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Abstract

The webinar series and workshop titled “Trust Your Gut: Establishing Confidence in Gastrointestinal
Models — An Overview of the State of the Science and Contexts of Use” was co-organized by
NICEATM, NIEHS, FDA, EPA, CPSC, DoD, and the Johns Hopkins Center for Alternatives to Animal
Testing (CAAT) and hosted at the National Institutes of Health in Bethesda, MD, USA on October
11-12, 2023. New approach methods (NAMs) for assessing issues of gastrointestinal tract (GIT)-
related toxicity offer promise in addressing some of the limitations associated with animal-based
assessments. GIT NAMs vary in complexity, from two-dimensional monolayer cell line-based
systems to sophisticated 3-dimensional organoid systems derived from human primary cells. Despite
advances in GIT NAMs, challenges remain in fully replicating the complex inferactions and pro-
cesses occurring within the human GIT. Presentations and discussions addressed regulatory needs,
challenges, and innovations in incorporating NAMs info risk assessment frameworks; explored the
state of the science in using NAMs for evaluating systemic toxicity, understanding absorption and
pharmacokinetics, evaluating GIT toxicity, and assessing potential allergenicity; and discussed
strengths, limitations, and data gaps of GIT NAMs as well as steps needed to establish confidence
in these models for use in the regulatory sefting.
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Plain language summary

Non-animal methods to assess whether chemicals may be toxic to the human digestive tract promise
to complement or improve on animal-based methods. These approaches, which are based on
human or animal cells and/or computer models, are faced with their own technical challenges
and need to be shown to predict adverse effects in humans. Regulators are tasked with evaluating
submitted data to best protect human health and the environment. A webinar series and workshop
brought together scientists from academia, industry, military, and regulatory authorities from dif-
ferent countries to discuss how non-animal methods can be integrated into the risk assessment of
drugs, food additives, dietary supplements, pesticides, and industrial chemicals for gastrointestinal

toxicity.

1 Introduction

1.1 Objectives of meeting/background

One of the most common chemical exposure routes is via the gas-
trointestinal tract (GIT). Most orally administered substances, in-
cluding drugs, food additives, and dietary supplements, as well as
pesticides and various industrial chemicals, may be initially me-
tabolized within the GIT; and both the parent substance and any
formed metabolites may have direct effects on and/or be absorbed
through the GIT. During these processes, either parent substanc-
es, metabolites, or both may damage the GIT, leading to local or
systemic toxicity or allergenicity. Thus, it is crucial to conduct
screening for potential toxicants targeting the GIT. Even in the
absence of GIT toxicity, understanding the extent of absorption is
key to gaining insights into systemic exposure levels, offering val-
uable information about potential toxicity in other target organs.

While in vivo animal studies continue to be used to understand
GIT absorption and toxicity because they recapitulate many hu-
man features in an integrated way, animal models have anatomi-
cal, physiological, and biochemical differences from humans.
Unsurprisingly, this highlights the concept that human cells likely
represent the best model for human toxicology. Mammalian cell
culture methods of varying complexity, up to and including 3-di-
mensional models, may be able to address some of the limitations
associated with existing safety assessment approaches. These
methods have a variety of applications that can be broadly useful
for researchers, pharmaceutical or chemical manufacturers, and
regulators.

Accordingly, NICEATM, NIEHS, FDA, EPA, CPSC, DoD, and
CAAT organized a workshop on the state of the science for us-
ing new approach methods (NAMs) to predict GIT absorption and
toxicity. The workshop centered around three main potential uses/
functions of NAMs:

— Evaluating systemic toxicity and understanding absorption/
pharmacokinetics;

— Predicting GIT toxicity; and

— Evaluating potential allergenicity.

1.1.1 Evaluating systemic toxicity, understanding
absorption/pharmacokinetics

In the context of pharmaceutical development, chemical produc-
tion, or regulatory assessments, de-risking is a broad term that
refers to the strategies and measures implemented to proactively
identify, manage, and reduce the risk associated with a chemical,
substance, or drug. These risks are understood as a function of
both the hazard posed by the substance and the potential exposure
to that substance. Thus, de-risking not only implies lowering (but
not eliminating) risk through the identification of hazards that can
be assessed with existing methods, but also through evaluating
these hazards in conjunction with exposure data to inform a com-
prehensive dose-response assessment.

De-risking systemic toxicity through hazard evaluation, a
standard, integral component of the overall de-risking process
for substances that could potentially enter systemic circulation
— including virtually all orally administered drugs, food addi-
tives, dietary supplements, pesticides, food contaminants, and
various industrial chemicals that may contact the GIT — is typi-
cally accomplished through a combination of in vitro tests, ani-
mal models, and computational predictions. These tools are used
to assess a substance’s toxicological profile!, integrating both
hazard identification and exposure considerations to provide a
holistic understanding of potential exposure risks. Traditional
in vivo methods involve dose-response studies and repeated ex-
posure tests to determine safety margins and identify potential
systemic effects. Hazard evaluation is intricately linked with the
pharmacokinetic profile of a substance, which includes four key
processes: absorption, distribution, metabolism, and excretion
(ADME). The ADME profile determines the actual exposure of
internal organ systems to the substance, which in turn influenc-
es its potential to cause systemic toxicity. For pharmaceuticals,
ADME profiling has been critical for reducing drug failures and
demonstrates how critical ADME can be for initial assessment
(Tsaioun et al., 2016). If a substance is not absorbed or is ab-
sorbed at low levels, it is less likely to reach meaningful systemic
circulation and therefore less likely to cause adverse effects in
organs or tissues distant from the site of exposure. Consequently,

1 See, for example, guidance documents from U.S. FDA, https:/www.fda.gov/media/152544/download and U.S. EPA,

https://www.regulations.gov/document/EPA-HQ-OPPT-2016-0654-0108
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a comprehensive assessment of a substance’s absorption through
the GIT can be indispensable for predicting its safety profile and
could preclude the need for systemic studies.

1.1.2 Predicting gastrointestinal toxicity

Gastrointestinal toxicity encompasses the adverse effects that
pharmaceuticals, food additives, dietary supplements, pesti-
cides, and various other chemicals can have directly on the di-
gestive system. These effects may range from mild discomfort,
such as nausea and diarrhea, to severe complications such as ul-
cers, bleeding, or even perforation of the GIT (Gelberg, 2018).
In both pharmaceutical development and the regulatory testing of
consumer products, assessing GIT toxicity is of paramount im-
portance because the digestive system is the first point of contact
for ingested substances, making it especially susceptible to their
effects. Additionally, the complex ecosystem of the GIT, with its
diverse microbiota, is highly sensitive to disturbances from ex-
ogenous compounds, which can lead to dysbiosis and a spectrum
of long-term health issues (Chiu et al., 2020; Calero-Medina et
al., 2023). Consequently, evaluating GIT toxicity is a stringent re-
quirement of regulatory bodies worldwide, to ensure comprehen-
sive consumer protection and maintain public health standards. In
vitro assessment of GIT toxicity has utilized transformed cell lines
in vitro (e.g., Caco-2 cells (Artursson et al., 2001)), as well as bio-
chemical assays. In vitro techniques, along with animal studies,
are designed to uncover a range of GIT reactions, from changes in
the mucosal lining to alterations in motility and absorption.

1.1.3 Evaluating potential allergenicity

Evaluation of potential allergenicity is a fundamental concern
across various industries, as the introduction of new chemicals
into the market — whether drugs, cosmetics, food additives, or
industrial agents — poses the risk of triggering allergic reactions
in sensitized end-users. The consequences of such reactions can
be significant, encompassing everything from mild discomfort
to life-threatening anaphylaxis, making allergenicity assessment
a critical step in the regulatory approval process. Traditional risk
assessment for allergenicity, particularly in the context of food
allergens and new pharmaceuticals, has relied on a combination
of in vitro assays (e.g., IgE binding tests, ELISAs, in vitro skin
sensitization tests), animal models (e.g., in vivo skin sensitization
tests), and clinical data (e.g., skin-prick tests) (Crevel et al., 2014;
Pali-Scholl et al., 2019).

1.2 Limitations of traditional approaches

necessitate new approach methods

While human clinical trials are used to assess safety and efficacy
of therapeutic chemicals, animal studies have long been consid-
ered the “gold standard” for comprehensive toxicological assess-
ment of consumer products, that is, identification of chemical haz-
ard and dose-response assessment. While basic in vitro techniques

B

for assessing toxicity and allergenicity can be valuable, particu-
larly for initial toxicity screening, these methods often lack the
complexity to fully mimic the intricate biological interactions oc-
curring within an organism. Nevertheless, many in vitro assays are
currently accepted by regulatory bodies to support chemical safety
assessment for a number of endpoints, such as ocular toxicity, skin
sensitization, and phototoxicity2. However, animal models also
have notable limitations. Rats, for instance, have no gallbladders
and, unlike humans, are obligate nose-breathers; furthermore, they
have no emetic response. Thus, animal responses may not accu-
rately mirror human physiology. For example, while rodent stud-
ies have historically been used to understand GIT absorption and
toxicity, this model has well-documented anatomical, physiologi-
cal, and biochemical differences from humans, including the pres-
ence of a forestomach in rats and mice, differences in ADME pro-
cesses, diet, metabolism, microbial flora, and immune responses
(including adaptive immune receptor repertoires) (Chi et al., 1982;
Mestas and Hughes, 2004; Van Norman, 2019). Furthermore, in
many studies, dosage and mode of administration (e.g., suspen-
sion of test article in corn oil with administration by gavage) differ
from human exposures. Species-specific differences can result in
toxicity and efficacy outcomes that may not accurately reflect the
human situation (Atkins et al., 2020; Marshall et al., 2023). Ad-
ditionally, although in vivo toxicity studies primarily use outbred
animals, which provide some genetic variability, they fail to fully
recapitulate the genetic variability within human populations. Ge-
netic variability can influence both toxicity and efficacy of phar-
maceuticals (Ventola, 2013; Pirmohamed, 2023). Further, most
studies use healthy animals, which fail to account for the comor-
bidities often present in the human population.

Higher-order animals like non-human primates are reasonably
good at predicting human GIT toxicity of drugs (Monticello et al.,
2017). However, there are challenges with using such models, in-
cluding cost and availability of animals. Consequently, drugs with
GlIT-adverse effects may progress through early stages of drug de-
velopment into clinical trials, in which GIT disorders are the most
common category of adverse events (Federer et al., 2016). Often,
pharmaceuticals exhibiting GIT toxicity in clinical trials may have
shown GIT toxicity in preclinical animal studies, but progression
into trials occurred because the toxicity was considered non-se-
rious, monitorable, and acceptable given the potential benefit. In
some instances, GIT toxicity in clinical trials or during market-
ing is not adequately balanced by the benefit, and use of the drug
may be suspended (Qureshi et al., 2011; Cook et al., 2014). GIT
side effects of approved drugs can be dose limiting, especially for
chemotherapeutics, and can reduce patient compliance (O’Reilly
et al., 2020). In vitro assays capable of screening for drug-induced
human GIT toxicity are likely to add value to the overall drug dis-
covery and development process (Peters et al., 2020).

Despite advances in predictive assays for allergenicity, the intri-
cate nature of human immune responses presents a substantial re-

2 See, for example, https:/www.epa.gov/system/files/documents/2024-01/oppt-ncd-eye-irritation-framework-frn-final-12-13-2023.pdf; https:/www.oecd.org/env/test-no-442e-
in-vitro-skin-sensitisation-9789264264359-en.htm; https://www.oecd-ilibrary.org/environment/test-no-498-in-vitro-phototoxicity-reconstructed-human-epidermis-phototoxici-

ty-test-method_7b2f9ea0-en
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search gap. In vivo allergenicity testing faces significant limitations
due to ethical considerations and the constraints of animal welfare
regulations. Species-specific differences in immune responses can
lead to unreliable extrapolation of results from animals to humans,
and sometimes even between humans, highlighting the importance
of uncertainty considerations. Although animal models have pro-
vided insight into skin sensitization and the local lymph node as-
say was shown to be predictive for known respiratory sensitizers
(Dearman et al., 2013), the predictive power of animal assays often
falls short for food allergenicity (Bogh et al., 2016), for which the
biological mechanisms are complex and incompletely understood.
Notably, validated and predicted models are absent (Kazemi et
al., 2023) and existing models are profoundly limited, with many
known human allergens failing to provoke a comparable response
in animal tests, potentially resulting in underestimation of risks or
failure to identify novel allergenic compounds.

Both regulatory agencies and industry stakeholders are invested
in improving the methodologies for assessing GIT toxicity and al-
lergenicity through the use of novel assays that may better reca-
pitulate human reactions and thus more accurately predict adverse
effects without using animals. Such approaches are collectively
called new approach methods (NAMs) (Kavlock et al., 2018;
Kleinstreuer et al., 2018). While use of the term can vary, the In-
teragency Coordinating Committee on the Validation of Alterna-
tive Methods (ICCVAM) defines NAMs as “..any technology,
methodology, approach, or combination thereof that can be used
to provide information on chemical hazard and risk assessment
and supports replacement, reduction, or refinement of animal use
(3Rs)3. As detailed in the remainder of this report, NAMs provide
unique opportunities to assess absorption, GIT toxicity, adverse
effects on the microbiome, or allergenicity resulting from orally
administered substances without animal testing. NAMs will allow
incorporation of human genetic diversity in ADME and toxicity
assessments by sourcing cells from multiple individuals. In ad-
dition, it may be increasingly possible to use in vitro models of
disease or incorporate other factors into NAMs to address the im-
pact of human health status or other environmental factors on the
response to drugs or other chemicals.

Moreover, NAMs have the potential to reduce — and in certain
circumstances potentially replace — the need for existing animal
testing approaches, thus aligning more closely with the principles
of the 3Rs (replacement, reduction, and refinement) that support
the humane use of animals in scientific research (Fenwick et al.,
2009). Any progress in NAMs, therefore, marks a significant stride
in both ethical research practices and in the pursuit of more accu-
rate, expedited human toxicological assessments. While regulatory
agencies and industry stakeholders worldwide are increasingly fo-
cused on refining NAMs and integrating them into risk assessment
frameworks, the promise of NAMs is contingent on their valida-
tion and regulatory acceptance, and many hurdles remain. The next
section will discuss the characteristics required to establish con-
fidence in NAMs and the associated challenges of incorporating
these methods into the regulatory landscape. Progress of agencies

to date as well as future plans for continued NAM integration will
be described, as will strategic considerations to assist the transition,
including communication, education, and collaboration.

2 Integrating NAMs into the regulatory
landscape for enhanced safety assessments:
Needs, challenges, and innovations

From the perspectives of their various agencies, four webinar
speakers set the stage for the in-person workshop by describ-
ing efforts and challenges to integrating NAMs into a regulato-
ry framework. The speakers were Maureen R. Gwinn, Principal
Deputy Assistant Administrator for Research and Development
at the U.S. EPA’s Office of Research and Development; Steven
Musser, Deputy Center Director for Scientific Operations at the
U.S. Food and Drug Administration (FDA); George Kass, Lead
Expert in Toxicology at the European Food Safety Authority
(EFSA); and José V. Tarazona, Research Professor and Head Risk
Assessment Unit, Spanish National Environmental Health Centre,
Instituto de Salud Carlos III.

2.1 Current landscape: Regulatory agency

needs and challenges

The regulatory agencies that presented at this workshop oversee a
broad range of products to ensure public safety and environmental
protection. Products with GIT relevance include pharmaceuticals,
food additives, pesticides, industrial chemicals, and cosmetics
(when accidentally ingested). While each agency has its unique
focus and jurisdiction, traditional toxicity testing has a set of
standard, globally recognized methodologies that are often shared
among agencies. As regulatory agencies worldwide attempt to im-
prove the human relevance of traditional methods by integrating
NAMs into their risk assessment frameworks, a common set of
needs and challenges is emerging — primarily around determining
which NAMs might be applicable to regulatory decision making.

2.1.1 Scientific confidence

As regulatory agencies are anchored to the principle of safeguard-
ing public and environmental health, any methodologies em-
ployed — traditional or novel — must undergo rigorous evaluation
to ensure scientific confidence. This stringent scrutiny ensures
that NAMs can reliably replicate and, ideally, improve upon the
outcomes derived from traditional tests, and offer a sound scien-
tific basis for regulatory decision making. Webinar speakers noted
four main components central to building the scientific confi-
dence needed to successfully incorporate NAMs into regulatory
frameworks: technical validation, standardization, transparency,
and biological relevance.

Technical validation, standardization, and transparency
The Organisation for Economic Co-operation and Development
(OECD) defines test method validation as “a process based on sci-

3 https://ntp.niehs.nih.gov/whatwestudy/niceatm/resources-for-test-method-developers/submissions
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entifically sound principles by which the reliability and relevance
of a particular test, approach, method, or process are established
for a specific purpose.”* Validation involves rigorous assessment
of a method’s accuracy, reliability, reproducibility, and relevance
across laboratories and under various conditions, and can involve
inter-laboratory studies, known as round-robin testing. ICCVAM
states further that the processes used for validation “should allow
for efficient and timely development of NAMs that are reliable,
fit-for-purpose, and provide information relevant to the species of
interest.”

Typically, new assays are validated by comparing their results
with outcomes obtained from established and accepted testing
methods. Assessing NAMs in this way can demonstrate their abil-
ity to reliably replicate known effects or accurately predict out-
comes that would be observed in a more traditional assessment
framework. Thus, validation is particularly challenging for data-
poor chemicals and for NAMs measuring endpoints not covered
by typical animal study protocols, for which insufficient or no
relevant scientific data are available. In the absence of a reliable
benchmark, determining the relevance of NAM results is difficult.
However, “In some instances, the NAM may provide biologically
relevant information, mechanistic insights, or sufficiently sensitive
endpoints that are adequate for the regulatory decision-making
process, and a comparison to data from traditional animal test
methods may not be necessary.”

Standardization, another important characteristic of any mature
assay, involves the development of detailed protocols, reference
compounds, and quality control procedures that support an assay
being consistently performed within and across laboratories. For
some assays, acceptance criteria and performance standards can
be used by laboratories to confirm that they can perform a meth-
od sufficiently well. When possible, only readily available rea-
gents with consistent characteristics among batches and suppliers
should be used in standardized methods. Standardization underlies
confidence in data and allows data to be compared across studies
and regulatory submissions.

Finally, transparency underpins stakeholder confidence in
NAMs. Clear and careful documentation is a key component of
transparency — not just documentation of protocols and proce-
dures, but of the scientific rationale, the uncertainties, and the limi-
tations intrinsic to these novel methods. Per ICCVAM, “Transpar-
ency facilitates trust in the use of NAMs and thereby hastens the
pace of an agency’s regulatory decision-making process and po-
tential regulatory acceptance or qualification. A NAM's relevance
to the species, COU [context of use], and technical characteriza-
tion should be transparently communicated to peer reviewers, the
scientific community, and to the public.”> Understanding the limi-
tations of each NAM is particularly crucial as it helps delineate the
specific contexts in which these methods can be considered de-
pendable. Transparency necessitates the open sharing of methods,
data, and results to allow for thorough peer review and scrutiny by
the broader scientific community. Peer review also acts as a cor-

4 https://one.oecd.org/document/ENV/JM/MONO(2005)14/en/pdf

B

nerstone of validation, contributing to the collective confidence in
innovative approaches.

Human biological relevance

While technically an aspect of validation, human biological rel-
evance is a particularly important aspect of NAMs that are to be
used for risk assessment measures. According to ICCVAM, “The
relevance of a NAM describes the relationship between the test
and the effect in the target species and whether the test method is
meaningful and useful for a defined purpose, with the limitations
identified. Adequate demonstration of the relevance of a NAM is
an important contributor to confidence in a NAM.”> Specifically,
biological response is the bridge that connects technical meas-
urements with meaningful implications, ensuring that assays are
relevant to human health. To be useful in the regulatory setting,
NAMSs must not only correlate with known outcomes from tra-
ditional tests or in vivo human data but also ideally predict toxi-
cological effects and other relevant endpoints. An important con-
sideration is whether in vitro test doses align with realistic human
exposure levels.

The demand for human biological relevance calls for an in-
depth assessment of a NAM’s biological pertinence. For instance,
models aiming to represent human GIT physiology should re-
capitulate both the structure and the function of the human GIT
as accurately as possible. Depending on COU, this may involve
moving beyond a singular focus on intestinal epithelia to include
aspects such as mucus production, Peyer’s patches, dynamic flow,
peristaltic movement, and the human microbiota, for example —
features that may be essential to truly understand a substance’s
metabolism, absorption, toxicity, and subsequent impacts on hu-
man health (Blutt et al., 2017).

The challenge of recapitulating human variability and complex-
ity is non-trivial (Jamei et al., 2009). In vivo models often fail to
capture the full spectrum of human responses to substances and,
ideally, NAMs would exhibit improved predictive outcomes
across various demographics, incorporating differences in genetic
makeup, age, and health status. A consideration of health status is
paramount, since traditional models generally assume a baseline
of perfect health and are far from representative of ethnic variabil-
ity, chronic illnesses, or other conditions affecting a large percent-
age of humans. Assessing the impact of substances on particularly
vulnerable groups, such as infants, young children, or the elderly,
is a critical regulatory consideration.

Both traditional animal models and NAMs have inherent limita-
tions, and thus some form of extrapolation is necessary with either
approach. Animal models require interspecies extrapolation, while
in vitro models need in-vitro-to-in-vivo extrapolation (IVIVE)
(Rotroff et al., 2010; Coecke et al., 2013; Bell et al., 2018). In es-
sence, even sophisticated NAMs are simplified representations of
the complex human organism, and they may not be able to repli-
cate intricate interactions between body systems or the long-term
development of adverse outcomes. Thus, human relevance may

5 https://ntp.niehs.nih.gov/sites/default/files/2024-03/VWG_Report_27Feb2024_FD_508.pdf
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ultimately also involve modeling complex pathways between in-
teracting systems, such as the GIT, brain, lungs, and cardiovascu-
lar system, using physiologically based pharmacokinetic (PBPK)
or other physiological models.

2.1.2 Efficiency and flexibility

In the risk assessment setting, assay efficiency and flexibility are
paramount. While invaluable for historic insights into toxicologi-
cal effects, animal studies are often time-consuming and resource-
intensive and may not provide human-relevant information. To be
of use to regulators, NAMs would ideally exhibit improved ef-
ficiency for assessing absorption and bioavailability, for example.
More efficient methods could expedite the entire risk assessment
process, possibly decreasing reliance on extensive in vivo stud-
ies and eliminating unnecessary repetitive testing often associated
with traditional approaches — ultimately saving time and resources
without compromising scientific integrity or public safety.

The portfolios of most regulatory agencies are vast, diverse,
and rapidly changing. The U.S. FDA is a case in point, with a cur-
rent regulatory portfolio including substances used in novel food
sources (e.g., lab-grown meat, insects, or fungi), novel food com-
ponents (e.g., pea or potato protein), novel food technologies (e.g.,
GE and GMO crops, nanotechnologies used in foods or packag-
ing), and dietary supplements (e.g., live microbials). Flexibility
describes the ability of the regulatory process to cope with this di-
versity, potentially necessitating assays (or a range of assays) ap-
plicable to multiple decision contexts, including evolving threats
and challenges (e.g., the effects of chemicals on pollinators or the
safety of nanomaterials).

Flexibility could also extend to the capacity to assess complex
chemical mixtures often encountered through foods, environ-
mental exposures, and pharmaceuticals. Chemicals can interact
synergistically or antagonistically® (Martin, 2023) or may not in-
teract at all. Exposures can also vary considerably as chemicals
and products break down once in the environment. Further, as-
sessing risk from multiple chemicals that share the same mode of
action or cause the same type of effect is a significant challenge,
particularly when chemical exposures may come from various
sources and/or regulatory jurisdictions. Analyzing complex mix-
tures requires advanced methods that can accurately identify and
quantify each constituent, which can be technically challenging
and resource-intensive. The relatively low throughput of many
current models makes them ill-equipped to handle the large num-
ber of possible chemical exposure combinations. As a result,
NAMs may provide a future opportunity for regulatory agencies
to advance their evaluation of multiple chemical exposures by
accounting for such complexities, ensuring that the efficiency
of the assessment process does not come at the expense of thor-
oughness and reliability.

2.2 Innovations and current progress on

integration of NAMs into the regulatory space

As regulatory agencies worldwide continue to evolve in response
to scientific advances and societal expectations, the integration of
NAMs into the regulatory landscape marks a significant paradigm
shift (Collins et al., 2008; Thomas et al., 2013; Cote et al., 2016;
Kavlock et al., 2018; Krewski et al., 2020; Pallocca et al., 2022;
Chang et al., 2022; Petersen, 2022; Turner et al., 2023)”. This sec-
tion explores the progress made by the four regulatory agencies
represented in the pre-workshop webinars in integrating NAMs
into their respective regulatory frameworks. Each agency’s ap-
proach reflects its unique mandate and the specific challenges it
faces in toxicity testing and chemical risk assessment. These sum-
maries provide insights into the innovative strategies employed,
the challenges encountered, and the strides made towards a more
efficient, humane, and scientifically robust regulatory process.

2.2.1 U.S. Environmental Protection Agency

U.S. EPA conducts toxicity testing to evaluate the safety of chemi-
cals and their potential environmental impact. EPA’s portfolio in-
cludes pesticides, fertilizers, industrial chemicals, pollutants, and
substances that affect air and water quality. Standard testing often
involves using laboratory animals to determine dose-response re-
lationships, which inform about exposures that could cause harm
and the threshold for adverse effects. EPA must often rely on data
generated by pesticide manufacturers or chemical sponsors. These
tests often assess acute exposure (short-term), chronic exposure
(long-term), and special cases (e.g., developmental toxicity, neu-
rotoxicity, and carcinogenicity). The amount of data available
varies by chemical type. For instance, pesticides often have rich
databases, as a large number of studies are required for pesticide
registration, while other types of chemicals may have less-com-
prehensive datasets available. Based on available data, EPA estab-
lishes regulatory limits for chemical exposures, such as permissi-
ble levels in air, water, soil, and on agricultural produce.

In its strategic endeavor to modernize toxicological methods,
EPA unveiled its NAMs Work Plan8, first released in 2020 and
subsequently refreshed in 2021, outlining a forward-looking
roadmap underscored by five parallel, mutually reinforcing ob-
jectives. Central to the plan is the commitment to reducing ani-
mal testing while filling critical information gaps. First, the plan
underscores the necessity for evaluating current regulatory flex-
ibility to understand statutory and policy frameworks governing
current toxicity methods and thereby discern the policy implica-
tions for integration of NAMs. Second, the work plan emphasiz-
es establishing quantifiable baselines and metrics indispensable
for monitoring advancements, particularly concerning the reduc-
tion in animal usage. The third objective revolves around solidi-
fying scientific confidence in NAMs, evidenced by the agency’s

6 https://www.oecd.org/chemicalsafety/risk-assessment/considerations-for-assessing-the-risks-of-combined-exposure-to-multiple-chemicals.pdf
7 See also the FDA Modernization Act https://www.congress.gov/bill/117th-congress/senate-bill/5002/text and a related editorial https:/www.science.org/content/resource/

new-path-new-drugs-finding-alternatives-to-animal-testing

8 https://www.epa.gov/system/files/documents/2021-11/nams-work-plan_11_15_21_508-tagged.pdf
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ongoing efforts to construct a robust scientific confidence frame-
work to assess the quality, reliability, and relevance of NAMs
in regulatory decision making. The fourth objective focuses on
the proactive development of NAMs tailored to address pivotal
information gaps, necessitating discernment of which methods
to prioritize and the decision-making contexts they inform. The
final goal involves comprehensive stakeholder engagement, ac-
knowledging that a transition to NAMs requires a harmonized,
multi-sectoral effort spanning governmental departments, aca-
demia, industry, and international partners, fostering collabora-
tion and optimizing resource utilization across diverse regulatory
and research spheres.

EPA is actively promoting the integration and acceptance of
NAMs through educational initiatives, stakeholder engagement,
biennial conferences, and targeted training programs. As the agen-
cy shifts toward innovative techniques such as leveraging genom-
ic, transcriptomic, metabolomic, and proteomic data, one goal is
to enhance the scientific rigor and applicability of toxicity testing,
particularly for data-poor chemicals, potentially shortening as-
sessment timelines. Simultaneously, the agency is transforming its
validation and reporting standards to be more NAM-compatible.
This evolution is evident in international collaborations aimed
at updating guidance documents and developing new reporting
frameworks. EPA’s recent proposals for alternative endocrine dis-
ruptor screening models® and the availability of advanced in silico
tools!® further demonstrate its commitment to making environ-
mental protection strategies more efficient, accessible, and scien-
tifically sound.

2.2.2 U.S. Food and Drug Administration
U.S. FDA's toxicity testing focuses on substances humans ingest,
such as food additives and chemicals from packaging materials,
drugs, and chemicals applied on the body, like cosmetics and per-
sonal care products. Like EPA, FDA uses sponsor data based on
animal studies, in silico studies, and in vitro studies to assess the
safety of these substances, looking for evidence of harmful effects
including cancer, birth defects, and organ damage. The level of
reliance on animal data varies depending upon the FDA center.
For pharmaceuticals, data from non-clinical studies (e.g., in silico,
in vitro, and in vivo) that support the safety of a drug are submitted
to FDA before human clinical trials can begin and at later stages
throughout drug development.

FDA has a long-standing commitment to promoting the devel-
opment and use of NAMs to evaluate and predict the safety, effec-
tiveness, and reliable manufacture of regulated products!!, seek-

9 https:/mwww.regulations.gov/document/EPA-HQ-OPP-2021-0756-0002
10 https://www.epa.gov/comptox-tools/toxicity-estimation-software-tool-test
11 See, for example, https://www.fda.gov/media/144891/download?attachment
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ing to address the limitations of animal testing and better model
human toxicity. The Food and Drug Omnibus Reform Act of 2022
(FDORA) defined “nonclinical test as a test conducted in vitro,
in silico, in chemico, or a nonhuman in vivo test that can serve
as supporting data for regulatory decision making'?, and several
guidance documents are also available concerning acceptable
alternative methods.”'3 FDA’s fiscal year 2023 budget included
$5M in new funding to support the New Alternative Methods Pro-
gram through FDA core operations'4. The NIH Small Business
Innovation Research Program also provides non-dilutive fund-
ing opportunities for “organotypic models using cells from rat or
mouse models or other experimental animal models, with a focus
on comparisons between in vivo and in vitro toxicity endpoints.”
Funding opportunities are offered to early-stage research and de-
velopment three times a year.

Additionally, the Center for Drug Evaluation and Research has
published papers describing gaps and challenges around current
nonclinical testing strategies (Avila et al., 2020, 2023). Further-
more, the Center for Devices and Radiological Health has estab-
lished the Medical Device Development Tools Program to qualify
tools for use in the development and evaluation of medical devic-
es, including nonclinical assessment models!®.

Through strategic collaborative engagements, FDA is at the
forefront of multi-stakeholder partnerships, both domestically and
on the global stage. Activities include collaborations between the
various FDA centers and industry/academia to develop airway,
gut, cardiac, brain, testes, placenta, and liver microphysiologi-
cal systems, human blood vessel chips, a neuromuscular junction
chip, and the human intestinal microbiome, via research collabo-
rative agreements and collaborative research and development
agreements. Wang et al. (2021) reviews the application of 3-di-
mensional cell culture models for regulatory submissions. FDA
places a strong emphasis on public communication and transpar-
ency — evident in its efforts to engage with stakeholders through
clear, open channels that not only disseminate information but
also invite public input. Such transparency aims to foster public
trust and facilitate an informed dialogue on the implementation of
NAMs, ensuring that the transition is both inclusive and respon-
sive to societal expectations.

2.2.3 European Food Safety Authority

EFSA, an agency of the European Union established in 2002, over-
sees similar food- and feed-relevant substances as FDA, but oper-
ates under regulatory standards pertinent to EU member countries.
Toxicity testing is used to evaluate chemicals related to food and

12 https://www.thefdalawblog.com/wp-content/uploads/2023/01/HPM-FDORA-Summary-and-Analysis.pdf

13 See for example: https:/www.fda.gov/regulatory-information/search-fda-guidance-documents/assessing-credibility-computational-modeling-and-simulation-medical-
device-submissions; https://www.fda.gov/regulatory-information/search-fda-guidance-documents/s5r3-detection-reproductive-and-developmental-toxicity-human-
pharmaceuticals; and https://www.fda.gov/regulatory-information/search-fda-guidance-documents/oncology-pharmaceuticals-reproductive-toxicity-testing-and-labeling-

recommendations-guidance

14 https://www.fda.gov/science-research/about-science-research-fda/advancing-alternative-methods-fda

15 https://seed.nih.gov
16 https://www.fda.gov/medical-devices/medical-device-development-tools-mddt
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feed safety (e.g., food additives, flavorings, packaging materials,
and other food and feed improvement agents and contaminants),
plant-protection products (e.g., pesticides), novel foods, nutrient
sources, and genetically modified organisms. The processes also
rely heavily on animal testing to determine safe levels of exposure
for humans. EFSA conducts risk assessments based on these tests
to inform regulatory limits (acceptable daily intakes or tolerable
upper intake levels) for various chemicals and substances.

EFSA is actively navigating the rapidly evolving landscape of
regulatory toxicology, particularly in addressing new challenges
posed by novel foods, nanomaterials, and chemical mixtures in the
environment (EFSA Scientific Committee, 2021a,b; EFSA NDA
Panel et al., 2021). These complexities, coupled with a surge in
public consciousness about chemical exposure risks, have cata-
lyzed EFSA’s strategic shift towards integrating NAMs into its
risk assessment paradigm. Influenced by broader policy initiatives
like the European Green Deal and the EU Chemicals Strategy for
Sustainability, EFSA’s 2027 strategy!” explicitly advocates for in-
tegrating NAMs to reduce animal testing, as well as to enhance
the quality and efficiency of chemical risk assessments. EFSA ac-
knowledges an urgent need for validated NAMs capable of accu-
rately predicting chemical absorption and bioavailability, thereby
reducing unnecessary in vivo testing while safeguarding public
health. This evolution aligns with the organization’s pronounced
commitment to collaboration both at the European and interna-
tional levels.

EFSA has already invested considerably in moving toward
the use of NAMs in its regulatory processes, directing around
€20 million into projects and case studies that support the inte-
gration of NAMs into guidance documents like that on the use
of read-across for food safety assessment!8, focusing on critical
research gaps that NAMs could fill.!® Specifically in terms of un-
derstanding absorption, toxicokinetics, or in vivo kinetics, EFSA
guidance recommends a tiered approach applicable to substances
including food additives and nanoparticles, in which absorption is
a decision point for higher-tiered studies.

2.2.4 Spanish National Environmental Health Centre

The Spanish National Environmental Health Centre (Centro Na-
cional de Sanidad Ambiental; CNSA) is part of the Instituto de
Salud Carlos IIT (Carlos III Health Institute), a research institu-
tion that provides scientific and technical services and educational
programs supporting the national health system. CNSA findings
play a crucial role in developing national guidelines and poli-
cies for environmental health and safety. CNSA’s focus extends
to chemical substances present in the environment and consumer
products, including pesticides, heavy metals, and endocrine-dis-
rupting chemicals. Through the Risk Assessment Unit, CNSA is
developing new conceptual approaches for assessing the impact
of chemical exposure on human health, combining information

17 hitps://www.efsa.europa.eu/sites/default/files/2021 -07/efsa-strategy-2027.pdf

from traditional toxicity testing methods, NAMs, and human bio-
monitoring for assessing human risks posed by potentially hazard-
ous substances.

CNSA'’s participation in the EU’s expansive Partnership for the
Assessment of Risks from Chemicals (PARC)20 highlights a con-
certed move towards advanced risk assessment strategies, with
Work Packages 5 (Hazard Assessment) and 6 (Innovation in Regu-
latory Risk Assessment) being particularly relevant (De Castel-
bajac et al., 2023; Marx-Stoelting et al., 2023). Although current
efforts under PARC notably lack a specific focus on the gut or me-
tabolism, many of the principles are readily applicable.

In the area of chemicals present in foods, pesticide residues and
nanoplastics are a priority for risk assessment. NAMs can pro-
vide valuable mechanistic information regarding hazards such
as neurotoxicity (Martin-Folgar et al., 2024), which are essential
for accurate risk assessment but have limited coverage by animal
studies. The integration of dietary exposure models and biomoni-
toring offers options for improving risk assessment methods and
addressing individual variability (Tarazona et al., 2022). CNSA
is also reviewing recent developments, including evidence-based
methods (Hoffmann et al., 2022), and developing a new concep-
tual approach for the assessment of adversity and individual vari-
ability in refined adverse outcome pathway networks.

Looking beyond methodologies, CNSA advocates for a revo-
lutionary shift in risk assessment. This entails not just incorporat-
ing alternative methods into the current system, but developing
entirely new paradigms for safety assessment based on integrated
approaches and the mechanistic understanding that can be pro-
vided by NAMs. The final aim is to achieve risk characterization
approaches addressing human variability and covering vulnerable
population groups for informing public health strategies.

2.3 Summary/ strategic directions
Regulatory agencies are experiencing an era of transformation in
risk assessment as they move toward a holistic paradigm that nei-
ther strictly adheres to animal models nor completely depends on
NAMs. Instead, in an ideal scenario, the strengths of both will be
leveraged, possibly in a tiered approach, to facilitate an evolution
in risk assessment away from traditional in vivo studies. A shift to-
wards NAMs requires a careful balancing act for regulatory agen-
cies — traditional methods are embedded within established legal
frameworks and regulations, and the transition to NAMs necessi-
tates a detailed assessment of this landscape and a push to update
existing guidance documents. Integrated approaches to testing
and assessment (IATA) can be employed to maximize the use of
available data and the use of NAMs for addressing the remaining
information gaps (Cattaneo et al., 2023).

Concurrently, there is clear intent to harmonize standards with
other bodies to create a unified regulatory environment within the
United States and beyond. The pursuit of cross-agency, cross-sec-

18 https://www.efsa.europa.eu/sites/default/files/wgs/cross-cutting-science/wg-read-across. pdf

19 https://www.eu-parc.eu/
20 https://endallergiestogether.com/research/food-allergy-statistics/
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tor collaboration and global partnerships facilitates consensus on
accepted methods, data standards, and protocols, which can aid
worldwide acceptance of NAMs — both in regulatory contexts and
for other uses. Fostering broad engagement of both stakeholders
and the public through transparent dialogue and education can
also elevate the credibility of novel methods.

Looking ahead, agencies recognize that advanced technologies
like artificial intelligence (AI), machine learning, and quantum
computing will be pivotal for enhancing validation processes and
facilitating comprehensive and nuanced risk assessments — work
that is particularly important for data-poor chemicals. The over-
arching goal is to ensure that, as science progresses, the regula-
tory environment adapts accordingly, with a continued focus on
human and environmental safety, ethical considerations, and sci-
entific integrity.

3 Evaluating potential allergenicity

Food allergies are a significant and growing public health concern,
affecting millions of people worldwide. Food allergens represent
a unique class of substances that interact intimately with the GIT.
The ability of these allergens to cross the intestinal epithelium and
induce immune responses places them at a critical juncture of gas-
trointestinal and systemic health.

The mechanism of food allergy is complex. In IgE-mediated
allergies, the immune system identifies an otherwise innocuous
food protein with allergen-specific IgE antibodies. Upon subse-
quent exposures, these allergen-specific IgE antibodies cross-link
to the allergen and to immune effector cells (e.g., mast cells, ba-
sophils), leading to their activation/degranulation and release of
allergic mediators. Clinical symptoms can range from oral and
dermal itching, nausea, and abdominal pain, to life-threatening an-
aphylaxis.2! Other types of food allergies, including eosinophilic
gastrointestinal diseases, are mediated through different adaptive
immune mechanisms through which allergens can be recognized
by allergen-specific T cell subsets that secrete allergic cytokines,
resulting in the recruitment of eosinophils to gastrointestinal sites
(Licari et al., 2020). The precise mechanisms by which food anti-
gens cross the intestinal barrier and the ensuing immune responses
are active areas of research.

The accurate assessment of food allergens is paramount in regu-
latory contexts, and animal models have limitations in accurately
replicating human immune responses to food allergens (Kazemi
et al., 2023). Integration of NAMs could improve the evaluation
of allergenic potential and enhance understanding of the systemic
implications of food allergens, which could enhance regulatory
decisions, safety assessments, and public health strategies. NAMs
may provide a more nuanced and human-relevant framework for
understanding the complex interplay between diet, the GIT, and
systemic health, which is essential for addressing the challenges
posed by food allergies in both clinical and regulatory settings.

21 https://www.hopkinsmedicine.org/health/conditions-and-diseases/food-allergies
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Two pre-workshop webinars provided relevant background in-
formation on food antigen transport across the intestinal epitheli-
um and structural features of allergen-specific antibodies — topics
highlighting the need for a more comprehensive understanding of
food allergens and their impact on human health.

3.1 Food antigen transport across the intestinal
epithelium: Outcomes and consequences

Simon P. Hogan, Askwith Research Professor of Food Allergy at
the University of Michigan, explained the current knowledge of
how food antigens cross the intestinal epithelium and the differ-
ences in antigen movement between healthy individuals and those
with food allergies.

The small intestine, with its highly specialized epithelial layer
designed for nutrient absorption and defense, is the primary fo-
cal point for the degradation of complex nutrients into absorbable
forms — a process facilitated by the extensive surface area pro-
vided by villi and microvilli. The intestinal epithelium comprises
various cell types, such as Paneth cells for microbial defense, gob-
let cells for mucus secretion, enteroendocrine cells for hormonal
regulation, and enterocytes for lipid, protein, and carbohydrate
metabolism and absorption. The healthy epithelium acts as a se-
lective barrier, permitting beneficial substances to enter the body
from the lumen while blocking toxins and pathogens. Disruption
of this barrier is associated with both GIT and systemic autoim-
mune diseases, such as inflammatory bowel disease, metabolic
disorders, and food allergies. The content of the gut lumen also
plays a pivotal role in immune education and the establishment of
oral tolerance to dietary antigens.

To investigate the process by which dietary antigens cross the
intestinal epithelium, Hogan’s team employed two-photon im-
aging on live, anesthetized mice to track the movement of fluo-
rescently labeled food antigens. Immunostaining indicated that
goblet cells rapidly and indiscriminately take up labeled antigens.
Goblet cell antigen passages (GAPs) are known to pass luminal
antigens to immune cells, and GAP expression is spatially and
temporally regulated within the intestine (McDole et al., 2012;
Kulkarni et al., 2020; Newberry and Hogan, 2021; Gustafsson et
al., 2021; Noah et al., 2021).

Under food-allergic conditions, antigen passage patterning and
landscape is dysregulated, and multiple intestinal epithelial cell
populations of the secretory lineage contribute to antigen uptake.
These findings indicate that food allergens translocate across the
small intestinal epithelium via non-canonical antigen passages,
which Hogan’s group termed secretory antigen passages (SAPs).
Experiments showed that, in allergic mice, antigens were pre-
sented to mast cells within minutes, implicating SAPs as critical
in the rapid allergic response process. Crucially, genetically en-
gineered mice that were unable to activate SAPs did not exhibit
IgE-mediated allergic responses as measured by systemic shock,
highlighting the potential for new treatment approaches that target
these passages.
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Further exploration into the immune environment revealed that
alterations in IL-4 and IL-13 signaling pathways, known to be
linked with food allergies, could convert GAPs into SAPs. This
suggests a genetic predisposition to food allergies, in which muta-
tions in IL-4Ro, which lead to heightened signaling, result in an
increased number of non-goblet cells acting as antigen passages.
This genetic link was strengthened, as mice engineered with the
IL-4Ra mutations demonstrated food sensitization and subsequent
allergic reactions upon allergen exposure.

The research was extended to human models using human intes-
tinal organoids developed from pluripotent stem cells and trans-
planted into mice. These organoids formed normal human intesti-
nal tissue, including goblet cells capable of antigen passage. When
IL-4R was activated in these organoids, both an increase in GAPs
and contributions from other secretory cells were observed, mir-
roring the mouse model findings and reinforcing the idea that a
variety of intestinal cells can participate in antigen passage and
that these mechanisms may be key to understanding and poten-
tially controlling food allergies.

3.2 The induction of allergen-specific antibodies

in allergy and oral tolerance

Sarita Patil, assistant professor at Harvard Medical School, de-
scribed her group’s work related to the structural features of aller-
gen-specific antibodies.

When patients with food allergies are exposed to even minute
amounts of causative food antigens, allergen-specific IgE cross-
linking is triggered on the surface of mast cells, stimulating de-
granulation and initiating a multi-systemic response that can in-
clude anaphylaxis. Allergic individuals likely have pathogenic T
cells that present allergens in the presence of pro-Th2 cytokines
like IL-4 and IL-13, which drive antibody class switching of mem-
ory IgG1 cells to IgE, predisposing individuals to anaphylaxis.

While oral immunotherapy, through careful increases in aller-
gen exposure, can shift the immune system from producing IgE
to IgG, allergen-specific IgG levels alone do not explain tolerance
achieved through immunotherapy. In clinical trials, similar eleva-
tions in serum allergen-specific IgG4 levels are seen in peanut-
allergic individuals with both sustained and transient tolerance
to peanuts. Thus, focusing on the peanut allergen Ara h 2, Patil’s
group considered qualitative differences in antibodies, like affinity
or epitope recognition, that could account for the sustained toler-
ance seen in some patients.

Using techniques ranging from sequential epitope mapping to
X-ray crystallography, they discovered several antibodies found
exclusively in patients with sustained tolerogenic responses, sug-
gesting that certain antibody-epitope interactions might be key to
long-lasting tolerance. Notably, mAbs that targeted conformation-
al epitopes were more effective at inhibiting polyclonal IgE rec-
ognition of Ara h 2 than were antibodies that recognize sequential
epitopes. These data indicate that patients with sustained clinical
efficacy have unique high-affinity antibodies that can block mul-
tiple IgE epitopes, both sequential and conformational, inhibiting
IgE-mediated activation of effector cells and providing sustained
clinical efficacy post immunotherapy.
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The researchers also uncovered an intriguing pattern of “con-
vergent evolution” in immune responses to the Ara h 2 allergen.
They observed strikingly similar B-cell receptor sequences across
patients, indicating a stereotypical, highly homologous immune
response to Ara h 2, which was subsequently confirmed by other
groups (Patil et al., 2015; Croote et al., 2018, 2024; Hoh et al.,
2020). Patil’s group showed that these convergent antibodies are
not just convergent by sequence, but also in the way they recog-
nize allergens, indicating that, on a population basis, many people
recognize the immunodominant Ara h 2 in a highly similar fashion.

Further investigations involved using an IgE-inhibition ELISA
to understand the mechanism of neutralization within a larger
group of peanut-allergic patients treated with oral immunother-
apy. The study identified neutralizing IgG4 antibodies in patients
with sustained responses, which blocked multiple IgE epitopes
and sequestered the allergen away from effector cells, preventing
IgE-mediated activation. /n vivo experiments with a humanized
mouse model confirmed that these neutralizing antibodies pro-
vided more protection against allergic responses than non-neu-
tralizing antibodies.

To reduce the allergenicity of Ara h 2, a hexamutant version
with mutations in identified conformational epitopes was engi-
neered. This mutant demonstrated impaired binding to serum IgE
in patient serum in vitro and provoked a lower allergic response in
the murine anaphylaxis model, pointing towards a potential path
for creating less allergenic versions of Ara h 2 (Min et al., 2024).

4 Gastrointestinal models: State of the science

During the in-person workshop, speakers from academia, indus-
try, and regulatory bodies explored the state of the science regard-
ing the use of GIT NAMs to examine questions of absorption,
metabolism, and toxicity. This section summarizes those presenta-
tions and provides insight into the readiness of these innovative
tools to fill critical research gaps, with the aim to either comple-
ment or replace current risk assessment methods. These talks were
meant to showcase the possibilities of various model systems,
highlighting their strengths and limitations, which may help to
establish the scientific confidence needed for their incorporation
into regulatory frameworks.

In vitro toxicological models range from simple cell line-based
monolayers, which primarily assess functional aspects such as
absorption and toxicokinetics, to 3D co-cultures with improved
physiological relevance, which can potentially address mechanis-
tic questions. Choosing a GIT model that is fit for purpose is criti-
cal, as there is often a tradeoff between physiological relevance,
scalability, cost, and ease/speed of implementation. The selection
process must weigh criteria including the specifics of the biologi-
cal samples needed to answer the research question, the need for
specific cellular interactions, and the need to incorporate mechani-
cal properties such as flow or stretch.

For the purpose of this report, talks are arranged based on the
type of in vitro model employed: “simple” cell culture models in-
cluding monolayers and transwell setups, gut-on-a-chip models
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that allow the incorporation of aspects such as flow and stretch,
and 3D intestinal organoids, which reproduce some important as-
pects of the cellular architecture and functional complexity of the
human intestine.

4.1 Monolayer and transwell cell culture models
Traditional in vitro cell culture models of the human GIT, encom-
passing both monolayer and transwell setups, are instrumental in
pharmacokinetic and toxicokinetic studies, providing insight into
drug absorption, gastrointestinal toxicity, barrier function, and the
impact of substances on cellular metabolism, signaling pathways,
and gene expression. These models can include either immortal-
ized cell lines or human primary cells. Caco-2, an immortalized
cell line derived from human colon carcinoma, is one of the most-
used cell lines in GIT research (Fogh et al., 1977). Caco-2 cells
can spontaneously differentiate and form monolayers that closely
mimic small intestinal enterocytes in the intestinal mucosa, mak-
ing them invaluable for studying intestinal absorption and trans-
port processes. Despite the advantages of ease and standardization
provided by a cell line-based model, Caco-2 cells alone do not
represent the cellular diversity of the human intestine, and they
may exhibit altered expression of some transporters and enzymes
compared to normal enterocytes (Olander et al., 2016). Primary
human cells, typically sourced directly from human tissue and
generally inclusive of various cell types, offer a more physiologi-
cally relevant model. However, tradeoffs include limited avail-
ability and potential variability between samples.

While some GIT cell culture models use simple monolayers,
other studies may employ transwells, which include a physical
barrier between two compartments, mimicking the separation be-
tween the intestinal lumen and the submucosal layers or vascular
space. Transwell studies are particularly useful for studying trans-
port across epithelial barriers, drug absorption, and GIT toxicity,
allowing for the interaction between cell types.

4.1.1 Using Caco-2 permeability to estimate oral
bioavailability for environmental chemicals

In the context of environmental chemicals, oral bioavailability
refers to the extent and rate at which an environmental pollutant
is completely available to the systemic circulation of a living or-
ganism (Price and Patel, 2024), encompassing the processes of
absorption through the GIT wall and fraction of dose escaping
first-pass elimination in the GIT wall (enterocytes) and liver (Fedi
etal., 2021). Compared to pharmaceuticals, studying the bioavail-
ability of environmental chemicals is complicated due to the in-
ability to test them on humans and poor interspecies correlation
of quantitative in vivo oral bioavailability (Musther et al., 2014).
Elaina Kenyon, a research toxicologist at EPA, delivered a pres-
entation describing EPA’s use of Caco-2 cells to increase the ac-
curacy of bioavailability predictions.

Caco-2 cells were chosen due to their accessibility, established
presence in pharmaceutical research, and their known ability to
measure apparent permeability (Papp) in a way that correlates with
effective permeability (Pefr) in vivo (Dahlgren et al., 2015; Yim
et al., 2020). Measurement of P,p, allows estimation of the frac-
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tion absorbed component of bioavailability (Wetmore et al., 2012;
Punt et al., 2022). The study measured both apical-to-basolateral
and basolateral-to-apical permeability for a panel of chemicals
from the ToxCast chemical library (Richard et al., 2016) for
which bioactivity data and in vitro toxicokinetic data were avail-
able (Wambaugh et al., 2019). Barrier integrity was monitored
by transepithelial electrical resistance (TEER) and lucifer yellow
permeation. Reference chemicals for low (ranitidine) and high
(warfarin) permeability and active efflux (talinolol) were run on
each transwell plate. Bidirectional Papp (Papp™B, PappB) was de-
termined, and efflux ratio (ER) was calculated from these data
(Honda et al., 2024).

For PyppAB (used to estimate fraction absorbed), the assay
achieved measurable Py, for 474 out of 484 chemicals, with 310
chemicals remaining after filtering based on fractional recovery
(Frec). PappPA measurements provided measurable Pypp for 478
out of 484 chemicals, with 396 chemicals remaining after filter-
ing based on Fiec. Further, ERs were calculated for 302 chemicals
to determine which were likely subject to active transport. These
data are useful for comparison against pharmaceutical data, build-
ing quantitative structure-property relationship (QSPR) models
for fraction absorbed, and incorporation into existing frameworks
(e.g., high-throughput toxicokinetics (HTTK), see 4.1.2) to pro-
vide refined estimates of oral bioavailability. Such information
can improve screening-level risk prioritizations and reduce the
uncertainty associated with IVIVE of bioactivity screening data
using in vitro toxicokinetic methods (Honda et al., 2024).

Kenyon emphasized that overall oral bioavailability is a multi-
component process that includes more than just the fraction ab-
sorbed through the gut wall — the focus of many in vitro assays.
Bioavailability also includes the fraction that escapes first-pass
elimination in both the gut and the liver, and it is influenced by
gastrointestinal physiology and physicochemical properties of the
chemical itself, as well as numerous host factors such as diet, life
stage, and pre-existing health conditions.

She concluded by showcasing an application of their findings in
a health risk prioritization context, explaining that incorporating
bioavailability data can significantly refine bioactivity predictions
and reduce uncertainties associated with translating in vitro data
to real-world scenarios. Kenyon noted that these Caco-2-derived
data will soon be publicly available to contribute to broader scien-
tific and risk assessment endeavors.

4.1.2 Modeling oral bioavailability of

environmental chemicals

John Wambaugh, a research physical scientist from EPA, dis-
cussed the integration of in vitro gut data into a risk prioritization
model for environmental chemicals. Three components are need-
ed to consider the public health risk of a chemical: the hazard,
the exposure, and the dose-response relationship (NRC, 1983).
While biological hazard has traditionally been assessed using
animal studies, in vitro high-throughput screening can be used as
an alternative measure of in vitro bioactivity. To translate in vitro
data to meaningful in vivo predictions, however, in vitro bioactiv-
ity concentrations must be linked to potential in vivo toxic doses
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via IVIVE (Rotroff et al., 2010; Coecke et al., 2013; Wetmore et
al., 2015). However, IVIVE requires toxicokinetic data, which
are notably lacking for the vast majority of non-pharmaceutical
chemicals (Bell et al., 2018).

To address this gap, HTTK is being developed, adapting phar-
maceutical industry techniques to estimate toxicokinetics for en-
vironmental chemicals. These methods aim to provide ballpark
toxicokinetic data for large numbers of substances, which could
subsequently be used for IVIVE. HTTK combines rapid in vitro
measurements (possible for hundreds to thousands of chemicals)
with generic toxicokinetic models capable of utilizing these data
for predictions. The end goal of the complex process is to calcu-
late what is termed the “administered equivalent dose” — essen-
tially, the specific dose required to achieve a certain in vitro con-
centration within a living organism — linking the in vitro findings
to potential real-world exposure levels. Wambaugh emphasized
that HTTK essentially identifies a single scaling factor, making
it possible to predict how much of a chemical is needed to be
administered to reach a specific concentration in the blood, con-
sidering the most sensitive individuals in the population. These
data allow for rapid chemical prioritization, based on the likeli-
hood that a portion of the population is exposed to the bioactive
dose.

Integration of the in vitro Caco-2 gut absorption data pre-
sented by Elaina Kenyon (see 4.1.1) into the chemical prioritiza-
tion scheme expanded the data set significantly. However, gaps
remain, prompting the team to develop a QSPR model using
machine learning (specifically, a random forest method) to pre-
dict chemical permeability. While not perfect, this model offers
reasonable predictions for chemicals without direct Caco-2 meas-
urements, particularly distinguishing between high, medium, and
low permeability (0.2 x 10°® cm/second, 2 x 10¢ cm/second, and
20 x 10" cm/second, respectively).

QSPR data were incorporated into the HTTK model, which al-
ready includes factors like first-pass metabolism. The improved
model now accounts for the fraction of a substance absorbed from
the gut and escaping initial metabolism, enhancing predictive ca-
pability. Comparing the updated model against traditional in vivo
rat studies and other tools like ADMet predictor?2, Wambaugh as-
serted that their approach holds up well, even surpassing the pre-
dictive power of rat studies in certain respects. For example, the
root mean squared error human systemic bioavailability compiled
by Kim et al. (2014) was 0.08 for predictions based on Caco-2 in
vitro measurements, 0.08 for predictions based on Caco-2 QSPR
predictions, and 0.26 for rat-based in vivo measurements (Mus-
ther et al., 2014; Wambaugh et al., 2018).

Wambaugh emphasized that the enhanced HTTK model can
allow risk assessors to better determine the margin between
actual exposure and potentially bioactive doses. Although the
model has noted limitations and uncertainties, it provides valu-
able insight, especially when direct chemical data are lacking,
and continues to refine the risk assessment process for environ-
mental chemicals.

22 hitps://www.simulations-plus.com/software/admetpredictor/

4.1.3 Characterization of a human in vitro intestinal
model for the hazard assessment of engineered materials
In her presentation, Christie Sayes, a professor from Baylor Uni-
versity, described work on creating a transwell co-culture model
of the human gut that simulates realistic interactions within the
intestinal environment and could provide a reliable, high-through-
put alternative to animal testing. The model includes undifferen-
tiated and differentiated Caco-2 cells to represent the intestinal
lining, HT-29 cells to represent goblet cells, and Raji B cells to
mimic the immune compartment. This in vitro model involves a
21-day procedure with a two-phased approach: the initial adap-
tation of Raji B cells into media representative of the entire tri-
culture model, and the subsequent differentiation of Caco-2 cells,
induced by Raji B cells, into M cells, concluding with the addition
of mucus-secreting HT29 cells.

Sayes and her team are working to optimize three key end-
points: barrier permeability, antigen transport, and inflammatory
responses (Gibb et al., 2021). They utilize various microscopy
techniques (e.g., bright field, scanning electron, and confocal)
to quantify cellular characteristics and responses and compare
those data to a particular exposure scenario. Detailed morphologi-
cal characterization aids in understanding the specific impacts of
various toxicants, providing a comprehensive view of cellular be-
havior postexposure. This careful imaging, along with functional
analysis (e.g., expression of cytokines and cell-surface receptors;
TEER), established the optimal passage number (20 to 30) and the
optimal day to expose the system to a toxicant (day 8 to 11).

In vivo, substances that enter through the GIT undergo various
phases of digestion prior to absorption in the small intestine. To
simulate these conditions, samples underwent a three-phase simu-
lated digestion before being added to the model system, includ-
ing an oral phase, gastric phase, and intestinal phase (Ede et al.,
2020; Pradhan et al., 2020). During each phase, pH, enzymes, and
salts were included over a 4-hour period to mimic in vivo con-
ditions (Minekus et al., 2014; DeLoid et al., 2017). Enzymatic
gastric digestion changed the surface texture of particles such as
microplastics and cellulose fibers, increasing surface roughness,
which could influence cellular inflammatory responses (Sayes et
al., 2007; Pradhan et al., 2020). After undergoing simulated gas-
tric fluid digestion, cellulose nanocrystals became slightly frayed;
however, the crystals induced similar pro-inflammatory responses
as undigested cellulose nanocrystals or conventional cellulose.

Sayes underscored the necessity for high-throughput in vitro
methods within toxicological studies, advocating for a mixture-
based approach, which is critical for navigating the complexities
of real-world exposure scenarios such as the combination of toxi-
cants that might be present in drinking water.

4.1.4 Evaluating the technical quality of a triculture

gut model to test particle permeability

Validating NAMs for commercial or regulatory use is a complex,
multicomponent process, one aspect of which includes detailed
technical characterization.?3 Elijah Petersen, a research scientist

23 https://ntp.niehs.nih.gov/sites/default/files/2023-09/VWG_Doc_Comments_ACC_20230905.pdf
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from the National Institute of Standards and Technology (NIST),
delved into the intricacies of the technical characterization pro-
cess, referring to a collaboratively produced framework providing
guidelines for enhancing the technical quality of NAMs in prepa-
ration for potential commercial or regulatory applications (Peters-
en et al., 2023). The framework is non-linear and potentially itera-
tive, aiming to generate NAMs that provide reproducible results
across time and among laboratories.

Following this framework, Petersen and his team are analyzing
multiple aspects of a tri-culture gut model designed to test particle
permeability. Parameters being assessed to understand and opti-
mize the model include cell viability and metabolic activity (MTS
assay), mucous production (microscopy/ELISA), barrier integrity
(TEER), and permeability of reference compounds.

Extensive studies of barrier integrity illustrate that TEER meas-
urements are particularly challenging. In the hands of the Petersen
group, TEER measurements varied between operators and also
exhibited day-to-day inconsistencies. Petersen noted that some of
the variation researchers experience in TEER measurements could
result from the devices themselves, including a lack of standard-
ized procedures and guidelines. His group performed a detailed,
anonymized comparison among different prong-based and cham-
ber-based test systems. The work revealed different sources of
variability, such as operator-to-operator and experiment-to-ex-
periment variability, through evaluating KCI calibration data and
data from the tri-culture model. Further work is being conducted
to investigate approaches to reduce variability and maximize con-
fidence in longitudinal data.

Efforts are ongoing to standardize TEER measurement practic-
es to quantify certain assessments like mucous evaluation (which,
currently, is only qualitative) and to address numerous other chal-
lenges inherent to in vitro models. Petersen emphasized the need
for improved methods and understanding in these areas, noting
that thorough technical characterization can provide the underly-
ing measurement confidence necessary for broader application of
this model.

4.1.5 A three-layer intestinal model for
toxin translocation studies
Angela Melton-Celsa and Kristin H. Gilchrist, researchers from
the Uniformed Services University’s Department of Microbiol-
ogy and Immunology and Center for Biotechnology, respectively,
presented their collaborative work developing a three-layer in-
testinal model to study the translocation of Shiga toxins (Bova et
al., 2023). The research holds particular relevance for the Depart-
ment of Defense because Shiga toxin-producing E. coli can cause
diarrheal and intestinal disease that can negatively impact troop
readiness and pose serious health risks, including life-threatening
hemolytic uremic syndrome. To develop effective treatment strat-
egies, there is a need for a more nuanced understanding of how
Shiga toxins (Stx) 1 and 2 cross the intestinal epithelial barrier.
Gilchrist described that, while conventional in vitro models
such as Caco-2 monolayers indicate that transcellular transport
is the most common mechanism for Stx translocation, evidence
suggests that the behavior of Stx changes in more physiologi-
cally complex settings. Thus, to mimic the human intestinal en-

414

B

vironment more accurately, an innovative three-layer primary cell
model was established in a transwell system. The transwell was
separated by a PET membrane with a collagen/gelatin extracel-
lular matrix on the apical side and a gelatin coating on the basal
side. Myofibroblasts, differentiated from human adipose-derived
mesenchymal stem cells, were grown in the apical matrix, and
a primary colonic epithelial layer was seeded on top. The basal
side contained a layer of human primary colonic microvascular
endothelial cells. The model was carefully validated for cell vi-
ability, morphology, and expression of appropriate cellular mark-
ers, demonstrating successful co-culture conditions and promis-
ing preliminary results.

Melton-Celsa continued the discussion, focusing on experimen-
tal findings comparing the translocation of Stx in a single-cell-lay-
er model containing only primary colonic epithelial cells versus
the three-layer model. Initial tests on the single-cell-layer model
showed similar translocation of Stx1 and Stx2 across the cell lay-
er, irrespective of whether the toxins were placed on the apical or
basolateral side. In the three-layer model, while both toxins still
translocated the membrane in both directions, there was an over-
all 10-fold increase in toxin translocation compared to the single-
layer model, which underscores the necessity for more complex
models to understand translocation of these toxins in the gut.

Infection models were attempted with two strains of Stx-
producing E. coli, and although strain 0157:H7 destroyed the mod-
el, 026:H11 did not, and low levels of toxin translocation were
observed.

Future studies will aim to enhance understanding of the be-
havior of these toxins in complex environments, with a focus on
improved understanding of the three-layer model and exploring
how gut conditions, like the presence of elastase, could potentially
modify the toxins, increasing their affinity for gut receptors — a
factor that current models do not consider.

4.1.6 The development of a 96-well plate-based model
of the human intestinal epithelium with applications for
modeling toxicity and gastrointestinal pharmacokinetics
In his presentation, Bill Thelin, chief scientific officer at Altis
Biosystems, described the company’s work developing next-gen-
eration human intestinal primary cell models. Ultimately, Altis is
working towards standardization of human primary cell cultures,
integrating a genetically diverse pool of donor tissue, sourcing
stem cells from multiple regions of the small and large intes-
tines of healthy donors. Cells are expanded to ultimately produce
commercial-scale lots, and quality controlled to ensure reproduc-
ibility. These primary cells can then be used across diverse plat-
forms, including the RepliGut® system, a transwell-based model
that simulates the entire life cycle of the native GIT, from pro-
liferating stem cells through differentiation into populations of
enterocytes, goblet cells, and enteroendocrine cells. The model is
designed to allow researchers to thaw cells and move straight into
experiments with minimal preparation.

Recognizing that genetic and phenotypic drift can occur with
cell expansion, extensive studies were conducted to establish ide-
al passage numbers for each gut region. Altis employs stringent
quality control measures to ensure both the phenotypic stability
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and performance (measured using TEER profiles) of each cell lot
produced.

Further, Altis is developing an efficient, high-throughput toxi-
cology assay to predict GIT toxicity, which is often missed in
non-clinical studies. This process involves a 96-well plate-based
system that evaluates drug effects on cell cultures within 5 days,
examining factors like cell viability, barrier formation, and cell
proliferation. Initial studies with idarubicin (a DNA intercalator)
and bortezomib (a proteosome inhibitor) demonstrated that the as-
say can distinguish impacts on proliferating versus non-dividing
cells, providing a nuanced understanding of the underlying mech-
anisms of drug toxicity.

In an attempt to establish formal drug metabolism and phar-
macokinetic (DMPK) modeling, Altis is using their primary cell
transwell system to model drug absorption by the small intestine.
Transcriptomic data were leveraged to ensure the model’s physi-
ological relevance, highlighting expression profiles of relevant
genes, including the enzymes CES1, CES2, and CYP3A4. Col-
laborating with Genentech, Altis evaluated permeability using
known pharmaceuticals, noting a reliable correlation with human
data. Ongoing studies include analyzing drug transport via various
pathways.

Finally, Altis is working with CN Bio to couple their model with
a human liver model, aiming to simulate human oral bioavail-
ability more accurately by including first-pass metabolism. This
complex system allows observation of a drug’s journey, including
metabolism and transport, providing a more holistic view of how
substances are processed in the body. The system’s potential was
demonstrated using temocapril (an ACE inhibitor), underscoring
the benefits of more physiologically relevant systems, including
accurate representation of enzyme expression.

4.2 Gut-on-a-chip technologies

The advent of gut-on-a-chip technologies marked a significant ad-
vance in gastrointestinal research, offering a more dynamic and
physiologically relevant alternative to less nuanced in vitro meth-
ods such as Caco-2 monolayers and transwell studies (Marrero et
al., 2021; Valiei et al., 2023). While Caco-2 cells, extensively uti-
lized to predict human intestinal drug absorption, undergo sponta-
neous differentiation and form a tight intestinal monolayer, their
inherent limitations in replicating the complex physiology of the
human intestine have driven the development of advanced, micro-
physiological systems (MPS) (Bein et al., 2018; Costa and Ahlu-
walia, 2019; Lopez-Escalera and Wellejus, 2022). This advance
is pivotal as regulatory agencies and industry partners seek reli-
able, accurate models that mimic human physiology more closely
than past models. In preclinical investigations, it is important
for pharmaceutical companies to evaluate the intestinal perme-
ability of newly developed chemical compounds (Falcon-Cano et
al., 2022). This is because novel drugs with unfavorable ADME
profiles face an elevated risk of failure in clinical trials (Fedi et
al., 2021). Unlike in vitro approaches that primarily rely on static
cultures of cells in two-dimensional environments, MPS such as

24 http://cn-bio.com
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gut-on-a-chip models employ microfluidic technology to recre-
ate the complex, three-dimensional architecture of the human
GIT, serving as in vitro alternatives to animal models for testing
the efficacy and safety of drug candidates with potential for im-
proved predictivity. This not only allows for better simulation of
the gut environment, including aspects like tissue stretch and lu-
minal flow, but also facilitates the co-culture of multiple cell types
(Kang and Kim, 2016; Bein et al., 2018; Thompson et al., 2020;
Kopec et al., 2021). Thus, gut-on-a-chip models can more accu-
rately mimic the intricate cellular interactions, barrier functions,
and absorption processes of the human GIT, thereby refining pre-
dictive capabilities and providing a more representative model for
studying the pharmacological and toxicological properties of in-
gested substances.

4.2.1 Evaluation of human intestinal epithelium in an
MPS platform as an in vitro model for drug absorption

Ye Eun Jeong, an ORISE fellow at FDA, shared preliminary data
from a project evaluating the regulatory potential of a gut MPS
platform as a superior alternative to the static Caco-2 culture for
drug absorption studies. Specifically, Caco-2 cells were grown
under continuous fluidic conditions that enhanced nutrient and
oxygen supply while facilitating waste removal?* (Xiang et al.,
2020). The group’s primary question focused on whether micro-
fluidic flow could induce Caco-2 cells to develop complex struc-
tures and biological barrier functions more closely resembling
human gut physiology, thereby improving drug permeability pre-
dictions. This preliminary study examined several functional and
morphological properties of the gut MPS model compared to a
static Caco-2 monolayer. Additionally, gene expression profiles
of Caco-2 cells, with an emphasis on drug-metabolizing enzymes
and drug transporters, were explored.

Static Caco-2 monolayers are known to exhibit TEER values
higher than those seen in the small intestine in vivo, implying a
tighter and more intact in vitro barrier compared to the living in-
testine (Lopez-Escalera and Wellejus, 2022). Data from Jeong’s
group indicate that cells grown under dynamic flow have reduced
TEER values and increased permeability of dextran compared to
the static cultures, suggesting that microfluidic flow may help re-
capitulate physiologically relevant barrier integrity. Confocal im-
munofluorescence images show the expression of ZO-1, a tight
junction marker (Lee et al., 2018), and F-actin, a key structural
protein (Drenckhahn and Dermietzel, 1988), in both static and
MPS groups. Cross-sectional views of Caco-2 cells constructed
from z-stacked images suggest the formation of a thicker mon-
olayer under a microfluidic environment. Furthermore, initial
transcriptomic results support that microfluidic flow substantially
upregulates the transcriptional levels of essential drug-metaboliz-
ing enzymes and drug transporters, including specific cytochrome
P450 and solute carrier transporters, although the functional impli-
cations of this upregulation remain to be assessed.

Future comparative studies investigating transporter protein ex-
pression and their cellular functions in a gut MPS in comparison
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to the static model are needed to understand the potential of the
microfluidic gut-on-a-chip model. Additionally, this examination
could be extended to assess whether a gut MPS demonstrates an
improved correlation with in vivo human drug absorption studies,
encompassing drugs across all four Biopharmaceutics Classifica-
tion System classes. These studies will provide insight into the
regulatory potential of a gut MPS platform as an advanced in vitro
model for drug discovery and regulatory sciences, surpassing the
capabilities of traditional Caco-2 culture.

4.2.2 Biopsy-derived human intestine chips to
investigate region-specific barrier responses

Ville Kujala, director of Discovery Biology at Emulate Inc., de-
scribed Emulate’s work to overcome the limitations of conven-
tional two-dimensional cell models and organoids in mirroring
human intestinal complexities using specialized duodenum and
colon intestinal organ-on-a-chip technology. Emulate’s system
aims to provide a human-relevant approach to intestinal mod-
eling, using tissue-specific biopsy-derived organoids and primary
endothelium, and by incorporating tunable media flow and me-
chanical forces. The duodenum and colon chips contain two cell
culture channels separated by a porous membrane. The top chan-
nel contains the intestinal epithelial cells, while the bottom chan-
nel contains the endothelial cells. Vacuum channels on the sides
apply lateral stretch to the membrane.

Kujala presented confocal fluorescent imaging illustrating that
major epithelial subtypes are present on the duodenum chip, in-
cluding absorptive enterocytes, goblet cells, enteroendocrine
cells, and Paneth cells, and that the chips exhibit proper epithe-
lial polarization, correct location of major intestinal transporters,
and tight barrier formation as assessed by apparent permeability
measurements using dextran. Colon chips also exhibit major epi-
thelial subtypes with expected donor-specific variability. In fur-
ther characterizing the chip, experiments revealed that the pres-
ence of endothelium enhances the establishment of epithelial tight
junctions and barrier formation. Additionally, epithelial polarity
and cell height were improved by incorporating flow and stretch.
Further, transcriptomic analysis using a novel metric called tran-
scriptomic signature distance (Manatakis et al., 2021) illustrated
that the transcriptome profile of colon intestine chip epithelium
is significantly closer to in vivo colonic tissue than organoids in
suspension culture. The endothelium was shown to play a key role
in differentiating the transcriptomic signature.

In terms of application, Emulate has used colon intestine chips
to model the dysregulated immune cell recruitment seen in inflam-
matory bowel disease by priming the chip with TNF-o and admin-
istering peripheral blood mononuclear cells (PBMCs) through the
vascular channel. Robust and specific migration of PBMCs into
the top channel was demonstrated compared to control, and the
model was further shown to capture complex immune-mediated
cytokine cascades and downstream barrier damage. Colon chips
were used to assess efficacy of tofacitinib, a therapeutic used in
inflammatory bowel disease. The chips captured the variable sen-
sitivities of patient-derived organoids to the drug and illustrated
that tofacitinib reduces proinflammatory signaling in response to
IFN-y. Further, early toxicity studies using the duodenum chip
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showed that treatment with a known GIT toxicant, indomethacin,
resulted in a concentration-dependent increase in intestinal perme-
ability and release of cellular injury markers, illustrating the chips’
broad potential spectrum of applicability.

4.2.3 Accelerating synthetic biotic development

with gut-on-a-chip technology

Tyler Nelson, from the 711" Human Performance Wing at the Air
Force Research Laboratory, presented collaborative work describ-
ing a microphysiological system designed to generate predictive
analyses and analyze countermeasures for optimizing the perfor-
mance of pilots and other Air Force personnel.

A collaborative project with Synlogic aimed to assess engi-
neered microbial strains (termed synbiotics) developed for poten-
tial treatment of phenylketonuria (PKU). The team used Emulate’s
Chip-S1® to create a microfluidic gut-on-a-chip model to test and
evaluate the synbiotics under physiologically relevant conditions.
In their model, the bottom “vascular lumen” compartment of the
chip contained extracellular matrix proteins to allow for the attach-
ment of vascular cells, while the upper “gut” channel contained
Caco-2 and HT-29 cells. The model was matured under flow and
cyclical stretch. Detailed microscopic analysis revealed relevant
anatomy of both gut and blood compartments, including three-
dimensional macrovillus-like structures that can provide surface
area to retain microbes in the flow environment.

Synlogic’s E. coli Nissle strain was engineered to detect phe-
nylalanine (Phe) and convert it to a non-toxic biomarker, TCA.
Using the model, the engineered strain was shown to lower Phe
concentration, with a corresponding increase in biomarker pro-
duction, in a dose- and time-dependent manner, and importantly,
Phe levels in the vascular compartment were reduced (Nelson et
al., 2021). A reduction in Phe was observed whether this amino
acid was added to the gut compartment or the blood compartment,
suggesting that the therapeutic strain applied to the gut alone could
reduce circulating Phe levels. The study also demonstrated that
supra-physiological doses of the bacterium had adverse effects on
the model that were emulated at high doses in healthy volunteers.
Further, extrapolations with data from non-human primates pro-
vided a correlation that supports the model’s predictive capacity.

Further work involved utilizing synthetically engineered probi-
otics to potentially augment the gut-brain axis by eliciting a neuro-
transmitter, with the aim of increasing the resilience of warfighters
in stressful environments. To do so, a replication-competent strain
of E. coli Nissle was engineered to detect cortisol levels and, upon
activation, produce an enzyme that metabolizes tryptophan (Trp)
to tryptamine. Cortisol, Trp, and tryptamine were traced in both
the gut and blood compartments, and the growth of E. coli Nissle
was quantified as a function of time. This dynamic could be visu-
alized using GFP tagging. Upon cortisol stimulation, Trp metabo-
lism resulted in a spike in tryptamine production. Varying cortisol
and Trp levels showed a linear relationship with the activation and
efficacy of the genetic circuit. A considerable increase in cytokine
activity was observed in response to Trp depletion, guiding the
team to consider cytokine production as a feedback mechanism in
the genetic circuits of future E. coli Nissle strains to prevent poten-
tial adverse effects (Nelson et al., 2023).
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Future research aims to enhance the complexity of model sys-
tems by integrating intestinal enteroid-based cells and microflu-
idic devices to mimic a more physiologically relevant environ-
ment when a full complement of transporters and in vivo-relevant
gene expression and metabolism are necessary. Incorporation of
real-time oxygen sensors and a controlled atmospheric setting will
allow the precise manipulation of the oxygen environment neces-
sary for fecal microbiome studies, under varied conditions of diet,
chemical/pathogen exposure, or extreme temperatures, further en-
hancing the understanding of host-microbiome interactions under
physiological stressors.

4.3 Intestinal organoids

Intestinal organoids are three-dimensional, self-organizing struc-
tures derived from stem cells, capable of mimicking some of the
cellular architecture and functional complexity of the human in-
testine. This inherent three-dimensionality allows for the study
of intricate aspects of intestinal biology that are not readily repli-
cated in the two-dimensional setups of transwells. Organoids are
increasingly used for drug screening, efficacy testing, and toxicity
risk assessment, often offering a more accurate prediction of drug
responses and adverse effects in the human GIT. In conventional
organoid culture, the apical (luminal) surface faces inward, and
the basolateral surface faces outward. However, to access the api-
cal surface, researchers can manipulate the organoid culture to flip
the orientation, so the apical surface faces outward. This orienta-
tion flip is important for studies involving luminal materials such
as nutrients, oral pharmaceuticals, and other ingested substances.
The ability to create organoids in both apical- and basal-out ori-
entations allows researchers to accurately model and investigate a
wide range of intestinal functions and interactions.

4.3.1 Human stem cell-derived intestinal organoids

as a tool to estimate human oral

exposure and presystemic metabolism

In his presentation, Patrik Lundquist, a researcher from Uppsala
University, discussed the work of his team, led by Per Artursson,
which focused on establishing new in vitro methods to estimate
the ADME properties of drugs and chemicals to assist with de-
risking. The work involves using both traditional in vitro methods
such as Caco-2 and new intestinal models to study permeability
and presystemic metabolism, respectively. These assays are ap-
plied to biologics, small molecule drugs, and peptide drugs. Sys-
tems are categorized with global as well as targeted proteomics,
and data are compared to clinical samples to aid in the creation of
PBPK or toxicokinetic models.

To estimate intestinal permeability, the team examines direc-
tional and bidirectional transport in a transwell Caco-2 cell model,
while also measuring drug concentration in the epithelium. One
finding from this model indicates that substantial drug accumula-
tion can occur within the cell layer, highlighting differences be-
tween cellular uptake and transepithelial permeability that have
implications for dosing.

25 https:/Awww.igmps.org/
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The team is also cultivating stem cell lines to produce organoids
replicating various intestinal sections: enteroids from the jejunum
and colonoids from the colon. Organoids representing other intes-
tinal sections are also being developed. These advanced models
have been shown to exhibit expression and activity of metabolic
enzymes, lacking in Caco-2 cells, and transporters that will more
closely mimic human intestinal functions compared to cell line-
based in vitro models. The team has created both apical-out and
basolateral-out organoid configurations for eventual use in trans-
port and permeability assays. Preliminary observations indicate
that the organoids have in vivo-like micromorphology, including
the presence of goblet cell-like structures, limited MUC2 produc-
tion, and a brush border membrane.

Initial results demonstrate that enteroids exhibit polarized ex-
pression and activity of fatty acid transport machinery, indicat-
ing a tight and polarized epithelial cell layer necessary for later
transport and permeability measurements. Other transporters and
metabolic enzymes present in these models are being actively
characterized and compared to primary human enterocytes, with
promising initial findings. Apical-out jejunal enteroids show ap-
proximately one-third the level of CYP3A4 expression found in
primary human jejunal mucosa, sufficient for pharmacokinetic
activity measurements. The team is also investigating enteroid
protein expression using targeted proteomics to determine the cor-
relation between activity and protein expression levels in these
systems, particularly focusing on ADME-relevant proteins.

4.3.2 Development and implementation of

primary human intestinal

organoid models for gastrointestinal toxicity

Julia Co, a senior principal scientist at Genentech, presented her
team’s work toward democratizing complex in vitro systems for
broader applications across various stages of drug discovery and
development. Potential purposes include drug toxicity, ADME,
biomarker discovery, screening, disease modeling, and under-
standing diverse patient responses, particularly in gastrointestinal
toxicity contexts.

Using a 96-well plate format, the team utilized primary intes-
tinal organoid models, developed from adult stem cells from the
colon and ileum, in comparative studies. Work demonstrating
their effectiveness in mimicking in vivo responses is underway,
which could aid in the predictive evaluation of compound toxic-
ity. This approach has increased the number of compounds that
can be evaluated and has allowed the team to prioritize their li-
brary of compounds for further development and de-risk the tox-
icity for some lead compounds. Beyond comparative analysis of
compounds, this organoid model may help to address the chal-
lenge of translating in vitro findings to clinical contexts, demon-
strated in Belair et al. (2020) as well as by the Genentech team’s
work using the International Consortium for Innovation & Qual-
ity in Pharmaceutical Development’s Microphysiological Sys-
tems Affiliate’s (IQ-MPS)? recommended list of compounds for
qualification of in vitro assays (Peters et al., 2020). Cytotoxicity
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in the organoid model correlated with clinical outcome, notably
clinical diarrhea.

Co’s team also optimized transwell monolayers using dissoci-
ated organoid cells, which allow for TEER measurements of bar-
rier function not possible with the organoid format. The transwell
system was used for evaluation of drug concentrations that cannot
be reached in vivo, aiding evaluation during the drug development
process.

Finally, Co described an innovative approach to address the
labor-intensive process of scaling organoid cultures. Her team de-
veloped novel suspension methods, which they termed basement
membrane extract-embedded organoid bead assemblies (BOBA),
consisting of suspended droplets; and syringe-extruded organoid
BME assemblies (SOBA) consisting of suspended filaments or fil-
ament fragments of cells embedded in extracellular matrix (Co et
al., 2023). Both techniques allow for three-dimensional organoid
growth within matrix suspended in the culture medium, overcom-
ing the technical challenges of conventional well-based methods.
Organoids produced using BOBA and SOBA maintain the essen-
tial characteristics of well-based organoids, paving the way for
greater accessibility and larger-scale studies.

4.3.3 Gastrointestinal toxicity in model animal

species using organ tissue equivalents

In drug development, progression into clinical trials and eventual
approval is ideally best supported by data from testing in mod-
els most representative of human response. To address this, Colin
Bishop, a professor at the Wake Forest Institute for Regenerative
Medicine, described a project aiming at constructing functional
organ tissue equivalents (OTEs) from multiple species and organs
and comparing their responses to drugs with those seen using hu-
man-derived OTEs.

The procedure involves creating OTEs from commercially
sourced primary cells from the liver, lung, and gut of human,
mouse, rat, dog, and primate. These OTEs, which accurately re-
capitulate the cell proportions found in human organs, undergo
screening with known drugs, biological responses are recorded,
and differences are evaluated to determine the most representative
model.

One significant element of the approach was the use of sphe-
roids instead of two-dimensional transwell models, aiming for a
physiologically relevant, high-throughput system. In brief, to cre-
ate spheroids, the organ-specific cell types are mixed together,
plated into 96- or 384-well plates, and incubated until cells com-
pact into spheroids. Spheroids remain viable for about a month,
and staining/microscopy studies indicate that organoid expression
of transporters and enzymes is reflective of the in vivo organ.

Bishop shared findings from preliminary drug screening on or-
ganoids using six drugs: two universal toxicants, two metabolites,
and two hepatotoxins. Seven days after seeding, drugs were added
at a range of dilutions and viability was assessed by ATP toxicity
assay three days later to obtain ICsg values. Results reflected clear
differences between species, several of which were supported by
findings from the scientific literature. Current efforts focus on
improving the reproducibility of the model and screening a larger
panel of compounds.
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Changing gears, Bishop described collaborative work to cre-
ate a biobank of gut organoids from autistic children. Given that
many autistic children experience gastrointestinal issues, the ulti-
mate goal is to investigate the gut-brain connection in autism, con-
sidering the potential role of the enteric nervous system. Despite
challenges in obtaining control samples, a substantial inventory of
organoids, representing a diverse spectrum of autistic profiles, has
been collected to date.

5 Discussion: Strengths, limitations, and
establishing scientific confidence

Following the presentations, workshop participants split into
groups to discuss guiding questions related to establishing con-
fidence in existing NAMs and the strengths and limitations of
various model systems. The ensuing discussions, summarized in
this section, provided a comprehensive perspective on the current
state and future directions of this field, including challenges, data
gaps, and critical needs.

5.1 Readiness of NAMs depends on context of use
Break-out group discussions reinforced the crucial role of GIT
NAMs in three main areas: de-risking systemic toxicity and un-
derstanding absorption/pharmacokinetics; predicting GIT toxici-
ty; and evaluating potential allergenicity. Regarding the most crit-
ical needs for future NAM development, participants emphasized
the need for considering realistic exposure scenarios, such as in-
corporating food matrices, to better predict GIT absorption and
metabolism. Discussants also noted the importance of identifying
major metabolites and considering the potential impact of gastric
residence time in systemic toxicity. Additionally, discussions indi-
cated the need to recapitulate the role of the microbiome, possibly
through synthetic biology. Participants also mentioned that com-
prehensive morphological evaluations of models are a useful as-
pect of characterization. Lastly, participants noted that providing
a clear explanation of regulatory needs and contexts of use could
help to avoid an overwhelmingly broad research focus.

Participants noted that the readiness of GIT-related NAMs for
regulatory use and other forms of GIT-related testing varies across
models and applications. The workshop presentations and the dis-
cussion sessions highlighted the availability of NAMs that can
assess overt toxicity and barrier disruption from acute exposures.
Routinely used Caco-2 models address direct cytotoxicity; and
TEER can be effectively employed as a relatively high-throughput
assessment method to assess barrier integrity. Permeability assays
have also proven useful but exhibit lower throughput. Systems
that incorporate flow dynamics are also showing promise in en-
hancing the biological accuracy of in vitro models.

Discussants noted that three-dimensional NAMs, such as in-
testinal organoids, may be particularly well-suited for evaluating
mechanistic aspects of GIT function and toxicity, based on the tun-
ability of organoids to various cell populations via culture condi-
tions. Organoids and other NAMs derived from primary human
cells were acknowledged for their capability to recapitulate human
diversity. Establishment of diverse biobanks of intestinal orga-
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noids could facilitate studying specific susceptible populations.
Organoid systems are also showing promise in the evaluation of
potential species-specific toxicity.

The maturity of NAMs relies on various factors, including the
establishment of standardized approaches that generate reproduci-
ble results. Reproducibility should also include understanding and
controlling for sources of variability, and differentiating between
technical versus biological variability (i.e., differences among
people within a population). Other criteria supporting model
maturation include demonstrated biological relevance, quality as-
surance, and transparency (e.g., OECD’s Guidance Documents
on Good In Vitro Method Practices, including Good Cell Culture
Practice (OECD, 2018)), and the establishment of curated sets of
reference compounds for method evaluation. Factors such as the
type of substance being assessed, required throughput, and practi-
cal constraints of the assay (e.g., continued commercial availabil-
ity, ease of use, transferability) must also be considered.

In response to a guiding question about successful examples of
using NAMs for any purpose, participants shared several success-
ful outcomes of using NAMs, such as the successful testing of a
synthetic microbe for the treatment of phenylketonuria (see 4.2.3),
and the use of patient-derived organoids to expand indications of a
cystic fibrosis drug (Conti et al., 2022; De Poel et al., 2023). Sev-
eral in silico NAMs have demonstrated success in ADME stud-
ies, including Certara’s Simcyp™ PBPK simulator2® and the Col-
laborative Acute Toxicity Modeling Suite (CATMoS) (Mansouri
et al., 2021). Despite these successes, ongoing challenges include
recapitulating long-term toxicity, understanding the role of the in-
flammatory/immune response, and developing well-defined mod-
els to characterize metabolic pathway perturbations. In addition,
assessing volatiles and nanomaterials were noted as particularly
challenging.

In summary, discussions emphasized that defining the COU for
each model is crucial for establishing criteria for model maturity
and readiness for regulatory or research applications. Multiple
participants stressed the need to avoid the “one-model solution”
approach, recognizing that no single model will be perfect for all
endpoints; instead, multiple models will likely be necessary. The
choice between simpler two-dimensional models and more com-
plex three-dimensional or perfusion-based systems depends on
the specific application and the level of physiological accuracy re-
quired by the scientific question and consequent regulatory needs.
For example, while two-dimensional models may be adequate for
investigating acute toxicity, three-dimensional systems like or-
ganoids may be needed for long-term studies (e.g., tissue remod-
eling) and for capturing human diversity. Striking a balance be-
tween complexity and practicality/ease of use is crucial for NAMs
to be effective and widely adoptable.

5.2 Reference data for NAMs

Participants were asked to identify the “gold standard” against
which NAMs should be compared to establish confidence. For
GIT toxicity, clinical human data can serve as appropriate refer-
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ence data when available (e.g., bioavailability data for absorp-
tion). Pharmacokinetic modeling could also be applied to under-
stand dose relationship to internal concentration and exposure.
For example, the 1Q-MPS25 has assembled assay qualification
compound sets for nausea, vomiting, constipation, and diarrhea
(Peters et. al, 2020). These lists were derived based on clinical
data for approved drugs, and they may provide valuable data for
assessing the predictivity of in vitro models. However, not all
chemical classes, mechanisms of action, and potencies may be
represented as these lists only include approved human pharma-
ceuticals.

Although several participants voiced the opinion that NAMs
may be better suited for assessing various aspects of GIT toxicity
compared to many animal-based in vivo methods, it was acknowl-
edged that, in some cases, animals have demonstrated high pre-
dictivity of GIT toxicity (e.g., non-human primates). When such
in vivo animal data are available, they can be valuable in assess-
ing the performance of an in vitro method. Developers of in vitro
GIT models have noted that animal data remain important in un-
derstanding IVIVE, and the development of in vitro models with
animal cells can be warranted in specific scenarios (Belair et al.,
2020; Peters et al., 2020).

Validating to animal models can be problematic in certain cases.
For example, animal species used in toxicity studies have differ-
ent susceptibilities to diarrhea. Predictive in vitro assays to assess
drug induction of diarrhea in humans could be useful in screening
potential drug candidates prior to further testing, such as those us-
ing human ileal organoids (Belair et al., 2020). However, addition-
al work is needed to determine how in vitro drug concentrations in
this model translate to in vivo exposures. Development of similar
in vitro models with animal-derived cells has also been suggested
as a way to validate the in vivo predictivity of the model and to
enable a better understanding of species-specific findings. Partici-
pants also discussed whether bridging assessments might be ap-
propriate to compare animal-based microphysiological systems to
animal data, providing confidence in human cell-based systems.

5.3 Remaining challenges and data gaps

Discussions highlighted significant data gaps that hinder the rou-
tine application of NAMs. A primary concern is the lack of ap-
propriate statistical characterization and data interpretation. Much
of the NAM data were noted to be of low confidence, often due to
issues with calibration chemicals or control measurements (e.g.,
positive controls (Petersen et al., 2021)). Other statistical consid-
erations, such as determining appropriate sample sizes, are also
necessary to provide NAMs with credibility in toxicological as-
sessments. Participants also mentioned metabolism-related data
gaps, noting that GIT differences between animals and humans
are difficult to model in vitro and that multiple models are needed
to capture the diversity of the human population or the varying
density of the mucous layer. Further, simple models that do not
recapitulate metabolism may not be “tissue-like” enough to use
for decision making. Finally, the discussions underscored the ne-
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cessity for standardization that aligns with regulatory demands
and involves detailed characterization of model tissues while also
considering cost-effectiveness.

Participants discussed key functionalities that require prioritiza-
tion for advancing NAM development for regulatory use. Barrier
function, metabolism, and absorption were specifically noted as
important priorities. While barrier integrity was considered mostly
“solved” (e.g., TEER assay), the scaleup of primary cells for use
in barrier function assays was considered a lingering challenge.
Addressing metabolism-related gaps involves creating organoids
from primary cells and establishing models of first-pass metabo-
lism. Intestinal efflux transporters were also mentioned as an im-
portant functionality, but participants predicted that this function
might naturally emerge if barrier function and metabolism are
addressed. Finally, while multi-organ models are beginning to
emerge to better recapitulate human-relevant functionality, dis-
cussants emphasized the need to balance the complexity of those
models against the practicality and specificity of simpler models.

To enhance the relevance and applicability of GIT NAMs
in pharmaceutical and regulatory contexts, these models must
closely mimic the human GIT, both structurally and functional-
ly. Participants noted that various regions of the GIT, such as the
small and large intestines, require distinct modeling approaches
to accurately recapitulate region-specific tissue architecture (e.g.,
intestinal villi, tight junctions, brush border membrane, mucous
layer). Further, participants indicated a need for whole-gut rep-
resentation, beginning with the oral cavity and assuring proper
gastric residence time, to reflect the diverse chemical transforma-
tions occurring throughout the digestive process. For instance,
multiple-organ models that are conditioned with GIT fluids and
mimic the role of the liver in first-pass metabolism might more
closely approximate human responses. Furthermore, integrating
microbiome diversity was deemed pivotal by participants, particu-
larly alterations to the microbiome characteristic of some disease
states. Modeling the anaerobic environment of the GIT was ac-
knowledged as a significant challenge. Finally, despite progress,
NAMs still cannot accurately assess long-term toxicity, inflam-
matory or immune responses, nor nausea and vomiting (Holmes
et al., 2009), which frequently affect medication compliance. Ad-
dressing these challenges will not only enhance the reliability of
NAMs in predicting human responses but also aid in their accept-
ance in regulatory contexts.
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