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ARTICLE INFO ABSTRACT
Handling Editor: Dr. Anna K Price. Several new approach methodologies (NAMs) for developmental toxicity (Dev Tox) testing are being used by
pharmaceutical companies for derisking or for exploring Dev Tox mechanisms. Regulatory adoption of these
Keywords: NAMs-based approaches as being adequate for Dev Tox risk assessment has been more challenging, due, in part,
ﬁl;\;nanves to dynamic changes in the conceptus and placenta throughout development and the impact of the pharmaceu-
s

tical on the mother’s physiology, which may also have an embryo-fetal impact. Still, there is currently a

EZT;CII(:Zm ent recognition by Health Authorities that there are certain contexts-of-use under which Dev Tox NAMs can provide
Pharmaceuticals information that is adequate to inform risk. This has been adopted in the 3rd revision of the ICH S5 guideline,
3Rs which provides a path to qualify Dev Tox NAMs for regulatory decision making. Despite this opportunity,
Developmental biology pharmaceutical companies rarely submit Dev Tox NAMs to Health Authorities for qualification or with intent to

support regulatory decision making. This may be in part due to the need for a greater understanding of the
biological relationship between currently available Dev Tox NAMs and in vivo outcome, applicability domain,
translatability, predictivity, and that these NAMs do not cover the complete scope of embryo-fetal development.
Furthermore, there is a lack of Dev Tox NAMs data visibility to Health Authorities. To use Dev Tox NAMs for
regulatory decision making, more data sharing with Health Authorities and further understanding the applica-
bility domain of these methodologies are needed.
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1. Introduction

New approach methodologies (NAMs), alternatives to “standard”
animal models, are currently a hot topic in toxicology due to their po-
tential to replace and/or reduce in vivo animal studies [1] by enabling
toxicity assessments in human cells or cell-based models or shifting in
vivo studies to phylogenetically more primitive species. Furthermore,
NAMs can often provide additional insight into toxicological mecha-
nisms/pathways, which can inform on the relevance of adverse
nonclinical findings for human risk assessment. For some toxicology
assessments, such as skin irritation, this shift has already been imple-
mented successfully [2], as this is a discrete, relatively static system with
a limited period of exposure. On the other hand, regulatory adoption of
NAMs-based approaches for assessing embryo-fetal development (EFD)
endpoints for pharmaceuticals (Dev Tox NAMs) has been more chal-
lenging, due, in part, to dynamic changes (e.g., gene expression, tissue
types, and morphology) in the conceptus and placenta throughout
development and the impact of the pharmaceutical on the mother’s
physiology (e.g., blood pressure).

Several Dev Tox NAMs were already developed in the 1980’s [3] and
have been used for early screening by pharmaceutical companies for
more than 20 years [4]. Among those NAMs, the mouse Embryonic Stem
Cell Test (mEST), the rat Whole Embryo Culture (rWEC), the Zebrafish
Embryo Developmental Toxicity Assay (ZEDTA), the micromass (MM)
embryotoxicity test, and the frog embryo teratogenesis assay-Xenopus
(FETAX) have been well-studied [5-8]. Additional in vitro (e.g.,
C. elegans and gastruloids) and even in silico models are available and
have also been independently evaluated [9]. In addition, there are
several human stem cell-based assays (e.g., Toxys and Stemina), which
have been evaluated for use as Dev Tox NAMs [10-14]. Whilst the
mEST, rWEC and MM have previously been validated for embryo
toxicity by the European Centre for the Validation of Alternative
Methods (ECVAM) [15], current users of these assays may have modi-
fied these assays to improve predictivity for their individual application.
However, further studies using the predictive model for the mEST
showed that in a pharmaceutical context of use, the predictivity of the
statistical model was greatly reduced [16]. In the US, the Interagency
Coordinating Committee on the Validation of Alternative Methods
(ICCVAM) evaluated the FETAX for developmental toxicity, but
concluded that the assay showed sensitivity issues and several practical
constraints and thus was not adopted [17]. Additionally, although the
sensitivity and specificity of the zebrafish embryo and human stem cell
based assays as Dev Tox NAMs, including commercially available ver-
sions [6,18-21], these assays have not been validated through ICCVA-
M/ECVAM. As these validation efforts are very time consuming and
have an uncertain outcome, there has been a movement away from this
cross-laboratory validation paradigm towards a focus on qualification of
assays within a laboratory, consistent with specific company portfolios.
This qualification entails an internal validation in which the context of
use of the assay(s) is clearly described [2] and is consistent with the
recommendation in the updated International Council for Harmo-
nisation of Technical Requirements for Pharmaceuticals for Human Use
Safety Guidelines for Reproductive Toxicology revision 3 (ICH S5(R3))
guideline on reproductive toxicology of pharmaceuticals and regional
guidance on the qualification of 3 R methods [22-24].

This manuscript is part of a Health and Environmental Sciences In-
stitute’s Developmental and Reproductive Toxicology (HESI DART) se-
ries investigating the general, chemical, and pharmaceutical utility of
NAMs for replacement of in vivo mammalian embryo-fetal develop-
mental toxicity studies. This manuscript focuses on the current land-
scape and use of Dev Tox NAMs in pharmaceutical development; the
regulatory frameworks and explores the reason behind the limited
adoption of Dev Tox NAMs by pharmaceutical companies in regulatory
submissions even though the revised ICH S5(R3) guideline provides
opportunities to do so; examples and case studies where Dev Tox NAMs
have been successfully used; and finally recommendations on how to
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further increase the use of NAMs in a regulatory context.
2. State of the science and current practices
2.1. ICH S5(R3)

The ICH S5(R3) guidance does not endorse or discuss any particular
assay or methodology, yet rather describes characteristics that a Dev Tox
NAM should possess and identifies criteria that should be used in
qualifying a NAMs testing strategy. However, to assist all laboratories
(including Contract Research Organizations (CROs)) in the qualification
of their NAM(s), ICH S5(R3) lists several reference compounds that can
be used. These include 29 compounds that have been shown to induce
Embryo-Fetal Development (EFD) effects in mammals, of which 18 are
proven human teratogens and 2 presumed ones. Also 3 non-teratogens
are included to assess the specificity of the NAM [24,25]. When avail-
able, human exposure levels, rat and rabbit exposure levels (Cmax and
AUC) at both the No Observed Adverse Effect Level (NOAEL) (highest
exposure negative for Malformations and/or Embryo-Fetal Lethality
(MEFL)) and the Lowest Observed Adverse Effect Level (LOAEL) (lowest
exposure positive for MEFL) are provided, in addition to the adverse
findings observed at the LOAEL and higher doses in each species, to
facilitate a concentration response investigation in NAMs [24-26].
These reference compounds were selected, as they represent several
known modes of actions and physicochemical properties related to EFD
effects, and had high-quality, publicly available data.

The shift in regulatory perspective described in ICH S5(R3) should
not be understated. Regarding the role of Dev Tox NAMs in risk
assessment, the prior version ICH S5 (R2) stated: “[NAMs]...lack the
complexity of the developmental processes and the dynamic interchange
between the maternal and the developing organisms... [and therefore]
cannot provide assurance of the absence of effect nor provide perspec-
tive in respect of risk/exposure” [27]. This was broadly interpreted as
indicating that these assays were generally not applicable for EFD risk
assessment, aside from screening drug candidates early in drug discov-
ery or gaining a mechanistic understanding of an effect observed in
animals. Whereas ICH S5(R3) states: “If properly qualified, NAMs have
the potential to defer or replace (in certain circumstances) conventional
in vivo studies” [24]. This is a seismic shift in perspective on the regu-
latory applicability of NAMs for characterizing and communicating EFD
risk for pharmaceuticals.

So, what is the basis for this shift in perspective? While there have
been advances in our understanding of the molecular and cellular pro-
cesses leading to embryo-fetal abnormalities, and there have been ad-
vances in the science underpinning NAMs intended to predict EFD
toxicity, the limitations noted in ICH S5(R2) still largely apply to the
currently available NAMs. What has changed is recognition by phar-
maceutical Health Authorities (HAs) that there are certain contexts-of-
use under which Dev Tox NAMs can provide information that is
adequate to inform risk. These contexts-of-use are intended to support
NAM development and application, while limiting the potential conse-
quences of false negative or positive results returned by a NAM. Both
outcomes are potentially harmful to patient safety for different reasons
(e.g., misidentifying risk or restriction on use of pharmaceuticals for
patients who may be or may/can become pregnant, respectively).

ICH S5(R3) identifies several scenarios in which an appropriately
qualified Dev Tox NAM can be used to support pharmaceutical devel-
opment and marketing (Table 1). Perhaps most impactful is the provi-
sion that allows inclusion of women of childbearing potential (WOCBP)
(up to 150 WOCBP for up to 3 months) in Phase 1 and Phase 2 clinical
trials based on the findings from qualified alternative assays and one
preliminary EFD in vivo study in second species (see footnotes in
Table 1). As of writing, however, neither the US Food and Drug
Administration (FDA), European Medicines Agency (EMA), nor Japa-
nese Pharmaceuticals and Medical Devices Agency (PMDA) have
received any such qualification packages.
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Table 1
ICH S5(R3) scenarios identified using Dev Tox NAMS.

Context Outcome

Inclusion of women of childbearing
potential (WOCBP) (up to 150 WOCBP
for up to 3 months) in early phase trials
(Section 4.2.3 in ICH S5R3)

e EU, UK, Japan: Use of qualified Dev
Tox NAM* which predict outcome in
one species in combination with one
preliminary EFD in vivo study in 2nd
species

e US: No assay needed if adequate
precautions to prevent pregnancy

In limited circumstances for the inclusion of WOCBP in clinical trials and to support
labelling efforts, ICH S5(R3) Annex 2:

(1) in cases where there is a high o If qualified Dev Tox NAM predicts

likelihood that a pharmaceutical will unequivocal MEFL at clinically

adversely affect EFD (e.g., class effect, relevant extrapolated exposures, it
or known role of target biology in can replace in vivo EFD studies

EFD) If qualified Dev Tox NAM predicts

negative or equivocal, EFD positive
for MEFL is only needed in one
species. To be considered negative
for MEFL requires negative in vivo
data from two species

in cases where the pharmaceutical is o If qualified Dev Tox NAM* predicts

being developed for certain severely unequivocal MEFL at clinically

debilitating or life-threatening dis- relevant extrapolated exposures, it
eases, or late-life onset diseases can replace in vivo EFD studies on
case-by-case basis

If qualified Dev Tox NAM* predicts

negative, EFD in 2nd species is

needed

If negative, then considered

negative

If positive, then considered

positive (EFD in 1st species not

needed unless would alter risk
assessment)

2

-

If qualified Dev Tox NAM* predicts
equivocal, EFD in other species:
- If EFD in 2nd species is positive,
then no more studies needed
- If EFD in 2nd species is negative,
then EFD in 1st species is needed to
conclude negative
(3) when toxicity in the animal species e Qualified Dev Tox NAM data
precludes attaining systemic incorporated into Weight of
exposures relevant to humans under Evidence (WoE) assessment to
conditions of clinical use inform EFD risk
(4) as support for WoE when animal data e If appropriate, qualified Dev Tox
are equivocal NAM(s) could be used rather than
additional animal studies to address
equivocal animal data

* When a qualified Dev Tox NAM has been shown to predict MEFL in 1st species
(rodent or non-rodent).

The other scenarios for using Dev Tox NAMs described in Annex 2 of
ICH S5(R3) are also shown in Table 1. Importantly, Annex 2 of ICH S5
(R3) is subject to a maintenance procedure, which means that supported
use-cases and the details for the qualification process for Dev Tox NAMs
can be revised as the science progresses, and our regulatory experience
with these assays grows. In time, restriction of use might be alleviated
with the increasing use of NAM’s to support nonclinical assessment,
leading eventually to the use of only NAMs to support clinical devel-
opment and labeling activities for some drugs being developed.

Specifically, Figure 1 in ICH S5(R3) Annex 2 describes the scenario
for pharmaceuticals that are expected to induce MEFL based on weight
of evidence (WoE) can use Dev Tox NAMs to confirm that expected
developmental toxicity and if those results are considered relevant
under clinically relevant extrapolated exposures and context of use then
no further assessment should be warranted as the risk assessment can
then be prepared for product labeling with that information [25].

Another focus of the ICH S5(R3) guidance is using WoE (including
animal and human literature, other publicly available data relevant for
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the risk assessment for all or part of the risk evaluation). If the standard
of care and/or WoE for a compound has a developmental toxicity lia-
bility that is considered target related, the default position is that the
compound in development poses the same risk for that target until
proven otherwise. Unless the aim is to differentiate from that standard of
care based on developmental toxicity, Dev Tox NAMs may provide
support of "expected" EFD toxicity based on WoE without needing an
animal study. In this limited scenario, the rigorous qualification criteria
described in Annex 2 of ICH S5(R3) may not be needed for a Dev Tox
NAM to be used as part of the developmental toxicity WoE assessment.
Although animal studies were conducted at the time, an example of how
Dev Tox NAMs could have been used instead of animal studies for
compounds with “expected” EFD toxicity based on WoE was recently
published [28].

On the other hand, for programs with low tolerance of EFD risk (e.g.,
patient populations with high percentage of WOCBP), identifying EFD
risk as early as possible is important because an unexpected EFD signal
identified during later stages in drug development process can be
extremely disruptive (e.g., potential clinical holds) and costly. In this
context, the decision by program teams is to conduct studies with the
most definitive human safety assessment (presumably in vivo EFD
studies instead of NAMs at this time). However, despite their limitations,
the Dev Tox NAMs can be used, in some situations, as a substitute for the
current standard animal studies.

2.2. Current practices

To move the needle towards using NAMs in regulatory assessment of
drug candidates, one needs to understand what is preventing pharma-
ceutical companies from using NAMs. On the surface, NAMs hold a lot of
advantages for pharmaceutical companies that include reductions in
animal use, speed to decision making and reductions in cost for drug
development programs. However, these advantages must be weighed
against the overall drug development process. For example, even with
the provisions for use of Dev Tox NAMs in ICH S5(R3), there is a general
understanding that the limitations noted in ICH S5(R2) still applies to
NAMs. As a result, EFD studies in two species are typically warranted
later in drug development when larger populations of WOCBP are going
to be included or at the time of registration at the very latest, unless the
program fits one of the narrow scenarios described in Annex 2 of ICH S5
(R3), as captured in Table 1, above. How does this affect drug devel-
opment teams? Two full EFD studies are typically needed to support
Phase 3 (outside of ICH S9), so the primary value of these Dev Tox NAMs
under the examples provided are only to delay the need for these two full
EFD to later in development for most programs. Some companies/in-
dications may not want to carry that unknown risk (lack of trust in NAM
predictivity) to later in development where more investment is at risk,
and may prefer to see the outcome of those pivotal EFD studies earlier to
discharge this risk sooner rather than later and therefore may choose to
conduct in vivo EFD studies instead of NAMs. It is however known that
this cost for pivotal EFD assessment upfront may be futile if the drug
later fails due to other toxicity or clinical reasons, however this risk/
benefit decision is one frequently made by pharmaceutical companies
instead of progression of the compound towards regulatory decisions
with more cost effective NAMs data.

2.2.1. Pharmaceutical company use and perspectives: Results of a HESI
DART survey

Currently, the predominant use of Dev Tox NAMs consists of
screening candidate compounds early in development when the target
population is of reproductive age or pregnant (e.g., malaria or schisto-
somiasis) [29]. This is supported by results from a recent survey of HESI
DART committee members (both public and private) to understand the
current use of Dev Tox NAMs across both chemical and pharmaceutical
industries, what is required for, and the hurdles to the replacement of in
vivo studies. In this survey, ~50 % of responding pharmaceutical
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sponsor companies indicated that they used Dev Tox NAMs in-house as
screening assays, but none are currently being used as a replacement for
in vivo two species EFD testing (Table 2). The zebrafish embryo devel-
opmental toxicity assay (ZEDTA) was the most commonly used assay for
screening and prioritization, and it has subsequently been reported that
the inclusion of assessment of bioavailability increases the sensitivity
and accuracy of the teratogenicity assay in zebrafish larvae, making it an
important complement for this assay [20,21]. Others also employed
Stemina’s Dev Tox quickPredict [13,14], Toxys ReproTracker [11],
mEST, human EST (hEST)and rWEC. Toxys ReproTracker and the rWEC
have also been used for mechanistic investigations, which is often the
approach taken by companies to answer specific questions posed during
standard regulatory assessments. Success with these assays differs be-
tween companies, as these same assays have been discontinued within
other companies (potentially due to strategic decisions or if considered
unsuccessful for their purposes). Additionally, only 20 % of those who
are not currently using Dev Tox NAMs, plan on using NAMs in general,
in-house or with an external company in the near future.

Both regulators and industry sponsors agreed that additional infor-
mation was needed for Dev Tox NAMs to ultimately replace in vivo EFD
testing. This included additional information regarding biological un-
derstanding of the relationship of the Dev Tox NAM and the adverse
outcome in vivo (and concordance in humans), understanding the
applicability domain, and translatability and predictivity of the assays.
On top of these data needs are additional hurdles for further adoption.
Pharmaceutical sponsor companies cited limited internal capacity and
lack of a business case to develop Dev Tox NAMs in-house. The currently
available battery of assays is not likely to address all aspects of embryo-
fetal development and are not currently developed enough to accurately
predict pregnancy outcomes. Sponsor companies also noted that there
are limited circumstances under which the qualified Dev Tox NAMs can
be used, further restricting their use.

Currently, there is an industry perception that the use of NAMs as an
alternative to a second species is not widely accepted by HA. Companies
who are not generating Dev Tox NAMs data often prefer to conduct a
pregnant animal study in the second species, as there is a perception that
it would be more predictive than one or more NAMs. However, a limited
number of companies who are generating Dev Tox NAMs data are now
submitting NAMs data alongside the pivotal two species in vivo assess-
ments as data transparency. This submission of additional Dev Tox
NAMs data is considered outside of the ICH guideline recommendations
and therefore few companies will generate extra data that is not
necessary to support a regulatory submission. Therefore, there is limited
engagement or incentive from pharmaceutical companies to do this.

Although some data are being submitted by companies either early in
development when DART assessments are not typically required or in
conjunction with the GLP in vivo EFD studies or as a supplement at
marketing application, more data supporting regulatory acceptance of
Dev Tox NAMs equivalence to EFD studies in standard species is
required for Dev Tox NAMs data submission to become routine. To date,

Table 2
Summary of Dev Tox NAMs currently used in pharmaceutical safety testing
within HESI DART pharmaceutical sponsor companies.

Screening  Prioritization =~ Mechanistic Regulatory
Study use/ animal
replacement
ZEDTA Yes Yes No No
Stemina Dev Tox Yes Yes No No
quickPredict,
Human
Toxys Yes Yes Yes No
ReproTracker,
Human
mEST Yes Yes No No
hEST Yes Yes No No
TWEC Yes Yes Yes No
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real-world publicly available EFD data compared to different Dev Tox
NAMs are limited and suggest more work is needed to build confidence
[30]. Only once robust comparative data is available, will new Dev Tox
NAMs data submissions have the confidence needed for appropriate
evaluation. Right or wrong, this paradigm shift is what the pharma-
ceutical industry is waiting for before NAMs are routinely used in reg-
ulatory submissions.

2.3. Regional qualification options

Currently, there is no harmonized submission process to the major
Health Authorities (HAs) to qualify Dev Tox NAMs across regions but an
international working group, the International Medicines Regulators’
Working Group on 3Rs (IMRWGS3R), has been established. This working
group currently includes the European Medicines Agency (EMA), the
United States Food and Drug Administration (US-FDA), the Swiss
Agency for Therapeutic Products (Swissmedic), the Japanese Pharma-
ceuticals and Medical Devices Agency (PMDA), the Australian Thera-
peutic Goods Administration (TGA) and Health Canada. The aim of this
group is to achieve internationally harmonised recommendations in
relation to the 3Rs, including agreement on regulatory acceptance
criteria for NAMs, and to facilitate knowledge sharing on experience and
learnings from regulatory 3Rs initiatives in the various regions [49].
Major regional approaches are described below.

2.3.1. US Food and Drug Administration (US FDA)

At the FDA, Dev Tox NAMs can be assessed regarding their suitability
for a particular context of use through a formal qualification program,
which allows for broad (cross-sponsor) use of the NAM, or informally by
submission to a IND. In the latter case, a case-by-case assessment is made
as to whether the NAM can be considered fit for the particular purpose
that the sponsor proposes. More impactful, in terms of the potential for
reducing the use of animals in safety testing, is formal qualification as a
drug development tool (DDT) [31]. Once qualified, DDTs become pub-
licly available for use in any drug development program for the qualified
context of use, and can generally be included in Investigational New
Drug (IND), New Drug Application (NDA), or Biologics License Agree-
ment (BLA) submissions without FDA needing to reconsider and
reconfirm its suitability for the context of use that it has been qualified
for. There is FDA guidance available that describes the process by which
DDTs are to be evaluated for formal qualification [32].

There are currently two programs administered by the DDT staff at
FDA that provide a pathway for formal qualification of a NAM. The first
of these is the longstanding Biomarker Qualification Program [33]. The
second is a pilot program called the Innovative Science and Technology
Approaches for New Drugs (ISTAND) [34].

Additionally, the agency recently released a FDA Roadmap to
Reducing Animal Testing in Preclinical Safety Studies [35]. While not
specific to DevTox, this reinforces the agency’s intentional shift towards
the use of NAMs.

2.3.2. European Medicines Agency (EMA)

At EMA, assay developers can discuss possibilities of specific NAM-
based strategies through the Innovative Task Force [36] and subse-
quently through scientific advice [37]. Qualification of NAM strategies
within a specific context of use is established through a qualification
procedure initiated through the Committee for Medicinal Products for
Human Use (CHMP) [38].Furthermore, it is possible for sponsors to
make use of voluntary submission of data (VSD) of 3Rs testing ap-
proaches [39], in parallel with data generated using existing methods.
Data in this submission will not be used for regulatory decision making
and is considered for information only to inform the regulatory agency
and gather data to support future qualification and/or context-of-use
considerations [39]. Recent publications have provided additional per-
spectives into the use of NAMs [40,41]
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2.3.3. Japanese Pharmaceuticals and Medical Devices Agency (PMDA)

At PMDA, there is no specific program for consultation of NAM
qualification. Sponsors who wish to use NAMs in pharmaceutical
development should discuss the qualification of NAMs in their drug
development consultations.

3. Case studies of current use of Dev Tox NAMs

Despite no examples of Dev Tox NAMs being used to replace/reduce
animals for regulatory purposes, there has been progress in the use of
Dev Tox NAMs at various pharmaceutical development stages. Below
are a few examples of the use of Dev Tox NAMS, including some where
Dev Tox NAMs data have been submitted to HAs.

3.1. Example 1: Stemina Dev Tox quickPredict (devTOX™) assay

To date, only one Dev Tox NAM with a use case of limiting animal use
in EFD assessment has been submitted for processing within the DDT
program at the FDA, based on a search of the CDER & CBER Drug
Development Tool Qualification Project database using the publicly
available search tool (https://force-dsc.my.site.com/ddt/s/). This was a
submission by Stemina regarding their Dev Tox quickPredict (devTOX
%) assay. Both the originally submitted Letter of Intent (LOI) and the
FDA’s LOI Determination Letter are available from the Biomarker
Qualification website (program number DDT-BMQ-000109). In Stemi-
na’s originally submitted LOI, they proposed to qualify the output of
their assay (the ratio of ornithine to cystine in the culture medium) “as a
safety biomarker for detecting human developmental toxicity potential
in vitro using human pluripotent stem cells at the nonclinical stage of
drug development for small molecule drug candidates expected to be
embryo-fetal toxicants as described in Annex 2 of the ICH S5(R3)
guideline.” After reviewing the LOI, the Agency accepted the proposal
into the biomarker qualification program; however, with a significantly
narrowed context of use (bold text represents FDA additions to the text):
“The ratio of ornithine to cystine may be used as a safety biomarker for
detecting human developmental toxicity potential in vitro using human
pluripotent stem cells at the nonclinical stage of drug development for
small molecule drugs as part of a WoE assessment as described in the
ICH S5(R3) guideline.”

In reading through the LOI Determination Letter, it becomes clear
that two factors drove the Agency to revise the context of use in this
manner. In the first case, the Agency removed reference to “candidates,”
as there was concern that this could be inferred to refer to pharmaceu-
tical candidate screening, which is not a use case that the Agency ex-
ercises regulatory authority over. And, in the second case, and perhaps
more significantly, FDA recommended removal of reference to Annex 2
of ICH S5(R3) (and the use case that appears in Annex 2 of testing drugs
expected to be embryo fetal toxicants). Annex 2 of ICH S5(R3) provides
recommendations for how EFD “alternative assays” (how NAMs were
referred to in the guidance) should be qualified and describes scenarios
where their use would be supported. The reason that the Agency stated
the reference to Annex 2 should be removed was that it was concluded
that there was no plausible means by which the proposed biomarker
could meet all the criteria outlined in Annex 2 as being necessary for
qualification as an alternative assay. In particular, one criterium that
must be met is that the qualification package includes:

“An evaluation of the biological plausibility of the model including a
description of embryo-fetal development (e.g. cell migration, dif-
ferentiation, vasculogenesis, neurulation, gastrulation) and subse-
quent development adverse effects studied with the model...”

The Agency states in the LOI Determination Letter that: “We have
concluded that there is no plausible means by which your assay, and the
resultant biomarker that it generates, can meet this criterion for a
qualified alternative assay. It may have potential utility, however, as an
additional datapoint in a WoE assessment of EFD toxicity.” By failing
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this criterion, it was determined that devTOX% could not serve as an
alternative assay, as described in Annex 2, but could have value as a
component of a WoE assessment, outside of the context of an Annex 2
alternative assay.

3.2. Example 2A: Dev Tox NAM:s for frontloading EFD studies

In the effort towards the qualification of new approaches to identify
medicines with low potential for teratogenicity in humans, Medicines
for Malaria Venture (MMV) and partners established a Dev Tox NAMs
screening strategy with the aim to incorporate and front-load the reg-
ulatory in vivo EFD testing early into drug development, allowing for
earlier prioritization of candidate compounds due to the importance of
having safe antimalarials for pregnant women and WOCBP [29]. MMV
has been working to obtain and produce data in NAMs with
anti-malarials that can help the application of the ICH S5 guidline faster
and smoother for regulatory decision making. Malaria in pregnancy
remains a major public health issue capable of causing significant
adverse perinatal outcomes for mother and baby. Over the past decades,
novel antimalarials have been developed. Although some of these have
been shown to be developmental toxicants in animal models, some do
not appear to be so in humans. A good example is the
artemisin-lumefantrine (Coartem®) combination, as artemisin is a
developmental toxicant in animal models [30,42] this combination was
considered not viable to be used in pregnant women, yet it was approved
by WHO in November 2022 to treat malaria in all trimesters of preg-
nancy after an extensive meta-analysis of human data [43].

To avoid the cost of potential clinical holds at a later stage of drug
development, as well as to reduce animal use, MMV used the ZEDTA
[44] and a human iPSC-based biomarker assay (Toxys ReproTracker)
[11] to test antimalarials’ potential for developmental toxicity [10]. If
one or both of these Dev Tox NAMs are positive, a rodent preliminary
EFD developmental dose range finding study (pEFD) will be conducted
to confirm the NAMs’ outcome. If the drug candidate, in concordance to
the NAMs outcome, is a developmental toxicant in the rodent pEFD
study, the compound development will be re-considered possibly for
other clinical populations. In instances where no signals of develop-
mental toxicity were detected in any of the NAMs, EFD studies (rodent
and non-rodent) will be conducted only at the later stage of drug
development process usually after Phase 1 clinical trial results are
obtained.

3.3. Example 2B: de-risking using Dev Tox NAMs

One participating pharmaceutical company previously relied on two
Dev Tox NAMs for hazard identification to de-risk compounds pre-
clinically for MEFL. The NAMs used were the mTEST (mouse tran-
scriptional embryonic stem cell test, 5-day) and the rat WEC (whole
embryo culture, GD 9 to GD 11) performed concurrently as described by
Green et. al. [45]. This use of two NAMs to predict MEFL was an attempt
to represent different stages of development, as no single NAM devel-
oped to date represents all relevant biological complexity of in utero
mammalian development. However, the mTEST predictivity of rat MEFL
was suboptimal when applied in a real-world setting (i.e., testing drug
discovery compounds in the mTEST and subsequently conducting a rat
pEFD and/or EFD study). In addition, the prediction model lacked the
ability to predict the in vivo exposure (i.e., maternal Cmax) above which
MEFL would be expected to occur in a rat pEFD/EFD study. This led the
WEC to be the NAM of choice for current hazard identification. Based on
the WEC prediction and other factors (e.g., human exposure targets,
patient population), pEFD studies may be accelerated from routine
timelines to verify a WEC prediction.

3.4. Example 3: use of DevTox NAM to complement in vivo studies

A recent study evaluating the potential teratogenicity of
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cabamiquine—an antimalarial currently in Phase II clinical trials in
combination with pyronaridine (NCT05689047 and NCT05974267)
utilized the ZEDTA model to overcome limitations associated with
maternal effects, such as body weight and food intake, which restricted
the ability to test higher doses in traditional animal models [46].
Additionally, compound uptake in fish was monitored throughout em-
bryonic development, enabling the assessment of exposure levels and
the calculation of key pharmacokinetic parameters (AUC and Cmax). By
comparing these parameters with in vivo animal exposure and predicted
human exposure, the study provided valuable insights into safety mar-
gins, ultimately concluding that cabamiquine is not teratogenic and
could be used from the first trimester.

3.5. Example 4: theoretical use case of Dev Tox NAM:s to supplement
WoE

A theoretical example could be a compound for advanced cancer
with a target of interest that has a WoE for likely MEFL, including data
that the KO mouse has reduced viability associated with lesions in the
heart. This compound could use a Dev Tox NAM that includes an
induced pluripotent human stem cell assay differentiated into car-
diomyocytes. If there were expected changes in cardiomyocytes over
time (gene expression and morphology/function), this would support
the WoE for a risk of MEFL based on mode-of-action and experimental
data with the clinical candidate in a human relevant test system. If the
effects observed were consistent with target-based literature, it is
reasonable to consider them human relevant if it were the same target as
needed for pharmaceutical efficacy, but additional work could be done
to evaluate the threshold for those effects in vitro and PBPK modeling to
better characterize that likely risk at human exposures. In this example,
the DevTox NAM would not necessarily need to be qualified for regu-
latory use as described in ICH S5(R3) because it is simply confirming
what the WoE has already established; as long as there is sufficient
confidence in the predictivity of this test system for these purposes. The
regulatory qualification of a DevTox NAM would increase the confi-
dence of the result in the absence of a WoE or an unconvincing WoE. For
this theoretical example, the pregnancy product label could state
something like, “Based on mechanism of action, XXX may cause fetal
harm when administered to a pregnant woman. There are no available
data on the use of XXX in pregnant women to evaluate for a drug
associated risk. No animal reproductive or developmental toxicity
studies have been conducted with XXX. Animal knockout models link
disruption of YYY signaling to adverse effects on embryo-fetal devel-
opment including heart lesions and XXX has been shown to disrupt
development of human stem cells into functional heart cells. Advise
women of the potential risk to the fetus.”

4. Recommendations

Dev Tox NAMs for pharmaceuticals continue to be used more in early
screening phases (where there are no human trials on the horizon), and
at the early stages of drug development before a lead compound is
identified (where drug development costs and amount needed are
minimal compared to animal studies). However, with the update of ICH
S5(R2) to ICH S5(R3) and its greater embrace of NAMs, there is
increased support to move Dev Tox NAMs into the regulatory drug
development space in a variety of context-of-use scenarios, including
those described earlier. Key hurdles and recommendations to further
establish NAM(s) as a standard in the regulatory field are provided
below:

4.1. Qualified assays by HAs for regulatory use are needed to further
understand the applicability domain and contexts of use

Commercial vendors that have both GLP and regulatory toxicity
study experience should qualify these assays for specific contexts of use
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and market these services. Generally, these assays provided by CROs are
considered validated against published lists of known compounds.
Pharmaceutical companies using assays for screening and mechanistic
work are using either in-house assays or outsource the work to CROs.
Thus, continued qualification aids both companies and regulators in
understanding assay limitations relative to the applicability domain/
context of use. Generally, companies submit this assay data with the IND
package as supporting data. Regulators would like to see this data sub-
mitted alongside the currently required assays but known submissions
are limited. Sponsors should work with both vendors to share the data
with the regulators/reviewers in a manner that is useful (e.g. send the
standardized qualified report). In return, it is important that vendors
receive feedback on how their data is being used so that modifications (if
required) can be made. This will allow HA’s to both increase their fa-
miliarity with the applicability domains and contexts of uses.

4.2. Companies should submit Dev Tox NAMs data alongside current in
vivo studies to increased data availability and transparency

In order to accelerate the transition period where Dev Tox NAMs can
be analyzed alongside the current in vivo studies, industry sponsors
should continue submitting Dev Tox NAM:s for regulatory use according
to the scenarios specified in ICH S5(R3), including as a component of
WOoE dossiers. Additionally, Dev Tox NAMs used to inform sponsor’s
internal decisions could also be reported to HA, so as to further famil-
iarize regulators with the strengths and limitations of these NAMs. An
example would be inclusion of all available Dev Tox NAMs data when
opening an IND/CTA first-in-human submission This is not necessarily a
novel concept, as most companies share in vitro receptor screening data
with HA when submitting INDs/CTAs. Also, companies could use the
option for the VSD at EMA.

When submitting a study report for a NAM study, industry sponsors
should use the appropriate ICH-approved eCTD study file tag,
“nonstandard-safety study,” to aid HAs in being able to readily identify
NAMs data for data mining and other analyses [47]. In turn, HAs are
encouraged to publish analyses of how NAM study data are being used
and the extent to which the availability of these data are affecting the
need for in vivo animal studies and regulatory decision making.

Additional “standard” background information on each Dev Tox
NAM could also be provided with each submission based on the test
system itself, its biological and chemical applicability domain and other
related information as described in ICH S5(R3) Annex 2. This additional
submission of data would allow transparency of all data available and
promote consistency across industry (not just when in vitro data agree
with in vivo data).

4.3. Dev Tox NAMs case studies and in-house qualification exercises
within the context of ICH S5(R3), with or without corresponding in vivo
EFD data, should also be published in the peer-reviewed literature

Case studies could include those that are representative of a thera-
peutic class and those when they are not predictive, including non-
predictive instances such as when they are due to technical diffi-
culties, for all modalities in the public domain. For example, publishing
attempts to use Dev Tox NAMs for biologics, anti-sense oligonucleotides,
or other modalities may help identify the challenges that need to be
overcome to increase the application beyond small molecule
pharmaceuticals.

This recommendation, however, has an inherent number of chal-
lenges that will need to be overcome. There is a general hesitancy to
submit early NAMs data that might confound the in vivo data that would
be generated later, leading to confusion. It is also unclear what potential
impact these Dev Tox NAMs data may have on clinical trials (e.g.
contraception recommendations and/or disclosure to physicians and
patients) prior to generation of in vivo data. Additionally, in vitro
screening assessments are not conducted by all companies and therefore
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the conduct of NAMs assessment would be in addition to the detailed in
vivo assessments currently recommended for regulatory submissions [e.
g., those recommended under ICH M3 and S6 in association with ICH S5
(R3)]. Performing additional screening assessments early in the devel-
opment of a compound is often cost prohibitive for many companies,
despite initial 3 R’s advantage in the program. Additionally, since it is
generally accepted that a single Dev Tox NAM does not and is not ex-
pected to represent all of the relevant biological complexity of in utero
mammalian development, a WoE approach is encouraged. While using a
battery of NAMs (e.g., a NAM approach using more than one assay or
additional WoE such as literature, in silico data and in the future
computational models) may provide a more complete assessment of the
biological complexity of EFD, conducting such a battery of assays is also
time consuming for potentially minimal gain versus conducting an in
vivo study for the company when submitting the compound for HA
acceptance. There is a concerted global shift away from the traditional
animal models towards NAMs which will provide the regulatory push to
overcome these challenges.

4.4. A consistent regulatory approach for sharing data from health
authorities is needed

A consistent approach across HAs for sharing Dev Tox data would
encourage such submissions. Currently, the EMA is approaching these
data sets as an additional WoE approach, where more detail on assay
background is provided to aid in the understanding of the assays/ap-
proaches. The FDA approach, however, is to provide background in-
formation and the context in which the finding should be interpreted.
This allows for the FDA to take appropriate action on any safety signal
that may be relevant in the context of the predictiveness of the assay and
the totality of the other available data.

A consistent approach to screening data sharing within the phar-
maceutical industry could open up a smoother path to sharing with the
HAs about novel NAMs, which will help to make them more acceptable
for regulatory use. One option for using NAMs for regulatory purposes is
to increase positive predictivity and only rely on animal studies to
confirm a negative outcome. Alternatively, NAMs could be used to
supplement animal studies by elucidating mechanism of action and
timing of molecular initiating events over the course of pregnancy that
results in MEFL. This may better inform patients and their physicians for
making decisions about medications when the patient is pregnant or
planning a pregnancy.

As more NAMs and animal data in specific scenarios are used and
shared by the pharmaceutical industry with HAs, all will have a better
understanding of how NAMs are being used and their value. When
sufficient data exists, a coordinated and international review of the
available NAMs data from regulatory submissions would provide further
confidence in the use and eventual replacement of traditional EFD
studies with Dev Tox NAMs. The recommendations above are aimed at
providing some practical solutions and incentives for both the phar-
maceutical industry and HAs towards increased confidence and the use
of Dev Tox NAMs for regulatory decision making.

5. Conclusions

Dev Tox NAMs have been available for over two decades and despite
the ICH S5(R3) guideline providing a path to qualify Dev Tox NAMs for
regulatory decision making, these are seldom being submitted for
qualification. According to a HESI survey, Dev Tox NAMS are being used
for pharmaceutical derisking and for exploring Dev Tox mechanisms.
This may be in part due to the need for a greater understanding of the
biological relationship between Dev Tox NAMs and in vivo outcome,
applicability domain, translatability, predictivity, and that these NAMs
do not cover the broad scope of embryofetal development. Furthermore,
there is lack of Dev Tox NAMs data visibility by HAs. To use Dev Tox
NAM s for regulatory decision making, more data sharing with HAs and
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further understanding the applicability domain of these methodologies
are needed.
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