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This paper discusses needs and opportunities to redefine validation
of alternative methods to animal testing. In vitro chemical hazard as-
sessment is moving from individual assays to combinations of assays in
batteries and testing strategies guided by adverse outcome pathways.
This has consequences for the way individual assays and testing stra-
tegies are validated. We propose that quality criteria of reproducibility
and transferability and description of chemical applicability domain
remain essential at the level of individual assays. However, validation
in terms of predictivity of individual assays based on a variety of che-
micals is no more relevant. Rather, sufficient coverage of the biological
domain studied by a battery of complementary assays should be the
prime determinant of the validity of test batteries and testing strategies.

Traditionally, chemical hazard and risk assessment for man is as-
sessed by means of experimental animal studies. Global guidelines for
animal test methods were established in the early nineteen eighties.
Soon thereafter the call arose for alternatives that would Refine, Reduce
and/or Replace (3R) animal use, in line with the principles established
in the fifties by Russell and Burch (1959). A host of in vitro assays ap-
peared, originating either from existing biological research models that
were transformed to toxicity assays, or from novel assays based on
primary or continuous cell cultures up to tissue and organ cultures.
Characteristics were defined that would be required for an animal-free
assay to be applicable for chemical hazard assessment (Hartung et al.,
2004). A definition of the biological domain covered by the assay is
needed to determine its applicability in terms of modes of action cov-
ered. The reproducibility of test results within and among laboratories
are considered important aspects of robustness and a prerequisite for
general applicability of alternative tests. Furthermore, the chemical
applicability domain is important in that it describes the limitations of
the assays in terms of chemicals that cannot be tested due to e.g. so-
lubility or volatility issues. Another crucial aspect relates to the pre-
dictive capacity of animal-free assays. Validation of an assay basically
entails the evaluation of the combination of these characteristics.
Practical approaches towards validation were formulated by the Eur-
opean Center for Validation of Alternative Methods (Clothier and Balls,
1990; Balls, 1995). Strictness versus flexibility of validation rules have
been important discussion items. These approaches have been im-
plemented in an OECD Guidance Document No. 34 on validation of test
methods (OECD, 2005).

OECD GD No. 34 defined validation as ‘the process by which the
reliability and relevance of a particular approach, method, process or
assessment is established for a defined purpose’. Initially, animal-free
assays were validated for the one-in-one replacement of existing animal
tests. This required that the predictive capacity of these tests for the in
vivo situation should be established. Therefore, validation studies were
designed with the aim to compare outcomes of individual assays with
those of the same chemicals tested in animal studies. The result ob-
tained in animal-free assays was often characterized in a qualitative
sense as positive versus negative. Results of a series of reference che-
micals were combined to calculate overall test sensitivity, specificity
and predictive capacity based on qualitative in vitro-in vivo compar-
isons. The number of chemicals tested, and with that the chemical space
covered, in any such validation study was pragmatically limited.
Validation studies ended up around 80% predictivity in many such
validation studies, e.g. for developmental toxicity (Brown, 1987;
Genschow et al., 2002) and skin sensitization (Bauch et al., 2011;
Natsch et al., 2011), which was usually considered a good result. Based
on such validation outcomes, combined with complying with the re-
quirements mentioned above, the alternative assay was considered
validated and valid for use as a replacement of the animal test that it
was intended to replace.

Three decades of expertise with this validation process have in-
creasingly revealed its limitations. First, taking the animal study as the
gold standard for comparison of novel assays appeared flawed, as the
species of interest in human health risk assessment is man. Animal
studies do not always correctly predict toxicity in man, be it the nature,
severity, or the dosimetry of the adverse health effect involved.
Moreover, the presumed one-in-one replacement is overly simplistic, as
it does not take account of the reductionist nature of the in vitro test as
compared to the whole organism animal test that it intends to replace.
Furthermore, validations based on a necessarily limited number of
chemicals do not necessarily predict test performance for yet another
set of chemicals (Paquette et al., 2008; Marx-Stoelting et al., 2009).
Predictivity percentages from such validation studies therefore have
little significance for estimating general test performance. Finally, the
qualitative nature of many in vitro test outcomes (positive/negative)
leaves no room for quantitative assessment and for extrapolation to
expected effective doses in the in vivo animal study. In the past decades,
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these limitations have probably played an important role in the re-
luctance to accept animal-free methods as replacements in regulatory
frameworks for human chemical safety assessment (Adler et al., 2011;
Piersma et al., 2014).

Whilst the limitations of classical validation of animal-free assays
became apparent, toxicological hazard and risk assessment sciences
changed gears significantly. The advent of the Tox21 initiative by the
US National Academy of Sciences advocated founding human risk as-
sessment on human data, collected either in the clinical setting or from
animal-free assays incorporating human biological material (USA,
2007; Krewski et al., 2010). The large-scale ToxCast project of the US
Environmental Protection Agency (EPA) started collecting and ana-
lyzing data of thousands of chemicals in hundreds of high throughput
biological and biochemical assays to predict toxicity in the intact or-
ganism (Kavlock et al., 2012). OECD embraced the Adverse Outcome
Pathway (AOP) concept. AOPs are used as a framework to structure all
available information at different levels of biological complexity, e.g.
molecular, cellular, organ and organism level, relevant to a particular
adverse outcome (Ankley et al., 2010). AOPs have shown to be of value
in the development of mechanism-based strategies that combined non-
animal methods addressing different key events that lead to a specific
adverse outcome. In the field of skin sensitization this has been quite
successful as several AOP-based defined approaches are more accurate
in predicting human skin sensitization hazard than the traditional an-
imal method (Ezendam et al., 2016). In addition to the biological per-
spective of AOPs, the OECD QSAR toolbox provides a means of in-
tegration of chemical and toxicological information for the application
of category approaches (Dimitrov et al., 2016). These models provide
the basis for Integrated Approaches to Testing and Assessment (IATA)
and Defined Approaches, which promote mechanism of action based
hazard and risk assessment grounded on information of combinations of
mechanistically relevant animal-free methods relevant for the specific
toxicological question at stake (Tollefsen et al., 2014). A recent over-
view of relevant alternative technologies is given in (Eskes and Whelan,
2016).

These innovative ideas require a novel overarching approach of
toxicological testing for regulatory purposes, which steps away from the
animal as the gold standard, away from qualitative in vitro effect as-
sessment as sufficient for hazard identification, and away from one-in-
one replacement of animal studies. Thus, classical validation in terms of
qualitative predictivity assessment in a one-in-one comparison with an
animal study becomes obsolete. The question remains how the term
‘validation’ can be redefined to support the application of the novel
IATA paradigm. Given the reductionist nature of animal-free assays, be
they receptor binding assays, enzyme inhibition assays, cell prolifera-
tion or differentiation assays, or organs-on-a-chip, etcetera, paramount
is the understanding of the biological domain that is incorporated in the
system. For example, an estrogen antagonist will not show its antag-
onism in an assay that does not contain the estrogen receptor. Such an
assay should not be used for the evaluation of estrogen antagonism.
Thus, rather than statistical validation leading to predictivity percen-
tages, mechanistic validation focused on carefully defining the biology
of the system and its response characteristics is needed to be able to
optimally use the assay in the context of a testing strategy. Continuing
on the given example, the functionality of the estrogen test system can
simply be shown by testing a limited number of agonists, antagonists,
and negative controls. Validation with a wider chemical space is be-
yond what is needed to consider an individual test fit for purpose from
the perspective of the biological domain covered. In addition to a de-
finition of the biological system covered in the assay, what remains
valid of the original validation paradigm is the continuing need to es-
tablish assay variability, reproducibility, and intra- and inter-laboratory
transferability. These aspects are fundamental for understanding the
reliability of any given biological assay. Likewise, the exposure situa-
tion in in vitro assays is fundamentally different from the in vivo situa-
tion. This may limit the applicability of in vitro assays as to certain

chemical characteristics such as solubility and volatility. Therefore,
defining the chemical applicability domain remains important to de-
lineate limitations of in vitro assays.

Innovative hazard and risk assessment ideas often advocate a clean
sheet case-by-case approach based on all non-testing information (e.g.
chemical structure, physicochemical properties, structure-activity re-
lationships, read across) available before any biological effect testing is
initiated. This requires that for case-by-case recruitment a tool box of
animal-free assays must be available, which contains all essential as-
pects of physiology that may need to be tested. The ToxCast initiative
has made significant progress in this respect (Judson et al., 2015).
However, the integration of information from all assays, and the ex-
trapolation to predictions as to effects in the intact individual still meets
with significant issues. The AOP paradigm defines key events in linear
mono-directional cascades from molecular initiating event to adverse
outcome, which may be monitored in dedicated in vitro assays. In the
intact organism, most likely a multidimensional multidirectional net-
work of closely interacting AOP's determines overall toxicity. This re-
quires integration of AOP information at a higher level of abstraction
for toxicity predictions to become realistic. It also requires under-
standing of the role of biokinetics in in vitro systems(Groothuis et al.,
2015), and that in vitro concentration-response information is translated
to in vivo effective dosages using quantitative extrapolation models, also
referred to as reverse dosimetry (Yoon et al., 2012). Projects designing
virtual liver and virtual embryo computational models have taken up
the challenge of information integration into models of physiological
processes (Kavlock, 2010; Leung et al., 2016; Hutson et al., 2017).
Other initiatives are directed at defining ontologies in which (part of)
the physiological system is systematically mapped, and can be modelled
quantitatively in an all-encompassing computational toxicology system
(Brinkley et al., 2013; Puelles et al., 2013). This computational system
could then be fed with information from in vitro assays on the mod-
ulation by test compounds of selected key events, followed by in-
tegration of information at the level of the computational model, pro-
viding integrated predictions for toxicity in the intact organism, that is,
in man.

Ultimately, the desirable prospect is that human hazard and risk
assessment will be based on data from groups of dedicated in vitro as-
says and in silico models. Assays and models are selected and applied
stepwise in battery and tiered approaches case-by-case, dependent on
the test compound of interest and its effect pattern. These data are fed
into the ontology-driven computational model, which will assess toxi-
city at the level of the intact body. Briefly, in this context, ontology is
defined as a quantitative description of the integral network of adverse
outcome pathways. The ontology allows identification of rate-limiting
key events that need assessment in dedicated in vitro assays. The results
of testing in this assay battery provide input for the computational
model that predicts toxicity. This approach continues to require that
individual assays are well characterized in terms of (a) their biological
mechanism(s), (b) their reliability/reproducibility, and (c) their che-
mical applicability domain. Individual assays would be fit for purpose
under the innovative paradigm if conforming to these three key vali-
dation characteristics of alternative assays. However, overall pre-
dictivity of individual assays for toxicity in the intact organism is not
relevant in this approach. Rather, confidence in sufficient coverage of
the biology by the combined battery of fit-for-purpose assays, reflecting
the essential key events in the ontology, should suffice for considering a
testing strategy valid. We do realize that confidence in this approach is
not easily attained and can only be achieved by comprehensively de-
monstrating its performance. Case studies with selected chemicals using
the integrated computational model and its panel of supporting in vitro
assays can be employed to assess and optimize test strategy perfor-
mance.

The basic philosophy underlying this approach is not that different
to what lead to using animal studies in the past. Over half a century ago
animal studies were introduced as test systems for human safety,
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because the biology of the (animal) system was considered to provide
the best possible model for predicting (human) hazard and risk. In the
21st century, given tremendous progress over the past half century in
molecular, physiological, chemical and toxicological knowledge and
tools, including dedicated human systems, the game change moving
towards introducing in vitro and in silico modelling for human hazard
and risk assessment is timely and feasible.

Transparency document
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