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1. EXECUTIVE SUMMARY

An ECETOC/ILSI RF/HESI workshop was held in 2009 to exchange views on conceptual approaches to the use
of Mode of Action (MOA) in chemical risk assessment. A number of recommendations emerged, and a
global Steering Group was convened by WHO/IPCS to co-ordinate implementation of an ‘umbrella plan’ of
work, comprising experts from ECHA, EFSA, Imperial College, JRC, OECD, University of Ottawa, US EPA,
ILSI/HESI, and ECETOC. The objectives of the 2013 workshop were to review progress that had been made
since 2009. Specifically, these were to share experiences in applying the MOA approach in the regulatory
environment, to identify any difficulties or ‘roadblocks’ that had arisen in applying MOA in the regulatory
decision-making process, and finally to make recommendations for future work.

The first part of the Workshop focused on providing participants with information on the WHO/IPCS MOA
Roadmap, the updated MOA Framework , regulatory application of the Framework, and, then, using case
studies, highlighted how MOA can be used in chemical regulation together with some of the challenges
encountered in applying the MOA approach - particularly in the US and EU.

In the second part of the meeting, the participants were divided into three breakout groups to explore how
MOA can inform risk assessment, be used in defining testing strategies and what further research could be
undertaken, including better integration of alternative methods. It was pointed out that the first essential
step was problem formulation; only the amount of information and analysis of MOA necessary to answer the
guestion under consideration was required.

Particular considerations were raised, and included:
— MOA being too elaborate and resource intensive.
— How to address multiple MOAs.
— Mutual acceptance of MOA.
- The role of 21* century technologies in MOA analysis.

Suggested areas of improvement included:
— More flexibility in the development and application of non-standard data by stakeholders and regulators.
— Better description of established MOAs in databases and their potential application as a basis to
increase common understanding of their development and use.

Areas for future work included:

— Explore the extent to which key steps of known MOAs could be modelled in simpler organisms.

— For the development of data bases, look into the scope for building relevant tools, models and SARs,
and in the documentation of normal physiological range and variability in adverse outcome pathways.

— Evolve the efficient and effective application of MOA in regulatory risk assessment, e.g. no guidance
on the submission of data is currently available.

— Develop training with regard to the use of MOAs in various aspects of risk assessment and including
its application in read-across.

These recommendations inform future work on MOA by the risk assessment community at large; they are, in
particular, being considered by the WHO/IPCS Steering Group on MOA.
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2. AIM OF THE WORKSHOP

Following an international workshop in 2009, a group of experts continued to oversee implementation of the
recommendations made. The present workshop was co-organised by ECETOC and the World Health
Organisation (WHO) — International Programme on Chemical Safety (IPCS), in the context of official
collaboration between ECETOC and WHO, as an interim review:

e To present the WHO/IPCS guidance on mode of action/human relevance analysis revised to reflect
increasing experience in integrating information from evolving technologies.

e To familiarise with and solicit input on envisaged implications for priority setting, risk assessment and
testing strategies for both individual chemicals and groups, through consideration of case studies.

e To consider next steps for additionally addressing identified priorities in regulatory risk assessment such
as category approaches.

Further background on Mode of Action (MOA) initiatives worldwide as well as on current and future
developments were given in the Plenary Lectures.

3. PLENARY LECTURES

3.1.1 Background to Global Initiatives Promoting the Use of ‘Mode of
Action’

Neil Carmichael
On behalf of ECETOC

Global initiatives to promote the use of mode of action (MOA) began around a decade ago and currently
involve large numbers of scientists internationally (US EPA, 1996; Sonich-Mullin et al, 2001). In essence,
MOA information on a chemical resulted from the use of good investigative science to ascertain the human
relevance of findings in animal studies. This kind of information should form an essential and integral part of
such activities as read-across, risk assessment and classification.

An ECETOC/ILSI RF/HESI workshop was held in 2009 to exchange views on conceptual approaches to the use
of MOAs (Meek et al, 2003; 2008; Seed et al, 2005; ECETOC, 2006; Boobis et al, 2006; 2008). The
presentations of case studies with both carcinogenic and non-carcinogenic MOAs were followed by breakout
group discussions. Questions considered included: could an understanding of MOA lead to more accurate
assessment of risk; what were the potential downsides of using MOA in hazard characterisation; what were
the practical/operational steps that would make it easier to employ an MOA approach; how could
understanding an MOA lead to a reduction in the use of animals in hazard characterisation.
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An overview of the workshop views on using MOA information to improve regulatory decision-making was
subsequently published (Carmichael et al, 2011). The recommendations included: establishing an expert
working group to oversee the creation of a repository or reference database of agreed MOAs; continuing
and extending training and educational programmes based on risk assessment practices using MOA,;
changing the present risk assessment paradigm to encompass early focus on hazard characterisation
including MOA versus hazard identification; providing guidance on the generation of information during
standard toxicity tests that could be of value in MOA analysis; developing predictive methods for MOAs,
focusing on key events; making optimum use of information from human studies; agreeing and harmonising
MOA terminology on a global level. These recommendations were helpful but not easy to put into practice.

As a consequence, WHO/IPCS held a Mode of Action Planning Meeting in London in October 2010, with the
objective of harmonising approaches to the use of MOA in risk assessment from exposure to chemicals. At
this meeting a global Steering Group was appointed to co-ordinate implementation of an ‘umbrella plan’ of
work, comprising experts from ECHA, EFSA, Imperial College, JRC, OECD, University of Ottawa, US EPA,
ECETOC, ILSI/HESI and WHO/IPCS. It was further agreed that ECETOC and WHO would organise an
international workshop, i.e. this one in Vienna.

The objectives of this workshop were to review progress that had been made since 2009 in using MOA in
chemical risk assessment. In particular, to share experiences in applying the MOA approach in the regulatory
environment, to identify any difficulties or ‘roadblocks’ that had arisen in applying MOA in the regulatory
decision-making process, and finally to make recommendations for future work.

3.1.2 WHO/IPCS Mode of Action Roadmap: Mode of Action Applications in
Regulatory Toxicology

George Fotakis
European Chemicals Agency, Helsinki, Finland

The mode of action/human relevance framework has been developed in initiatives of the International
Programme on Chemical Safety (IPCS) of the World Health Organisation (WHO) and the International Life
Sciences Institute Risk Sciences Institute (ILSI-RSI) (Boobis et al, 2006; 2008). The framework continues to
evolve as experience increases in its application to systematically consider the weight of evidence from
traditional and evolving methods for assessing toxicity (Meek et al, 2013). In order to illustrate the iterative
process whereby principles and concepts of mode of action analysis can be applied throughout human
health risk assessment, a Mode of Action Roadmap has been developed integrating the WHO/IPCS Mode of
Action framework within the process of human health risk assessment.

For an illustration of the Roadmap, see Meek et al (2013).

The Mode of Action Roadmap was created to provide a platform that enables risk assessors and managers to
consider mode of action analysis to address risk management needs that can range from priority setting, risk
assessment as well as integrated testing strategies.
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The presentation showed the iterative process highlighting the potential of mode of action analysis within
regulatory toxicology. This includes how mode of action analysis and the use of the WHO/IPCS framework
are driven by problem formulation and how mode of action analysis can inform risk assessment, integrated
testing strategies and targeted research.

3.1.3 Update of the WHO/IPCS Mode of Action Framework

M.E. (Bette) Meek (presented per audio link)
McLaughlin Centre for Population Health Risk Assessment
University of Ottawa

The World Health Organisation/International Programme on Chemical Safety mode of action/human
relevance (MOA/HR) framework has recently been updated to reflect evolving experience in its application
and to incorporate recent developments in toxicity testing at different levels of biological organisation and
non-test methods (Meek et al, 2013). The modified framework is incorporated within an iterative roadmap,
encouraging continuous refinement of problem formulation, mode of action based testing strategies and risk
assessment. In this vein, mode of action considerations should inform further development of research
strategies and data generation methods, as well as the development of biomarkers.

For an illustration of the updated MOA/HR Framework, see Meek et al (2013).

The framework can be used as originally envisaged, where the outcome of chemical exposure is known, or in
hypothesising potential effects resulting from exposure, based on information on putative key events in
established modes of action from appropriate in vitro or in silico systems and other evidence. The
implications of the considerable experience acquired in application of the framework in addressing
documented (adverse) effects to inform the more limited knowledge base in these more predictive
applications were addressed. This was illustrated in various case examples including the nature of
information which demonstrates lack of human concordance and implications for subsequent dose-response
analysis. The use of mode of action analysis in prioritising substances for further testing, in guiding
development of more efficient testing strategies and in identifying critical data gaps and testing strategies in
read-across was also illustrated.

In addition to clarifying terminology related to the essentially conceptually synonymous terms of mode of
action and adverse outcome pathways, the Bradford Hill considerations have been additionally articulated as
a basis to simplify their application in considering weight of evidence for hypothesised modes of action.
Templates for extension of the species concordance table in the original framework to dose-response
analysis and comparative assessment of weight of evidence and associated uncertainty for various modes of
action based on the simplified Bradford Hill considerations have also been developed.
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3.1.4 Contribution of New Technologies to Better Understand Modes of
Action and Definition of Adversity in Toxicological Assays

Marjoke Heneweer'; Thomas Pfister’; Jane Botham® Hans Ketelslegers®; Lauren K. Markell’;
David Rouquiés; Winfried Steiling’; Volker Strauss®; Christa Hennes’

Shell International, The Hague, The Netherlands; ’F. Hoffmann-La Roche, Basel, Switzerland; 3Syngenta, Berkshire, UK;
4ExxonMobiI, Machelen, Belgium; 5DuPont, Newark, DE, USA; 6Bayer CropScience, Sophia Antipolis, France; 7Henkel,
Disseldorf, Germany; 8BASF, Ludwigshafen, Germany; 9ECETOC, Brussels, Belgium

Scientifically sound discrimination between adverse and non-adverse effects has always been a key element
in the evaluation of toxicological results. ECETOC Technical Report No. 85 (2002) addressed this issue in
terms of classical biochemical and histopathological endpoints. However, new technologies are now
available to help in the exploration of toxicological MOAs and should contribute to the development of
adverse outcome pathways (AOPs).

An ECETOC task force was established to review the current interpretation of adversity through literature
and individual views. The aim is to formulate recommendations for the useful integration of these new
technologies in toxicological testing. Additionally, the task force analyses the impact of such new data for
the definition of adversity and its contribution to a better understanding of Modes of Action. Current
learning was presented as a contribution to the discussion at the workshop and includes the observation
that the use of ‘omics technologies results in relatively high probability of identifying hazardous properties of
which the relevance to human health risk is not fully understood (Thomas et al, 2012). A clear causal link
between molecular effect and apical endpoint is required to increase confidence in a proposed MOA. The
IPCS framework for analysing the relevance of a non-cancer mode of action for humans (Boobis et al, 2008)
can assist in assessing this link. It also addresses the critical aspect of human relevance of proposed MOAs.

New technologies provide detailed information on molecular effects induced by chemical exposure, often at
an early stage of an AOP. However, in such sensitive assessment the adversity of results has to be clearly
distinguished from adaptive responses by well-defined criteria. The validation of new technologies with
well-known reference toxicants against the molecular changes and apical adverse effects is essential for a
meaningful translation of test results. Furthermore, information on dose-response, time-dependence and
biological plausibility is key in such validation. In light of the Toxicity Testing in the 21st Century vision,
scientifically sound validation programmes for new technologies such as ‘omics should be a priority. In order
for new technologies to be accepted by scientific and regulatory communities, the ability of new
technologies to provide reliable in vivo hazard predictions needs to be further validated, by clearly linking
them to studies currently required by regulations (e.g. animal tests).
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3.2.1 Overview on how Mode of Action is Used in a Regulatory Context: A
US Perspective

Jennifer Seed (presenter) and Vicki Dellarco
Office of Chemical Safety and Pollution Prevention
US Environmental Protection Agency, Washington, USA

The Office of Chemical Safety and Pollution Prevention (OCSPP) within the US Environmental Protection
Agency has a long history in the use of alternative methods to identify and prioritise information needs, and
to estimate potential hazards of industrial chemicals, pesticide inert ingredients, and other chemicals where
there are limited data. These tools have been applied as part of a weight-of-evidence approach to assess
both ecological and human health hazards. Some of these tools have involved the incorporation of partial,
but not complete, mode of action (MOA) information.

For the last decade, OCSPP has expanded chemical evaluations to incorporate the WHO/IPCS mode of
action/human relevance framework. Most of the evaluations have focused on human health endpoints, and
partial and complete modes of action have been incorporated into the regulatory programmes in a variety of
situations. Partial modes of action have been used to advance the understanding of the relationships
between chemical structure/properties and bioactivity in the development of predictive tools or expert
knowledge systems. In addition, several regulatory programmes have developed prioritisation schemes that
utilise a weight-of-evidence approach that incorporates a variety of existing information including physical-
chemical properties, exposure, existing toxicology information, and partial mode of action information. This
approach has been used to prioritise disinfection by-products, and recently was proposed to prioritise
chemicals for endocrine screening.

The Office of Pesticide Programs is required to consider common MOA as the basis for cumulative risk
assessments. Cumulative assessments are conducted for chemical categories that act by the same mode of
action, and early key events are used to define the dose-response and potency of the members of the
category as well as to characterise life stage susceptibility. Examples of cumulative assessments include the
organophosphates (acetylcholinesterase inhibition), chloro-s-triazines (luteinizing hormone suppression),
and pyrethroids (sodium channel alteration). The use of chemical categories for grouping industrial
chemicals has primarily been based on physical-chemical properties to date, with a few examples of
refinement through the incorporation of mode of action information.

OCSPP has also used MOA information for quantitative risk assessment. In some cases, the application of
the mode of action/human relevance framework has led to conclusions of ‘no risk’ for some chemicals with
animal responses due to MOAs that are not relevant to humans, and in other cases the information has been
used to refine the quantitative assessment (e.g. dose-response). In addition, as quantitative linkages are
established between key events and adverse outcomes, targeted testing aimed at early key events becomes
scientifically supportable.

6 ECETOC WR No. 26



Mode of Action: Recent Developments, Regulatory Application and Future Work

MOA information will continue to be incorporated into regulatory programmes and it is important to
continue the development of new MOAs. However, given the number of potential MOAs, it will be
important to focus on the regulatory endpoints of concern to prioritise their development.

3.2.2 Overview on how Mode of Action is used in a Regulatory Context: EU
Perspectives

Brigitte Landesmann
European Commission, Joint Research Centre,
Institute for Heath and Consumer Protection, Systems Toxicology Unit, Ispra, Italy

An increased understanding of toxicological processes together with advances in toxicogenomics,
bioinformatics, systems biology and computational toxicology has contributed to an on-going paradigm shift
in regulatory toxicity testing and risk assessment, using systems- and pathway-based approaches.
Substantial efforts are made worldwide to develop alternative solutions to in vivo (animal) toxicity tests for
assessing human safety, as the Tox21 Consortium, the Center for Alternatives to Animal Testing (CAAT), the
Human Toxicology Project Consortium (HTPC) and many others. WHO, especially in the context of the
International Programme on Chemical Safety (IPCS), and OECD provided a framework for collecting,
organising and evaluating relevant information on chemical, biological and toxicological effect of chemicals
based on a Mode of Action (MOA) approach.

MOA frameworks have been incorporated in toxicological assessment guidance by the US EPA, the European
Commission guidance for industrial chemicals, biocides and in classification and labelling and by the
European Chemicals Agency guidance for REACH. The EU Cosmetic Products regulation (Directive
76/768/EEC), in particular, has been gradually phasing out the marketing of cosmetic products tested on
animals.

Launched by the European Commission and the European cosmetics industry, the SEURAT-1 Research
Initiative addresses the long term strategic target of ‘Safety Evaluation Ultimately Replacing Animal Testing’.
It started in 2011 with nearly 100 scientists from over 70 European organisations working together to find
novel human safety testing solutions for repeated dose systemic toxicity.

The SEURAT-1 research strategy is based on generating and applying knowledge of MOA that will be
used to design integrated test systems for associating a chemical with a selected MOA and possibly
predicting effect levels. This information can support safety assessment processes and decisions.

Following this strategy two MOAs related to chronic liver toxicity have been elaborated based on literature
research and following the OECD guidance and template. The purpose was to define and describe a MOA to
a sufficient extent to facilitate conducting a feasibility study with human cells, with the aim of identifying
relevant biomarkers in vitro which can be eventually used for in vivo predictions of selected types of
repeated dose target organ toxicity in humans, based on complementary tools and test systems to be
developed within the SEURAT cluster.
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Notes from the discussion:

e (Clarification of ‘intermediate results’, i.e. which ones are key for further measuring:
Not all events that are found along the pathway initially are essential and necessary (key) for the
adverse outcome — finally only key events should be included in the pathway description. To avoid
confusion and following the OECD guidance, it has been agreed that all events that are mentioned in
the AOP description are called key events.

o Need for different MOAs for different applications, essential to formulate the problem:
AOP/MOA can be used for various purposes (e.g. understanding, classification, risk assessment) and
different levels of detail are requested depending on the purpose. Also incomplete pathways might
be useful for specific purposes.
MOA development and MOA application are two different scenarios and are likely to require different
experimental designs.

e Lots of data are available in relation to drugs and pesticides and they should be used:
There was a discussion whether drugs are good references, because they are designed for a specific
interaction (e.g. receptor-binding) at a certain concentration and therefore differ from pesticides
which act non-specifically with a wide spectrum of interaction. There is a large amount of (human)
data available for drugs, but not for pesticides.

3.2.3 Experience with Application of Mode of Action in Human Health Risk
Assessment: Outcome of Survey

Carolyn Vickers and Kathy Hughes (presenter)
WHO/IPCS and Health Canada
Switzerland and Canada

Invitees to the present workshop were requested to complete a survey questionnaire on application of
Mode of Action (MOA) in human health risk assessment. The survey aimed to gather information about how
MOA is utilised by the chemical risk assessment community, for presentation and discussion at the
workshop. Twenty-six completed questionnaires were received, reflecting a response rate of approximately
40 per cent. Four questions were asked, each with a check-box option plus a request to elaborate on the
answer provided.

A little more than half of the respondents indicated that they consider MOA in the assessment-specific
generation of data for human health risk assessment of chemicals, e.g. in targeted testing, non-test methods
(QSAR, read-across, modelling) or other, either routinely (11 respondents) or occasionally (6). For 6
respondents this question was not applicable. Examples included: targeted testing; grouping of chemicals;
development of new substances; and waiving of testing requirements.

All respondents for whom the question was applicable (24), currently consider mode of action in the
assessment of data for human health risk assessment, e.g. in considering human relevance, human variation,
species extrapolation, life stage effects, dose-response, combined exposures, or other, either routinely (16)
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or occasionally (8). Uses included: human relevance; in classification, labelling and restriction as part of the
criteria for carcinogens; and beginning to consider MOA in combined exposure assessments. A few
respondents remarked that MOA was used, but not necessarily documented systematically.

Of the respondents engaged in research on chemicals (20), the majority use MOA (11 routinely,
4 occasionally). A variety of uses were provided, and MOA was described as both central to development of
toxicity and disease pathways and underpins the Tox21 initiative.

More than half of the respondents (14) indicated that they had used MOA in another context/for another
purpose. While some of the uses described may overlap with situations described above (e.g. design and
interpretation of studies; identification of new molecules), a range of other uses was also offered, including:
in public communication; in training and education; in the consideration of beneficial effects; and in the
development of new studies to replace animal testing.

Overall, the responses received indicate that MOA has become an essential tool in the human health risk
assessment of chemicals, and that it is now being employed in a wide range of applications.

3.3.1 Application of the IPCS MOA-HRF Framework in the Work of JMPR

Alan R. Boobis
Centre for Pharmacology and Therapeutics
Imperial College London, UK

Risk assessment of pesticides is currently based largely on the results of studies in experimental animals.
Exposure duration is from acute to lifetime and potential effects of concern include systemic toxicity,
reproductive toxicity and carcinogenicity. The IPCS MOA-HRF framework for analysing cancer and non-
cancer modes of action provides a systematic and transparent means of organising all relevant information
in assessing the relevance of such effects for humans. To date, the framework has been most used in
assessing MOAs for carcinogenesis. However, its application is becoming increasingly broad in scope and
experience suggests that it is applicable to a wide range of endpoints. The IPCS framework first enables a
coherent case to be made as to whether a mode of action can be established for a given tumour response or
other adverse effect. If so, it may be able to exclude relevance of the MOA to humans, on the basis of
fundamental qualitative differences in biology or profound quantitative differences in toxicokinetics or
toxicodynamics.

An example of the former would be the induction of foetal abnormalities in the rat by sulfoxaflor, due to
binding to an age- and species-specific nicotinic receptor (Figure 1), whilst an example of the latter would be
the formation of thyroid tumours as a consequence of induction of hepatic glucuronidation of thyroid
hormones. Whilst it may not be possible to dismiss the relevance of an effect, the framework can provide
the basis for chemical-specific dose-response extrapolation. For example, due to the efficiency of p-
glycoprotein (p-GP) in minimising the CNS (central nervous system) concentrations of emamectin in most
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species, the risk of neurotoxicity in humans should be assessed from data obtained in p-GP expressing
animals. Another example is the uncertainty factor used for carbofuran, due to neurotoxicity resulting from
inhibition of acetylcholinsterase activity. Understanding the MOA led to a reduction in the uncertainty factor
to 25, from the typical default value of 100. An appreciation of the MOA for glufosinate ammonium,
involving inhibition of glutamine synthetase in the CNS, enabled a rational choice of metabolites to be
included in the residue definition for the purposes of risk assessment, based on whether they were likely to
share this MOA. The demonstration of a mode of action and establishing its relevance requires a reasoned
argument based on demonstrable key events. Failure to provide an adequate case is a major reason for
proposed modes of action for pesticides not to be accepted.

Figure 1: MOA for developmental effects of sulfoxaflor in the rat (from Rasoulpour et al, 2012)
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3.3.2 Application of the Adverse Outcome Pathway for Skin Sensitisation

Joop de Knecht
Organisation for Economic Co-operation and Development (OECD), Paris, France

Adverse Outcome Pathways (AOPs) 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 levels of observation. In this presentation the general concept of AOP was explained and exemplified
with the AOP for skin sensitisation which recently has been published by the OECD. This AOP can be
described in eleven steps of which four are recognised as key events: (1) the molecular interaction of a
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chemical with skin proteins, (2) keratinocyte inflammatory responses and gene expression, (3) activation of
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dendritic cells, and (4) T-cell proliferation (Figure 2).

Figure 2: Adverse outcome pathway (Adapted from OECD, 2012)
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By making the collective knowledge on the skin sensitisation process explicit in this way provides an
invaluable theoretical framework to inform the work of the OECD Test Guideline Programme in the
development, integration and validation of alternative methods. The AOP for skin sensitisation can be the
basis for developing an integrated approach to testing and assessment for that hazard endpoint. The AOP
for skin sensitisation is already implemented into the QSAR Toolbox and can be used to form categories by
integrating knowledge of how chemicals interact with biological systems (i.e. the molecular initiating events)
and in vitro and in vivo knowledge of the biological response, which may lead to the refinement, reduction
and/or replacement of conventional in vivo testing for skin sensitisation.

3.3.3 Metabolomic Approach to Different Modes of Action of Amiodarone
on the Thyroids in Rats

Volker Strauss
BASF SE, Experimental Toxicology and Ecology, Ludwigshafen, Germany

BASF and metanomics launched a project to predict toxicological risks by measuring metabolite profiles in
rat plasma during a single repeated-dose screening study. For that purpose, a comprehensive database
(MetaMapO Tox) has been established (van Ravenzwaay et al, 2012). About 300 metabolites were measured
in plasma samples of Wistar rats after administration of about 500 pharmaceutical, chemical and
agrochemical compounds for 7, 14 and 28 days. Sets of common metabolite level changes (metabolite

patterns) were arranged to characterise several toxicological modes of action (MOAs).
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Amiodarone, a class lll antiarrhythmic drug with several known side effects in humans, was used to test
which toxicological MOAs can be predicted with the MetaMap® Tox database (BASF unpublished data). The
drug was administered to Wistar rats for four weeks and metabolite profiles measured on study days 7, 14
and 28. In a ranking list of MOA patterns which fit best to the profile of Amiodarone-dosed Wistar rats,
direct (thyroid hormone syntheses inhibiting) and indirect (thyroid hormone decrease in the circulation)
effects ranked among the top ten patterns.

Thyroid and liver were identified as main toxicological target organs of Amiodarone in rats. A direct
inhibition of thyroid hormone synthesis as well as a peripheral thyroid hormone decrease can be assumed
when comparing Amiodarone metabolite profiles with the MetaMap® Tox database patterns. This
peripheral effect was found although a specified metabolite pattern detecting the known deiodinase
inhibition of Amiodarone does not exist in the database up to now.

The Amiodarone metabolite profile matches well with the microsomal liver enzyme pattern in the database.
When comparing the metabolites in detail, common metabolite regulations but also distinct differences can
be found, assuming that Amiodarone is not a microsomal enzyme inducer although interfering similarly with
the lipid metabolism.

This example demonstrates that metabolomics can be used to predict relevant toxicological MOAs even in
drugs with several side effects in humans.

3.3.4 Human Relevance of Thyroid C-Cell Tumours Caused by GLP-1R
Agonists in Rodents

Thomas Pfister
Safety, Security, Health and Environmental Protection
F. Hoffmann-La Roche, Basel, Switzerland

Glucagon-like Peptide 1 (GLP-1) analogues were found to increase the incidence of thyroid C-cell hyperplasia
and tumours in rodents (Bjerre Knudsen et al, 2010; EMA, 2006; 2009; 2011). The human relevance was and
still is unclear. As peptides exert their biological effects via functional receptors, it is hypothesised that the
proliferative effect in thyroid C-cells is due to a GLP-1 receptor (GLP1-R)-dependent mechanism. As C-cell
proliferation has not been observed in monkeys, it is further hypothesised that the expression of GLP-1R is
much lower in primates than in rodents. Therefore, the described C-cell proliferative lesions may not be
relevant to primates including man. The aim of this work was to establish primary thyroid cell cultures of rat
and human to evaluate the expression and function of GLP-1R in primary thyroid C-cells.

Primary thyroid cell cultures from rat and human showed physiological thyrocyte and C-cell responses upon
stimulation with thyroid stimulating hormone (TSH) and Ca2+ ions, respectively. The use of qPT-PCR and
bDNA (Panomics) analysis failed to demonstrate conclusively the expression of GLP-1R (mRNA and protein)
on primary rat or human C-cells. Thus, the presence of GLP-1R was demonstrated indirectly by functional
responses of the cultures upon stimulation with GLP-1R agonists. Two agonistic GLP-1 analogues elicited a
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modest increase of calcitonin release and slightly induced calcitonin transcript expression in rat primary
thyroid cell cultures, providing indirect evidence of the presence of functional GLP-1R on primary rat thyroid
C-cells. On the other hand, no functional response to GLP-1R agonists was observed in human thyroid
cultures (Boess et al, 2013; see Figure 3).

Figure 3: GLP-1R agonist induced calcitonin release in primary thyroid cell cultures (from Boess et al, 2013)

Rat Human
250 800
- -k - Liraglutide —_

= °
% 22 —— Taspoglutide =
8 200 | 8 600
£ o
2 2
& 175 o
-] & 400
w [}
o 150 4 3
2 £
c =
2 5 S I
= 100 8 ,—| a g l T
o (] : :

75 - - - - - - : 0 - -

0 0.001 0.01 0.1 i 10 100 1000 10000 Control CaCl2 3mM  Liraglutide Taspoglutide
| ) . 1M 1M
concentration (nM)

In conclusion, the lack of functional response of the human cultures adds to the weight of evidence
indicating that human C-cells have very low levels or completely lack functional GLP-1R. These results
strongly support the hypothesis that the GLP-1R agonist induced C-cell responses observed in rodents are
not relevant to primates including human.

3.3.5 Tokicokinetics, Toxicodynamics and Cross-Species Aspects in
Ecotoxicology

David Spurgeon
Centre for Ecology and Hydrology, Wallingford, Oxfordshire, UK

Ecotoxicologists aim to study effects of toxic chemicals on organisms at the population, community and
ultimately ecosystem level. To achieve this aim, researchers need to utilise principals from both toxicology
and ecology to support development of tools needed to conduct assessments that can support the
conservation of ecosystem services. With a focus on investigating and ultimately predicting effects at the
level of organisation above that of the individual, it can seem an anathema that ecotoxicologists should
study such detailed processes as toxicokinetics processes and gene, protein and metabolite expression in
response to exposure. Yet in some situations such work can be informative.

The toxicokinetics models that are used in ecotoxicology often take the relative simple forms of one or
two compartment-based equations. This simplification is justified based on the small size of many of
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the organisms considered and also the absence of physiological data in many cases. Even though
toxicokinetic analysis may be restricted to simple models, these assessments can still be informative.
For example, modelling of the relative rates of uptake and elimination of different chemicals can highlight
cases where the results of time-bounded assays may fail to provide an accurate picture of long-term effects.
Further, linking toxicokinetic to toxicodynamic hazard models can also inform on the potential physiological
modes of action of chemicals and their association to the higher tier effects that drive ecological risk
assessment (Baas et al, 2009).

Physiological measurements based on the exposure- and effect-based biomarkers that are regularly
applied in mammalian toxicology have often shown that the modes of action of many common
contaminants may be conserved between ‘higher’ and ‘lower’ species. Where more detailed knowledge is
needed, the more comprehensive approaches of gene, protein and metabolite profiling can sometimes be
useful (Spurgeon et al, 2010). These methods are, however, hampered to an extent by the absence of
detailed physiological information for the many non-model species. As such they probably best serve as
classification tools, rather than as a means of mode of action analysis. To address the absence of
physiological knowledge, next generation methods are now allowing the sequencing of an increasing
number and range of species genomes (Colbourne et al, 2011). Comparative analysis of this information can
be seen as a fertile resource for future attempts to link the presence of known toxicological targets with
species sensitivity (Gunnarsson et al, 2008). Identification of such physiological traits has the potential to
complement on-going work on the role of ecological traits in determining species sensitivity.

3.3.6 Mode of Action-Based Priority Setting: Drawing on Experience from
the Ecological Domain

Patricia Schmieder and Vicky Dellarco (presenter)

US Environmental Protection Agency, Office of Research and Development
National Environmental and Effects Health Research Laboratory
Mid-Continent Ecology Division, Duluth, MN, USA

A brief review was provided of the basic concepts and context upon which an Effects-Based Expert System
was built to predict oestrogen receptor (ER)-binding affinity for purpose of prioritising chemicals under
the auspices of the US EPA Endocrine Screening Program. This expert system was reviewed by the
US Scientific Advisory Panel in 2009 and 2013, and by the Organisation for Economic Cooperation and
Development in 2009.

The ER-mediated mode of action (MOA) or adverse outcome pathway (AOP) was the conceptual framework
utilised as the basis for developing this model. The AOP starts at the point of chemical-biological interaction
or the molecular initiating event (MIE). The pathway proceeds through a series of additional key events that
are relevant measures of effects associated with an observed adverse outcome of regulatory concern. The
ER expert system is an example of how data generated from lower levels of biological organisation can be
effectively used to develop an effects-based chemical category approach for chemical prioritisation
(Figure 4).
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Figure 4: ER-mediated reproductive impairment adverse outcome pathway (from Schmieder et al, 2004)
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The in vitro assays used in developing the training set data for the model included measurement of
ER-binding as the MIE in the pathway with confirmation of the binding activity at a higher level of biological
organisation, the tissue level, using a liver slice assays for vitellogenin induction. Placing the assays in
the context of an AOP provided greater confidence for making the linkages between chemical activity
and the MIE used to develop the structure activity relationships. A large inventory of thousands of
chemicals could be effectively covered by chemical extrapolation techniques through careful selection
and generation of training set data for the types of chemicals and chemical properties found in the
regulatory inventory of interest. Thus a minimal amount of testing in relatively inexpensive and rapid
techniques could effectively be used to identify other chemicals in the broader inventory that might launch
the ER AOP. The in vitro assays were developed and optimised to ensure confidence in the mechanistic
association between the attributes of a chemical and its interaction with the biological target within AOP.
The training set chemicals were tested up to solubility or cytotoxicity to provide confidence that a chemical
is unlikely to initiate the ER AOP, if the in vitro assay training set data shows no binding activity. This was
an important aspect of the training set data given that most chemicals in the inventory of interest are
unlikely to even show activity for the AOP and those that may be active are likely to be of low binding
affinity. The use of the MOA/AOP concept as well as the OECD QSAR Validation Principles promoted the
transparency of the model (collected information, i.e. assays used and chemicals tested, and relevance to
the chemical predictions) and usefulness of the system for the intended purpose (predictions provided for
the regulatory inventory of interest).
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4. BREAKOUT GROUP SESSIONS

The Workshop participants discussed specific questions under three broad themes. The following feedback
was given from the discussions in the breakout groups. The questions to address in each of them had been
communicated together with the programme prior to the Workshop.

Moderator: Djien Liem
Rapporteur:  Vicki Dellarco

Other members of the breakout group were:

Diane Benford; Christine Bjgrge; Alan Boobis; Jane Botham; Adam Doane; Michelle Embry; George Fotakis;
Helmut Greim; Kathy Hughes; Sharon Munn; James Plautz; Alan Poole; Winfried Steiling; Tokuo Sukata;
Flavio Zambrone.

Problem Formulation

e The problem formulation is an important initial step in the risk analysis process where the issues and
questions for the risk assessor are defined and a plan for the assessment is developed. At this stage, it
may become clear whether MOA could be useful.

e There needs to be a dialogue between risk assessors and risk managers on the importance and
usefulness of MOA within the risk assessment.

e The tier (see updated IPCS roadmap) where to apply MOA depends on the decision making context:

Hazard-based approach (e.g. classification & labelling).

Priority setting.

Risk-based approach:
- Consider exposure in the problem formulation stage.
- Need to make sure to relate the MOA to a specific internal (tissue) dose.

Targeted testing.

Improved Communication

e The benefits / utility of a MOA approach need to be better communicated (what is the value?):

- How does MOA fit more broadly into risk assessment?

- What is the range of applications and endpoints for MOA outside of the current use; need to
generate examples of how else MOA can be used (e.g. priority setting, grouping, read-across,
targeted testing)?

- Distinction between hypothesised versus established MOA.

- MOA enables a more explicit characterisation of uncertainty.
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- MOA is not a specific body of information or dataset, but a way of assimilating knowledge and laying
out evidence in a transparent way, i.e.
- It allows evaluating implications beyond empirical observations (e.g. could predict life stage
sensitivity based on knowledge of key events).
- It can help to be more selective about the necessary toxicity studies (targeted testing).
e Increase dialogue among different communities:
- Between the assessment community and the regulated communities up-front — this cannot always
be face to face.
- Better dialogue is needed between researchers and the assessment community (they should both
inform each other).
e Publication and database of MOAs:
- Provide a forum to share partial MOAs that would encourage the research community to flesh out
MOAs.

How to better communicate

e Where possible, encourage a culture shift to increase interactions among different parties
(e.g. assessment community and regulated community) in a transparent manner.
e Demonstrate the added-value of MOA in different ways.
- Write-up examples from this workshop in a very succinct way that could help to illustrate the
benefits and application of MOA.
e Develop an information sheet on MOA — a flyer, one-pager:
- Written in a non-technical way
- Reference the full papers
- Distil down the key points of why MOA is valuable (‘elevator speech’).
e Press release from WHO on the revised MOA Framework once it is published.
e Look at recently published risk assessments — if MOA had been used, how would it have helped; this
might be a case study or an example that could be used in training.
e Qutreach to broader stakeholder community (including non-technical community):
- Discuss the various benefits of MOA (general public benefit: public health protection, availability of
safe products, and effective use of resources).
e Better communicate the various initiatives — MOA vs. AOP and IPCS / OECD, etc.
- Potentially hold a joint workshop between the various organisations.
e Give presentations on different applications of MOA (e.g. symposia).

Capacity Building / Training / Education

e Need to make sure to include the broader non-technical stakeholder community (including the NGO
community).

e Training should be made available to the broader community of MOA ‘users’ (e.g. information users
and generators, toxicologists, exposure assessors, epidemiologists, risk assessors).

o Need to reach out to the risk management community.
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Utilise virtual, remote training to increase availability.

MOA training should be more holistic — include all aspects of the MOA roadmap and broader
application to risk assessment.

Basic training in toxicology, exposure and risk assessment is necessary as a foundation before MOA
training will be useful.

Participants of this workshop can help to increase knowledge / understanding of the MOA Framework
within their organisations.

Moderator: Peter Chan

Rapporteur: Jack Dempsey

Other members of the breakout group were:

John Bucher; Neil Carmichael; Claire Davies; Joop de Knecht; Marianne Dybdahl; Kevan Gartland;

Marjoke Heneweer; John McManus; Chris Money; David Spurgeon; Kurt Straif; Marianne van der Hagen;

Kimberly Wise; Clemens Wittwehr.

Elements of MOA analysis in support of integrated testing strategies and to complement
the use of non-testing methods

18

All elements of MOA analysis are important. Depending on the question posed, the emphasis of the
MOA analysis and the parts of the framework used can vary. Toolbox rather than framework?

Clearly formulating the problem to be addressed is critical. The MOA process can be used for any/all of
the common processes of screening, priority setting, classification or risk assessment. Insofar as any of
these processes involve hazard characterisation, the gathering of data necessary for MOA analysis
should be an integral part of that hazard characterisation step.

An intelligent testing strategy will include MOA analysis to minimise time and resource costs.

Sponsors of a chemical may use MOA analysis to argue against the need for further testing if the MOA
for an adverse effect is not relevant to humans, or to direct research towards the key data gaps in
characterising the hazard.

Regulators may require MOA analysis to increase confidence in regulatory decisions particularly for
data-poor chemicals.

Regulators may also require a testing strategy that does not include MOA analysis. This is seen as
counterproductive and indicates a need for more/better dissemination/education about the central
role of MOA analysis in hazard characterisation.

Regulators and sponsors use MOA in different paradigms: regulators should use it to understand
findings/results in submitted data; sponsors should use MOA to decide on testing strategies to achieve
minimal dataset required for submission to regulators.
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Use of MOA for building chemical categories and use of read-across in risk assessment

All elements of MOA analysis are important.

Again, defining the question requiring answering is critical and will determine the data or analysis
needs - it must be fit for purpose. MOA is expected to be an essential part of the read-across
process. It requires more data than the initial grouping based on simple structural or physiochemical
similarities. A major caveat is that a single MOA developed for a chemical or chemical group may not
provide regulators with the required certainty (as an example the multiple MOAs for the
carcinogenicity of PCBs).

MOA can help reduce animal testing by refining the knowledge gaps and uncertainties to allow
targeted testing.

Potential limitations of the current regulatory testing paradigm in using MOA concepts
for hazard/risk assessment

Distinguish between paradigm vs. practice vs. available guidelines.

If the paradigm is based on best science then it should include MOA analysis as part of an integrated

strategy. The practice however, is frequently based on adherence to current testing

requirements/guidelines.

Participants felt that:

- MOA gets few mentions in chemical testing legislation, and this needs to be addressed.

- The drive to reduce animal testing may hinder attempts to introduce new test requirements such as
MOA analysis.

- ‘Slavish’ adherence to current test requirements (whether on the part of the sponsor or regulator)
hinders intelligent data generation such as the inclusion of non-required clinical tests that might
address MOA in a short-term study.

- OECD should publish all available MOAs (AOPs) with links to the supporting in vitro studies.

Additional practical/operational steps to facilitate more predictive MOA-based testing
strategies

Participants felt that we need to ‘spread the word’ about the importance of MOA analysis. The fact
that MOA analysis is good science and has long been used by regulators and chemical sponsors and
researchers needs to be emphasised.

Participants suggested that chemical sponsors should be encouraged to submit more fulsome data
packages based on good science rather than adherence to regulatory requirements. The lack of specific
mention of the need for MOA analysis in regulations, much less the exact requirements for an MOA is a
hindrance to progress or adoption of MOA more broadly.

How to make the requirements for an ‘adequate’ MOA analysis clear? Training? Publications from
OECD, WHO and regulatory agencies?

Develop a template for reporting key events or dissemination of existing templates.
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A library of case studies e.g. further development of AOP/MOA for skin sensitisation or any endpoints.
The inclusion of a ‘domain statement’ or caveat regarding the prototypical chemical fulfilling the MOA
leaves the possibility that similar chemicals may not fit the MOA exactly (or may additional MOAs?).
Include an analysis of the cost efficiencies of using MOA in the case studies?

Moderator: Helen Hakansson

Rapporteur: Martin Wilks

Other members of the breakout group were:

Rémi Bars; Margaret Butler; Kevin Chipman; Samuel Cohen; Karel de Raat; Jean-Lou Dorne; Cliff Elcombe;

Bruno Hubesch; Brigitte Landesmann; Lauren Markell; Stewart Owen; Thomas Pfister; Jennifer Seed;
Benjamin Smith; Volker Strauss; Russell Thomas.

Use of current and future research in the application and development of MOA

Research using new technologies (e.g. omics, HTS) and mathematical tools (e.g. QSAR, BMD) alone or in
combination with existing animal databases have the potential to help elucidate chemical- as well as
disease-related MOA/AOPs. This has already been used for cancer endpoints, but other areas such as
reproductive and developmental toxicology endpoints and pathways need more attention, including
e.g. receptor-mediated and metabolic pathways.
Research using new technologies can also help in grouping and read-across attempts.
Reference groups in toxicology (controls) can, on their own, provide physiological information of high
relevance to toxicological interpretation and assessment activities such as:

0 What is the range of ‘normal’ variability? This applies to in vivo and in vitro situations

O Better understanding of compensatory mechanisms (adverse vs. non-adverse effects),

repair mechanisms, epigenetics, etc.

Exposure analysis data on their own and in combination with effect data from experimental as well as
monitoring data (from human and wildlife) should be promoted and will help to establish margin-of-
exposure (MOE) information for assessment procedures.
Research aiming at multidisciplinary problem solving is needed; to this end integration between
toxicology and other research fields (e.g. including endocrinologists, immunologists, epidemiologists)
needs to be promoted.

There was general agreement that basic research should be encouraged, as should be the publication of

negative results.

20
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Tools that could be developed towards providing better integration of alternative
methods in the use of MOA in risk assessment

The breakout group defined alternative methods as ‘non-animal’ except when using ecotoxicological data
(involving for example zebra fish, C. elegans, C. leavis and drosophila) in human health risk assessment.

This should not be focused on technology platforms, but on scientific approach: use the method that is
appropriate to the question:
0 Maximise species concordance
0 Focus on key events leading to MOA
e Better in vitro models: there is a need to concentrate on temporality and dose response when
extrapolating alternative methods to human in vivo situation:
0 Allow for ‘chronic exposure’ in vitro
0 Extrapolate dose from in vitro to in vivo situation
e Knowledge base — further development of effectopedia and other bioinformatic tools; tools to
structure information for database upload (also of interest are IPCS documents such as ‘Principles and
methods for the assessment of chemicals in food’ - EHC 240 (IPCS, 2009).
e Quantitative MOA could be used for exploring the scientific relevance of uncertainty factors.

Contribution of MOA in the design of new (risk) assessment methods

MOA could be used:

e To provide information on relevant adverse criteria, thus leading to less extensive testing being required;
e to refine existing data bases [e.g. Cramer classification];

e as ascreening tool in prioritisation of chemicals;

e inthe development of targeted testing [e.g. replacement of some in vivo studies];

e inthe development of chemical specific assessment factors;

e to enable read across to be focussed on biology rather than on chemical structure;

e to assess species sensitivity distribution for cumulative risk assessment.

Development of more predictive and efficient MOA-based approaches in risk assessment

e Training and education; courses, seminars and practical work on cases etc. Promote that academic
scientists and others, engage more in MOA analysis as a research activity including publications.

e Increased awareness about existing tools and templates among all potential end-users e.g. through
publications, active conference participations.

e Encourage better use of existing, currently unpublished data (think about incentives to publish or
integrate into existing databases).

e Increased development and use of internet based discussion fora (web-based tools e.g. linked to
eChem portal).

e Periodic revision and further development of technical guidelines and guidance documents.
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5. CONCLUSIONS AND RECOMMENDATIONS

The Mode of Action concept had been developed initially from the use of good science to explore the human
relevance of certain findings in animals, rather than as a tool for problem solving. Unfortunately there was a
body of thought that MOA had to be enormously complicated to contribute anything. This needed to be
countered and the concept broadened to demonstrate its usefulness in other contexts. In essence, MOA
was a way of thinking that could be applied to many situations. The first essential step was problem
formulation; only the amount of MOA necessary to answer the question under consideration was required.
IPCS had developed a comprehensive framework but, depending on the nature of the question, it was not
always necessary to follow the stepwise approach outlined there.

Particular considerations

Particular concerns had been expressed in the break-out groups in relation to the MOA being too elaborate
and resource intensive to be widely used for most chemical risk assessments. The question of multiple
MOAs had been discussed but not resolved. With many compounds there was more than one MOA and this
was clearly an area that would need further consideration in the future. The question of mutual confidence
had also been raised, with reservations being expressed that MOA data were not accepted or taken into
account by many of the regulators. This might be due to the fact that - in contrast to standard toxicity
endpoints - specific scientific knowledge is often necessary to assess the validity and relevance of MOA data.
In relation to this, the on-going need to build bridges and develop communication, between those with and
without experience of using the MOA approach, had been highlighted in the breakout groups. With regard
to 21st century technologies, these still needed to find an agreed role to be useful and efficient in MOA
analysis. Further work was clearly needed to build confidence in their interpretation. It was called into
question whether, as was often suggested, the combination of new technologies and comprehensive
databases would replace animal models any time in the near future.

Areas of improvement

Areas of improvement related to both the regulators and the regulated! In essence there was a need for the
regulators to be more flexible in their approach to non-standard data and in their readiness to enter into a
dialogue on problem solving. Toxicology was an investigative science and this should be recognised. The
prescriptive approach of the 1981 OECD guidelines for the testing of chemicals had, unfortunately, tended to
turn this into a repetitive process with ‘yes’ and ‘no’ answers. The guidelines did little to encourage thinking
of what was happening in the tests and what it meant for human safety. More creativity was needed in
using the MOA, and the regulated community would need to clearly explain the use of MOA in a way that
would make the overall package easier to understand by the regulators who had to evaluate the data.

Areas worth pursuing

With reference to areas that were worth pursuing, more invertebrate genomes were being published and
the extent to which key steps of known MOAs could be modelled in simpler organisms was one area for
future investigation; the use of simpler organisms in tests would contribute towards animal replacement.
Alternative methods did not necessarily involve the use of cell cultures. MOA could also contribute towards
providing a better prediction of effects of potential concern for the environment.

22 ECETOC WR No. 26



Mode of Action: Recent Developments, Regulatory Application and Future Work

With regard to the development of data bases, a significant effort had already been made. However, there
was further scope for building relevant tools, models and SARs, and in the documentation of normal
physiological range and variability in pathways.

A more effective role for MOA in regulatory risk assessments should be progressed. Although in principle
there was an acceptance that MOA would be taken into account, it was not evident to what extent this was
in fact done. In particular there was no guidance with regard to the submission of data. While there was
general agreement that regulatory submissions should be based on the best available science, concern was
expressed that some regulations were framed in a way which made the integration of non-standard
methods challenging.

Specific actions which were considered worth continuing included the development of training with regard
to the use of MOAs in risk assessment and read-across. It was considered that the WHO/IPCS Steering
Committee should remain in existence to address the issues raised at the Workshop, and appropriate
training was recognised as part of their activities. Increased visibility of the MOA approach at an
international level was another area that had been highlighted, with a need to extend this to countries such
as India and China.
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ABBREVIATIONS

AOQOP Adverse outcome pathway

BMD Benchmark dose

CNS Central nervous system

ECHA European Chemicals Agency

EFSA European Food Safety Authority

EHC Environmental Health Criteria

ER Oestrogen receptor

EU European Union

GD Gestation day

GLP-1 Glucagon-like Peptide 1

GLP-1R GLP-1 receptor

HESI Health and Environmental Sciences Institute

HTS High throughput screening

ILSI RF International Life Sciences Institute - Research Foundation
ILSI-RSI ILSI - Risk Sciences Institute

IPCS International Programme on Chemical Safety

JMPR Joint Meeting on Pesticide Residues

JRC-IHCP Joint Research Centre - Institute for Health and Consumer Protection
MIE Molecular initiating event

MOA Mode of action

MOA-HR Mode of action — Human relevance

MOA-HRF Mode of action — Human relevance framework

MOE Margin of exposure

nAChR Nicotinic acetylcholine receptor

NGO Non-governmental organisation

OCSPP Office of Chemical Safety and Pollution Prevention

OECD Organisation for Economic Co-Operation and Development
QSAR Quantitative structure-activity relationship

PCB Polychlorinated biphenyl

p-GP p-glycoprotein

REACH Registration, evaluation, authorisation and restriction of chemicals
RIVM Dutch National Institute for Public Health and the Environment
SAR Structure activity relationship

SEURAT Safety evaluation ultimately replacing animal testing

TF Task Force

UF Uncertainty factor

US EPA United States Environmental Protection Agency

WHO World Health Organization

24 ECETOC WR No. 26



Mode of Action: Recent Developments, Regulatory Application and Future Work

BIBLIOGRAPHY

Baas J, Willems J, Jager T, Kraak MH, Vandenbrouck T, Kooijman SALM. 2009. Prediction of daphnid survival
after in situ exposure to complex mixtures. Environ Sci Technol 43(15):6064-6069.

Bjerre Knudsen L, Madsen LW, Andersen S, Almholt K, de Boer AS, Drucker DJ, Gotfredsen C, Egerod FL,
Hegelund AC, Jacobsen H, Jacobsen SD, Moses AC, Mglck AM, Nielsen HS, Nowak J, Solberg H, Thi TD,
Zdravkovic M, Moerch U. 2010. Glucagon-like Peptide-1 receptor agonists activate rodent thyroid C-cells
causing calcitonin release and C-cell proliferation. Endocrinology 151(4):1473-1486.

Boess F, Bertinetti-Lapatki C, Zoffmann S, George C, Pfister T, Roth A, Lee SM, Thasler WE, Singer T, Suter L.
2013. Effect of GLP1R agonists taspoglutide and liraglutide on primary thyroid C-cells from rodent and man.
J Mol Endocrinol 50(3):325-336.

Boobis AR, Cohen SM, Dellarco V, McGregor D, Meek ME, Vickers C, Willcocks D, Farland W. 2006. IPCS
framework for analyzing the relevance of a cancer mode of action for humans. Crit Rev Toxicol 36:781-792.

Boobis AR, Doe JE, Heinrich-Hirsch B, Meek ME, Munn S, Ruchirawat M, Schlatter J, Seed J, Vickers C. 2008.
IPCS framework for analyzing the relevance of a noncancer mode of action for humans. Crit Rev Toxicol
38:87-96.

Carmichael N, Bausen M, Boobis AR, Cohen SM, Embry M, Fruijtier-Pélloth C, Greim H, Lewis R, Meek ME,
Mellor H, Vickers V, Doe J. 2011. Using mode of action information to improve regulatory decision-making:
An ECETOC/ILSI RF/HESI workshop overview. Crit Rev Toxicol 41(3):175-186.

Colbourne JK, Pfrender ME, Gilbert D, Thomas WK, Tucker A, Oakley TH, Tokishita S, Aerts A, Arnold GJ,
Basu MK, Bauer DJ, Caceres CE, Carmel L, Casola C, Choi JH, Detter JC, Dong Q, Dusheyko S, Eads BD,
Frohlich T, Geiler-Samerotte KA, Gerlach D, Hatcher P, Jogdeo S, Krijgsveld J, Kriventseva EV, Kiiltz D,
Laforsch C, Lindquist E, Lopez J, Manak JR, Muller J, Pangilinan J, Patwardhan RP, Pitluck S, Pritham EJ,
Rechtsteiner A, Rho M, Rogozin IB, Sakarya O, Salamov A, Schaack S, Shapiro H, Shiga Y, Skalitzky C, Smith Z,
Souvorov A, Sung W, Tang Z, Tsuchiya D, Tu H, Vos H, Wang M, Wolf YI, Yamagata H, Yamada T, Ye Y,
Shaw JR, Andrews J, Crease TJ, Tang H, Lucas SM, Robertson HM, Bork P, Koonin EV, Zdobnov EM,
Grigoriev IV, Lynch M, Boore JL. 2011. The ecoresponsive genome of Daphnia pulex. Science
331(6017):555-561.

ECETOC. 2002. Recognition of, and differentiation between, adverse and non-adverse effects in toxicology
studies. Technical Report No. 85. European Centre for Ecotoxicology and Toxicology of Chemicals, Brussels,
Belgium.

ECETOC. 2006. Toxicological modes of action: Relevance for human risk assessment. Technical Report
No. 99. European Centre for Ecotoxicology and Toxicology of Chemicals, Brussels, Belgium.

ECETOC WR No. 26 25



Mode of Action: Recent Developments, Regulatory Application and Future Work

EMA. 2006. Assessment report for Byetta. Procedure no. EMEA/H/C/000698/11/0021. European
Medicines Agency, London, UK. <http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-
_Scientific_Discussion/human/000698/WC500051842.pdf>.

EMA. 2009. Assessment report for Victoza. Procedure no. EMEA/H/C/001026. European
Medicines Agency, London, UK. <http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-
_Public_assessment_report/human/001026/WC500050016.pdf>.

EMA. 2011. Assessment report for Bydureon. Procedure no. EMEA/H/C/002020. European
Medicines Agency, London, UK. <http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-
_Public_assessment_report/human/002020/WC500108239.pdf>.

EU. 1976. Council Directive of 27 July 1976 on the approximation of the laws of the member States relating
to cosmetic products. 76/768/EEC. OJ L 269.

Gunnarsson L, Jauhiainen A, Kristiansson E, Nerman O, Larsson DG. 2008. Evolutionary conservation
of human drug targets in organisms used for environmental risk assessments. Environ Sci Technol
42(15):5807 5813.

IPCS. 2009. Principles and methods for the risk assessment of chemicals in food. Environmental Health
Criteria 240. International Programme on Chemical Safety, World Health Organization, Geneva, Switzerland.

Meek ME, Bucher JR, Cohen SM, Dellarco V, Hill RN Lehman-McKeeman LD, Longfellow DG, Pastoor T,
Seed J, Patton DE. 2003. A framework for human relevance analysis of information on carcinogenic modes
of action. Crit Rev Toxicol 33(6):591-653.

Meek ME, Berry C, Boobis AR, Cohen SM, Hartley M, Munn S, Olin S, Schlatter J, Vickers C. 2008. Letter to
the Editor and response [Re: Guyton KZ, Barone S Jr, Brown RC, Euling SY, Jinot J, Makris S. 2008. Mode of
action frameworks: a critical analysis. J Toxicol Environ Health B 11(1):16-31]. J Toxicol Environ Health B
11:681-685.

Meek ME, Boobis AR, Cote |, Dellarco V, Fotakis G, Munn S, Seed J, Vickers C. 2013. New developments in
the evolution and application of the WHO/IPCS framework on mode of action/species concordance analysis.
Toxicol Appl Pharmacol (submitted).

OECD. 2012. The Adverse Outcome Pathway for Skin Sensitisation Initiated by Covalent Binding to Proteins.
Part 1: Scientific Evidence. OECD ENV/JM/MONO(2012) 10 PART 1. OECD Environment, Health and Safety
Publications, Series on Testing and Assessment, No. 168. Organisation for Economic Co-operation and
Development, Paris, France.

Rasoulpour RJ, Ellis-Hutchings RG, Terry C, Millar NS, Zablotny CL, Gibb A, Marshall V, Collins T, Carney EW,
Billington R. 2012. A novel mode-of-action mediated by the fetal muscle nicotinic acetylcholine receptor
resulting in developmental toxicity in rats. Toxicol Sci 127:522-534,

26 ECETOC WR No. 26



Mode of Action: Recent Developments, Regulatory Application and Future Work

Schmieder PK, Tapper MA, Denny JS, Kolanczyk RC, Sheedy BR, Henry TR, Veith GD. 2004. Use of trout liver
slices to enhance mechanistic interpretation of estrogen receptor binding for cost-effective prioritization of
chemicals within large inventories. Environ Sci Technol 38(23):6333-6342.

Seed J, Carney EW, Corley RA, Crofton KM, DeSesso JM, Foster PM, Kavlock R, Kimmel G, Klaunig J, Meek ME,
Preston RJ, Slikker W Jr, Tabacova S, Williams GM, Wiltse J, Zoeller RT, Fenner-Crisp P, Patton DE. 2005.
Overview: Using mode of action and life stage information to evaluate the human relevance of animal
toxicity data. Crit Rev Toxicol 35(8-9):664-672.

Sonich-Mullin C, Fielder R, Wiltse J, Baetcke K, Dempsey J, Fenner-Crisp P, Grant D, Hartley M, Knaap A,
Kroese D, Mangelsdorf |, Meek ME, Rice JM, Younes M; International Programme on Chemical Safety. 2001.
IPCS conceptual framework for evaluating a mode of action for chemical carcinogenesis. Regul Toxicol
Pharmacol 34(2):146-152.

Spurgeon DJ, Jones OA, Dorne JL, Svendsen C, Swain S, Stlirzenbaum SR. 2010. Systems toxicology
approaches for understanding the joint effects of environmental chemical mixtures. Sci Total Environ
408(18):3725-3734.

Thomas RS, Clewell HJ lll, Allen BC, Yang L, Healy E, Andersen ME. 2012. Integrating pathway-based
transcriptomic data into quantitative chemical risk assessment: a five chemical case study. Mutat Res
746(2):135-143.

US EPA. 1996. Proposed guidelines for carcinogen risk assessment. US Environmental Protection Agency,
Fed Reg 61:17960-18011.

van Ravenzwaay B, Herold M, Kamp H, Kapp MD, Fabian E, Looser R, Krennrich G, Mellert W, Prokoudine A,
Strauss V, Walk T, Wiemer J. 2012. Metabolomics: a tool for early detection of toxicological effects and an
opportunity for biology based grouping of chemicals-from QSAR to QBAR. Mutat Res 746(2):144-150.

ECETOC WR No. 26 27


http://members.ecetoc.org/en/cust/documentrequest.aspx?DocID=6658
http://members.ecetoc.org/en/cust/documentrequest.aspx?DocID=6658

Mode of Action: Recent Developments, Regulatory Application and Future Work

APPENDIX 1: WORKSHOP PROGRAMME

DAY 1, MORNING

08:30-09:00  Registration
Workshop Chair: Neil Carmichael, on behalf of ECETOC

INTRODUCTION

09:00-09:10 Welcome Richard Brown / Alan Poole
WHO-IPCS / ECETOC

09:10-09:30 Background t o Global Initiatives Promoting the Use of Neil Carmichael
Mode of Action on behalf of ECETOC

09:30-09:50 WHO/IPCS Mode of Action Roadmap: Mode of Action Applications George Fotakis
in Regulatory Toxicology ECHA

09:50-10:10 Update of the WHO/IPCS Mode of Action Framework Bette Meek

University Ottawa

10:10-10:30  Contribution of New Technologies to Better Understand
Modes of Action and Definition of Adversity in Marjoke Heneweer
Toxicological Assays Shell and ECETOC Task Force

10:30 - 10:45 Questions and discussion

10:45-11:15  Coffee break

REGULATORY APPLICATION AND CHALLENGES

11:15-11:45 Overview on how Mode of Action is used in a Regulatory Context

- A US Perspective Jennifer Seed

US EPA

- EU Perspectives Brigitte Landesmann

JRC-IHCP

11:45-12:00 Experience with Application of Mode of Action in Carolyn Vickers / Kathy Hughes
Human Health Risk Assessment: Outcome of Survey WHO-IPCS / Health Canada

12:00-12:15 Questions and discussion

12.15-13.30 Lunch
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13:30-13:45
13:45 - 14:00
14:00 - 14:15
14:15-14:30
14:30-14:45
14:45 - 15:00
15:00

15:00-17:00

In addition to what has been presented under ‘Regulatory Application and Challenges’:

Mode of Action: Recent Developments, Regulatory Application and Future Work

DAY 1, AFTERNOON

CASE STUDIES

Application of the IPCS MOA-HRF Framework in the Work of JMPR

Application of the Adverse Outcome Pathway for Skin Sensitisation

Metabolomic Approach to Different Modes of Actions of

Amiodarone on the Thyroid in Rats

Human Relevance of Thyroid C-Cell Tumours Caused by GLP-1R

Agonists in Rodents

Toxicokinetics, Toxicodynamics and Cross-species Aspects

Alan Boobis

Imperial College, London

Joop de Knecht
OECD

Volker Strauss
BASF

Thomas Pfister

F. Hoffmann-La Roche

David Spurgeon

in Ecotoxicology Centre for Ecology and Hydrology

Mode of Action-Based Priority Setting: Drawing on Experience

from the Ecological Domain Patricia Schmieder / Vicki Dellarco

Coffee

BREAKOUT GROUP DISCUSSIONS

Introduction to breakout groups

BG I: Informing Risk Assessment

Moderator:  Djien Liem, EFSA
Rapporteur:  Vicki Dellarco, US EPA

US EPA

Neil Carmichael

» Do you have other examples of where knowledge of MOA (i.e. toxicokinetic and toxicodynamic key events)

has informed qualitative/quantitative concordance of species and dose-response extrapolation, read-across

and combined exposures?

> Are there other suggestions for, or examples of, how knowledge on MOA has been integrated to develop

more predictive approaches?
» What additional approaches/guidance would be required to increase understanding of the importance of
MOA in informing qualitative/quantitative concordance of species, dose-response extrapolation, read-across

and combined exposures?
» What are additional practical/operational steps that would facilitate uptake of MOA concepts in priority

setting/risk assessment?
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DAY 1, AFTERNOON (CONT’D)

BREAKOUT GROUP DISCUSSIONS (cont’d)

BG lI: Testing Strategies / Assessment-Specific Data Generation

Moderator: Peter Chan, Health Canada
Rapporteur:  Jack Dempsey, Australian Office of Chemical Safety

» Which elements of MOA analysis support the building of integrated testing strategies and how can they be
used to complement the use of non-testing methods?

> Is knowledge of MOA essential for the building of chemical categories and use of read-across methodology
in risk assessment? If so, which elements are important?

> Are there limitations of the current regulatory testing paradigm that do not allow sufficient use of MOA
concepts in hazard/risk assessment?

» What are additional practical/operational steps that would facilitate more predictive MOA-based testing
strategies?

BG lll: Research, Including Better Integration of Alternative Methods

Moderator: Helen Hakansson, Karolinska Institutet
Rapporteur:  Martin Wilks, Swiss Centre for Applied Human Toxicology

» What current research can be used for applying MOA and what additional research might be useful?

» What tools could be developed that would provide for better integration of alternative methods within MOA
analysis in risk assessment?

> How does MOA help in the design of new assessment methods?

» What are additional practical/operational steps that could facilitate better integration of research advances
in developing more predictive and efficient MOA based approaches in risk assessment?

17:00-17:30 In plenary:
Brief interim reports from breakout groups: Rapporteurs

19:00-22:00 Workshop Dinner at “Brasserie”

End of Day 1
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09:00 -10:30
10:30-11:00

11:00 -12:00

12.00 - 13.00

13:00 - 14:30

14:30 - 15:00

Mode of Action: Recent Developments, Regulatory Application and Future Work

DAY 2
Breakout group discussions
Coffee break
In plenary:
Reports from breakout groups:
Lunch
WRAP-UP

Mode of Action Knowledge Base (MoA-KB)

- Overview
- MoA-Wiki, current version
- Effectopedia, current version

Conclusions

Close of Workshop
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Rapporteurs

Clemens Wittwehr/Brigitte Landesmann
JRC-IHCP

Workshop Chair: Neil Carmichael
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Health Canada
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University of Nebraska MC, USA

US EPA
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OECD, France

ECHA, Finland

US EPA
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EFSA, Italy

Technical University of Denmark
CXR Biosciences, UK
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Bette Meek* Risk Assessment, Canada bette.meek@uottawa.ca

Chris Money ExxonMobil, UK chris.money@exxonmobil.com

Martha Moore* US FDA martha.moore@fda.hhs.gov

Sharon Munn JRC, IHCP, Italy sharon.munn@ec.europa.eu

Stewart Owen AstraZeneca, UK stewart.owen@astrazeneca.com

Thomas Pfister F. Hoffmann-La Roche, Switzerland thomas.pfister.tpl@roche.com

James Plautz DSM Nutritional Products, Switzerland  james.plautz@dsm.com

Alan Poole ECETOC, Belgium alan.poole@ecetoc.org

Patricia Schmieder* US EPA schmieder.patricia@epa.gov

Dieter Schrenk* University of Kaiserslautern, Germany  schrenk@rhrk.uni-kl.de

Jennifer Seed US EPA seed.jennifer@epa.gov

Benjamin Smith Firmenich, Switzerland benjamin.smith@firmenich.com

David Spurgeon Centre for Ecology & Hydrology, UK dasp@ceh.ac.uk

Winfried Steiling Henkel, Germany winfried.steiling@henkel.com

Kurt Straif IARC, France straifk@iarc.fr

Volker Strauss BASF, Germany volker.strauss@basf.com

Tokuo Sukata Sumitomo Chemical Europe, Belgium sukata@sce.sumitomo-chem.be

Russell Thomas The Hamner Institutes, USA rthomas@thehamner.org

Marianne van der Hagen Norwegian Climate and Pollution Agency marianne.vanderhagen@klif.no

Carolyn Vickers* WHO / IPCS, Switzerland vickersc@who.int

Martin Wilks Swiss Centre for Applied Human martin.wilks@unibas.ch

Toxicology, Switzerland

Kimberly Wise American Chemistry Council, USA kimberly_wise@americanchemistry.com

Clemens Wittwehr JRC, IHCP, Systems Toxicology Unit, Italy clemens.wittwehr@ec.europa.eu

Flavio Zambrone Brazilian Institute of Toxicology flavio@planitox.com.br
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