Food for Thought ...

“The scientist is not a person who gives the right answers,
he's one who asks the right questions”
Claude Lévi-Strauss, French anthropologist (1908-2009)

“If you always do what you always did,
you will always get what you always got.”
Attributed to different individuals!
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Abstract

This article explores the potential of principles established in translational medicine for the use of bio-
markers to advance the validation of alternatives to animal testing in preclinical safety assessment.
It examines especially how such principles can enhance the predictive power, mechanistic under-
standing, and human relevance of new approach methodologies (NAMs). Key concepts from
translational medicine, such as fit-for-purpose validation, evidence-based approaches, and inte-
grated testing strategies, are already being applied to the development and validation of NAMs.
The article discusses challenges in implementing biomarker-based approaches, including standardi-
zation, demonstration of relevance, regulatory acceptance, and addressing biological complexity.
It also highlights opportunities for advancement through collaborative efforts, technological inno-
vations, and regulatory evolution. Case studies demonstrate successful applications of biomarkers
in preclinical safety, while future perspectives explore emerging trends like multi-omics integration,
microphysiological systems, and artificial intelligence. The article emphasizes the potential of bio-
markers and translational science approaches in creating more predictive, efficient, and ethical
preclinical safety assessment paradigms in the use of NAMs. Use of biomarkers can enable the
mechanistic validation of human-relevant models and provide a means to relate changes in NAMs
to animal or clinical study results. By leveraging these tools, the field can work towards reducing
reliance on animal testing while improving the accuracy and human relevance of safety predictions.

Plain language summary

This article examines how biomarkers and translational science principles can improve safety testing
without using animals. Biomarkers are quantifiable indicators of biological processes. Some of these
can predict disease progression or drug effects. Translational science aims to apply laboratory
findings towards clinical benefits. The article explores how combining these approaches can create
better, more human-relevant and validated alternatives to animal testing. It discusses challenges
that the field faces, including standardization of methods and getting regulatory acceptance. It also
highlights opportunities, like integration with emerging technologies and increased global collabo-
ration. The ultimate goal is to improve human health by streamlining NAM validation processes,
i.e., show that new safety tests are more accurate, efficient, and ethical than current animal-based
methods.

1 https://quoteinvestigator.com/2016/04/25/get/
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1 Introduction

The current state of animal testing in preclinical safety, while
long-established, faces increasing scrutiny due to ethical concerns
and limitations in translating results to human-relevant outcomes
(Hartung, 2013; Olson et al., 2000; Monticello et al., 2017). It is
worth noting that in vivo studies have been used in all phases of
pharmaceutical development programs for decades, without for-
mal validation or qualification. The development and implemen-
tation of new approach methods (NAMs) such as in vitro or com-
putational models in toxicology and safety assessment is of para-
mount importance for several compelling reasons. NAMs offer a
greater ability to accurately predict the toxicity of chemicals and
the efficacy of drugs in humans compared to animal testing meth-
ods as they closely mimic human physiological responses (Har-
tung, 2024a), thus promising better protection of human health.
There is also a growing societal and scientific consensus on the
need to reduce and, where possible, replace the use of animals in
research (von Aulock et al., 2022). This shift addresses longstand-
ing concerns about animal welfare and reflects a broader ethical
imperative to minimize animal suffering in scientific pursuits. By
providing alternatives to animal testing, NAMs align with these
ethical principles while still advancing scientific knowledge and
public health protection (Hartung, 2024b). Furthermore, NAMs
have the potential to accelerate innovation in drug development,
cosmetics, and industrial chemicals as these methodologies can
often be implemented more rapidly and cost-effectively than tra-
ditional animal testing protocols (Meigs et al., 2018). This could
also democratize research and development, enabling smaller
companies and research institutions to engage in innovative work
that might otherwise be prohibitively expensive.

Despite their potential, the implementation of NAMs faces
several significant challenges. One of the primary hurdles is the
complexity of validation. Validating these new methodologies
can be a taxing process, particularly when it comes to simulating
complex biological systems or predicting long-term health effects.
The human body’s intricacy and the multifaceted nature of many
toxicological processes make it challenging to ensure that NAMs
can reliably replicate or predict these phenomena. This complex-
ity necessitates rigorous scientific scrutiny and extensive testing
(Hartung et al., 2024b). Regulatory acceptance presents another
significant challenge. Regulatory bodies must be confident that
NAMs can provide results that are at minimum as reliable and
predictive as traditional animal testing methods. This process can
take years to complete. Lastly, the effective use of NAMs often
depends on large datasets and collaborative efforts within the
scientific community. Many NAMs rely on complex computa-
tional models or high-throughput screening methods that require
substantial amounts of data to be effective. Gathering, standard-

B

izing, and sharing this data across different research institutions
and companies can be challenging. It requires overcoming com-
petitive barriers, establishing data sharing protocols, and ensuring
data quality and compatibility. Furthermore, the interdisciplinary
nature of many NAMs necessitates collaboration between experts
in various fields, including biology, chemistry, computer science,
and regulatory affairs. Overcoming these hurdles will require
sustained effort, investment, and cooperation from various stake-
holders in the scientific, regulatory, and industrial communities.
Therefore, while the importance of developing and implement-
ing NAMs is clear, addressing these challenges is crucial for their
widespread adoption and success.

The validation of new approach methods (NAMs) for safety
testing stands to benefit significantly from the concepts of trans-
lational medicine (TM)? and biomarkers, biomarker regulatory
qualification, and the process and concept of TM in general. This
integration is particularly relevant given the critical importance of
preclinical safety in drug development, the safety testing of chem-
icals, and the growing need for alternatives to animal testing.

Biomarker identification and selection is crucial in TM but is
not broadly applied in NAMs. However, NAMs can utilize bio-
markers as predictive endpoints for safety testing or as surrogate
indicators of the clinical efficacy of candidate drugs. Identifying
and selecting relevant panels of biomarkers that are associated
with specific toxicological profiles can provide a higher predic-
tive power for NAMs. For example, consider a hepatocyte-based
test system, for which a simplistic NAM so far might use viability
as the endpoint. A set of complex transcriptomics endpoints could
provide more information on the type of damage (e.g., cholestatic
vs steatotic) and predict cellular perturbations with a higher sensi-
tivity. Another example could be a test system based on neuronal
networks, where early-generation NAMs measure structural de-
fects (e.g., breaking neurites) but more sensitive and more dis-
criminating information may be obtained using multi-electrode
arrays that record changes in the electrical signaling within the
network. Thus, biomarkers used as NAM endpoints can contrib-
ute to a deeper mechanistic understanding and serve as early in-
dicators of potential adverse effects, guiding the development of
targeted and relevant NAMs. NAMs that incorporate biomarkers
with established translational relevance (Mattes and Walker, 2009;
Mattes et al., 2010) can better predict human safety outcomes, in-
stead of being optimized to predict animal test results (Sauer and
Porter, 2018). This will be particularly important in the context of
a Human Exposome Project (Hartung, 2023a; Sill¢ et al., 2024) to
map the exposure side of diseases via mechanistic pathways.

The process of biomarker qualification, which involves estab-
lishing the biological and analytical validity of a biomarker for
a particular context of use (CoU), can also be applied to NAMs.
Qualification ensures that the biomarker used in a NAM is reli-

Abbreviations: AOP, adverse outcome pathway; BEST, Biomarkers, EndpointS, and other Tools; BQP, biomarker qualification program; CDER, Center for Drug Evaluation
and Research; CoU, context of use; EMA, European Medicines Agency; FDA, Food and Drug Administration; IATA, integrated approaches to testing and assessment;
iPSC, induced pluripotent stem cells; ITS, integrated testing strategy; KE, key event; MIE, molecular initiating events; NAMs, new approach methods; QIVIVE, quantitative in

vitro to in vivo extrapolation; TM, translational medicine

2 Not excluding by using the term translational medicine wider aspects of translational research and translational science:
https://tri.uams.edu/news/translational-research-vs-translational-science-whats-the-difference/
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Tab. 1: Key similarities and difference between translational medicine/biomarkers and the validation process for NAMs

Similarities:

stance might affect humans without animal testing.

product development.
Differences:

- Rigorous validation: In both cases, a rigorous validation process is essential. Biomarkers need to be demonstrably linked to a specific disease
state or treatment response, while alternative methods need to show they can reliably predict what would happen in traditional animal tests or
ideally, in human biological pathways, e.g., via comparison to data from human clinical trials.

- Reproducibility and specificity: Both validated biomarkers and validated NAMs need to be reproducible (consistently produce the same results)
and specific (accurately measure what they are intended to). This ensures they provide reliable information and can be used with confidence.

— Addressing uncertainty: Both approaches aim to reduce uncertainty in the transition from the controlled lab environment to real-world applica-
tion. Biomarkers help make diagnoses or treatment decisions more precise, while validated NAMs offer a more accurate picture of how a sub-

- Regulatory acceptance: For both, gaining regulatory acceptance is a crucial step for widespread adoption. Regulatory bodies need to be con-
vinced of the validity and reliability of these approaches before they can be routinely used in clinical practice or product development.

— End goal: TM/biomarkers aim to improve patient care by providing more personalized and precise diagnostic and treatment decisions. While
NAM validation’s original goal is ethical (to reduce or replace the use of animals), it similarly aims to improve standards of human safety during

— Focus and scope: TM/biomarkers are focused on identifying and using biological indicators that can aid in disease diagnosis, designing treat-
ment strategies and predicting response, or monitoring disease progression. Biomarkers can come from a variety of sources, including genes,
proteins, or even imaging. NAM validation is focused on developing and validating new approaches (e.g., complex in vitro models, computation-
al simulations) to replace or complement the use of animals in research for testing safety and efficacy of drugs, chemicals, and other products.

- Tools and techniques: TM/biomarkers use a broad array of analytical tools to identify and measure biomarkers, including genomic and proteomic
analysis, imaging techniques, and clinical assays. NAM validation currently employs a more specific set of tools, including cell-based assays
(in vitromodels), tissue engineering (like organs-on-chips), and advanced computer simulations. However, the diverse analytical tools har-
nessed in TM/biomarker can also be leveraged in future NAM development.

— Path to adoption: TM/biomarkers often involve the discovery and validation of novel biomarkers, along with their integration into drug develop-
ment, clinical guidelines, and practice. NAM validation is primarily focused on demonstrating that the new method is equally or more reliable and
relevant than existing animal models, and then gaining regulatory acceptance that allows them to be used in lieu of animal testing.

able, reproducible, and has a well-defined relationship with the
toxicological endpoint of interest. Regulatory agencies are more
likely to accept NAMs that utilize well-characterized and clinical-
ly relevant biomarkers. The measurement of qualified biomarkers
in NAM studies supports incorporation of NAMs into regulatory
decision-making processes. By leveraging the concepts of TM and
biomarkers, their qualification, and the principles of TM, the vali-
dation of NAMs for safety testing can thus be facilitated.

TM and the validation process for NAMs share the core focus to
better predict changes to human biological processes, one with the
goal to assess medical interventions, the other with a focus on pre-
dicting the safety of chemicals. TM focuses on improving patient
care, while alternative methods validation prioritizes replacing
animal testing with ethically driven yet reliable methodologies.
In essence, both tools aim to establish reliable and objective tools
that can bridge the gap between research and practical applications
that directly impact human health. Table 1 gives a breakdown of
the similarities and differences.

This article aims to explore how TM and biomarkers in preclini-
cal safety assessment can serve as supplements or alternatives to
traditional animal testing, potentially revolutionizing the field. In
turn, integrating these tools into NAMs can provide us with more
efficient, ethical, and predictive safety testing paradigms. This in-
cludes how biomarker qualification offers opportunities to rethink
and enrich the NAM validation process. While in the following

we will focus mainly on the US Food and Drug Administration
(FDA) Center for Drug Evaluation and Research (CDER) bio-
marker qualification process (BQP)? for clinical biomarkers, it is
important to note that the European Medicines Agency (EMA) has
similar processes (Bakker et al., 2022; Berman and Siegel, 2022).

2 The role of biomarkers in preclinical safety

Biomarkers have emerged as essential tools in the field of preclin-
ical safety assessment* (for review see: Bleavins et al., 2010; Ku-
mar and van Gool, 2013; FDA-NIH Biomarker Working Group,
2016; Horien, 2017; Califf, 2018; Gromova et al., 2020; Vlasa-
kova et al., 2022; Bodaghi et al., 2023; Ahmad et al., 2023; Das
et al., 2024), offering a means to detect, predict, and monitor po-
tential effects of drugs. Biomarkers can provide valuable insights
into the mechanisms of drug action or toxicity and help guide the
development of safer and more effective therapies (Troth et al.,
2019; Chen et al., 2018). To date, TM and biomarkers have fo-
cused mainly on the efficacy of drug action; the concept has been
less commonly applied to assess drug adversity or to substances
with other uses, e.g., industrial or food chemicals. Those biomark-
ers used to identify drug adversity (Sasseville et al., 2014) can be
most easily translated to the field of safety testing, the primary
realm of NAMs.

3 https://www.fda.gov/drugs/drug-development-tool-ddt-qualification-programs/biomarker-qualification-program
4 https:/www.fda.gov/drugs/biomarker-qualification-program/biomarker-guidances-and-reference-materials
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2.1 Types of biomarkers

Biomarkers can be classified in various ways. The BEST (Bio-
markers, EndpointS, and other Tools)* resource goes into bio-
marker types quite extensively. According to their purpose, one
can differentiate between biomarkers of disease progression, of
differential diagnosis, and of treatment success. According to
the technologies applied, biological, chemical, and physical ap-
proaches may be distinguished. Biological markers include mo-
lecular entities such as RNA, proteins, and metabolites and can
be measured in various matrices such as blood, urine, or tissue,
thus providing information about specific cellular processes or
pathways affected by a drug or chemical. Chemical biomarkers
are exogenous substances or their metabolites that can be used to
assess exposure to a particular compound. These biomarkers can
help determine the absorption, distribution, metabolism, and ex-
cretion of a drug or chemical in the body. Physical biomarkers in-
clude physiological parameters such as blood pressure, heart rate,
or body temperature, which can be monitored to assess the overall
health status of an organism and detect potential adverse effects.

2.2 The role of biomarkers in predicting drug safety

and efficacy in preclinical animal tests

Several case studies demonstrate the successful application of bio-
markers in preclinical safety assessment (Institute of Medicine,
2010; Schomaker et al., 2019). These biomarkers allow the prior-
itization of safer drug candidates for further development. For ex-
ample, a panel of hepatic biomarkers, including alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), and bilirubin, is
routinely used to assess the hepatotoxic potential of compounds.
Similarly, cardiovascular biomarkers such as troponin I and B-type
natriuretic peptide (BNP) are used to evaluate the cardiotoxic ef-
fects of drug candidates (Sauer and Porter, 2018), and several kid-
ney biomarkers, including kidney injury molecule-1 (KIM-1) and
neutrophil gelatinase-associated lipocalin (NGAL), allow for early
detection of kidney injury (Ozer et al., 2010; Bonventre et al., 2010;
Chen et al., 2018; Troth et al., 2019; Sauer and Porter, 2018).

In exploratory or investigative toxicology (Beilmann et al.,
2019), biomarkers play an important translational role by connect-
ing biomarker changes with histopathological injury and, there-
fore, provide a more specific and sensitive tool to detect and moni-
tor drug-induced organ injury, often before overt clinical signs
or symptoms appear. By measuring specific biomarkers that are
mechanistically linked to the therapeutic target or pathway, the
pharmacodynamic effects of a drug and its potential efficacy can
be assessed. The integration of safety and efficacy biomarkers in
preclinical studies thus provides a comprehensive understanding
of a drug’s risk-benefit profile, enabling informed decision-mak-
ing in the drug development process.

2.3 The relevance of biomarkers in detecting and
predicting safety issues in vitro

A conceptual framework for incorporating biomarkers in in vitro
systems for toxicological risk assessment as alternatives to animal

B

testing is discussed in Blaauboer et al. (2012). The authors define
biomarkers of toxicity as providing quantitative information that
is mechanistically relevant to and predictive of an adverse effect
in vivo. They emphasize the importance of considering biokinetics
both in vitro (e.g., free vs nominal concentrations) and for quan-
titative in vitro to in vivo extrapolation (QIVIVE) and discuss the
challenge of distinguishing between adaptive and adverse effects
when analyzing in vitro toxicity data. The proposed framework in-
cludes steps like evaluating exposure scenarios, structural proper-
ties, pharmacokinetic behavior, and using in vitro effect batteries.
For data interpretation, the paper suggests modeling concentration-
effect relationships and determining appropriate points-of-depar-
ture for risk assessment. It highlights the need for QIVIVE using
physiologically based biokinetic models. The authors also discuss
challenges in implementing this approach, including lack of stand-
ardization and limited experience with non-animal-based risk as-
sessment. They emphasize the need for more research to build ex-
perience with chemical risk assessment using in vitro biomarker
data and the proposed framework. These key points align well with
and support many of the concepts discussed here on leveraging bi-
omarkers and TM for NAMs. In the decade since the publication of
this framework, many publications have expanded and built upon

the proposed concepts (Krewski et al., 2014; Burgdorf et al., 2019;

Parish et al., 2020; Magurany et al., 2023).

A fundamental question is the difference between an ordinary
in vitro endpoint and an in vitro biomarker. Based on the BEST*
resource and general understanding in the field, there are some
key differences between an in vitro endpoint in a NAM and a bio-
marker:

a) Definition: A biomarker is defined as “a defined characteristic
that is measured as an indicator of normal biological processes,
pathogenic processes, or biological responses to an exposure
or intervention, including therapeutic interventions.” A NAM
endpoint is not explicitly defined in the BEST* resource, but
generally refers to a measurement or outcome observed in a
laboratory setting outside of a living organism.

b) Scope: Biomarkers encompass a wide range of measurements,
including molecular, histologic, radiographic, or physiologic
characteristics. They predict human outcomes. NAM endpoints
are typically more specific to laboratory-based assays and may
include measures like enzyme activity, cell viability or protein
expression in cultured cells. They traditionally predict out-
comes in an animal experiment, although increased emphasis is
placed on human biological relevance?.

c) Application: Biomarkers are often used to inform decisions
about clinical care, drug development, or health risk assess-
ment in living subjects. NAM endpoints are primarily used in
early-stage research, drug screening, or mechanistic studies
that do not directly involve living subjects.

d) Regulatory context: Biomarkers have specific regulatory defi-
nitions and can be used in various ways in drug development
and approval processes, including as surrogate endpoints.
NAM endpoints generally do not have the same regulatory sta-

5 https://ntp.niehs.nih.gov/sites/default/files/2024-03/VWG_Report_27Feb2024_FD_508.pdf
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tus as biomarkers and are typically used earlier in the research
and development process, although there are examples, such
as skin sensitization, where NAMs have demonstrated superior
performance to animal studies and can be used in regulatory
decision making, e.g., OECD TG 497 (OECD, 2023).
Validation requirements: Biomarkers often require extensive
validation, including analytical and clinical validation, es-
pecially if they are to be used in regulatory decision-making.
NAM endpoints may require method validation, but the pro-
cess is typically less rigorous than for biomarkers intended for
clinical use. Where NAMs are to be considered as drug devel-
opment tools for regulatory decision-making, validation will
require the respective confidence.

Biomarkers have been successfully applied across various omics
disciplines in preclinical safety assessment. In toxicogenomics,
genomic biomarkers have been used to identify gene expression
signatures associated with specific toxicological outcomes, such
as genotoxicity or carcinogenicity. These gene expression profiles
can be used to screen compounds for their toxic potential, e.g.,
to cause DNA damage or induce tumor formation. In toxicopro-
teomics, protein biomarkers have been employed to assess the
effects of drugs or chemicals on cellular signaling pathways and
identify potential mechanisms of toxicity. For instance, changes in
the expression of heat shock proteins or oxidative stress markers
can indicate cellular stress responses and guide the development
of safer compounds. Metabolic biomarkers, studied in toxicome-
tabolomics (Bouhifd et al., 2013; Ramirez et al., 2013; Sillé and
Hartung, 2024), have been used to evaluate the impact of drugs
or chemicals on cellular metabolism and identify potential meta-
bolic disruptions. By quantifying changes in (patterns of) specific
metabolites, researchers can gain insights into the metabolic path-
ways affected by a compound and correlate its potential toxicity.

It is worth noting that some in vitro endpoints, especially in
human-relevant test systems such as microphysiological systems
(MPS), could potentially become biomarkers if they are found to
reliably indicate a biological process or response in human organ-
isms and undergo appropriate validation. However, not all in vitro
endpoints will become biomarkers, and not all biomarkers are de-
rived from in vitro measurements.

By measuring specific biomarkers in vitro, e.g., in multi-organ-
on-a-chip systems, potential organ-specific toxicities such as liver,
kidney, or cardiac damage can be observed. Further, the dose-re-
sponse relationships of a drug or chemical can be identified for
each tissue. Multi-organ chips also enable studies of off-target ef-
fects and of toxicities induced by metabolic byproducts produced
in one organ on other organs (e.g., Chang et al., 2017).

Biomarkers also allow for the prediction of long-term safety
outcomes, as changes in certain biomarkers may be indicative
of chronic toxicity or delayed adverse effects (Schomaker et al.,
2019).

&

~

2.4 Limitations and challenges of biomarker

discovery and validation

Despite the numerous advantages of biomarkers in preclinical
safety assessment, there are several limitations and challenges as-
sociated with their discovery and validation (Davis et al., 2020).

ALTEX 41(4), 2024

Some biomarkers may lack specificity, as they can be associated
with multiple biological processes or pathways, complicating the
interpretation of their changes. Analytical challenges in biomarker
measurement, such as assay sensitivity, reproducibility, and stand-
ardization, also pose significant hurdles in biomarker validation.
Regulatory acceptance therefore depends on qualification of bio-
markers, which requires rigorous validation and documentation to
ensure their reliability and relevance.

2.5 Future perspectives and opportunities for

preclinical biomarkers

The field of biomarker-based preclinical safety assessment is rap-
idly evolving. High-throughput technologies, such as next-gener-
ation sequencing and mass spectrometry, have revolutionized the
discovery of novel biomarkers, enabling the identification of more
sensitive and specific indicators of toxicity. The integration of
genomics, proteomics, metabolomics, and other omics disciplines
provides a systems biology level understanding of the biological
responses to drugs or chemicals, facilitating the development of
comprehensive biomarker panels. Moreover, the development of
novel biomarker-based assays and platforms, such as organ-on-
a-chip systems and 3D cell culture models, offers new opportu-
nities for linking preclinical biomarkers with safety/efficacy and
the assessment of systemic or organ-specific toxicities. Collabo-
rative efforts among academia, industry, and regulatory agencies
are crucial for the validation and standardization of biomarkers,
ensuring their reproducibility and reliability in preclinical safety
assessment.

3 Translational medicine - Bridging the gap
between laboratory and clinic

TM is a multidisciplinary field that aims to bridge the gap between
preclinical research and clinical practice, facilitating the transla-
tion of scientific discoveries into effective and safe therapies for
patients (Wehling, 2015). TM also emphasizes the importance of
incorporating clinical insights and patient perspectives into pre-
clinical research. By engaging with clinicians and patients, re-
searchers can gain a better understanding of the unmet medical
needs, disease burden, and treatment challenges associated with a
particular condition (Sung et al., 2003; Brown et al., 2020; Kim-
mel et al., 2019). This knowledge can inform the design of pre-
clinical studies.

In the context of drug development, TM plays a crucial role in
ensuring that preclinical findings are relevant and applicable to
human health. Preclinical studies conducted in animal models pro-
vide valuable insights into the safety and efficacy of a drug candi-
date. However, the translation of these findings to clinical settings
can be challenging due to differences in species, disease pathol-
ogy, and pharmacokinetics (Mankoff et al., 2004; Tsaioun et al.,
2016; Davis et al., 2020).

One key aspect of TM is the use of human-derived cells, tissues,
and organs in preclinical research. By using human-relevant mod-
els, researchers can better understand disease mechanisms and
treatment effects in a human-specific context. For example, the
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use of human induced pluripotent stem cells (iPSCs) has revolu-
tionized drug discovery and toxicity testing (Roth et al., 2021), al-
lowing for the generation of patient-specific cell lines that capture
the genetic and phenotypic diversity of human populations (for the
example of pain therapeutics: Davis et al., 2020). Additionally, the
use of patient-derived samples, such as biopsies or blood samples,
can provide valuable insights into disease mechanisms and treat-
ment responses, guiding the development of more effective and
targeted therapies (El-Achkar et al., 2024). As TM continues to
evolve, the integration of advanced technologies such as omics,
imaging, and computational modeling will further enhance our
ability to understand disease mechanisms, predict treatment re-
sponses, and develop targeted therapies that benefit patients.

Biomarkers are indispensable in the field of TM. Biomarkers
are measurable indicators of biological processes, disease states,
or treatment responses that can be used to assess the safety and ef-
ficacy of a drug candidate (Bleavins et al., 2010). For example, the
use of imaging biomarkers, such as positron emission tomography
(PET) and magnetic resonance imaging (MRI), has enabled the
non-invasive assessment of drug distribution, target engagement,
and treatment response in both preclinical and clinical studies
(for the example of cancer: Luciano et al., 2011). The integration
of biomarkers into clinical practice is a key factor in the realiza-
tion of personalized medicine, which promises to revolutionize
healthcare by providing tailored and effective treatments for pa-
tients (Hood et al., 2004; Hendrikse et al., 2022; Song and Dobbin,
2022; Wang and Ward, 2012; Bravo-Merodio et al., 2019; Wagner
and Srivastava, 2012).

One major challenge is the biological variability and the dynam-
ic range of biomarkers across populations. Biomarker responses
can be influenced by factors such as age, sex, genetic background,
and environmental conditions, among others, making it challeng-
ing to establish robust and reproducible biomarker thresholds and
signatures. Translational approaches aim to address these chal-
lenges by incorporating human-relevant models, biomarkers, and
other endpoints into preclinical studies®. Increasingly, adverse
outcome pathways (AOP) (Leist et al., 2017) are utilized in the
drug development context for safety (Hartung, 2017) or for dis-
ease characterization (Clerbaux et al., 2022).

Beside the biomarkers of toxicity, which are most relevant for
NAMs, there are several other types of clinical biomarkers (Box
1), discussed here only in general terms.

Box 1: Types of clinical biomarkers

Translational medicine leverages a variety of biomarker types,
including genomic, proteomic, metabolomic, and imaging bio-
markers. The integration of these diverse modalities through
systems biology approaches enhances the predictive power and
clinical utility of biomarkers. By combining data from multiple
sources, a more comprehensive and accurate picture of a patient’s

6 https:/aspe.hhs.gov/sites/default/files/private/pdf/260031/FinalBiomarkersReport.pdf
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condition can be constructed, leading to better-informed clinical
decisions and improved patient outcomes (Wagner et al., 2012).

a) Disease diagnosis and prognosis

Biomarkers are instrumental in the early detection and diagno-
sis of diseases. They offer a measurable reflection of biological
states and associated perturbations, which can be indicative of
underlying pathologies even before clinical symptoms manifest.
This early detection is crucial, as it allows for the initiation of
treatment at a stage when it is likely to be more effective, poten-
tially altering the course of the disease (Hendrikse et al., 2022).
Furthermore, biomarkers can prognosticate the likely trajectory
of a disease (Murad and Melamud, 2022), providing clinicians
with insights into the expected progression and enabling health-
care providers to tailor treatment strategies to the individual pa-
tient, optimizing outcomes and improving quality of care (Hen-
drikse et al., 2022).

b) Treatment selection and monitoring

In the era of precision medicine, biomarkers serve as the cor-
nerstone for selecting targeted therapies that are tailored to the
molecular profile of an individual’s disease and potentially their
personal genetic makeup (Serelli-Lee et al., 2022). This approach
ensures that patients receive treatments that are most likely to be
effective for their specific condition, thereby maximizing thera-
peutic efficacy and minimizing the risk of adverse effects (Song
and Dobbin, 2022). Additionally, biomarkers facilitate the real-
time monitoring of treatment responses and disease progression.
This dynamic monitoring allows for adjustments in therapy to be
made in a timely manner, ensuring that patients receive the most
appropriate and effective care throughout their treatment course
(Song and Dobbin, 2022).

c) Drug development and clinical trials

The drug development process benefits from the use of biomark-
ers. They aid in the identification of therapeutic targets and enable
the screening of drug candidates in preclinical models. Biomark-
ers also serve as surrogate endpoints in clinical trials, providing
a means to assess treatment response without the need for biop-
sies or long-term clinical outcome studies. This surrogate role can
expedite the drug development timeline and reduce associated
costs, making the process more efficient and potentially bringing
effective treatments to patients sooner (Wang and Ward, 2012).

d) Mechanistic insights and disease understanding

By identifying the molecular pathways involved in the initiation
and progression of a disease (Robinson et al., 2013; Owen et al.,
2023), as well as the response to treatment, biomarkers contrib-
ute to a deeper understanding of disease pathophysiology. This
knowledge is invaluable for the development of novel therapeu-
tic strategies and the identification of new drug targets, ultimate-
ly leading to more effective treatments and interventions (Bravo-
Merodio et al., 2019).
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4 Current advances in non-animal preclinical models
vs challenges in the validation process
of new approach methods for safety testing

Significant challenges hinder the widespread validation and
adoption of NAMs. Foremost among these is the inherent com-
plexity of replicating the intricate biological systems of an or-
ganism within simplified NAMs. Moreover, the validation pro-
cess is hampered by the limited availability of reliable and com-
prehensive human reference data, as animal test results can be
inconsistent or irrelevant to human biology (Olson et al., 2000;
Monticello et al., 2017; Ewart et al., 2022). Therefore, the com-
parison of results from human cell-based NAMs with results
from animal tests may not fully align although the NAM may
better predict the human response.

Beyond the scientific challenges, regulatory acceptance of
NAMs poses another barrier. Regulatory agencies often have
long-established protocols and standards built on animal da-
ta that may not be fully transferable or appropriate for novel
NAMs. Accepting NAMs requires rigorous validation, a process
that is arduous, expensive, and time-consuming. Smaller com-
panies or research laboratories may lack the financial means or
specialized expertise to drive the development and adoption of
these advanced techniques. Continued investment in alternative
methodologies is crucial to ensure they can demonstrably and re-
liably replace traditional animal testing paradigms. In 2024, the
US FDA established a pilot program for regulatory acceptance of
NAMs that address regulatory decision-making questions’. The
first method has been accepted into this programs.

Box 2: Key concepts and trends in
the validation of NAMs

International cooperation and harmonization

International cooperation, such as the International Coopera-
tion on Alternative Test Methods (ICATM)?, plays a crucial
role in the validation and regulatory acceptance of NAMs.
This facilitates the exchange of information, best practices,
and harmonization of validation processes across different
countries and regulatory bodies (Stucki et al., 2022; Mondou
et al., 2021). Efforts are made to align with the Organisation
for Economic Co-operation and Development (OECD) guide-

lines and test methods, which support the mutual acceptance
of data among member countries (Stucki et al., 2022).

Scientific confidence frameworks

Developing scientific confidence frameworks for NAMs is
essential for their acceptance and integration into regulatory
decision-making®:10-11, These frameworks help in evaluating
the reliability, relevance, and adequacy of NAMs for specific
regulatory purposes (van der Zalm et al., 2022). The frame-
works often include criteria for internal and external validity,
experimental variability, and technical characterization, and
the use of structured approaches for evaluating the perfor-
mance of test methods!2:13,

Fit-for-purpose validation

The concept of “fit-for-purpose” validation (Cummings et
al., 2010; Lee et al., 2006) is gaining traction, emphasizing
that the validation process should ensure NAMs are suitable
for their intended use. This approach recognizes that NAMs
may provide different but equally valuable information com-
pared to traditional animal tests and may offer more human-
relevant insights (van der Zalm et al., 2022). The validation
process should be flexible, considering the specific context
and purpose of the NAM !4,

Integrated testing strategies and integrated
approaches to testing and assessment

ITS/IATAs represent a holistic approach to chemical safety
assessment, combining data from various NAMs, including
in vitro, in chemico and in silico methods. IATAs aim to pro-
vide a comprehensive understanding of a substance’s hazard
potential through a weight-of-evidence approach (Stucki et
al., 2022; Caloni et al., 2022).

Regulatory acceptance and implementation

For NAMs to be effectively integrated into regulatory frame-
works, clear guidance on their use and acceptance is crucial.
Regulatory agencies are working towards providing such
guidance and establishing processes for the inclusion of
NAMs in risk assessments and decision-making!?. This in-
cludes efforts to update regulatory requirements to accom-
modate NAM data and to develop criteria for their accept-
ance!l®,

7 https://www.fda.gov/drugs/drug-development-tool-ddt-qualification-programs/innovative-science-and-technology-approaches-new-drugs-istand-pilot-program

8 https:/force-dsc.my.site.com/ddt/s/ddt-project ?ddtprojectid=173
9 https://bit.ly/3XYIP4T

10 https://echa.europa.eu/documents/10162/21838212/scientific_ws_proceedings_en.pdf/a2087434-0407-4705-9057-95d9¢c2¢2cc57

11 https:/mwww.fda.gov/food/toxicology-research/new-approach-methods-nams
12 https://nap.nationalacademies.org/read/26906/chapter/7
13 https://nap.nationalacademies.org/read/26496/chapter/1

14 hitps://www.rivm.nl/sites/default/files/2022-10/22402706_013889_br%20vormgeving%20landschap%20eng_v3_tg.pdf
15 https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/alternative-test-methods-and-strategies-reduce
16 https://ntp.niehs.nih.gov/whatwestudy/niceatm/resources-for-test-method-developers/method-developers-forums
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Challenges and future directions

Despite significant progress (Mahony, 2019), challenges re-
main in the wider application and acceptance of NAMs!7, in-
cluding validation hurdles, the need for more comprehensive
databases of NAMs, and the integration of NAM data into
regulatory frameworks. Future directions involve addressing
these challenges, further developing and refining NAMs, and
enhancing international collaboration to facilitate their global
acceptance (Stucki et al., 2022)

These efforts aim to overcome existing challenges and pave the
way for the broader implementation of NAMs in chemical safety
assessments!2:18:19.20 (Stycki et al., 2022; Mondou et al., 2021;
van der Zalm et al., 2022; Schmeisser et al., 2023). Continued
investment in research?!, development of standardized validation
frameworks, and open communication among stakeholders will
be essential for advancing the validation and acceptance of NAMs
for safety testing.

The validation of NAMs?, including MPS (Marx et al., 2016,
2020; Edington et al., 2018), artificial intelligence (Al) in toxicol-
ogy (Kleinstreuer and Hartung, 2024), and integrated testing strat-
egies (ITS) (Caloni et al., 2022), thus presents a complex set of
challenges stemming from their innovative nature, their technical
complexity, the attempt to supersede traditional “gold standard”
animal models, and the regulatory environment in which they are
to be applied.

4.1 Microphysiological systems

Microphysiological systems (MPS) are microfluidic devices ca-

pable of emulating human (or any other animal species’) biology

in vitro at the smallest biologically acceptable scale, defined by
purpose. The application of fluid flow (dynamic) for the physi-
ological nutrition of the tissues and the creation of microenviron-

mental biomolecular gradients and relevant mechanical cues (e.g.,

shear stress) is a major aspect of these systems, differentiating

them from conventional (static) cell and tissue cultures (Marx et

al., 2020).

a) Reproducibility and standardization: A significant challenge
for MPS is ensuring reproducibility and standardization across
different laboratories and platforms (Malik et al., 2021). MPS
are intricate systems that can vary widely in design, materials,
and operating conditions, which can affect the results obtained.
Establishing standardized protocols and benchmarks is essen-
tial for the validation and broader acceptance of MPS (Ewart
et al., 2017; Hargrove-Grimes et al., 2021, 2022; Kopec et al.,
2021; Mansouri et al., 2024; Pamies et al., 2022, 2024).

B

b) Physiological relevance: Another challenge is ensuring that
MPS accurately replicate human physiology and disease states.
This includes the integration of multiple cell types, the reca-
pitulation of the 3D architecture of tissues, and the simulation
of dynamic physiological processes. Demonstrating the physi-
ological relevance of MPS models requires comprehensive
characterization and comparison with in vivo data (Hargrove-
Grimes et al., 2021; Mansouri et al., 2024). Their combination
with omics approaches is promising (Del Giudice et al., 2023;
Schwartz et al., 2015).

¢) Regulatory acceptance: For MPS to be used in regulatory de-
cision-making, they must be accepted by regulatory agencies.
This requires the development of guidelines for the use of MPS
in specific regulatory contexts, including criteria for validation
and the types of data that MPS need to generate. Engaging with
regulatory agencies early in the development process is crucial
for understanding regulatory requirements and facilitating the
acceptance of MPS (Tagle, 2019; Kopec et al., 2021; Mansouri
et al., 2024).

For example, the IQ MPS Affiliate?2 has had significant interac-

tions with the US FDA focused on MPS and spheroids?3. There

is an enormous potential to apply validation concepts here for a

given CoU in a pharma company.

4.2 Artificial intelligence in toxicology

We have recently discussed the advances of Al in this series (Har-

tung, 2023b) and elsewhere (Hartung, 2023c; Kleinstreuer and

Hartung, 2024). Here only some major challenges shall be reiter-

ated:

a) Data quality and availability: Al models are only as good as
the data they are trained on. A major challenge is the availabili-
ty of high-quality, annotated datasets for training and testing Al
models. In toxicology, this includes data from in vitro assays,
animal studies, and human exposure data. Ensuring the quality,
completeness, and representativeness of these datasets is criti-
cal for the development of reliable AI models (Kleinstreuer and
Hartung, 2024).

b) Interpretability and transparency: Al models, especially deep
learning models, are often criticized for being “black boxes”
that provide little insight into how they arrive at their predic-
tions. For regulatory purposes, it is important that Al models
are interpretable and transparent, so that their predictions can
be understood and trusted (Lin and Chou, 2022; Kleinstreuer
and Hartung, 2024; Tonoyan and Siraki, 2024)

¢) Validation and benchmarking: Validating Al models in toxi-
cology involves demonstrating their predictive performance
and reliability across a range of chemicals and biological end-

17 https://www.nationalacademies.org/our-work/variability-and-relevance-of-current-laboratory-mammalian-toxicity-tests-and-expectations-for-new-approach-methods-

-nams--for-use-in-human-health-risk-assessment
18 https://ntp.niehs.nih.gov/whatwestudy/niceatm/natl-strategy

19 https://www.canada.ca/en/health-canada/services/chemical-substances/fact-sheets/use-new-approach-methods-risk-assessment.html
20 https://www.epa.gov/pesticide-science-and-assessing-pesticide-risks/strategic-vision-adopting-new-approach-2

21 https://commonfund.nih.gov/complementarie
22 https://iqconsortium.org
23 https://iqconsortium.org/news/ig-mps-affiliate
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points. This requires the development of benchmark datasets
and performance metrics. Comparing Al models to traditional
toxicological methods and demonstrating their added value is
also important for their acceptance (Kleinstreuer and Hartung,
2024).

4.3 Integrated testing strategies

ITS, aka integrated approaches to testing and assessment (IATA),

involve the integration of data from various sources, including in

vitro assays, in silico models, and chemical structure-activity re-
lationships.

a) Integration of diverse data types: A challenge is developing
methodologies for integrating these diverse data types in a co-
herent and scientifically sound manner (Hartung et al., 2013a;
Rovida et al., 2015; Nendza and Ahlers, 2022).

b) Regulatory frameworks: For ITS to be used in regulatory de-
cision-making, they must fit within existing regulatory frame-
works24. This involves developing guidelines for the design,
validation, and use of ITS in chemical risk assessment. It also
requires demonstrating that ITS can provide equivalent or bet-
ter protection for human health and the environment compared
to traditional testing methods (Hartung et al., 2013a).

¢) Uncertainty analysis: ITS inherently involve a degree of un-
certainty due to the use of data from different sources and mod-
els with varying degrees of complexity. Developing methods
for quantifying and communicating the uncertainty associated
with ITS predictions is important for their acceptance and use
in decision-making (Caloni et al., 2022).

In conclusion, the validation of MPS, Al, and ITS in toxicol-

ogy presents a range of technical, scientific, and regulatory chal-

lenges. Addressing these challenges requires collaborative efforts
from all users (researchers, method developers, industry scien-
tists, and regulatory agencies) (Ball et al., 2022). Through such
collaboration, it is possible to advance the validation and accept-
ance of these innovative methodologies, ultimately enhancing the
efficiency and effectiveness of chemical safety assessment (Har-
tung and Leist, 2008; Leist et al., 2008; Tran et al., 2023).

4.4 Use of biomarkers to improve the applicability of
adverse outcome pathways in hazard predictions

In the context of AOPs (Leist et al., 2017), biomarkers can take sev-
eral roles. The different situations and the respective definitions of
biomarkers are illustrated here. The AOP concept has an important
role for NAM-based safety assessment, as the theoretical construct
of an AOP can be used to translate molecular changes triggered
by a toxicant to adverse outcomes (AO, i.e., apical endpoints) ob-
served in humans. The pivotal role of this concept is linked to the
facts that (i) apical endpoints can usually not be observed/assessed
in NAM, and that (ii) NAM usually measure mechanistic changes
historically not used for hazard characterization and classification
in traditional toxicology. In a very wide sense, one may envisage
AOPs as tools to relate biomarkers to AO (Fig. 1).

Thus, the first of the three main AOP perspectives on biomark-
ers is that many NAM endpoints may be considered biomarkers,
and that an AOP relates them, in a predictive way, to an AO that is
observable in an organism. Many NAMs measure molecular ini-
tiating events (MIE) or key events (KE) of AOPs. In the context
of NAM optimization or validation, the biomarker endpoint may
be chosen to be particularly human-relevant. For instance, cell
viability is an endpoint that can be assessed by many analytical
methods. However, transaminase release from hepatocyte cultures
or altered cellular chromatin structure are endpoints that are closer
to observations made in animal models or humans than methods
used to measure viability, e.g., changed impedance values or an
altered reduction of a redox dye (e.g., resazurin).

The second and third AOP perspectives on biomarkers are dif-
ferent and probably more important. They refer to indirect meas-
urements of MIE and KE. In these situations, the biomarker is
used as an indirect approach to quantify MIE/KE activation. This
is analogous to the clinical use of biomarkers, i.e., to indirectly
measure a pathological event that is not easily accessible for direct
measurements.

In the case of MIE, there are often situations, where the AOP
starting from a hypothetical MIE is known, but the assay (NAM)
to assess the interaction of a chemical with the MIE is expensive,
complicated or unreliable. In such cases, an indirect assessment,
i.e., the measurement of a biomarker closely correlated to the MIE,
may be beneficial. A typical example is AOP:325, which starts with
binding of a toxicant to complex I (c-1) of the mitochondrial elec-
tron transport chain. Such assays are not easily available. Instead,
one may use a stop of the electron flow through the electron trans-
port chain as biomarker. This can be easily assessed. If one as-
sumes that compounds that bind to c-I will also block its function,
then the biomarker correlates well with the MIE. Another example
may be the block of aromatase as MIE. This is difficult to measure
directly. A suitable biomarker would be an altered production of
some steroid hormones. Similarly, activation of the Ay, receptor is
difficult to quantify directly. Instead, one may measure a closely
related event, e.g., induction of Cyp1A enzymes, as biomarker.

Concerning KE, it may not be immediately evident why a bio-
marker measurement is required. KE are per definition measura-
ble (directly). However, there are indeed several situations, where
an indirect assessment via a biomarker may be useful. This is
linked to the fact that KE can be relatively large “bins” of biologi-
cal processes. For instance, the KE “mitochondrial dysfunction”
or “disturbed synapse formation” include dozens or even hundreds
of biological processes and functions. (i) Sometimes a complex
biomarker may assess such a KE more comprehensively than a
KE-directed NAM that measures only one of many aspects. For
instance, some toxicogenomic modules or “footprints” that inte-
grate different aspects of a large KE may be useful. Another exam-
ple is oxidative stress, which may require the assessment of many
different reactive oxygen species and the cell antioxidant status by
multiple NAM. Instead, Nrf-2 activation may be a biomarker that

24 nttps://echa.europa.eu/documents/10162/17224/information_requirements_r7b_en.pdf/1a551efc-bd6a-4d1f-b719-16e0d3a01919

25 https://aopwiki.org/aops/3
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Fig. 1: Biomarkers in the context of AOP

An exemplary AOP with two of its key events (KE) and the adverse outcome (AO) is shown. Two different roles of biomarkers are
exemplified. NAM 1 measures interference of test chemicals with the molecular initiating event (MIE). If the AOP is well-constructed and
valid, then the results (endpoints) of NAM 1 serve as biomarker for the capacity of the test items to trigger the AO. NAM 2 measures a key
event that is further downstream (KEx). The endpoint of NAM 2 may also serve as biomarker for the AO. As KEx is more upstream than
the MIE, it may be better correlated to the AO than the MIE. The results of NAM 2 would therefore be a better biomarker than those of NAM
1, but this is not always the case. Some features of KEx may be difficult to assess. In such a case, activation of KEx may be assessed
indirectly, i.e., via a biomarker that correlates with the triggering of KEx. NAM 3 may be used to measure this biomarker. As the biomarker

correlates with the KE, it can be assumed to also predict the AO.

integrates most of these processes, though it is only an indirect
proxy of the KE. (ii) Sometimes, a reverse situation may occur.
Out of a “large” KE, only one aspect may translate to the AO. For
instance, “synaptic dysfunction” has many consequences, some
leading to certain AO, some not. One biomarker may be altered
long-term potentiation, and this may correlate well with cognitive
dysfunction as AO. Other test endpoints, e.g., altered catechola-
mine neurotransmitter loading into vesicles, may not correlate to
this AO.

4.5 Integration of biomarkers to enhance the predictive

power of NAMs

The integration of biomarkers into NAMs has significantly en-

hanced their predictive power:

a) In vitro systems: Biomarkers can be used to monitor cellular
responses to toxicants in real-time. For example, measuring the
release of specific enzymes or changes in gene expression can
provide early indicators of cellular damage or stress before cy-
totoxicity as the most common endpoint is reached. Changes in
mitochondrial membrane potential or ATP levels can be early
indicators of mitochondrial dysfunction and cellular stress.
Fluorescent dyes or luminescence-based assays can be used
to monitor these parameters in real-time; activation of stress-
responsive transcription factors like Nrf2 or heat shock factors
can be monitored using reporter gene assays as early indicators
of cellular stress responses. These biomarker approaches allow
for real-time, sensitive detection of pre-cytotoxic cellular re-
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sponses to toxicants, providing valuable information on mech-
anisms of toxicity and earlier endpoints for safety assessment
of chemicals and drugs.

b) Organ(s)-on-chips: Biomarkers can be used to assess organ-
specific toxicity. For instance, measuring troponin levels in a
heart-on-a-chip model can indicate cardiotoxicity, while meas-
uring albumin production in a liver-on-a-chip can indicate
hepatotoxicity. This is particularly informative in multi-organ-
on-chip systems.

c) Computational models: Biomarker data can be incorporated
into computational models to improve their predictive accu-
racy. For example, toxicogenomic biomarkers can be used to
develop more sophisticated quantitative structure-activity rela-
tionship models. Computational models can also be employed
for biomarker discovery (Skolariki et al., 2023).

Some non-comprehensive examples of the application of bio-
markers in drug and chemical safety assessments:

a) Liver toxicity assessment: A study by Ewart et al. (2022) used a
liver-on-a-chip model integrated with biomarkers of liver func-
tion (e.g., albumin production, bile acid secretion) to assess
drug-induced liver injury. The model successfully predicted the
hepatotoxicity of several drugs that had caused liver damage in
human patients despite having passed animal testing.

b) Cardiotoxicity screening: In the field of cardiotoxicity testing,
human cell-derived cardiomyocyte iPSCs have been used for
over a decade and have widespread FDA consideration (Guo
et al., 2013; Yang et al., 2022; Pang et al., 2024). One nota-
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ble example used cardiac troponin I release as a biomarker to
demonstrate the response of a heart-on-a-chip model to doxo-
rubicin, a known cardiotoxic drug (Takeda et al., 2018). The
CIPA initiative26 aims to engineer an assay for assessment of
the proarrhythmic potential of new drugs.

¢) Nephrotoxicity prediction: Kidney-on-a-chip models have
been shown to integrate various biomarkers of kidney function
and injury to assess drug-induced nephrotoxicity (Wilmer et
al., 2016; Nguyen et al., 2023).

d) Neurotoxicity assessment: Schwartz et al. (2015) used a brain-
on-a-chip model combined with electrophysiological biomark-
ers to assess neurotoxicity. The model was able to detect subtle
changes in neuronal function induced by various neurotoxi-
cants, demonstrating its potential for early detection of neuro-
toxic effects.

e) Pesticide risk characterization: Marciano et al. (2024) meas-
ured levels of triazole fungicides and associated biomarkers of
health effects in occupationally and environmentally exposed
human populations. Using in vitro high throughput systems and
QIVIVE, they demonstrated that the molecular perturbations
in NAMs, including liver enzyme expression, steroid hormone
metabolism, and cellular stress properties, directly correlated
with the human biomarker at equivalent exposures, highlight-
ing human health risk and actionable mitigation measures.

These examples demonstrate the potential of NAMs integrated

with biomarkers to provide valuable insights into drug safety and

chemical toxicity. However, it is important to note that while these
models show promise, they are still evolving. Challenges remain
in terms of standardization, validation, and regulatory acceptance.

The next chapter will delve into these challenges and discuss on-

going efforts to address them.

5 What the validation process for alternative methods
can learn from translational medicine and biomarkers

NAMs face hurdles related to biological complexity, limited hu-
man reference data, species differences, regulatory acceptance,
and developmental costs. Despite these challenges, the ethical im-
perative, potential for greater accuracy in predicting human safety,
and advancements in technology drive the continued pursuit of re-
liable alternatives. Interestingly, the field of TM, which focuses on
identifying and utilizing biomarkers to improve patient outcomes,
offers a compelling parallel. The well-established qualification
processes for biomarkers offer a valuable framework that can in-
form and potentially accelerate progress in validating NAMs:

a) Adapting frameworks: TM’s robust frameworks for biomarker
validation can be adapted to ensure consistency, reproducibil-
ity, and streamline the path to regulatory acceptance for NAMs.

b) Context of use: The critical concept in biomarker validation is
how the biomarker will be utilized and what the question of
interest is. The question of interest drives the CoU statement

26 https://cipaproject.org
27 https://fnih.org/our-programs/biomarkers-consortium/
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and is closely tied to “fit for purpose” applications. This is the
bedrock lesson from biomarker regulatory qualification (US
FDA, EMA or PMDA) — a tool is qualified or accepted for a
specific use. The use drives the complexity of validation (ana-
lytical and clinical). Of course, NAM developers, vendors, and
champions may rather want universal validation/qualification,
but the record in pharma internal use and regulatory qualifi-
cation would indicate that the CoU determines the validation
needed for qualification/regulatory acceptance.

¢) Prioritizing clinical relevance: Like a successful biomarker
qualification, validation should demonstrate how a NAM can
predict human responses (safety or efficacy) rather than mimic
animal test results. Notably, to date, only prognostic and safety
biomarkers have been qualified; there are no diagnostic/surro-
gate endpoint qualifications yet. Similarly, validation of NAMs
should demonstrate how the new methods will improve the
safety and efficacy testing of drugs or products for humans.
The use of translational biomarkers as a potential approach for
“validating” safety NAMs encourages the NAM community to
embrace endpoints that are clinically relevant. And while the
use of NAMs for a regulatory-approved clinical safety assess-
ment is a goal, their use in regulatory approval for clinical ef-
ficacy is already here (for example: Ratner, 2017; Costa et al.,
2022; Weaver et al., 2022)! Note also the decades-long use of
NAMs in assessing drug metabolism; these studies are now es-
sential elements of an investigational new drug (IND) package
(for example: Hewitt et al., 2001).

d) Collaboration as a catalyst: Increased collaboration among de-
velopers of alternative methods, toxicologists, and regulatory
bodies can accelerate progress and ensure methods address all
necessary concerns. Sharing the risk and cost associated with
developing new methods creates an environment that will ex-
pedite advancements and improve implementation. In the TM/
biomarker field, public-private partnerships such as the Bio-
markers Consortium?’ have dramatically impacted progress.

e) Demonstrating impact: The success of a biomarker is often
measured by its real-world impact on improving patient care
and outcomes (Troth et al., 2019; Chen et al., 2018). The vali-
dation process needs to clearly show how NAMs will enhance
the safety and efficacy testing of products for humans.

By incorporating these lessons from TM, the validation process for

NAMs can become more efficient and rigorous, and ultimately lead

to the development of reliable replacements for animal testing.

Box 3: Key concepts cross-fertilizing between
translational medicine/biomarkers and
the validation of alternatives to animal testing

Focus on human relevance: A major shift involves prior-
itizing NAMs that directly replicate human biology and re-
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sponses, rather than solely relying on mimicking results from
animal models. This leads to more reliable safety and efficacy
predictions for humans.

Integrated approaches to testing and assessment: Instead
of replacing animal tests one-for-one, the emphasis is on de-
veloping intelligent combinations of NAMs (which could
include cell-based assays, organ-on-a-chip technology, and
computer models). IATAs provide a multi-faceted analysis of
a substance’s potential effects.

Understanding mechanisms and adverse outcome path-
ways: There is a push to move from simply identifying haz-
ards to deeply understanding the biological pathways by
which a substance causes harm. This allows for better-targeted
NAM development and more accurate predictions of risks.

Computational modeling and simulation: Advanced tech-
niques like AI and machine learning are harnessed to ana-
lyze vast amounts of data, predict toxicity patterns, and fill in
knowledge gaps without the need for animal testing.

Performance standards: Instead of rigid prescriptive pro-
tocols, validation should move towards assessing whether a
NAM is fit-for-purpose based on its ability to meet specific
performance benchmarks relevant to the CoU. This provides
flexibility and encourages innovation.

Transparency and reproducibility: Fostering a culture of
openness in sharing data, protocols, and method development
is essential for building confidence in NAMs.

6 The prospect of adapting a biomarker
concept to the NAM validation process

The biomarker concept can bring several valuable aspects to the

validation process of NAMs for safety testing:

a) Mechanistic understanding: Biomarkers can provide crucial
insights into the underlying biological mechanisms of toxicity
and offer a more comprehensive understanding of the biologi-
cal processes involved. This mechanistic understanding can
guide the validation process by ensuring that the NAMs are
capturing relevant biological events and providing a more ac-
curate assessment of safety. Furthermore, biomarkers can help
elucidate complex toxicological cascades, allowing researchers
to pinpoint KE in the progression from MIE to AO. This de-
tailed mechanistic knowledge can inform the design and refine-
ment of NAMs, ensuring they target the most relevant biologi-
cal processes and endpoints.

b) Predictive power: Biomarkers that are well established to pre-
dict specific toxicological outcomes can significantly enhance
the predictive power of NAMs. The inclusion of validated
biomarkers in the validation process can strengthen the evi-
dence supporting a NAM’s predictive capacity. Combinations
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of multiple biomarkers can often provide more robust predic-
tions than single markers alone, increasing the sensitivity and
specificity of NAMs. The integration of biomarker data with
other toxicological information can further enhance the overall
predictive performance of these methods.

Translational relevance: Biomarkers that have been validated
in clinical settings or have a strong correlation with human
safety outcomes can bridge the gap between preclinical test-
ing and human relevance. Incorporating clinically relevant
biomarkers in the validation process can ensure that NAMs are
providing meaningful and applicable results for human safety
assessment. The use of translational biomarkers can enhance
confidence in the validity and relevance of NAMs for predict-
ing human safety. Moreover, translational biomarkers can help
address the longstanding challenge of extrapolating from in
vitro or animal data to human outcomes. By focusing on bio-
markers that have demonstrated relevance across species or in
human studies, NAMs can provide more reliable predictions of
human toxicity, potentially reducing the need for animal testing
and improving the efficiency of drug development processes.

d) Assay performance evaluation: Biomarkers can serve as per-

formance indicators for evaluating the reliability and repro-
ducibility of NAMs. By measuring specific biomarkers across
different laboratories and experimental conditions, the con-
sistency and robustness of NAMs can be assessed. The inclu-
sion of biomarkers in the validation process can help establish
performance standards and facilitate the standardization of
NAMs. This approach allows for a more objective evaluation
of assay performance, as changes in biomarker levels can be
quantitatively measured and compared across different experi-
mental setups. Furthermore, using well-characterized biomark-
ers as benchmarks can help in troubleshooting and optimizing
NAMs, ensuring that they consistently produce reliable results
across various testing scenarios.

e) Regulatory acceptance: The use of well-characterized and clin-

ically relevant biomarkers can facilitate the regulatory accept-
ance of NAMs. Regulatory agencies are more likely to accept
NAMs that incorporate biomarkers with established scientific
validity and regulatory precedence. The biomarker qualifica-
tion process can provide a framework for evaluating the scien-
tific merit and regulatory relevance of NAMs, supporting their
acceptance by regulatory authorities. Additionally, biomarkers
can serve as a common language between researchers, indus-
try, clinicians and regulators, facilitating communication and
understanding of NAM results. As regulatory agencies become
more familiar with specific biomarkers and their relationship
to toxicity, the incorporation of these biomarkers into NAMs
can streamline the regulatory review process and increase con-
fidence in the results obtained from these new methods.

Comparative analysis: Biomarkers can serve as a common de-
nominator for comparing the performance of different NAMs.
By evaluating the ability of NAMs to accurately measure or
predict changes in specific biomarkers, the relative effective-
ness of different methods can be assessed. This comparative
analysis can aid in the selection and prioritization of the most
promising NAMs for further validation and implementation.
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Tab. 2: Leveraging biomarkers and translational medicine for
NAM development

1. Identification of relevant biomarkers

— ldentify biomarkers mechanistically linked to toxicological
endpoints

— Select biologically relevant and reproducible biomarkers

— Focus on biomarkers strongly associated with toxicological
processes

— Design methods to capture key biological events predictive of
safety outcomes

2. Incorporation of human-relevant biomarkers

— Emphasize human-relevant models and endpoints

— Use biomarkers validated in human studies or shown to be
clinically relevant

— Employ human-derived cells, tissues, or organoids with human-
relevant biomarkers

— Improve predictive value by better mimicking human biology

3. Mechanistic understanding

— Gain insights into underlying toxicity mechanisms

— Design methods capturing relevant toxicological processes

— Guide selection of cell types, endpoints, and assay conditions

— Ensure biological relevance and predictivity of alternative
methods

4. High-throughput screening

— Integrate biomarkers into high-throughput screening assays
— Rapidly identify potential safety concerns

— Prioritize compounds for further evaluation

— Streamline testing process and reduce animal testing

5. Computational modeling and in silico approaches

— Develop models using biomarker data

— Integrate with quantitative structure-activity relationship or
physiologically based pharmacokinetic modeling

— Predict safety outcomes without animal testing

— Prioritize compounds and guide targeted in vitro assays

6. Validation and qualification of alternative methods
— Use biomarkers as performance indicators

— Assess reliability, reproducibility, and relevance

— Compare biomarker responses to human studies

— Establish predictive value and translational relevance

7. Regulatory acceptance

— Facilitate acceptance through mechanistic understanding
— Incorporate human-relevant biomarkers

— Demonstrate translational value

— Engage early with regulatory authorities and provide robust vali-
dation data

Moreover, using biomarkers as benchmarks allows for a more
standardized comparison across diverse NAMs, even those
based on different technological platforms or biological prin-
ciples. This standardized approach can facilitate the integration

of multiple NAMs into comprehensive testing strategies, lever-
aging the strengths of each method to provide a more complete
toxicological assessment.

g) Continuous improvement: Biomarkers allow for the iterative
refinement and improvement of NAMs. As new biomarkers are
discovered and validated, they can be incorporated into existing
NAMs to enhance their predictive power and relevance. The
validation process can benefit from the continuous integration
of emerging biomarker knowledge, ensuring that NAMs remain
up-to-date and aligned with the latest scientific advancements.
This dynamic approach to validation allows NAMs to evolve
alongside our understanding of toxicology and human biology.
Furthermore, the ongoing incorporation of new biomarkers can
help address limitations or gaps identified in existing NAMs,
continuously improving their performance and applicability.
This adaptive validation process ensures that NAMs remain
at the forefront of toxicological science, capable of addressing
emerging concerns and new classes of compounds.

By leveraging the biomarker concept, the validation process of
NAMs can be significantly strengthened, providing a more robust
and scientifically sound framework for evaluating the reliability,
reproducibility, and relevance of these methods. The incorporation
of biomarkers can enhance the mechanistic understanding, predic-
tive power, and translational value of NAMs, ultimately increasing
confidence in their ability to accurately assess safety and support
regulatory decision-making. This biomarker-centric approach to
validation not only improves the scientific basis of NAMs but also
facilitates their integration into regulatory frameworks and indus-
try practices, potentially accelerating the adoption of these innova-
tive methods in toxicology and drug development.

By leveraging biomarkers and TM principles, the development of
NAMs can be greatly enhanced (Tab. 2). These approaches enable
the creation of more predictive, human-relevant, and mechanisti-
cally sound testing strategies. By focusing on biologically relevant
endpoints, incorporating human-relevant biomarkers, and applying
computational modeling techniques, researchers can accelerate the
development of NAMs and reduce the reliance on animal testing.
Ultimately, this will lead to more efficient and reliable safety as-
sessment, benefiting both human health and animal welfare.

7 Comparison of FDA biomarker
qualification to validation of NAMs

The U.S. FDA’s Critical Path Initiative?® emphasized the need for
a formal biomarker qualification process to enhance drug devel-
opment. In response, the FDA’s CDER implemented the BQP2°.
This program aims to validate biomarkers for specific CoUs
(Amur et al., 2015a). Once a biomarker is qualified through this
process, it can be utilized across various drug development pro-
grams for its designated CoU without requiring repeated regula-
tory review. This approach streamlines the integration of validated
biomarkers into drug development, potentially accelerating the

28 https://www.fda.gov/science-research/science-and-research-special-topics/critical-path-initiative
29 https://www.fda.gov/drugs/drug-development-tool-ddt-qualification-programs/biomarker-qualification-program
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Fig. 2: A simplified comparison of the FDA Biomarker Qualification Process in comparison to traditional NAM validation

overall process and improving efficiency. The FDA BQP (Amur

et al., 2015b; Sauer and Porter, 2020) and the validation of NAMs

are both rigorous procedures aimed at ensuring the reliability and

relevance of new methodologies in biomedical research and drug

development. However, they differ in their specific focus, pro-

cesses, and regulatory contexts. We will summarize the FDA BQP

and then compare it in detail to the validation of NAMs.

The FDA BQP:

a) Letter of intent (LOI): Submitters provide an initial description
of the biomarker and its CoU.

b) Qualification plan (QP): A detailed plan outlining the studies
and analyses to support biomarker qualification.

¢) Full qualification package (FQP): Comprehensive submission
of all data and analyses supporting the biomarker’s use.

d) FDA review: The FDA evaluates the submission and may re-
quest additional information.

e) Qualification decision: The FDA decides whether to qualify the
biomarker for its proposed use.

As the readers of ALTEX will be more familiar with the validation

of NAMs, some important terms in the context of biomarkers need

to be stressed. Validation of a biomarker focuses on a tool’s perfor-

mance characteristics, while qualification is reserved for a regulato-

ry process. The “evidentiary standards” are then based on the CoU:

a) Validation: For biomarkers and clinical outcome assessments
(COAs) alike, adequate validation is important for ensuring
that a test, tool, or instrument is adequate for its proposed use.
Validation of biomarkers requires both analytical and clinical
assessment.

b) Context of use (CoU): A statement that fully and clearly de-
scribes the way the medical product development tool is to be

30 https://www.epa.gov/comptox-tools/toxicity-forecasting-toxcast
31 https://tox21.gov
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used and the regulated product development and review-relat-
ed purpose of the use.
¢) Qualification: A conclusion, based on a formal regulatory pro-
cess, that within the stated CoU a medical product development
tool can be relied upon to have a specific interpretation and ap-
plication in [medical product development and] regulatory re-
view.
Table 3 compares the biomarker qualification process with the tra-
ditional validation of NAMs. In conclusion, while both processes
aim to introduce new methodologies into regulatory frameworks,
the FDA BQP is more focused on clinical applications and drug
development, while the validation of NAMs is broader in scope
and more directly aimed at replacing animal use in safety assess-
ment for drug development, food and cosmetic products, and new
chemicals. The BQP tends to be more flexible and iterative, while
NAM validation often requires more extensive cross-laboratory
testing and international consensus.

Figure 2 highlights the differences in emphasis of a biomarker-
based NAM validation. Human relevance and mechanistic vali-
dation (Hartung et al., 2013b) are in the foreground. There is no
need for guidelines as clinical development follows, but there is a
market for predictive tests. The within-laboratory reproducibility
(necessitating ring trials) is of lesser importance, and proficiency
testing of laboratories often suffices. The fact that biomarkers are
often offered as commercial kits further supports this.

Interestingly, we are now seeing an increasing number of NAM
approaches that do not lend themselves to ring trials as the methods
are only offered by a single or very few suppliers. Prominent exam-
ples are the high-throughput testing approach of EPA’s ToxCast>”
or the Tox-213! alliance; similarly, some complex MPS, especially
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Fig. 3: A simplified presentation on how NAM validation could adapt elements of the FDA Biomarker Qualification Process

Comparison of FDA biomarker qualification to NAM validation

Biomarker qualification

NAM validation

Purpose and scope

Focuses on validating specific measurable indicators
for use in drug development and regulatory decision-
making

Aims to replace, reduce, or refine animal testing in
toxicology and safety assessment

Regulatory framework

Overseen by the US FDA, with a specific program and
guidance (EMA in Europe and PMDA in Japan)

Involves multiple agencies (e.g., EPA, FDA) and
international efforts (e.g., ICCVAM, ECVAM, OECD)

Validation process

Three-stage iterative process in the US (LOI, QP, FQP)
with the FDA

Typically involves multi-stage validation including pre-
validation, validation, and independent peer review

Data requirements

Focuses on human data and clinical relevance

Often compares results to existing animal data or
human data where available

Context of use

Specific to the proposed context (e.g., patient selection,
dose selection, safety)

Generally aimed at replacing specific animal tests or
endpoints

Timeframe

Can take several years, depending on the complexity
and available data

Often takes 5-10 years from development to regulatory
acceptance

Stakeholder involvement

Primarily involves the submitter and the FDA, with
potential input from external experts

Involves a broader range of stakeholders, including
academia, industry, regulators, and animal welfare
organizations

Acceptance criteria

Focused on demonstrating reliability, sensitivity, and
specificity for the proposed context of use

Emphasizes reproducibility, relevance, and ability to
predict toxicity in animals

Post-qualification/

Qualified biomarkers are publicly available for use in

Validated methods may be incorporated into regulatory

harmonization

(e.g., through International Council for Harmonisation
of Technical Requirements for Pharmaceuticals for
Human Use (ICH)); FDA and EMA have a parallel
review option

validation drug development guidelines (e.g., OECD Test Guidelines)

Flexibility Allows for ongoing refinement and expansion of use Once validated, changes often require re-validation or
through the FDA's BQP adaptation of existing methods

International Efforts are ongoing for international harmonization Strong international cooperation exists

(e.g., ICATM)

Endpoint focus

Can cover a wide range of clinical and biological
endpoints

Often focused on specific toxicological endpoints (e.g.,
skin irritation, genotoxicity)

of multiple organs, are often only established in single laboratories.
It might be sufficient to assess the within-laboratory performance
(Judson et al., 2013) and leave further external validity assess-
ments to a performance standard approach (Hartung et al., 2004)
and incorporate proficiency testing in the new laboratories.

ALTEX 41(4), 2024

Aiming for a synthesis of the two approaches, Figure 3 envi-
sions what NAM validation can learn from the FDA BQP. First
and most important is the focus on human relevance, which is
enabled by choosing mechanistically relevant biomarkers. De-
emphasizing ring trials might be the most controversial part of
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the proposal. While ring trials are highly cost- and time-intensive,
they are also highly problematic. The effort put into method trans-
fers and training of personnel is not comparable to that of the later
adaption by other laboratories. The protocols followed in valida-
tion studies are very strict but are loosened later in the guidelines
(which may affect reproducibility). On the other hand, a single
under-performing laboratory can tank an entire validation study.
With proficiency testing, i.e., the laboratory actually carrying out
the test later demonstrating that they are capable of doing so, the
within-laboratory reproducibility aspect is shifted. The concept of
performance standards, introduced with the modular approach to
validation (Hartung et al., 2004), which describes which criteria
a new test should meet to be considered equivalent to a validated
one, could be expanded to proficiency standards to describe what
a given laboratory has to show to be deemed able to carry out the
test. This encourages also standardization of marketed products to
help laboratories meet this criterion. Some of the most success-
ful NAMs have benefitted from this, such as the standardized rea-
gents and training offered for pyrogen tests. The new generation of
monocyte activation tests (MAT) now improves standardization by
making cryopreserved cells and pre-tested frozen blood available
(Schindler et al., 2006; Hartung, 2015, 2021). Arguably, the skin
corrosion and skin irritation validations were successful because
most of the cell culture work was taken out of the equation: us-
ing commercial skin models, most of the variability of cell culture
was not part of the assessment. For (regulatory) use or a decision
in product development, the result of the ring trial is not really in-
formative but how reliable the result from a proficient laboratory is.
By moving the emphasis away from replacing regulatory testing,
these methods also enter more easily into investigative toxicology
(Beilmann et al., 2019) or green toxicology (Maertens et al., 2014,
2018, 2019, 2024; Maertens and Hartung, 2018).

8 Future perspectives, challenges and opportunities

8.1 Opportunities
There are significant indications of advancement and progress
on the organizational level. These include engaging in open dia-
logue between stakeholders32 to facilitate regulatory acceptance,
establishing international consortia for standardization efforts33,
fostering interdisciplinary collaborations and pre-competitive
partnerships3#33, and increasing investment in novel biomarkers,
advanced in vitro models, and computational tools2°. These repre-
sent opportunities for the biotech industry to develop and market
NAMs. It also represents a key opportunity to align with the bio-
medical community focusing on pathomechanisms, opening up to
the wealth of medical and drug development knowledge as point
of reference for validation.

Looking to the future, several trends and technological advances
are likely to shape the biomarker field. The integration of multi-

32 https://ntp.niehs.nih.gov/go/developers-forums

33 https://www.igmps.org/

34 https://c-path.org/program/predictive-safety-testing-consortium/

35 https://fnih.org/our-programs/accelerating-medicines-partnership-amp/
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omics approaches, combining genomics, proteomics, and metabo-
lomics data for comprehensive toxicity assessment, is expected to
provide more holistic insights. Developing integrated biomarker
signatures for improved predictivity will become increasingly im-
portant. Supporting the creation of advanced in vitro models, such
as organ-on-a-chip and 3D cell cultures, can improve the physi-
ological relevance of preclinical testing. Advancement of MPS
and refining organ-on-a-chip technologies to better mimic human
physiology and creating multi-organ systems to assess complex
toxicological interactions will enhance the relevance of in vitro
testing. Investing in computational tools and artificial intelligence
for data analysis and modeling can enhance the predictive power
of NAM:s. Artificial intelligence and machine learning are set to
play a crucial role in the future of preclinical safety assessment.
Leveraging Al for pattern recognition in large-scale biomarker
datasets and developing predictive algorithms for toxicity assess-
ment based on in vitro and in silico data will greatly enhance our
analytical capabilities.

The concept of personalized toxicology is gaining traction. Uti-
lizing patient-derived cells and organoids for individualized risk
assessment and incorporating genetic and epigenetic biomarkers
for precision toxicology will allow for more tailored safety assess-
ments.

8.2 Challenges

The integration of TM/biomarker methods in preclinical safety as-
sessment faces several key challenges. Ensuring robust validation
of biomarkers across diverse populations and conditions affecting
susceptibility is crucial for their reliable use. Developing standard-
ized protocols for biomarker measurement and interpretation is
necessary to ensure consistency across different research settings.
The impact on the NAM validation process of emphasizing bio-
marker approaches, i.e., the transition to a mechanistic validation,
will have to be evaluated. Furthermore, establishing consensus on
performance criteria for such biomarker-based NAMs is essential
for their widespread adoption.

Scientific challenges also abound in this field. Addressing the
complexity of biological systems in in vitro and in silico models
remains a significant hurdle. Developing predictive models that
accurately translate in vitro findings to in vivo outcomes is a key
challenge that researchers continue to grapple with.

Developing clear guidelines for the validation and acceptance of
alternative methods can streamline their adoption. Implementing a
phased approach to introduce alternative methods alongside tradi-
tional testing can help build confidence in these new approaches.

Standardization and harmonization efforts present another area
of opportunity. Establishing international consortia can promote
consistency across studies. Creating shared databases can facili-
tate cross-study comparisons and meta-analyses. Developing har-
monized reporting standards can improve the comparability and
reproducibility of results.
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Collaborative efforts are crucial for advancing the field. Foster-
ing partnerships between academia, industry, and regulatory agen-
cies can accelerate progress. Establishing pre-competitive col-
laborations to address common challenges can benefit the entire
field. Creating interdisciplinary research teams to tackle complex
biological questions can lead to innovative solutions.

Regulatory hurdles present another set of challenges. These
regulatory challenges include the need for global harmonization.
Overcoming regulatory inertia and resistance to change can be a
slow process. Adapting existing regulatory frameworks to accom-
modate new methodologies requires careful consideration and of-
ten lengthy approval processes.

8.3 Limitations and caveats

It is important to realize that the biomarker definition has several
components. One of them is that a biomarker must correlate with
the process it is a surrogate of. For instance, some AOP in the field
of developmental neurotoxicity testing share the KE “disturbed
precursor cell differentiation”. This may be complex to assess di-
rectly but can be quantified in the UKN1 test (Balmer et al., 2012;
Rempel et al., 2015; Waldmann et al., 2017; Seidel et al., 2022) by
measuring changes in expression of OTX2 and PAX6. These are
good biomarkers as their expression correlates under many differ-
ent circumstances with the differentiation state.

A second component is that the biomarker should ideally cor-
relate well with an AO. This is not necessarily given by the above
condition. For instance, in an AOP describing potential DNT ef-
fects of neonicotinoids (Loser et al., 2021; Grillberger et al., 2023)
“synaptic dysfunction” is a KE. Altered Ca?" signaling may be
used as biomarker to assess this KE, but it is not clear at present
whether this correlates with an AO. One reason may be that the
duration of disturbance plays a role.

A third component, often neglected, is that a biomarker measures
a molecular change under certain (defined) conditions in a speci-
fied system. In other words, it is context-dependent. A biomarker is
not defined as a molecule (or process), because this may qualify as
a biomarker under certain conditions, but not under others. A bio-
marker is also not a certain endpoint, because the same applies as
above. For instance, AOP:3 specifies mitochondrial dysfunction as
a KE. In some NAMs, induction of ATF4 plus NRF-2 target genes
is a good biomarker for this (Delp et al., 2021; Suciu et al., 2023).
However, similar gene networks may also be triggered by non-mi-
tochondrial toxicants, and, conversely, in some systems, mitochon-
drial toxicants may show different gene expression signatures (de-
pendent on organ, energy alternatives, substrate availability, etc.).

In summary, the value and validity of biomarkers can be model-
dependent and therefore need to be tested and verified for each
model used.

8.4 Prospects and trends

Regulatory evolution is expected to move towards more flex-
ible, science-based frameworks incorporating weight-of-evidence
approaches (Linkov et al., 2015) and alternative method data.
Global harmonization efforts (Bottini et al., 2007) will be crucial
for widespread acceptance of new methodologies and are likely
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to intensify, with the aim of aligning regulatory requirements
across different regions to facilitate global acceptance of alterna-
tive methods. Adaptive licensing and progressive authorization
approaches may become more common. Implementing staged
approval processes that incorporate real-world data and utilizing
biomarkers for ongoing safety monitoring post-market approval
could revolutionize the drug approval process.

Education and training in new approaches will be essential for
successful implementation (Hartung et al., 2009; Daneshian et al.,
2011). Updating curricula in toxicology and related fields to in-
corporate new methodologies and providing ongoing training for
regulators and industry professionals on alternative methods will
be essential (von Aulock et al., 2022).

9 Conclusion

The exploration of TM/biomarkers in preclinical safety assess-
ment reveals a field poised for significant advancement. It is clear
that these approaches hold immense potential for revolutionizing
the way we evaluate the safety of drugs and chemicals before they
reach human trials or the market. Biomarkers, serving as objective
indicators of biological processes, have demonstrated their capac-
ity to provide early, sensitive, and specific insights into potential
toxicological and disease-related effects. When combined with the
principles of TM, which aims to bridge the gap between labora-
tory findings and clinical applications, biomarkers offer a power-
ful toolset for predicting human responses to various compounds.

The potential of these approaches is multifaceted. Firstly, they
offer the possibility of more accurate predictions of human re-
sponses, addressing the long-standing issue of interspecies dif-
ferences that often limit the translational value of animal studies.
Secondly, they promise the detection of subtle changes at the mo-
lecular and cellular levels, potentially identifying safety concerns
earlier in the drug development process. This early detection can
lead to significant time and cost savings by allowing for the earlier
termination of potentially harmful compounds or the refinement
of promising ones.

Moreover, the use of TM/biomarker approaches aligns with the
growing ethical imperative to reduce reliance on animal testing.
As society becomes increasingly aware of animal welfare issues,
there is a mounting pressure on the scientific community to devel-
op and adopt alternative methods. The importance of embracing
alternative testing methods cannot be overstated. The complexity
of human biology and the limitations of animal models in repli-
cating human responses to drugs and chemicals necessitate more
sophisticated, human-relevant testing methods. TM/biomarkers,
especially when combined with advanced technologies such as
organ-on-a-chip models, 3D cell cultures, and in silico modeling
and/or theoretical constructs (such as AOP), provide a path to-
wards more predictive and reliable preclinical safety assessments.

The journey towards fully realizing this potential should focus
on several key areas:

a) Further identification and validation of biomarkers that are pre-
dictive of human toxicological responses and their integration
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with testing strategies that identify an AO from measurements
of the biomarker in a relevant test system.

b) Development of advanced in vitro models that recapitulate hu-
man physiology and can be used in conjunction with biomarker
analyses.

¢) Refinement of computational models that can integrate diverse
data types to predict human responses.

d) Establishment of standardized protocols and quality control
measures to ensure the reliability and reproducibility of these
alternative methods.

e) Engagement with regulatory agencies to develop frameworks
for the acceptance of data generated using these novel ap-
proaches.

In conclusion, TM/biomarkers represent a promising frontier in

preclinical safety assessment. They offer the potential to enhance

the predictivity, efficiency, and ethical standing of safety testing
practices. As we move forward, it is imperative that the scientific
community embraces these approaches, investing time, resources,
and collaborative efforts into their development and validation.

By doing so, we can work towards a future where preclinical safe-

ty assessment is more predictive, more efficient, and more aligned

with ethical considerations, ultimately leading to safer and more
effective therapeutic interventions for human health.
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