement of  cell attachment/

proliferation/death was recorded over 

time. Higher concentration of  the drug 

(2.5, 5 and 10µM) are observed to be 

cytotoxic and instantly kill cells within 

hours	of 	introduction	(<12	hours).	Middle	

range concentration (0.625 and 1.25 µM) 

shows delayed cytotoxicity (>40 hours). 

However,	at	lower	concentrations	(<0.3µM	

and lower) cells resist and do not show 

significant cell death (Figure 10A). For 

a long-term repeated dose study, such 

concentrations should be suitable. The 

beating rate is seen to be significantly 

increased by a dose of  0.3 and 0.156µM 

in a time-dependent manner (Figure 10B). 

It is highest after 48 hours of  treatment at 

this concentration, which is also the half-

life time of  the drug in a human patient.

-Omics readouts are a second class of  

biomarkers investigated in DETECTIVE. 

In a first study, a comparison of  gene 

array data of  liver cellular systems was 

performed by principle component analysis 

in order to assess the functionality of  cells 

from different sources. It included primary 

human hepatocytes (freshly isolated cells 

from three donors), hepatocyte like cells 

(HLCs) from progenitor cells, and HLCs 

from human embryonic stem cells. To 

be able to compare the aforementioned 

cell types to immature cells, several 

independent batches (biological 

replicates) of  human embryonic stem 

cells were additionally included. The 

results demonstrate a relatively large 

distance between the primary human 

hepatocytes and the other cell types (data 

not shown). The study also differentiates 

between the ‘HLC islets’ and mixed HLC 

populations from human embryonic stem 
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cells. The ‘HLC islets’ represent cells with 

a hepatocyte-like morphology, expressing 

albumin and the polarity marker DPP IV, 

as evidenced by immunostaining (data not 

shown). However, even this cell population 

seemed very distant from the primary 

human hepatocytes if  genome-wide RNA 

expression patterns were considered. 

When human hepatocytes were incubated 

with acetaminophen, systematic 

differences were already observed at 200 

mM (data not shown). This concentration 

corresponds to maximal plasma 

concentrations at therapeutic doses. Even 

higher differences were obtained at 1000 

and 5000 mM corresponding to blood 

concentrations that are associated with an 

increased risk of  hepatotoxicity in vivo.

Innovation

Cellular models used for the readouts 

include primary cells, human cell lines, hES 

cell-derived cells and, more importantly, 

iPS cell-derived cells as a promising 

alternative to hES cells. As iPS cells have 

only been described recently and have not 

yet been studied extensively, hES cells are 

included for reference purposes as the 

commonly recognised reference system 

for evaluating iPS cells. Novel imaging 

technologies, as well as impedance 

measurements now provide the unique 

possibility for continuous observation of  

major cellular aspects, such as migration, 

proliferation, cell morphology, cell-cell 

interactions and colony formation. These 

functional measurements are, thus, highly 

suitable for repeated dose experiments.

For innovative biomarker development, 

DETECTIVE will now integrate multiple data 

streams derived from transcriptomics, 

miRNA analysis, epigenetics, proteomics 

and metabolomics with traditional 

toxicological and histopathological 

endpoint evaluation, in view of  a systems 

biology or, rather, systems toxicology 

approach (in cooperation with the other 

projects of  the SEURAT-1 research 

initiative). 

Next Steps

During the second year, DETECTIVE 

will focus on more extensive -omics 

analyses, as well as on developing 

suitable treatment protocols elucidating 

the identification of  biomarkers of  

chronic toxicity. This includes (i) the 

continuation of  repeated dose toxicity 

testing for additional compounds using 

functional readouts and gene expression 

analysis; (ii) the launch of  the first 

epigenetic and proteomic experiments; 

(iii) the refinement of  exposure protocols 

for repeated dose toxicity testing and 

(iv) set-up of  the database for analysis 

and storage of  experimental results. 

Furthermore, DETECTIVE aims at 

developing a method for the integration of  

MEA-based measurements with the Roche 

xCELLigence system.
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COSMOS
Integrated In Silico Models for the Prediction of  
Human Repeated Dose Toxicity of  Cosmetics to 
Optimise Safety

Contract number:  266835

EC contribution:  € 3,345,000 

Starting Date:   1 January 2011

Duration:   60 months

Website: cosmos-tox.eu

Introduction & Objectives

There is a desire to be able to obtain information regarding the safety of  a cosmetic 

ingredient directly from a chemical structure. Currently computational, or in silico, 

methods to predict toxicity include the use of  strategies for grouping (also termed 

category formation), read-across within groups, (quantitative) structure-activity 

relationships ((Q)SARs) and expert (knowledge-based) systems. These are supported 

by methods to incorporate the Threshold of  Toxicological Concern (TTC) and kinetics-

based extrapolations for concentrations that may arise at the organ level (such as 

Physiologically-Based Pharmacokinetic (PBPK) models). 

Currently, these models are simplistic and do not fully capture the repeated dose effects 

of  cosmetics to humans.

The aim of  the COSMOS project is, therefore, to develop synergistic workflows for the 
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silico workflows using the KNIME 

technology.

Achievements

The database framework (for the capture 

of  toxicological information) designed 

within COSMOS exhibits appropriate 

complexities. It reflects the diverse and 

heterogeneous layout of  toxicological, 

chemical and biological data resources. 

In principle, the data model currently 

comprises two major areas, which are 

interconnected: the chemical and the 

toxicological area (see Figure 11), together 

with the collaborative framework for data 

sharing functionalities. These are the 

foundations for a further update to a data 

governance framework. 

The Cosmetics Inventory v1.0, as the 

basis for a new Threshold of  Toxicological 

Concern (TTC) dataset, provides 9,883 

unique CAS registration numbers (RNs) 

and 20,598 unique INCI (International 

Nomenclature of  Cosmetic Ingredients) 

names and is used as a reference library 

for cosmetic ingredients. To establish a 
Figure 11
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Figure 11. The model used in the COSMOS project comprises two interocnnected areas which are 
interconnected: the chemicl and the biological area. 

prediction of  repeated dose toxicity to 

humans for cosmetics, the integrated 

use of  multiple models being expected 

to provide an alternative assessment 

strategy. The specific objectives are: 

•	 To collate and curate new sources of  

toxicological data and information 

from regulatory submissions and the 

literature

•	 To create an inventory of  known 

cosmetic ingredients and populate it 

with chemical structures

•	 To establish thresholds of  toxicological 

concern for endpoints relating to 

human repeated dose toxicity

•	 To develop innovative strategies based 

around categories, grouping and read-

across to predict toxicity and relate 

to adverse outcome pathways where 

possible

•	 To establish kinetic and PBPK models 

in vitro, in silico and other relevant data 

to predict target organ concentrations 

and long term toxicity to humans

•	 To integrate open source and open 

access modelling approaches 

into adaptable and flexible in 
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new non-cancer TTC dataset for cosmetics, 

two different aspects of  the data domain 

are required. One is the chemical database 

that defines the cosmetic ingredients and 

the other is the oral repeat dose toxicity 

database that provides dose-response 

level information so that NOEL/LOEL can 

be confirmed or determined. Based on 

the available databases from (Munro et 

al. 1996), US FDA (PAFA and OFAS), US 

EPA (ToxRefDB) and US NTP (National 

Toxicological Program) a superset of  oral 

repeat dose toxicity data was compiled. 

Of  the 2,000 tested chemicals within this 

superset, 660 unique cosmetic ingredients 

were found in the Cosmetics Inventory 

v1.0. From this collection, a set of  558 

unique chemical structures containing 

NOEL/NOAEL values was used to assess 

the chemical domain and for further TTC 

analysis.

A characterisation of  the chemical space of  

the cosmetics inventory was performed in 

order to optimise in silico methods, such as 

(Q)SAR, grouping and read-across, for the 

purpose of  long-term toxicity prediction of  

cosmetic ingredients. For this, the COSMOS 

datasets were characterised by employing 

physicochemical property descriptors. 

The results of  this preliminary analysis 

showed that the Munro dataset is broadly 

representative of  the chemical space of  

cosmetics; the COSMOS TTC dataset, 

comprising repeated dose toxicity data 

for cosmetic ingredients, showed a good 

representation of  the Cosmetics Inventory, 

both in terms of  physicochemical property 

ranges, structural features and chemical 

use categories. Thus, this dataset is 

considered to be suitable for investigating 

the applicability of  the TTC approach to 

cosmetics.

The extrapolation from in vitro doses to 

the concentration in vivo is a critical step 

in safety evaluation of  chemicals without 

animal testing. To this end, a process-

based model able to predict the relevant 

concentrations and the dynamic behaviour 

in cell-based assays has been developed. 

Specifically, the model calculates, based 

on the physicochemical properties of  

the compound, the dissolved (free) 

concentration, the concentration attached 

to the plastic, the concentration bound to 

proteins and lipids, the concentration in the 

headspace and finally the concentration 

inside the cell. In parallel, a model at the 

organ level (liver) and a whole organism 

(rat and human) PBTK model have been 

implemented and a systems biology model 

at molecular level for specific endpoints 

is under development. The coupling of  

these models should allow exploring 

the continuum toxic effects, to establish 

an interface between different levels in 

terms of  data and results transferability, 

and finally to cover the different spatial 

and temporal scales involved in adverse 

outcomes.

Finally, COSMOS uses and enhances 

KNIME, a modular integration platform to 

allow the reuse, deployment and archiving 

of  data processing, analysis, and 

prediction protocols as KNIME workflows. 

So far, the public application programming 

interface (API) of  the KNIME platform has 

been documented and partners have been 

trained in programming against the API. In 

addition, a prototype of  the KNIME Server 
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has been implemented, which is a two-

part concept: an extension to the KNIME 

Desktop, which allows access to the server 

(essentially the workflow repository) and 

the server itself.

Innovation

By employing the cheminformatics 

methodology, the first comprehensive 

COSMOS Cosmetics Inventory and 

the new COSMOS TTC dataset were 

compiled as databases. The nature of  

a cheminformatics database linked to 

toxicity endpoint data will allow for the 

delivery of  the new TTC dataset more 

transparently with rules documented within 

the database. The use of  physicochemical 

properties to differentiate the datasets 

will also assist in oral-to-dermal 

exposure extrapolation needed in the TTC 

assessment of  cosmetic ingredients. A 

new sub-graph representation method, 

CSRML, will also be applied in more 

detail to classify compounds into the 

structural categories of  the TTC dataset. 

The structural knowledge has been 

implemented either as SMARTS or CSRML 

using the KNIME technology or MOSES 

applications (Molecular Networks). 

Altogether, this innovation will eventually 

enable the deployment of  an innovative 

TTC assessment tool.

A process-based model able to predict 

the relevant concentrations and the 

dynamic behaviour in cell-based assays 

was developed. First results suggest that 

the approach may open a new way of  

analysing particular types of  experiments, 

as well as a new approach towards in vitro 

concentration to in vivo dose extrapolation 

(IVIVE) by comparing the same values in 

all the systems irrespective of  the nominal 

concentrations.

Next Steps

The COSMOS project has a number of  key 

goals with defined plans to achieve them. 

In the second year of  the project, there 

will be the deployment of  the chemical 

and toxicological data management 

prototype to the SEURAT-1 consortium. 

In addition, the COSMOS project will 

provide working TTC models and software 

to supply a basis for the incorporation 

of  information from Adverse Outcome 

Pathways (AOPs). In the second year, 

COSMOS will deliver a quality-controlled 

COSMOS TTC database with oral repeated 

dose NOAEL values, also documenting 

study inclusion criteria and the rules used 

to determine NOAELs based on data from 

various sources. COSMOS will ultimately 

provide freely available computational 

tools for prediction of  toxicity (e.g. read-

across, QSAR etc.) in addition to an 

assessment of  chemical space. Following 

the characterisation of  chemical space of  

the cosmetics inventory, optimisation of  in 

silico methods, such as (Q)SAR, grouping 

and read-across, for the purpose of  

predicting long-term toxicity of  cosmetic 

ingredients, will be performed. The main 

priority in the area of  extrapolation of  the 

effects of  an in vitro concentration into a 

dose in vivo for the second project year 

is to implement the PBTK model and to 

couple it with the cell-based assay model. 
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NOTOX
Predicting Long-term Toxic Effects using 
Computer Models Based on Systems 
Characterisation of  Organotypic Cultures

Contract number:  267038

EC contribution:  € 4.850.000

Starting Date:   1 January 2011

Duration:   60 months

Website: notox-sb.eu

Introduction & Objectives

Better prediction models in the area of  long-term systemic toxicity are urgently needed. 

In this context, NOTOX uses a systems biology approach with interlinked experimental 

and computational platforms. The models to be developed in NOTOX will be multi-scale, 

from molecular to cellular and tissue levels. Since testing on the target organism, human, 

is not possible, human organotypic cultures have the potential to allow repeatable, 

transferable testing of  highest possible relevance. Multi-scale models shall eventually 

incorporate the obtained experimental data to predict human long-term toxicity. We can 

expect that in the near future cellular systems derived from human stem cells will be 

preferred for testing purposes. Ultimately, it will be necessary to collect experimental 

data from all relevant tissues including the interactions between tissues and organs. 

Since liver plays a central role in metabolism, both concerning normal physiological 

function as well as xenobiotic metabolism, we selected hepatic cultures for the NOTOX 

project. Since human hepatic cells derived from stem cells are not yet readily available 

with sufficient functionality, we selected HepaRG cells, a hepatocarcinoma cell line 

for the starting phase of  NOTOX. For validation purposes and for the development of  

new techniques, we also use the well-established HepG2 cell line and primary human 

hepatocytes. In these test systems, viability and physiological toxicity response 

parameters (-omics) will be monitored together with structural characteristics in 

parallel. Large-scale network models of  regulatory and metabolic pathways and cellular 

systems together with bioinformatics integration of  human and cross-species literature 

data will lead to reliable toxicity prediction.

The major objectives of  NOTOX in its first phase are:
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•	 Development and application of  

experimental and computational 

methods for continuous, non-

invasive and comprehensive 

physiological monitoring (respiration, 

metabolomics, fluxomics, proteomics 

and peptidomics, epigenomics, 

transcriptomics, viability and toxicity 

reporters, cellular toxicity models) 

of  organotypic test systems upon 

exposure to selected test compounds.

•	 Development and application of  

experimental and computational 

methods for the comprehensive 

characterisation of  3D organotypic 

cultures after long-term repeated 

dose exposure to selected test 

compounds (individual epigenetic 

chromosomal profiling, 3D-EM-

tomography, 3D-topographic analysis 

and modelling, bioinformatic 

characterization).

•	 Development of  predictive causal 

computer models aimed at entering 

pre-validation as guided by ToxBank 

and as defined by EURL-ECVAM.

Achievements

Regarding cellular systems and cultivation 

techniques, NOTOX established the 

spheroid cultivation system and 

successfully applied it to HepG2, primary 

human hepatocytes and HepaRG cells. 

HepaRG cells formed compact spheroids 

between days 2-3 after initial seeding which 

did not grow in size since differentiated 

HepaRG cells do not proliferate under used 

conditions. The established system allows 

accurate adjustment of  the spheroid 

size, medium refreshment and spheroid 

harvesting and can, therefore, be used 

for the analysis of  intra- and extracellular 

parameters.

In addition, NOTOX will also use a 3D 

hollow fibre bioreactor system developed 

by Gerlach et al. (2003) for cultivation of  

human liver cells for prolonged periods, 

in order to study the mechanisms behind 

drug-induced liver toxicity and to identify 

early biomarkers that can predict such 

reactions. Primary cells were cultivated 

using small 0.5 ml bioreactors, while 

maintaining liver-like structures, including 

cells positive for CK19 and CD68 and bile 

ductile-like structures. Cytochrome P450 

activity remained stable for 2 weeks, 

in particular for CYP1A2 and CYP2C9 

catalyzed reactions. 

A set of  -omics techniques is being used in 

NOTOX for the functional characterisation 

of  the cellular systems. For example, the 

mutual epigenetic relationships between 

primary human hepatocytes and possible 

in vitro hepatocyte models were elucidated, 

as well as their association to the 

observed differences at the transcriptional 

level. DNA methylation was selected as a 

target epigenetic mark due to its relative 

stability and accessibility. A genome-wide 

DNA methylation and RNA expression 

analysis of  HepG2 and HepaRG cell lines 

was performed and compared to freshly 

isolated primary human hepatocytes and 7 

days cultured primary human hepatocytes. 

The comparative transcription profiling is 

in line with previous observations from 

the literature, showing that HepaRG cells 

share a stronger similarity to fresh and 

cultivated primary human hepatocytes 
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samples as compared to HepG2 cells.

Modern methods of  structural 

investigations on tissue, cellular and 

even supra-molecular levels open up new 

opportunities in this field. In a recent 

NOTOX study, the toxicity of  the test 

compound tamoxifen was investigated and 

its effects on the structure and morphology 

of  HepG2 spheroids were recorded. 

Tamoxifen clearly induced structural 

alterations in spheroid morphology 

assessed by live-dead staining and 

microscopic monitoring. Tamoxifen clearly 

induced structural alterations in spheroid 

morphology (data not shown). Toxicity was 

observed at 50 µM (in the range of  EC50). 

Exposure to 100 µM tamoxifen (24h) 

induced spheroid rupture and cell death 

on spheroid surface. 

Furthermore, improved computational 

methods for the 3D cryo-electron 

tomography reconstruction and analysis 

are being developed in NOTOX. A novel 

fully 3D reconstruction framework, 

ETtention, targeted at high-performance 

computing using both multi-core CPUs 

and GPUs with support for advanced a 

priori regularisations, noise models, and 

improved sampling, has been developed. 

Using the method, the contrast is 

markedly improved, which leads to better 

recognition of  the intra-cellular organelles 

and macromolecular complexes (Figure 

12), which is one of  the key goals for 

NOTOX.

Regarding integrative mathematical 

models, the focus in the first year was on 

the modelling of  acute toxicity caused by 

acetaminophen as a model compound. 

The model comprises acetaminophen 

degradation, glutathione metabolism, 

and ROS/RNS synthesis (Figure 13) for 

the precise prediction of  ROS appearance 

as an indicator of  acute toxicity. The 

model has been pre-parameterised by 

literature values of  kinetic parameters 

and compound concentrations and first 

simulations have been performed to test 

Figure 12. 3D cryo-electron tomography of  HepG2 and HepRG cells.
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the model functionality. Moreover, the 

implementation of  a comprehensive set 

of  stratified or individualised enzyme 

concentration data, e.g., for CYP450 

enzymes, will permit the estimation of  

corresponding concentration profiles and 

maximum non-toxic plasma levels.

Recently, members of  the NOTOX 

consortium have shown that tissue toxicity 

and regeneration can be simulated in 

spatial-temporal mathematical models. 

These models are based on tissue 

reconstruction from confocal laser scans 

and experimentally determined process 

parameters, which initially have to be 

obtained from the in vivo situation. By 

coupling a compartment model and 

a spatial-temporal liver model, it was 

possible to predict the impact of  an in 

vivo intoxication induced by CCl4 damage 

on the liver lobules (Figure 14). The model 

simulations are in a good agreement 

with experimentally determined data. 

In conclusion, it was shown that it is 

possible to use a tissue destruction and 

regeneration pattern to calculate its 

impact on liver metabolism.

Innovation

Regarding the guided cell and tissue 

modelling for organotypic cultures, the 

NOTOX project aims at establishing and 

applying organotypic cultures for long-

term repeated dose toxicity prediction. 

It is, therefore, also very important to 

characterise such organotypic cultures 

Figure 13. Integrated modelling of  acute toxicity induced by acetaminophen.
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and demonstrate their suitability in such 

studies. The ongoing work in NOTOX is 

focusing on the dynamics of  organotypic 

tissue formations. In this regard, the 

experimental data generated within NOTOX 

is used for modelling. The established 

models will be fitted and optimised 

with the biochemical data obtained. 

Another innovative aspect of  structural 

characterisation is the 3D tomography 

reconstruction. In this regard, the 

methods being developed focus on fully 

3D block-iterative ones, with the emphasis 

on the efficient parallel implementation on 

both CPUs and GPUs and the support for 

advanced a priori regularisations, noise 

models, and improved sampling.

For long-term repeated dose toxicity, 

modelling efforts are required at various 

levels. These multi-scale models can 

improve the predictivity of  a system. The 

assessment of  stratified or individualised 

risk of  a drug by implementation of  

genome-related data, e.g., enzyme 

expression and activity, into model-based 

predictions, would be of  great value. Drug-

induced epigenetic alterations, as well as 

inter-individual differences in the hepatic 

epigenome, in relation to the alteration 

in the transcriptome and capacity for 

drug metabolism and drug toxicity, are 

being studied and modelled within the 

NOTOX project. Model-based predictions 

of  long-term repeated dose effects on the 

basis of  combined cellular, endobiotic 

and xenobiotic related, metabolic and 

regulatory network systems, will be 

carried out.

Next Steps

In the second year, NOTOX will carry out 

the experiments using 2D and 3D HepaRG 

cultures for various ‘-omics’ techniques. 

Muti-scale joint pilot experiments are 

presently planned with intense discussions 

between the experimentalists and the 

Figure 14. 3D modelling of  the toxicity of  CC14 to liver lobes based on confocal laser scanning.
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modellers. Organotypic cultures will be 

further optimised for long-term repeated 

dose toxicity assessment. In this regard, 

serum-free cultivation of  HepaRG cells is 

investigated to facilitate the proteomics 

studies, as well as to minimise epigenomic 

marks due to foetal calf  serum.
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ToxBank
Supporting Integrated Data Analysis and Servicing 
of  Alternative Testing Methods in Toxicology

Contract number:  267042

EC contribution:  € 1.565.000 

Starting Date:   1 January 2011

Duration:   60 months

Website: toxbank.net

Introduction & Objectives

ToxBank (www.toxbank.net) establishes a dedicated web-based warehouse for toxicity 

data management and modelling, a ‘gold standards’ compound database and repository 

of  selected test compounds, and a reference resource for cells, cell lines and tissues 

of  relevance for in vitro systemic toxicity research carried out across the SEURAT-1 

research initiative. The project develops infrastructure and service functions to create 

a sustainable predictive toxicology support resource going beyond the lifetime of  the 

Research Initiative. Two main activities were addressed during the first year within 

ToxBank: the identification of  reference compounds (‘gold compounds’) for toxicity 

testing and the development of  the ToxBank Data Warehouse.

These activities have involved all other SEURAT-1 projects in a choral effort. The 

identification of  the reference compounds required a deep discussion within SEURAT-1 

aimed to achieve not only a list of  chemicals, but most importantly, a common aim 

towards the harmonised way to explore the toxicity processes we want to address. As 

a result, each reference compound is annotated with a broad series of  characteristics, 

driving the planning of  the experiments, its use, and the successive interpretation of  

the results. The collection of  data, structures and properties, represents a wide set of  

compounds, and we will take advantage of  such a scheme to increase the number of  

reference compounds later on when needs of  further chemicals may appear.

The second activity refers to the ToxBank Data Warehouse. Also, these activities required 

a broad consultation of  all projects, in order to understand their needs in terms of  data 

and information, what kind of  results they obtain, how the data are processed, and 

what use is anticipated of  the results. The ToxBank Data Warehouse will represent the 

memory of  SEURAT-1 research initiative, which will be a living system, able to retrieve 

and process the information. 
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These activities are related to the following 

objectives of  ToxBank (a complete 

overview about all ToxBank objectives are 

given elsewhere (10 - Hardy et al. 2011):

•	 Select ‘gold standards’ test 

compounds (‘Gold Compounds’) 

having high-quality data and providing 

chemical and biological diversity 

across a range of  repeated-dose 

toxicity endpoints

•	 Create a ToxBank Gold Compound 

Database for the import, curation, 

acceptance and storage of  quality 

data related to Gold Compounds

•	 Establish a Data Warehouse of  Linked 

Resources which house and provide 

access to a centralized compilation of  

all data from the SEURAT-1 research 

initiative (both experimental and 

processed data), public data from 

high-quality repeated-dose in vivo 

and in vitro studies, together with 

ontologies and computer models 

generated from the data

•	 Develop web-based interfaces for 

linking and loading raw and processed 

data into the Data Warehouse 

infrastructure as well as accessing the 

data and modelling results, including 

methods for searching, visualisation, 

property calculation and data mining

•	 Specify standardised requirements for 

annotation and submission of  -omics 

and functional data produced by the 

projects of  the SEURAT-1 research 

initiative to the TBDW.

Achievements

The procedure for selecting standard 

reference compounds to be used by 

the different projects of  the SEURAT-1 

Research Initiative was based on the 

following basic considerations: (i) 

Extrapolations from well-studied reference 

compounds to a broader chemical space 

should be possible; (ii) promiscuity, i.e. 

a lack of  structural specificity in ligand 

binding, should be considered; (iii) the 

reference compounds should have well-

known mode-of-actions; (iv) the reference 

compounds should be appropriate to 

study repeated dose toxicity. 

The selection of  reference compounds is 

key for the success of  a mode-of-action 

based approach and should be based 

on knowledge of  different pathways 

predicted both from chemical and 

biological information. The starting point 

was, indeed, to select chemicals that are 

extensively studied, i.e. that are very well 

characterised with respect to their MoA 

profiles. This compound selection strategy 

has evolved in consultation across the 

SEURAT-1 Research Initiative. An advisory 

Gold Compound Working Group with 

20 members was assembled, and an 

evaluation team of  six scientists was 

assembled from the Scientific Expert Panel, 

industry, and academic labs to evaluate 

specific compounds for acceptance. As a 

matter of  process, it was agreed upon that 

compounds recommended as standards 

require unanimous agreement by the 

evaluation team and will be submitted to 

the working group for review and comment 

before being accepted as gold compound 
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standards. 

To date, a list of  22 standard reference 

compounds was compiled covering hepatic 

and cardiac toxicities and their respective 

modes-of-action. Compound suppliers 

and product numbers are provided to 

ensure that all labs are using a common 

compound source. This compound list 

was published in the 2nd Volume of  the 

SEURAT-1 annual report. As the SEURAT-1 

research initiative is also addressing renal, 

neuronal, muscle, and skin toxicities 

(besides hepatic and cardiac toxicities), 

the list will be expanded with time to the 

other tissues. 

The ToxBank Data Warehouse (TBDW) 

provides a web-accessible shared 

repository of  know-how and experimental 

results to support the SEURAT-1 research 

initiative in developing a replacement for 

in vivo repeated dose toxicity testing. The 

information within the TBDW is uploaded 

from the research activities of  the cluster 

partners as well as relevant data and 

protocols from other sources, such as 

public databases. The data is collected 

to enable a cross-cluster integrated data 

analysis leading to the prediction of  

repeated dose toxicity. 

Prior to designing the TBDW, the ToxBank 

consortium implemented a detailed 

requirements gathering exercise. As part 

of  this process, ToxBank partners visited 

around 20 partners’ sites and conducted 

interviews with ca. 50 individual scientists 

covering all consortia. These discussions 

covered a variety of  activities including cell 

differentiation, cell engineering, biomarker 

identification, dose response analysis, 

toxicity testing, -omics experiments, 

chemical analysis, and cell banking. The 

interviews focused on understanding and 

recording in detail what specific steps 

were performed across a variety of  tasks. 

This information was collected to ensure 

any system design both meets the needs 

of  scientists across the entire cluster at 

the same time as fitting within current 

workflows. 

Once the majority of  interviews were 

completed, the ToxBank analysed 

this information to generate design 

ideas. Priority for these ideas included 

suggestions that addressed common 

issues across the cluster or that resulted in 

the elimination of  steps for different tasks 

and improving the productivity of  the task. 

Based on this analysis, it was possible as 

a group to prioritise issues and ideas and 

develop an outline for the TBDW through 

exploration and evaluation of  multiple 

scenarios. This outline was translated into 

a series of  storyboards that showed the 

step-by-step process of  how scientists 

would interact with the proposed system 

and ultimately to a paper prototype to be 

used to gleam additional requirements. 

This paper prototype was then used in a 

series of  face-to-face meeting with cluster 

partners who tried to ‘use’ the paper 

prototype to accomplish the supported 

use cases. This process uncovered further 

issues that needed to be addressed and 

the system was redesigned based on this 

input.
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Innovation

A stringent strategy was applied for 

the selection of  candidate reference 

compounds. The toxicological modes-

of-action were categorised based on the 

chemicals reactivity, i.e., compounds that 

show strong, irreversible interactions with 

intracellular targets were distinguished 

from those that show weak, reversible 

interactions. Most of  the in such a manner 

selected compounds are drugs, as they 

may possess the same mechanisms as 

other chemicals in the organism, but most 

of  the human data are available on drugs 

(from clinical chemistry). Even though 

xenobiotics will very likely not be exclusively 

related to just one possible toxicological 

pathway, it is reasonable to start with the 

chemicals that are as specific as possible, 

in order to first identify the pitfalls of  the 

general approach, and to be then in the 

best position for finding solutions. 

Regarding the implementation of  the 

ToxBank Data Warehouse, considerable 

resources were devoted to understanding 

the needs of  the investigators across 

the entire SEURAT-1 research initiative, 

which focused the system design on 

common issues. The solution supports the 

management, sharing, registration, and 

version control for all procedures across 

the SEURAT-1 research initiative, along 

with data generated from investigations. 

The information is being carefully collected 

to ensure cross-cluster consistency and 

documentation that will be essential for 

an integrated data analysis leading to 

the prediction of  repeated-dose toxicity. 

The technical plan makes extensive use 

of  open standards to support future 

integration with other approaches. 

Next Steps

The ToxBank data warehouse will be, 

step by step, rolled out to all SEURAT-1 

investigators. The ToxBank project will 

work with SEURAT-1 scientists to load 

protocols and data, establish guidelines, 

and develop data templates for any 

experiments where one does not exist. 

A data access agreement will be put in 

place. The ToxBank team will also integrate 

relevant experimental data and protocols 

from outside the cluster and develop 

case studies illustrating integrated data 

analysis over public and SEURAT-1 data.

The Gold Compound standards will be 

expanded as necessary, including the 

selection of  hepatoxicity standards with 

inclusion of  nuclear hormone receptor 

ligands and the selection of  nephrotoxicity 

standards. The neurotoxicity team will be 

advised on the design of  experiments and 

selection of  reference compounds.

In close collaboration with the stem cell 

working group, a framework for a new 

biomaterials wiki will be developed, which 

will contain information on cells (stem 

cells, hES/iPS-derived cells, primary cells), 

reagents (e.g. antibodies, growth factors) 

and suppliers along with a discussion 

forum. This wiki will be integrated with the 

European Human Embryonic Stem Cell 

Registry or hESCreg database (hescreg.

eu).
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COACH
Coordination of  Projects on New Approaches to 
Replace Current Repeated Dose Systemic Toxicity 
Testing of  Cosmetics and Chemicals

Contract number:  267044

EC contribution:  € 1,500,000 

Starting Date:   1 January 2011

Duration:   72 months
Website: seurat-1.eu

Introduction & Objectives

The SEURAT-1 research initiative is a public-private-partnership based on a unique 

concept. It is composed of  the six collaborative RTD (research and technology 

development) projects described in the preceding sections, and a coordination and 

support action, which form a coherent cluster with common scientific objectives. 

As opposed to the previous clusters established in the European research programmes, 

a synchronised launch of  all projects of  the SEURAT-1 research initiative was ensured 

(same start date and duration, individual project programmes defined as complementary 

parts of  a common global research programme). A dedicated coordination and support 

action was started at the same time to ensure an optimal collaboration between the 

individual projects, also referred to as the ‘building blocks’ and a consistent approach 

at the cluster level.

The main role of  COACH is: 

•	 To facilitate cluster internal cooperation 

•	 To provide strategic guidance with the help of  the Scientific Expert Panel
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•	 To prepare and distribute the 

SEURAT-1 Annual Reports

•	 To organise the cluster Annual 

Meetings 

•	 To coordinate cluster level 

dissemination and outreach activities

Approach

COACH provides cluster level coordination 

and support through the Scientific Experts 

Panel and the Scientific Secretariat. The 

Scientific Secretariat is staffed with 

personnel from the partners. The Scientific 

Expert Panel (SEP) is composed of  the six 

project coordinators plus seven external 

experts. These experts have been chosen 

for their outstanding expertise in the 

scientific fields covered by this Research 

Initiative.

The primary role of  the Scientific Expert 

Panel is:

•	 to identify and propose measures to 

foster close collaboration between 

the building blocks of  the cluster and 

to ensure achievement of  the cluster 

objectives towards the long-term goal, 

which is ‘safety evaluation ultimately 

replacing animal testing’ (SEURAT)

•	 to advise the cluster on scientific 

matters related to specific topics 

within the area of  repeated dose 

systemic toxicity testing and to alert 

on strategic scientific aspects that 

will have a particular impact on the 

objectives of  the SEURAT-1 research 

initiative 

•	 to identify knowledge gaps and 

research priorities and propose 

solutions

	  

Figure 15. Coordination functions of  the COACH office between the individual SEURAT-1 projects, 
stakeholders and funding organisations. 
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•	 to elaborate future research agendas

COACH provides a central scientific 

secretariat to the SEURAT-1 research 

initiative (the ‘COACH Office’), organising 

the cluster level interactions and 

activities and being the main entry point 

at the cluster level for all organisations, 

including the funding organisations, i.e. 

the European Commission and Cosmetics 

Europe and all external organisations 

which are searching contact with this 

initiative (Figure 15).

COACH organises a number of  events 

(annual meetings, summer schools, 

workshops) and provides electronic tools 

aiming at facilitating the exchanges 

between the participants of  the cluster, and 

with external experts engaged in SEURAT-1 

research domains. Furthermore, COACH 

ensures the dissemination of  knowledge 

at the cluster level, i.e. plays a central 

role in the development of  the SEURAT-1 

research strategy and the promotion of  

results of  the cluster’s research work. The 

main target audiences are scientists and 

stakeholders of  this research work and, 

in particular, regulators, the industry and 

policy makers, but also the general public. 

The main dissemination means of  the 

Research Initiative are the Annual Report, 

the public website, press releases, and 

leaflets.

Next Steps

COACH will perform a strategic review 

of  the cluster. The aim is to analyse the 

strengths and weaknesses of  the initiative 

at the cluster level and to identify any 

possibly corrective action required to 

optimise the functioning of  the cluster 

level collaboration and the achievement of  

cluster level results. Furthermore, COACH 

elaborates together with ToxBank a cluster-

level Non-Disclosure Agreement and Data 

Access Agreement. As the individual 

projects start producing experimental data 

and the development of  the ToxBank Data 

Warehouse is progressing, is becomes 

important that the conditions for sharing 

information at the cluster level are defined 

in a legally binding agreement.

Consortium (Principal 
Investigators)

Coordinator
Bruno Cucinelli

ARTTIC

58A rue du Dessous des Berges

75013 Paris, France

coach-office@eurtd.com

Maurice Whelan

European Commission/JRC

Ispra, Italy

Michael Schwarz

University of  Tuebingen, Inst. Exp. and 

Clin. Pharmacology and Toxicology

Tuebingen, Germany
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Cross-Cluster Cooperation

The cluster-level objectives outlined above 

(see section ‘Goals and Objectives’ at the 

beginning of  this contribution) can only be 

met through joint efforts of  the research 

projects engaged in the SEURAT-1 research 

initiative. Therefore, working groups were 

created to facilitate the cross-cluster 

cooperation between projects and people. 

The overall motivation for establishing 

these cross-cluster working groups is (i) to 

stimulate project interactions, (ii) to assist 

the linkage of  deliverables from different 

projects, and (iii) to capture the knowledge 

spread out over more than 70 partners 

of  the SEURAT-1 Research Initiative. The 

fundamental idea of  the working groups is 

to add a further horizontal level that will be 

populated by members from the SEURAT-1 

research projects (besides ToxBank and 

COACH as horizontal orientated service 

projects, see Figure 16).

The first two SEURAT-1 working groups 

were established already at the first Annual 

Meeting. Focussing on the Gold Compound 

Selection and Data Analysis, these two 

working groups were indisputable of  

interest to all the projects. At the second 

Annual Meeting, four additional working 

groups were created, focussing on 

stem cells, biokinetics, mode-of-action 

and safety assessment. Those were all 

mirroring identified core-topics and multi-

project participation is expected. 

The Scientific Expert Panel has discussed 

and agreed on the Terms of  Reference 

for the SEURAT-1 working groups. To 

ensure the cross-cluster characteristics 

of  a working group, it was agreed that 

each working group would have two co-

leaders originating from different projects. 

Working group participation would be 

open to any project partner, Cosmetics 

Europe member supported by their Task 

Force that signed the unilateral declaration 

of  the SEURAT-1 confidential agreement, 

or Scientific Expert Panel member. In 

addition, external experts can be invited 

for addressing specific topics. 

In an attempt to exploit the cluster 

skills and knowledge even further, a 

third dimension could be identified by 

combining working groups to discuss 

cross-cluster issues. The idea here is 

that an intelligent combination of  the 

knowledge pooled in the working groups 

will give a possibility to tackle additional 

and even more complex problems with 

an emphasis on multi-disciplinary work 

towards cluster objectives.

Figure 16. SEURAT-1 horizontal working groups.
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 Overview3.1
The third annual AXLR8 workshop (AXLR8-3) was held in Berlin, Germany, from 11-13 

June 2012. The aim of  the workshop was to gather updates from leading European and 

global research teams working to develop advanced tools for safety testing and risk 

assessment as a basis for elaborating upon the preliminary research roadmap outlined 

in the AXLR8 2011 Progress Report in the context of  the forthcoming eighth EU research 

and innovation framework programme, Horizon 2020. 

European Commission legislative proposals for Horizon 2020 foresee the amalgamation 

of  several EU funding instruments, valued at approximately 80 billion €, into a single 

‘common strategic framework’ for research and innovation over the period 2014-2020. 

The three key priorities for Horizon 2020 will be 1) generating excellent science, 2) 

fostering industrial leadership to support business and innovation, and 3) tackling 

societal challenges identified in the Europe 2020 strategy (ref). Horizon 2020 is 

designed to support all stages in the innovation chain—especially activities closer to the 

market, to satisfy research needs of  a broad spectrum of  EU policies. 

The workshop began with a series of  overview presentations outlining Horizon 2020 

funding models, work under way at the European Reference Laboratory for Alternatives 

(EURL-ECVAM), the ‘SEURAT-1’ cluster working to develop replacement tools for repeated 

dose systemic toxicity, the Tox21 and Pathways of  Toxicity Mapping Centre (PoToMaC) 

in the United States, and ‘human-on-a-chip’ research programmes in Germany, Russia 

and the US. Subsequent sessions focused on the state-of-the-art in toxicity/adverse 

outcome pathway (AOP) elucidation, with case studies in the areas of  immune disorders/

sensitisation, cancer/carcinogenicity, and reproductive and developmental disorders/

toxicity. Workshop slides are available online at axlr8.eu/workshops/axlr8-3-workshop.

html, and presentation manuscripts are included in Section 4.3 below.
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Workshop participants were divided into four breakout groups to discuss and 

provide recommendations for hypothetical AOP-oriented funding calls in each 

of  the aforementioned health/endpoint areas. Reports from the discussion and 

recommendations of  the three breakout groups are provided in Section 4.4. 

The workshop concluded with an in camera (closed) meeting of  the AXLR8 Scientific 

Panel aimed at refining a strategy and roadmap for future EU research in this area. The 

outcome of  the Scientific Panel’s deliberations will be published in the Final Report of  

the AXLR8 project in 2013.  

The workshop also included a public satellite meeting, which explored ‘The REACH 

experience—new tools applied to risk assessment’.  

Workshop participants (in alphabetical order)

Nathalie Alépée, Patric Amcoff, Mel Andersen, Joao Barroso, Aldo Benigni, Jürgen 

Borlak, Klaus Dieter Bremm, Janna de Boer, Saby Dimitrov, Steffen Ernst, Joanna 

Fraczek, Barry Hardy, Thomas Hartung, Tuula Heinonen, Ralf  Herwig, Jürgen Hescheler, 

Joanna Jaworska, Dagmar Jirova, Helena Kandarova, Bob Kavlock, Derek Knight, Lisbeth 

E Knudsen, Tom Knudsen, Vivian Kral, Robert Landsiedel, Manfred Liebsch, Peter Maier, 

Uwe Marx, Gavin Maxwell, Emily McIvor, Bernard Mulligan, Donald Prater, Guillermo 

Repetto, Erwin Roggen, Michael Ryan, Fumiyo Saito, Dimitri Sakharoff, Kiyoski Sasaki, 

Monika Schäfer-Korting, Greet Schoeters, Gilbert Schönfelder, Terry Schultz, Michael 

Schwarz, Troy Seidle, Andrea Seiler, Horst Spielmann, Bart van der Burg, Kate Willett, 

Hilda Witters
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 Scientific Programme3.2

AXLR8-3 WORKSHOP: ROADMAP TO NEXT GENERATION SAFETY 
TOXICITY TESTING UNDER HORIZON 2020

MAX PLANCK INSTITUTE BERLIN

SUNDAY, 10 JUNE 2012

Satellite Meeting on ‘The REACH Experience’

14.00 – 14.15 Welcome & Opening Remarks 

Monika Schäfer-Korting & Horst Spielmann, AXLR8 & Freie 

Universität Berlin, DE

14.15 – 14.45 Toxicology in the 21st Century – Update of  the Vision

 Mel Andersen, Hamner Institutes, US

 Michael Schwarz, Universität Tübingen, DE

14.45 – 15.15 REACH – The ECHA Experience: New Tools Applied to Risk 

Assessment

 Derek Knight, ECHA, FI

15.15 – 15.45 The OECD QSAR Toolbox

 Terry Schultz, OECD, FR

15.45 – 16.15 Improving Read-Across Performance

 Saby Dimitrov, Burgas, BG

16.15 – 16.45 Coffee Break

16.45 – 17.15 EPA Computational Toxicology Research Programme

 Tom Knudsen, EPA/NCCT, US

17.15 – 17.45 The ITS Approach – Using Non-Animal Methods for Regulatory 

Purposes

 Robert Landsiedel, BASF, DE

17.45 – 18.15 Tox21c – The AOP Approach Applied to REACH

 Kate Willett, HSUS, US

18.15 – 18.45 Characterising the Exposome

 Greet Schoeters, VITO/CARDAM, BE

18.45 Close of  session
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MONDAY, 11 JUNE 2012

Session 1: International Developments

Chairs: Steffen Ernst & Bob Kavlock

08.30 – 08.45 Welcome & Introduction to Workshop Goals

 Horst Spielmann, AXLR8 & Freie Universität Berlin, DE

08.45 – 09.10 SEURAT-1 Update 2012

 Michael Schwarz, Universität Tübingen, DE

09.10 – 09.35 US Tox 21 Consortium Update 2012

 Bob Kavlock, EPA/NCCT, US

09.35 – 09.55 OECD Molecular Screening Group & AOP Work Plan

 Terry Schultz, OECD, FR

09.55 – 10.15 Coffee Break

10.15 – 10.40 Pathways of  Toxicity Mapping Center (PoToMaC)

 Thomas Hartung, CAAT, US

10.40 – 11.05 EURL-ECVAM – Progressing Validation

 Patric Amcoff, EC/JRC, IT

11.05 – 11.30 Activities of  the EPAA Platform on Science

 Klaus Dieter Bremm, Bayer, DE

11.30 – 11.45 Coffee Break

11.45 – 12.10 Horizon 2020 EU Commission Proposal: Overview of  Funding 

Models

 Troy Seidle, HSI, CA

12.10 – 12.35 Russian Human-on-a-Chip Programme

 Alexander Tonevitsky, RU

12.35 – 13.00 US Organ-on-a-Chip Programme

 Don Prater, FDA, US

13.00 – 13.25 Developing a Human Chip-Based Platform for Repeated Dose 

Toxicity

 Uwe Marx, TissUse, DE

13.25 – 14.15 Lunch Break

Session 2: Common Building Blocks of Pathway-Driven Toxicity

Chairs: Nathalie Alépée & Joanna Jaworska

14.15 – 14.40 ToxBank: A Web-Based Warehouse for Toxicity Data Management 

and Modelling

 Barry Hardy, Douglas Connect, CH

14.40 – 15.05 General Kinetics and Reverse Dosimetry Modelling

 Mel Andersen, Hamner Institutes, US
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Session 3: Immune Disorders/Sensitisation

Chairs: Nathalie Alépée & Joanna Jaworska

15.05 – 15.30 Proof-of-Concept Studies: Sens-it-iv

 Erwin Roggen, Novozymes, DK

1530 – 15.55 MoA/AOP Elucidation for Skin Sensitisation

 Gavin Maxwell, Unilever, UK

15.55 – 16.20 Integrating Non-Animal Test Information into an Adaptive Testing 

Strategy: Skin Sensitisation from Theory to Practice

 Joanna Jaworska, P&G, BE

16.20 – 16.35 Coffee Break

Breakout Groups

16.35 – 19.00 Breakout Groups

•	 BOG 1: Common Building Blocks

•	 BOG 2: Immune Disorders/Skin Sensitisation

19.00 – 19.30 General Discussion

19.30 End of  Session

20.00 Dinner 

TUESDAY, 12 JUNE 2012

Morning Session

Chairs: Jürgen Borlak & Mel Andersen

09.00 – 09.30 carcinoGENOMICS – hES-Derived Hepatocyte-Like Cells as Tools for 

Hazard Assessment of  Chemical Carcinogenicity

 Ralf  Herwig, Max Planck Institute, DE

09.30 – 10.00 carcinoGENOMICS – Focused on MoA/AOP Building Block Areas

 Michael Ryan, University of  Dublin, IE

10.00 – 10.30 MoA/AOP Elucidation – DNA Damage Pathway Case Study: 

Hamner/Unilever Research

 Mel Andersen, Hamner Institutes, US

10.30 – 10.45 Coffee Break

10.45 – 11.15 Computational Models

 Aldo Benigni, Instituto Superiore di Sanità, IT

11.15 – 11.45 Bhas 42 Cell Transformation Assay to Predict Carcinogens In Vitro

 Kiyoski Sasaki, Hatano Research Institute, JP

11.45 – 12.15 Carcinogen Screening System Based on Carcinogenomics Data

 Fumiyo Saito, CERI, JP
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12.15 – 13.15 Lunch Break

Afternoon Session

Chairs: Robert Landsiedel & Tom Knudsen

  

13.15 – 13.45 ChemSCREEN: Feasibility of  Rapid Screening for Reproductive   

  Toxicants

  Bart van der Burg, Biodetection Systems, NL

13.45 – 14.15 MoA/AOP Elucidation in Developmental Toxicology

  Tom Knudsen, EPA/NCCT, US

14.15 – 14.45 ESNATS – Experimental Human Stem Cell Models 

  Jürgen Hescheler, Universität Köln, DE

14.45 – 15.15 Practical 3R Approaches to Fulfillment of  Reprotox Data    

  Requirements Under REACH

  Robert Landsiedel, BASF, DE

15.15 – 15.30 Coffee Break

15.30 – 17.30 Breakout Groups

•	 BOG3: Cancer/Carcinogenicity

•	 BOG4: Reproductive and Developmental Disorders/Toxicity

17.30 – 19.00 General Discussion

19.00 Close of  session

WEDNESDAY, 13 JUNE 2012

Closed Meeting of AXLR8 Consortium & Scientific Panel
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Toxicity Testing in the  
21st Century 
A Perspective on Incremental Progress Toward 
Implementation of  the 2007 Vision from the US 
National Academy of  Sciences

Melvin E. Andersen
The Institute for Chemical Safety Sciences
The Hamner Institutes for Health Sciences
Six Davis Drive, PO Box 12137
Research Triangle Park, NC 27709-2137
mandersen@thehamner.org

Abstract

Five full years have gone by since the publication of  the NRC report Toxicity Testing in the 

21st Century: A Vision and A Strategy. The report recommended a move away from in vivo 

testing to assess human toxicity of  environmental chemicals to in vitro studies in human 

cells examining perturbations in important biological signalling pathways, referred to as 

‘toxicity pathways’. The report-related activities following the publication have included 

efforts to educate various audiences about the report and its recommendations, 

discussions/publications to consider refinements/alterations to the key directions 

suggested by the report, and research from various groups to implement one or another 

of  the recommendations.  This short paper notes several programmes in the US that are 

using in vitro test results as key parts of  testing/risk strategies.  Among a wider group 

of  activities, we highlight the US EPA ToxCast™/Tox21 programmes, tiered-testing 

strategies with in vitro high-throughput results coupled with targeted in vivo studies, 

an initiative to map the ‘human toxome’, and proof-of-concept approaches through 

case studies. While all these research programmes are contributing to advancing risk 

assessment sciences with in vitro methods, proof-of-concept studies appear particularly 

important for assessing whether the specific recommendations of  the NRC report are 

feasible based on current biological knowledge. At present, there is no centralised 

activity or organisation in the US working directly to implement the recommendations 

of  the report. Lacking such a focal point with defined goals and objectives, progress will 

be spotty and uneven.
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Background  

Toxicity Testing in the 21st Century: A Vision 

and A Strategy proposed a shift from 

toxicity testing using animal studies to 

evaluation of  perturbation of  toxicity 

pathways in mode-of-action-based in vitro 

assays using human cells or human cell 

lines (NRC, 2007; Krewski et al., 2010). 

There were already several other initiatives 

to develop alternatives to animal testing 

or to use tiered approaches to reserve 

animal testing for those chemicals more 

likely to have specific forms of  toxicity. 

The NRC report was different from other 

approaches in stressing that new in vitro 

mode-of-action based methods should 

become the preferred approach for toxicity 

testing of  environmental compounds and 

conducting risk assessments. A 1983 

NRC report, Risk Assessment in the Federal 

Government: Managing the Process, had 

outlined four steps in the overall risk 

assessment process: hazard identification, 

dose response assessment, exposure 

assessment, and risk characterisation. The 

2007 report noted that results from in vitro 

testing are compatible with conventional 

risk assessment approaches previously 

developed using results of  animal studies. 

Figure 3.7 from the 2007 NRC report 

showed the use of  computational and in 

vitro pathway-based assay results within 

the larger risk assessment framework. An 

updated depiction of  the use of  in vitro 

toxicity test results for risk assessment 

(Figure 1) appeared in a publication 

on new approaches to risk assessment 

(Krewski et al., 2011).  

Through the period from 2008-2010 there 

were numerous discussion and papers 

about the specific recommendations from 

the report and of  research challenges in 

achieving the specific goals (Andersen 

and Krewski, 2009; Krewski et al., 2009b; 

Krewski et al., 2009a; Andersen and 

Krewski, 2010; Rusyn and Daston, 2010). 

They highlighted promise of  new methods, 

as well as many challenges in moving quickly 

to new testing methods. One of  these 

contributions, a commentary after eight 

invited contributions from toxicologists 

and risk assessors, looked at common 

responses to the recommendations and 

challenges posed for implementation 

(Andersen and Krewski, 2010). While the 

various commentaries raised many points, 

four were dominant:

1. How do we determine measures of  

adversity from in vitro studies?

2. Is it essential that the in vitro testing 

methods predict in vivo responses? 

3. How do we use in vitro test results to 

set regulatory standards?  

4. And, even if  other obstacles can be 

overcome, how can we make such 

wholesale changes to existing risk 

assessment frameworks?  

These questions remain critical discussion 

points for assessing progress toward 

implementation of  the recommendations. 

In relation to the fourth question, the 2007 

report outlined an ambitious strategy for 

implementation (report figure 5.1) that 

included investments in a several-billion-

US-dollar programme over one or two 

decades. The success of  such an initiative 

depended on finding a home within a 
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federal research or regulatory programme 

or developing an organisation of  the size 

of  the US National Toxicology Program 

now housed at the National Institute 

of  Environmental Health Sciences. The 

strategy included several broad phases: 

(1) toxicity pathway elucidation, (2) assay 

development and validation, (3) assessing 

assay relevance and validity trial, and (4) 

assembly and validation of  test batteries. 

To date, there are no federal initiatives to 

implement such a wholesale refocusing of  

the toxicity-testing engine within the US. It 

is not entirely surprising that this proposal 

for a central agency has stalled. There is 

no broad consensus to date in the US or 

internationally on whether this move to in 

vitro testing is a preferred approach (as 

recommended by the report) or simply a 

necessary alternative due to challenges of  

in vivo testing on the scale of  the numbers 

of  untested materials.  

Although no new federal organisation with 

a clearly defined mission for implementing 

the 2007 recommendations has emerged, 

there are numerous activities in progress 

moving to revamp current in vivo test 

methods with in vitro testing alone or with 

a combination of  in vitro and targeted 

in life studies. This short report briefly 

reviews several initiatives with a focus on 

Figure 1. Use of  in vitro, mode-of-action-based test results to estimate acceptable human exposure 
guidelines within the 4-step risk assessment paradigm. The 2007 report showed how in vitro test 
results could inform a more conventional risk assessment, aimed at providing an exposure standard 
based on results from in vitro testing. This picture from a recent review (Krewski et al., 2011) shows 
the relationship of  in vitro testing and extrapolation modeling to the four historical components of  
risk assessment: hazard identification, dose-response assessment, exposure assessment, and risk 
characterisation.
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in vitro toxicity testing (from a US-centric 

perspective). At the Hamner Institutes, 

we are developing proof-of-concept 

case studies with receptor-mediated 

and canonical stress pathway. Here, 

we outline how these case studies may 

accelerate implementation of  the key 

recommendations from the 2007 report in 

a more direct fashion.  

Some of  the Initiatives

It is not possible to do justice to the 

wide variety of  efforts now underway 

to modernise toxicity testing in the US. 

These include programmes in federal 

research laboratories, within chemical 

and consumer product companies, and in 

academia. Recognising that any selection 

of  programmes for this perspective 

will omit important initiatives, we have 

organised this discussion around a core set 

of  four efforts. These are the ToxCast™/

Tox21 efforts spearheaded by the US EPA; 

tiered-testing approaches that make use 

of  high-throughput results and reverse 

dosimetry; a broad initiative to map what 

has been called the Human Toxome; and, 

an effort to use several case studies to 

flesh out the full in vitro risk assessment 

process. My colleague at the Hamner, Dr. 

Russell Thomas, has worked extensively 

on the second of  these in relation to tiered 

approaches for using in vitro and targeted 

in vivo genomic studies.

ToxCast™

The US EPA’s ToxCast™ programme 

(Kavlock et al., 2012), in collaboration 

with the Tox21 initiative that has other 

federal research partners, has developed 

approaches to screen chemicals through a 

diverse suite of  assays using quantitative 

high-throughput screening (q-HTS). Phase 

I of  the ToxCast™ programme included 

over 600 assays for more than 300 

compounds, mostly pesticide active and 

inerts ingredients. The express goal of  the 

programme was to work with compounds 

with known toxicity to develop bioactivity 

signatures that would assist in prioritising 

compound for further testing. The 

compounds chosen had rich in vivo data 

sets due the requirements for registration 

for pesticide usage. Phase II of  the 

programme will examine 1,000 chemicals 

from a broad range of  sources including 

industrial and consumer products, food 

additives and drugs and evaluate the 

predictive capacity  of  toxicity signatures 

developed in Phase I. Many papers 

describing the ToxCast research are now 

available (Judson et al., 2010; Martin 

et al., 2010; Kleinstreuer et al., 2011; 

Martin et al., 2011; Sipes et al., 2011). 

The predictive potential of  the assays 

for in-life toxicity in Phase I remains a 

subject of  debate (Thomas et al., 2012). 

Nonetheless, there are proposals for using 

ToxCast results to estimate “Toxicity-

Related Biological Pathway Altering 

Doses for High-Throughput Chemical 

Risk Assessment” (Judson et al., 2011). 

This application rests on two aspects; the 

integration of  the q-HTS results to suggest 

pathway targets, and application of  high-

throughput pharmacokinetics (Rotroff et 

al., 2010; Wetmore et al., 2012) to predict 

daily intake levels of  the chemicals required 

to produce plasma concentrations equal 

to those causing perturbations in the in 
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vitro toxicity tests. The advances in these 

approaches include the use of  q-HTS 

results in aggregate to make inferences 

of  likely pathway targets (Reif et al., 2010) 

and the linkage to the human exposure 

levels for these compounds (Wetmore et 

al., 2012). An important question on the 

table is the extent to which the q-HTS and 

other in vitro assays have to align with 

apical studies for them to be useful in 

risk/safety assessment. Will knowledge of  

target pathways and the doses affecting 

these pathways in human cells in vitro 

be sufficient to progress with a risk 

assessment or must the in vitro results be 

qualitatively and quantitatively predictive 

of  toxicity test results in vivo?  

 

Tiered Approaches Using q-HTS Results

In the initial announcement of  the Tox21 

collaboration in Science (Collins et al., 

2008), the authors, including the Director 

of  the US National Institutes of  Health, 

discussed a key role of  the q-HTS results 

for prioritising for in-life studies, in effect 

a tiered-approach with an early decision 

point relate in vitro targets and potency. 

Some studies at the Hamner Institutes 

have also focused on a tiered approach 

where q-HTS is used to first bin compounds 

into those that are potent and selective 

and those that are weak, non-selective 

toxicants.  For the potent and selective 

chemicals, the q-HTS data provide 

information on specific biological modes-

of-action. For the weak, non-selective 

toxicants, the q-HTS in combination with 

reverse dosimetry defines the range of  

bioactivity of  the chemical. If  the range 

of  bioactivity were 100 or 1,000 fold 

higher than human exposure levels, i.e., 

equivalent to a large margin-of-exposure 

(MOE), there would be no further testing 

for those chemicals.  A second-tier would 

move to limited short-term in vivo studies. 

For the potent and selective chemicals, 

in vivo studies confirm presumed modes 

of  action and assess dose-response for 

tissue responses.  For the weak, non-

selective chemicals, short-term in vivo 

transcriptomic studies refine the range of  

bioactivity and compare these estimates 

with human exposure estimates.  

This second tier has elements in common 

with the targeted testing outlined in the 

2007 report. From the report’s perspective, 

these targeted in vivo tests are a temporary 

crutch until there is more confidence in 

the reliability of  in vitro methods for risk 

assessment. This second tier would also 

include improved exposure assessment 

and reverse dosimetry measures. Unlike 

the first group of  pesticides in Phase 

1 for which good exposure data were 

available, the exposure information for 

many chemicals is quite sparse. If  the 

margin of  exposure estimated in the Tier 

2 were also above 100 or 1,000, there 

would be no further testing. However, 

for compounds where the margin of  

exposure was smaller, the next step would 

be prioritisation to more conventional 

in vivo testing. Irrespective of  specific 

details, these tiered approaches show the 

need for methods to assess acceptable 

exposures for setting standards even if  a 

MOE calculation suggests no need for in 

vivo tests. With increasing development of  

relevant in vitro assays and of  the tools for 

interpreting the results of  these assays, 
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the requirement for tiered approaches 

should diminish. At least that is the goal 

outlined in the TT21C report.

Human Toxome

 

The 2007 NRC report was largely silent 

on the number of  toxicity pathways for 

which we need to have tests and how these 

various pathways interact. The Center for 

Alternatives to Animal Testing at Johns 

Hopkins University has a programme to 

assess the human toxome and annotate 

the pathways associated with toxic 

responses (Hartung and McBride, 2011). 

In this effort, studies in validated cell 

systems define pathways of  toxicity (PoTs) 

in human cells in vitro in order to develop 

mode-of-action based mechanistic 

information for assessing risks posed 

by exposure to various substances. The 

eventual goal is to map all pathways of  

what-is-called ‘the human toxome’. The 

ongoing project at Johns Hopkins focuses 

on estrogen pathway signalling in MCF-7 

cells. Validated methods already exist for 

using these cells to assess estrogenicity. 

Using the reverse dosimetry approach 

developed jointly between the Hamner 

Institutes and staff  at the US EPA National 

Center for Computational Toxicology 

(NCCT), concentrations that elicit cellular 

responses become the basis for estimating 

safe human exposure conditions (or 

exposures that pose a de minimus risk 

level). The formal process by which these 

results give an exposure standard (Figure 

1) remains undefined.  

In Vitro-Only Risk Assessment With 

Proof-of-Concept Through Case Studies

The first two initiatives described above 

are moving to add new in vitro and q-HTS 

tools to current chemical health risk 

assessments incrementally; the third, the 

human toxome initiative, is working to 

identify the biology of  pathways of  toxicity 

(PoTs) on a large scale. None of  these three 

initiatives has clearly delineated the steps 

required for conduct of  a quantitative 

risk assessment from in vitro results. 

Nonetheless, a ‘pathway altering dose’ 

concept and the proposed use of  ToxCast™ 

profiles to develop so-called chemical-

specific Provisional Peer Reviewed Toxicity 

Values (PPRTVs) for chemicals associated 

with natural gas recovery through fracking  

how some intention by US EPA to use in 

vitro screening in a more risk assessment 

oriented manner (epa.gov/hfstudy/

HF_Study__Plan_110211_FINAL_508.

pdf). Irrespective of  whether this US EPA 

approach becomes an accepted procedure 

for using in vitro data for more formal risk 

assessments, it is becoming abundantly 

clear that the future path for toxicity 

testing and risk assessment will differ 

significantly from past procedures.  

Specific Case Studies 

We have proposed an in vitro risk 

assessment process that first starts with a 

suite of  in vitro tests. This first set of  tests 

is pathway agnostic. The goal of  this initial 

screen, much as with the q-HTS results in 

ToxCast™, is to identify likely modes-of-

action (pathway targets) and estimate the 

relative potency of  compounds in altering 

these pathways. After the identification of  
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the mode(s)-of-action affected at the lowest 

concentration in vitro, further studies 

with specific validated pathway assays 

provide the data for more quantitative risk 

assessments (Figure 2). Well-designed, 

validated in vitro assays allow broad 

evaluation of  dose-response including 

concentrations equivalent to those arising 

from ambient human exposures. Assay 

read-out should include measures of  

adverse responses in vitro (Boekelheide 

and Campion, 2010) and the dose-

response for the pathway (Boekelheide 

and Andersen, 2010; Bhattacharya et 

al., 2011). These results, coupled with 

computational systems biology pathway 

modelling, exposure assessment, and 

reverse dosimetry allow for a more formal 

assessment of  regions of  exposure where 

there should be no appreciable effect on 

the target pathway. The steps are clear. 

What is not clear is whether the current 

state-of-the-art in understanding pathway 

function/dynamics and the current in 

vitro assays are sufficient to conduct 

assessments in this manner. 

The use of  case studies with a group of  

known pathways provides an opportunity 

to develop tools, apply them for specific 

Figure 2. Process for using empirical dose response from specific mode-of-action based in vitro 
test results to develop a human exposure standard. Results from the panel of  assays would identify 
likely modes of  action. Tests for the activity of  the compound in affecting the target pathway 
targets use specific validated assays developed for testing the specific mode of  action. The 
validated assay(s) generate a point of  departure (POD) for the subsequent risk assessment as an 
in vitro concentration. Computational systems biology pathway (CSBP) modeling of  circuitry and 
dynamics for the assay system predicts the expected shape of  the dose response at lower doses, 
leading to determination of  an acceptable human plasma concentration. This concentration is 
the basis for setting an exposure standard through techniques of  reverse dosimetry implemented 
by pharmacokinetic modelling. This step takes advantages of  in vitro-in vivo extrapolation (IVIVE).  
Other adjustment factors, as currently used for non-cancer risk assessments, may also play a role 
in setting a final exposure standard
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modes-of-action, and show their use in 

risk/safety estimations for chemicals 

affecting these pathways (Andersen et al., 

2011). The Human Toxicology Project of  

Humane Society International and The 

Humane Society of  the United States has 

endorsed proof-of-concept approaches 

using specific toxicity pathways in an 

attempt to accelerate implementation 

of  TT21C recommendations (Seidle and 

Stephens, 2009; Stephens et al., 2012).  At 

the Hamner, we have initiated programmes 

to develop case study approaches with 

six toxicity pathways: three receptor-

mediated pathways—aryl hydrocarbon 

(AhR), peroxisome proliferator-activated 

receptor-alpha (PPARα), and estrogen 

receptor (ER)—and three reactivity-

based pathways—DNA-damage, oxidative 

stress and mitochondrial toxicity. Our 

approaches are furthest along with PPARa 

and p53. The most extensive programme 

focuses on estrogen pathway signalling. 

We describe these three projects in brief.

1. A nuclear receptor case study

Activation of  the peroxisome proliferator-

activated receptor alpha (PPARα) nuclear 

receptor in liver parenchymal cells results 

in a series of  coordinated events leading to 

downstream alterations in gene expression 

with alterations in lipid and fatty acid 

metabolism. This pathway represents a 

Figure 3. Receptor-mediated regulation of  cellular responses may rely on switch-like behaviours. 
Induction of  cytochrome proteins in liver cells can occur in an all-or-none fashion. As the dose of  
beta-naphthoflavone (BNF) increased (right panel), more hepatocytes became induced (Bars et al., 
1989). In terms of  pathway dynamics, a bistable switch (left panel) can account for this behaviour 
where kinase cascades support the bistability. Our studies will determine whether bistability 
underlies the induction of  liver proteins by PPARα agonists, identity of  the kinase cascades 
creating the bistability, and apply dynamic properties of  the bistable switch for dose-response 
assessments. The bistable switch should have hysteresis, i.e., the upward going and downward 
going dose response curves would follow different trajectories, shown here by the red arrows.
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prototype of  a nuclear receptor mediated 

toxicity pathway with important species 

differences. Several studies with liver 

nuclear receptor activation indicate all-or-

none responses for cellular induction in 

heaptocytes (Bars et al., 1989; Tritscher et 

al., 1992; Andersen and Barton, 1999).  Our 

working hypothesis with PPAR signalling 

(and with other hepatic nuclear receptors) 

is that the receptor after activation 

generates a bistable switch (Figure 3) with 

necessary ultrasensitivity arising from 

mitogen-activated protein kinase (MAPK) 

cascades. The switch, affecting activation 

of  gene batteries by PPARa, would be 

reversible with cessation of  agonist 

treatment. Bistable switches give rise to 

steep-dose response in individual cells and 

responses need to be measured both in 

populations of  cells and in individual cells 

to assess the behaviour. If  the hypothesis 

proves correct, dose response models for 

receptor activation would have to consider 

non-linear switching in more formal risk 

assessment.

We use a combination of  microarray-

based gene expression data, regulatory 

interactions inferred from protein-DNA 

transcription factor (TF) arrays and 

published CHIP-on-chip (chromatin 

immunoprecipitation followed by 

microarray hybridisation) results (van der 

Meer et al., 2010) to develop a picture of  

PPARα-mediated transcriptional regulation 

after treatment with the PPARα-specific 

ligand GW7647. This agonist altered 

expression of  about 200 genes in human 

primary hepatocytes and nearly 500 in 

rat primary hepatocytes. Only a limited 

number of  these genes are direct genomic 

targets of  PPARα. We then inferred the 

transcription factors (TFs) involved in gene 

regulation, leading to a clearer picture 

of  the hierarchical organisation and 

the concentration- and time-dependent 

structure of  the PPARa response network. 

We have also added kinases into the 

provisional network through use of  

publicly available databases (kinasource.

co.uk/Database/welcomePage.php) and 

linked PPARa through these kinases with 

the rest of  the TF network. Ongoing gene 

expression studies with inhibitors will test 

the inferences regarding the role of  specific 

kinases in controlling PPAR regulated gene 

expression. We are conducting similar in 

vitro studies with rat hepatocytes. Limited 

in vivo studies in rats will focus on dose 

response of  gene expression in rat livers 

after treatment with GW7647 and allow 

determination of  the relevance of  the 

dose-response seen in vitro in primary 

hepatocytes with that occurring in vivo. The 

tools and methodologies used here with 

PPARa are likely to provide a prototype for 

studying the biological determinants of  the 

dose response for other nuclear receptors 

that regulate regulatory transcriptional 

networks in various tissues. The process of  

identifying and modelling these networks, 

much as occurred with the development 

of  PBPK modelling in the 1980s (Ramsey 

and Andersen, 1984; Andersen et al., 

1987; Clewell et al., 1995), should become 

increasingly well defined and efficient after 

completion of  the first few prototypes.   

2. A stress pathway case study

Current computational pathway models 

for p53 and DNA damage account for 
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double negative feedback between the 

p53 and mdm2 proteins, oscillations 

and non-linear signal transduction (Lahav 

et al., 2004; Geva-Zatorsky et al., 2006; 

Batchelor et al., 2008; Lahav, 2008) with 

linkages between pathway activation and 

cell cycle arrest and apoptosis at high 

levels of  damage (Toettcher et al., 2010). 

As with PPARα, our work on dose response 

modelling for stress pathways starts with 

a working hypothesis regarding pathway 

function (Figure 4). Endogenous levels 

of  p53 should be sufficient to handle 

small increases in DNA-damage. (We 

measure DNA-damage by micronuclei 

formation.) With these small increases, 

regulatory kinases involved in activation 

of  p53, such as ATM, enhance the rate-

constant for repair through a post-

translational, feed forward loop (shown in 

bluse shading) keeping the dose-response 

curve flat. With increasing DNA- damage 

(consistent with the sloped portion of  the 

right panel), control shifts from primarily 

post-translational responses to enhanced 

transcriptional control. These coupled 

integral feedback and feed forward loops 

are likely at work with all canonical stress 

Figure 4. Homeostasis in stress-controlling pathways requires multiple feedback processes.
Feedback loops with ultrasensitivity and high loop gain control transcriptional responses to 
stressors—left panel (Zhang and Andersen, 2007).  Feed forward processes with post-translational 
regulation (in blue) along with integral control (shown along the (Y) to (T) path) assist in creating 
so-called ‘perfect’ control (Muzzey et al., 2009) where there is a region of  unchanged slope 
compared to background (in this case showing hypothetical curves for micronuclei versus a dose 
of  etoposide). Our studies cover the broad dose range, from maintenance of  no greater than 
background micronuclei rates along the flat part of  the curve on the right through increases 
in micronuclei and altered gene transcription with the increasing slope phase of  the curve. The 
controlled variable could be various types of  DNA-damage.



150 AXLR8-3 WORKSHOP REPORT
Progress Report 2012 & AXLR8-3 Workshop Report

pathways (Simmons et al., 2009). Work 

on the high-osmolarity glycerol (HOG) 

pathway in yeast is the best example 

of  unraveling the network topology for 

canonical stress pathways showing 

parallel control modules (Mettetal et 

al., 2008) and how the system creates 

‘perfect’ control (Muzzey et al., 2009). 

We have already described the diverse 

dose-response behaviours expected from 

negative feedback circuits involved in 

maintaining homeostasis (Zhang and 

Andersen, 2007).  

Our p53 project is a collaborative effort 

with scientists from Unilever-UK studying 

the p53-mdm2 DNA damage response 

networks in human cells. The goal is to 

determine the dose response behaviour 

for activation of  the p53 pathway after 

chemically induced DNA damage and 

the underlying response circuitry for 

this pathway. In this research, we are 

(1) mapping the key determinants of  

increased DNA-damage rates following 

treatment with chemicals having different 

mechanisms of  action (indirect vs. direct 

DNA-damage) and (2) identifying dose-

dependent thresholds associated with 

cellular adaptation and micronuclei 

formation after chemical-induced DNA 

damage. This project has collected a 

dense data stream for inferring the 

structure and dynamics of  the DNA-

damage toxicity pathway. Currently, multi-

dose, multi-time transcriptomics, high-

throughput flow cytometry (HTFC) and 

high-content imaging (HCI) technologies 

examine the gene and protein response of  

the p53 DNA-damage networks, as well as 

cell cycle progression and cell death for 

three chemicals: methylmethane sulfonate 

(MMS), etoposide (ETP), and quercetin 

(QUE) in two p53 competent human cell 

lines (HT1080 and AHH-1). Initial studies 

examined the time and dose-dependence 

of  (1) the DNA damage marker p-H2AX, 

(2) whole genome mRNA expression, (3) 

targeted protein expression (p53, p-p53 

(phosphorylated at ser15), MDM2, and 

Bcl2), and (4) various phosphorylated 

kinases. Subsequent studies focused on 

cellular fate after differential DNA damage, 

including measures of  fixed DNA-damage 

(micronuclei), cell cycle arrest, and 

apoptosis. A second stage of  research is 

confirming the network structure through 

targeted knock-down of  key nodes, e.g., 

such as kinases and TFs, or overexpression 

of  pathway proteins to provide quantitative 

results for developing a threshold model 

for homeostasis as related to DNA-damage 

and mutation. As with the PPARα project 

with nuclear receptors, the work with p53 

as a canonical stress pathway should serve 

as a prototype for mapping and modelling 

of  other stress pathways.

3.An endocrine disruption case study

In 2012, The Hamner initiated a case study 

related to estrogen pathways in uterine 

cells. The full proposal (thehamner.org/

institutes-centers/institute-for-chemical-

safety-sciences/toxicity-testing-in-the-

21st-century) contains the rationale for 

developing a mode-of-action-based test 

assay and outlines plans for its application 

in risk assessment with estrogenic 

compounds. The ER project, supported 

by a consortium of  sponsors, represents 

an endeavour to map and model the ER 
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pathway in order to create in vitro tools 

sufficient by themselves to conduct 

human health risk assessments with 

estrogenic endocrine disruptors. That is, 

after completion of  the validation work on 

the pathway assay, the results of  the assay 

with other test compounds will suffice for 

a human safety assessment without the 

need to move to in-life toxicity studies. This 

project both develops an integrated in vitro 

model for uterine cell responses in human 

adenocarcinoma Ishikawa cells and the 

compares results with in vivo assays of  

uterotrophic responses in the rat. A major 

difference between the PPARa and ER 

pathways is that the latter has arms; an 

ER-mediated nuclear receptor pathway 

and a G-protein-coupled receptor pathway 

acting through GPER, a membrane 

receptor that binds estrogen (Prossnitz 

and Barton, 2011). Pathway models of  

the cannabinoid receptor completed in the 

past several years (Bromberg et al., 2008; 

Zorina et al., 2010) provide an example of  

mapping and modelling G-protein receptor 

behaviours. 

Summary

Several current initiatives fall under the 

umbrella of  projects consistent with one 

or another aspect of  the recommendations 

from the TT21C report. The four specific 

projects discussed here are only a sub-

set of  the ongoing efforts in government, 

industry laboratories, academia and 

research institutions to continue 

development of  in vitro methods for use 

in toxicity testing and risk assessment. 

It will require integration across these 

programmes and scrutiny of  progress with 

all these efforts to chart a course targeted 

toward more rapid implementation of  

the TT21C report. A question that still 

provokes some debate is whether the goals 

of  the report are simply too ambitious for 

the current state-of-the-science. Proof-of-

concept studies at The Hamner Institutes 

and elsewhere are important test-beds 

to show the use of  current knowledge 

in implementing TT21C, highlighting 

areas ready for immediate application 

and identifying those in need of  further 

development. Overall, there is progress 

toward implementing many aspects of  

the TT21C report.  However, the various 

efforts lack integration and do not have a 

common focus due to their different goals.  
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The Current Situation

Despite the considerable efforts and funds devoted to research, cancer is still not 

defeated and remains largely a lethal disease. Cancer is the second leading cause 

of  death in Western countries, just after circulatory diseases. At odds with an image 

diffused by most media that focus largely on genes and genetic research, the causes 

of  cancer are predominantly environmental in nature (this includes chemical exposure, 

lifestyle, diet, and work): different types of  evidence converge toward an estimated 

80% environmental component of  cancer (Tomatis et al., 1997; Sokal et al., 2000; 

Belpomme et al., 2007a,b; Liechtenstein et al., 2000; Benigni, 2007). 

From the point of  view of  the 3Rs and of  developing and implementing alternative 

approaches for the early identification of  carcinogens, the situation is quite different 

from how it is generally perceived. Usually, the two-years rodent bioassay is considered 

to be the assay that employs most animals and hence the main target for replacement. 

The reality is quite different. As a matter of  fact, carcinogenesis long-term bioassay 

results in rodents, mainly rats and mice, have been shown to be a consistent and 

reliable indicator and predictor of  human cancer risk (Haseman et al., 2001; Huff, 

1999a,b; Fung et al., 1993; Huff  et al., 1991). The obvious negative side of  the standard 

bioassay in rodents is that it is time-consuming and costly, and requires the sacrifice 

of  large numbers of  animals. Because of  this, chemical carcinogenicity has been the 

target of  numerous attempts to create alternative predictive models, ranging from 

short-term biological assays (e.g., the genotoxicity/mutagenicity tests) to theoretical 

models (e.g., Structure-Activity Relationships, SAR). A typical example is provided by 

the REACH legislation. The test strategy for carcinogenicity pre-screening of  REACH 

is based on the pivotal role of  genotoxicity endpoints: the bioassay may be required 
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by the authorities in the case of  high 

exposure plus genotoxicity evidence. As a 

consequence, the rodent bioassay is less 

and less used for identifying carcinogens, 

and animals are sacrificed mainly in the 

framework of  the in vivo mutagenicity 

assays. According to a recent statistics, 

worldwide the in vivo mutagenicity 

studies rank third after reproductive and 

developmental toxicology studies, and 

employ four- to five- times more animals 

than the rodent bioassay itself  (Pedersen 

et al., 2003; van der Jagt et al., 2004).    

Screening Strategies

The question that arises is two-fold: 

•	 Is this pre-screening strategy efficient 

in defending human health? 

•	 Is it possible to decrease or avoid 

the use of  animals required by 

this strategy, while maintaining 

or improving the ability to identify 

carcinogens?    

The answer to the first question is no. 

Based on the evidence accumulated in 

more than 30 years of  genotoxicity testing, 

it appears that the original hypothesis 

‘mutation = cancer’ is only valid within 

the limited area of  the DNA-reactive 

chemicals: these induce cancer, together 

with a wide spectrum of  mutations. For 

these chemicals, the best predictor of  

carcinogenicity is the Ames test. The 

other in vitro assays (e.g., chromosomal 

aberrations), and especially the in vivo 

ones, do not have added value and rather 

impair the prediction ability of  Salmonella 

alone. This is because of  a) exaggerated 

rate of  misleading (‘false’) positive results 

of  the in vitro tests; and b) low sensitivity 

of  in vivo tests (Zeiger, 1998; Benigni et 

al., 2010).   

The lack of  tools suitable to identify non-

genotoxic carcinogens is the other weak 

point of  strategies based on the pivotal 

role of  genotoxicity endpoints: non-

genotoxic carcinogens are negative in all 

genotoxicity tests, and thus go undetected. 

Justification for the development of  

alternative methods for the detection of  

non-genotoxic carcinogens include their 

remarkable presence among the known 

human carcinogens (up to 25% in Class 

1 human carcinogens as classified by 

the International Agency for Research 

on Cancer (IARC)), and the considerable 

potential risk associated with them 

(Hernandez et al., 2009). 

Regarding the second question above, 

the evident limitation of  the paradigm 

used to identify carcinogens without the 

rodent bioassay has stimulated different 

proposals. Operational improvements 

are sought by trying to manipulate the 

assay systems to, for example, reduce 

the sensitivity of  in vitro complements 

to Salmonella and to improve the in 

vivo systems. However, no evidence of  

progress is apparent yet, especially for 

what regards the increase of  sensitivity 

of  in vivo systems and the reduction of  

the number of  animals used. In addition, 

pre-screening approaches based on 

genotoxicity cannot detect nongenotoxic 

carcinogens.  

Other approaches aimed at improving 
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the present risk assessment procedures 

explore completely new tools, such as 

tracing molecular perturbations related 

to specific biochemical pathways with 

the use of  various -omics technologies 

(in vitro high-throughput assay systems 

such as Tox21, ToxCast, etc.) (Kavlock et 

al., 2009; Andersen & Krewski, 2009). 

These approaches are still in their infancy, 

and their contribution to risk assessment 

cannot be fully assessed yet (Benigni et al., 

2010). However, recent investigations have 

shown that the use of  existing resources 

within new integrative schemes can 

provide a powerful alternative approach to 

carcinogenicity prediction.   

Cell Transformation Assays 

Recently, the contribution of  the cell 

transformation assays (CTA) to the 

reduction of  animal use and improvement 

of  risk assessment has been re-explored. 

CTAs mimic some stages of  in vivo multi-

step carcinogenesis (OECD, 2007; Corvi et 

al., 2011). The analysis of  experimental 

data has shown that, among the different 

CTAs, the Syrian Hamster Embryo assay 

with pH=7 protocol (SHE_7) performs 

best in predicting rodent carcinogenicity, 

with high sensitivity (up to 90%) and 

specificity. Remarkably, SHE_7 has a 

high performance in identifying both 

DNA-reactive and non-DNA-reactive/

non-genotoxic carcinogens (Benigni & 

Bossa, 2011). Building on this result and 

on the evidence that the Ames test is a 

highly reliable detector of  DNA-reactive 

carcinogens, the integration of  the Ames 

test (and/or Structural Alerts (SA)) and 

of  SHE_7 within a tiered approach has 

been explored: Ames or SAs in Tier 1, and 

SHE_7 applied in Tier 2 to the chemicals 

negative in Tier 1. The result is exciting, 

and points to this approach as a powerful 

screening/priority setting tool: only 5-10 

% of  carcinogens remain undetected 

(Benigni & Bossa, 2011). 

Among others, two aspects are worthy of  

reflection. Since biology is an experimental 

science, the fact that this evidence is 

rooted in large databases of  chemicals 

acting by a variety of  mechanisms (both 

DNA-reactive and epigenetic/non-DNA-

reactive), is extremely cogent regarding 

the validity of  the tiered approach 

studied. The other important aspect of  the 

above result is that it is mechanistically 

convincing. The Ames test is sensitive to 

a very large family of  carcinogens able 

to interact with DNA according to various 

molecular mechanisms (e.g., direct or 

indirect alkylation, acylation, intercalation, 

formation of  aminoaryl DNA-adducts) 

(Benigni & Bossa, 2008). In addition, 

chemicals able to react with DNA are 

usually also able to interact with proteins, 

thus interfering with the cellular processes 

in many different ways. Thus, relative to 

highly reactive chemicals- the Ames test 

is a perfectly working model for both the 

somatic mutation theory of  cancer (that 

privileges the equation mutation = cancer) 

and of  other theories, e.g., the tissue 

organization field theory which proposes 

that cancer is a tissue-based disease and 

that cancer arises from disruption of  tissue 

microarchitecture (Soto & Sonnenschein, 

2011; Potter, 2007).

Several suggestions have been made as to 
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how CTAs may detect chemical carcinogens 

that operate by a range of  mechanisms of  

action. Two predominant forms of  CTA 

have emerged over the years: assays using 

primary normal diploid cells, of  which the 

SHE assay is the most established example, 

and assays employing immortalised 

aneuploid mouse cell lines (e.g., BALB/c 

3T3, C3H10T1/2). In addition, SHE cells 

have some metabolic competence. The 

two forms of  CTAs have been correlated 

to different stages of  cell transformation 

(OECD, 2007). At least four stages seem 

to be involved in cell transformation. 

The stages are (i) a block in cellular 

differentiation (detected as morphological 

transformation in the SHE assay); (ii) 

acquisition of  immortality expressed by 

unlimited lifespan and aneuploid karyotype 

and genetic instability; (iii) acquisition 

of  tumourigenicity associated with foci 

formation and anchorage-independent 

growth obtained in the BALB/c 3T3, 

C3H10T1/2 and Bhas 42 assay systems; 

and (iv) full malignancy when cells are 

injected in a suitable host animal (Creton 

et al., 2012). Within the theory on the four 

stages of  cell transformation, SHE may be 

sensitive to a larger range of  carcinogens 

types than other CTAs because it detects 

more basic and aspecific mechanisms. 

An additional proposal is that the success 

of  the SHE assay may be due to the use 

of  primary cells containing a wide variety 

of  cell types susceptible to a range of  

different transformation pathways.    

Structure-Activity Relationships 
(SAR)

The contribution of  SAR concepts in the 

identification and coding of  the action 

mechanisms, and in the development of  

alternative strategies should be remarked 

as well. In this paper, the use of  SAs for the 

rapid and inexpensive identification of  DNA-

reactive carcinogens has been presented. 

The availability of  free, user-friendly 

implementations, like e.g., the expert 

system ToxTree (Worth, 2012; Benigni & 

Bossa, 2011), allows every scientist to 

easily apply the SAs to the query chemicals 

of  interest (free download from ihcp.jrc.

ec.europa.eu/our_labs/computational_

toxicology/qsar_tools). Recently, the SAs 

rulebase has been expanded with a large 

number of  new SAs for nongenotoxic 

carcinogenicity. The expanded rulebase 

has been already implemented into 

the OECD (Q)SAR Toolbox (version 

2.5): oecd.org/document/54/0,3746, 

en_2649_34373_42923638_1_1_1_1,0

0.html, and is going to be implemented 

into the next version of  ToxTree in the near 

future.

Conclusion

In conclusion, it appears that alternative 

approaches for the identification of  

carcinogens are more imminent than 

originally believed. The combination of  

the Ames test and the SAs for the DNA-

reactive carcinogens, and the SHE for the 

non-genotoxic carcinogens permits the 

identification of  a very large proportion 

of  carcinogens. In addition, the sensitivity 

of  SHE also to genotoxic carcinogens 
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indicates that this assay may have the 

potential to detect mutagens that –for 

any reason- could be negative in the Ames 

test. So, they constitute a solid ground for 

refinements by future research. However, 

the present, commonly accepted strategies 

for the pre-screening of  carcinogenicity 

are quite inefficient, do not adequately 

protect public health and so need to be 

updated urgently.  
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Background & Objectives 

The European Partnership for Alternative Approaches to Animal Testing (EPAA) is a 

public-private partnership between the European Commission and major companies 

from seven industry sectors. It is a partnership in which knowledge, research and 

resources are pooled to accelerate the development, validation and acceptance of  

alternative approaches for regulatory use, and in which best practice is shared to 

promote the use of  3Rs methods. With a view to increasing efficiency, the EPAA operates 

through three platforms—one focused on scientific issues (the Platform on Science, 

PoS), one on legislation and acceptance of  alternative methods (Platform on 3Rs in 

Regulation), and one on communication and dissemination (Platform on Communication 

& Dissemination).

Against this background, the objective is to identify novel approaches that do not require 

the use of  animals, but that will provide reassurance about a lack of  health risks resulting 

from long-term exposure to chemicals. Reflection within the PoS on the lack of  accepted 

3Rs methods has led to an agreement to provide a platform across scientific disciplines 

that will stimulate innovation on alternative approaches. Channels of  communication 

with related organisations outside Europe are being opened to promote joint assessment 

of  current and future research needs. 

Deliverables & Milestones Achieved During 2011

Notable advances during 2011 included a strong consensus among stakeholders to 

advance the EPAA project on vaccines, where EPAA acts as a platform for European and 

international regulators, academia and industry to promote a ‘consistency approach’ 

for improved vaccine quality control. This project has potentially huge 3Rs benefits. 

Another important milestone, which will certainly guide future activities on integrated 

testing strategies (ITS), has been the dialogue amongst regulators and industrial users 
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from various sectors, which was initiated 

at an EPAA workshop in September 2011. 

The PoS organised workshops designed to 

speed up development in two promising 

fields, to promote the use of  ITS in 

regulatory testing. One workshop focused 

on novel methods to predict distribution 

and metabolism of  substances in the 

body. The other workshop discussed 

opportunities that could arise from current 

progress in stem cell biology. 

Challenges & Solutions

Computational Chemistry

EPAA is exploring how harnessing the 

power of  modern computational chemistry 

in combination with advanced systems 

biology might drive innovations in toxicity 

testing. It has organised three workshops 

so far: one, in 2008 with eminent scientists 

from a range of  disciplines, led to an 

outline strategy; the second, in July 2010, 

resulted in the identification of  some key 

research needs, and recommendations for 

the way forward.

The publication deriving from that 2010 

workshop ( Kimber et al., 2011) underlined 

the need to translate the aspirations into 

actions, and suggested “a consortium of  

the relevant skills drawn from academia, 

industry and the European Commission to 

ensure that work packages can be further 

developed and refined, and detailed 

experimental plans agreed and launched”. 

It envisaged an initial focus on achieving 

an integrated model of  mitochondrial 

function as it relates to liver biology and 

toxicology.

The third one, a scientific workshop 

entitled“Revolutionizing toxicology: 

Developing a research prospectu”, was 

organized by the EPAA’sePoS and held 

in Brussels, Belgium on theh3-4 April 

2012. As a cross-sector and cross-region 

initiative, this workshop brought together 

experts from various industry sectors 

as well as top scientists from regulatory 

agencies and academia. Participants from 

both Europe and the United States gave 

input to set a new norm for toxicological 

modelling. Echoing the 2012 lead theme 

on ”Development and implementation of  

3R methodologies through international 

cooperation”, this workshop highlights the 

potential and wish of  EPAA to establish 

fruitful collaborations amongst academia, 

regulators, such as the US EPA, and 

end users in global companies. Experts 

in computational chemistry, systems 

biology, toxicology and other disciplines at 

the leading edges of  their fields worked on 

the development of  a research prospectus 

designed to inform responses to future 

calls for research in predictive toxicology. 

The workshop confirmed and built on 

the central theme of  liver mitochondrial 

toxicity and agreed the key elements of  a 

research prospectus to make predictive, 

quantitative computational models 

possible. The prospectus was used as the 

basis for the HEALTH-2013-INNOVATION-1 

call published quite recently at ec.europa.

eu/research/participants/portal/page/

searchcalls;efp7_SESSION_ID=JJVQQSnT1

JMnLcymGGb4JFd2HNBcGJsFpv6f6LV9bdz

w1LxMB2Tw!-1438265546?state=open.  
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ADME/PBTK

The joint workshop“Potentials and gaps for 

further integration of toxicokinetic modelling 

into the prediction of in vivo dose-response 

curves without animal experiment”, co-

organised by the EPAA and the JRC in 

Ispra, Italy in October 2011, focused 

on the evaluation of  existing in silico 

toxicokinetic models. It discussed 

scientific and methodological gaps and 

generated recommendations on how to 

address them, offering guidance to test 

developers, toxicologists, safety assessors, 

regulators and research programme 

officers on priorities in this new integrated 

risk assessment paradigm.

It also assessed how to address the 

need for full replacement methods to 

animal testing that is required by the EU 

Regulation on cosmetics. Alternatives 

in toxicokinetics will play a key role in 

this, as highlighted in a recent ECVAM 

report. (Adler et al, 2012)) It has become 

increasingly clear that- in line with earlier 

thinking- metabolism-mediated toxicity 

is an important issue in regulatory 

toxicology. In vitro/in silico methods 

for establishing the toxicokinetics and 

metabolism of  unknown chemicals will 

provide essential information, particularly 

for testing of  cosmetics, and could offer a 

key to decision making.

Stem Cells

The availability of  human pluripotent 

stem cells and their derivatives opens up 

a new avenue to overcome the scientific 

shortcomings in current human-derived 

cell models(which are either based 

on primary tissues that are difficult 

to standardise and obtain, or rely on 

immortalised cell lines with potentially 

unwanted or unknown characteristics that 

might impact the cellular response to 

xenobiotic). There are now opportunities 

to convert stem cell-based models into test 

systems that can support new methods 

of  safety assessments, as outlined in the 

report of  the 2008 EPAA workshop on New 

Perspectives on Safety and in the Toxicity 

Testing in the 21st Century. 

 

An EPAA workshop,“Stem cells and their 

derivatives in toxicological research and as 

possible regulatory Tools: a gap analysis” 

took place on 4-5 October in Ispra, 

Italy, bringing together experts directly 

linked to ongoing stem cell programmes, 

toxicologists, regulators and “end-users”. 

In addition to allowing the exchange 

of  information, the meeting attempted 

to describe or define the attributes/

properties of  stem cells that make them 

more predictive regarding human toxicity 

compared to currently used cell models 

(lines, primary cells). It also explored 

which toxicological endpoints/pathways/

readouts require these properties, and 

which of  the currently used cell models 

are sufficient. And it examined how stem 

cell-based assays can predict some of  the 

mammalian toxicities (and accordingly 

reduce the number of  animals used for 

regulatory purposes).

 

The results included a comprehensive 

overview of  research projects employing 

stem cells in toxicological programmes 

across industrial sectors, and enhanced 
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information on toxicological endpoints 

relevant for human safety, quality 

standards, and lab-to-lab variability. 

EPAA acts as a focal point for information 

exchange on stem cell projects that are of  

interest for modern safety assessment, 

helping to avoid duplication of  research 

efforts, and to support approaches to 

funding bodies.

Next Steps

Enable open communication channel with 

other scientific organisations to jointly 

assess current/future research needs in 

Europe and beyond

 

What does it mean? 

To make use of  existing 3R organisations 

(e.g., ecopa, NC3Rs) and go beyond 

‘classical’ 3R research (e.g., ECVAM) in 

order to explore new ways of  regulatory 

testing.

Share latest knowledge on alternative 

approaches, identify and take action to fill 

gaps 

 

What does it mean? 

EPAA could be one of  the organisations 

to structure multidisciplinary research 

that is needed to achieve alternative ways 

of  doing safety assessment. PoS is not 

looking for an 1:1 replacement of  the 

current animal tests, but for new ways of  

doing science.

Provide platform across different scientific 

disciplines to stimulate innovative 

alternative approaches 

 

What does it mean? 

Raise awareness for paradigm shift away 

from apical endpoints in test animals 

to perturbation of  toxicity pathways in 

human cells.
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Background

Toxicology, the science of  safety assessment of  compounds, is used annually worldwide 

at $3 billion of  testing costs to regulate $10 trillion of  traded products. Essentially a 

very similar set of  about 20 animal tests and variants are used to do this, with a minor 

part having been replaced by alternative approaches over the last two decades. However, 

a number of  limitations of  the approach are increasingly recognised (Hartung, 2009c) 

including limited throughput, costs, predictivity for humans, excessive conservatism 

especially if  applied to well known existing chemicals, animal use, limited applicability 

to new products (such as nanoparticles, biological and cell therapies), new hazards, 

mixtures of  substances and inter-individual differences.  

CAAT & CAAT Europe
 

The Center for Alternatives to Animal Testing (CAAT) (caat.jhsph.edu) was created at 

Johns Hopkins University in Baltimore, Maryland in 1981, and formed a joint venture 

with the University of  Konstanz, Germany, in 2010 (Daneshian et al., 2010). The centres 

are committed to better science, less animal use, human relevance, as well as faster 

and cheaper results. They aim to make relevant information available, develop concepts 

and new tools and promote their quality control. A key instrument is the Transatlantic 

Think Tank for Toxicology (t4), with the four ambassadors Bas Blaauboer, Alan Goldberg, 

Thomas Hartung and Marcel Leist. t4 is sponsored by the Doerenkamp-Zbinden 

Foundation. Since 2010, t4 has published 12 articles (which received five responses in 

Nature/Science), six articles are in preparation, five workshop reports were published, 

seven reports are pending and 5 workshops are planned. The most ambitious of  its 

projects was the scientific roadmap for the future of  animal-free systemic toxicity testing: 

Following the European Commission report on status of  alternatives relevant for the 
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cosmetics testing ban in May 2011 (Adler 

et al., 2011), an independent review by 19 

international experts was organised and 

published in September 2011 (Hartung 

et al., 2011). This review largely endorsed 

the report though indicating a number 

of  missed opportunities especially from 

the US Tox-21c discussion. In parallel, 

five white papers on the way forward 

were commissioned by t4 and formed 

the basis for a consensus workshop with 

35 experts in Konstanz, Germany, in 

October 2011. They developed a roadmap 

published in February 2012  (Basketter et 

al., 2012). In March 2012, a Stakeholder 

Forum in Brussels with 150 experts was 

organised jointly by CAAT, CAAT-Europe, 

CEFIC, Cosmetics Europe, Doerenkamp-

Zbinden Foundation, ESTIV, EUSAAT, HSI, 

IIVS, IVTIP, and ToxCast. A similar US 

Stakeholder Forum is in preparation. 

The CAAT Approach

A key recommendation from this process 

was to pursue the more European approach 

of  integrated testing strategies (ITS) and 

the more US approach of  pathway-based 

toxicology as stimulated by the NRC report 

Toxicity Testing for the 21st Century: A Vision 

and a Strategy from 2007. The former was, 

for example, furthered by t4 with a report 

in 2010 (Jaworska and Hoffmann, 2010). 

The latter represents a core activity of  

several groups in the US (Perkel, 2012). 

The most prominent activities are the 

US EPA ToxCast programme, the case 

study approach by the Hamner Institutes 

(Andersen et al., 2011), and the NIH 

transformative research grant Mapping 

the Human Toxome by Systems Toxicology 

led by CAAT (http://humantoxome.org). 

The three approaches are complementary 

and working together on various levels. 

One activity to promote these is the 

Human Toxicology Project Consortium 

(htpconsortium.com) (Seidle and Stephens, 

2009), but there are many more challenges 

to address (Hartung, 2009a). We can 

learn from the experiences of  alternative 

method development and their validation 

(Hartung, 2010c), though Tox-21c is not 

alternative methods under a new name 

(Hartung, 2010b). The change lies in 

resolution, i.e., not replacing black-box 

animal tests by black-box cell or computer 

systems, which happen to give similar 

results. The crucial point is moving to 

molecularly defined mechanisms, the 

pathways of  toxicity (PoT), which in their 

entirety form the Human Toxome (Hartung 

and McBride, 2011). This opens up for 

a truly systems approach, i.e., systems 

toxicology, where PoT are used to model 

the reaction of  the body (Hartung et 

al., 2012). The approach has found 

remarkable support by US agencies. It 

is paralleled by an enormous investment 

into predictive in vitro systems under the 

buzzword of  ‘human-on-a-chip’ prompted 

by the need to evaluate countermeasures 

for biological and chemical terrorism and 

warfare (Hartung and Zurlo, 2012). For the 

first time, the commitment and investment 

into alternative safety assessments in the 

US is not dwarfed by the European efforts. 

Mapping the ‘Human Toxome’ 

For many activities toward Tox-21c, the 

mapping, annotation and sharing of  PoT, 

i.e., the generation of  a human toxome 
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database is key. This fits nicely into 

OECD efforts to define adverse outcome 

pathways, which span from exposure to 

population effects, with PoT representing 

the core part from chemico-biological 

interaction to cell and organ effects. 

The challenge is that there is no agreed 

annotation for PoT and the technologies 

used to deduce them deliver very different 

type of  information. The validation or 

better quality assurance of  suggested 

PoT as well as the governance of  a human 

toxome database is similarly unclear.

The NIH project aims to gain experience 

by doing the first steps toward such a 

database. The degrees of  freedom were 

limited by using (pre-)validated cell models 

and their well established reference 

compounds and adversity thresholds. 

More specifically, pro-estrogenic 

endocrine disruption was chosen as a very 

pathway-mediated phenomenon of  strong 

testing demands. It shall allow developing 

the untargeted PoT identification (from 

transcriptomics and mass spectroscopy-

based metabolomics) with the reality 

check of  our understanding of  the 

endocrine system.

Parallel funding from FDA allows developing 

PoT for developmental neurotoxicity and 

the concepts for PoT validation. A current 

aim is to bundle these and coordinate 

further activities in a centre, PoToMaC—

the PoT Mapping Centre. Beside the 

workflow within CAAT, which was enabled 

by a thought leader award from Agilent 

2010 making a metabolomics platform 

available, grants from funding agencies 

and support from philanthropy shall 

be bundled to coordinate activities for 

mapping the human toxome. The concept 

has found recently considerable interest 

on both sides of  the Atlantic, but no 

sustainable funding is yet available for this 

major challenge.

In the belief  that safety sciences need to 

be quality controlled to take the important 

decisions for consumer health and market 

entry of  products, formal validation will 

need to be complemented by tools, which 

are more tailored to the technologies of  

the 21st century (Hartung, 2010a). The 

concept of  applying principles of  evidence-

based medicine, as an evidence-based 

toxicology (EBT), has been furthered for 

a while (Hoffmann and Hartung, 2005, 

Hoffmann and Hartung, 2006, 

Hartung, 2009b). Now with the creation of  

the EBT Collaboration (EBTC) in the US in 

2011 (Zurlo, 2011) and Europe in 2012, a 

group to develop and apply this has been 

installed. CAAT is privileged not only to 

have the first chair worldwide for EBT but 

also to entertain the secretariat for EBTC 

(ebtox.com). Currently, pilot projects and a 

method working group are developing the 

approaches to combine information from 

various sources (meta-analysis) and for 

the assessment of  traditional and novel 

methods.

Together, establishing a collaboration and 

a mechanism for mapping the human 

toxome and for quality assurance by EBT, 

the initiatives to be housed in PoToMaC 

make a key contribution to implement the 

vision of  a new regulatory toxicology as 

suggested by Toxicity Testing for the 21st 

Century.
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Background & Objectives

The goal of  the carcinoGENOMICS project is to develop in vitro methods for assessing 

the carcinogenic potential of  chemicals as an alternative to current rodent bioassays 

for genotoxicity and carcinogenicity. Research in carcinoGENOMICS covers three major 

target organs for carcinogenic action: liver, kidney and lung. 
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To improve the assessment of  the 

carcinogenic hazard (and ultimately the 

risk) due to the exposure to chemicals is 

a major challenge to public health and 

customer’s safety. It has been addressed 

in Europe within the REACH regulation 

aiming to assess toxicity of  an estimated 

number of  68,000 chemicals (Hartung 

and Rovida, 2009). Until now the majority 

of  tests are based on in vivo assays, 

in particular on the two-year rodent 

bioassay for carcinogenicity. Besides the 

challenge of  replacing animal testing (it 

has been estimated that full compliance 

with REACH legislation for all endpoints 

of  toxicity will require a grand total of  54 

million vertebrate animals and will cost 

9.5 billion € over the next decade), it has 

been argued that the effects of  chemical 

exposure differ widely in rodents and 

humans and this might lead to a high 

number of  false positive predictions. For 

example, cholesterol-lowering drugs, such 

as atorvastatin, fluvastatin and simvastatin 

among many other pharmaceutical agents 

approved as safe drugs for human use 

by the FDA, were classified as rodent 

carcinogens (Ward, 2008). Thus, it has 

been understood that human in vitro 

assays must be developed for predicting 

carcinogenic effects of  chemicals in 

human more reliably (Vinken et al., 2008).

Various cellular assays for the three 

target organs have been developed over 

the duration of  the project and were 

challenged with chemicals from different 

toxicity classes. In order to unravel 

cellular pathways discriminative for 

chemical action and toxicity mechanisms 

carcinoGENOMICS has applied a combined 

approach consisting of  -omics-based 

experiments, integrative bioinformatics 

and systems biology with the assay 

systems under development.

The liver appears a major target for the 

effect of  carcinogenic compounds in the 

rodent two-year bioassay. In our workshop 

presentation we show recent published 

results on a particular liver system analysed 

within the carcinoGENOMICS project. This 

liver-based assay was developed from 

human embryonic stem cells. The inherent 

capacity of  human embryonic stem cells 

to grow indefinitely and to differentiate into 

all mature cell types of  the body makes 

them extremely attractive for toxicity 

testing and other applications such as 

regenerative medicine, tissue engineering 

and drug discovery (Thomson et al., 

1998). Although a few factors still limit 

the general implementation of  pluripotent 

stem cells for clinical applications, their 

opportunities for use in predictive in vitro 

assays are immense and fuel further 

developments of  improved cellular models 

that may increase their relevance for the 

human situation in vivo and reduce the 

need of  experimental animals in testing 

of  drugs, cosmetics and other chemical 

compounds (Jensen et al., 2009).

Hepatocyte-like cells derived from the 

differentiation of  human ES cells (hES) 

have potential to provide a human-relevant 

in vitro test system in which to evaluate 

the carcinogenic hazard of  chemicals. We 

have investigated this potential using a 

panel of  fifteen chemicals. Although recent 

reports evidenced the suitability of  human 

carcinoma cell lines for classification 
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of  chemicals (Jennen et al., 2010), the 

applicability of  stem cells for such purpose 

was still unexplored. The feasibility of  

differentiating hES to hepatic cells using 

a developmental biology approach (Brolén 

et al., 2010) has already been shown. 

High-throughput technologies such as 

microarrays have opened the way to a 

systemic understanding of  toxicology and 

carcinogenicity (Waters and Fostel, 2004). 

Such systems toxicology approaches 

offer the chance for disclosing valuable 

mechanistic information on toxic modes 

of  action of  substances in the assay 

system under study, which obviously is 

promising in view of  the urgent need 

to develop better (in vitro) tests for 

chemical safety. Mechanistic approaches 

require the analysis of  whole-genome 

data at the pathway level incorporating 

knowledge on human interaction 

networks (Kitano, 2002; Wierling et al., 

2007). Pivotal for such approaches is 

the availability of  sufficient information 

on human pathways, related to cancer 

initiation and progression, along with 

computational approaches that combine 

results from high-throughput experiments 

with biological networks (Bader et 

al., 2006). In the carcinoGENOMICS 

project we have therefore developed, the 

ConsensusPathDB, a resource for human 

molecular interactions that was used 

to develop pathway-based statistical 

analysis of  whole-genome microarray data 

(Kamburov et al., 2011).

Within the carcinoGENOMICS project 

we demonstrated, among others, the 

application of  a hES-derived cell assay 

for hazard assessment of  carcinogenicity 

with a panel of  fifteen chemicals from 

three different toxicity classes (genotoxic 

carcinogens (GTX), non-genotoxic 

carcinogens (NGTX) and non-carcinogens 

(NC)) using Affymetrix microarray 

measurements before and after chemical 

treatment of  the cells. In our presentation 

we showed results achieved with an 

analysis of  variance (ANOVA) model that 

identified 592 genes highly discriminative 

for the assayed chemicals. The expression 

of  these response genes as well as the 

expression of  Phase I-III genes derived 

from hES-Hep strongly correlated with 

those in human primary hepatocytes 

cultured in vitro demonstrating the 

metabolic competence of  the system. 

Supervised classification analysis with 

the response genes, also incorporating 

additional data, achieved a cross-validation 

performance of  >95%. In order to deduce 

mechanistic information on the modes of  

action of  the different compounds in hES-

Hep we assigned numerical scores based 

on expression data to 1,695 manually 

annotated human pathways originating 

from several pathway resources (Kamburov 

et al., 2011) that reflect the response of  

these pathways to the chemicals. Using 

this approach we were able to identify 

discriminative pathway modules, both for 

individual substances and toxicity classes, 

in particular in p53, MAPK and apoptosis 

pathways. Moreover, it was observed that 

the discrimination of  the toxicity classes 

was improved when shifting from the gene 

to the pathway level analysis of  microarray 

data. 
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Challenges & Solutions

The study was performed with the 

commercially available product hES-

Hep™002 (Cellartis AB, Göteborg, 

Sweden, cellartis.com). Samples were 

generated by incubating hES-Hep with 

fifteen compounds of  three different 

toxicity classes that were chosen from 

a previously defined body of  model 

compounds causing genotoxicity and 

carcinogenicity (Vinken et al., 2008). 

After incubation treated (72h treatment 

response at IC10 concentration) as well 

as control samples were screened with 

whole-genome Affymetrix Human Genome 

U133 Plus 2.0 GeneChip arrays, and the 

experiments were performed by standard 

methods as described in (Jennen et al., 

2010). 

Details of  the chemicals used, the 

experimental procedures and the 

bioinformatic analysis can be found in the 

related publication (Yildirimman et al., 

2011).

Microarray data was analyzed in a gene-

based as well as in a pathway-based 

manner exploring the new paradigm of  

systems toxicology.

Gene-based analysis was used in a first 

step to proof  the liver-like characteristics 

of  the hES-Hep cells. The hES-Hep 

were grown at day 22 after onset of  

differentiation in homogenous cultures 

in monolayer displaying a typical hepatic 

morphology (Figure 1A), and were positive 

for important hepatocyte markers and 

liver-related proteins. For example, α1-AT, 

AFP, ALB, CK18 and HNF4α were expressed 

along with CYP1A2 and visualized by ICC 

(Figure 1B). 

A) Phase contrast microscopy 

demonstrating the typical hES-

Hep morphology after 22 days of  

differentiation. B) Cells were positive for 

hepatocyte markers, such as α1-AT, AFP, 

Albumin, CK18, HNF4α and CYP1A2. C) 

qPCR gene expression of  hES-Hep show an 

expression of  CYP1A2, CYP3A4, CYP2C9, 

OCT1, OATP2, GSTA1 and BCEP in 

comparison to HepG2 and undifferentiated 

hESC. Y-axis shows log2-values relative to 

HepG2 and hESC (n=4). D) CYP activity 

of  CYP1A2, CYP3A4, CYP2C9, CYP2C19, 

CYP2B6 further supporting that these 

cells are hepatocyte-like. Y-axis scale is 

Pmoles total log2  (n=3). hpHep = human 

primary hepatocytes cultured for 48h. E) 

Significance of  gene expression of  hepatic 

markers in untreated hES-Hep. Y-axis 

displays the negative log10 of  the detection 

P-values of  the gene expression signals. 

Horizontal lines indicate the 0.1 (orange) 

and 0.01 (red) detection levels.

Hepatic phase I enzymes (CYP1A2, 

CYP3A4, CYP2C9), phase II enzyme 

(GSTα1) and phase III transporter proteins 

(OCT1, OATP2, BCEP) were detected on 

mRNA level by real-time qPCR (Figure 1C). 

Additionally, results from the CYP activity 

measurements confirmed the presence of  

functional enzymatic activity of  the most 

important hepatic CYP enzymes (CYP1A2, 

CYP3A4, CYP2B6, CYP2C9 and CYP2C19; 

Figure 1D) in comparison to hpHep. Among 

the expressed genes we found hepatocyte 

markers such as CD44, TM4SF1, DPP4, 
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Figure 1. Hepatocyte-like characteristics of  hES-Hep.
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SERPINA1/α1-AT, ALB, TF, FOXA2, 

CYP3A5, HNF4α, CYP1A1, AFP, ABCC2, 

SERPINA7, GSTA1, KRT19, CYP3A4 and 

CYP2B6. Several markers that were tested 

for hepatocyte-like characteristics of  the 

cells were not detected with microarrays 

including SLCO1B1, CYP2C9, ADH1C, 

CYP1A2, SLC22A1, CYP3A7, ABCB4, TAT, 

and CYP7A1 (Figure 1E). 

Next we applied an ANOVA model and 

identified 592 response genes with 

significant variation among the three 

toxicity classes. These genes achieved 

a high level of  discrimination according 

to the three toxicity classes (Fig. 2A), 

and selective validation of  microarray 

results was performed with qPCR. Genes 

are involved in pathological apoptotic 

processes in human and were significantly 

altered in genotoxic treatments in qPCR 

as well as microarray experiments. Among 

the 592 genes we found eight tumour 

suppressors (PDCD4, BCL2, SMAD3, 

FHIT, ATM, TCHP, ITGB5, RPL10) and five 

oncogenes (RAB17, RRAS, FAS, MDM2, 

GNA15). Mechanisms relating to these 

genes have been shown previously in 

the literature, for example the activation 

of  MDM2 by the down-regulation of  the 

tumour suppressor FHIT (Schlott et al., 

1999). Down-regulation of  FHIT and up-

regulation of  MDM2 was observable in 

four of  the five genotoxic treatments while 

such effects were much weaker or not 

visible with the non-genotoxic and non-

carcinogenic treatments. These findings 

are consistent with recent results from 

rodent studies, for example from primary 

rat hepatocytes (Mathijs et al., 2009) 

where Mdm2 has also been prominently 

identified as discriminating between 

genotoxic and non-genotoxic compounds. 

A) Principal component analysis (PCA) 

with the 592 response genes. Different 

compound classes are indicated by colours 

(red = genotoxic carcinogens (GTX), blue 

= non-genotoxic carcinogens (NGTX) and 

green = non-carcinogens (NC)). The two 

principal components explain 66.2% of  

the variance (PC1: 56.58%; PC2: 9.595%). 

PCA was generated with the J-Express 2009 

software (MolMine AS, Bergen, Norway). 

B) Principal component analysis derived 

from 37 pathway response patterns for 

the fifteen substance treatments yields a 

perfect separation of  the toxicity classes. 

Total variance explained is 69.5% (PC1: 

49.9%; PC2: 19.6%).

In order to test the potential of  hES-Hep 

for classifying carcinogenic substances 

we applied supervised classification with 

a support vector machine approach and 

compared performance of  the response 

gene set (N=592) with the genome-wide 

approach (N=18,394). Misclassification 

rates were computed with a cross-

validation procedure (Leaving-One-Out). 

Additional data was introduced using the 

same 15 treatments at a lower time point 

(IC10 at 24 h) and a subset of  nine of  the 

compounds also with lower concentrations 

(50% of  the IC10 at 24- and 72h). The 

misclassification rate using all data (in 

total 15+15+9+9 = 48 experiments) 

was 6.25% with whole genome data and 

dropped to 4.17% with the response 

genes as read-outs. 

Additionally, we compared the expression 
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patterns of  the 592 response genes with 

Affymetrix microarray data on other liver-

like cellular systems. Pearson correlation 

of  the gene expression in hES-Hep was 

0.88 as compared to plated primary 

human hepatocytes, 0.83 as compared to 

HepG2 cells, 0.80 as compared to human 

Figure 2. Discrimination potential of  gene- and pathway approaches. 

foetal liver, 0.79 as compared to human 

adult liver and 0.76 as compared to non-

plated primary human hepatocytes. The 

result points to the fact that the expression 

of  the response genes in hES-Hep highly 

resembled human hepatic cell systems 

and was also similar to HepG2 that is a 
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widely used in vitro hazard assessment 

system. 

For the pathway-based approach we 

used the ConsensusPathDB resource 

((Kamburov et al., 2011), cpdb.molgen.

mpg.de), a meta-database that integrates 

the content of  22 different interaction 

databases and that comprises 2,144 pre-

defined human pathways of  which 1,695 

had more than five members and were 

used for pathway response analysis. We 

developed a response score Sij for each 

gene i in each treatment experiment j 

and summarised these gene scores to a 

score for each pathway using the genes 

that compose the specific pathway. 

Thus, we were able to analyze microarray 

data at the level of  pathways instead of  

single genes. Global pathway response 

was highly variable among the fifteen 

treatments. Seven substances induced 

a strong overall response with respect to 

many of  the 1,695 pathways while the 

remaining substances induced a far lower 

response. 

Pathway analysis enables us to distinguish 

low-responding and high-responding 

pathway modules for each toxicity class. 

High pathway responses among the GTX 

treatments were observed for p53 and 

apoptosis pathway modules while NGTX 

treatments exerted their effects mainly 

through PI3K/AKT, PPAR and MAPK 

signalling. NC treatment responses were 

less specific. In order to test whether our 

new approach improves discrimination 

of  toxicity classes we have performed 

a similar ANOVA approach as for gene 

expression patterns with the pathway 

response patterns and were able to achieve 

a complete separation of  the fifteen 

compounds into three distinct groups 

with a subset of  37 pathways (Figure 2B). 

Compared with the grouping achieved at 

the gene level (cf. Figure 2A), the pathway 

level shows an increase in performance.

In particular, we were able to show that in 

contrast to the gene-based analysis, where 

genotoxic responses were dominating 

the analysis outcomes and where 

discrimination between non-genotoxic 

carcinogenic and non-carcinogenic 

chemicals was difficult, the pathway-based 

analysis gave a much clearer picture and 

was able to identifiy clear pathway patterns 

for even the non-genotoxic carcinogens. 

Next Steps

We have demonstrated that human 

embryonic stem cell technology has high 

potential for developing in vitro hazard 

assessment assays for carcinogenicity 

of  chemicals as was shown with three 

representative toxicity classes. We have 

quantified and identified discriminative 

carcinogenic pathway responses based 

on modules of  the apoptosis, MAPK and 

p53 signalling pathways that build the 

basis for a mechanistic understanding 

of  chemical carcinogenesis. Although the 

hES-Hep model needs further refinement 

and, additional challenges with more 

compounds, in order to meet a broader 

acceptance, this study paves the way 

towards use of  stem cell derived liver cells 

for toxicity testing. In the future, this may 

lead to less use of  animal experiments and 

increased possibilities to avoid bringing 
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harmful chemicals to the market.

A further next challenge will be to 

extrapolate the application of  stem cell 

technology for toxicology to human iPS 

cell-based assays. This will, however, be 

targeted in follow-up projects since the 

carcinoGENOMICS project ended by April 

2012.
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Background & Objectives

There is an increasing awareness that there are thousands of  chemicals to which humans 

are exposed that have inadequate data on potential toxicological effects. There have also 

been dramatic technological advances in molecular and systems biology, computational 

toxicology, and bioinformatics that have provided researchers and regulators with 

powerful new public health tools (National Research Council 2006, 2007). High-content 

and high-throughput screening techniques are now routinely used in conjunction with 

computational methods and information technology to probe how chemicals interact 

with biological systems, both in vitro and in vivo. Progress is being made in recognising 

the patterns of  response in genes/pathways induced by certain chemicals or chemical 

classes that might be predictive of  adverse health outcomes in humans. However, as 

with any new technology, both the reliability and the relevance of  the approach need to 

be demonstrated in the context of  current knowledge and practice.

In 2008, in response to the National Academy of  Sciences’ (NAS) report Toxicity Testing 

in the 21st Century: A Vision and a Strategy (National Research Council 2007), Collins et al. 

(2008) outlined a collaboration between the National Institute of  Environmental Health 

Sciences (NIEHS)/National Toxicology Program (NTP), the US Environmental Protection 

Agency’s (EPA) National Center for Computational Toxicology (NCCT), and the National 

Human Genome Research Institute (NHGRI)/NIH Chemical Genomics Center (NCGC)  

(now located within the NIH Center for Translational Therapeutics), to develop a vision 

and devise an implementation strategy to shift the assessment of  chemical hazards 

from traditional experimental animal toxicology studies to target specific, mechanism-

based, biological observations largely obtained using in vitro assays. In mid 2010, the 
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US Food and Drug Administration (FDA) 

joined the collaboration that is known 

informally as Tox21. 

To support the goals of  Tox21, four working 

groups—Compound Selection, Assays 

and Pathways, Informatics, and Targeted 

Testing—were established. The working 

groups reflect the different components of  

the NAS vision and cooperatively address 

the four major focus areas necessary to 

bring about this paradigm shift.

Milestones Achieved

Chemical Library Construction

Developing a comprehensive compound 

library is critical to the ultimate ability of  

Tox21 to develop relevant prioritisation 

schemes and prediction models. Ideally, 

any library should be populated with 

substances of  known identity and purity 

that are compatible with the solvent of  

choice for the assay platforms being 

used. In 2006, the NTP and the EPA each 

established at the NCGC ‘proof  of  principle’ 

compound libraries of  ~1400 substances 

each, with each compound dissolved and 

stored in dimethyl sulfoxide (DMSO), to be 

evaluated for activity in 1536-well plate 

quantitative high-throughput screens 

(qHTS) as described by Inglese et al. 

(2006). The identity and structure of  the 

compounds in these libraries can be found 

at PubChem (pubchem.ncbi.nlm.nih.gov).  

During examination of  the data generated 

using the Phase I chemical library a 

number of  issues were identified (e.g., 

inaccurate information on certificates 

of  analysis accompanying purchased 

chemicals, lack of  compound stability 

under the conditions of  compound source 

plate storage and use) that informed 

efforts during the development of  the 

much larger compound library to be 

screened as part of  Tox21 Phase II using 

a recently established, dedicated Tox21 

robotics facility at the NCGC. The Tox21 

Phase II compound library, completed in 

late 2011, includes structurally defined 

compounds intended to broadly capture 

chemical and toxicological ‘space’. 

This library contains >10,000 (‘10K’) 

compounds (11,776 substances, 8188 

unique; complete list is available at epa.

gov/ncct/dsstox). The compounds include 

industrial chemicals, sunscreen additives, 

flame-retardants, pesticides and selected 

metabolites, plasticisers, solvents, food 

additives, natural product components, 

drinking water disinfection by-products, 

preservatives, therapeutic agents, and 

chemical synthesis by-products. To 

evaluate within run reproducibility, a set 

of  88 sole-sourced, broadly bioactive 

compounds are included in duplicate on 

each 1536-well assay plate. To address 

compound identity and purity, confirm the 

stock solution concentration (generally 20 

mM), and determine compound stability 

in DMSO under the storage conditions 

used, quality control (QC) analysis of  the 

entire library is being conducted using a 

variety of  analytical methodologies as 

appropriate for identity characterisation 

and purity estimation.

Biological Assay Selection Strategy

Phase I screening involved a number of  
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different cell types, assay formats, and 

reporter technologies in order to evaluate 

assay performance, methods of  assay 

protocol optimisation, and the extent to 

which protocols could be varied without 

compromising results. A listing of  the 70 

assays is provided in Tice et al (2012); 

descriptions of  the results from some of  

the assays have also been reported in the 

literature (e.g., Huang, et al 2008; Huang 

et al, 2011a; Fox et al, 2012; Lock et al, 

2012: Sakamuru et al, 2012, Shukla et 

al 2012;  Sun et al, 2012; Yamamoto et 

al 2011; Xia et al 2008; Xia et al 201). 

Within these assays, the percentage of  

actives varied from as few as 0.07% for 

an epigenetics cell-based assay to as 

many as 41% for a biochemical assay that 

evaluated the ability of  compounds to 

interact with cytochrome P450 CYP1A2. 

Within any single assay, the potency of  the 

active compounds (based on AC50 values) 

varied as much as 5 orders of  magnitude.  

Taking assay throughput into account, 

the experience in Phase I, and the results 

of  a comprehensive analysis of  disease-

associated cellular pathways (e.g., Gohlke 

et al. 2009), the Phase II assay selection 

strategy is to initially focus on assays 

that measure the induction of  stress 

response pathways (Simmons et al. 2009) 

and interactions with nuclear receptors. 

The selection of  stress response assays 

(e.g., apoptosis, antioxidant response, 

cytotoxicity, DNA damage response, 

endoplasmic reticulum stress response, 

heat shock, inflammatory response, 

mitochondrial damage) is based on the 

premise that compounds that induce 

one or more stress response pathways 

are more likely to exhibit in vivo toxicity 

than those that do not. The human 

nuclear receptor assays (androgen; aryl 

hydrocarbon; estrogen alpha; farnesoid 

X; glucocorticoid; liver X; peroxisome 

proliferator alpha, delta, and gamma; 

progesterone; pregnane X; retinoid X; 

thyroid beta; vitamin D) were selected 

because of  the key roles they play in 

endocrine and metabolism pathways. It 

should be noted that a technical limitation 

in the current qHTS is the lack of  metabolic 

activation in the qHTS screens. Adding 

rat liver S9 mix to culture medium, the 

typical method for including xenobiotic 

metabolism capability in in vitro studies, 

is not appropriate because the current 

1536-well qHTS assay protocols cannot 

include an aspiration step and S9 mix is 

toxic to cells when incubation is longer 

than several hours.

Hit Calling

The qHTS data generated were used to 

develop appropriate statistical analysis 

procedures to allow automated evaluation 

of  thousands of  qHTS concentration curves 

to identify actives, inconclusives, and 

inactives in assays with different formats. 

In addition, a number of  strategies for 

orthogonal or follow-up screens to confirm 

and extend the results obtained were 

explored (Xia et al. 2009, 2011).  In qHTS, 

the raw data generated at each titration 

point are first normalised relative to the 

positive control response (i.e., 100% 

response) and the basal response in the 

solvent control DMSO only wells (i.e., 0%) 

on the same 1536-well plate, and then 

corrected by applying a pattern correction 
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algorithm using the compound-free DMSO 

control plates. Outlier values are identified 

and removed based on the fit to the Hill 

equation, which is often used to describe 

sigmoidal biochemical phenomena. 

The normalised and processed data set 

emerging from qHTS studies at the NCGC 

is very large, and a number of  heuristic 

approaches and statistical models have 

been developed to address the various 

HTS data structures (Inglese et al. 2006; 

Parham et al. 2009; Shockley et al. 2012).

When concentration-response data can 

be confidently modelled, half  maximal 

concentration values (AC50 values) are 

calculated from curve fits to the three- 

or four-parameter Hill equation. In assay 

sets in which no upper asymptote (agonist 

assays) or lower asymptote (antagonist 

or cytotoxicity) can be defined, a lowest 

effective concentration (LEC) is calculated, 

defined as the lowest concentration at 

which there is a statistically significant 

difference from the concurrent negative 

control. The results are filtered based 

on cytotoxicity and parameters such as 

concentration for half  maximal activity, 

maximum efficacy, and minimal response 

are used to make activity calls based on 

algorithms for specific assay types and 

platforms (Judson et al. 2010).

A critically important goal is to make all 

Tox21 data publicly accessible via various 

databases (i.e., NTP’s Chemical Effects 

in Biological Systems [CEBS; cebs.niehs.

nih.gov], EPA’s Aggregated Computational 

Toxicology Resource [ACToR; actor.epa.

gov/actor/faces/ACToRHome.jsp], and 

the National Center for Biotechnology 

Information’s PubChem (pubchem.ncbi.

nlm.nih.gov) to encourage independent 

evaluations of  Tox21 findings. Data will 

be made available after ensuring accurate 

linkage of  the compound to its correct 

structure, the results of  the chemical 

analysis, and assay responses.

Challenges & Solutions

While we are making progress at integrat-

ing data from diverse technologies and 

endpoints into what is effectively a sys-

tems biology approach to toxicology, this 

can only be accomplished when compre-

hensive knowledge is obtained with broad 

coverage of  chemical and biological/

toxicological space. The efforts described 

thus far reflect the initial stage of  an ex-

ceedingly complicated programme, one 

that will likely take decades to achieve its 

goals. However, even at this stage, the in-

formation obtained is enticing the interna-

tional scientific community and foretelling 

the future of  toxicology. 

The Tox21 programme faces several very 

difficult issues. These include: 

•	  

We have yet to develop approaches 

to cover water soluble or volatile 

chemicals

•	 We do not have the ability to determine 

the free concentration of  a compound 

in the 1536 well plate 

•	 There are no reliable high-throughput 

approaches for incorporating 

xenobiotic metabolic activity

•	 Tools need to be developed to assist in 

the determination of  the relationship 

between perturbations in biological 



184 AXLR8-3 WORKSHOP REPORT
Progress Report 2012 & AXLR8-3 Workshop Report

pathways measured in vitro and the 

induction of  adverse health effect in 

vivo

•	 Similar assays (e.g., multiple cell 

types for estrogen receptor activation) 

yield non-identical results across the 

chemical library (suggesting that the 

concept of  a ‘perfect’ assay does not 

exist)

•	 Interactions between chemicals and 

between different kinds of  cells are 

yet to be captured.   

Nonetheless, the Tox21 programme has 

laid a firm foundation for addressing 

a number of  the aspects of  the NAS 

vision and we expect to continue to make 

progress over the next several years.  
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Principles of  REACH & CLP

The Registration, Evaluation, Authorisation and Restriction of  Chemicals (REACH) (EU, 

2006) and the Classification, Labelling and Packaging Regulation (CLP) (EU, 2008) 

Regulations ensure a high level of  protection of  human health and the environment. 

Industry has to manufacture and use chemical substances safely. Obtaining, 

communicating and using good-quality information on chemicals is thus a key strategic 

purpose of  REACH, and one of  the main reasons for REACH was to fill information gaps 

for the large number of  substances already in use in the EU.  Industry has to assess 

the hazards of  substances for classification and risk assessment, and then adopt 

appropriate risk management measures to protect human health and the environment. 

Another key strategic purpose of  REACH is to address substances of  concern that 

require regulatory intervention, and the existing information on substances facilitates 

the selection of  such cases. The REACH and CLP processes and different actors involved 

are summarised in Figure 1. 

REACH registrants have to provide information on the intrinsic properties of  the 

substance in the registration dossier. The non-confidential information from registrations 

is disseminated by ECHA from the searchable database ECHA CHEM. The standard 

information required depends on the tonnage manufactured or imported; the higher the 

tonnage, the more information needed.  Substances are registered first with core data, 

then higher-tier studies apply at > 100 tonnes and further studies at > 1,000 tonnes 

per annum. Registrants make ‘testing proposals’ for such higher-tier studies and await 

approval to proceed with the testing following examination of  the testing proposal by ECHA 

as part of  the dossier evaluation work. ECHA also undertakes ‘compliance checking’ of  
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some of  the registration dossiers to make 

sure that they are compliant, i.e., that no 

mandatory information has been omitted.

Substance evaluation is a separate process 

undertaken by Member States, coordinated 

by ECHA, to examine if  more information, 

either on substance properties or their use 

and exposure, is needed to clarify if  there 

really is a risk from the substances listed 

in the Community Rolling Action Plan 

(CoRAP).

The CLP Regulation enables substances to 

be classified in terms of  their hazardous 

properties so that these properties 

can be communicated to users by 

means of  labelling and Safety Data 

Sheets (SDSs). Some substances have 

mandatory classification and labelling 

that has been harmonised at EU level. 

For other substances, self-classification 

applies, and industry has to use the 

available information, which for registered 

substances can be comprehensive. 

The classifications used by industry 

are disseminated by ECHA on the C&L 

inventory.

ECHA works together with the European 

Commission and the EU Member States 

for the safety of  human health and the 

environment by identifying the needs 

for regulatory risk management at EU-

wide level. When necessary the Member 

States or ECHA (on a request from the 

Commission) initiate the appropriate 

regulatory risk management process:

Figure 1. The REACH and CLP processes and actors.
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•	 Authorisation is for ‘substances of  

very high concern’ (SVHCs), i.e., 

carcinogens, mutagens or substances 

toxic for reproduction (CMRs), 

persistent, bioaccumulative and 

toxic (PBT) or very persistent and 

very bioaccumulative (vPvB) or of  

‘equivalent concern’. Substances with 

SVHC properties are first formally 

identified onto the ‘candidate list’ 

then transferred, if  appropriate, onto 

the ‘authorisation list’.  They can 

then only be marketed or used after 

the ‘sunset date’ if  they have been 

authorised based on a successful 

authorisation application.

•	 Restriction is for when an unacceptable 

risk to humans or the environment 

have been identified.

•	 EU harmonised classification and 

labelling is for CMR substances 

or respiratory sensitisers (and 

regarding other hazards if  justified 

and for pesticide or biocide active 

substances). 

Intelligent Approach to 
Assessing Chemical Substance 
Properties Under REACH and 
CLP

Toxicological, ecotoxicological, 

environmental fate and physico-chemical 

properties of  chemical substances 

are traditionally assessed by standard 

laboratory studies conducted in 

compliance with Good Laboratory Practice 

(GLP). These standard tests serve to 

model the impact on human health and 

the environment.

A systematic and intelligent approach 

to assessing the properties of  chemical 

substances applies for REACH registration 

to prevent unnecessary animal studies and 

to reduce costs to industry. Registrants 

must first collect and assess all existing 

data, then identify data gaps and consider 

whether data waivers apply or if  gaps 

can be filled by non-standard data before 

deciding on the last resort of  undertaking 

new studies. In particular there are data 

sharing obligations for registrants of  the 

same substance to avoid duplicate testing. 

Data waivers may be justified to omit 

particular studies on the grounds that:

It is impossible to conduct the study for 

technical reasons

It is scientifically unnecessary as the 

result can be predicted by other means, 

as discussed further below

The study is not necessary for risk 

assessment on the grounds of  ‘low’ 

exposure. There are two provisions in 

REACH for this: (a) ‘substance-tailored 

exposure-driven testing’ is to allow for 

reduced toxicological testing of  substances 

manufactured and used under conditions 

resulting in no significant exposure and 

(b) registration of  chemical intermediates 

that are manufactured and used only 

under ‘strictly controlled conditions’.

Non-Standard Data for Use 
Within the Framework of  
REACH and CLP

The registrant can ‘adapt’ the standard 

information requirements under REACH, 

and use other information instead by 

means of:
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•	 Non-standard or non-GLP existing 

studies and published data

•	 In vitro studies

•	 Human epidemiology data

•	 Information from structurally-related 

substances, i.e., ‘read-across’ and 

‘chemical categories’ or ‘grouping’

•	 Predictions from validated quantitative 

structure activity relationships 

(QSARs)

•	 Using a weight of  evidence (WoE) 

approach to combine various 

techniques.

The non-standard information has to be 

equivalent to the information obtained 

from the standard studies, in that 

the key parameters of  the standard 

method should be addressed and 

the result must be suitable both for 

adequate risk assessment and also for 

satisfactory classification. Registrants 

have to justify these adaptations of  the 

standard information requirements in the 

registration dossier by providing scientific 

explanations; for example there should 

be a hypothesis, which justifies why the 

properties of  a substance can be ‘read 

across’ to another substance.

The first report on the use of  alternatives 

to testing on animals for the REACH 

Regulation (ECHA 2011) uses the 

registration dossiers that were submitted 

between 1 June 2008 and 28 February 

2011 as its main source of  information 

Figure 2. Options used to fulfil the REACH information requirements for repeat-dose toxicity (from 

ECHA 2011).
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to give insight into how the use of  non-

standard information. For example, Figure 

2 illustrates that about half  the repeat-

dose toxicity information submitted was 

non-test data.

In September 2010 ECHA held an Experts 

Workshop on Dealing with Uncertainty of 

Non-test Methods under REACH to identify 

scientific challenges in the regulatory 

acceptance of  non-test data and in 

assessing the associated uncertainty 

based on examples and case studies with 

a view to identifying ways forward. This 

work has lead to ongoing work within ECHA 

to develop a read-across assessment 

framework (RAAF) for use in examining 

read-across cases. After a Tier I screening 

phase to deal with obvious cases, the Tier 

II scientific assessment would use expert 

judgement in a structured manner to score 

the read-across hypothesis to conclude 

on the acceptability of  the case & the 

associated uncertainty. The draft RAAF 

will be discussed at an ECHA Experts 

Workshop in October 2012.

An important recommendation from the 

September 2010 ECHA workshop was to 

build the case for read-across by using 

supporting mode-of-action (MoA) or other 

mechanistic information.  This insight was 

echoed at the panel discussion on ‘The 

use of  alternative methods to test long-

term toxicity: What are the bottlenecks 

affecting regulatory acceptance?’ at the 

May 2012 Helsinki Chemicals Forum. It 

was considered that there is no shortcut 

to prediction of  complex toxicological 

properties by statistical correlations 

(QSAR-type) methods on their own, 

and instead predictions will have to be 

based on biological mechanism, i.e., the 

‘adverse outcome pathway’ (AOP) and 

MoA approach. Nevertheless, it was again 

noted that supporting AOP information, as 

well and bioprofiling using the new -omics 

techniques, can support justification of  

read-across and chemical categories, 

as also proposed in the update to the 

Organisation for Economic Co-operation 

and Development (OECD) Guidance on 

Grouping of  Chemicals.

Risk Assessment Using Non-
Standard Data

Risk assessment is central to the 

operation of  REACH: industry conducts 

a chemical safety assessment, in the 

form of  a Chemical Safety Report (CSR) 

for substances at above 10 tonnes per 

annum. ‘Exposure scenarios’ (ESs) 

are the key outputs, as a description 

of  manufactured/use in the form of  

‘operational conditions’ (OCs) linked to 

‘risk management measures’ (RMMs).

For the human health risk assessment 

a key concept is the ‘derived no effect 

level’ (DNELs), i.e., the level below which 

adverse effects are not anticipated for a 

particular exposure route and duration. 

DNELs are estimated for the various 

exposed human populations, based on 

the appropriate toxicity data set and using 

‘assessment factors’. Thus conceptually, 

animal toxicology studies are used to 

model effects in humans by applying 

assessment factors to take account of  

the associated uncertainties. The risk 

assessor can deviate from the standard 
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assessment factors on a case-by-case 

basis to take account of  extra uncertainty 

from the data set used, e.g., because non-

standard information such as ‘read across’ 

data are to be used, but such adjustments 

must be justified and recorded in the 

CSR. The risk assessor should apply good 

science and use professional judgement 

in assessing the hazardous properties of  

substances and assessing the risks from 

their manufacture and use.

Developments in Regulatory 
Science for Techniques for 
Non-Standard Data

It is interesting to consider possible 

developments in regulatory science that 

could be of  practical use for improving 

and further developing the current 

techniques for regulatory hazard and risk 

assessment of  chemical substances. It 

would be good to ‘add value’ by building 

on and integrating current methodologies 

to produce scientifically-valid, generally-

accepted ‘fit for purpose’ techniques that 

are fairly standardised yet still flexible. 

To support such combined approaches, 

further work would be needed into the 

underpinning biological mechanisms that 

determine toxicity. Measures to assess the 

uncertainty in the predicted properties 

will be important, so that hazard and risk 

assessment methods can be adapted to 

deal with this uncertainty yet still deliver 

an outcome that is suitable for regulatory 

decision making.

Some suggestions are to:

•	 Make use of  existing registration 

data on substances: (a) to support 

read-across and grouping for other 

substances to be registered and 

(b) to develop other prediction 

methodologies, such as developing 

QSARs and improving the chemical 

domains of  current QSARs.

•	 Look for opportunities to use non-test 

data in specific circumstances, e.g., 

use higher assessment factors in risk 

assessment to take account of  higher 

uncertainty in property prediction.

•	 Make use of  information from ‘new 

approach’ toxicology assessment 

paradigms, -omics, etc., and ‘high-

throughput screening’ approaches, 

such as the SEURAT-1 research 

initiative ‘Towards the replacement of  

in vitro repeated dose systemic toxicity 

testing’ and the US ToxCast and 

Tox21 screening programmes; e.g., 

as mechanistic and/or correlative 

support for read-across and grouping 

in a WoE approach.

•	 Develop practical approaches 

incorporating combinations of  

existing methods and tools to devise 

approaches that have international 

scientific and regulatory acceptance, 

e.g., as ‘test batteries’, ‘toolkits’ and 

‘integrated strategies’.
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Background & Objectives

Human populations may be exposed to thousands of  chemicals only a fraction of  

which have detailed toxicity data. Traditional in vivo animal testing is costly, lengthy 

and normally conducted with dosages that exceed realistic exposure scenarios. These 

limitations give way to a new paradigm in which chemical biological activity is compiled 

from responses across high-throughput screening (HTS) assays and alternative models 

(e.g., embryonic stem cells, zebrafish embryos) to develop in vitro signatures of  in vivo 

outcomes. With high-dimensional data at the molecular and cellular level now in hand, 

a grand challenge is to translate in vitro signatures into quantitative models that predict 

toxicity at progressively higher levels of  biological organisation.

ToxCastTM was launched by EPA in 2007 and is part of  the federal Tox21 consortium 

to develop a cost-effective approach for efficiently prioritising the toxicity testing of  

thousands of  chemicals and applying this information to assess human toxicology. 

ToxCast addresses this problem through an integrated workflow using HTS of  chemical 

libraries across more than 650 in vitro assays including biochemical assays, human 

cells and cell lines, and alternative models such as mouse embryonic stem cells and 

zebrafish embryo development. The first phase of  ToxCast profiled a chemical library 

of  309 unique structures, which are mostly pesticidal actives and inerts having rich 

in vivo data from guideline studies. The second phase, scheduled for completion in 

2012-13, brings the number of  unique chemicals tested across these assays to 

1060. The additional chemicals include a number of  reference compounds, consumer 

products, food additives, failed pharmaceuticals, data-poor chemicals being screened 
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for potential endocrine activity in the 

estrogen/androgen/thyroid pathways, and 

industrial chemicals with diverse chemical 

properties, production quantity, and use 

patterns (Kavlock et al. 2012). 

Profiling chemicals by a defined set of  

biochemical and cellular assays raises 

important concerns about the means by 

which this information can be used to predict 

complex in vivo endpoints such as cancer, 

subfertility, and developmental defects. 

Building predictive signatures that can 

be used to prioritise chemicals for further 

evaluation and testing is a major objective 

of  ToxCast. Because the underlying assays 

do not directly measure chemical activity 

on the relevant target tissues, such as 

the embryo for developmental effects 

or testis for subfertility or infertility, the 

inferences derived from HTS data must 

be placed into an appropriate biological 

context. These objectives set the stage 

for hypothesis-based approaches that 

follow from modelling molecular functions 

and biological processes as components 

of  an adverse outcome pathway (AOP). 

Translation of  AOP-based signatures 

into dynamic simulations predicting 

dysmorphogenesis is a main objective of  

EPA’s Virtual Embryo project. 

This chapter reviews some of  the 

challenges and opportunities for 

computational approaches focusing 

specifically on key milestones achieved by 

EPA’s computational toxicology research 

programme in 2011-2012 toward 

predictive toxicology of  developmental 

and fertility outcomes. Recent advances in 

computing power allow for the integration 

and correlation of  vast amounts of  data—

this greatly extends our ability to identify 

and understand those biological pathways 

leading to adverse impacts, to make 

better predictions about human health 

risk and to model developing systems with 

an unprecedented degree of  complexity 

(Knudsen et al. 2012).

2011-2012 Milestones

ToxCast Predictive Signatures

Due to complexity of  the reproductive 

cycle no single assay or platform has the 

ability to broadly identify reproductive 

toxicants. A ‘classification model’ forms 

one type of  prediction model. Based 

on in vivo effects for ToxCast Phase I 

chemicals in ToxRefDB (epa.gov/ncct/

toxrefdb) a simple classification model 

was developed for modeling fertility in 

rat multigeneration studies (Martin et 

al. 2011). Model performance yielded 

greater than 75% balanced accuracy, 

and among 21 chemicals selected for 

external validation provided accurate 

predictions for 16 chemicals. The 5 

chemicals with inaccurate predictions all 

caused reduced early offspring survival, 

but lacked evidence of  fertility-related 

or developmental outcomes. Pathways 

associated with predictive features in 

the fertility model included peroxisome 

proliferator-activated receptor alpha 

(PPARα), androgen receptor and estrogen 

receptor (ERα) activity; alterations in 

steroid metabolism through cytochrome 

P450s (CYPs); and other signalling 

pathways including various G-protein 

coupled receptors (GPCRs), receptor 

tyrosine kinases (EGFR), transforming 
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growth factor beta (TGFβ1), and oxidative 

stress pathways (NF-κB). Related to 

CYP activity, pregnane X receptor (PXR) 

displayed a negative correlation with 

reproductive toxicity perhaps reflecting its 

role as a xenosensor  (Martin et al. 2011). 

First-generation prediction models of  

developmental toxicity were developed 

using the ToxRefDB in vivo prenatal 

endpoints (251 chemicals in pregnant 

rats, 234 in pregnant rabbits). In contrast 

to the rat fertility model, the challenge 

here was how to aggregate fetal endpoints 

across two-species. A computational 

model was developed similarly to the 

fertility model for each species (Sipes 

et al. 2011). Balanced accuracies in the 

resulting classification models were 71% 

for the rat model (12 features), and 74% 

for the rabbit model (7 features). Like 

fertility, each prenatal model contained 

positive predictors generally affected by 

the developmental toxicants and negative 

predictors or assay features generally 

affected by the non-developmental 

toxicants (Figure 1). The most-highly 

weighted model features were retinoic 

acid receptor (RAR) and chemokine ligand 

2 (CCL2) in the rat and rabbit models, 

respectively (Sipes et al. 2011).

Embryonic Stem (ES) Cells 

The ToxCast chemical inventory was 

profiled for biological activity in a mouse 

J1 cell-adherent version of  the embryonic 

stem cell test, monitoring cell number (DNA 

fluorochroming) and cardiomyogenesis 

(myosin heavy chain protein content, 

MHC) on gelatin-coated 96 well plates 

(Chandler et al. 2011; Barrier et al. 2011). 

Chemicals were added at culture day-1 

(0.0125 - 12.5 µM) and in vitro responses 

scored by two-channel fluorescence at 

day-9 of  exposure. Biological activity was 

detected, based on AC50 values, for 18% 

of  the 309 chemicals tested in the ES cell 

assay. Computational models correlated 

with a narrow set of  in vivo endpoints in 

the ES assay with ToxRefDB in vivo studies; 

however, the effects on the ES cell assay 

showed a more interesting correlation to the 

ToxCastDB in vitro studies. The inhibition 

of  MHC differentiation correlated strongly 

with other ToxCast assays that detected 

effects on transcription factor pathways, 

including Bone Morphogenetic Protein 

Receptor type II (BMPR2), Paired box 

gene 6 (PAX6) and POU class 2 homeobox 

1 transcription factor (POU2F1/OCT1). 

A second pattern emerged in correlation 

with nodes in redox-sensitive pathways, 

including nuclear redox factor-2 (NRF2), 

Glutathione sulfate transferase-A2 

(GSTA2), Hypoxia inducible factor-1A 

(HIF1A), and up-regulation of  ATP-

binding cassette sub-family G member 

2 transcripts (ABCG2) (Chandler et al. 

2011). 

The human embryonic stem (hES) cell 

system (Stemina Biomarker Discovery 

devTOX® platform) profiles intermediary 

metabolites and small molecules released 

by hES cells to their environment. 

Metabolomics profiling of  the so-called 

secretome for 11 ToxCast chemicals at 

three sub-cytotoxic concentrations revealed 

significant changes in 83 endogenous 

metabolites mapping to pathways such as 

nicotinamide metabolism, pantothenate 
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and CoA biosynthesis, glutathione 

metabolism, and arginine and proline 

metabolism (Kleinstreuer et al., 2011b). 

Zebrafish Embryo Development 

Zebrafish embryo developmental toxicity 

was evaluated using the 309 Phase I 

chemicals (Padilla et al. 2011) followed 

by in-depth analysis of  the zebrafish 

results with ToxRefDB in vivo prenatal 

guideline study results for rat and rabbit 

prenatal effects (Sipes et al. 2011b). 

AC50 values for zebrafish developmental 

toxicity were obtained for 191 chemicals. 

Concordance between zebrafish-rat (52%) 

and zebrafish-rabbit (47%) was on par 

with rat-rabbit (58%). Zebrafish embryo 

assay results were also compared to 

Table 1. Features associated with the first-generation ToxCast (Phase I) predictive model of 
prenatal developmental toxicity in pregnant rats and rabbits. Multivariate models were built 
from univariate analyses and linear discriminant analysis to optimise the model in terms 
of weighting factors, using an 80/20 split and five-fold cross-validation. Assay feature and 
relative weight contributing to each model is given as (+) weight being a positive predictor 
and (-) weight being a negative predictor. Balanced accuracy was 71% for the rat model and 
74% for the rabbit model (Sipes et al. 2011).

Model Feature Description # Assays Weight

Rat RAR Retinoic Acid receptor 3 0.58

GPCR G-Protein-Coupled Receptors 4 0.55

TGFb Transforming Growth Factor b 2 0.38

MT Microtubule organization 1 0.30

SENS_

CYP 

Cytochrome P450 (sensitive) 2 0.26

AP1 Activator protein 1 1 0.24

SL-

CO1B1

Organic anion transporter 1B1 1 0.11

CYP CYPs (other) 2 0.06

HLA-DR MHC complex 1 -0.38

PXR Pregnane X receptor 2 -0.24

IL8 Interleukin 8 2 -0.23

PGE2 Prostaglandin E2 response 1 -0.18

Rabbit CCL2 Chemokine ligand 2 (MCP1) 5 1.15

IL Interleukin (1a and 8) 3 0.39

CYP Cytochrome P450 2 0.24

TGFb Transforming Growth Factor b 2 0.28

MESC Murine ES cells (J1) 2 0.13

SULT2A1 Sulfotransferase 1 -0.26

PGE2 Prostaglandin E2 response 1 -0.15
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the ToxCast in vitro assay features from 

the prediction model of  developmental 

toxicity (Sipes et al. 2011b). A majority 

of  the features were significant between 

the zebrafish data and prediction models. 

Evaluating the zebrafish data over all HTS 

assays revealed 17 assays in four main 

categories: cell loss, angiogenesis and 

inflammatory and immune response, 

metabolism, and nuclear receptor 

signalling (Sipes et al. 2011b). Studies 

are underway to determine the added 

value of  the zebrafish embryo model to 

elucidate chemical targets and pathways 

of  developmental toxicity.

Embryonic Vascular Disruption 

As alluded to earlier, embryonic vascular 

disruption may serve as an anchor for 

predictive toxicology and AOP elucidation 

for adverse developmental outcomes 

(Kleinstreuer et al. 2011; Knudsen and 

Kleinstreuer, 2011). AOPs provide a 

conceptual model to link specific apical 

endpoints to a series of  key events at the 

molecular, cellular, tissue, organismal 

(and population) levels, and to inform 

molecular initiating events (MIEs) to 

adverse outcomes via these key events 

(Figure 2). Such models can serve as 

a guide to identifying biomarkers and 

bioindicators for susceptible populations 

and life-stages. By pinpointing where 

empirical evidence exists, or is lacking 

thereof, for mechanistic connections an 

AOP approach can guide data generation 

in support of  scientifically rigorous 

approaches to risk assessment.

In the embryo, endothelial cells assemble 

into a primary capillary network of  

capillaries (vasculogenesis) and new 

capillaries sprout from pre-existing 

vasculature (angiogenesis). A statistical 

model built from ToxCast ranked 309 

chemicals by the predicted potential 

for vascular disruption (Kleinstreuer et 

al. 2011). Among the putative vascular 

disruptor compounds (pVDCs) we 

observed a range of  signatures scored by 

disruption of  diverse molecular signals 

and cellular processes required for 

vascular development, stabilisation and 

remodelling (Knudsen and Kleinstreuer, 

2011). These include angiogenic growth 

factors and cytokines such as vascular 

endothelial growth factor-A and TGFβ, 

components in the plasminogen activating 

system (PAS), and inflammatory 

chemokines (Figure 2). 

Species-specific models revealed 

down-regulation of  pro-inflammatory 

chemokine activities for pVDCs with 

rat-specific developmental toxicity in 

ToxRefDB. Rabbit-specific pVDCs exhibited 

greater bioactivity on targets linked to 

extracellular matrix degradation and 

release of  angiogenic growth factors. 

Follow-up experiments performed to 

qualify the vascular disruptive signature 

with a reference compound, thalidomide 

and its strong anti-angiogenic analogue 

(5HPP-33). As predicted, thalidomide and 

5HPP-33 in particular were active across 

the pVDC signature assays (Kleinstreuer et 

al., 2012).

Multicellular Agent-Based Models

The ‘Virtual Embryo’ project focuses on 
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predictive toxicology following prenatal 

exposure to environmental chemicals. 

Data are captured from EPA’s ToxCast 

database and integrated with information 

from high-throughput literature mining. 

Novel multicellular agent-based models 

(ABMs) are being developed that can 

translate molecular and cellular data 

into simulations, revealing emergent 

higher order (tissue-level) functions. The 

computer simulations represent cells 

Figure 2. Proposed adverse outcome pathway (AOP) framework for embryonic vascular disruption. 
Conceptual model built from ToxCast HTS data. The ToxPi color wheel indicates 25 sectors of  
assay targets with evidence of  abnormal embryonic vascular development, based on genetic 
mouse models in the ‘Mammalian Phenotype (MP) browser’ (informatics.jax.org) (Knudsen and 
Kleinstreuer, 2011).

as autonomous agents and execute the 

effects of  molecular and cellular changes 

in a simulated environment (compucell3d.

org). Anatomical features emerge as the 

simulation unfolds. As such, a developing 

system can be modeled and perturbed 

virtually with toxicological data and the 

predictions on growth and development 

can be mapped against experimental 

findings (Knudsen and Dewoskin, 2011). 
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For proof-of-concept, vascular disruption 

was predicted in a CompuCell3D 

simulation of  vasculogenesis and 

angiogenesis (Kleinstreuer et al. 2012). 

Signals regulating these processes come 

from a variety of  biological pathways 

linked to endothelial cell behaviour, 

extracellular matrix remodeling and 

the local generation of  chemokines 

and growth factors. Simulating those 

complex interactions at a systems level 

requires sufficient biological detail 

about the relevant molecular pathways 

and associated cellular behaviours, and 

tractable computational models that offset 

mathematical and biological complexity. 

The CompuCell3D model was shown to 

recapitulate stereotypical capillary plexus 

formation and structural emergence of  

non-coded cellular behaviours, such as a 

bridging phenomenon linking endothelial 

tip cells together during formation of  

polygonal endothelial cords. A simulation 

of  ToxCast HTS data for a reference anti-

angiogenic thalidomide analog, 5HPP-33, 

in Phase II resulted in vascular disruption. 

This was reflected by incomplete de novo 

vessel formation and EC disaggregation. 

In addition to qualitative prediction, the 

model also predicted concentration-

responses that matched experimental 

findings. These findings support the utility 

of  multi-cellular agent-based models for 

simulating a morphogenetic series of  

events and demonstrate the applicability 

of  these models for predictive toxicology 

(Kleinstreuer et al. 2012).

Virtual Embryo models can be used in 

several ways to extrapolate predictions 

from cell-level data to developing organ 

systems. A good amount of  biological 

detail is needed to build cell-agent-based 

models and asses model performance. 

This approach exploits the advantages of  

screening-level data from in vitro profiling, 

in which HTS data and in vitro assays probe 

lower levels of  biological organisation 

that are faster and less expensive than 

traditional animal studies to analyse key 

events in a potential AOP. Studies are in 

progress to demonstrate the application 

of  multicellular agent-based models of  

embryological structures (e.g., embryonic 

limb-bud) during their susceptibility to 

chemical exposure(s).  

Disclaimer

The views expressed in this paper 

are those of  the authors and do not 

necessarily reflect the views or policies of  

the US Environmental Protection Agency. 

Mention of  trade names or commercial 

products does not constitute endorsement 

or recommendation for use.
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Background & Objectives

Consumers and workers are often exposed to substances via cosmetic and household 

products or in industrial settings on a daily basis and to a significant degree. The 

principle objective of  toxicological testing is to provide a basis for the assessment of  

hazards and to identify potential risks from use and handling of  products, such as 

chemicals or cosmetic formulations, thus ensuring that adverse effects to human health 

do not occur. One important endpoint is sensitisation to a substance as it can result in 

contact allergies. Contact allergies are complex diseases, and it is estimated that 15–20 

% of  the general population suffers from contact allergy, with increasing prevalence. 

Currently, evaluation of  the sensitisation potential of  a substance is usually carried out 

using the animal studies described in OECD 406 (guinea pig tests according to Buehler 

or Magnusson & Kligman) or in OECD 429 and OECD 442 (murine local lymph node 

assays, LLNA).

The increasing emphasis on the ethics of  animal testing has manifested itself  in a 

regulatory context in the recent chemicals legislation on the Registration, Evaluation, 

Authorisation and Restriction of  Chemicals (REACH; EU, 2006), and even more so in the 

amendments of  the European Cosmetics Directive (Council Directive 76/768/EEC 1976; 

EU, 2003), now the Cosmetics Regulation (EU 1223/2009). Hazard assessment of  the 

sensitisation potential is one of  the endpoints in the base set needed for all chemicals 
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registered under REACH. In addition, 

the 7th Amendment of  the Cosmetics 

Directive stipulates a progressive phasing 

out of  animal tests for the purpose of  

safety assessments of  cosmetics and 

includes a concomitant marketing ban. 

Currently, there are no non-animal tests 

available that have gained regulatory 

acceptance. For the safety of  consumers 

and workers, it is therefore important to 

develop prediction models that do not 

involve animal testing and yet still reliably 

assess toxicological endpoints.

A number of  promising methods have 

been developed (e.g., reviewed in Adler et 

al., 2011; Goebel et al., 2012, Mehling et 

al., 2012). Four of  these methods are in 

the late stages of  formal (pre)validation 

at the European Centre for Validation of  

Alternative Methods (ECVAM). These test 

methods have already been extensively 

studied and address a number of  key steps 

in the skin sensitisation process, which are 

reflected in the adverse outcome pathway 

approach described by the OECD (ENV/

JM/MONO(2012)10). These steps (and 

suitable test methods) include protein 

reactivity/haptenisation (e.g., the Direct 

Peptide Reactivity Assay, DPRA, Gerberick 

et al., 2004), activation of  biological 

response pathways, such as responses 

to oxidative stress (e.g., KeratinoSensTM 

assay, Emter et al., 2010; LuSens assay 

(Bauch et al., 2012)), and cell activation 

in particular of  keratinocytes and 

antigen presenting (e.g., KeratinoSensTM 

assay, LuSens assay, the Myeloid U937 

Skin Sensitisation Test (MUSST) or the 

human Cell Line Activation Test (h-CLAT) 

(Ashikaga et al., 2006; Bauch et al., 2011; 

Nukada et al., 2011; Sakaguchi et al., 

2006; Sakaguchi et al., 2007; Sakaguchi 

et al., 2010). 

However, due to the complexity of  the 

sensitisation process, it is unlikely that a 

single assay will be sufficient to adequately 

assess the sensitisation process (Corsini 

et al., 2009; dos Santos et al., 2009). 

Therefore, results from test batteries and 

integrated testing strategies will most 

likely be necessary to achieve the best 

possible predictivities.

In this study, the predictivity of  single 

tests and combinations of  these assays 

were compared. These data were used 

to develop an in vitro testing scheme and 

prediction model for the detection of  skin 

sensitisers based on protein reactivity, 

keratinocyte and dendritic cell activation.

Challenges & Solutions

The aim of  the project was to define a 

testing strategy to ensure the reliable 

identification of  a sensitisation hazard of  

a substance. To this accord, five in vitro, in 

chemico and in silico assays were assessed 

in order to calculate and compare 

respective predictivities and to describe 

prediction models for the prediction of  a 

skin sensitising hazard. For this purpose, 

54 substances representing various 

substance classes including cosmetic 

ingredients, surfactants and fragrances 

were tested. The substances were selected 

based on published recommendations 

or substances used in ring trial studies, 

e.g., the performance standards of  the 

LLNA test protocol (ICCVAM, 2009; OECD, 
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2010) or the KeratinoSensTM ring trial 

study (Natsch et al., 2010). Literature 

data were available from animal tests, 

primarily from the murine LLNA (53 

substances), and/or human data (50 

substances; detailed references are listed 

in Bauch et al., 2012). Based on the data 

available, 34 substances are considered to 

be skin sensitisers whereas 19 substances 

are known to be nonsensitisers when 

compared to the LLNA (no data was 

available for one substance). The 

performed assays covered different steps 

of  the skin sensitisation process, namely 

protein reactivity, activation of  signalling 

pathways and gene transcription, and 

dendritic cell activation.

Other key steps such as skin penetration, 

metabolic activation, dendritic cell 

migration and T cell activation and 

proliferation were not studied.

Protein Binding: OECD QSAR Toolbox

To assess the protein binding ability of  a 

test substance, two different methods were 

used. An initial assessment was performed 

with the protein binding module contained 

in the in silico OECD QSAR Toolbox (Version 

2.0, 2010, oecd.org/document/54/0,3746 

,en_2649_34379_42923638_1_1_1_1,0

0.html). The sensitisation potential of  test 

substances was rated according to whether 

they contained any chemical structure 

able to react with proteins. Without the 

use of  the skin metabolism module, the 

OCED QSAR Toolbox correctly identified 

40 out of  50 substances if  compared to 

human data. No false positive results were 

obtained. Nevertheless the prediction 

of  pro- or pre-haptens appeared to 

be difficult. The inclusion of  the skin 

metabolism module resulted in several 

metabolites with protein binding character 

of  pro- and pre-haptens, although often 

false-positive results would have been 

generated. Evaluation of  data with Cooper 

statistics (Cooper et al. 1979) revealed that 

the in silico method using the OECD QSAR 

Toolbox Version 2.0, offered a sensitivity 

of  64% or 56%, a specificity of  100% or 

100% and an overall accuracy was 80% 

or 70% when comparing the predictions 

to human data or the LLNA, respectively.

Direct Peptide Reactivity Assay

The Direct Peptide Reactivity Assay 

(DPRA) was first described by Gerberick 

and co-workers (Gerberick et al., 2004; 

2007). The DPRA is an in chemico assay 

using synthetic model peptides containing 

lysine or cysteine residues, to assess 

the ability of  test substances to react 

with proteins. Analysis was performed 

using reversed phase high-pressure 

liquid chromatography (RP-HPLC) and 

UV detection. The differences of  the area 

under the curves compared to negative 

control (peptides incubated with vehicle 

alone) were calculated and the average 

of  lysine and cysteine peptide depletion 

calculated. A skin sensitising potential 

was indicated if  the average depletion 

was greater than 6.4%. Performance of  

the DPRA indicated that 43 of  50 test 

substances would have been correctly 

identified if  compared to human data. In 

this study, the DPRA was able to predict 

all pro- and pre-haptens as sensitisers 
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although no metabolising system was 

included. The in chemico method offered 

a sensitivity of  89% or 81%, a specificity 

of  82% or 76% and an overall accuracy 

of  86% or 79% when compared to human 

data or the LLNA, respectively.

Antioxidant-Response-Element Reporter 

Gene Assays

To assess the ability of  test substances 

to induce antioxidant-response-element 

(ARE) mediated gene expression two 

reporter gene cell lines, LuSens (BASF SE, 

Germany) and KeratinoSensTM (Givaudan, 

Switzerland, Emter et al., 2010), were 

used. Both cell lines are based on the 

keratinocyte cell line HaCaT and carry 

reporter genes for luciferase under the 

control of  an ARE and hence monitor Nrf-

2 transcription factor activity. Activation 

of  the reporter gene was analysed after 

48 h treatment with test substance. The 

substances were rated a skin sensitiser if  

the expression of  the reporter gene was 

induced 1.5-fold or higher compared with 

vehicle treated cells. The LuSens assay 

was able to correctly predict 41 out of  50 

substances whereas the KeratinoSensTM 

showed a correct prediction for 40 out of  

50 substances. For the LuSens assay, the 

Cooper statistics estimated a sensitivity 

of  86% or 81%; a specificity of  77% or 

76% and an overall accuracy of  82% or 

79% when compared to the human data 

or LLNA, respectively. The KeratinoSensTM 

assay yielded a sensitivity of  86% or 83%; 

a specificity of  73% or 76% and an overall 

accuracy of  80% or 81% when compared 

to the human data or LLNA, respectively.

Dendritic Cell Activation Assessment

Assessment of  dendritic cell activation 

as the result of  exposure of  cells with 

test substance was performed with two 

dendritic cell like cell lines. The human 

histiocytic lymphoma cell line U937 was 

used in the MUSST (Bauch et al., 2011). 

After exposure of  cells to test substance 

for 48h, flow cytometric analysis of  the co-

stimulatory marker CD86 was performed 

to assess activation cells. If  the expression 

of  CD86 exceeded 1.5-fold compared to 

vehicle treated cells the substance was 

rated as skin sensitiser. The MUSST assay 

was able to correctly predict 43 out of  

50 substances. Whereas no substance 

was rated as false positive compared with 

human data. The MUSST assay offered a 

sensitivity of  75% or 64%, a specificity of  

100% or 94%, and an overall accuracy of  

86% or 74% when compared to human 

data or the LLNA, respectively. 

The second dendritic cell like cell line 

was the human monocytic leukemia cell 

line THP-1 used in the h-CLAT assay 

(Ashikaga et al., 2006; 2010; Sakaguchi 

2006; 2007; Sakaguchi et al., 2010). Cells 

were exposed to test substance for 24h 

followed by flow cytometric analysis of  the 

expression of  the co-stimulatory markers 

CD86 and CD54. Substances were rated as 

skin sensitiser if  the expression of  CD86 

exceeded 1.5-fold and the expression 

of  CD54 2-fold respectively, compared 

with vehicle treated cells. The results 

indicated that 38 out of  50 substances 

were correctly predicted by the h-CLAT. 

The h-CLAT assay had a sensitivity of  75% 

or 72%, a specificity of  77% or 76%, 
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and an overall accuracy of  76% or 74% 

when compared to human data or the 

LLNA, respectively. In both dendritic cell 

activation assays solubility of  substance 

in medium was a limiting factor. Although 

DMSO was used as vehicle few substances 

had to be excluded from the study as 

they precipitated in medium after DMSO 

concentration was reduced below 0.25% 

for the h-CLAT or 0.2% for MUSST.

Combining the Individual Assays

The whole process of  skin sensitisation 

cannot be represented by the outcome of  

single assays, but with the combination 

of  results of  several individual assays 

prediction models can be created. 

Considering predictivities of  the individual 

assays or combinations thereof, several 

prediction models serving specific 

objectives can be described. One objective 

is to aim for high sensitivity and hence 

minimisation of  the false negative results, 

whereas another would be to minimise the 

false positive rate which in turn requires 

high specificity. The last objective is to 

achieve a high overall accuracy. The latter 

would be the most appropriate for the 

regulatory setting and in particular for 

classification of  a sensitisation hazard 

potential. Both the DPRA and LuSens 

assay (or alternatively the KeratinoSensTM 

assay) mirror early steps of  the skin 

sensitisation process, namely protein 

reactivity and keratinocyte activation. The 

combination of  DPRA and LuSens yielded 

a high specificity (100%) if  the criterion of  

“both assay results in a negative response” 

was used, i.e., if  both assays are negative, 

a sensitizing potential can be excluded 

with a high probability. Conversely, if  the 

Figure 1. Strategy to test for skin sensitisation potential without using animals: Three steps of  
the adverse outcome pathway are addressed by in chemico and in vitro and decisions on the skin 
sensitizing potential are based on the outcome of  the tests either to definitively exclude or confirm 
a skin sensitisation potential or to make the best overall prediction. Figure taken from Bauch et 
al., 2012.
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MUSST (Bauch et al., 2011 and Bauch et 

al., 2012) used in this study indicates DC 

activation, a sensitizing potential can be 

confirmed with high probability. In a few 

cases conflicting results were obtained: 

Protein reactivity was measured but the 

substance failed to activate dendritic cells 

or no protein reactivity was detected but 

substance treatment led to dendritic cell 

activation. 

The full prediction model resulting from 

these studies incorporates the above-

mentioned combinations. Step 1, the 

combination of  DPRA and LuSens (or 

KeratinoSensTM), would identify non-

sensitiser. With Step 2, MUSST assay, 

would classify skin sensitiser. Step 3 would 

focus on conflicting or inconclusive results 

as more pragmatic ‘weight-of-evidence’ 

approach and a ‘two-out-of-three-tests’ 

rule is required to rate the substance. 

If  any two assays show positive results, 

the substance is rated a skin sensitiser, 

whereas if  only one assay shows positive 

results, the substance is rated as non-

sensitiser (see Figure 1). Based on this 

prediction model, the predictivities of  this 

prediction model are as follows: sensitivity 

of  93% or 81%, specificity of  95% or 

88% and an overall accuracy of  94% or 

83% if  compared to human data or LLNA, 

respectively.

Next Steps

Several in vitro methods have been 

described as useful tools to assess skin 

sensitisation (Mehling et al., 2012). 

Although some methods including those 

applied in the testing strategy described 

here (Bauch et al., 2012) have or are 

undergoing validation exercises, additional 

research on the methods and their 

possible combination in testing strategies 

is needed. Yet to use suggested methods 

and prediction models for the diverse 

industrial sectors, such as the cosmetic, 

industrial chemical, pharmaceutical and 

maybe even the agrochemical sector, the 

scope of  the substance classes tested 

as part of  the initial validation exercise 

needs to be extended to what is commonly 

referred to as ‘real-life chemistry’ as 

opposed to model substances selected 

from literature for their well described 

toxicological endpoint effects. Among the 

challenges of  the real-life chemistry is 

clearly the applicability of  the methods 

to the substances, one of  the most 

prominent examples being water solubility 

as it can limit the technical feasibility of  

in vitro methods—the majority of  which 

is conducted in aqueous environment. 

Nevertheless, the general applicability of  

the described in vitro methods has already 

been shown for surfactant type materials 

(Ball et al., 2011). Evaluation of  additional 

substances classes is currently ongoing 

and a post-validation project assessing 

approximately 40 substances from eight 

different substance classes using the 

testing strategy described above (Bauch 

et al., 2012) is currently being conducted 

in our laboratory. Additional data will help 

to understand the predictive capacity in 

terms of  the applicability domains and 

may also help to manage expectations 

what can be achieved with those assays.

Further, although the submission of  

the testing strategy to ECVAM presents 
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a major milestone in the animal free 

assessment of  skin sensitisation, the 

presented strategy does not yet allow the 

assessments of  the potency of  sensitisers. 

The United Nations Globally Harmonised 

System for Classification and Labelling 

(UN, 2011) includes subclassification 

of  sensitisers based on their sensitising 

potentials. The information about the 

strength of  sensitising properties is 

also an essential prerequisite for risk 

and safety assessments. Therefore, 

additional research on the combination 

of  data and methods, in particular 

using in silico methods, is warranted. 

Besides combinatorics, additional in vitro 

methods are currently being evaluated for 

the capacity to predict skin sensitizing 

potency (dos Santos et al., 2011; Teunis 

et al., 2012).
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Background & Objectives
 

According to the recently published roadmap (Basketter et al., 2012), systemic toxicity 

testing forms the cornerstone for the safety-evaluation of  substances. Pressures to 

change from traditional animal models to novel technologies arise from the limited 

prediction of  human health effects and animal welfare considerations. This change 

requires human organ models combined with the use of  new technologies in the field 

of  -omics and systems biology, as well as respective evaluation strategies. In vitro organ 

emulation needs an appropriate model for each organ system, i.e., what makes a heart 

a heart, a liver a liver, etc.? In this context, it is important to consider combining such 

organs into systems. Miniaturisation of  such systems to the smallest possible chip-

based scale is envisioned to minimise human tissue demand and to match with the test 

throughput required in industry (Esch et al., 2011; Huh et al., 2011, 2012). A multi-

organ-chip technology has been established based on a self-contained smartphone-

size chip format, within a German three-year GO-Bio project. A micro-pump has been 

successfully implemented into the microcirculation system for long-term operation 

under dynamic perfusion conditions. Performance of  the technology has been proven 

by 28-day chip-based bioreactor runs of  single perfusion circuits combining human 3D 

liver equivalent and human foreskin tissue cultures. The inclusion of  organ equivalents 

for the intestine, kidney and bone marrow will extend the multi-organ-chip (MOC) use to 

ADMET testing in an upcoming further three-year programme. 
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Deliverables & Milestones

Miniaturised Bioreactor and MOC 

Prototyping

Fundamental paradigms of  the in vivo 

behaviour of  human organs can be 

translated into rational design principles 

for dynamic multi-micro-organ bioreactors 

for in vitro substance testing within three 

categories: device (control unit and chip 

support), architecture (micro-fluidic chip 

and incorporated tissue culture space) 

and process (organoid homeostasis 

and exposure regime). On the basis of  

these three design principles, we have 

developed the MOC technology concept 

and manufactured a dynamic laboratory 

micro-bioreactor system, shown in Figure 

1. 

Furthermore, we prototyped and produced 

a micro-fluidic chip-generation allowing 

for the simultaneous culture of  two 

different organoids in a common micro-

fluidic circuit. The MOC is a self-contained 

sensor-controlled smartphone-size device. 

The incorporated micro-fluidic chip is the 

shape of  a standard microscope slide, with 

a total height of  less than 3 mm. It fits into 

a support for use in CO2 incubators and is 

shown in Figure 2.

Additionally, an autonomous support 

(Figure 3), which maintains and monitors 

the temperature, has been developed for 

the incubator-independent incubation of  

MOCs over long periods.

The MOC is designed to operate 

two identical micro-fluidic circuits 

simultaneously. Figure 4 is a schematic 

drawing showing the positioning of  the 

crucial elements at a glance.

The micro-fluidic channels comprise 10 
Figure 1. A bench-top bioreactor at operation in 
the laboratory.

Figure 2 (above). A 3D-CAD design of  the MOC 
including the support (red colour).

Figure 3 (below). A fully equipped MOC fixed in 

an autonomous support (red colour).
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µl of  fluid per circuit. A peristaltic on-chip 

micro-pump reproducibly operates the 

micro-circulation system interconnecting 

two tissue culture spaces. Micro-fluidic 

channels and tissue culture spaces are 

embedded within a polydimethylsiloxane 

(PDMS) layer. The layout supports both 

flexible integration of  conventional 

miniaturised tissue culture formats, 

such as Transwell inserts, and special 

organotypic matrices into the tissue 

culture spaces. The latter have a medium 

storage capacity of  150 µl each. The 

volume of  3D organoids incorporated into 

these spaces with Transwells or tissue-

specific matrices can be varied to keep 

the tissue-to-fluid ratio at an organotypic 

level. The micro-fluid perfusion rate can 

be adjusted to physiological ranges by 

pump settings. Daily media exchange 

can be carried out via the tissue culture 

spaces. The tissue culture space diameter 

is about 6 mm and provides heights of  

up to 2 mm. Thus, live tissue imaging 

can be carried out throughout the entire 

organ culture by means of, for example, 

two-photon microscopy, as the chip base 

slide is fabricated from microscopically 

transparent material. 

Modelling Human Liver and Skin 

Equivalents

Tissue culture spaces are designed to 

maintain various 3D tissues seeded 

into Transwell inserts sized for 96-well 

plates with 10 µm thick micro-porous 

membranes separating the culture spaces 

from the fluid flow below (Corning, Lowell, 

USA; Millipore, Billerica, Ma, USA). This 

allows and supports a stable dynamic 

gradient of  nutrients and metabolic waste 

products within any of  the possible human 

organoids cultured in the inserts. Firstly, 

we qualified the robust maintenance of  

human full-thickness skin equivalents or 

foreskin biopsies in micro-fluidic chips 

operated with skin equivalents only over a 

minimum of  14 days each. We developed 

a 3D liver tissue preparation procedure 

mixing HepaRG cells (Jossé et al. 2008) 

and primary human stellate cells (Bhatia 

et al.1999) in a 12:1 ratio, shown in Figure 

5.

Aggregates were formed in a 24-hour 

incubation procedure in AggreWell plates 

(Stemcell Technologies, Grenoble, France). 

The aggregates formed were subsequently 

cultured in low-attachment plate cultures 

for another four days under static culture 

conditions. Five 3D human liver tissue 

Figure 4. Scheme of  the two microcirculation circuits on a single multi-organ chip (top view).
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aggregates were loaded into one Transwell 

insert of  each micro-fluidic circuit. The 

other Transwell insert of  each circuit was 

loaded with a punch biopsy of  human 

foreskin, which exactly fitted the size of  

the insert. The combination of  a human 

liver and a human skin equivalent resulted 

in 30 µl of  total tissue per circuit. A 28-

day culture duration was chosen for the 

experiments to comply with a timeframe 

of  relevant OECD guidelines for chemical 

testing, such as OECD TG407, 410, 412, 

or 419. Preliminary immunohistostaining 

of  Cytochrome P450 isoforms 3A4 and 

7A1 for liver equivalents, and Tenascin 

and Collagen IV for skin equivalents was 

carried out at the start and the completion 

of  each experiment. Other metabolic 

and genetic analyses are ongoing. The 

experimental set-up was performed in 

four replicates (n = 4). Preliminary data 

suggest a survival of  the liver equivalents 

within the chosen 3D architecture (Figure 

6) with hepatocyte activity both for drug 

metabolism (CYP 3A4) and bile acid 

synthesis from cholesterol (CYP7A1). 

In contrast to well-known fast ex vivo 

degradation of  skin biopsies in static 

tissue cultures, immunohistostaining 

of  the 28-day foreskin culture suggests 

a functional survival of  the epidermis, 

the maintenance of  an intact epidermis-

dermis interface with a basal lamina and 

the preservation of  different intradermal 

structures, such as vessel walls, in the 

dynamic MOC cultures (Figure 6).

3D	  $ssue	  prepara$on	  and	  chip	  loading	  

HepaRG	  cells	  +	  stellate	  cells	  
	  (12	  :	  1)	  	  	  

	  aggregate	  forma7on	  
in	  AggreWell	  plates	  	  	  

	  low-‐a>achment-‐plate	  	  
culture	  	  	  

“liver”	  model	   “skin”	  model	  

7ssue	  excision	  and	  	  
transport	  to	  lab	  

24	  h	  

4	  days	  
Prepara7on	  of	  sterile	  
punch	  biopsies	  

Foreskin	  
donor	  recruitment	  

7ssue	  volume:	  ~30	  µl	  
channel	  volume:	  ~10	  µl	  
total	  volume:	  300	  µl	  

Figure 5. Experimental setup at a glance.
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Developing an MOC-Based Biological 

Vasculature

In order to further advance the MOC 

technology toward human multi-organ 

models which fully emulate human 

biology, the integration of  a biological 

vasculature seems to be the most 

important step reflecting Mother Nature. 

Over the last ten years a great deal of  

experience with a human vascularisation 

of  biological scaffolds has been 

established by Heike Walles et al. at the 

Fraunhofer Institute in Stuttgart, Germany. 

The researchers developed the so-called 

BioVaSc®, a decellularised biological 

vascularised scaffold (Mertching et al., 

2005; Schultheiss et al., 2005; Linke et 

al., 2007). By integrating such scaffolds 

into a specially optimised bioreactor 

(Mertsching & Hansmann, 2009) with 

dynamic media circulation, it was possible 

to fully repopulate the previous vessel 

system with human endothelial cells 

establishing fully contained/closed micro-

vasculature. It has been shown that such 

a bioreactor-based BioVaSc® is a perfect 
background for the self-assembly and long-
term maintenance of different human organ 
equivalents, such as liver, intestine, trachea, 
and skin (Schanz et al., 2010).

Furthermore, the researchers at the FhIGB 

could demonstrate in a recent study that 

such a biological background ensures 

the indefinite homeostasis and complete 

metabolic capacity of  cultured human 

liver tissues. A constant, high level of  

albumin secretion could be detected in 

the repeatedly exchanged media after an 

outgrowth and tissue assembly period of  

about seven days (Figure 7a). Liver specific 

metabolic competence was demonstrated 

by the repeated challenge of  the human 

Figure 6. Results of  a preliminary immunohistochemistry screen of  liver equivalents and foreskin 
biopsies before and after the 28-day MOC culture.

HepaRG-‐stellate	  cells	  
	  3D	  culture	  

day	  0	   day	  28	  

-‐	  CYP3A4	   -‐	  CYP7A1	  	  
IMMUNOHISTOSTAINING:	  	  

Foreskin	  
3D	  ;ssue	  biopsies	  

-‐	  Tenascin	   -‐	  Col	  IV	  	  
IMMUNOHISTOSTAINING:	  	  
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liver equivalents with dextometorphan, a 

cough suppressant, which is metabolized 

in vivo by the human liver into the phase 

II metabolite dextorphan-glucuronidid. 

Again, this metabolic activity is stable over 

the entire experiment (Figure 7 b). 

Over the last three years, the teams of  

the FhIGB and the TU Berlin have joined 

forces to adopt the approaches to the 

significantly miniaturised MOC technology 

described above. Full and complete 

coverage of  all micro-fluidic channels of  

the MOCs with human primary endothelial 

could be achieved by special surface 

modifications. Figure 8 demonstrates a 

representative section of  such a tightly 

closed human endothelial vessel wall layer 

of  the micro-capillary network on the chips 

continuously and functionally maintained 

over 40 days.

Challenges & Next Steps

The combination of  the fully vascularised 

micro-fluidic channel system of  the MOC 

with a capacity of  neo-vascularisation of  

the tissue culture spaces is one of  the 

remaining challenges to translate human 

long-term organ homeostasis from larger 

size bioreactors into the MOC format. 

Furthermore, the experimental throughput 

(number of  simultaneously operated 

chips) and degree of  process automation 

are still technical hurdles for transfer 

into industrial scale MOC operation. 

Therefore, organ-specific matrices and an 

automated robotic platform for large-scale 

chip-operation are under investigation. 
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Figure 7a. Albumin synthesis in the BioVaSc-
based human liver cultures.

Figure 7b. Stable metabolism of  small molecule 
drugs.

Figure 8: Light-microscopy image of  a 
representative segment of  the micro-fluidic 
channel of  a MOC after 40 days of  dynamic 
culture.
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In parallel, the teams are working on 

the integration of  intestine, kidney and 

hematopoietic organ equivalents into the 

chips. A major programme compound is 

the technical realisation of  any relevant 

exposure regimen with a highly flexible 

software background for easy data mining 

and processing.

The recently announced coordinated NIH/

NCATS initiative to develop translational 

‘human-on-a-chip’ platforms backed by 

the FDA (science20.com/news_articles/

biomimetics_human_body_chip-92403) 

has identified attractive research groups 

targeting chip-based disease model 

development within the US. This is an 

attractive opportunity to create research 

alliances with partners within that portfolio 

based on our advanced MOC technology.

Summary
 

It could be demonstrated that a 28-day 

3D multi-tissue culture is feasible. We 

were able to cultivate an artificial liver 

equivalent together with a human foreskin 

biopsy in one perfused MOC over 28 days. 

The experiments underlined that both cell 

lines and primary tissues can be used in 

the MOC platform. In addition, long-term 

circulation of  human blood components, 

such as plasma, erythrocytes and 

leukocytes, has been successfully tested 

for later implementation into tissue 

cultures. Thus, the MOC format supports 

the investigation into different non-

standard human repeated dose toxicity 

test designs. 

References

Bhatia SN, Balis UJ, Yarmush ML, et al. Effect of  cell-cell interactions in preservation of  

cellular phenotype: cocultivation of  hepatocytes and nonparenchymal cells. FASEB 

13, 1183-1900 (1999).

Basketter DA, Clewell H, Kimber I, et al. A roadmap for the development of  alternative 

(non-animal) methods for systemic toxicity testing – t4 report. ALTEX 29, 3-91(2012).

Huh D, Hamilton GA & Ingber DE. From 3D cell culture to organs-on-chips. Trends in Cell 

Biology 21, 745-754 (2011).

Huh D, Torisawa Y, Hamilton GA, et al. Microengineered physiological biomimicry: 

Organs-on-Chips. The Royal Society of  Chemistry. London, UK (2012).

Esch MB, King TL, Shuler ML. The Role of  Body-on-a-Chip Devices in Drug and Toxicity 

Studies. Ann. Rev. Biomed. Eng. 13, 55-72 (2011).

Jossé R, Aninat C, Glaise D, et al. Long-term functional stability of  human HepaRG 

hepatocytes and use for chronic toxicity and genotoxicity studies. Drug Metabol & 

Dispos. 36, 1111-1118 (2008).

Mertsching H & Hansmann J. Bioreactor technology in cardiovascular tissue engineering. 

Adv. Biochem. Eng. Biotechnol. 112, 9-37 (2009).

Mertsching H, Walles T, Hofmann M, et al. Engineering of  a vascularized scaffold for 

artificial tissue and organ generation. Biomaterials 26, 6610-6617 (2005).



217AXLR8-3 WORKSHOP REPORT
Progress Report 2012 & AXLR8-3 Workshop Report

Linke K, Schanz J, Hansmann J, et al. Engineered liver-like tissue on a capillarized matrix 

for applied research. Tissue Eng.  3, 2699-707(2007).

Schanz J, Pusch J, Hansmann J, et al. Vascularised human tissue models: A new approach 

for the refinement of  biomedical research. J. Biotechnol. 148, 56-63 (2010).

Schultheiss D, Gabouev AI, Cebotari S, et al. Biological vascularized matrix for bladder 

tissue engineering: matrix preparation, reseeding technique and short-term 

implantation in a porcine model. J. Urol. 173, 276-80 (2005).

Publications

Gernaey KV, Baganz F, Franco-Lara E, et al. Monitoring and control of  microbioreactors 

for applications in biotechnology: A review. Biotechnology Journal (submitted) 

(2012).

Marx U. Trends in Cell Culture Technology. In Balls M, Combes RD, Bhogal N (Eds.) New 

Technologies for Toxicity Testing. Landes Bioscience and Springer Science+Business 

Media, pp. 26-46 (2012).

Pilarek M, Neubauer P & Marx U. Biological cardio-micro-pumps for microbioreactors 

and analytical micro-systems. Sensors and Actuators B. 156, 517-526 (2011).

Sonntag F, Gruchow M, Wagner I, et al. Miniaturisierte humane organtypische Zell- und 

Gewebekulturen. BioSpektrum 17, 418-421 (2011).

Sonntag F, Schilling N, Mader K, et al. Design and prototyping of  a chip-based 

multi-micro-organoid culture system for substance testing, predictive to human 

(substance) exposure. J. Biotech. 148, 70-75 (2010).

Marx U. How drug development of  the 21st Century could benefit from human micro-

organoid in-vitro technologies. In: Marx U, Sandig V (Eds.), Drug Testing in vitro: 

Breakthroughs and Trends in Cell Culture Technology, Wiley VCH, pp 271-282 

(2007).

Acknowledgements

Funding for the multi-organ bioreactor project has been provided by the German Federal 

Ministry for Education and Research (Bundesministerium für Bildung und Forschung) 

to the amount of  2.8 million Euro over three years, and by the TissUse GmbH founders 

financing to the amount of  0.5 million Euro over five years. TissUse GmbH is the official 

spin-off  of  the Technische Universität Berlin to commercialise products of  the project.



218 AXLR8-3 WORKSHOP REPORT
Progress Report 2012 & AXLR8-3 Workshop Report

Partners

Coordinators
Silke Hoffmann and Uwe Marx 

TissUse GmbH

Spreenhagen, Germany

 

Heike Walles

Fraunhofer Institute for Interfacial 

Engineering and Biotechnology IGB

Stuttgart, Germany

Udo Klotzbach, Christoph Polk, Niels 

Schilling, Stefan Schmieder, Frank 

Sonntag 

Fraunhofer Institute for Material and 

Beam Technology IWS

 Dresden, Germany

Ulrike Menzel, Dirk Reinhold

Medical Department, University of  

Magdeburg

Magdeburg, Germany



219AXLR8-3 WORKSHOP REPORT
Progress Report 2012 & AXLR8-3 Workshop Report

Applying the Skin 
Sensitisation Adverse 
Outcome Pathway to  
Risk Assessment
Gavin Maxwell1, Cameron MacKay1, Maja Aleksic1, Richard Cubberley1, 
Michael Davies1, Julia Fentem1, Michael Hughes1, Todd Gouin1, Gaurav Jain2, 
Sandrine Jacquoilleot1, Craig Moore1, Deborah Parkin1, Juliette Pickles1, Fiona 
Reynolds1, Ouarda Saib1, David Sheffield1, Vicki Summerfield1, Jeff  Temblay1, 
Carl Westmoreland1 & Sam Windebank1

1Safety & Environmental Assurance Centre (SEAC) Colworth
Unilever, Colworth Science Park, 
Sharnbrook, Bedford, UK, MK44 1LQ
gavin.maxwell@unilever.com

2Safety & Environmental Assurance Centre (SEAC) Bangalore
64 Main Road, Whitefield,  
Bangalore, India 560066

Background & Objectives 

Unilever’s approach to safety assessment is risk-based. Decisions on the safety of  

consumer products (such as soaps, body lotions and toothpaste) are made on the basis 

of  a risk assessment (RA), in which data on the potential hazards of  the ingredients in 

those products are interpreted in the context of  the likely consumer exposure scenario. 

For example, to ensure that a new ingredient does not induce skin sensitisation in 

consumers, our current RA approach interprets hazard characterisation data [e.g., 

mouse Local Lymph Node Assay (LLNA) data (Basketter et al., 2002)] in the context of  

the predicted skin exposure for that product (e.g., concentration of  the ingredient in the 

product, how the product is used by consumers) to assess the risk to humans and thereby 

inform the safety decision (Felter et al., 2002; Felter et al., 2003). Since 2004, a long-

term research programme to implement a conceptual approach for assuring consumer 

safety without animal testing has been underway within Unilever (Fentem et al., 2004, 

Westmoreland et al., 2010). As part of  this investment, we have implemented a large-

scale research programme to define the key toxicity pathways that drive induction of  

skin sensitisation and the elicitation of  allergic contact dermatitis (ACD) in humans and 
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to apply this mechanistic understanding 

within our non-animal risk assessment 

approaches (Maxwell et al., 2008). 

The chemical and biological pathways 

driving the induction of  skin sensitisation 

have been investigated for many years 

and, as a consequence, are relatively well 

understood (Maxwell & MacKay, 2008). 

As documented in the recent OECD 

‘Adverse Outcome Pathway (AOP) for 

Skin Sensitisation Initiated by Covalent 

Binding to Proteins’ report (ENV/JM/

MONO(2012)10/PART1, see Figure 1), our 

current mechanistic understanding can be 

summarised as a number of  key events: 

sensitising chemicals must penetrate the 

skin and bind covalently to skin proteins 

(termed haptenation) either directly or via 

prior oxidation/metabolism to a reactive 

species; chemical haptenation has also 

been hypothesised to trigger activation 

of  epidermal keratinocytes and skin-

resident Dendritic cells (DCs) via innate 

immune pathways, thereby ensuring 

DC-mediated antigen presentation of  

haptenated proteins to hapten-specific T 

cells in the draining lymph nodes (dLN). 

Assuming the DC-T cell interaction is 

successful, T cell proliferation will occur 

in the dLN resulting in an increased 

number of  hapten-specific effector and 

memory T cells within that individual. This 

process will repeat with each subsequent 

re-exposure to the sensitising chemical 

and upon reaching an unknown threshold 

number of  hapten-specific T-cells an 

individual will be said to be sensitised and 

will elicit a T cell-mediated eczematous 

skin reaction (termed ACD) at the site of  

sensitiser exposure. 

Figure 1. Adverse outcome pathway (AOP) for skin sensitisation.
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Non-Animal Risk Assessment 
Approach for Skin Sensitisation

Over the last 10 years, a multitude of  non-

animal test methods have been developed 

to measure the impact of  chemical 

sensitisers on the AOP key events to 

distinguish sensitisers from non-sensitisers 

(Adler et al, 2011), Consequently, whilst 

the reliable identification of  sensitiser 

potential via empirical integration of  

non-animal datasets is now increasingly 

feasible, e.g., Bauch et al., 2012, Jaworska 

et al., 2011, our ability to use these non-

animal test methods for risk assessment 

decision-making (i.e., to establish a safe 

level of  consumer exposure for a sensitising 

ingredient) is limited in their current form, 

and a more mechanistic approach to both 

method optimisation and data integration 

is required to address this challenge. 

Informed by our previous efforts to develop 

a mathematical model of  the induction 

of  skin sensitisation [termed the Skin 

Sensitisation PhysioLab® (SSP) platform 

(Maxwell & MacKay, 2008)], we are now 

developing two mathematical models that 

will be linked to provide a dose response 

prediction; a model of  ‘total haptenated 

skin protein’ and a ‘CD8+ T cell response’ 

model (see Figure 2). 

Figure 2. Non-animal risk assessment approach for skin sensitisation. Diagrammatic representation 
of  our non-animal risk assessment approach for skin sensitisation demonstrating alignment with 
OECD AOP for skin sensitisation. Key events 1-4 provide input parameters for ‘total haptenated 
skin protein’ model and our ‘CD8+ T cell response’ model aims to predict key events 8-10 & overall 
adverse outcome (i.e., allergic contact dermatitis).
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Our initial objective is to reliably predict 

the magnitude of  the human CD8+ T cell 

response that would result from a defined 

skin exposure to a direct-acting sensitising 

chemical. Our aim is to be able to apply 

non-animal skin diffusion (Davies et al., 

2011) and protein reactivity (Aleksic et 

al., 2009) datasets for the chemical of  

interest as input parameters for the ‘total 

haptenated skin protein’ model. This allows 

the model to predict, for a given exposure 

scenario, the total amount of  haptenated 

protein that would be generated in the 

viable layers of  the skin (epidermis and 

dermis) as a function of  time. Our ‘total 

haptenated skin protein’ model output is 

then used as the model input for our ‘CD8+ 

T cell response’ model, which predicts the 

impact of  this antigenic stimulation on 

a range of  antigen-specific CD8+ T cell 

populations (i.e., naïve, cytotoxic effector, 

central memory and effector memory 

CD8+ T cells). At present we are unable, 

based upon the published literature, 

to conclusively identify the optimal T 

cell population for characterising an 

individual’s sensitisation status (Kimber 

et al., 2012); therefore, we are also in 

the process of  establishing a number of  

clinical research collaborations to build 

our understanding of  the sensitiser-

induced T cell response in humans.

‘Total Haptenated Skin Protein’ Model

As outlined above, we are developing a 

mathematical model to predict the total 

amount of  modified skin protein that would 

be generated following a given consumer 

exposure to a sensitising chemical.  

Definition of  the model structure requires 

experimental data to define the underlying 

biology (such as tissue volumes) and 

how the key toxicity pathways inter-

relate. Furthermore, to predict the ‘total 

modified skin protein’ metric the model 

requires chemical-specific input data on 

absorption and distribution of  chemical 

within the skin, covalent modification of  

skin protein nucleophiles and, if  relevant, 

metabolic activation and/or clearance of  

the parent ingredient (see Figure 3). 

In order to induce skin sensitisation, a 

chemical must first gain access to the 

viable layers of  the skin where immature 

DCs reside. The amount of  chemical 

available, and the duration of  exposure 

to the epidermis depends on the rate 

of  penetration, the distribution profile 

Figure 3. Total haptenated skin protein 
mathematical model, where nodes represent 
quantities of  interest and arrows represent 
processes. Shapes: diamond, xenobiotic; oval, 
proteins; transparent circle, clearance process 
(e.g., evaporation, capillary clearance etc); 
transparent circle with double arrows, diffusion; 
light grey circle, metabolism/transformation; 
dark grey circle, covalent binding. Abvs: E, 
Electrophile/sensitiser; pro-E, pro-electrophile/
sensitiser.
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within the epidermis, and the removal 

of  the chemical either by metabolic or 

dermal capillary clearance. The epidermal 

bioavailability of  the chemical can be 

determined using pharmacokinetic models 

that describe the time course of  chemical 

concentration in skin compartments. 

An experimental approach based upon 

ex vivo human skin has recently been 

investigated, whereby such parameters 

can be estimated for the epidermis and 

dermis following topical exposure (Davies 

et al. 2011). These experiments examined 

the effects of  physiochemical parameters 

such as lipophilicity, volatility and 

vehicle on the chemical kinetics of  skin 

bioavailability. 

The stable modification of  a protein 

by a reactive chemical (haptenation) is 

considered to be the key event (i.e., the 

molecular initiating event in AOP language) 

in the induction of  skin sensitisation. We 

have previously developed an in chemico 

peptide reactivity profiling assay, which 

uses a panel of  six single-nucleophile 

peptides (generic sequence AcFAAXAA, 

where X = Cys, Lys, Tyr, His or Arg, with 

H2N-FAAAAA representing the N-terminal 

nucleophile), with the aim of  determining 

the reactivity profile of  a chemical with 

a high level of  confidence (Aleksic et 

al., 2009). In addition to measurements 

of  unchanged peptide and observation 

of  the formed adduct(s), this approach 

permits the determination of  reaction 

mechanisms (Aptula et al., 2007), 

specificity, and relative rates of  reactions. 

Our mathematical modelling challenge is 

to interpret these (or similar reactivity) 

data, in the context of  information on skin 

diffusion (and to predict how much ‘total 

modified skin protein’ would be generated 

following a given human skin exposure to 

a specified sensitiser. In addition to these 

parameters, the bioavailability of  free 

chemical in the skin tissue is also known 

to be influenced by skin metabolism, 

tissue absorption/binding and clearance 

mechanisms (Gibbs et al., 2007); however, 

the relative contribution of  each process to 

human skin sensitisation remains poorly 

understood and therefore further research 

in this area is still required.

‘CD8+ T Cell Response’ Model

In May 2010, a Unilever-sponsored 

workshop was held to explore the 

relationship between sensitiser-induced T 

cell responses and sensitiser potency with 

experts from various disciplines including 

immunology, mathematical modelling, 

and risk assessment (Kimber et al., 2012). 

The key conclusion was that, based on our 

current understanding, three theoretical 

metrics of  the sensitiser-induced T cell 

response could be used to describe human 

sensitiser potency. These metrics where: 

the magnitude of  the T cell response, in 

particular the vigour and duration of  T cell 

proliferation and the clonal expansion of  

sensitiser-specific T cells; the quality of  

the T cell response, including the balance 

achieved between effector and regulatory 

T cells; and finally the breadth of  the T cell 

response, in particular the clonal diversity 

of  the T cell response. Based on this 

workshop we are developing mathematical 

models, supported by a program of  

research, to establish which (singular or 

combination) of  these theoretical metrics 
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best describes human skin sensitisation 

and allergic contact dermatitis. 

Our initial modelling objective is to predict 

the magnitude of  the human CD8+ T cell 

response following repeated exposure to 

a chemical sensitiser (see Figure 4), as 

this subset is thought to be the primary 

effector T cell population responsible 

for eliciting allergic contact dermatitis 

(Friedmann, 2006). Sensitiser-specific 

data has been used where available, while 

aspects of  the model for which relevant 

sensitiser data are missing can be 

informed by knowledge of  T cell dynamics 

from pathogen or vaccine responses. The 

current model scope predicts CD8+ T cell 

numbers for naïve, effector and memory 

subsets over time from the activated 

lymph node, to circulating in the blood 

and homing to skin. This separation of  

physiological compartments is novel 

Figure 4. CD8+ T cell response mathematical model. a) ‘CD8+ T cell response’ mathematical model 
schematic: key CD8+ T cell subsets, physiological compartments & processes are shown. Bold 
arrows show proliferation/differentiation rates that are modified following exposure to antigen. 
[Note: Skin compartment and populations are not included in the current model build] Abvs: CD8 
N, Naïve CD8+ T cell; CD8 CTL, Cytotoxic CD8+ effector T cell; CD8 CM, CD8+ Central Memory T 
cell; CD8 EM, CD8+ Effector Memory T cell. b) ‘CD8+ T cell model’ predictions: model predictions 
for lymph node & blood compartments following 3 antigenic stimulations (represented by arrows) 
over a 45 day period. Each plot represents a different CD8+ T cell subset with cell numbers plotted 
against time; an accumulation of  central & effector memory cells with each subsequent exposure is 
predicted. Abvs: N, Naïve CD8+ T cell; C, Cytotoxic CD8+ effector T cell; CM, CD8+ Central Memory 
T cell; EM, CD8+ Effector Memory T cell.
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for a T cell dynamics model, as they 

typically describe a single compartment 

(whether a lymph node, spleen or blood). 

However, it is necessary in order to be 

able to test predictions for the blood and 

skin compartments where the relevant 

T cell numbers may be accessible for 

measurement. 

 

Longer-term modelling and research 

activities will aim to develop models 

of  CD4+ T cell subsets and responses 

to multiple epitopes with varying 

affinities, to address the quality and 

breadth metrics. Furthermore, a clinical 

research programme is currently being 

implemented with a number of  partners 

to benchmark ‘T cell response’ model 

predictions against current clinical 

adverse/non-adverse thresholds for skin 

sensitisation [e.g., measurable by human 

diagnostic patch test or human repeat 

insult patch test (HRIPT)]. In so doing we 

aim to ensure that the ‘T cell response’ 

model can predict whether the human T 

cell response that would follow a given 

consumer exposure to a given sensitiser 

would be adverse or not (i.e., would the 

consumer become sensitised and thus 

may elicit a response upon re-exposure to 

sensitiser). 

Conclusions 

Our non-animal risk assessment approach 

for skin sensitisation aims to utilise 

mechanistic understanding, mathematical 

modelling and tailored non-animal test 

methods to predict whether an adverse 

immune response could result from a 

given consumer exposure to a sensitising 

chemical. We are developing two 

mathematical models that will be linked to 

provide dose response predictions (a ‘total 

haptenated skin protein’ model & ‘CD8+ 

T cell response’ model) underpinned 

by focussed clinical or human-relevant 

research activities designed to inform 

model development and increase 

our understanding of  human skin 

sensitisation. With this approach, we aim 

to move beyond our current quantitative 

risk assessment approaches for skin 

sensitisation through quantifying the 

relationship between the dose of  sensitiser 

applied to the skin and the extent of  the 

hapten-specific T cell response that would 

result. Furthermore, by benchmarking our 

mathematical model predictions against 

existing clinical diagnostic approaches 

(e.g., human diagnostic patch test results) 

we believe that this new paradigm has 

wider applicability in other areas of  

mechanistic toxicology.
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Validation of  Alternative 
Methods for Toxicological 
Hazard Assessment 
Issues and Challenges

Aldert H. Piersma
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The Netherlands

Summary

The implementation of  alternative methods in toxicological hazard assessment has 

not been as successful as the wealth of  alternative assays that have been developed 

over the past decades would suggest. This is partly due to the existing paradigm of  

validation, which relies on the testing of  a diverse series of  compounds for which animal 

toxicity data are available for comparison. In addition, scoring is usually carried out in 

a binary (+/-) fashion. This paper suggests ways forward, e.g., by introducing potency 

and category approaches, and also stipulating the need for a detailed assessment of  

applicability domain in terms of  biological processes captured and compound classes 

for which the test under study provides a relevant readout. Finally, consideration of  

the place of  a particular test within an integrated testing strategy is suggested as an 

important issue for optimal application of  alternative assays in toxicological hazard 

assessment. 

Introduction

Current toxicological hazard assessment strategies for chemicals and pharmaceuticals 

are built upon globally harmonised animal study protocols (OECD and ICH, respectively). 

These protocols have been in use since the early 1980s, with limited updates in more 

recent years. Both public awareness and practical experience have given rise to initiatives 

to reduce animal use and refine testing, by introducing alternative assays. Such assays 

typically rely on reductionist approaches, e.g., using cells in culture instead of  live 

animals. The advantages of  these alternatives lie in reduced animal use, time and cost, 

and in the more mechanistic assessment of  effects of  substances. The latter aspect is 

thought to improve interspecies extrapolation. 
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Hazard and risk assessment is ultimately 

performed in the interest of  human 

health protection. Alternatives allow the 

assessment of  effects on the molecular 

level, which facilitates extrapolation 

to the same molecular events in man. 

Extrapolation is a lot more difficult for 

apical endpoints studied in whole animals, 

given that the same mechanism of  action 

may not work in both species, and that 

endpoints of  toxicity may vary considerably 

between species, even when the same 

mechanism is affected. Important issues 

with alternatives as compared to whole 

animal testing include exposure route and 

reductionist readout. 

In cell cultures, cells are exposed directly 

by addition to culture medium, whereas 

in animals various routes of  exposure 

may lead to different internal exposure 

scenarios in terms of  time-related dose at 

target. Issues with solubility of  substances 

add to the complexity of  alternative versus 

animal exposure. On the other hand, in 

alternatives, exposures may reach very high 

levels that cannot be reached in the intact 

animal, which may result in false-positive 

findings. Perhaps even more important 

is the issue of  extrapolation of  results in 

alternatives to the situation in the intact 

animal. The per definition reductionist 

approach of  alternative assays indicates 

that substances may give false-negative 

effects because the mode/mechanism of  

action of  the substance is not represented 

in the alternative assay. It is therefore 

essential that the applicability domain 

of  the alternative assay is well-defined, 

and that extrapolation of  concentration-

dependent effects to the intact animal is 

done considering kinetics. 

Issues With Classical Validation

Against the above general background the 

question arises how alternative assays 

should ideally be validated. This question 

can only be addressed in a meaningful way 

after consideration of  the proposed use of  

the assay, and after definition of  the terms 

‘validation’ and ‘validity’. The history 

of  validation and implementation of  

alternative assays in regulatory toxicology 

has not shown a very successful outcome 

to the present day. This is probably largely 

due to lack of  clarity about purposed 

assay use and definition of  terms. 

Validation has classically been carried out 

by testing a large group of  substances 

for which toxicity profiles from animal 

studies were available for comparison 

(e.g., Genschow et al., 2002). Usually, the 

results of  these exercises were given in 

terms of  percentages of  positives versus 

negatives, using a binary scoring system. 

Considering false positives and false 

negatives resulted in calculation of  the 

percentage predictivity as the final score 

of  the test. There are several principal 

problems with this approach.

First, this assay-animal comparison does 

not take account of  the reductionist 

nature of  the assay, or, in other words, 

of  the applicability domain of  the assay. 

Thus, substances appearing as false-

negatives may have been scored negative 

because the mechanism of  action was not 

represented in the assay. In this case the 

assay performed well, but was not relevant 

for the substance tested. This simplicity 
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has therefore given a more negative picture 

of  the validation outcome than is realistic. 

Second, the binary scoring of  substances 

as positive or negative does not take 

account of  compound potency. Effects in 

alternative assays may sometimes occur 

only at concentrations that cannot be 

reached at target in the intact animal. Such 

compounds may be scored as positive 

without relevance for the situation in the 

intact animal. This simplification does not 

do justice to the information level provided 

by the concentration-response curve in 

an alternative assay. Consideration of  

concentration-response in extrapolation 

to the intact animal could improve assay 

predictability. 

Third, validation being performed by 

comparison with outcomes in animal 

studies, they are limited to those 

substances for which a reliable animal study 

database is available. The question arises 

how reliable is the animal study result? It 

is well known that repetition of  an animal 

study with the same compound under 

the same conditions may give different 

results. The classical NOAEL may indicate 

a ten-fold difference between repeated 

studies. In addition, with multiple effects 

in an animal study, which effect should 

be considered relevant for prediction of  

the alternative assay? And finally, also on 

the animal side of  the equation, a simple 

positive-negative statement does not do 

justice to the information level available 

and may interfere with overall predictivity 

assessment of  the alternative assay.

Fourth, a consequence of  the uncertainty 

about animal study results is that 

compound selection for validation usually 

results in a list of  compounds either 

being clearly nontoxic or clearly very 

toxic in animal studies. Compounds for 

which the evidence is equivocal or the 

potency is low are usually not taken on 

in validation studies, in view of  difficulty 

of  interpretation. It is, however, the 

intermediate area that is most relevant, 

both because they are most often 

encountered in real life situations, and 

because their correct prediction is crucial 

for assessing the predictivity of  the assay. 

Fifth, the assumption that the animal 

study is the gold standard for validation of  

alternative methods meets with problems. 

We know that animal studies do not provide 

a perfect prediction of  toxicity in man. 

However, hazard and risk assessment is 

performed for protecting human health. 

Therefore, it would be more appropriate 

to take human toxicity data as the gold 

standard for alternative assay validation. 

This notion has been elaborated by the 

US National Academy of  Sciences in their 

vision and strategy report on Toxicity 

Testing in the 21st Century (Krewski et al., 

2010), and is also the core reasoning of  

the Dutch ASAT initiative (Assuring Safety 

without Animal Testing). Although valid in 

principle, the idea of  using human data 

meets with significant problems of  data 

availability. This would further reduce 

the number of  substances for which a 

meaningful comparison for validation can 

be made.

Sixth, classical validation exercises have 

assumed that one in one replacement 
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of  animal studies by alternative assays 

would be possible. While for relatively 

simple end points such as eye irritation or 

mutagenesis this may be feasible, for more 

complex end points representing a variety 

of  effects such as developmental toxicity 

or carcinogenicity, one in one replacement 

is conceptually and practically not 

feasible. For the latter areas of  toxicity 

testing, it may be necessary to consider 

combining several complementary assays 

to improve coverage of  all relevant aspects 

underlying these complex processes (van 

der Burg et al., 2011). As a consequence, 

it will then also be necessary to do the 

validation for the assay battery rather 

than for single assays. Combination of  

complementary assays would in principle 

improve predictability.

Seventh, classical validation does not 

consider the proposed use of  the assay. The 

requirements for predictivity of  an assay 

are different for different applications. An 

assay can be applied in a prescreening 

situation to select chemicals within a 

certain structural or pharmacological 

class for further product development. In 

that case, the assay should not produce 

false negative findings as that would lead 

to the development of  a compound with 

unwanted toxic properties. False positives 

would be of  less concern in this situation. 

Alternatively, an assay can be applied in 

the hazard assessment strategy. In that 

case, a false positive is problematic as it 

would give an undeserved label of  toxicity 

to the compound. 

Challenges for the Future

It will be clear to the reader that each 

of  the points considered separately 

above interfere with each other and in 

combination affect the interpretation 

of  classical validation exercises, which 

employ a single reductionist alternative 

assay, and a series of  chemicals with well-

described in vivo toxicity profile in a binary 

scoring system. Three decades of  history 

in alternative assays have shown that 

indeed this approach has not resulted in 

a wave of  replacement of  animal studies 

by alternative assays in regulatory hazard 

assessment of  either chemicals or drugs. 

This is not surprising in view of  the above 

analysis. Nevertheless, international 

regulatory bodies such as ECVAM and 

OECD still apply this paradigm, e.g. 

for validating assays in the area of  

endocrine disruption. It is understandable 

that existing paradigms continue to 

be employed until better ones become 

available and generally accepted. Given 

the current knowledge on alternatives, 

their virtues and limitations as well as their 

possible applications, collected over three 

decades, it is time for a fresh review and 

consideration of  an innovative strategy 

towards optimally fitting alterative assays 

into hazard assessment strategies. 

Starting Points for Further 
Consideration

The issues listed above lead to concrete 

starting points for the innovation of  

validation. First, understanding of  the 

biological process(es) represented in 

the assay is essential as this determines 
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its applicability domain. Moreover, this 

knowledge can be used in determining 

the optimal place of  a particular assay 

within the testing strategy in conjunction 

with other assays. Furthermore, this 

allows mechanistic extrapolation between 

species, moving away from the black box 

extrapolation that is the current standard 

in extrapolating NOAELs in animal studies 

to acceptable exposure levels in man. As 

regards extrapolation, it is also important 

to use the concentration-response in the 

extrapolation instead of  a binary (+/-) 

scoring system, as potency should play an 

important role in extrapolation to in vivo 

predictions (de Jong et al., 2011a). The 

choices of  chemicals for validation should 

also be optimised. 

Various studies have shown that certain 

alternative assays are very useful for 

certain structural classes of  chemicals, 

whereas for others they do not work. This 

may be related to the applicability domain 

of  the assay and the mode-of-action of  

the compound class. Therefore, general 

validation of  the world of  chemicals is 

less informative than dedicated structural 

class-specific validation (de Jong et 

al., 2011b). As to the gold standard for 

validation, the general outcome of  an 

animal study is perhaps less informative 

as compared to specific information 

about mode-of-action in relation to the 

applicability domain of  the alternative 

assay employed. Moreover, basing 

comparisons on human (mechanistic) data 

would be a better gold standard in view of  

human risk assessment, but this may be 

hampered by availability of  information. 

Finally, it is the place of  the assay within 

a testing strategy, which combines a 

host of  in silico information, and in vitro 

assays in an optimal way that determines 

the usefulness of  the individual assay. 

Therefore, in parallel to the development 

and characterisation of  novel assays, 

equal efforts should be dedicated to the 

development of  testing strategies in which 

assays are combined in intelligent tiered 

and battery approaches, making optimal 

use of  individual assays as well as of  

the added value of  their combination 

within the strategy (van der Burg et al., 

2011). It is realised up front that such a 

multifaceted approach as reviewed in only 

very superficial terms here will not lead 

to quick answers. However, in the long-

term a better informed, more efficient, 

mechanistically driven testing strategy 

will benefit both human risk assessment 

as well as the reduction of  animal use, 

cost and time in toxicological hazard 

assessment. 
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Background & Objectives

Russia belongs to the BRICS countries (Brazil, Russia, India, China and South Africa) 

sharing emerging economy and a typical profile of  current interests in the field of  the 

consumer and health industries. These are:

•	 A rapidly growing local consumer industry

•	 Emerging drug development activities

•	 Local legislation on substance testing (country specific)

•	 Strategic interests to approach western markets with local products. 

According to analyses performed by Goldmann Sachs with regard to their gross domestic 

product (GDP), BRICS countries will move to leading positions in the world over the next 

decades (Figure 1). 

Substantial reforms of  law and regulations on medicines in Russia over the last ten 

years have created an unprecedented pipeline of  new substances for clinical trials in 

Russia. Figure 2 summarises the dynamics of  approvals and clinical trial programs in 

Russia in the years 2010 and 2011.

As a result, the existing animal tests for preclinical evaluation of  such substances have 

been challenged with regard to their predictive power. Similar to the EU and US, it has 

been recognised that the existing set of  mandatory preclinical tests is inadequate to 

reliably predict pathways of  toxicity or mode-of-action of  new drug substances prior 

to human exposure. Therefore, in 2010, the researchers at the Russian Academy of  

Sciences and Russian Academy of  Medical Sciences performed a worldwide survey 
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of  best methodologies available. No 

in vitro technology was found among 

existed which would provide a solution 

for this problem. However, several pioneer 

concepts for ‘human-on-a-chip’ platforms 

could be identified in a small number of  

labs in the world. It has been hypothesised 

that they represent the most valuable 

tendency toward translational changes 

in the worldwide preclinical prediction of  

mode-of-action and toxicity pathways for 

new substances. The multi-organ-chip 

(MOC) platform developed by the Technical 

University of  Berlin has been selected as 

the most flexible and transferable human-

on-a-chip technology among the existing 

concepts. Figure 3 summarises the key 

criteria used for the selection. 

The programme for the establishment 

of  a human-on-a-chip platform in Russia 

based on negotiated transfer and use 

Figure 1. Estimated GDP growth dynamics of  BRICS countries between 2008 and 2050.

Figure 2. Growth of  clinical trial numbers in Russia and international multicentre studies with 
Russian involvement within the last two years.
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Figure 3 (above). Selection criteria for partnering a flexible technology platform into Russia.

Figure 4 (below). The Russian ‘human-on-a-chip’ programme history at a glance.

terms for the MOC-platform has been 

initiated at the Department of  Molecular 

Physiology of  Institute of  Pathology and 

Pathophysiology at the Russian Academy 

of  Medical Sciences in conjunction with the 

spin-off  company BioClinicum in Moscow. 

Currently the programme includes two 

projects: a) the ‘Homunculus’ started 

in 2011, and b) the ‘-omics research 

on breast cancer’, started in 2012. The 

projects were funded by grants from the 

Russian Ministry of  Science. The ultimate 
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goal of  both of  them is to establish a 

solution for the test dilemma in Russia 

with a first application in the most 

advanced drug development area, the 

biopharmaceuticals. 

Goals & Milestones

The time frame and project aims of  the 

program were summarised at a glance in 

Figure 4. 

The main goals of  the ‘Homunculus’ 

project are to develop and establish a 

robust manufacture of  the electronic 

control unit and the multi-organ-chip 

providing for growth and maintenance 

of  human cell lines and primary cells of  

different tissue origin in common micro-

fluidic circuits.

The main goals of  the ‘-omics based 

human breast cancer research; include 

the generation of  a well-annotated breast 

cancer biopsy collection and robust and 

reliable genomic and proteomic techniques 

to screen small tumour samples. The PCR-

based diagnostic kit to be developed will 

reveal the changes in the expression level 

of  the genes, which are the key players 

in cancer affected cellular metabolic 

pathways. This kit will be the unique tool 

for the search of  the optimal medicine for 

cancer patients.

Homunculus

Currently the production of  the electronic 

control units has been launched on the 

routine basis. The units have successfully 

passed the tests in installation-, operation-, 

and performance-qualification (IQ, OQ, 

PQ). They are capable of  operating 

two separate tissue culture chips 

simultaneously over at least four weeks. 

The development of  systems operating 

four chips simultaneously is in progress. 

The manufacture of  tissue culture chips is 

Figure 5. Images of  the electronic control unit and chip prototype manufactured at BioClinicum, 
Moscow, Russia.
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under establishment. Figure 5 shows the 

first produced chips and systems.

-Omics Research on Breast Cancer

Our team has started to collect the breast 

cancer biopsy samples supplied with 

detailed annotations. At the same time we 

have generated the list of  target genes to 

be detected. The design of  corresponding 

primer and probe sequences as well as the 

optimization of  the PCR cycle parameters 

and sample preparation are in progress at 

the moment.

Summary

The progress in both projects is adequate 

to the time schedule proposed.

Challenges & Next Steps

The next challenge for our team is to 

establish massive sterile chip production 

for the Russian market. Also we continue 

to further improve the design of  the chip 

in order to optimise liquid handling and 

separation of  the metabolic products of  

the cells from the main circuit. The novel 

chip configuration will also introduce 

new possibilities, e.g., regulation of  gas 

supply and online real-time monitoring 

of  pH value of  the circulation liquid. 

Further miniaturisation will provide for 

simultaneous long-term cultivation of  the 

cells of  different organotypicity including 

3D multi tissue models.

The ‘Homunculus’ technology in 

combination with the characterisation 

of  the affected metabolic pathways will 

open new perspectives for personalised 

medicine, i.e., rapid and cost-effective 

screen for the drugs and therapy optimal 

for the particular individual patient.
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Background 

The ‘exposome’ is a recent concept in environmental health, defined as ‘the totality 

of  exposures from all sources (air, water, food, lifestyle, behaviour, metabolism, 

inflammation, oxidative stress, psychological stress etc) during all stages of  life, 

starting from conception to predict diseases throughout a person’s life span’ (Wild, 

2005; Rappaport, 2010; Borrell, 2011). It is a new concept emphasising the importance 

of  integrating the impact of  external stressors with an individual’s genetic and 

physiological background for human risk assessment. Human biomonitoring provides 

key information for the exposome. Human biomonitoring is the continuous or repeated 

measurement of  potentially toxic substances, their metabolites or their biochemical 

effects in human tissues, secreta, excreta, expired air, or any combination of  these. The 

technology has originated from occupational medicine, but due to improved and more 

sensitive chemical analytical techniques, human biomonitoring is now being applied for 

monitoring environmental exposures of  the general population (Angerer et al., 2006). 

Over the last 20 years, the field of  biomarkers has further expanded, and biomarkers 

of  susceptibility and biomarkers of  effect are introduced and applied in molecular 

epidemiology. These markers represent a continuum of  cellular responses to drug or 

chemical exposures and provide linkages to mechanisms of  cell injury/cell death or 

carcinogenic transformation. Hence the successful use and interpretation of  these novel 

biomarkers relies on thorough understanding of  the mode-of-action of  chemicals and 

their relation to ‘adverse outcome pathways’. This short paper will briefly review how 

the expanding field of  molecular epidemiology and in vitro toxicology will cross-fertilise 

each other, and as such contribute to both to improved risk assessment.
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Exposure Biomarkers Provide 
Realistic Information on Doses 
for Toxicological Testing

One of  the challenges for in vitro tests 

is to obtain information on chemical 

concentration levels relevant for real-life 

exposures. Exposure biomarkers applied 

in human biomonitoring measure the 

concentration of  chemicals or their direct 

metabolites in easily accessible human 

body tissues or fluids such as urine, 

blood  or hair. Although these matrices do 

not always present the concentrations in 

target organs or target tissues, they give 

realistic information on the dose levels 

that can be found in the human population. 

Physiologically based pharmacokinetic 

(PBPK) modelling can further be used 

to derive concentrations at target sites. 

Sophisticated analytical chemistry 

techniques have facilitated measuring 

trace levels of  multiple environmental 

chemicals in human biological matrices 

with a high degree of  accuracy and 

precision in large populations studies and, 

make it possible to identify gradients and 

frequency of  exposures in the general 

population (Angerer et al, 2006). This 

information should enable toxicologists 

to select relevant doses for testing and 

identifying hazards associated with these 

concentrations. 

Knowledge on exposure from human 

biomonitoring will also contribute to 

interpretation of  the toxicological threshold 

concept and to exposure-based waiving 

(EBW). Both are potentially important 

elements in testing strategies and are also 

taken into account in the context of  the 

REACH chemicals regulation. Although 

Figure 1. 
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information on hazard assessment 

remains essential, additional animal tests 

may be waived if  human or environmental 

exposures are so low or infrequent that 

there is a very low probability that the 

acquisition of  additional effect information 

may lead to an improvement in the ability 

to manage risk (Vermeire et al., 2010). 

Knowledge on how widespread and how 

frequent some chemical exposures are in 

the general population will help regulatory 

agencies to set priorities for toxicology 

and environmental-health research. The 

US Centers for Disease Control and Pre-

vention have built up a human biomonitor-

ing programme over more than three de-

cades. Currently more than 150 chemicals 

are being measured. The programme is 

linked to the National Health and Nutrition 

Examination Survey, which is designed to 

collect data on the health and nutritional 

status of  the US population. In the Euro-

pean Union, an implementation group for 

human biomonitoring has been installed 

following the recommendations of  the 

European Environmental and Health Ac-

tion Plan 2004-2010. As a consequence, 

the COPHES project (Consortium to Per-

form Human Biomonitoring on a European 

Scale), which is funded through the FP7 

Environment programme, aims at building 

a sustainable framework for HBM surveys 

in Europe (eu-hbm.info/cophes/project-

work-packages) and increase the compa-

rability of  data across countries. A key 

step in such a framework is the elabora-

tion of  common guidelines for setting up 

surveys and capacity building in the EU. 

The concept is being tested in the DEMO-

COPHES project, which is co funded by 

the European Life + project and by the 21 

participating European countries. DEMO-

COPHES measure biomarkers for mercury, 

cadmium, phthalates as well as environ-

mental tobacco smoke in human hair and 

urine from 120 mother-child pairs in each 

country. The children are between six and 

11 years of  age and are recruited from an 

urban area and from a rural area. 

Effect Biomarkers & Hazard 
Identification

Effect biomarkers are applied in 

biomonitoring studies. They aim to trace 

cellular or molecular changes that may 

be induced by different stressors such as 

chemical exposures.  They are part of  the 

continuum between exposure and adverse 

health effect (Figure 1). Effect biomarkers 

are more related to health than exposure 

biomarkers, but are less specific for 

chemical exposures. In vitro research is very 

informative for linking biological changes 

to chemical exposures and is of  great help 

for discovery and interpretation of  human 

effect biomarkers, since causality cannot 

be fully demonstrated in human studies. 

This holds for genomic biomarkers, 

proteomic biomarkers and metabolomic 

biomarkers. These fields are expanding 

due to the availability of  high-throughput 

techniques but the use of  these markers 

has a tradition in occupational medicine. 

Well-known examples are biomarkers 

for DNA damage, such as chromosome 

aberrations, micronuclei, and more 

recently the Comet assay (Dusinska et al, 
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2008). These tests track similar changes 

to cellular targets, whether applied in vitro 

or in vivo. They are well validated tests, 

used in vitro as part of  the OECD Test 

Guidelines Programme, e.g., OECD TG 

487: In Vitro Mammalian Cell Micronucleus 

Test. They are successfully applied in 

human biomonitroring studies and were 

shown to relate both to exposures and to 

health effects (Neri et al., 2003; Mateuca 

et al., 2012).

Another well-established parrallellism are 

bioassays for evaluation receptor-binding, 

such as binding to the arylhydrocarbon 

receptor  or binding to the estrogen/

androgen receptors. These a s s ay s 

are used to evaluate in vitro respectively the 

dioxin-like/endocrine disruptor potency 

of  chemicals or chemical mixtures. The 

same in vitro assays are increasingly used 

to evaluate internal human load of  dioxin-

like/endocrine disrupting exogenous  

compounds by testing extracts from 

human matrices (plasma, urine) in the 

bioassays. 

Adverse Outcome Pathways 

Accurate mass-screening, adductomics, 

metabolomics, proteomics, 

transcriptomics, and epigenomics are 

being applied on human samples from 

patients and controls, and provide us 

with a continuum of  information on the 

changes in internal molecular profiles 

in humans in relation with the changing 

external environment, and in relation with 

health status. 

There is increasing evidence from human 

molecular epidemiology that epigenetic 

changes may be related to exposure to 

specific chemicals. Epigenetic alterations 

do not change the genetic code of  the 

DNA, but are chemical modifications that 

can be transmitted by cellular replication 

and even inherited transgenerationally. 

These changes may be related to disease 

susceptibility since they may induce last-

ing functional changes in specific organs 

and tissues (Jirtle & Skinner, 2007). Mo-

lecular epidemiological studies have iden-

tified a number of  environmental toxicants 

that cause altered methylation of  human 

repetitive elements or genes. Global meth-

ylation levels were inversely associated 

with blood plasma levels for POPs, mea-

sured in 70 Inuit from various geograph-

ic regions of  Greenland (Rusiecki et al., 

2008). On a large population of  elderly in-

dividuals, blood DNA methylation in repet-

itive elements was decreased in individu-

als with recent exposure to higher levels 

of  ambient particulate matter (Baccarelli 

et al., 2009). Changes in DNA methylation 

patterns were described in subjects ex-

posed to low-dose benzene (Bollati et al., 

2007). Recently, an exploratory study with 

20 children identified in umbilical cord 

white blood cells over 30 DNA sequences 

with methylation status dependent on the 

level of  maternal PAH exposure, and which 

was associated with the risk of  developing 

asthma symptoms prior to age five, hence 

linking chemical exposure with epigenetic 

changes and with increased susceptibility 

for disease (Perera et al., 2009). In sup-

port of  causality, the same researchers 

have demonstrated increased promoter 

hypermethylation and reduced expression 

of  IFNγ after in vitro exposure of  Jurkat 
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cells and two lung adenocarcinoma cell 

lines to low, non-cytotoxic doses (0.1 and 

1 nM) of  benzoapyrene (Tang et al., 2012). 

New Tests to Cover New End-
points

Despite the increasing evidence, the epi-

genetic endpoints are not yet included in 

any in vitro test battery for hazard identi-

fication of  chemicals. Transcriptomics are 

another powerful tool for identifying mol-

ecules and pathways that are affected by 

chemicals in the body. Global gene expres-

sion analysis in peripheral blood mono-

nuclear cells of  125 workers has revealed 

a gene expression signature of  16 genes 

associated with all levels of  benzene ex-

posure. Network interactions among bio-

markers of  benzene showed central roles 

for IL1A and PTGS2  (McHale et al., 2011). 

Also in relation to air pollution (Van Leeu-

wen et al., 2008) and to arsenic exposure 

(Argos et al., 2006), molecular pathways 

have been identified based on gene ex-

pression analysis of  blood cells from ex-

posed subjects. This information should 

be useful for development of  new in vitro 

tests that are fit-for-purpose and allow the 

identification of  new chemicals that ad-

dress the same mechanistic targets. 

Population-based molecular epidemiologi-

cal studies find new molecular pathways 

that are related to both exposure and dis-

eases. The information is made available 

for the wide scientific community in data-

bases such as the comparative toxicoge-

nomics database (Davis et al., 2011) and 

should form the basis for new tests. The 

US EPA ToxCast programme (Judson et 

al, 2011) aims to include in vitro tests that 

target molecular pathways. Although the 

first promising steps are taken, a system-

atic and complete coverage of  all relevant 

endpoints still needs further efforts.

Conclusion

The same molecular techniques can be 

and are being used in vivo in humans 

and in vitro assays to evaluate the human 

molecular response of  cells on chemical 

exposures. The overarching concept is that 

one should use the basic knowledge on 

how chemicals interact with the cellular 

machinery to develop tests that that 

objectively assess early cellular responses 

to exposures and provide a scientific 

linkage  between chemical exposures, 

early cellular effects, and prediction of  the 

risk for long-term health consequences.
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Background

The 48th Joint Meeting of  the Organisation for Economic Co-operation and Development 

(OECD) Chemicals Committee and the Working Party on Chemicals, Pesticides and 

Biotechnology held in February 2012 endorsed the need for further development of  

science-based and transparent integrated approaches for testing and assessment  

including the OECD QSAR Toolbox that are accepted for regulatory decision-making. 

Specifically, work started in 2011 on the development of  ‘adverse outcome pathways’ 

(AOPs) will continue in a more routine way, following the work plan being elaborated in 

2012.

It has been agreed that any framework (Figure 1) used by OECD for developing and using 

an alternative strategy to testing and assessment should; a) facilitate interpretation of  

test and non-test results, b) facilitate the building and access of  knowledge-bases for 

regulatory decision-making, and c) be adaptive to new scientific developments.

Figure 1. Examples of  endpoints at various levels of  biological organisation.
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AOPs (Ankley et al., 2010; Schultz, 2010) 

describe the linkages between a chemical 

interaction with a biological system at the 

molecular level and the biological effects at 

the subcellular, cellular, tissue, organ, and 

whole animal and population levels (Figure 

2). An AOP for any given hazard endpoint 

can be the basis for developing integrated 

strategies for that hazard endpoint.

The AOP Approach

The AOP approach is a bottom-up 

approach where events measured at the 

in chemico and in vitro level are linked to 

events measured at the in vivo level (OECD, 

2011). In fish for example, estrogen 

agonists bind to the estrogen receptor 

which can be measured in chemico set off  

a cascade of  responses including the up 

regulations of  vitellogenin production in 

the liver which can be measured in vitro, 

the conversion of  testes to ova and the 

feminisation of  males observed in vivo, 

leading to reproductive impairment and a 

decrease in the population.

An AOP should be based on a single, 

defined ‘molecular initiating event’ 

and linked to a stated in vivo hazard 

outcome (Figure 3). To establish an AOP, 

three blocks of  information are used. 

The first block is the chemical-induced 

perturbations of  biological systems at 

the molecular level (anchor one). While a 

number of  biochemical steps are required 

for a toxic response to be realised, the 

molecular initiating event is a prerequisite 

for all subsequent steps. The last block is 

typically the in vivo outcome of  regulatory 

interest (anchor 2). These are often the 

reported endpoints from standard OECD 

test guidelines.

These two anchors (Figure 3) can establish 

an AOP much like two points determine a 

straight line. While AOPs may be depicted 

as linear framework, in that feedback 

mechanisms are not considered the 

amount of  detail and linear character 

of  the pathway between a molecular 

initiating event and adverse outcome can 

vary significantly. This is especially true for 

human health endpoints, where effects are 

the result of  multiple organ interactions 

Figure 2. Relationship between an ‘adverse outcome pathway’ and related terms.  
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(e.g., skin sensitisation), multiple events 

(e.g., repeat dose toxicity), accumulation 

over time (e.g., neural toxicity), or are 

related to a specific life stage of  an 

organism (e.g., developmental toxicity).

To develop an AOP, different types of  

data can be utilised. These data include: 

structural alerts that are reflective of  

the types of  chemicals that can initiate 

a pathway, in chemico methods that 

measure the relative reactivity or other 

chemical-biological interactions, in vitro 

assays that confirm the subsequent 

cellular responses (e.g., molecular 

screening data) and, ultimately, in vivo 

tests that measure endpoints that are 

directly relevant to the adverse outcome 

that drives current regulatory decision 

making. This information can be used to 

identify key steps in the AOP and provide 

scientific evidence supporting the AOP.

Most chemicals can interact with more than 

one molecular target and have different 

affinities for these different targets. While 

exceptions are known, the most potent 

affinity typically drives the apical toxicity. 

The molecular initiating event (Figure 

3) represents the primary ‘anchor’ or 

‘foundation’ of  the AOP; therefore, it is 

very important to identify clearly the 

beginning of  the cascade leading to 

the specified adverse outcome. Many 

molecular initiating events are defined in 

the form of  receptor-binding; others are 

based on the principles of  electrophile-

nucleophile reactivity. The understanding 

of  the molecular initiating event allows 

for the definition of  the properties of  

chemicals inducing the perturbation, such 

as bioavailability, structural requirements 

(especially for receptor-binding), and 

metabolic transformation. Understanding 

the chemistry of  potential inducers 

helps to define the applicability domain 

for the AOP. In the ideal scenario, when 

the initiating event is well-defined, not 

only should the potential inducer of  

that event be recognised but also the 

site of  action, which implies the type of  

biological macromolecule that interacts 

with the target chemical. For some apical 

outcomes, especially based on receptor-

Figure 3. Anchoring an AOP between the molecular initiating and apical outcome. 
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binding mechanisms, the identification 

of  the site of  action is very important, as 

the ‘shape’ and other properties of  the 

receptor define structurally the type of  

molecules which can bind to it. However, 

there are a number of  endpoints for 

which the identification of  site of  action 

is quite difficult, or they cannot be defined 

precisely or even impossible at this time.

During the identification of  intermediate 

events, a review of  the existing literature is 

required to find out as much information 

as possible about the plausible mechanism 

and the steps leading to the apical outcome. 

This aspect is crucial for the development 

of  the AOP. It requires an evaluation of  the 

scientific literature to determine relevant 

intermediate events and their usefulness 

as key events in elaborating the AOP. 

Usually, multiple intermediate events 

are identified. Therefore, the assembled 

knowledge has to be filtered and selected 

to match the single AOP.

It is necessary to understand the basis 

of  normal physiology (e.g., nervous 

system function, reproductive processes, 

differentiation of  tissues) of  the AOP. The 

identified AOPs must not contradict any 

steps of  normal biological processes, 

since they need to be biologically plausible. 

Even if  some steps are not known with 

certainty, the overall process must agree 

with what is known about the particular 

biology being considered.

At the beginning, the collected information 

should be used to present the whole 

adverse pathway step-by-step starting 

from the general characterisation of  

the route of  exposure (e.g., dermal) 

and related chemical properties, to the 

identification of  the molecular initiating 

event and site of  action, if  possible. After 

that, the responses at the molecular, 

cellular/tissue, organ, organism, and 

population\ecosystem levels should 

be identified (see Figure 2); the final 

stage depends on the level of  biological 

organisation of  the adverse outcome. This 

report on the knowledge relating to the 

AOP is often based on one of  a few well-

studied toxicants. Following this, a concise 

summary of  the qualitative understanding 

of  the AOP has to be undertaken. For this 

purpose, the key events, documentation of  

the experimental support for each event, 

and an evaluation of  the strength of  the 

scientific evidence for that event need to 

be summarised.

Key Events

Key events are seminal to the AOP 

approach. They are intermediate steps 

along the pathway that represent pivotal 

events, usually at the different levels of  

biological organisation. To be a key event, 

the intermediate step must be able to be 

evaluated experimentally. That is to say, 

the event must be able to be used in a 

hypothesis which can then be tested. There 

are no rules as to which types of  data have 

to, or can be used to support a key event. 

However, such data should be reliable and 

relevant to the specific adverse outcome. 

There is no specification as to how many 

key events have to be defined. The number 

clearly depends on where in the biological 

organisation the apical outcome is located 

(e.g., cell, organ or population level). It is 

intuitive that key events at different levels 
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of  biological organisation are of  greater 

value than multiple events at the same 

level of  organisation.

An AOP may be considered either plausible 

or probable, depending upon the extent of  

the available scientific evidence supporting 

the AOP and the extent to which the key 

events have been experimentally tested 

and found to be consistent with data for 

other key events. Accordingly, an AOP 

may be considered a dynamic entity, as 

it can be continually updated and refined 

as new information can be incorporated 

into the general understanding of  the 

pathways. There are examples of  relatively 

well-recognised endpoints, such as skin 

sensitisations, for which the AOPs are 

accurately developed and uses proposed 

(OECD, 2012a;b).

Assessment of  AOPs

It is considered critical to be able to 

gauge the reliability and robustness of  an 

AOP (OECD, 2011). This should be done 

by evaluating the experimental support 

of  the AOP. In such an assessment, 

the understanding of  the AOP has 

to be analysed. This means that key 

steps should be clearly identified and 

scientifically proven, both qualitatively and 

(if  possible) quantitatively. Usually the 

assessment of  the experimental evidence 

and empirical data clearly support the 

qualitative understanding of  the AOP in 

the identification and characterisation 

of  the potential inducer of  an adverse 

effect. However, the same assessments 

very often reveal hurdles with the 

prediction of  the relative potency of  the 

inducer, because of  the lack of  necessary 

data. Therefore the assessment of  the 

quantitative understanding of  an AOP is 

more problematic than the qualitative 

understanding.

The first stage of  the assessment of  an AOP 

is performed during the data summation, 

where every key step is documented 

together with the scientific evidence and 

its evaluation. An additional aspect of  

evaluating the AOP is the implementation 

of  the Bradford Hill criteria (Hill, 

1965) to assess the weight-of-evidence 

supporting the AOP in accordance with 

the International Programme on Chemical 

Safety (IPCS) conceptual framework for 

evaluating a mode of  action (Sonich-

Mullin et al., 2001). In this assessment, 

a statement is made with regard to the 

following criteria:

•	 Concordance of  dose-response 

relationships

•	 Temporal concordance among the key 

events and adverse outcome

•	 Strength, consistency, and specificity 

of  association of  adverse outcome 

and initiating event

•	 Biological plausibility, coherence, 

and consistency of  the experimental 

evidence

•	 Alternative mechanisms that logically 

present themselves and the extent 

to which they may distract from the 

postulated AOP. It should be noted that 

alternative mechanisms of  action, if  

supported, require a separate AOP

•	 Uncertainties, inconsistencies and 

data gaps.
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The final step is a statement regarding the 

confidence associated with this AOP (OECD, 

2011). Confidence in an AOP is increased 

by a more comprehensive understanding 

of  the nature of  the interaction between 

the chemical and the biological system, 

coupled with mechanistic understanding 

of  the biological response (OECD, 

2012a). The confidence is ascertained by 

addressing the following questions:

1. How well characterised is the AOP?

2. How well are the initiating and other 

key events causally linked to the 

outcome?

3. What are the limitations in the 

evidence in support of  the AOP?

4. Is the AOP specific to certain tissues, 

life stages / age classes?

5. Are the initiating and key events 

expected to be conserved across taxa?

Uses of  AOPs

A well-identified AOP, with an accurately 

described sequence of  events through the 

different levels of  biological organisation 

in organisms, provides valuable pieces 

of  mechanistic information which can be 

used for many purposes. By identifying 

and describing the key events, the AOPs 

could inform the work of  the OECD Test 

Guideline Programme. Indeed, when the 

key events are identified and scientifically 

proven, one could propose developing in 

vitro and ex vivo assays that detect direct 

chemical effects or responses at the cellular 

or higher levels of  biological organisation. 

Reversely, by linking proposals for the 

development of  in vitro test methods to 

key events in an AOP, the relationship to 

hazard endpoints relevant for regulatory 

purposes can be established.

In addition, an AOP, for any given hazard 

endpoint can be the basis for developing 

an integrated approach to testing and 

assessment or an integrated testing 

strategy for that hazard endpoint. The 

application of  alternative approaches, 

like the OECD QSAR Toolbox where 

categories are first formed and data gaps 

filled within the category, will lead to the 

refinement, reduction and/or replacement 

of  conventional in vivo testing.

While in the end it will be important to 

understand the linkages and scaling 

factors as the pathway moves up the level 

of  biological organisation, especially for 

events which depend on potency in the 

in vivo outcome, initially good qualitative 

understanding of  the AOP will allow it to 

be used for a variety of  purposes including 

read-across. However, without transparent 

descriptions of  a plausible progression 

of  adverse effects at the different levels 

of  biological organization provided by 

AOPs, it will be difficult to provide solid 

mechanistic reasoning to use an alternative 

method rather than the traditional in vivo 

test.

Disclaimer

The views expressed in this paper are the 

sole responsibility of  the authors and do 

not necessarily reflect the views of  the 

OECD and its member countries.
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Background

Legislation aimed at decreasing the risk of  toxic effects to humans and the environment 

by exposure to chemicals in the environment has recently been implemented in the 

European Union (EC, 2007) and is being implemented or contemplated elsewhere (CIRS, 

2012; Lautenberg, 2011; Republic of  Korea, undated). In particular, the Registration, 

Evaluation, Authorisation and Restriction of  Chemicals (REACH) regulation in the EU 

has resulted in a vast increase in the amount of  information required for chemicals 

manufactured or imported into the EU in excess of  1 tonne per year.  

To generate the information necessary for a large regulatory programme such as REACH 

and to better satisfy increased information demands in other countries, as well as to 

understand the consequences of  cumulative exposures and to better design ‘green’, less 

toxic alternative chemicals, it is necessary to rethink the traditional approach to hazard 

and risk assessment, which has generally relied on an extensive array of  empirical 

animal test data (Bradbury et al., 2004). One such approach is transparent, hypothesis-

driven, and based on an organised foundation of  understanding of  both normal biology 

and the consequences of  perturbing that biology. The framework that has evolved out 

of  this approach has become known as the ‘adverse outcome pathway’ (AOP) approach 

(Ankley et al., 2010; Schultz et al., 2011; US EPA, 2006; Watanabe et al., 2011).

The AOP approach is based on the concept that toxicity results from the chemical 

exposure and molecular interaction with a biomolecule (e.g., a protein, receptor, 

etc.)—the ‘initiating event’—followed by a description of  the sequential progression 

of  events through to the eventual toxicological effect or ‘adverse outcome’, which is 

at the individual level for most human health endpoints or at the population level for 

environmental endpoints (Figure 1). The AOP framework allows for the integration of  

all types of  information at different levels of  biological organisation, from molecular 

to population level, to provide a rational, biologically-based argument (or series of  

hypotheses) to predict the outcome of  an initiating event. 
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The AOP concept is not altogether new; it 

has evolved directly from mode of  action 

frameworks, such as that developed by the 

World Health Organisation’s International 

Programme on Chemical Safety to 

determine human relevance of  various 

pathways leading to tumor development in 

animals (Boobis et al., 2008), and mode-

of-action pathways commonly used in drug 

development. As described by Ankley et 

al. (2010), an AOP is a flexible framework 

that can include linking relationships that 

are “causal, mechanistic, inferential, or 

correlation based, and the information on 

which they are based may derive from in 

vitro, in vivo, or computational systems” 

and can encompass both mechanism and 

mode of  action.  

The usefulness of  the AOP concept 

in building a predictive toxicological 

framework manifests in several ways.  In 

the near-term, AOPs can inform chemical 

grouping or categories and structure-

activity relationships; they can aid in 

increasing certainty of  interpretation of  

both existing and new information; and 

they can be used to structure integrated 

testing strategies that maximise useful 

information gained from minimal testing 

(OECD, 2012a). In the longer-term, AOPs 

can be used to identify key events for 

which non-animal tests can be developed, 

thereby facilitating transparent, 

mechanism-based, predictive toxicological 

assessments with low uncertainty and high 

human relevance, and ultimately without 

the use of  animals. 

Case Examples of  AOPs in  
Development & Use

Skin Senstisation

Skin sensitisation is a relatively simple 

biological process, yet involves several 

Figure 1. An Adverse Outcome Pathway is a biological map from the molecular initiating event 
through the resulting adverse outcome that describes both mechanism and mode of  action. From: 
Ankley et al. (2010). 



253AXLR8-3 WORKSHOP REPORT
Progress Report 2012 & AXLR8-3 Workshop Report

cell types and tissues and is a good 

demonstration of  AOP development and 

use in constructing an integrated testing 

strategy (Figure 2).  Sensitisation occurs 

in two phases: the first, ‘induction’ 

phase, is a result of  initial contact with 

an allergen and primes the system; the 

second, ‘elicitation’ phase, is in response 

to a subsequent exposure and results in 

an allergic response. As with the Local 

Lymph Node Assay, the sensitisation AOP 

focuses on the initiation phase, which 

both precedes and is required for the 

sensitisation response.  

The induction phase involves initial contact 

and penetration of  the outer dermis of  the 

skin by a potential sensitiser. Metabolism 

in the skin can either activate or deactivate 

the chemical (or have no effect); chemicals 

that are electrophilic after penetrating 

the skin are more potent sensitisers than 

non-electrophiles.  The electrophile then 

interacts irreversibly with nucleophilic 

sites in proteins (e.g., cysteine and lysine 

residues) to form a hapten-protein complex 

in the epidermis—this is the sensitisation 

molecular initiating event. In dendritic 

cells, the presence of  a hapten-protein 

complex triggers release of  cytokines and 

migration of  dendritic cell to the lymph 

node. In keratinocytes, the hapten-protein 

complex causes production of  cytokines 

that in turn stimulate the dendritic cells 

to migrate and the activation of  T cells 

in the lymph nodes. In the lymph node, 

hapten-protein fragments are presented in 

complex with MHC molecules by dendritic 

cells to immature T cells causing the 

maturation of  memory T cells and the 

acquisition of  sensitivity—this is the key 

physiologic response of  the initiation 

phase. 

The sensitisation AOP can be used 

to design (or organise) an integrated 

Figure 2. Flow diagram of  the pathways associated with skin sensitisation. From: OECD (2012).
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assessment strategy that includes non-

test (e.g., QSAR), in vitro and in vivo test 

results.  Such assessment strategies are 

being developed by a number of  research 

groups (OECD, 2012b; Aeby et al., 2010; 

Bauch et al., 2011; Lambrechts et al., 

2011; Kim et al., 2012). 

Carcinogenicity

Under mode-of-action (MoA) frameworks, 

carcinogenicity has been divided into two 

general modes: DNA reactive (genotoxic) 

and non-DNA mediated (or epigenetic). 

Both of  these MoA are further subdivided 

into several specific mechanisms: DNA-re-

active chemicals can interact directly with 

DNA and cause damage, or can act indi-

rectly on other biomolecules that can then 

effect DNA damage. It is generally believed 

that there are several epigenetic MoA, but 

these can be loosely described as: cytotox-

icity-induced cell proliferation, receptor-

mediate, homeostatic disturbance, loss of  

immune surveillance, oxidative stress or 

loss of  intercellular communication.  

Even though the information is not com-

plete, development of  a carcinogenicity 

AOP can begin by outlining what informa-

tion is known (Figure 3; Veith, 2010). This 

general framework is helpful in organising 

other information that could relate to car-

cinogenicity as well as in identifying criti-

cal missing information. And even with 

missing information, this AOP could be 

used within the context of  an integrated 

strategy to inform assessment of  a chemi-

cal’s potential to cause cancer.  

A complicating factor is that, although a 

primary outcome of  DNA reactive chemi-

cals is carcinogenicity, DNA reactive chem-

icals can also affect other adverse out-

comes (Figure 4).  As more information is 

collated, it will become possible map the 

connections between primary and related 

pathways. Depending on the regulatory 

application (e.g., hazard vs. risk assess-

ment, screening vs. use in management 

decisions), the inter-relationships between 

AOPs need to be considered to greater or 

lesser degrees. 

Application of  AOP Concepts to 
REACH: Challenges & Solutions

Chemical information requirements for 

REACH are organised into by import or 

manufacture volume: increasing informa-

tion is required as tonnage of  chemical 

imported or manufactured increases, ir-

respective of  the physical, chemical or 

toxicological properties of  the substance. 

Within the legislation, the requirements 

for each tonnage class are organised 

into Annexes, and the requirements are 

cumulative (e.g., for chemicals in excess 

of  1 metric tonne per year, requirements 

are listed in Annex VII; for chemicals in 

Figure 3. Preliminary outline of  an AOP for 
carcinogenicity. Adapted from: Veith (2010).
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excess of  10 tonnes per year, require-

ments in Annexes VII and VIII apply, etc.). 

Endpoint-specific adaptations to testing 

requirements are described in Column 2 

in each annex, and general adaptation are 

described in Annex XI. Adaptations that 

relate to the AOP concept are grouping 

by chemical class and read-across and 

weight-of-evidence arguments. The use of  

in vitro methods is currently rather limited 

and generally applied as a replacement for 

specific in vivo endpoints (e.g., skin and 

eye corrosion); an exception is the use of  

in vitro genotoxicity as part of  a weight-of-

evidence approach for genotoxic potential. 

According to Annex XI, “suitable” in vitro 

methods include those that are “sufficient-

ly well-developed according to internation-

ally agreed test development criteria (e.g., 

the European Centre for the Validation of  

Alternative Methods (ECVAM)) criteria for 

the entry of  a test into the prevalidation 

process).”  Even for these methods, neg-

ative results are to be confirmed in vivo. 

(EC, 2007). These limitations reduce the 

potential benefits of  AOPs to improve in-

tegrated strategies as applied to REACH 

information requirements.

The current REACH guidance provided by 

the European Chemicals Agency (ECHA, 

2008) is extensive and outlines integrated 

testing strategies to incorporate different 

types of  information for each endpoint. 

However, each endpoint-specific guid-

ance is fairly generic. For example, in the 

integrated strategy for sensitisation, the 

first step is to review existing information 

and QSAR predictions, then to evaluate 

whether it is possible to read across from 

existing information from related chemi-

cals (Figure 5). Next is to perform in vitro 

assays and re-evaluate whether there is 

enough information for risk assessment 

and finally perform in vivo assays if  neces-

sary.

Within this context, there is potential, al-

Figure 4. Adverse outcomes associated with DNA reactive chemicals. From: Veith (2010).
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though limited, for the skin sensitisation 

AOP to inform the decision process (cir-

cles in Figures 5 and 6) to: i) determine 

whether the available information is ap-

propriate and sufficient; and ii) evaluate 

the appropriateness and completeness of  

in vitro assessments and 3) aid in overall 

Figure 5. Integrated testing strategy for skin sensitisation. Figure R.7.3-1 from EHCA (2008).

interpretation of  results.  As described 

above, the limitations include a lack of  

“suitable” in vitro methods that address 

critical steps in the AOP.  

The integrated strategy presented in the 

REACH guidance is more closely aligned 
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Figure 6. Integrated testing strategy for carcinogenicity. Figure R.7.7-2 from ECHA (2008).

with the AOP approach (Figure 6), but still 

limits the applicability of  the approach to 

a large extent. In this strategy, genotoxic-

ity assessment is carried out at lower an-

nexes. If  positive results are seen in vitro, 

assessment of  genotoxicity is performed 
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in vivo by default; however, if  all indica-

tions from lower-tier information is nega-

tive with respect to genotoxicity and neo-

plasia in repeat-dose studies or there is 

still not enough information for classifica-

tion and labeling or risk assessment, the 

strategy recommends in vitro cell transfor-

mation assays or further characterization 

to improve grouping and read-across, and 

short-term in vivo studies that could indi-

cate carcinogenic potential. If  sufficient 

information for C&L or risk assessment is 

still lacking, a standard rodent cancer bio-

assay may be recommended. Even though 

the AOP for carcinogenicity is incomplete, 

there is enough information to design a 

reasonable screening-level assessment for 

carcinogenicity, which would consist of  

a battery of  in vitro genotoxicity and cell 

transformation assays and, by avoiding in 

vivo genotoxicity assessment, would have 

the potential to save a large number of  

animals (Benigni, 2012).  

Unfortunately, the current structure of  

REACH does not allow for the use of  AOPs 

in screening or prioritisation—their most 

obvious short-term uses. However, there 

are other short-term applications of  AOPs 

that can be applied to REACH: AOPs can 

be used to inform chemical categories and 

improve appropriate read-across, increase 

confidence in weight-of-evidence determi-

nations, and reduce requirements for lon-

ger term, more animal-intensive testing. 

Longer-term advantages of  the AOP ap-

proach include informing cumulative risk 

assessment, and eventually replacing 

tiered testing approaches. In order for 

these longer-term advantages to be fully 

implemented within the context of  REACH, 

the spectrum of  available suitable in vitro 

tests will need to be greatly expanded.   

Annex XI would also need to be modified 

to include the ability to inform information 

requirements via hypothesis-driven AOP 

approaches.

Next Steps in AOP Development

AOPs for all toxicological endpoints, likely 

including sensitisation, need further 

development. A concerted and coordinated 

effort is required to develop consistent 

approaches to the development and use of  

AOPs, along with the necessary databases 

to support this development. Toward these 

goals, the OECD has recently agreed to 

integrate the AOP approach into the Test 

Guidelines Programme and is currently 

developing guidance for the development 

and use of  AOPs (Schultz et al., 2011; 

OECD, 2012). In order to evaluate the 

relevance, reliability, and robustness of  an 

AOP, it is critical to evaluate the empirical 

and logical premises for the AOP in a 

transparent way. The OECD approach 

suggests that each AOP be assessed with 

respect to i) the qualitative understanding 

of  the AOP, including the concordance of  

dose-response and temporal relationships 

among key events; ii) the quality and 

strength experimental evidence supporting 

the AOP including biological plausibility, 

coherence and consistency of  the 

evidence; and finally iii) the quantitative 

understanding of  linkages within the 

AOP. It is important also to consider the 

uncertainties, inconsistencies and data 

gaps in the supporting evidence. The goals 

of  this guidance are to provide consistency 
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in structure and facilitate harmonised use 

of  AOPs.

It is also critical to create a unified 

knowledge base for AOPs and their 

supporting evidence that integrates 

information from all scientific sectors, 

including toxicology, drug development, 

disease medicine and research. One such 

possibility is Effectopedia, an open-source 

“knowledge aggregation and collaboration 

tool that provides a means of  describing 

adverse outcome pathways in an 

encyclopedic manner” that was initially 

developed by the International QSAR 

Foundation and is currently curated by and 

housed at the Institute of  Biophysics and 

Biomedical Engineering at the Bulgarian 

Academy of  Sciences (IQF, 2010).     

A publically accessible, harmonised 

knowledge base that describes AOPs 

based on integrated toxicological and 

disease pathway information will allow 

greatly improved assessment strategy 

design. Assessment strategies based on 

transparent, hypothesis-driven evaluation 

of  key steps along an AOP will provide 

improved predictively (for both human and 

environmental health) and with greater 

confidence than current approaches based 

largely on empirical data from a standard 

array of  animal tests.
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The aim of  the AXLR8-3 workshop was to build upon the preliminary 

research roadmap outlined in the AXLR8 2011 Progress Report in 

the context of  the forthcoming eighth EU research and innovation 

framework programme, Horizon 2020. 

In addition to receiving progress updates from European and global research teams 

working to develop advanced tools for safety testing and risk assessment, these science 

leaders were invited to provide their structured input into hypothetical ‘adverse outcome 

pathway’ (AOP)-oriented funding calls through a series of  breakout group (BOG) 

sessions. 

Four BOGs were established for a focused discussion of  the scientific state-of-the-art and 

of  knowledge gaps and priorities for future EU research funding in the areas of  cancer/

carcinogenicity, reproductive and developmental disorders/toxicity, sensitisation and 

immune disorders, and cross-cutting topics. Each BOG was presented with the same 

skeleton framework (Table 1) to consider as a point-of-departure, together with tailored 

thought-starter questions. 

The feedback from the four BOGs appears below. It has been given preliminary 

consideration by the AXLR8 Scientific Panel, which will reconvene early in 2013 to 

finalise its recommendations for a Roadmap to Next Generation Safety Testing Under 

Horizon 2020.
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Table 1: Draft recommendation for AOP-oriented funding call(s).

AOP discovery (require adherence to OECD guidance & participation in process?)

1. Conceptual model (by health or environmental concern/endpoint)
a. Assemble relevant knowledge concerning key events underlying 

normal biological function and their regulation at biochemical/
cellular level 

2. Literature review (no new data generation)
a. Begin with apical anchors and work backwards through mode-of-

action and biomarkers (top-down strategy)
b. Review literature for existing knowledge that links molecular targets to 

key events at higher levels of  organisation (bottom-up strategy)
c. Identify critical data gaps 

3. Human biology-based omics and human cell-based high-throughput screening
a. High-content data generation concerning early/molecular-initiating 

events
b. Link to 2b above 

4. Inventory of  mode-of-action/key events & quantification of  relationships 
between links

a. Identify putative key events (biology potentially susceptible to 
perturbation by bioavailable xenobiotics)

b. Identify available/ideal cell/gene models to test for perturbations of  
key events; link to 1a below 

5. Hypothesis testing & qualification 

6. Other?

Key Enabling Technologies 

1. In vitro, omic tools
a. Develop human cellular/molecular assays as needed according to 4b 

above
b. Optimise for high-throughput screening
c. Bioengineered multi/organ chips, etc. 

2. Computational
a. Advanced computational chemistry & systems biology modelling
b. Advanced PBPK/reverse pharmacokinetic modelling 

3. Infrastructures
a. Bioinformatics/data management (Effectopedia?)
b. HTS platforms
c. Gene sequencing
d. 3D tissue reconstruction

e. Other?
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3.4.1 Break-Out Group 1: Cross-Cutting Topics

Co-chairs    Rapporteur

Steffen Ernst & Bob Kavlock  Troy Seidle

Objectives

1. Refine Draft Recommendation for AOP-Oriented Funding Call(s) with an eye to 

incorporating and building upon AXLR8-2 workshop recommendations/roadmap 

proposal and developments at EU, Member State, OECD and third country levels.

2. Identify most suitable (Horizon 2020) positioning, funding model(s) and tools for 

a research programme of  this nature (i.e., strategically coordinated, public-private 

partnership with strong international collaboration). 

Thought-Starter Questions

1. How should the Draft Recommendation document be refined in terms of:

a. Science and technology building blocks?

b. Ordering and timing of  calls (e.g., make increasing amounts of  funding 

available for key enabling technologies as AOP discovery efforts become 

more advanced, etc.)?

c. Other?

2. What is the most suitable project model to ensure up-front coordination (i.e., gap 

analysis and targeted calls), effective and flexible management, and integrated, 

results-driven research?

a. Management and scientific advisory structure established before calls are 

issued, determining R&D needs (awards grants/contracts) in a top-down 

approach?

b. Coordination action attached to a research cluster (e.g., SEURAT-1 model)?

c. Other?

3. What is the most suitable funding tool for a project of  this type, i.e., grant agreement, 

contract, other? 

4. What is the most suitable (Horizon 2020) funding stream(s), e.g.,

a. Traditional Commission grant-based, bottom-up approach?

b. Institutionalised PPP (e.g., IMI or Joint Technology Initiative)?

c. PPP within the Health KIC (75% private funding within EIT framework)?

d. Independent PPP established according to its own rules?

e. Other?
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Discussion Summary

General remarks regarding AOP approach

BOG participants noted that the AOP conceptual model is useful both for organising 

biological knowledge and for structuring research efforts, and underlined the 

recommendation of  the previous AXLR8 workshop that future EU health research 

should prioritise this line of  investigation, emphasising the elucidation of  pathways of  

human disease and toxicity vs. rodent biology. Although the terms ‘toxicity pathway’ 

and ‘AOP’ may be relatively new, the mode-of-action thinking at their core is already 

well-established and accepted throughout the scientific community, and is a driving 

force behind the research and development efforts in the pharmaceutical industry in 

particular (e.g., use of  human data to define biomarkers beyond non-specific events 

such as cytotoxicity and oxidative stress). However, it was noted that many research 

initiatives are under way around the world, with ongoing areas of  overlap (e.g., selection 

of  reference chemicals) as well as gaps (e.g., metabolism in vitro) despite attempts 

at coordination. OECD leadership in developing a suitable ontology and framework 

for international cooperation and knowledge management (e.g., Effectopedia to link 

together ‘islands’ of  understanding) was looked upon favourably in this regard. 

It remains unclear how many pathways may need to be examined in order to replicate 

a longer-term specific (e.g., renal, reproduction) or general toxicity study. Industry is 

sensitive to the need for a practically manageable and affordable testing paradigm that 

will allow clear regulatory conclusions to be drawn without having to test for every 

conceivable perturbation of  each and every pathway. On balance, it was noted that 

under the US EPA’s ToxCast screening programme, it is already possible to perform 

more than 200 mechanistic high-throughput screening studies for about the same cost 

as a single oral LD50	test	(i.e.,	<	15K	€).	

Relevant cell models 

There was general agreement of  the need to move away from tumour cell lines and 

2-dimensional models in favour of  human primary cells wherever possible. The limited 

availability of  certain types of  human cells was discussed, with mixed views regarding 

the utility of  recourse to primary rodent cells, e.g., to demonstrate rodent in vitro-in 

vivo concordance to regulators who are accustomed to making decisions on the basis of  

apical endpoints in rodents. An alternate suggestion was to work toward enhancement 

of  human bio-banking to better address genetic diversity, sensitive life stages, etc. 
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Human data 

There was general agreement that human data constitute the ‘gold standard’ for drawing 

links to real-world adverse outcomes, against which the relevance of  new and existing test 

methods can best be judged. Human data are also best suited to inform an understanding 

of  human variability and sensitivity, including at different life stages. However, it was 

also recognised that for certain apical endpoint areas (e.g., developmental toxicity), 

access to relevant human data will be limited. But as a general point, participants 

noted the need for more sharing of  human data by the pharmaceutical industry, i.e., to 

understand the reason for drug failures on a basic biological level. Given the high (~92%) 

failure rates reported for new human medicines, there is considered to be a wealth of  

existing, human relevant, yet untapped data that could greatly advance progress in the 

health sciences. Efforts should be made to overcome legal hurdles around data sharing/

privacy, as has been achieved on a small scale in the USA (i.e., through the contribution 

of  human data for 100 failed drugs to the EPA ToxCast programme).

Exposure science

Several participants identified the need for an integrated research effort to enhance tools 

and models for human and environmental exposure, i.e., biomonitoring, epidemiology, 

etc., with a particular eye toward assessing the influence of  ‘cocktails’ of  environmental 

chemicals on AOPs in human and wildlife populations.

BOG suggestions for refinement of Draft Recommendation

A. AOP elucidation (require adherence to OECD guidance & participation in process)

1. Conceptual model (by health or environmental concern/endpoint)

a. Assemble relevant knowledge concerning key events underlying 

normal biological function and their regulation at biochemical/

cellular level (e.g., based on Kegg pathways, etc.), including 

morphological & functional characteristics

b. Begin with apical anchors and work backwards through MoA and 

biomarkers (e.g., Hanahan-Weinberg hallmarks of  cancer; top-down 

strategy)

c. Review literature for existing knowledge that links molecular targets to 

key events at higher levels of  organisation (bottom-up strategy)

d. Identify critical data gaps 

2. Specific project relevant AOP inventory

a. Develop following OECD guidelines
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b. Inventory of  MoA/key events and quantification of  relationships 

between links

c. Identify putative key events (biology potentially susceptible to 

perturbation by bioavailable xenobiotics)

d. Identify available/ideal cell/gene models to test for perturbations of  

key events

e. Make a list of  early/key events and choose appropriate experimental 

models to understand the events that link to the final outcome

3. Human biology-based systems approaches

a. -Omics, HTS

b. High-content data generation concerning early / molecular-initiating 

events

c. Rope of  epigenetic events

d. Exposome/biomonitoring/epidemiology approaches

e. Integration of  data / knowledge, including patient information 

4. Hypothesis testing (validation) and quantification of  AOP linkages

a. Proof-of-concept (how to organise AOPs, build ITS) 

B. Key enabling technologies 

1. In vitro, -omic tools

a. Develop human cellular/molecular assays as needed according to 

point 2.d. above

b. Optimise for HTS

c. microRNAs

d. Bioengineered dynamic human (multi-) organ chips, etc.

e. Sensitive imaging of  cellular biomarkers?

2. Computational

a. Advanced computational chemistry

b. Computational cellular/systems biology modelling

c. Advanced PBPK/reverse pharmacokinetic modelling

d. Integration of  data sets & application tools 

3. Infrastructures

a. Bioinformatics/data management

b. Chemoinformatics  

c. Knowledge integration (Effectopedia?)

d. HTS platforms
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e. High-content imaging approaches

f. Gene sequencing

g. 3D tissue reconstruction

h. Chemical repository with quality assurance

i. Bio-banking of  human tissues/cells

j. Human stem cells

4. Priority study areas (these suggestions seemed at a different level of  detail 

than broad strategy so are summarised here)

a. Different life-stages

b. Species differences

c. Metabolism

d. Low-dose, non-monotonic effects

e. Endocrine

f. Nanosafety

g. Chemical mixtures

3.4.2 Break-Out Group 2: Sensitisation & Immune Disorders

Co-chairs    Rapporteur

Joanna Jaworska & Nathalie Alépée Greet Schoeters

Objectives

1. Refine Draft Recommendation for AOP-Oriented Funding Call(s) in the context of  

sensitisation/immune disorders with an eye to incorporating and building upon 

AXLR8-2 workshop recommendations/roadmap proposal and developments at EU, 

Member State, OECD and third country levels.

2. Identify steps/priorities to bring skin sensitisation across the ‘finish line’

3. Expand the OECD AOP with an eye to respiratory sensitisation.

Thought-Starter Questions

1. How should the Draft Recommendation document be refined in terms of:

a. Science and technology building blocks?

b. Ordering and timing of  calls (e.g., make increasing amounts of  funding available 

for key enabling technologies as AOP discovery efforts become more advanced, 

etc.)?

2. What additional steps are needed to achieve full replacement of  animal testing for 

skin sensitisation and how should they be prioritised?
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3. What are some apical/molecular anchors and key events in AOPs for respiratory 

sensitisation?

Discussion Summary

Background  

BOG participants agreed that progress in the field of  skin sensitisation testing over the 

last 10 years has been substantial. Key mechanisms related to chemically-induced skin 

sensitisation have been unravelled with a working strategy that was largely in line with 

the pathway-based concept of  ‘21st century’ toxicology. A battery of  tests has been de-

veloped that covers the key essential pathway events and involves the chemical reactiv-

ity of  compounds with the surrounding extracellular matrix of  the skin, as well as initial 

cellular events at the level of  keratinocytes and dendritic cells. 

Current scientific and regulatory challenges

Skin sensitisation is one of  the most frequently required toxicological endpoints in the 

European cosmetics, chemicals and other regulated product sectors. It is the only test 

that is mandatory for chemicals with an annual production volume of  1 tonne or more. 

While animal testing is not banned for REACH, EU cosmetics legislation disallows any 

and all animal testing for cosmetic purposes within the EU after March 2009, and is 

expected to further ban the sale of  cosmetic products whose ingredients are subject to 

animal testing for EU cosmetic purposes after March 2013. It is expected that testing 

for skin sensitisation with adequate non-animal alternative assays may be achievable 

within in a short timeframe.

How to bring skin sensitisation across the finish line? 

Despite feelings of  optimism, BOG participants identified some urgent further 

improvements to achieve skin sensitisation with non-animal methods for adversity of  

applications and in concordance with existing regulations and legal requirements.

1. Define better applicability and the corresponding technical needs

•	 Development and validation of  tests for sensitisation have been mainly oriented 

towards testing ingredients for hazard identification. The applicability domain 

should be expanded to cover a wider range of  substances as well as formulated 

products/mixtures, e.g., drugs and pesticide formulations. 

•	 Although most compounds are not readily soluble in water, approaches for testing 

non-water soluble compounds for sensitising properties might need further 
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evaluations. This aspect needs further attention and also quantitative aspects of  

dosing and drug metabolism in the skin.

•	 Test developers should clearly define their tests applicability domain (strengths and 

limitations) whenever if  possible.

2. Expand the potential for use of  non-animal tests

•	 The first requirement that was identified is to provide reliable hazard identification 

is to discriminate sensitisers from non-sensitising chemicals. Studies are currently 

under way to evaluate the transferability, (within- and between-labs) reproducibility 

of  the test methods and its preliminary predictivity.

•	 The test results should also allow correct classification of  chemicals according to 

European and international criteria (CLP and GHS, respectively). The test results 

should be useful to allow the international marketing of  chemicals.

•	 Successful tests should be applicable for the REACH evaluation to assess 

chemical risks. It is estimated that more than 18,000 substances may require skin 

sensitisation data under REACH alone. An important aspect of  the risk assessment 

includes potency evaluation, i.e., to take into account not only the hazard but also 

the exposure in relation to the effect. Potency evaluation is a characteristic of  some 

of  the proposed skin sensitisation tests, but potency evaluation is not yet included, 

nor well considered, for validation.

•	 It has been noticed that read-across through grouping of  chemicals based on their 

intrinsic properties is a very promising strategy to meet the needs of  REACH for the 

risk assessment of  chemicals. Appropriate tests, based on mechanistic insights, 

can complement the lack of  available data on intrinsic properties of  the chemicals 

and may provide additional information to support and improve the read-across 

approach. A strategy should be developed how to use the currently available non-

tests for this endpoint.

3. Develop a strategy for each applicability domain 

•	 The BOG made it clear that the use of  alternative tests for each specific purpose 

will require specific rationale and success criteria, which have yet to be developed.

•	 Further development of  the test methods is essential 

4. Hazard identification

•	 Individual test systems addressing the molecular initiating events of  sensitisation 

are well developed, but should be further linked to each of  the specific boxes of  

the AOP. The major targets for protein binding have been identified. Signalling 

molecules and molecular pathways in keratinocytes and dendritic cells have been 
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characterised at the level of  proteins and related genes. 

•	 Not all sites of  action are known. Hypothesis-based human case studies are needed 

to evaluate which key events are part of  the AOP. There is a specific need for better 

knowledge on activation of  lymphocytes in response to sensitisers. This knowledge 

is additionally required to effectively target test development to key events that are 

related to the later events of  the sensitisation.

•	 It is clear that the adverse outcome of  sensitisation is the consequence of  a series 

of  events. However, there is no established consensus how to integrate different 

tests in good order e.g., using them in parallel or sequentially in a tiered strategy.

•	 Is the same accuracy needed for each of  the tests? The cut-off  values and decision 

criteria are not well defined, but are needed for the evaluation of  the outcome of  

the tests. These criteria might eventually consider the key event that a test method 

is addressing.

•	 Information on reproducibility and variability is not published for all tests that are 

considered to fill the different boxes of  the AOP.

•	 Knowledge on the limitations of  the individual tests and definition of  their 

applicability domain need to be established.

•	 Although some individual tests are well underway on their transferability and 

reproducibility tracks, it is unclear how best to validate in a cost-effective way a 

battery of  tests. For this purpose, a sound approach needs to be developed and 

tested if  defined as a prerequisite for testing strategy.

5. Risk characterisation

The BOG proposed a much closer collaboration and interaction with epidemiologists, 

exposure scientists, clinicians and fundamental biologists to improve the knowledge on 

how to develop and use sensitisation tests for quantifying risks of  exposure. 

•	 Exposure science—All scenarios of  human exposure that may lead to sensitisation 

should be characterised in depth. We do not know whether frequency or magnitude 

of  exposure is most important. We do not know the relevant doses to the targets 

and if  peak exposure is more important than continuous exposure, or if  cumulative 

exposure is driving the response.

•	 Clinical sciences/epidemiology—Diagnostic tools for skin sensitisation in humans 

should be used and to help understanding to dose-response relation effects 

that might be individual-specific. Therefore, this might help defining benchmark 

concentrations for in vitro tests. Concentrations should be identified below which no 

adversity is observed. This information should in the first place be obtained from 

human studies.  

•	 Epidemiology—In the long-term, mechanistic understanding is needed to address 

risk for populations that differ in sensitivity. 
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•	 Human biology of  sensitisation

•	 Clinical symptoms of  sensitisation in humans are the consequence of  

enhanced T cell proliferation. However, the underlying mechanisms and dose-

relations have not yet been elucidated, although this information is needed 

to quantify the risk.

•	 Further research is needed to assess the extent to which parent compounds or 

their chemical metabolites are involved in sensitisation responses in humans.

•	 To permit quantitative risk assessment for sensitisation concentration-response 

curves have to be established for each of  the test systems. The dynamic range 

should be wide enough to enable differentiation of  potency ranges observed in vivo.

6. Technical needs to improve predictivity of  current tests

•	 Better methods are needed to study skin penetration and bioavailability of  

compounds.

•	 Auto-oxidation and metabolism are not always under appropriate control; this is 

hampering correct evaluation of  the safety of  chemicals.

Recommendations of the BOG applicable for testing for sensitisation and beyond

•	 The AOP approach has the objective to be a driver for targeted testing. This should 

be substantiated by case studies, since they do not yet exist.

•	 Evaluate each test method on mechanistic relevance criteria (i.e., how closely does 

the method aim to predict an AOP key event?). Integration of  data from test methods 

that are mechanistically unclear will be complicated and questionable.

•	 It is important to collect the results derived from the different test methods and case 

studies, based on batteries of  tests, in a database to support testing strategies. This 

should allow comprehensive evaluation of  the existing large datasets. Platforms for 

combining data should be established and computational tools for data mining and 

data analysis should be further developed.

•	 The AOP approach is based on mechanistic insights in the key events. Further 

experiments evaluating chemical for which the mechanism is well known, and 

development of  new tests should be targeted towards these key events. 

•	 The chemical universe is very wide, and this should be taken into account when 

defining the applicability of  tests or of  a test strategy whenever possible. The 

applicability domain of  a test method should be wide unless contraindicated.

•	 To define how different test methods might be complementary and considered 

in combination in a testing strategy, it is essential that a common set of  test 

substances be used in all of  the tests. Also, the applicability of  the test battery 

needs to be identified.
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Sensitisation via other routes of exposure

The BOG indicated and reflected briefly on how to deal with chemicals, which may 

induce sensitisation upon passage of  chemicals through other barriers such as the 

airways or the intestine. 

 

A similar conceptual framework/AOP as for skin sensitisation may be useful and needed 

for respiratory sensitisation. It is expected that that slightly different tests may be 

needed and they still have to be developed.

3.4.3 Break-Out Group 3: Cancer/Carcinogenicity

Co-chairs    Co-rapporteurs

Mel Andersen & Jürgen Borlak  Hilda Witters & Kate Willett

Objectives

1. Refine Draft Recommendation for AOP-Oriented Funding Call(s) in the context of  

sensitisation/immune disorders with an eye to incorporating and building upon 

AXLR8-2 workshop recommendations/roadmap proposal and developments at EU, 

Member State, OECD and third country levels.

2. Begin to map out key carcinogenicity AOPs based on available expertise, including 

identification of  key events and cell systems/omic approaches to test for 

perturbations, knowledge gaps, etc.  

Thought-Starter Questions

1. How should the Draft Recommendation document be refined in terms of:

a. Science and technology building blocks?

b. Ordering and timing of  calls (e.g. make increasing amounts of  funding available 

for key enabling technologies as AOP discovery efforts become more advanced, 

etc.)?

2. What are some apical / molecular anchors and key events in AOPs for non-genotoxic 

carcinogenicity?

Discussion Summary

Background and state-of-the-art

Current regulatory testing for carcinogenic potential of  chemicals and drugs mainly 
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relies on animal testing, using the 2-year rodent assay as the ‘gold standard’. These 

rodent carcinogenicity studies are costly and time-consuming and there is a critical 

need for validated alternative test models that can reduce/replace the use of  animals 

used in carcinogenicity assessments. Structural alerts are in use and, to certain extent, 

are promising approaches. Several in vitro alternatives have also been developed for 

predicting carcinogenicity. Of  these, the in vitro genotoxicity tests, such as the well-

known bacterial Ames test, address only one mechanism involved in carcinogenicity, i.e., 

induction of  genetic damage. 

In contrast, in vitro cell transformation assays (CTAs) involve a multistage process that 

closely models some stages of  in vivo carcinogenesis. These CTAs have the potential 

to detect both genotoxic and non-genotoxic carcinogens. As such, these tests, such as 

those using Syrian hamster embryo (SHE) or mouse Balb/c 3T3 fibroblast cells, serve 

as screens for potential carcinogenic potential and allow investigation of  mechanisms 

of  carcinogenicity. Both of  these cellular models show good concordance to rodent 

and human carcinogens. The 3T3 model, despite the lack of  a metabolising system, 

performs well, but further investigation could significantly improve test performance. In 

that respect, the Bhas 42 CTA also has potential. This short-term assay, using a clone of  

the BALB/c 3T3 cells transfected with an oncogenic murine ras gene (v-Ha-ras), detects 

both tumour-initiating and tumour-promoting activities. 

Several BOG participants supported the use of  a genotoxicity battery of  these in vitro 

tests as a cancer screen. The Ames test supplemented with a CTA test should, in case of  

positive response, be followed by an in vivo test method, such as bone marrow tests, and 

include biokinetics. However, the in vivo bone marrow test for chromosomal aberrations 

was considered by some members to lack the requisite sensitivity, thus warranting 

further research.

Research needs and building blocks to AOP elucidation

Assays using human cells should focus on providing information on known key events 

underlying normal biological function, the alteration of  which leads to cancer. These 

biological processes include regulation at biochemical and cellular levels. Assays that 

include morphological and functional characteristics would also be good starting points. 

BOG participants noted ideas for further investigation and provided critical remarks 

towards improved models for carcinogenicity

Human-based cellular systems need to be developed, using either stem cell models 

or organotypic cells. Models based on 3D tissues, representing different target sites, 

could also take into account tissue disruption. CTAs perform well, but remain expensive. 

Whether human cells can be used for transformation assays is still a point of  discussion. 
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Except for keratinocytes, which divide quickly, cells from differentiated tissues have 

lower proliferation rates and are likely less susceptible to transformation. Moreover, 

human cells show low spontaneous transformation frequency and have endogenous 

repair mechanisms superior to those of  rodent cells. On the other hand, human stem 

cells may be a good compromise; either embryonic cells or induced pluripotent stem 

cells (iPS), as these might show higher sensitivity for transformation and require lower 

cell numbers to observe transformation events. Human non-differentiated stem cells, 

which never see a transformation event, may be a good cell system for some advanced 

transformation assay and could help select biomarkers or key events predictive of  

carcinogenicity. Extended clinical work using stem cell transplantation or therapy 

should also provide leads for developing better assays. The manufacturing and use 

of  non-carcinogenic human ‘modified’ cell models, as those approved by FDA for the 

production of  biologicals, should also be investigated as potential alternative models 

for carcinogenicity studies. 

Gathering knowledge

Several approaches might aid in gathering knowledge on relevant human cancer AOPs 

and coordinating this information according to the OECD framework. A top-down 

strategy could focus on known genes in human (or rodent) cancers as apical anchor 

points (together with patient information), and work backwards through biomarkers 

and pathway analysis. On the other hand, existing knowledge and literature review 

on molecular targets, key events, and perturbations in model systems could identify 

factors (environmental, viral, lifestyle, etc.) that accelerate carcinogenicity and could 

lead to a better understanding of  effects at higher levels of  organisation (e.g., tissue 

neoplasia). This bottom-up approach could move towards an intelligent test strategy, 

including the analysis of  pathways. However, we are far from the basic understanding on 

how to translate cell behaviours, such as apoptosis, pathway perturbation, the role of  

long-term signalling, etc., in order to predict carcinogenicity. Appropriate experimental 

tools (e.g., -omics) or cellular models will be those that provide information on genes 

(biomarkers), pathways, and key events expected to be important for a human cancer 

AOP. We also need to understand those events and the relevance of  these processes 

in terms of  the adverse outcome (cancer). Comparative studies on several types of  

cancer, which might include different AOPs with different gene expression profiles of  

cancer cells, even including intra-tumour heterogeneity, might advance knowledge and 

identify putative key events and the manner in which they link to intermediate precursor 

changes and to cancer. 

Need for new technologies

There is a need for new technologies that elucidate apical and molecular anchors and 
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identify key events in AOPs for genotoxic and non-genotoxic carcinogenicity. Scientific 

investments are required at the level of  -omics tools and human in vitro cellular and 

molecular assays in this area. MicroRNAs appear extremely valuable and stable in human 

diagnostics, though their use in developing a cancer AOP is unclear. On the other hand, 

we might be able to obtain adequate information to guide AOP development through 

new sequencing technologies. High-throughput screening and high-content imaging 

methods for sensitive and early detection should be investigated. Integration of  data 

(human biomonitoring, epigenetic data, patient information, historical in vivo rodent, and 

in vitro models) and application of  new tools to organise diverse data streams should be 

maximised. Computational efforts to model the macro-architecture of  the cells (chemo-

informatics), cellular systems biology, and advanced pharmacokinetic modelling are 

also likely to contribute to understanding the linkages across areas involved in a cancer 

AOP. Bio-banked human tissues and cells, matched to patient disease information, could 

create a valuable resource to examine and evaluate key events in cancer formation. 

Potential systems to use as models for non-genotoxic carcinogenicity could include 3D 

tissue reconstruction, bioreactors with stem cells maintaining cellular niches to initiate 

cancer, and bioengineered dynamic human multi-organ chips.

Conclusions

The scientific challenge is to develop human relevant in vitro model systems to serve 

as alternatives to in vivo rodent studies, in order to create results more relevant for 

human risk assessment. This task requires adequate in vitro models for the study of  

AOPs, the availability of  sufficient knowledge for elucidating human pathways for non-

genotoxic cancer that capture molecular events of  initiation of  cancer and progression. 

New technologies using human stem cells representing various tissues/organs, -omics 

approaches and data integration with bioinformatics tools using both in vivo (patient) 

and in vitro will need to be considered if  we expect to have tools to create a cancer AOP 

that assists in risk assessment in a reasonable timeframe.
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3.4.4 Break-Out Group 4: Reproductive and Developmental 
Disorders/Toxicity

Co-chairs    Rapporteur

Robert Landsiedel & Tom Knudsen Horst Spielmann

Objectives

1. Refine Draft Recommendation for AOP-Oriented Funding Call(s) in the context of  

sensitisation/immune disorders with an eye to incorporating and building upon 

AXLR8-2 workshop recommendations/roadmap proposal and developments at EU, 

Member State, OECD and third country levels.

2. Begin to map out key reproductive and developmental toxicity AOPs based on 

available expertise, including identification of  key events and cell systems/omic 

approaches to test for perturbations, knowledge gaps, etc. 

Thought-Starter Questions

1. How should the Draft Recommendation document be refined in terms of:

a. Science and technology building blocks?

b. Ordering and timing of  calls (e.g., make increasing amounts of  funding available 

for key enabling technologies as AOP discovery efforts become more advanced, 

etc.)?

2. What are some apical/molecular anchors and key events in AOPs for reproductive 

and developmental toxicity?

Discussion Summary

Some apical/molecular anchors and key events in AOPs for developmental and reproductive 

toxicity

1. Systems-based approach—Currently there is no generalised approach for the two 

rather different endpoints of  developmental and reproductive toxicity; the former cov-

ering prenatal and early postnatal differentiation and development while the latter in-

cludes pre- and early postnatal development as well as later manifestations and longer-

term consequences in the second and third generation. The most promising approaches 

would be to either go from simple descriptive observations, e.g., morphology, to com-

plex functional and organ-specific evaluation, and the second one to go from specific 

pathways at the cellular level to the complex functions of  tissues and organs.

1.1. Developmental toxicity outcomes resulting from early embryonic altera-
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tions—Developmental alterations may be induced quite early when embryon-

ic stem cells (mES or hES) are differentiating into specific cells and tissues. Since 

there are significant species-specific structural differences, e.g., in placenta de-

velopment, developmental toxicants can invoke developmental effects and ad-

verse outcomes in a species-specific manner. Such differences are well known even 

among the most commonly studied mammals and the human embryo and fetus. 

     

1.2. Critical pathways/windows, predictive modules and integrated approaches—A few 

critical pathways and windows have been identified in developmental and reproductive 

toxicity and may be used for AOP elucidation. They will have to be combined with tissue-

specific predictive modules and then integrated to higher levels of  biological organisa-

tion for all of  the major organ systems, e.g., heart, limbs, brain, eye, ear, gut, skin and 

female and male reproductive organs. For developmental toxicity, it is also important to 

identify pathways that are active during differentiation and embryogenesis, in particular 

if  they play conserved roles across species, or if  play unique functions in mammalian or 

human development. In a similar manner, it will be important to identify pathway-level 

functions that are gendre-dependent, e.g., active during female and/or male sexual dif-

ferentiation.

1.3. Identifying developmentally and reprotoxic mechanisms using specific examples 

(genetics and compounds)—There are a few developmentally and reprotoxic chemicals 

known to induce adverse outcomes by interfering with specific pathways, e.g., the ret-

inoids and DES, while for some chemicals that are inducing specific developmental 

abnormalities in the human embryo the mode-of-action (MOA) has not yet been fully 

elucidated, e.g., Thalidomide. 

1.4. New approaches: hES cells and zebrafish embryos—In the near future, the use of  

hES will lead to progress in developmental and reproductive toxicology through the elu-

cidation of  pathways characteristic for human embryonic differentiation and develop-

ment. Recent studies on developmental genetics in zebrafish have shown that there are 

important similarities across species. Hence studies in simpler model organisms such 

as zebrafish or other non-mammalian species (e.g., C elegans and D Melanogaster) hold 

promise for elucidating key events in AOPs for these endpoints.

2. MoAs: move from descriptive to predictive—Similar to AOPs, the elucidation of  MOAs 

for developmental and reproductive toxocity should start by analysing the underlying 

biology, which usually consists of  basic biological processes, e.g., cell growth, differen-

tiation, death; extracellular matrix remodelling; and cell adhesion, motility, migration. 

In addition, epigenetic mechanisms are essential elements of  cellular programming, 

e.g., DNA methylation, microRNA, chromatin acetylation, and stem cell niches. To estab-

lish MOAs, existing information from specific databases should be retrieved, e.g., from 
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-omics repositories and high-throughput and high-content screening databases. Knowl-

edge management is an essential tool for establishing new MOAs, it includes experience 

in semantics, ontologies, and analytical text mining.

3. Outcomes of  long-term effects of  exposure to developmental and reproductive toxi-

cants 

3.1. DES: adenoma—Most of  the established reproductive and developmentally toxic 

drugs and chemicals have well established long-term effects on other organs in non-

pregnant animals, e.g., DES and hormone-like drugs are inducing or promoting the 

induction of  adenoma and other tumors.

 

3.2. Trans-generational effects in human populations—Long-term epidemiological stud-

ies revealed that when pregnant women had suffered from famine during World Wars I 

or II, the percentage of  their children suffering from chronic heart diseases at the age 

of  50 or more was significantly increased. During the past decade, this chronic disease 

outcome has been observed by studies conducted in populations around the world. In a 

similar manner, poor nutrition of  pregnant women leads to obesity, metabolic syndrome 

and diabetes. Evidence from animal reproductive and developmental toxicity studies 

supports the notion that adverse physiological conditions such as these may emerge 

from early life exposures or generational effects propagated epigenetically. Since these 

diseases have been increasing during the second half  of  the 20th century and since they 

are a threat to public health around the world, there is an urgent need to identify the 

AOPs during preconception and intrauterine life-stages and pregnancy life-stages that 

are responsible for such adverse developmental effects in children of  both sexes. Cur-

rently our knowledge on AOPs induced by environmental factors including nutrition is 

limited.

3.3. Male and female fertility (EDC & other)—Studies on human fertility in industri-

alised countries have revealed a reduction in female and male fertility during the past 

two decades. An obvious factor is the availability and use of  contraceptive methods and 

socioeconomic pressures that have led to an increase in the number of  pregnancies 

in older couples (e.g., women get pregnant about 5-10 years later than 40 years ago). 

Both nutrition and endocrine-active substances may also be responsible for the increas-

ingly earlier onset of  puberty in girls and boys over the past half-centrury. In addition, 

chemicals with endocrine activity could accumulate in the environment and add to the 

reduction in human fertility. Since the basic MoA of  certain endocrine-active substances 

is known, this MoA may be a good starting point for elucidating AOPs for this group of  

reproductive and developmental toxicants.

3.4. Other organ-specific endpoints: placenta and developmental neurotoxicity—The 
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development of  the placenta and the interaction between mother and child is complex 

and species-specific. Since human placenta tissue is available for research, studies con-

ducted on AOPs in maternal (decidual) and embryonic/fetal (trophoblast) cells could 

provide insight into ADME factors (e.g., bioavailability and transport) to inform drug 

safety in pregnancy. Developmental neurotoxicity (DNT) is of  particular concern for pop-

ulations exposed to neurotoxic agrochemicals (like some major class of  insecticides). 

Therefore, in the United States, testing of  pesticides for neurodevelopmental toxicity in 

complex DNT studies is required when certain triggers are detected in other toxicologi-

cal studies. Usually the toxicity of  these pesticides is well-studied and is seems quite 

promising to elucidate AOPs of  agrochemicals with DNT properties. So far there is only 

limited evidence that chemicals and other environmental factors may be able to induce 

male-mediated effects on development. Therefore, elucidation of  AOPs for this endpoint 

is considered to be a longer-term objective.

4. Complex human in vitro culture systems—In preclinical safety testing of  drugs, the 

mouse embryonic stem cell test (EST) is routinely used by major drug companies, and 

recent developments include high-throughput robotic systems for HTS of  large chemical 

libraries in a human EST, which will apply hES cells. Complex 3D culture systems apply-

ing human cells and tissues are a way forward in all areas of  toxicology including devel-

opmental and reproductive toxicity. Meanwhile several groups have developed the first 

prototypes of  human organ-on-a-chip platforms. Therefore, it may be possible in the 

near future to use such advanced 3D cultures and multi-cellular modelling approaches 

for these endpoints.  Such complex systems should take into account physiological 

inputs, homeostasis and in vitro fluids to simulate circulation/blood flow. The next gen-

eration assays platforms should focus on pathway elucidation and on the physiological 

properties of  the individual organ systems.

5. Advanced/sophisticated technologies—The techniques for early monitoring of  hu-

man prenatal development is advancing rapidly and one can imagine that in a not so 

distant future imaging at a cellular resolution may be practical as a prognostic indica-

tor of  key events in a developmental AOP. This will allow a better understanding and 

monitoring mechanisms of  both normal and abnormal human prenatal development 

and also provide for a better understanding of  developmental and reprotoxic effects and 

agents. Today colleagues at the US EPA are developing a sophisticated ‘virtual embryo’ 

model, which includes virtual tissues and organs. The goal is to develop a framework to 

enable the integration of  data and information to better characterise AOPs for human 

prenatal development.

6. Exposure, e.g., EU birth cohort studies and US NHANES and National Children’s 

Study—As outlined above in section 3, there is emerging evidence that female and male 

fertility may be impaired by exposure to pharmaceutical and chemical compounds, pre-
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natal nutrition and diet, and socioeconomic factors and global environmental changes. 

Therefore, a realistic exposure assessment has to take into account all of  these factors, 

which could routinely be monitored in human cord blood and breast milk. 

Improving human in vitro fertilisation—Although human in vitro fertilisation (IVF) has 

been established for more than 30 years, sound statistical/epidemiological evaluation 

of  the outcome of  the procedure are still under investigation. In contrast to the strict 

regulations for drug development, the application of  the method in clinical practice in 

human patients has not been critically analysed as far as effects of  superovulation at 

the cellular and molecular level are concerned for exposed germ cells (oocytes, sperm), 

sperm-egg interaction (fertilisation), pre- and post-implantation development, at term, 

during puberty and in the next generation. Science-based decisions will require broader 

studies on improving culture conditions/culture media and protocols for IVF and other 

methods of  assisted fertility. 

Conclusions for Horizon 2020

 

To develop AOPs for developmental and reproductive toxicity, the anchors to molecular 

initiating events, biomarkers for intermediate key events, and systems-level prognostic 

indicators of  specific adverse outcomes as outlined in the preceding points 1-6 should 

be taken into account. A promising area for identifying specific MOAs and developing 

AOPs is that of  endocrine-active substances, for some of  which specific receptor-based 

assays have been established, and (developmentally) neurotoxic pesticides. Advances 

in 3D culture models for mES and hES cells are promising for preclinical safety testing. 

They should be adapted for to elucidate MOAs and to establish AOPs for human devel-

opmental and reproductive toxicity.
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2D/3D   Two-dimensional / three-dimensional

3Rs   Replacement, reduction and refinement of  animal use

CARDAM/VITO  Centre for Advanced R&D on Alternative Methods at the 

   Flemish Institute for Technological Research

CLP   EU Regulation on the Classification, Labelling and 

   Packaging of  Substances and Mixtures

CV   Coefficient of  variation

CYP   Cytochrome P450 enzymes

DG R&I   European Commission Directorate General for 

   Research and Innovation

EC   Effect concentration

ECHA   European Chemicals Agency

ECVAM   European Centre for the Validation of  Alternative 

   Methods

EPA   United States Environmental Protection Agency

ESC   Embryonic stem cells

FP6/FP7  6th and 7th EU Framework Programmes for Research 

   and Technology Development

GHS   United Nations Globally Harmonised System of

   Classification and Labelling of  Chemicals and Mixtures

GLP   Good laboratory practices

HSI   Humane Society International

HTS   High-throughput screen

JRC   European Commission Joint Research Centre

LOEC   Lowest observed effect concentration

mg/kg   Milligrams per kilogram of  body weight
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 Country Abbreviations

Austria AT

Belgium BE

Bulgaria BG

Canada CA

Cyprus CY

Czech Republic CZ

Denmark DK

Estonia EE

Finland FI

France FR

Germany DE

Greece GR

Hungary HU

Ireland IE

Italy IT

Japan JP

Latvia LV

Lithuania LT

Luxembourg LU

Malta MT

The Netherlands NL

Norway NO

Poland PL

Portugal PT

Romania RO

Slovakia SK

Slovenia SI

Spain ES

Sweden SE

Switzerland CH

United Kingdom UK

United States US

NO(A)EL  No observed (adverse) effect level

NP   Nano-particle

NRC   United States National Research Council

OECD   Organisation for Economic Co-operation and 

   Development

PB(B/P)K  Physiologically-based (bio/pharmaco)kinetic model

(Q)SAR   (Quantitative) structure-activity relationship model

R&D   Research and development

REACH   EU Regulation on the Registration, Evaluation and 

   Authorisation of  Chemicals

SOP   Standard operating procedures

TG   Test guideline

WP   Work package
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“A not-so-distant future in which virtually all routine toxicity testing would be 

conducted in human cells or cell lines” is the way one eminent scientific panel 

has described its vision of  ‘21st century’ safety testing. It is the aim of  AXLR8 

to lay the groundwork for a transition toward this approach through enhanced 

networking and collaboration among scientists, regulators, and other key 

stakeholders at European and international levels. To achieve this goal, AXLR8 

organises annual workshops to bring together the scientific community to 

discuss the progress of  ongoing projects, to identify knowledge gaps, and to 

propose a scientific roadmap for future EU research.  

A key objective of  the AXLR8-3 workshop in June 2012 was to develop 

recommendations for priority research under the forthcoming EU research 

and innovation funding programme ‘Horizon 2020’. Between 2014 and 2020, 

the Horizon 2020 funding programme will contribute a projected 80 billion € 

toward tackling major societal challenges, to creating industrial leadership in 

Europe, and to increased excellence in the European science base. To achieve 

these aims, European Commission legislative proposals for Horizon 2020 

envision a full range of  integrated support across the research and innovation 

cycle, including:

i Future and emerging technologies; collaborative research to open new fields 

of  innovation

i Research infrastructures; ensuring access to world-class facilities

i Leadership in enabling and industrial technologies, including bioinformatics 

and systems biology, -omic tools, bio-chips and sensors, and next-generation 

computing, simulation software and robotics.

AXLR8’s Scientific Panel considers that the fields of  toxicology and human 

biomedicine could advance by a quantum leap through the refocusing of  research 

resources to understand the root causes of  human toxicity and disease (i.e., 

‘adverse outcome pathways’), coupled with development of  innovative and human 

biology-based research and testing tools as described above. The European 

Commission and Member States have already begun to invest in this research area, 

and collaborative agreements have been struck between EU and global research 

teams to maximise coordination, data sharing, and potential synergies. The AXLR8 

Scientific Panel estimates that a dedicated investment of  at least 325 million € 

under Horizon 2020, together with equivalent funding commitments in other regions, 

will be needed to fully address the scientific challenges that lie ahead. 

Freie Universität Berlin 
Institute of Pharmacy  
Königin-Luise Str. 2+4
14195 Berlin, Germany
AXLR8.eu


