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differences between animals and humans, and difficulties in de-
tecting pathologies significant to humans but hard to assess in an-
imals. Another disadvantage of an animal-based risk assessment 
is the high false-positive rate (Hartung and Leist, 2008). This 
consideration means that the development of valuable candidate 
drugs and chemicals may be stopped because of toxicity findings 
in animals that are not relevant to humans. This is a severe draw-
back for industry and society (Leist and Hartung, 2013; Ennever 
and Lave, 2003; Busquet et al., 2020). In situations of time limita-
tion (e.g., for candidate COVID drugs), the lengthiness of animal 

1  Introduction

Safety assessment of chemicals from all industrial sectors has, 
until recently, almost entirely relied on animal experimentation. 
As a result, the definition of adversity has been mostly based on 
so-called apical endpoints that are directly observable (e.g., his-
topathological changes, morphological defects, and behavioral 
changes). Shortcomings of this black-box, phenotype-oriented 
approach include the lack of mechanistic information, problems 
with interspecies extrapolation due to physiological and genetic 
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the above problems. The Horizon 2020 EU-ToxRisk project, for 
example, has significantly advanced scientific confidence in the 
practical application of integrating NAM data into read-across 
approaches for risk assessment (Escher et al., 2019; Moné et al., 
2020). Case studies incorporating NAMs were applied and subse-
quently positively reviewed by international peers and programs, 
including the OECD IATA Case Study Project. The Horizon 2020 
RISK-HUNT3R1 project builds on the outcomes of previous-
ly funded large EU projects. The next major step is towards an 
NGRA of compounds with no safety information (so-called ab 
initio approach).

Through systematic and iterative evaluation of a characterized 
NAM toolbox and the use of case studies that address various re-
al-life problems, the RISK-HUNT3R consortium aims to opti-
mize the strategy to assess exposure and toxicokinetics, as well as 
toxicodynamics of a broad range of chemicals. The project plans 
to use human-relevant NAMs, some of which use novel technolo-
gies to investigate mechanisms of toxicity, to validate and imple-
ment integrated approaches to NGRA. 

2  Implementing core principles of NGRA  

Key characteristics of an NGRA strategy have been described re-
peatedly. Dent et al. (2018) gave a good summary for the cos-
metics area, and RISK-HUNT3R follows nine similar principles. 
They may be grouped as describing the objectives, procedures, 

studies can be a bottleneck. A critical strategic change in toxicol-
ogy was suggested in a 2007 vision document (NRC, 2007; Leist 
et al., 2008; Hartung, 2009; Krewski et al., 2020; Weaver et al., 
2020) delineating three major focal shifts to transform chemical 
risk assessment to become i) exposure-led, ii) hypothesis-driv-
en, and iii) NAM-based – altogether firmly setting the stage for 
NGRA. 

Scientific advances in individual NAMs have paved the way for 
their successful application and integration in chemical safety test-
ing, e.g., for complex endpoints such as skin sensitization. Yet de-
spite the successful integration of various NAMs in the pre-mar-
keting safety assessment of chemicals, remaining challenges for a 
broad-ranging and successful implementation of animal-free ap-
proaches to risk assessment have become more evident. Current 
limitations have several reasons. Firstly, individual NAMs will 
not allow a complete hazard assessment for complex endpoints. 
Although this notion is scientifically evident, a mindset of one-on-
one test replacement is still frequently encountered. It has proven 
difficult to introduce hazard predictions based on a combination of 
NAM data. Secondly, more and better concepts are needed to set 
thresholds for human exposure (like acceptable daily intake or tol-
erable workplace exposure) based on NAM-derived data. Thirdly, 
while tests have been extensively applied to model acute effects, 
in vitro tests for chronic effects are still challenging due to limit-
ed culturing times. Thus, a systematic evaluation of the validity of 
NAMs for chronic human health impacts is lacking.

Past projects have contributed to developing strategies to solve 

1 https://www.risk-hunt3r.eu/ 
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Fig. 1: Principles of next-
generation risk assessment 
(NGRA) implemented in  
the RISK-HUNT3R project 
NGRA principles have been 
translated into the RISK-HUNT3R 
testing framework. Principles 
are classified into three groups: 
objectives, procedure, and 
documentation. In the first group, 
the four main goals of NGRA  
are identified; in the second 
group, considerations on 
strategies to be used in the 
assessment are listed. In the third 
group, elements necessary to 
provide adequate documentation 
are explicated. 
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clearance capacities in in vitro test systems. RISK-HUNT3R will 
make predictions both for parent compounds and toxicological-
ly relevant metabolites of chemicals. Finally, toxicokinetics and 
toxicodynamics data derived from NAMs will be integrated in-
to predictive systems toxicology models. A special application of 
the exposure framework is exposure-based waiving, analogous to 
the thresholds for toxicological concern (TTC) waiving concept 
(Hartung, 2017), but also for identifying relevant concentration 
ranges for testing and for defining margins of exposure.

2.2  Testing is designed to distinguish adverse effects 
from epiphenomenal biological perturbations. 
Definition of adversity will be hypothesis-driven 
The project will make use of the adverse outcome pathway 
(AOP) framework to implement procedures to differentiate be-
tween NAM-based predictors of adverse effects and non-rel-
evant early adaptive and reversible changes. This is essential 
for hazard predictions to determine relevant point-of-departure 
(PoD) values. The RISK-HUNT3R project will thus make use 
of the extensive general knowledge of toxicity mechanisms and 
their link to adverse outcomes using AOPs. The project will use 
more than 200 AOPs currently available as models that describe 
the sequence of molecular and cellular events required to pro-
duce a toxic effect when an organism is exposed to a substance. 
A particular focus of RISK-HUNT3R is the use of reporter as-
says and high-throughput omics approaches to drive hypothesis 
formulation for AOP activation through bioinformatics analysis.

2.3  RISK-HUNT3R will integrate robust and relevant 
methods and include uncertainty characterization 
and transparent and explicit reporting 
Most test systems in the RISK-HUNT3R toolbox have been ex-
tensively documented in the EU-ToxRisk project (Krebs et al., 

and documentation required for an NGRA approach (Fig. 1).
RISK-HUNT3R will implement these principles to build its 

testing strategy toward animal-free NGRA with a focus on three 
toxicological areas: specific target organ toxicity (STOT), devel-
opmental neurotoxicity (DNT), and non-genotoxic carcinogenic-
ity (NGC). The relevance of the different test systems concern-
ing human physiology is considered essential to provide confi-
dence in the NGRA. The RISK-HUNT3R project addresses this 
notion on different levels. NGRA case studies will use already 
characterized state-of-the-art NAMs, which will be further op-
timized to model human (patho-)physiology. Additionally, us-
ing bioinformatics approaches, RISK-HUNT3R will draw from 
human disease-related transcriptome data in the public domain, 
establishing human tissue-specific gene network models over-
lapping those from test systems. Preservation of individual gene 
networks will be defined between in vitro test systems and hu-
man in vivo data, providing scientific confidence in the human 
relevance of in vitro gene networks. This knowledge will allow a 
direct translation of in vitro gene network activation to potential 
human adverse outcomes and will strengthen the underpinning 
of individual gene networks as biomarkers for key events (KEs) 
in AOP networks.        

2.1  The RISK-HUNT3R strategy is exposure-led 
Different approaches will be used to estimate exposure levels. 
One approach, e.g., is the use of human biomonitoring data from 
exposome projects and occupational data. An important strategy 
is the development of a human exposure framework based on in-
ternal exposure levels. This requires the application of methods 
that allow conversion of human external exposure data via sever-
al routes (dermal, pulmonary, oral) to concentration-time profiles 
within blood and organs. For this purpose, the project will, e.g., 
systematically determine human-relevant biotransformation and 
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2.4  RISK-HUNT3R will use a tiered and iterative  
approach
The purpose and the scope of a risk assessment, as well as the 
depth of the analysis and thus the resources (data, tools, proce-
dures) required for completing a risk assessment, are defined 
in its problem formulation phase (US EPA, 2014; Luijten et al., 
2020; Solomon et al., 2016). The number of resources allocated 
to conducting a risk assessment should, to some extent, be deter-
mined by the level of concern, e.g., preliminary data on specific 
hazards or knowledge of widespread and high exposure will trig-
ger prioritization or focused testing.

RISK-HUNT3R proposes an NGRA framework composed of 
logical assessment elements, essential for adequately addressing 
defined problems to ensure protection against human systemic 
health effects.

Each module is an independent element from which outcomes 
are processed and transferred to the next module until enough 
data/information is collected to perform a satisfactory risk as-
sessment. Modules cover different steps, from identifying the 
exposure situations (Modules 1 and 2) to characterizing hazards 
(Modules 3 and 4). Establishing a non-animal, human-relevant 
NGRA strategy requires the systematic evaluation, iterative opti-
mization, and alignment of in silico and in vitro tests to these four 
assessment modules. Information or data generated in one mod-

2020) as part of read-across case studies (Van der Stel et al., 
2021; Escher et al., 2022). The innovative test systems based on 
either induced pluripotent stem cell (iPSC) technology or organ-
on-a-chip systems developed in national and European projects, 
including EU-ToxRisk and in3-ITN, will be further assessed 
for implementation in safety testing in RISK-HUNT3R follow-
ing stringent quality control. All project methods (experimental 
NAMs, ADME-related methods, and in silico models) will be 
documented according to a standardized OECD GD 211-compli-
ant scheme that allows the determination of the readiness level of 
the method for various applications (Bal-Price et al., 2018).

Uncertainty evaluations will also be associated with the inte-
grated NGRA framework, especially when multiple layers of in-
formation and diverse data are combined. For practical use by 
regulators, the output of NGRA needs to contain a characteriza-
tion of the sources of uncertainty, quantitative measures of un-
certainty, and a statement on confidence levels (and intervals) 
of the overall conclusion. RISK-HUNT3R will further develop 
models and methods to determine uncertainty, with the appro-
priate distinction between direct and indirect sources of aleatoric 
uncertainty (see Box 1) (Van der Bles et al., 2019; EFSA, 2018, 
2019; US EPA, 2011). Qualification and quantification of uncer-
tainty from all input levels of systems toxicology will be mod-
elled to provide confidence in a robust risk assessment setting.

Fig. 2: Assessment modules of the RISK-HUNT3R NGRA strategy 
RISK-HUNT3R proposes an NGRA framework composed of logical assessment elements for adequately addressing the risk associated 
with exposure to a target chemical. Modules cover different aspects, from identifying the exposure situations (Modules 1 and 2, green 
boxes) to hazard characterization (Modules 3 and 4, blue boxes). Each module is an independent element from which outcomes (data/
information) are processed in Module 5 (black box) and transferred to the next module. This process may be reiterated until enough  
data/information is collected to perform an adequate integrated risk assessment (outward red arrow). qAOP, quantitative adverse outcome 
pathway; MPS, microphysiological system; PoD, point of departure; IVIVE, in-vitro-to-in-vivo extrapolation; RA, risk assessment; ADME, 
absorption, distribution, metabolism and excretion; WoE, weight of evidence 
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initiate subsequent KEs. In vitro assays can map critical candi-
date molecular initiating events (MIEs) and potential biological 
responses that are indicative of severe cell injury or loss of pivot-
al cell functions. At the next level of cell biological perturbation, 
high-content imaging phenotypic assays based on cell painting 
approaches (Delp et al., 2018; Nyffeler et al., 2020) will be im-
plemented. For adverse cellular responses, in vitro multicolour 
reporters established in the EU-ToxRisk project that represent 
critical cellular stress response pathways, including oxidative 
stress, unfolded protein response, DNA damage response, and in-
flammatory signaling (Wink et al., 2014), will be used.

These data will be mapped to toxicological area-specific 
AOP networks to provide first indications of AOP modulation. 
The modular safety testing approach of RISK-HUNT3R is de-
signed to provide alerts for most, if not all, potentially relevant 
adverse effects concerning STOT, DNT or NGC. It allows for 
some areas to take steps from qualitative to quantitative AOPs. 
The alert collection is assembled by capturing at least one node 
from each possible trajectory of the network of established quali-
tative AOPs (AOP-Wiki) related to these outcomes. In many cas-
es, high-throughput omics tests will identify relevant MIEs or 
KEs. Complementary to this, several assays are available to cap-
ture phenotypic changes that reflect adverse outcomes. The latter 
strategy will be used where AOP coverage is limited but in vitro 
correlates of adverse outcomes have been identified.

A typical example is DNT, where only a few AOPs are known 
but good tests exist to identify disturbed neural differentiation  
or network function (Sachana et al., 2021). Similarly, crucial  
elements for an integrated approach to testing and assessment 
(IATA) for NGC have been identified, but the overview of AOPs 
relevant for NGC is not yet complete (Jacobs et al., 2020; Heu-
sinkveld et al., 2020). Subsequently, for Module 4, once alerts for 
adversity have been generated or even when relevant AOPs have 
been identified by screening data from Module 3, a large panel 
of more advanced test systems is available. It provides further 
quantitative mechanistic information and, eventually, will pro-
vide evidence for the relevance and adversity of NAM data in the 
qAOP assessment. 

Finally, in Module 5, the workflow anticipates that a complete 
IATA-based risk assessment is performed. This process inte-
grates all data and quantifies overall uncertainty.

4  Current challenges for NGRA and RISK-HUNT3R  
innovations

RISK-HUNT3R will address several challenges towards suc-
cessfully implementing NAMs in regulatory safety assessment 
frameworks.

Challenge 1: Integration of human-relevant biotransformation  
and clearance capacities into in vitro test systems
The ADME modules will systematically integrate data on hu-
man-relevant biotransformation and clearance capacities into in 
vitro test systems. Pre-systemic metabolic stability, formation, 
and quantification of (potentially toxic) metabolites and estima-
tion of their release into the systemic circulation will be investi-

ule is transmitted to the overall risk assessment module for fur-
ther evaluation (Module 5). In turn, Module 5 may request addi-
tional input if there is a remaining information requirement, thus 
allowing iterative optimization as necessary (Fig. 2).

3  The testing framework of the RISK-HUNT3R NGRA  
strategy 

The RISK-HUNT3R project has structured its overall strategy in-
to two sequential stages. Initially, the available methods will be 
tested for robustness and performance. Each element of the proj-
ect toolbox will be scrutinized within relevant work packages. 
For this purpose, data-rich chemicals will be used so that the as-
say outcomes can be compared to legacy knowledge in databas-
es. The methods that prove suitable, either directly or following 
optimization, will be used in the main phase of the project.

During the main stage of RISK-HUNT3R, chemicals with lit-
tle or no data will be investigated in an iterative and flexible test-
ing strategy (Fig. 3). The toxicity of a particular substance will 
be examined in light of a specific problem formulation. This step 
is crucial to determine the mandatory assessment elements, the 
scope of the testing strategy (e.g., the required modules), and the 
overall acceptable uncertainty.

The first overarching module group is focused on the deter-
mination of absorption, distribution, metabolism, and excretion 
(ADME) information. In Module 1, human exposure and bio-
availability of the substance are evaluated after passing the barri-
ers of first contact (skin, lung, intestine). In vitro models of these 
barrier organs will be used to establish realistic parameters for 
bioavailability estimation. Data will then be integrated into phys-
iologically based kinetics (PBK) models. The possibility of me-
tabolism leading to the formation of active and potentially tox-
ic metabolites is often not considered in traditional in vitro ap-
proaches. Relevant in vitro models will be developed and applied 
in case studies to identify and quantify tissue-specific formation 
and the general release of these metabolites into the systemic cir-
culation, e.g., from the liver, lung, or kidney. When necessary, 
toxicologically relevant stable metabolites will be synthesized 
and used for NAM testing. In Module 2, the RISK-HUNT3R 
toolbox will be applied to evaluate the metabolism, distribution, 
and excretion of chemicals following their systemic uptake. Af-
ter each step, an exposure-based waiving principle can be used. 
If no relevant exposure is measured, the assessment may con-
clude since no further data is necessary to assess risk to human 
health. Alternatively, risk assessment will continue by identi-
fying the optimal follow-up strategy: read-across, NAM-based 
read-across, or hazard identification and quantification steps, al-
lowing a final integrated NGRA.

The second overarching module group applied in the latter sce-
nario is hazard assessment (Fig. 3). The RISK-HUNT3R consor-
tium has assembled a broad and diverse battery of screening and 
follow-up assays, including high-throughput in silico and in vi-
tro technologies, to identify adverse effects of test compounds 
and assign them to AOP KEs. In silico approaches may first in-
dicate whether chemicals will interact with cellular targets and 
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Challenge 3: Establishment of qAOPs
RISK-HUNT3R will focus on transforming descriptive AOPs in-
to qAOPs and using these as the basis for identifying safe chemi-
cal concentrations and acceptable daily intakes. RISK-HUNT3R 
aims to establish a framework for parameterization of qAOP net-
works incorporating NAM and legacy data, an essential step to-
ward quantitative risk assessment and moving beyond mere haz-
ard assessment. 

Challenge 4: Integration of NAM data in predictive systems  
toxicology models
Toxicokinetics and toxicodynamics NAM data and partial com-
putational models will be integrated into predictive quantitative 
systems toxicology (QST) models. QST models complement 
quantitative systems pharmacology models, incorporating tox-
icokinetics with mechanistic models of physiological, pharma-

gated. The project will select primary human cells, organoids, or 
3D tissues that mimic the in vivo expression and functionality of 
each of the three barriers (skin, lung, intestine). To identify and 
quantify primary metabolites, in silico models/tools will be used 
to guide the selection of relevant test compounds. 

Challenge 2: Translation of high-content mode-of-action  
datasets into predictions of adverse outcomes
While high-content methods may be able to detect many biologi-
cal perturbations triggered by unknown chemicals, it is still chal-
lenging to find out whether and which of these changes are pre-
dictive of adverse outcomes. Translation of high-content mode-
of-action datasets into the prediction of adverse outcomes will be 
reached by combining bioinformatics and modelling approaches 
translating chemical effects from in vitro test systems to human 
pathology and translatable biomarkers. 

Fig. 3: The RISK-HUNT3R 
integrated approach to 
testing and assessment 
(IATA) 
In RISK-HUNT3R, chemicals 
with little or no data will be 
investigated in an iterative 
and flexible testing strategy. 
The diagram shows essential 
features of the testing workflow 
and pivotal decision points to 
perform a full risk assessment 
according to the proposed 
testing strategy. The toxicity 
of a particular substance will 
be examined for a specific 
problem formulation. If no 
relevant exposure is measured, 
the assessment may conclude 
since no further data is 
necessary to assess risk to 
human health. Alternatively, the 
risk assessment will continue by 
identifying the optimal follow-up 
strategy: read-across, NAM-
based read-across, or hazard 
identification and quantification 
steps, allowing a final integrated 
NGRA. PBK, physiologically 
based kinetics; HT, high-
throughput; MoA, mode of 
action; (q)AOP, (quantitative) 
adverse outcome pathway; 
WoE, weight of evidence;  
NAM, new approach 
methodology
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cological, and toxicological mechanisms. QST models for pre-
dicting adverse outcomes in humans will integrate multi-tiered 
biological information, including quantitative knowledge of tox-
icokinetics, physiology, and baseline function at the level of the 
cell/tissue/organ system, toxicity mechanisms, and dynamics of 
injury biomarkers and endpoints (Bloomingdale et al., 2017). 

Challenge 5: Quantification of uncertainties in overall risk  
assessment
The qualification and quantification of uncertainties will be ad-
dressed in the project concerning all input levels of systems toxi-
cology models to provide confidence in a robust risk assessment 
setting. The transparent weighting of and reporting on uncertain-
ties will be key in guiding the final assessment.

5  Impact of RISK-HUNT3R

The RISK-HUNT3R consortium has put together a multi-stake-
holder and multi-expert team. Input from the different perspec-
tives of academia, industry, and regulatory agencies will be used 
to build confidence and trust that the new strategies are fit-for-
purpose and collect essential input. Additionally, a structured dis-
semination plan will assure a continuous dialogue with the stake-
holder community. The impact on non-animal chemical risk as-
sessment will be enhanced by RISK-HUNT3R participation in 
the ASPIS2 (Animal-free safety assessment of chemicals: project 
cluster for implementation of novel strategies) cluster, teaming 
up with the two adjacent and complimentary Horizon 2020 proj-
ects ONTOX3 and PrecisionTOX4. The goal is to ensure optimal 
conditions, in terms of regulatory and commercial objectives, for 
sustainable use of in vitro and in silico methods and non-animal 
safety assessment strategies. NAM-based NGRA will apply to 
multiple regulatory contexts across industry sectors. Its goal is 
to protect different population subgroups (distinguished by, e.g., 
exposure situation, age, or gender). The broader scope also in-
cludes the more vulnerable groups, such as children, pregnant 
women, and the elderly. Toxicokinetic modelling and the consid-
eration of biological factors affecting hazard (e.g., via gene ex-
pression variations) will include the relevant variables and their 
input factors.
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