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Assessing chemical safety is essential to evaluate the potential risks of chemical exposure to human health and the environment. Traditional methods relying on animal testing are being replaced by 3R (reduction, refinement, and replacement) principle-based alternatives, mainly depending on in vitro test methods and the Adverse Outcome Pathway framework. However, these approaches often focus on the properties of the compound, missing the broader chemical-biological interaction perspective. Currently, the lack of comprehensive molecular characterization of the in vitro test system results in limited real-world representation and contextualization of the toxicological effect under study. Leveraging omics data strengthens the understanding of the responses of different biological systems, emphasizing holistic chemical-biological interactions when developing in vitro methods. Here, we discuss the relevance of meticulous test system characterization on two safety assessment relevant scenarios and how omics-based, data-driven approaches can improve the future generation of alternative methods.
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INTRODUCTION
Humans and the environment are exposed to various chemicals, generated from both human activities and natural sources, having the potential to cause detrimental effects. Chemical safety assessment aims at characterizing the possible hazards and risks associated with chemical exposures while also delineating the parameters under which substances can be safely used. Traditional approaches to chemical safety assessment rely on animal experimentation. However, with the rise of alternative methods rooted in the 3R principles (reduction, refinement, and replacement of in vivo experiments), in silico and in vitro approaches gained prominence (Burden et al., 2015; OECD, 2017; OECD, 2018a; Stucki et al., 2022).
The first phase of alternative approaches focuses on investigating specific toxicological endpoints by utilizing controlled in vitro environments. However, these methods do not provide mechanistic insights into chemical exposures. New Approach Methodologies (NAMs) instead, designed to mimic human biology, offer a deeper understanding of chemical-induced toxicity. Despite this advancement, NAMs still face a challenge in providing a structured framework for linking molecular events to adverse health and ecotoxicological outcomes. The Adverse Outcome Pathway (AOP) concept was introduced to address this gap. Adverse Outcome Pathways (AOPs) establish a coherent link between molecular initiating events (MIEs) and adverse outcomes (AOs), enhancing our understanding and prediction of toxicity mechanisms (OECD, 2017; Stucki et al., 2022).
The first generation of alternative approaches is mainly characterized by a chemocentric view. Indeed, their applicability domains define the validity of the tests for a group of substances with specific characteristics. However, as we navigate the landscape of alternative methods, it becomes increasingly evident that the nexus of chemical-biological interactions holds the key to developing more refined and effective models for chemical safety assessment. This is especially relevant for emerging classes of advanced materials such as nanomaterials, where the representation of the substance is not limited to the core characteristics but is affected by the external and environmental elements of the exposure (Wyrzykowska et al., 2022).
The relevance of in vitro test systems for studying chemical effects is predominantly determined based on their ability to mimic the phenotype of the target tissue, and practical considerations including availability, readiness, and ethical issues (Figure 1A) (Bruner et al., 1998; OECD, 2018a; Bernasconi et al., 2023). Preference often favors test systems due to their established use in toxicity testing or expression of specific markers (OECD, 2023). However, this decision is rarely based on how the complete molecular profile of the test system correlates with distinct physiological and pathological phenotypes in vivo, nor how it is relevant to specific toxicological endpoints. The absence of a comprehensive definition for the test system applicability domain currently impedes accurately describing the relationship between the biological system and the observed phenotype. To overcome this limitation, it is vital to meticulously characterize the variables of the test system, including the molecular machinery, to represent real-life exposure scenarios faithfully.
[image: Figure 1]FIGURE 1 | Scientific and regulatory scenarios based on the triangle of chemical safety from Carnesecchi et al. (A) Current selection of the in vitro test system mainly relies on prior knowledge from literature; (B) Suggested selection strategy of the test method including an omics-based data-driven selection of the in vitro test system; (C) Mechanistic characterization of chemical effects by a contextualized interpretation of omics data in vitro test system.
The introduction of mechanistic toxicology and toxicogenomics (TGx) has resulted in an increased understanding of how chemical substances induce their effects in biological systems (Serra et al., 2020a; Federico et al., 2020; Halappanavar et al., 2020; Kinaret et al., 2020; Serra et al., 2022a). Characterizing the mechanism of action of chemical exposures through TGx can support the identification of early molecular effects and predictive biomarkers for chemical safety assessment (Fortino et al., 2022). Similarly, TGx data can be used to derive points of departure through benchmark dose modelling and to support the definition of safe dose ranges (Labib et al., 2016; Serra et al., 2020b; Serra et al., 2020c; Saarimäki et al., 2020; Serra et al., 2022b). Finally, TGx analysis can support effective in vitro to in vivo extrapolation, hence guiding the development of NAMs (Kinaret et al., 2017; Saarimäki et al., 2023a). These examples highlight the potential of TGx in chemical safety assessment. The enormous amounts of data and resources generated by the TGx field can be exploited to develop robust chemical safety assessment methodologies with emphasis on the chemical-biological system interaction, expanding the current practices from a chemocentric view to an integrated, holistic approach.
Despite the concerns and limitations (Sauer et al., 2017; Gant et al., 2023) of integrating omics data in chemical safety assessment, regulatory agencies are actively exploring their mechanistic value using them as weight-of-evidence (Bridges et al., 2017; OECD, 2018b). Notably, the OECD has approved the first omics-based model for screening molecular biomarkers related to skin sensitization (Johansson et al., 2013; OECD, 2018c). Frameworks and strategies for standardization are emerging to facilitate their incorporation into regulatory-approved settings (van der Zalm et al., 2022; Bleeker et al., 2023). Hence, it is plausible to envision that by implementing standardized and reproducible methodologies, omics will become commonplace in future safety assessments, thereby enabling its implementation in defining the applicability domains of the test systems.
Recently, Carnesecchi et al. (Carnesecchi et al., 2023) introduced the notion of the triangle of chemical safety, highlighting the need for integration and cross-reference of chemical data, test method information, and AOP knowledge to foster chemical safety assessment. We believe that alternative methods would greatly benefit from a deep characterization of the test system via omics approaches. We use the triangle of chemical safety as the base to showcase two scenarios underscoring the paramount importance of meticulous test system characterization (Figures 1B, C).
SCENARIO 1: OMICS-BASED SELECTION OF AOP-RELEVANT IN VITRO TEST SYSTEMS
In a typical safety assessment scenario, the evaluation of chemicals often begins with their physicochemical characterization1,2. Evaluating the properties of the chemicals and previous toxicological evidence is crucial to identify potential risks. In this phase, hazard assessment is implemented through endpoint-specific information strategies, where relevant AOPs are selected, and in vitro tests from the OECD-approved list are performed for each key event (KE).
For example, a recent validation study for detecting thyroid disruptive chemicals selected multiple in vitro tests covering relevant mechanisms associated with thyroid hormone system disruption (Bernasconi et al., 2023). The selection of the test methods was based on various factors, including laboratory expertise, procedural readiness, method comprehensiveness, and requirements on the test system, such as human relevance and minimization of inter-species variation.
As pointed out in the study, the test system selection holds a pivotal role in the prioritization of candidate test methods. This was performed by a thorough literature review demonstrating the relevance of test systems and their specificity for the distinct mechanism within the thyroid signaling pathway under investigation. A similar approach was used by Chary et al. (Chary et al., 2018), where the establishment of test systems for assessing multiple steps in the respiratory sensitization AOP relies on the pre-existing insights gained from test systems documented in the scientific literature.
However, cell lines expressing different genes have the potential to respond differently to the same compound (De Wolf et al., 2016; Winckers et al., 2021). Thus, we suggest the inclusion of a data-driven approach (Figure 1B) in the current process of selection of the most toxicologically relevant test system. This would be based on a comprehensive characterization of the molecular makeup of the in vitro system via omics profiling, that could be matched with the selected Key Events (KEs), for example, by exploiting the recent curation and annotation of genes and biological systems to KEs and AOPs (Saarimäki et al., 2023a; Saarimäki et al., 2023b). Recently, Black et al. showed how investigating the basal gene expression profiles of cell lines can give insights into their suitability for toxicity testing (Black et al., 2023). The development of many resources covering molecular profiles of various biological systems (ENCODE Project Consortium, 2012; GTEx Consortium, 2013; Thul and Lindskog, 2018) makes it possible to envision the link between the AOP annotation and steady-state expression levels. Such a data-driven approach would reduce manual effort, time, and costs. Furthermore, it would represent a generalized approach that can be applied across diverse studies.
It is important to note that the biological complexity of different test systems may affect their relevance for testing KEs at different levels of organization (Figure 2). According to the structure of the AOP, events closer to the Molecular Initiating Event (MIE) may be better represented and assessed in simpler in vitro tests based on individual biochemical assays within a monoculture experimental setup (e.g., ROS production). On the contrary, more apical events, closer to the Adverse Outcome (AO), may require a higher degree of organismal complexity, such as those provided by tissues or organs (e.g., lung fibrosis) (Noyes et al., 2019). In the context of the validation study focused on assessing in vitro techniques for identifying chemicals that influence thyroid function (Bernasconi et al., 2023), it becomes evident that higher complexity of the investigated KE corresponds to the utilization of more intricate test systems (e.g., co-culture and 3D models) resulting in a reduction in the number of tests created. On the other hand, when examining KEs closer to the MIE (e.g., TSH receptor activation, TPO inhibition), a broader array of options emerges for selecting both the test system and the method to implement (Bernasconi et al., 2023).
[image: Figure 2]FIGURE 2 | The relationship between the complexity of the test system and their relevance to key events (KEs) in the AOP framework. On the x-axis, a generic AOP structure is depicted, linking a direct molecular initiating event (MIE) to an adverse outcome (AO), at a level of biological organization relevant to hazard assessment (from cellular to population level). On the y-axis, test systems with increasing complexity are reported (from simple monoculture to multi-organ on-chip). Annotation of genes in the AOP framework allows the link between toxicologically relevant events and the molecular profiles derived from test systems.
This complexity also affects the throughput of the test method to various chemicals. Early molecular events can be shared in the response of many compounds, therefore being the starting or intermediate steps toward multiple AOs. Ideally, high-throughput screening of a variety of compounds would be made in these settings. On the other hand, more complex test systems, such as organs-on-chips, may capture apical and specific endpoints very well (Ma et al., 2021), being tested for only limited sets of chemicals. However, they are subject to higher sources of variability (Leung et al., 2022) thus, many efforts are ongoing to improve their standardization (Mastrangeli and van den Eijnden-van Raaij, 2021; Piergiovanni et al., 2021). We believe that by providing a detailed understanding of the molecular and cellular responses within these systems through omics data characterization, a common reference point can be established. This systematic approach fosters a more robust foundation for collaborative research and the advancement of scientific knowledge in the field of chemical testing.
SCENARIO 2: ADVANCING MECHANISTIC CHARACTERIZATION OF CHEMICAL EFFECTS THROUGH CONTEXTUALIZED INTERPRETATION OF OMICS DATA IN THE JOINT TEST SYSTEM-CHEMICAL APPLICABILITY DOMAIN.
The distinct genetic characteristics of biological systems result in diverse responses to compounds, leading to heterogeneous effects and poor generalizability between in vitro and in vivo settings, and across different systems (Chang et al., 2021; Sachana et al., 2021; del Giudice et al., 2023). This variability impacts toxicity assessments, for example, requiring concurrent testing on rats and mice to account for potential over/underestimation of human toxicity (Saber et al., 2019).
When studying the effect of chemical exposure on a tissue or an organ, the result is the synergistic consequence of the responses exhibited by its constituent cellular populations, which cannot be simply modelled as their sum (Pognan et al., 2023). This phenomenon is the rationale behind the development of complex in vitro systems, where the co-culturing of principal cytological components of a tissue improves the precision of toxicological assessments (Pognan et al., 2023).
For example, Chortarea et al. described how co-culturing epithelial cells alongside dendritic cells and macrophages results in a more realistic exposure scenario when evaluating the effect of repeated exposure to carbon nanotube-based aerosols (Chortarea et al., 2015). Additionally, commercial sources provide airway liquid interface co-cultures, for instance, combining airway epithelial cells with fibroblasts (Hiemstra et al., 2018).
The influence of distinct cell populations is also evident in how AOPs are often developed. When formulating an in vitro battery of assays for developmental neurotoxicity assessment, Sachana et al. selected a variety of in vitro tests that span across neuronal populations to cover the landmarks of neurotoxicity (Sachana et al., 2021). The AOP is based on the principle that neuronal toxicity is the result of changes in various fundamental processes of neurodevelopment, and each of them needs to be tested on the relevant cell type. This process is common to many AOPs development strategies and has been previously applied to skin sensitization and endocrine disruption (Johansson et al., 2013; Bernasconi et al., 2023).
Therefore, it is clear that the biological system directly affects the observed response to compounds and that in vitro systems based on cell components of tissues often capture only a portion of the tissue/organ level toxicity. Although this effect is well known and is the conceptual basis of both co-culture systems and testing battery approaches, it is hardly considered when interpreting the mechanism of action of compounds, where omics alterations are usually interpreted from a chemocentric perspective.
Previous TGx analysis demonstrated how specific in vitro responses constitute components of the in vivo exposure effect, and therefore the observed cellular phenotype needs to be contextualized and characterized with respect to the cell system used (Kinaret et al., 2017). Similar considerations were reached when assessing the effects of MWCNT on the lungs and four cell lines (Saarimäki et al., 2023a). Comparing the in vitro responses to the in vivo counterpart revealed that cell lines easily show specific signals that are instead hidden in the in vivo system, where the co-existence of multiple cell types contributes to the observed phenotype.
Therefore, mechanistic interpretation of omics data requires contextualizing the observed outcomes in terms of the exposure and the exposed system. In our second scenario, we stress the importance of the biological system characterization when studying an exposure omics profile, where the chemical and the test systems are predefined (Figure 1C). This scenario applies both to cases in which the data has been newly generated, or when publicly available data are re-used for further toxicological assessment.
Our recent efforts demonstrated how to characterize gene alterations through robust bioinformatic pipelines that link molecular profiles to MIEs, KEs, and AOs for mechanistic insight (Saarimäki et al., 2023a; del Giudice et al., 2023). This comprehensive approach considers a broad range of potential AOs and prioritizes all appropriate biological responses that may lead to adverse outcomes. Similarly, Labib et al. suggested an integrated use of TGx data in the AOP framework (Labib et al., 2016).
We further envision that the mechanistic information retrieved from such approaches needs to be interpreted within the joint applicability domain of the test system and the chemical to unveil functional components of the real-life expected exposure response and lead to better characterization of the hazard potential and phenotype variability.
This approach addresses the challenge of utilizing omics data in regulatory settings, where their complexity and lack of straightforward interpretation have been limiting factors. Furthermore, by considering the impact of the biological system, it addresses the effect of biological variability, which has often hampered the comparison of individual exposures to the same compounds. Mapping the omics results to specific KEs within an AOP reduces the complexity of the interpretation (Saarimäki et al., 2023a; Saarimäki et al., 2023b). This enables a more manageable and meaningful understanding of the omics data, establishing a direct relationship with toxicologically relevant endpoints in regulatory assessment.
DISCUSSION
The field of toxicology is undergoing a significant shift towards alternative methods that aim to reduce reliance on animal experimentation (Burden et al., 2015), with AOPs and AOP-informed strategies playing a central role in this mechanistic understanding (Sakuratani et al., 2018).
However, most of the available alternative methods still lack a deep understanding of the chemical-biological interactions needed to advance the field of chemical safety assessment. While this is relevant for all chemicals, it holds particularly true for nanomaterials, where it has been proved that the potential hazard originates from the synergistic effect of the pristine characteristic and system-dependent elements of the surrounding environment (Wyrzykowska et al., 2022). This is of paramount importance when selecting the test method since different in vitro test systems will offer a specific or limited resemblance of the phenotypic effect in vivo. Thus, an omics-based thorough characterization of the in vitro test system is crucial for ensuring the reliability of the test method. It is imperative to evaluate if the test system expresses the appropriate molecular machinery relevant to the phenomena under study (Saber et al., 2019) and to determine if the effect of the chemical-biological interactions would correspond to real-life scenarios.
This could be achieved by enhancing the OECD-approved tests by incorporating a mechanistic layer that informs about the applicability domain of the biological test system. TGx data-driven analysis that prioritizes in vitro test systems for specific KEs would speed up the development of new alternative methods.
Similarly, the interpretation of the mechanism of action of chemical exposures should be contextualized with the biological system used to generate the molecular profile. This would not only allow a better understanding of the (partial) effect of the substance but also result in better prediction of phenotype variability and contribution to multiple adverse outcomes.
To stably implement the use of omics data derived information, the robustness and generalizability of in vitro assays and omics profiles must be ensured. Implementing Good Laboratory Practice (GLP) principles for omics data generation can boost transparency, reproducibility, and reliability while ensuring standardization of the experimental planning and reporting. (Kauffmann et al., 2017; Saarimäki et al., 2022).
Overall, a compelling necessity exists to strategically leverage the molecular machinery insight of in vitro test systems to prioritize them for diverse KEs. Such prioritization can delineate the biological applicability domain of the AOP, which encompasses a collection of in vitro systems viable for AOP testing. This knowledge could guide researchers in selecting the most pertinent system for their study and facilitating the design of more efficacious integrated test batteries.
By meticulously addressing these facets, we propel the advancement of NAMs and significantly streamline and enhance the accuracy of risk assessment within regulatory processes.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
GdD: Writing–original draft, Writing–review and editing, Investigation. GM: Investigation, Writing–original draft, Writing–review and editing. NDA: Investigation, Writing–original draft, Writing–review and editing. LAS: Writing–original draft, Writing–review and editing. MTM: Visualization, Writing–review and editing. MEA: Writing–review and editing. JL: Writing–review and editing. LM: Writing–review and editing. AP: Writing–review and editing. MV: Writing–review and editing. AV: Writing–review and editing. LY-O: Writing–review and editing. DG: Conceptualization, Funding acquisition, Supervision, Writing–review and editing. AS: Conceptualization, Funding acquisition, Supervision, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by the Tampere Institute of Advanced Study and the European Research Council (ERC) programme, Consolidator project ARCHIMEDES (101043848).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
FOOTNOTES
1European Chemical Agency. Guidance on Information Requirements and Chemical Safety Assessment. https://echa.europa.eu/guidance-documents/guidance-on-information-requirements-and-chemical-safety-assessment.
2United States Environmental Protection Agency. Reviewing new Chemicals under the Toxic Substances Control Act (TSCA). https://www.epa.gov/reviewing-new-chemicals-under-toxic-substances-control-act-tsca.
REFERENCES
 Bernasconi, C., Bartnicka, J., Asturiol, D., Bowe, G., Langezaal, I., Coecke, S., et al. (2023). Validation of a battery of mechanistic methods relevant for the detection of chemicals that can disrupt the thyroid hormone system. Luxembourg: Publications Office of the European Union. doi:10.2760/862948
 Black, M. B., Efremenko, A. Y., McMullen, P. D., Barutcu, A. R., and Nong, A. (2023). Assessing the basal gene expression of cancer cell lines for in vitro transcriptomic toxicology screening. BioRxiv. 
 Bleeker, E. A. J., Swart, E., Braakhuis, H., Fernández Cruz, M. L., Friedrichs, S., Gosens, I., et al. (2023). Towards harmonisation of testing of nanomaterials for EU regulatory requirements on chemical safety - a proposal for further actions. Regul. Toxicol. Pharmacol. 139, 105360. doi:10.1016/j.yrtph.2023.105360
 Bridges, J., Sauer, U. G., Buesen, R., Deferme, L., Tollefsen, K. E., Tralau, T., et al. (2017). Framework for the quantitative weight-of-evidence analysis of ’omics data for regulatory purposes. Regul. Toxicol. Pharmacol. 91 (1), S46–S60. doi:10.1016/j.yrtph.2017.10.010
 Bruner, L. H., Carr, G. J., Curren, R. D., and Chamberlain, M. (1998). Validation of alternative methods for toxicity testing. Environ. Health Perspect. 106 (2), 477–484. doi:10.1289/ehp.98106477
 Burden, N., Mahony, C., Müller, B. P., Terry, C., Westmoreland, C., and Kimber, I. (2015). Aligning the 3Rs with new paradigms in the safety assessment of chemicals. Toxicology 330, 62–66. doi:10.1016/j.tox.2015.01.014
 Carnesecchi, E., Langezaal, I., Browne, P., Batista-Leite, S., Campia, I., Coecke, S., et al. (2023). OECD harmonised template 201: structuring and reporting mechanistic information to foster the integration of new approach methodologies for hazard and risk assessment of chemicals. Regul. Toxicol. Pharmacol. 142, 105426. doi:10.1016/j.yrtph.2023.105426
 Chang, X., Abedini, J., Bell, S., and Lee, K. M. (2021). Exploring in vitro to in vivo extrapolation for exposure and health impacts of e-cigarette flavor mixtures. Toxicol Vitro 72, 105090. doi:10.1016/j.tiv.2021.105090
 Chary, A., Hennen, J., Klein, S. G., Serchi, T., Gutleb, A. C., and Blömeke, B. (2018). Respiratory sensitization: toxicological point of view on the available assays. Arch. Toxicol. 92 (2), 803–822. doi:10.1007/s00204-017-2088-5
 Chortarea, S., Clift, M. J. D., Vanhecke, D., Endes, C., Wick, P., Petri-Fink, A., et al. (2015). Repeated exposure to carbon nanotube-based aerosols does not affect the functional properties of a 3D human epithelial airway model. Nanotoxicology 9 (8), 983–993. doi:10.3109/17435390.2014.993344
 del Giudice, G., Serra, A., Saarimäki, L. A., Kotsis, K., Rouse, I., Colibaba, S. A., et al. (2023). An ancestral molecular response to nanomaterial particulates. Nat. Nanotechnol. 18 (8), 957–966. doi:10.1038/s41565-023-01393-4
 De Wolf, H., De Bondt, A., Turner, H., and Göhlmann, H. W. H. (2016). Transcriptional characterization of compounds: lessons learned from the public LINCS data. Assay. Drug Dev. Technol. 14 (4), 252–260. doi:10.1089/adt.2016.715
 ENCODE Project Consortium (2012). An integrated encyclopedia of DNA elements in the human genome. Nature 489 (7414), 57–74. doi:10.1038/nature11247
 Federico, A., Serra, A., Ha, M. K., Kohonen, P., Choi, J. S., Liampa, I., et al. (2020). Transcriptomics in toxicogenomics, part II: preprocessing and differential expression analysis for high quality data. Nanomater. (Basel) 10 (5), 903. doi:10.3390/nano10050903
 Fortino, V., Kinaret, P. A. S., Fratello, M., Serra, A., Saarimäki, L. A., Gallud, A., et al. (2022). Biomarkers of nanomaterials hazard from multi-layer data. Nat. Commun. 13 (1), 3798. doi:10.1038/s41467-022-31609-5
 Gant, T. W., Auerbach, S. S., Von Bergen, M., Bouhifd, M., Botham, P. A., Caiment, F., et al. (2023). Applying genomics in regulatory toxicology: a report of the ECETOC workshop on omics threshold on non-adversity. Arch. Toxicol. 97 (8), 2291–2302. doi:10.1007/s00204-023-03522-3
 GTEx Consortium (2013). The genotype-tissue expression (GTEx) project. Nat. Genet. 45 (6), 580–585. doi:10.1038/ng.2653
 Halappanavar, S., van den Brule, S., Nymark, P., Gaté, L., Seidel, C., Valentino, S., et al. (2020). Adverse outcome pathways as a tool for the design of testing strategies to support the safety assessment of emerging advanced materials at the nanoscale. Part Fibre Toxicol. 17 (1), 16. doi:10.1186/s12989-020-00344-4
 Hiemstra, P. S., Grootaers, G., van der Does, A. M., Krul, C. A. M., and Kooter, I. M. (2018). Human lung epithelial cell cultures for analysis of inhaled toxicants: lessons learned and future directions. Toxicol Vitro 47, 137–146. doi:10.1016/j.tiv.2017.11.005
 Johansson, H., Albrekt, A. S., Borrebaeck, C. A. K., and Lindstedt, M. (2013). The GARD assay for assessment of chemical skin sensitizers. Toxicol Vitro 27 (3), 1163–1169. doi:10.1016/j.tiv.2012.05.019
 Kauffmann, H. M., Kamp, H., Fuchs, R., Chorley, B. N., Deferme, L., Ebbels, T., et al. (2017). Framework for the quality assurance of ’omics technologies considering GLP requirements. Regul. Toxicol. Pharmacol. 91 (1), S27–S35. doi:10.1016/j.yrtph.2017.10.007
 Kinaret, P., Marwah, V., Fortino, V., Ilves, M., Wolff, H., Ruokolainen, L., et al. (2017). Network analysis reveals similar transcriptomic responses to intrinsic properties of carbon nanomaterials in vitro and in vivo. ACS Nano 11 (4), 3786–3796. doi:10.1021/acsnano.6b08650
 Kinaret, P. A. S., Serra, A., Federico, A., Kohonen, P., Nymark, P., Liampa, I., et al. (2020). Transcriptomics in toxicogenomics, part I: experimental design, technologies, publicly available data, and regulatory aspects. Nanomater. (Basel) 10 (4), 750. doi:10.3390/nano10040750
 Labib, S., Williams, A., Yauk, C. L., Nikota, J. K., Wallin, H., Vogel, U., et al. (2016). Nano-risk Science: application of toxicogenomics in an adverse outcome pathway framework for risk assessment of multi-walled carbon nanotubes. Part Fibre Toxicol. 13, 15. doi:10.1186/s12989-016-0125-9
 Leung, C. M., de Haan, P., Ronaldson-Bouchard, K., Kim, G. A., Ko, J., Rho, H. S., et al. (2022). A guide to the organ-on-a-chip. Nat. Rev. Methods Prim. 2 (1), 33. doi:10.1038/s43586-022-00118-6
 Ma, C., Peng, Y., Li, H., and Chen, W. (2021). Organ-on-a-Chip: a new paradigm for drug development. Trends Pharmacol. Sci. 42 (2), 119–133. doi:10.1016/j.tips.2020.11.009
 Mastrangeli, M., and van den Eijnden-van Raaij, J. (2021). Organs-on-chip: the way forward. Stem Cell. Rep. 16 (9), 2037–2043. doi:10.1016/j.stemcr.2021.06.015
 Noyes, P. D., Friedman, K. P., Browne, P., Haselman, J. T., Gilbert, M. E., Hornung, M. W., et al. (2019). Evaluating chemicals for thyroid disruption: opportunities and challenges with in vitro testing and adverse outcome pathway approaches. Environ. Health Perspect. 127 (9), 95001. doi:10.1289/EHP5297
 OECD (2017). Revised guidance document on developing and assessing adverse outcome pathways. Available from: https://one.oecd.org/document/env/jm/mono(2013)6/en/pdf. 
 OECD (2018a). Guidance document on good in vitro method practices (GIVIMP). Paris: OECD. 
 OECD (2018b). Revised guidance document 150 on standardised test guidelines for evaluating chemicals for endocrine disruption. Paris: OECD. 
 OECD (2018c). Test No. 442E: in vitro skin sensitisation: in vitro skin sensitisation assays addressing the key event on activation of dendritic cells on the adverse outcome pathway for skin sensitisation. Paris: OECD. 
 OECD (2023). Test No. 444A: in vitro immunotoxicity: IL-2 luc assay. Paris: OECD. 
 Piergiovanni, M., Jenet, A., Batista Leite, S., Cangar, O., Mian, L., Maurer, P., et al. (2021). Organ on chip: building a roadmap towards standardisation Putting Science into Standards. Available from: https://www.researchgate.net/profile/Andreas_Jenet/publication/356379138_Organ_on_chip_building_a_roadmap_towards_standardisation_Putting_Science_into_Standards/links/619780ccd7d1af224b0762d5/Organ-on-chip-building-a-roadmap-towards-standardisation-Putting-Science-into-Standards.pdf. 
 Pognan, F., Beilmann, M., Boonen, H. C. M., Czich, A., Dear, G., Hewitt, P., et al. (2023). The evolving role of investigative toxicology in the pharmaceutical industry. Nat. Rev. Drug Discov. 22 (4), 317–335. doi:10.1038/s41573-022-00633-x
 Saarimäki, L. A., Fratello, M., Pavel, A., Korpilähde, S., Leppänen, J., Serra, A., et al. (2023b). A curated gene and biological system annotation of adverse outcome pathways related to human health. Sci. Data 10 (1), 409. doi:10.1038/s41597-023-02321-w
 Saarimäki, L. A., Kinaret, P. A. S., Scala, G., del Giudice, G., Federico, A., Serra, A., et al. (2020). Toxicogenomics analysis of dynamic dose-response in macrophages highlights molecular alterations relevant for multi-walled carbon nanotube-induced lung fibrosis. NanoImpact 20, 100274. doi:10.1016/j.impact.2020.100274
 Saarimäki, L. A., Melagraki, G., Afantitis, A., Lynch, I., and Greco, D. (2022). Prospects and challenges for FAIR toxicogenomics data. Nat. Nanotechnol. 17 (1), 17–18. doi:10.1038/s41565-021-01049-1
 Saarimäki, L. A., Morikka, J., Pavel, A., Korpilähde, S., del Giudice, G., Federico, A., et al. (2023a). Toxicogenomics data for chemical safety assessment and development of new approach methodologies: an adverse outcome pathway-based approach. Adv. Sci. (Weinh). 10 (2), e2203984. doi:10.1002/advs.202203984
 Saber, A. T., Poulsen, S. S., Hadrup, N., Jacobsen, N. R., and Vogel, U. (2019). Commentary: the chronic inhalation study in rats for assessing lung cancer risk may be better than its reputation. Part Fibre Toxicol. 16 (1), 44. doi:10.1186/s12989-019-0330-4
 Sachana, M., Willett, C., Pistollato, F., and Bal-Price, A. (2021). The potential of mechanistic information organised within the AOP framework to increase regulatory uptake of the developmental neurotoxicity (DNT) in vitro battery of assays. Reprod. Toxicol. 103, 159–170. doi:10.1016/j.reprotox.2021.06.006
 Sakuratani, Y., Horie, M., and Leinala, E. (2018). Integrated approaches to testing and assessment: OECD activities on the development and use of adverse outcome pathways and case studies. Basic Clin. Pharmacol. Toxicol. 123 (5), 20–28. doi:10.1111/bcpt.12955
 Sauer, U. G., Deferme, L., Gribaldo, L., Hackermüller, J., Tralau, T., van Ravenzwaay, B., et al. (2017). The challenge of the application of ’omics technologies in chemicals risk assessment: background and outlook. Regul. Toxicol. Pharmacol. 91 (1), S14–S26. doi:10.1016/j.yrtph.2017.09.020
 Serra, A., del Giudice, G., Kinaret, P. A. S., Saarimäki, L. A., Poulsen, S. S., Fortino, V., et al. (2022b). Characterization of ENM dynamic dose-dependent MOA in lung with respect to immune cells infiltration. Nanomater. (Basel) 12 (12), 2031. doi:10.3390/nano12122031
 Serra, A., Fratello, M., Cattelani, L., Liampa, I., Melagraki, G., Kohonen, P., et al. (2020a). Transcriptomics in toxicogenomics, part III: data modelling for risk assessment. Nanomater. (Basel) 10 (4), 708. doi:10.3390/nano10040708
 Serra, A., Fratello, M., del Giudice, G., Saarimäki, L. A., Paci, M., Federico, A., et al. (2020c). TinderMIX: time-dose integrated modelling of toxicogenomics data. Gigascience 9 (5), giaa055. doi:10.1093/gigascience/giaa055
 Serra, A., Saarimäki, L. A., Fratello, M., Marwah, V. S., and Greco, D. (2020b). BMDx: a graphical Shiny application to perform Benchmark Dose analysis for transcriptomics data. Bioinformatics 36 (9), 2932–2933. doi:10.1093/bioinformatics/btaa030
 Serra, A., Saarimäki, L. A., Pavel, A., del Giudice, G., Fratello, M., Cattelani, L., et al. (2022a). Nextcast: a software suite to analyse and model toxicogenomics data. Comput. Struct. Biotechnol. J. 20, 1413–1426. doi:10.1016/j.csbj.2022.03.014
 Stucki, A. O., Barton-Maclaren, T. S., Bhuller, Y., Henriquez, J. E., Henry, T. R., Hirn, C., et al. (2022). Use of new approach methodologies (NAMs) to meet regulatory requirements for the assessment of industrial chemicals and pesticides for effects on human health. Front. Toxicol. 4, 964553. doi:10.3389/ftox.2022.964553
 Thul, P. J., and Lindskog, C. (2018). The human protein atlas: a spatial map of the human proteome. Protein Sci. 27 (1), 233–244. doi:10.1002/pro.3307
 van der Zalm, A. J., Barroso, J., Browne, P., Casey, W., Gordon, J., Henry, T. R., et al. (2022). A framework for establishing scientific confidence in new approach methodologies. Arch. Toxicol. 96 (11), 2865–2879. doi:10.1007/s00204-022-03365-4
 Winckers, L. A., Evelo, C. T., Willighagen, E. L., and Kutmon, M. (2021). Investigating the molecular processes behind the cell-specific toxicity response to titanium dioxide nanobelts. Int. J. Mol. Sci. 22 (17), 9432. doi:10.3390/ijms22179432
 Wyrzykowska, E., Mikolajczyk, A., Lynch, I., Jeliazkova, N., Kochev, N., Sarimveis, H., et al. (2022). Representing and describing nanomaterials in predictive nanoinformatics. Nat. Nanotechnol. 17 (9), 924–932. doi:10.1038/s41565-022-01173-6
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The handling editor IL declared a past co-authorship with the authors GdD, LAS, MEA, DG, and AS.
Copyright © 2023 del Giudice, Migliaccio, D’Alessandro, Saarimäki, Torres Maia, Annala, Leppänen, Mӧbus, Pavel, Vaani, Vallius, Ylä-Outinen, Greco and Serra. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Advancing chemical safety assessment through an omics-based characterization of the test system-chemical interaction		Introduction

		Scenario 1: Omics-based selection of AOP-relevant in vitro test systems

		Scenario 2: Advancing mechanistic characterization of chemical effects through contextualized interpretation of omics data in the joint test system-chemical applicability domain.

		Discussion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		Footnotes

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Toxicology






OPS/images/ftox-05-1294780-g001.gif





OPS/images/ftox-05-1294780-g002.gif
Welesster profies

throughput









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Toxicology





