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Abstract

During the past decade regulatory toxicology has been changing its general
approach, since it is implementing the “Toxicity Testing the 21st Century”
(Tox21) vision proposed by the US National Research Council NRC to reduce
and replace traditional safety testing in animals by more predictive toxicity data
generated with human cell tissues and organs. New the Adverse Outcome Path-
way (AOP) concept allows to integrate non-animal data with existing knowledge
into computation models, which allow to predict adverse effects in humans and
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the environment after exposure to hazardous chemicals with sufficient confidence
for safety assessment. The OECD is closely collaborating with national regula-
tory agencies in Europe and the USA on implementing the AOP concept into
“Integrated Approaches for Testing and Assessment” (IATA), which allow regu-
lators to assess the results generated with the new AOP approach for specific
endpoints. The Tox21 concept, which is relying on advanced technologies, using
human stem cells, multiorgan-chips and in silico models will most probably prove
that the future of toxicology will be in vitro.
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Challenges for Regulatory Testing in the Twenty-First Century

Regulators and the general public are facing increasingly complex challenges that
require harnessing the best available science and technology on behalf of patients and
consumers. Therefore, we need to develop new tools, standards, and approaches that
efficiently and consistently assess the efficacy, quality, performance, and safety of
products. However, up to now, the importance of regulatory science has not been
sufficiently appreciated and it is underfunded. New scientific discoveries and technol-
ogies are not being sufficiently applied to ensure the safety of new chemicals, drugs, and
other products to which consumers are likely to be exposed. In addition, members of the
public are demanding that greater attention is paid to manymore chemicals and products
already in commercial use, but the existing testing systems do not have the capacity to
deliver the in vivo data required. Thus, we must bring twenty-first-century approaches to
twenty-first-century products and problems (Andersen and Krewski 2009).

Most of the toxicological methods used for regulatory assessment still rely on
high-dose animal studies and default extrapolation procedures that have remained
relatively unchanged for decades, despite the technological revolutions in the bio-
sciences over the past 50 years. The new technologies allow to test tens of thousands
of chemicals a year in high-throughput systems, and thousands of chemicals a year in
organotypic cultures and low through-put systems. However, we now need to
develop better predictive models, in order to identify concerns earlier in the product
development process, to reduce time and costs involved in testing, and to reduce the
loss of promising biological molecules due to false positive results. We need to
modernize the tools used to identify potential risks to consumers who are exposed to
drugs, new food additives, and other chemical products.

The challenge today is that the toxicological evaluation of chemicals must take
advantage of the on-going revolution in biology and biotechnology. This revolution
now permits the study of the effects of chemicals by using cellular components,
cells, and tissues – preferably of human origin – rather than whole animals.
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The novel regulatory science would take advantage of new tools, including
functional genomics, proteomics, metabolomics, high-throughput screening,
human-organs-on-a-chip, and systems biology, and could then replace current tox-
icology assays with tests that incorporate the mechanistic underpinnings of disease
and of underlying toxic side-effects. This should allow the development, validation
and qualification of preclinical and clinical models that accelerate the evaluation of
toxicity during the development of drugs and other chemicals to which humans are
exposed. The goals include the development of biomarkers to predict toxicity and
screening at-risk human subjects during clinical trials, as well as after new products
are made available on the market. The new methods also should enable the rapid
screening of the large number of industrial chemicals that have not yet been
evaluated under the current testing system, for example, according to the EU
chemicals regulation (REACH).

The above-described new technologies enable to generate large datasets (also
termed “big data”), which can be utilized in computational toxicology utilizing
artificial intelligence tools and machine learning approaches. Currently, the global
capacity to test chemicals thoroughly in traditional animal studies would probably
not be more than 50–100 chemicals a year. By contrast, the new high-throughput
methods developed in the US Environmental Protection Agency (EPA) Comptox
program (Williams et al. 2017), involving the robotic systems at the National Center
for Advancing Translational Sciences (NCATS) at the National Institutes of Health
(NIH), could test 30,000 or more chemicals in several hundred functional tests
within a year, while by using human cells and systems. This flood of new biological
data would drive the development of more-satisfactory, more-predictive computer
algorithms that could assist regulatory decision-making. With the addition of data
from new human “multi-organ- chip” technologies (see below), the regulatory
relevance of the data from the high-throughput systems (HTS) could be further
refined (Rowan and Spielmann 2019).

Adapting Toxicity Testing to the Challenges of the Twenty-First
Century in Europe

To adapt toxicity testing to progress in the life sciences and to end toxicity testing in
animals, in the 1980s, various government institutions of the European Commission
(EC) and EU Member States promoted and funded the development and validation
of in vitro toxicity tests, which were accepted at the international level by the OECD
in the early 2000s. Initially, the research activities in Europe were stimulated by the
requirements of the EU Cosmetics Directive (EC 2009) and were aimed at ending the
suffering of experimental animals in safety tests for cosmetics, and especially in
local toxicity tests on the skin and eye. The funding of research in the Alternative
Testing Strategies Programme of the 6th (FP6) and 7th (FP7) EU Framework
Programmes of the Research and Innovation Directorate General of the EC was
quite successful, since, for this specific field of toxicology, in vitro tests were
developed, validated, and accepted by regulators, and the full ban on animal testing
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for cosmetic products manufactured or marketed within the EU finally came into
forced on 11 March 2013 (EC 2013). Although this was a unique success story, and
represented a breakthrough from the scientific, regulatory, and ethical points of view,
which was acknowledged around the world, those in vitro toxicity tests were based
on the progress with in vitro culture techniques achieved in the twentieth century.

To speed up the change to challenges of the twenty-first century in collaboration
with the cosmetics industry the EU FP7 multi-center SEURAT-1 project was
established to replace repeat-dose systemic toxicity testing in vivo in animals. In
addition, the EU launched another FP7 project, Accelerate (XLR8), to implement the
transition to a toxicity pathway-based paradigm for chemical safety assessment, a
concept proposed in 2007 by the US National Research Council (NRC) report,
Toxicity Testing in the twenty-first Century: A Vision and a Strategy (NRC 2007).

The US Vision Toxicity Testing in the Twenty-First Century
(Tox21) (US NRC 2007)

The new concept for a toxicity testing paradigm relies mainly on understanding
“toxicity pathways” – the cellular response pathways that can result in adverse health
effects when sufficiently perturbed (NRC 2007; Andersen and Krewski 2009;
Krewski et al. 2010). In the new approach biological significant alterations are
evaluated without relying on animal studies. In addition, “targeted testing” had to
be conducted, to clarify and refine information from toxicity pathway tests for
chemical risk assessments. Therefore, targeted testing in animals will become less
necessary, as better systems are developed to understand how chemicals are metab-
olized in the human body, when applying only tests in cells and tissues. Testing in
animals may then be phased out in the next 10–15 years, provided that more
resources are devoted to improving regulatory toxicology.

A toxicity pathway refers to a chemically induced chain of events at the cellular
level that may ultimately lead to an adverse effect such as tumor formation. Such
pathways ordinarily coordinate normal processes, such as hormone signaling or gene
expression. For example, a protein that, upon chemical binding, blocks or amplifies
the signaling of a specific receptor could alter the pathway’s normal function and
induce a “pathway perturbation.” Dose-response and extrapolation modeling will
permit the translation of cellular tests to exposed humans. Specifically, the modeling
will estimate exposures that would lead to significant perturbations of toxicity
pathways, observed in cellular tests.

The Adverse Outcome Pathway (AOP) Concept

The adverse outcome pathway (AOP) concept was proposed as essential element of
the Tox21 vision by the US Environment Protection Agency (EPA) , which defined
that an AOP is a sequence of key events linking amolecular initiating event (MIE) to
an adverse outcome (AO) through different levels of biological organization
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(Ankley et al. 2010). AOPs span multiple levels of biological organization, and the
AO can be at the level of the individual organism, population or ecosystem. Each
AOP is a set of chemicals, biochemical, cellular, or physiological responses, which
characterize the biological effects cascade resulting from a specific exposure (Ives
et al. 2017). The key events in an AOP should both be definable and make sense
from a physiological and biochemical perspective. By using the AOP approach, it is
possible to identify endpoints of regulatory concern and to ask which toxicity
mechanisms are most likely to lead to these outcomes. AOPs are the central element
of a toxicological knowledge framework being built to support chemical risk
assessment based on mechanistic reasoning.

Meanwhile, the AOP concept has been accepted by the international scientific
community, and the OECD launched a new program on the development ofAOPs in
2013 (OECD 2013). Consequently, the OECD requires that the AOP concept should
be considered when new toxicity tests are introduced, or existing ones are updated
(OECD 2017a, b). The AOP knowledge base (AOP KB), set up by the OECD, is a
formal Internet-based repository (http://aopkb.org) for information on AOPs. The
content of the AOP KB, which contained 284 AOPs in March 2020, continues to
evolve, as more information is gained on AOPs, their key events (KEs) and key
event relationships (KERs).

Approaches such as the development of AOPs and the identification of modes of
action (MoA), together with the use of use integrated approaches to testing and
assessment (IATA) (OECD 2017b) as the means of combining multiple lines of
evidence, are seen as the fundamental pathway to the hazard identification and
characterization of a chemical. MoAs and AOPs are conceptually similar: MoAs
include the chemical specific kinetic processes of Absorption, Distribution, Metab-
olism and Elimination (ADME), and describe the mechanism of action of the
chemical in the human body, whereas AOPs focus on nonchemical specific biolog-
ical pathways starting with a molecular initiating event MIE (e.g., binding to an
enzyme), resulting in perturbations (KEs) leading to an AO at the organism level as
outlined in Fig. 1.

An AOP is a conceptual framework that links a molecular-level initiating event
with adverse effects relevant for risk assessment. Each AOP consists of a set of
chemicals, biochemical, cellular, and physiological responses, which characterize
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the biological effects cascade resulting from a specific toxic insult (Ankley et al.
2010). AOPs span multiple levels of biological organization. AOPs often start out
being depicted as linear processes; however, the amount of detail and linearity
characterizing the pathway between a molecular initiating event and an adverse
outcome within an AOP can vary substantially, both as a function of existing
knowledge and assessment needs (OECD 2017a).

Integrated Approaches to Testing and Assessment (IATA)

Complex endpoints cannot be predicted by a single stand-alone non-animal test as it
will never be possible to reproduce a whole organism, mainly due to the lack of
kinetic relationships and cross-talk among cells, tissues, and organs (Rowan and
Spielmann 2019). It is instead necessary to use integrated approaches to testing and
assessment (IATA) based on a weight-of-evidence (WoE) approach, where informa-
tion and evidence from a battery of tests can be incorporated (OECD 2017b). Data
can then be integrated by means of modeling. This will lead to a shift toward the use
of more human data in terms of biologically significant perturbations in key toxicity
pathways.

IATA are scientific approaches to hazard to risk characterization, based on an
integrated analysis of existing information coupled with new information by using
testing strategies. IATA can include a combination of methods and integrating results
from one or many methodological approaches ranging from flexible to rule based
ones, so-called defined approaches. IATA should ideally be based on knowledge of
the MoA by which chemicals induce their toxicity. Such information is, of course,
quite often missing for complex endpoints, for example, carcinogenicity or devel-
opmental toxicity. This approach has been used successfully. to partially replace skin
sensitization testing in animals: the first three in vitro AOP-based OECD TGs have
been adopted covering the skin sensitization AOPs for protein binding (TG 442C;
OECD 2015a), as well as for keratinocyte activation (TG 442D; OECD 2015b) and
dendritic cell activation (TG 442E; OECD 2016).

New Technologies

During the last 30 years significant increase in knowledge and technology allows us
today to conduct safety testing on human cells and on 3D tissue models and
organoids rather than on animal models.

The first important step was the discovery and application of stem cells, in
particular of embryonic stem cells (ESC) and of adult induced pluripotent stem
cells (iPSC) from both animals and humans. At the same time perfused human 3D
cell culture organ culture models, multiorgan-chips (MOC), were developed to
model human diseases and also to study beneficial and adverse effects of drugs
and other chemicals on human tissues and organs. Moreover, quite independently
computer based virtual models of organ system have been developed, which
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incorporate biological structure and extend the data from in vitro toxicity testing to a
higher level of biological organization.

Advancing toxicology in the twenty-first century by applying the new technolo-
gies with human tissues – stem cells, perfused organ chips, 3D-bioprinting, virtual
models, and use of artificial intelligence (AI) – will be highlighted in this section.

Stem Cells as Advanced Tools in Predictive Toxicology

Stem cells have the ability to differentiate along different lineages and the ability to
renew themselves. Stem cells are broadly classified into embryonic stem cells
(ESCs) found in the embryo, stem cells isolated from adult tissues, and induced
pluripotent stem cells (iPSCs). Along with self-renewal capacity, ESCs are plurip-
otent cells with the ability to differentiate into three embryonic germ cell layers.
Almost 30 years ago, we developed the first stem cell-based toxicity test, the mouse
embryonic stem cell test (mEST) (Laschinski et al. 1991), which has become most
popular after it was successfully validated by ECVAM (Genschow et al. 2002) and
we provided a robust protocol (Seiler and Spielmann 2011). Meanwhile, many
variants of the EST have been developed and high-throughput-screening (HTP)
variants are used during preclinical drug development.

The most apparent advantage of using hESCs instead of mESCs is to limit the
possibility of false negatives that may arise due to species-specific differences. The
advanced versions of the humanized hEST are using reporter genes and other bio-
markers as endpoints for embryotoxicity. In the US ToxCast program the commercial
hiPSC high-throughput assay (Stemina STM) that predicts the developmental toxicity
potential based on changes in cellular metabolism following chemical exposure
(Palmer et al. 2013, 2017), 1065 ToxCast phase I and II chemicals were screened in
single-concentration or concentration-response for the targeted biomarker (ratio of
ornithine to cystine secreted or consumed from the media). The encouraging results of
this extensive study support the application of the Stemina STM platform for predic-
tive toxicology and further demonstrate its value in ToxCast as a novel resource that
can generate testable hypotheses aimed at characterizing potential pathways for
teratogenicity and HTS prioritization of environmental chemicals for an exposure-
based assessment of developmental hazard (Zurlinden et al. 2020).

Ethical issues of obtaining hESCs from human pregnacies have led to the
development of hiPSCs generated from mature somatic cells and reprogrammed to
a pluripotent state. hiPSCs possess properties of self-renewal and differentiation into
many types of cell lineage that are similar to hESCs. In fact, owing to their ability to
differentiate into all the lineages of the human body, including germ cells, stem cells,
and, in particular, hiPSC can be utilized for the assessment, in vitro, of embryonic,
developmental, reproductive, organ, and functional toxicities, relevant to human
physiology, without employing live animal tests and with the possibility of high
throughput applications. Noteworthy, patient-derived disease-specific hiPSCs with
genetic background sensitive to disease pathology could provide evidence to under-
stand disease mechanisms for developing and testing compounds. Although
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variations in differentiation efficiency of various hESC lines may induce significant
variability of experimental toxicity data, hESCs can help develop more reliable
toxicity testing. Additional significant advantages in using human hESCs are unlim-
ited self-renewal capabilities and differentiation into a variety of specialized cell
types. Thus, stem cell toxicology will tremendously assist in the toxicological
evaluation of the increasing number of synthetic chemicals that we are exposed to,
of which toxicity information is limited.

Human-on-a-Chip (Multiorgan-Chip) Technology Applied to Toxicity
Testing

Pressures to change from the use of traditional animal models to novel technologies
arise from their limited value for predicting human health effects and from animal
welfare considerations (Andersen and Krewski 2009). This change depends on the
availability of human organ models combined with the use of new technologies in
the field of omics and systems biology, as well as respective evaluation strategies.
Ideally, this requires an appropriate in vitro model for each organ system.

In this context, it is important to consider combining individual organ models into
systems. The miniaturization of such systems on the smallest possible chip-based scale
is envisaged, to minimize the demand for human tissue and to match with the high-
throughput needs of industry (Huh et al. 2011; Esch et al. 2015). A multiorgan-chip
technology has been developed, based on a self-contained smartphone size chip format,
in a project funded by the German Ministry for Research and Technology (BMBF)
(Marx et al. 2016, 2020). An integrated micro-pump supports microcirculation for
28 days under dynamic perfusion conditions. The inclusion of human organ equivalents
for liver, intestine, kidney, and skin allowed ADME and toxicity (ADMET) testing in a
four-organ-chip. The system holds promise for developing disease models for preclin-
ical efficacy and toxicity testing of new drugs. An encouraging example is a human
microfluidic two-organ-chip model of pancreatic islet micro-tissues and liver spheroids,
which maintained a functional feedback loop between the liver and the insulin-secreting
islet micro-tissues for up to 15 days in an insulin-free medium (Bauer et al. 2018), which
is a promising simulation of human type 2 diabetes mellitus.

It has been hypothesized that exposure of in vitro assembled premature iPSC-
derived organoids to the physiological environment of amicro-physiological system
(MPS), such as perfusion, shear stress, electrical stimulation, and organoid cross talk
in interconnected arrangements, might constitute the missing step for their final and
complete in vitro differentiation. The final aim is to combine different “organoids” to
generate a human-on-a-chip, an approach that would allow studies of complex
physiological organ interactions. The recent advances in the area of induced plurip-
otent stem cells (hiPSCs, Ramme et al. 2019) provide a range of possibilities that
include cellular studies of individuals with different genetic backgrounds, for exam-
ple, human disease models. However, throughput remains a significant limitation
and there will continue to be a need for emphasis on “fit-for-purpose” assays.

Since 2012, the NIH and the US Food and Drug Administration (FDA) have been
funding a major multi-center program for development of a technology platform that
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will mimic human physiological systems in the laboratory, by using an array of
integrated, interchangeable engineered human tissue constructs ― “a human-body-
on-a-chip” (NIH 2012). The program, which is coordinated by the National Center for
Advancing Translational Sciences (NCATS), intends to combine the technologies to
create a microfluidic platform that can incorporate up to 10 individual engineered
human micro-physiological organ system modules in an interacting circuit. The goal
of the program is to create a versatile platform capable of accurately predicting drug
and vaccine efficacy, toxicity, and pharmacokinetics in preclinical testing.

Results obtained with chips and microfluids systems indicate that static and
dynamic conditions of in vitro cultures may provide significantly different predictions
for some endpoints, but they also bring different view on the possibility of future in
vitro assessment of the absorption, distribution, metabolization and excretion of drugs
and xenobiotics. The developers of chips and microfluids systems anticipate that once
these systems get validated for specific applications in toxicology, they will also be
swiftly adopted into the pre-clinical stages of drug development. The new culture
systems will be adaptable to the integration of future technologies, for example,
advances in stem cell culture, 3D-bioprinting, and into personalized medicine using
individual patient-derived tissue (Marx et al. 2020; Marrella et al. 2020).

3D-Biopriniting

3D bio-printing is a new type of tissue engineering technology that is expanding hand in
hand with advances in material engineering and bio-polymer chemistry. In this technol-
ogy, cell-laden biomaterials are used as “bio-inks” and raw materials. Compared to the
classic tissue engineering that provided highly standardized in vitro skin and epithelial
models, 3D bioprinting allows to produce highly organized 3D tissue models, which are
physiologically and morphologically similar to their in vivo biological counterparts
(Weinhart et al. 2019). In addition to vascularize the 3D-printed in vitro models, in
combination with microfluidic and micro-physiological systems it offers a very prom-
ising platform for precisely monitored, long-term toxicity studies. It is expected that the
3D bioprinting technology will be used to construct tissues and organs with complex
responses and will especially be applied in safety and efficacy studies of novel drugs.

The use of 3D bio-printed tissues and organs will also provide new approaches for
high-throughput toxicity testing that will improve the prediction of human responses
to chemical and drugs. In order to implement these technologies into the regulatory
framework, it will be necessary to adapt the concept of “open-source” models and to
integrate them it into existing TGs. The standardization and validation of these
systems will be challenging but they are inevitable.

Virtual Organ Models

Cell-agent based models are useful for modeling developmental toxicity by virtue
of their ability to accept data on many linked components and implement a
morphogenetic series of events. These data may be simulated (e.g., what is the
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effect of localized cell death on the system?) or data derived from in vitro studies.
In the latter case, perturbed parameters are introduced as simple lesions or
combinations of lesions identified from the data, where the assay features have
been annotated and mapped to a pathway or cellular process implemented in the
virtual model. Whereas in the EPA ToxCast program predictive models are built
with computer-assisted mapping of chemical-assay data to chemical endpoint
effects (Judson et al. 2010), the virtual tissue models incorporate biological
structure, and thus extend the in vitro data to a higher level of biological
organization. A developing system can be modeled and perturbed “virtually”
with toxicological data, then the predictions on growth and development can be
mapped against real experimental findings.

The goal of the US “Virtual Liver” project is to develop models for predicting
liver injury due to chronic chemical exposure, by simulating the dynamics of
perturbed molecular pathways, their linkage with adaptive or adverse processes
leading to alterations of cell state, and integration of the responses into a phys-
iological tissue model. When completed, the Virtual Liver Web portal and
accompanying query tools will provide a framework for the incorporation of
mechanistic information on hepatic toxicity pathways, and for characterizing
interactions spatially and across the various cells types that comprise liver tissue.
The German BMBF funded Virtual Liver Project focuses on the establishment of
a 3D model of the liver that correctly recapitulates alterations of the complex
micro-architecture, both in response to, and during regeneration from, chemically
induced liver damage https://fair-dom.org/partners/virtual-liver-network-vln/.
The long-term goal will be to integrate intracellular mechanisms into each cell
of the model, as many of the critical intracellular key mechanisms still need to be
elucidated.

The US EPA program, the Virtual Embryo Project (v-Embryo™ https://www.
ehd.org/virtual-human-embryo/), is a computational framework for developmental
toxicity, focused on the predictive toxicology of children’s health and developmental
defects following prenatal exposure to environmental chemicals. The research is
motivated by scientific principles in systems biology, as a framework for the
generation, assessment, and evaluation of data, tools, and approaches in computa-
tional toxicology. The long-term objectives are: to determine the specificity and
sensitivity of biological pathways relevant to human developmental health and
disease; to predict and understand key events during embryogenesis leading to
adverse fetal outcomes; and to assess the impacts of prenatal exposure to chemicals
at various stages of development and scales of biological organization.

Artificial Intelligence (AI) and Machine Learning

High amounts of newly generated in vitro data present an opportunity for using
artificial intelligence (AI) and machine learning to improve the knowledge on
toxicity pathways and offer a broader insight into the safety assessment of chemicals
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and mixtures. The upcoming decade will be certainly an era of “big data” requiring
novel approaches to traditional methods of data analysis. This will present both a
challenge and an opportunity for toxicologists and regulators. While in the twentieth
century, the community only slowly accepted in silico as a discipline of toxicology,
in the twenty-first century, we will be more and more exposed to the new QSARs,
artificial intelligence and machine learning methods leveraging neural networks
(Tang et al. 2019).

These technologies are very promising and already in use by the pharmaceutical
industry and some regulatory agencies in the USA. They will reduce the use in vivo
and in vitro experiments due to the predictions based on computational (“in silico”)
modeling, which is risk-free, low-costly, and high-throughput. On the other hand, it
will be a challenge to introduce these and more complex systems into the non-expert
community.

The Future of Toxicology Is in Vitro

The process of validation of new approaches needs to be reconsidered in terms of
efficiency and time to completion (Rowan and Spielmann 2019). In particular, the
scientific community needs to understand that if it is possible for advanced non-
animal methods to meet some or all regulatory needs. Furthermore, the fate of the
animal testing in this transitional phase toward IATA is unclear.

Therefore, it is not surprising, but encouraging, that by the end of 2017, in the
USA the FDA and the NIH had published new roadmaps for toxicity testing, which
were based on the new principles of safety testing without animals by employing the
novel molecular and computational techniques, for example, the FDA Predictive
Toxicology Roadmap (FDA 2017) and the ICCVAM Strategic Roadmap for
Establishing New Approaches to Evaluate the Safety of Chemicals and Medical
Products in the United States (ICCVAM 2018). In this context, the FDA makes the
most pragmatic proposal, and suggests that “Rather than validation, an approach we
frequently take for biological (and toxicological) models and assays is qualification.
Within the stated context of use, qualification is a conclusion that the results of an
assessment using the model or assay can be relied on to have a specific interpretation
and application in product development and regulatory decision-making” (FDA
2017).

It is also very encouraging that, early in the twenty-first century, the US
regulatory agencies are giving the “long sought goal of refining, reducing, and
replacing testing on animals” the high priority that it deserves, both for scientific
and for animal welfare reasons, in accordance with the hopes expressed 60 years
ago by the pioneers of the Three Rs concept, William Russell and Rex Burch
(1959).

In conclusion, twenty-first-century technologies are providing multi-dimen-
sional human data at the molecular and cellular level that will significantly
advance regulatory toxicology.
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