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Abstract

Adverse outcome pathways are designed to provide a clear-cut mechanistic representation of critical
toxicological effects that propagate over different layers of biological organization from the initial
interaction of a chemical with a molecular target to an adverse outcome at the individual or population level.
Adverse outcome pathways are currently gaining momentum, especially in view of their many potential
applications as pragmatic tools in the fields of human toxicology, ecotoxicology and risk assessment. A
number of guidance documents, issued by the Organization for Economic Cooperation and Development,
as well as landmark papers, outlining best practices to develop, assess and use adverse outcome pathways,
have been published in the last few years. The present paper provides a synopsis of the main principles
related to the adverse outcome pathway framework for the toxicologist less familiar with this area, followed

by two case studies relevant for human toxicology and ecotoxicology.
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1. Introduction

Predictive toxicology based upon mechanistic information has become a critical aspect of chemical risk
assessment in the last two decades. A major step in this direction came with the introduction of the mode-
of-action concept in 2001, which encompasses a series of key events (KEs) along a biological pathway from
the initial chemical interaction to the adverse outcome (AO) (Meek et al., 2014a and 2014b; Sonich-Mullin
etal., 2001). The mode-of-action concept was first used by the US Environmental Protection Agency (EPA)
and adopted by others in the cancer field (Boobis et al., 2006; Dellarco and Wiltse, 1998; Preston and
Williams, 2005; Wiltse and Dellarco, 2000), but seemed equally exploitable for non-cancer endpoints
(Boobis et al., 2008). Another milestone was the seminal report published by the US National Academy of
Science in 2007, presenting a vision on toxicology in the twenty-first century and placing both in vitro
toxicology and toxicity pathways in the foreground. These toxicity pathways denote cellular pathways that,
when disturbed, can lead to adverse health effects (NRC, 2007). Toxicity pathways align to a large extent
with adverse outcome pathways (AOPs), introduced in 2010 in the field of ecotoxicology (Ankley et al.,
2010). An AOP refers to a conceptual construct that portrays existing knowledge concerning the linkage
between a direct molecular initiating event (MIE) and an AO at a biological level of organization relevant
to risk assessment. Although conceptually very similar, the scope of an AOP is broader compared to the
mode-of-action, as it can go up to the population and even ecological level. Furthermore, while the mode-
of-action tends to be chemical-specific and takes into account kinetic aspects such as metabolism, AOPs are
chemical-agnostic in that they describe a toxicological process from a purely dynamic, biological
perspective. Thus, an AOP can be ultimately associated with any chemical that is bioavailable at the relevant
site of action and which has the specific properties to activate the associated MIE (Becker et al., 2015;
Burden et al., 2015; Edwards et al., 2016; Perkins et al., 2015; Villeneuve et al., 2014a).

Because of the increasing use of AOPs, a clear need to formalize the AOP development and evaluation
process emerged. As a result, the Organization for Economic Cooperation and Development (OECD)
initiated an international AOP development program in 2012, followed by the publication of a guidance

document on the development and assessment of AOPs (OECD, 2013). In 2014, the OECD, together with
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the Joint Research Centre of the European Commission (JRC), the US EPA and the US Army Engineer
Research and Development Centre, launched the AOP knowledge base (AOP-KB). The AOP-KB consists
of 5 modules, namely the e. AOP.Portal, AOP Xplorer, Effectopedia, the Intermediate Effects Database and
the AOP Wiki (Figure 1). The AOP Wiki currently is the most actively maintained and most densely
populated AOP-KB module, and provides an open-source interface that serves as a central repository for
qualitative AOPs and as such facilitates sharing of AOP knowledge and collaborative AOP development.
The e.AOP.Portal is the main entry point for the AOP-KB and provides a search engine that allows querying
both AOPs and KEs. The AOP Xplorer, still under development, is a computational tool that enables
automated graphical representation of AOPs and their networks. Effectopedia, currently available as a
standalone application only, but expected to be released as an online tool in the near future, assembles data
on quantitative relationships underpinning KERs. Finally, the Intermediate Effects Database will capture
intermediate effect data from toxicity studies following the OECD Harmonized Templates format, serving
as empirical evidence to support AOP development. Furthermore, the OECD published a user's handbook
as a supplement to the guidance document on AOP development, which provides in-depth information on
AQP development, including practical instructions on how to build and evaluate AOPs (OECD, 2016). An
AOP developed within a project of the AOP work program at the OECD undergoes a rigorous and
transparent internal and external review process. If successfully completed, this ends with endorsement and
publication in the OECD Series on AOPs (Delrue et al., 2016). At present, the AOP Wiki contains about
200 AOPs for a plethora of human and ecotoxicological endpoints and identification of more than 250
stressors triggering one or more of the MIEs in the AOP Wiki. Aligned with these developments, two
landmark papers were published in 2014, outlining strategies, principles and best practices related to AOP
development (Villeneuve et al., 2014a and 2014b). Several other excellent review manuscripts have been
published in the last few years, each focusing on a particular aspect of AOP development, evaluation and
application (Becker et al., 2015; Burden et al., 2015; Delrue et al., 2016; Edwards et al., 2016; Perkins et

al., 2015).



The present document intends to provide a synoptic “helicopter view” of the AOP field for the toxicologist
less familiar with this area. The different elements of AOP development, assessment and application are

subsequently illustrated in two case studies pertinent to the fields of human toxicology and ecotoxicology.

2. AOP development

Each AOP comprises two fundamental modular components, namely key events (KEs) and key event
relationships (KERs), which link together in a causal chain that spans from the molecular domain all the
way up to the level of the organism or even population (Figure 2). Modularity hereby refers to the aim of
breaking down a complex toxicological process into discrete tractable information elements (i.e. KEs and
KERs) to make it easier to understand and describe, and to allow the re-use of previously described KEs or
KERs in other AOPs. A KE represents a measurable change in a biological state that is essential, but not
necessarily sufficient, for progression from the MIE to the AO. The MIE and AO are two specialized KE
types, but are otherwise treated similarly in the AOP framework. The MIE occurs by definition at the
molecular level and indicates the initial point of chemical-biological interaction within the organism. The
AO, situated typically at the organ level or higher, indicates a change in morphology or physiology of an
organism or system that results in impairment of the functional capacity or the capacity to compensate for
stress. Adversity is typically considered as relevant to act upon from a risk assessment or risk management
perspective, yet could in principle be any effect that is considered adverse within a given research or
application context. A KER defines a causal relationship between a pair of KEs, establishing one as
upstream and one as downstream. It provides the scientifically plausible and evidence-based foundation for
extrapolation from an upstream cause to a downstream effect, and thus for using KE information as
indicators of adverse effects. Furthermore, a KER may reflect linkages between a pair of KEs that are either
adjacent or non-adjacent in an AOP allowing the possibility to capture parallel and interdependent processes
within a single AOP (OECD, 2013 and 2016; Villeneuve et al., 2014a and 2014b).

As such, five core principles have been defined to guide AOP development (Villeneuve et al., 2014a; EPA

2017), namely (i) AOPs are not chemical-specific, (i7) AOPs are modular, (iii) individual AOPs are the
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pragmatic units of development and evaluation, (iv) AOP networks are the functional units of prediction for
most real-world applications, and (v) AOPs are living frameworks. While the first 2 principles deal with the
basic components of AOPs, the last 3 principles pertain more generally to the development and application
of the construct (Edwards et al., 2016). Different types of information can be used during AOP development.
Characterization of the MIE generally relies on in chemico, in silico or in vitro data. Early KEs at the
organelle and cellular level are typically supported by in vitro or in vivo testing outcomes, while intermediate
and late KEs at the tissue, organ and organism level routinely depend on in vivo experimentation results.
When incorporating population level effects, AOP development may necessitate epidemiological or
population biology information (Figure 2) (Delrue et al., 2016; Edwards et al., 2016). Kinetics information,
including data on absorption, distribution, metabolism and excretion (ADME), is not considered in the AOP
development process, as AOPs are developed to be chemical-agnostic. ADME is intrinsically chemical-
specific and although not captured in AOP development, kinetic data are essential in the application phase
of AOPs for associating external exposure with internal exposure information at the site of the molecular
target (OECD, 2013), a key area where AOPs can be used in problem formulation at the early stages of an
assessment.

AOPs can be developed by following a number of strategies. In top-down, middle-out and bottom-up
approaches, AOP development starts from an MIE, KE or AO, respectively. Case study strategies begin
with an AOP based on one or a few model chemicals, which are subsequently generalized to other chemicals
and/or stressors. AOP development by analogy defines an AOP in one organism and intends extrapolation
to other species. AOP development from data-mining uses high-throughput and high-content data to identify
KEs and infer the linkages between them (Bell et al, 2016; Oki and Edwards, 2016; Oki et al., 2016). These
different AOP development strategies can be combined and their selection is determined, at least in part, by
the intended AOP application (Villeneuve et al., 2014a) and in most cases to a large extent by the availability
of existing data. The AOP development process is a continuous activity and is about gradually building an
AOP from a hypothesized set of KEs and KERs and providing the evidence base to support it (Edwards et

al., 2016; Perkins et al. 2015; Villeneuve et al., 2014a). Initial steps may rely more on rather a loose pooling
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of general toxicological knowledge or statistical inference derived from datasets. As development
progresses, the endeavour shifts to refinement of KEs and KERs definitions and a more formal, systematic
and rigorous assembly of evidence underpinning the AOP. Such evidence fuses consideration of biological
plausibility with supporting empirical data and can be drawn from the scientific literature or generated
prospectively in the case of knowledge or data gaps. Moreover, evidence is not only presented within an
AQP, but is also assessed in a weight-of-evidence process that serves to convey the confidence, which an
eventual user of an AOP might attribute to it. Finally, although an AOP is typically described in qualitative
language, aspects, such as the causality described in a KER, can be quantified in terms of, for example, a
mathematical response-response relationship. Although highly desirable, quantification of AOPs is often

severely hindered by the lack of relevant data and the difficulty and cost of generating them.

3. AOP assessment

Evaluation of newly developed AOPs includes consideration of the so-called tailored Bradford-Hill criteria.
The Bradford-Hill criteria have been initially introduced to determine causality of associations observed in
epidemiological studies (Hill, 1965). In the last few years, they have been adopted to assess AOPs, albeit in
a more tailored format. In rank order, these tailored Bradford-Hill considerations include biological
plausibility, essentiality and empirical support (Table 1). While the former and the latter are considered for
each KER individually, essentiality of the KEs is scrutinized in the context of the overall AOP. Each of
these tailored Bradford-Hill considerations is subjected to weight-of-evidence analysis, whereby confidence
should be judged as high/strong, moderate or low/weak for each of the KEs, KERs and the AOP as such,
based on the availability of documentation and/or empirical support (Becker et al., 2015). The purpose of
this weight-of-evidence analysis is to transparently document the certainty and uncertainty existing in

specific lines of evidence that support the overall MIE-to-AO relationship (Collier et al., 2016).



4. Applications of AOPs

AOPs were intended specifically to support regulatory decision-making based on the desire to make
effective use of mechanistic data, particularly novel data streams that can be generated more rapidly and
cost-effectively in a high-throughput format, rather than relying only on apical-outcome data traditionally
measured in whole-organism guideline toxicity tests (Burden et al., 2015; Dean et al., 2017; Delrue et al.,
2016; Edwards et al., 2016; Villeneuve et al, 2014a). The specific application of an AOP is usually dictated
by the amount of available experimental and observational data and the AOP’s degree of maturity, including
the level of quantitative understanding of the AOP (Figure 3), but is constrained by its taxonomic, sex and
life-stage applicability domain.

AOQPs can serve as the basis for generating integrated approaches to testing and assessment (IATA). IATA
is a pragmatic approach that exploits and weighs existing information, including human data and exposure
information, alternative methodologies, such as in chemico and in vitro assays, and tailored strategies for
the purpose of chemical evaluation with applications in risk assessment (Patlewicz et al., 2015; Tollefsen et
al.,2014). While IATAs provide a platform for data integration and a means for targeted testing for a specific
purpose, it is not necessarily framed by a mechanistic rationale. AOPs could be used to provide this
mechanistic basis and thus to identify data gaps or to contextualize a diverse universe of existing data
(Delrue et al, 2016, Tollefsen et al., 2014).

Another AOP application includes the development of chemical categories based on biological responses.
A chemical category is defined as a group of chemicals whose physico-chemical and human health
properties are likely to be similar or to follow a regular pattern. The similarities are typically based on
common functional features. The next step is to substantiate the tentative group with experimental data and
non-testing approaches, such as quantitative structure-activity relationship (QSAR) methodologies. Once
the chemical category is fully established, it can be used for data gap filling strategies, such as read-across
techniques that apply relevant information from analogous substances to predict the toxicological properties
of a target substance (OECD, 2013; Patlewicz et al., 2015). In this respect, the OECD provides a QSAR

Toolbox, which is a free software package for supporting read-across based on chemical categories
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(https://www.qsartoolbox.org/). A main feature of the OECD QSAR Toolbox is the definition of profilers,
which are structural alerts associated with the induction of specific MIEs (Delrue et al., 2016).

AOPs may also facilitate prioritization of chemicals for assessment. In this process, substances are screened
for their potential to trigger a specific and measurable biological response, which in an AOP context could
be related to one or several MIEs, KEs and/or AOs. Substances identified as presenting an unreasonable
risk to cause an AO are subsequently ranked according to potency, whereby the most potent substances
receive highest priority to undergo more detailed testing and/or evaluation (Burden et al., 2015; OECD,
2013a; Patlewicz et al., 2015).

Several other applications for AOPs have been described, including the development or refinement of
methods to test specific KEs, the development of alternatives to animal testing as well as the classification
and labelling of chemicals based on their potency to activate an AOP (OECD, 2013; Patlewicz et al., 2015,

Villeneuve et al., 2014c¢).

5. AOP case studies

Two case studies will be discussed, namely (i) the AOP from covalent protein binding leading to skin
sensitization in humans as an example of an AOP in human toxicology, and (i7) the AOP from aromatase
inhibition leading to reproductive dysfunction in fish as an example of an AOP in ecotoxicology. These case
studies serve to illustrate the general principles laid out in the previous sections, and to specifically show
how AOPs can be used to develop and provide confidence in alternative assays to traditional animal toxicity
testing by describing the link between a MIE, which can be measured using an alternative assay, and a
relevant AO.

The human apical toxicological endpoint most elaborated in terms of the AOP concept is probably skin
sensitization (AOP 40 in the AOP Wiki). Skin sensitization is the process that drives allergic contact
dermatitis, which accounts for 10-15% of all occupational diseases worldwide and that imposes a
considerable burden on healthcare systems and economy (Basketter et al., 2015). Indeed, many chemicals,

including detergents, preservatives and fragrances in household and personal care products as well as active
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ingredients and impurities in synthetic, industrial or pharmaceutical products, may act as skin sensitizers.
Therefore, skin sensitization is an important toxicological endpoint routinely included in contemporary
chemical safety assessment (Wang et al., 2017). This has urged the need for developing alternative methods
to reduce the need for animal tests.

In ecotoxicology, a number of AOPs for endocrine disruption are currently under development in order to
find alternatives for the large numbers of fish tests that are currently needed to assess endocrine disruption
potential of chemicals in the aquatic environment. For example, AOPs for inhibition of thyroperoxidase and
deiodinases, enzymes involved in the activation and synthesis of thyroid hormones, are under development,
and in vitro assays based on these AOPs are being validated to screen chemicals for their ability to disrupt
the thyroid axis in fish (Paul et al., 2013; Paul et al., 2014; Nelson et al., 2016; Stinckens et al., 2016).
However, the main category of AOPs related to endocrine disruption currently being developed are AOPs
initiated by perturbations of the steroid hormone system, including estrogen receptor agonism, estrogen
receptor antagonism and androgen receptor agonism leading to reproductive dysfunction in fish (i.e. AOP
23, 25,29 and 30 in the AOP Wiki). The AOP for aromatase inhibition leading to reproductive dysfunction
in female fish is the most advanced AOP within this category today (AOP 25 in the AOP Wiki) with a high

level of quantitative understanding, and hence will be discussed as a case study.

5.1. AOP from covalent protein binding leading to skin sensitization in humans

Skin sensitization comprises two stages. In the first stage, called the sensitization or induction phase, a first
contact of the skin with the chemical takes place, during which an immunological memory is generated. In
the second stage, called the elicitation or challenge phase and that occurs upon next exposures of the skin
to the compound, the actual clinical effects become manifest (Urbisch et al., 2015). In 2012, the OECD
endorsed and subsequently published an AOP describing the pathways underlying skin sensitization (Figure
4) (OECD, 2014). The MIE takes place following penetration of the chemical into the skin. The parent
chemical or its metabolite then forms a stable complex with carrier proteins in the skin, yielding a product

that is immunogenic, a process called haptenation. The hapten-protein complex further reacts with
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keratinocytes, the main cell population in the epidermis. This first KE is characterized by the activation of
the inflammatory machinery and oxidative defence, such as triggered by the Kelch-like ECH-associates
protein 1 (Keapl)/nuclear erythroid 2-related factor (Nrf2) signalling cascade. Simultaneously, the hapten-
protein complex activates a second KE, namely the activation and maturation of dendritic cells. Activated
dendritic cells subsequently move to the lymph nodes where they present the hapten to naive T cells. This
constitutes the third KE, implying proliferation of hapten-specific T cells and the generation of antigen-
specific memory T cells, some that circulate in the body. Upon next contact of the skin with the chemical,
the challenge phase, the hapten-protein complex is again formed and taken up by dendritic cells, but also by
antigen-presenting cells. The circulating antigen-specific memory T cells then start to secrete cytokines that
induce the release of inflammatory mediators mobilizing cytotoxic T cells and other inflammatory cells.
These cells migrate to the epidermis and elicit an inflammatory response, the final AO, associated with red
rash, blisters, itchy and burning skin (OECD, 2012).

The AOP from covalent protein binding leading to skin sensitization was the first to have been endorsed by
the OECD after a stringent review process and since then 5 more have also been endorsed and published
(Delrue et al., 2016). This AOP is also among the first to be applied as a quantitative AOP. The latter
includes mathematical models for dose and duration linking KEs, such as haptenation and T cell activation,
which are required to support risk assessment applications (Conolly et al., 2017; Maxwell et al., 2014).
Furthermore, the skin sensitization AOP is included in the third version of the OECD QSAR Toolbox
released in 2012, where specific profilers are defined for each of the MIE, KEs and the AO
(http://gsartoolbox.org), and in integrated regulatory toxicity testing strategies, such as IATA, where a
battery of methods are available to test the MIE, KEs, and AO (Ezendam et al., 2016; Patlewicz et al., 2014).
The MIE can be studied by means of the in chemico direct peptide reactivity assay (DPRA) that measures
the depletion of a peptide with lysine and another one with cysteine as key reactive sites after incubation
with an excess of the test chemical, using quantitative high-pressure liquid chromatography (Gerberick et
al., 2004). Regarding the first KE (i.e. keratinocyte activation), reactive chemicals bind to Keap1 leading to

Keapl dissociation from Nrf2. Released Nrf2 then translocates to the nucleus to trigger the antioxidant
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response element (ARE) in the promotor region of target genes. The KeratinoSens and LuSens tests are two
in vitro luciferase reporter gene assays that measure ARE activation following cell exposure to test
chemicals (Emter et al., 2010; Ramirez et al., 2014). The second KE (i.e. dendritic cell activation) can be
detected using the myeloid U937 skin sensitization test (MUSST). In this in vitro assay, myeloid U937 cells
are incubated with the test chemical followed by flow cytometry-based measurement of CD86 expression,
a co-stimulatory molecule indicative of dendritic cell activation (Python et al., 2007). A similar in vitro
method is the human cell line activation test (WCLAT) that uses THP-1 monocytic cells and measures CD54
expression, a marker of dendritic cell activation, in addition to CD86 (Ashikaga et al., 2006; Sakaguchi et
al., 2006). The third KE (i.e. T cell activation and proliferation) may be evaluated by means of the in vivo
local lymph node assay (LLNA). In the LLNA, the test chemical is applied onto the skin of mice followed
by injection of *H-methyl-thymidine. Thereafter, the lymph nodes behind the ears are removed and T cell
proliferation is inferred from scintillation counting of *H-methyl-thymidine incorporation into newly
synthesized DNA (Kimber et al., 1986). The AO can be tested in vivo using the Guinea pig maximization
test (GPMT), in which the test chemical is injected together with an adjuvant. This is followed by skin
damage, application of the test chemical to the skin and evaluation of the skin condition (Magnusson and
Kligmann, 1969). A number of these methods, namely the DPRA assay, the KeratinoSens test, the hCLAT
test, the LLNA and GPMT, have been formally embedded in OECD test guidelines. Several other non-
animal methods are currently being developed and/or are under validation by the European Union Reference
Laboratory for Alternatives to Animal Testing (Ezendam et al., 2016). A significant milestone for
mechanistic-based approaches to toxicological hazard assessment was achieved during the autumn of 2016,
when the REACH (i.e. Registration, Evaluation, Authorization and Restriction of Chemicals) information
requirements for skin sensitisation were changed. Now, provision of information relating to KEs of the skin

sensitisation AOP using non-animal tests is the default route.
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5.2. AOP from aromatase inhibition leading to reproductive dysfunction in fish

A number of chemicals entering the environment, including pesticides and drugs used to treat breast cancer,
have the potential to inhibit aromatase, the enzyme responsible for converting testosterone to 17-beta-
estradiol (E2) (Hinfray et al., 2006). Aromatase inhibition leads to reduced synthesis of E2 in the ovaries of
fish, in turn leading to reduced plasma E2 levels (Figure 5) (Ankley et al., 2009). Reduced E2 levels result
in decreased vitellogenin (VTG) synthesis by the liver, since this gene is under estrogenic control
(Villeneuve et al., 2009). In oviparous vertebrates, VTG functions as an egg yolk precursor glycoprotein,
essential for oocyte development and larval survival. Reduced plasma VTG levels therefore result in
impaired oocyte growth and development, reduced fecundity, including reduced numbers of eggs, and
consequently decreased population size (Miller and Ankley, 2004; Miller et al., 2007). This AOP is
potentially applicable to oviparous vertebrates in general because of the common function of VTG.
Furthermore, many endocrine and other pathways, such as the function of aromatase in converting
testosterone to E2, are conserved among fish and mammals, and therefore several fish AOPs can also be
useful from the perspective of human toxicology. The AOP is part of the OECD AOP development program
work plan and has gone through internal and external review. It was endorsed by the Working Group of the
National Coordinators for the Test Guidelines Program and has been published by the OECD (Villeneuve,
2016).

In contrast to the skin sensitization AOP where all KEs, except for the AO, can be measured using alternative
assays, the aromatase inhibition AOP involves the function of feedback loops regulating hormone levels
and linkages all the way up to reproductive capacity, which cannot all be represented using in vitro assays.
To move away from the need to measure the KEs and AO in animal tests, computational models have been
developed to take in vivo regulatory processes into account and predict effects along the AOP starting from
the potency of a chemical to inhibit aromatase. These models have then been coupled together to form a
quantitative AOP (Conolly et al., 2017, Wittwehr et al., 2017). The first component of this quantitative AOP
is a hypothalamic-pituitary-gonadal (HPG) axis model (Figure 5) predicting VTG production based on

aromatase inhibition potential (Cheng et al., 2016). The model includes two feedback loops, the first
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accounting for upregulation of aromatase activity in response to decreased E2 levels, and the second
accounting for upregulation of a transporter for VTG uptake into the ovary in response to decreased ovarian
VTG levels. The second component of the quantitative AOP is the oocyte growth dynamics model
predicting oocyte development and spawning based on plasma VTG levels (Li et al., 2011). The third
component is a population model predicting density-dependent population trajectories based on fecundity
(Miller and Ankley, 2004). By coupling these three models together, it becomes possible to predict the
probability or severity of the AO, whereas a qualitative AOP only describes the plausible sequence of events
assuming that compensatory and repair mechanisms are overwhelmed. This quantitative AOP can be applied
to estimate a benchmark dose for an untested chemical (Conolly et al. 2017). The potency of a chemical to
inhibit aromatase relative to the model compound, which was used to develop the models, can serve as input
for the predictions. A cell-free aromatase inhibition test is included in the ToxCast battery of assays and can
provide the necessary input data (Richard et al., 2016). The modular structure of this quantitative AOP
allows for the use of higher level KE data when available, such as plasma VTG levels, and similar to the
concept of modularity of AOPs, it allows for the re-use of model components in other AOPs and eventually
for the construction of quantitative AOP networks. This illustrates the role AOPs can play in 21% century
predictive toxicology (NRC, 2007), by predicting apical AOs of regulatory concern based on mechanistic

endpoints measured with alternative assays and thus reducing the need for animal tests.

6. Perspectives

Risk evaluation of chemicals based on an understanding of the responsible mechanisms has been a goal
since generations of toxicologists, and although the biological concepts behind the AOP framework are in
principle not new, AOPs have found their way to the fields of toxicology and risk assessment in recent years.
Despite the introduction of guidance documents and papers on AOP development and assessment (Becker
etal., 2015; OECD, 2013; Villeneuve et al., 2014a and 2014b), the AOP framework and its applications and
will undoubtedly benefit from optimization and further development in the upcoming years. For example, a
frequently raised criticism on individual AOPs is that they oversimplify the complexity of biological
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systems and the exposures to stressors that these systems face. Most realistic exposure scenarios involve
multiple stressors (i.e. mixtures) and even when considering exposure to single chemicals, multiple AOPs
may be triggered. Thus, in most scenarios, AOPs cannot be considered in isolation. It should, however, be
kept in mind that individual AOPs are merely viewed as pragmatic units for development. Risk assessment
applications will necessitate the use of AOP networks that combine individual AOPs (Knapen et al., 2015).
AOQP networks could potentially link many different MIEs to different AOs, describe specific combinations
of KEs or pathways that are required for progression towards an AQO, and could be used to more realistically
describe mixture toxicity responses. In addition to being able to more accurately describe complex
toxicological processes, identification of common KEs in such AOP networks will be valuable for
developing assays that are indicative of different adverse effects of regulatory concern at once.

In general, AOPs are to be considered as an open and flexible knowledge management tool that should be
continuously refined by feeding in relevant data (Villeneuve et al., 2014a). Such iterative refinement should
ideally include the elaboration and quantification of the dynamic properties of KEs and KERs. Although
quantification has now been pursued for a limited number of AOPs, the vast majority of them are still
qualitative in nature. That said, it should be kept in mind that AOPs of qualitative nature, but with a strong
evidence base, can prove extremely valuable for many regulatory applications. Striving for more explicit,
quantitative AOPs will inevitably require more consideration of how to optimally capture important aspects
of system dynamics in AOPs and AOP networks. Dynamic motifs, such as feedback and feedforward loops,
modulating factors and compensatory mechanisms drive, for example, adaptive or acclimation responses,
but also determine critical tipping points for progression of one KE to the next. Although such information
can currently already be captured within KER and/or KE descriptions, having more scope to explicitly
incorporate and structure dynamic aspects into AOPs would evolve the AOP framework to be capable of
reflecting higher resolution of biological realism in cases or applications where there is a need or desire to
do so. Finally, besides enhancing the AOP framework to better capture toxicodynamic processes, it is
important to acknowledge that the risk assessment paradigm equally relies on consideration of exposure

scenarios and the integration of exposure data. Although AOPs are not chemical-specific and by design do
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not incorporate kinetics, additional efforts are indeed needed to bridge the gap between classical kinetic
determinants related to ADME profiles of chemicals on the one hand and the activation of the MIE of an
AQP on the other hand. To enable full exploitation of AOPs for risk assessment purposes and hence to
appropriately reflect in vivo toxicological processes, conceptual frameworks should be developed to use
chemical-specific kinetic data as the input for the chemical-specific application of chemical-agnostic AOPs
in risk assessment scenarios. One recent example in this respect is the aggregate exposure pathway (AEP)
framework (Teeguarden et al., 2016). The AEP concept is to exposure sciences what AOPs are to
toxicological sciences, and AEP development and description intentionally draws as many parallels to AOP
development as possible. Like AOPs, AEPs consist of KEs that are linked through KERs and describe the
movement of specific chemicals from a source, such as industrial release, to the target site exposure,
including environmental fate and transport, external exposure, and ADME. The AEP’s target site exposure
could be directly linked to an AOP’s MIE, and AEPs and AOPs have thus been conceived as natural and
complementary companions completing the source to outcome continuum.

Given the worldwide interest and initiatives taken in the AOP field, it is anticipated that these challenges
discussed above will be addressed in the near future. The AOP program relies on expert-driven input to
build the AOP-KB and therefore requires stakeholder engagement spanning diverse fields. In this regard, a
recent Horizon Scanning effort supported by the Society of Environmental Toxicology and Chemistry
(SETAC) identified current key questions surrounding the AOP framework by surveying the broader
scientific and regulatory communities (Lalone et al., 2017). These questions have been then addressed
within the context of a SETAC Pellston workshop held in the spring of 2017, with discussions focusing on
elaborating principles and best practices concerning quantitative AOPs and AOP networks, amongst others
to better capture dynamic motifs and modulating factors, and also on issues influencing more widespread
engagement, uptake and application of the AOP framework to achieve greater international impact in both
scientific and regulatory communities. The output of the workshop will be published in a series of related

papers which will likely form the foundation for further development of the AOP framework.
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Legends to Tables and Figures

Table 1
Tailored Bradford-Hill criteria for AOP assessment (Becker et al., 2015; adapted from US EPA’s AOP

Research Brief (EPA, 2017)).

Figure 1

Modules of the AOP-KB. The e.AOP.portal can be reached at http://aopkb.org, the AOP Wiki at
http://aopwiki.org,  Effectopedia at http://effectopedia.org and the AOP Xplorer at
http://datasciburgoon.github.io/aopxplorer. The OECD “Harmonized Template 201: Intermediate effects”

can be found at https://www.oecd.org/ehs/templates/harmonised-templates-intermediate-effects.htm.

Figure 2
Generic AOP structure, in this case applied to human toxicology, spread over different levels of biological

organization and fed by different types of information.

Figure 3

AOP development process and potential applications in toxicology and risk assessment. There are no clear
boundaries between the different stages of development or levels of completeness (i.e. putative AOP, formal
AQOP and quantitative AOP). These terms rather reflect a continuum of development and in most cases it is
not possible to assign specific applications to a specific category. Instead, the applicability of a given AOP

most often depends on a case by case determination of fit-for-purpose.

Figure 4

AQP from covalent protein binding leading to skin sensitization in human (https://aopwiki.org/aops/40).
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Figure 5

AQP from aromatase inhibition leading to reproductive dysfunction in fish (https://aopwiki.org/aops/25).
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Tables and Figures

Table 1

Criterion

Driving questions

Biological plausibility.

Is there a mechanistic/systemic relationship between
KEpseam and KEgownsream consistent with established

biological knowledge?

Essentiality.

Are the KEgownsteam and/or AO prevented if KEpsuream 1S

blocked?

Empirical support.

- Does the empirical evidence support that a change in
KE psiream l€ads to an appropriate change in KEjownstream?

- Does KE,psream Occur at lower doses and earlier time
points than KEgjownstream and is the incidence of KE,psiream
greater than that for the KEgownstream?

- Are there inconsistencies in empirical support across taxa,
species and stressors that do not align with an expected

pattern for the hypothesized AOP?
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Figure 2
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Figure 3
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Figure 4

haptenation allergic skin dermatitis
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Figure 5
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