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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• An in vitro testing battery (IVB) that 
allows screening of chemicals for 
developmental neurotoxicity (DNT) has 
been assembled. 

• Performance estimates (>80% accu
racy) have been obtained for the IVB, 
based on 45 negative/positive controls. 

• Concentration-response data for alto
gether 120 compounds have been ob
tained for ten tests covering altogether 
21 endpoints. 

• Gaps of the IVB have been analyzed, and 
recommendations for the use of the IVB 
for regulatory testing have been put 
forward.  
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A B S T R A C T   

Developmental neurotoxicity (DNT) is a major safety concern for all chemicals of the human exposome. How
ever, DNT data from animal studies are available for only a small percentage of manufactured compounds. Test 
methods with a higher throughput than current regulatory guideline methods, and with improved human 
relevance are urgently needed. We therefore explored the feasibility of DNT hazard assessment based on new 
approach methods (NAMs). An in vitro battery (IVB) was assembled from ten individual NAMs that had been 
developed during the past years to probe effects of chemicals on various fundamental neurodevelopmental 
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In vitro testing 
DNT 

processes. All assays used human neural cells at different developmental stages. This allowed us to assess dis
turbances of: (i) proliferation of neural progenitor cells (NPC); (ii) migration of neural crest cells, radial glia cells, 
neurons and oligodendrocytes; (iii) differentiation of NPC into neurons and oligodendrocytes; and (iv) neurite 
outgrowth of peripheral and central neurons. In parallel, cytotoxicity measures were obtained. The feasibility of 
concentration-dependent screening and of a reliable biostatistical processing of the complex multi-dimensional 
data was explored with a set of 120 test compounds, containing subsets of pre-defined positive and negative 
DNT compounds. The battery provided alerts (hit or borderline) for 24 of 28 known toxicants (82% sensitivity), 
and for none of the 17 negative controls. Based on the results from this screen project, strategies were developed 
on how IVB data may be used in the context of risk assessment scenarios employing integrated approaches for 
testing and assessment (IATA).   

1. Introduction 

Screening of chemicals for a potential neurodevelopmental toxicity 
(DNT) hazard has been recognized as a pressing need by several large 
governmental and international organizations concerned with consumer 
safety. For instance, the US EPA and the European JRC took important 
roles in the organisation of a conference series (TestSmart) that was 
devoted to the development of a DNT test strategy useful in a regulatory 
context (Coecke et al., 2007; Lein et al., 2007; Crofton et al., 2011; 
Bal-Price et al., 2012). Also EFSA and the OECD embarked on similar 
efforts (Fritsche et al., 2017). In this context, several experimental 
programs were launched to probe novel approaches and to accelerate 
their implementation (Crofton et al., 2012; van Thriel et al., 2012; Krug 
et al., 2013b; Bal-Price et al., 2015; Baumann et al., 2016; Fritsche et al., 
2018; Harrill et al., 2018; Behl et al., 2019; Lupu et al., 2020; Pistollato 
et al., 2021; Sachana et al., 2021; Vinken et al., 2021; Koch et al., 2022). 

DNT is a field of toxicology concerned with effects of chemicals on 
the developing nervous system. Several experimental and epidemio
logical studies (on metals, pesticides and drugs) link compound expo
sure during early live phases (of the embryo, fetus or child) to functional 
alterations of the nervous system in adolescents or adults (Grandjean 
and Landrigan, 2014; Smirnova et al., 2014; Bennett et al., 2016). A 
particular concern is the possible role of DNT in the increased frequency 
of neurodevelopmental disorders, such as autism-spectrum disorders 
(Grandjean and Landrigan, 2006, 2014; Bellinger, 2012; Modafferi 
et al., 2021). The assessment is particularly challenging due to the 
multitude of potential toxicity manifestations (structural and func
tional). Moreover, there may be a time offset between toxicant exposure 
(before or after birth) and manifestation of effects (Grandjean et al., 
2019). 

The traditional methods to evaluate DNT hazard potential are based 
on animal studies following the OECD (OECD, 2007) or U.S. EPA 
(USEPA, 1998) test guidelines. To date only about 180 compounds 
world-wide have been tested using these guidelines (Crofton and 
Mundy, 2021). Several factors contribute to the limited availability of 
such studies: extensive time (e.g. 1–2 years) and resource requirement; 
limited triggered testing by chemical alerts; the need to reduce animal 
use; and the limited regulatory requirement for DNT testing as compared 
to some other test guidelines (e.g., carcinogenicity). The data available 
suffer from many uncertainties, and they require species extrapolation 
from rodents to humans. Moreover, they provide limited information on 
toxicity mechanisms. This can make them difficult to use in human risk 
assessments (Makris et al., 2009; Tsuji and Crofton, 2012; Tohyama, 
2016; Paparella et al., 2020). 

The strategic concepts of next generation risk assessment and of 
“toxicology for the 21st century” (Leist et al., 2008; Thomas et al., 2018; 
Pallocca et al., 2022a) suggest reductions in use of animal studies and 
development of new approach methods (NAMs) for toxicity assessment. 
The non-animal test methods should ideally be based on human-relevant 
test systems, reduce costs, allow a high throughput of test chemicals, and 
provide information on the toxicity mechanisms of toxicants. Many 
recent activities on scientific and regulatory levels have been under
taken to apply this strategy to the field of DNT (Sachana et al., 2019). 

The establishment of DNT NAMs followed two major principles 

(Bal-Price et al., 2015; Aschner et al., 2017). First, a concept was 
developed on how complex in vivo events and their disturbances could 
be modeled by simplified in vitro systems. It was found that the bio
logical process of nervous system development can be broken down to 
less complex key neurodevelopmental processes (KNDP). Moreover, it 
was assumed that the disturbance of any KNDP may lead to DNT in 
humans. On this basis, NAMs were developed for most of the crucial 
KNDP. The second principle was that the performance and robustness of 
the NAMs should be at a high level, so that data could be used with high 
confidence. The concept of test readiness was developed to provide a 
measure of the NAM validation status (Bal-Price et al., 2018; Krebs et al., 
2019, 2020b), and several assays were deemed ready and suitable for 
use in chemical screening. They include: proliferation, migration and 
differentiation assays based on neurospheres (NPC1-5 test methods); the 
neurite growth assays NeuriTox and PeriTox; the neural crest migration 
assay (cMINC); and an assays for neural network formation and syn
aptogenesis (Masjosthusmann et al., 2020; Crofton and Mundy, 2021; 
Carstens et al., 2022). Instead of a formal OECD-type validation (e.g. 
skin sensitization NAMs (OECD, 2021; Strickland et al., 2022)), the 
concept of a fit-for-purpose biological validation based on regulatory 
needs has been suggested (Leist et al., 2012; Hartung et al., 2013; Judson 
et al., 2013; Cote et al., 2016; Griesinger et al., 2016; Bal-Price et al., 
2018; Andersen et al., 2019; Masjosthusmann et al., 2020). Its applica
tion to DNT NAM involved: understanding of all technologies related to 
test systems and endpoint assessment; a comparison of pivotal in vitro 
signaling pathways to those relevant in vivo; and an assessment of the 
cellular presence of toxicity targets known to play a role for human DNT 
(Aschner et al., 2017; Bal-Price et al., 2018; Koch et al., 2022). 

No individual NAM covers all key aspects of neurodevelopmental 
biology. Thus no single test will detect effects on all KNDP. Therefore, a 
battery of assays is needed, to sufficiently cover all DNT toxicants. In 
2016, participants of a meeting jointly organized by the European Food 
Safety Autority (EFSA) and the organisation for Economic Co-operation 
and Development (OECD) agreed that “an in vitro testing battery (based 
on available DNT NAM) could be used immediately to screen and pri
oritize chemicals” (Fritsche et al., 2017). A test run for such a battery 
was planned, in order to evaluate the technical feasibility, to identify 
potential gaps and to provide data and experience for setting up a draft 
guidance on how to run battery testing, and how to interpret data 
therefrom (Crofton and Mundy, 2021). The purpose of this manuscript is 
to describe the first test run of a DNT in vitro test battery based on 
methods available in European laboratories (IVB-EU). Extensive raw 
data and method documentations can be found in a report by EFSA 
(Masjosthusmann et al., 2020), and the experience and learnings from 
the IVB-EU have led to the preparation of the draft of an OECD guidance 
document, which is currently (July 2022) under revision in member 
countries (Crofton and Mundy, 2021). However, the data from 10 assays 
on 120 compounds (including 28 positive and 17 negative controls) 
have not been made available to academia and the interested public in a 
peer-reviewed publication. The same applies to the preliminary per
formance evaluation of the IVB-EU as a whole and the considerations 
concerning further use. The purpose of this manuscript is to make this 
important information available, and to provide a basis for further de
velopments in academia, industry and by regulatory institutions 
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concerned with NAM-based DNT testing. 

2. Materials and methods 

2.1. Chemicals 

A list of screen compounds (n = 120) was assembled by a working 
group, using the member’s experience as members/employees at the US 
EPA, EFSA or in OECD working groups. Compounds were selected to be 
chemically and biologically somewhat diverse and to reflect groups of 
compounds with concern for a potential DNT hazard. For instance, flame 
retardants and pesticides were included, as some compounds in these 
groups are known for biological properties of relevance to DNT. One 
aspect of the selection process was also to allow for diversity of effects on 
different fundamental neurodevelopmental processes (and respective 
assays), and it was important to cover the full spectrum from compounds 
with no or low evidence for DNT liability to compounds with rich 
background data to allow for a wide spread of screen results. A subset of 
compounds (n = 28) were included as positive controls for DNT hazard, 
based on human data or robust animal data (Grandjean and Landrigan, 
2006, 2014; Mundy et al., 2015; Ryan et al., 2016; Aschner et al., 2017) 
(Fig. S1). Another subset (n = 17) were compounds considered as 
negative controls. They were selected for their safe use during human 
pregnancy or because the available extensive data on their toxicity gave 
no evidence (by observation or mechanism) of any effects related to DNT 
(at the test concentrations used) (Fig. S2). A description of chemicals, 
including exact chemical identity and suppliers is found in the suppl. file 
2 - sheet 1. 

2.2. Test methods 

All test methods used for screening were selected based on their high 
readiness level (Bal-Price et al., 2018), as well as a very comprehensive 
test description compatible with the OECD Guidance Document GD211 
for in vitro test method descriptions. These ToxTemp files (Krebs et al., 
2019) are included in suppl. file 1. Below, only brief descriptions are 
given for a quick overview. Notably, most assays had at least two end
points, and some assays were run in more than one version, e.g. mea
surement after 72 and 120 h. 

UKN2 Assay (cMINC): The assay, is based on neural crest cells 
differentiated from hiPSC (Nyffeler et al., 2017). Cells were seeded into 
96-well plates around a stopper. The stopper was removed after 24 h to 
allow migration into the cell free area. Cells were exposed to the test 
compound for 24 h, and then stained with calcein-AM and Hoechst 
H-33342. The number of migrated double positive cells was quantified 
independent of an observer by high content imaging and image analysis 
(RingAssay software; http://invitro-tox.uni-konstanz.de). The cell 
viability was also determined by an automated imaging algorithm. 
Concentration-response curves from this test were based on six test 
compound concentrations (plus solvent control). 

UKN4 assay (NeuriTox): The assay is based on LUHMES cells that 
were cultured and handled as previously described (Lotharius et al., 
2005; Scholz et al., 2011; Krug et al., 2013a). It assesses neurite 
outgrowth in central nervous system neurons (Delp et al., 2018). Cells 
were pre-differentiated for two days to commit them towards the 
neuronal fate. They were then re-seeded in 96-well plates and exposed to 
the chemical for 24 h. Viability and neurite area were determined by 
high-content imaging after staining with calcein-AM and H-33342. The 
neurite area was defined by a fully automated algorithm as the area of 
calcein-positive pixels minus the area of all cell soma (Stiegler et al., 
2011). Concentration-response curves from this test were based on ten 
test compound concentrations (plus solvent control). 

UKN5 Assay (PeriTox): The assay is based on immature sensory 
neurons differentiated from hiPSC as previously described (Hoelting 
et al., 2016; Holzer et al., 2022). The test measures neurite outgrowth in 
peripheral neurons. Frozen lots of peripheral neuron precursors were 

thawed and seeded into 96-well plates. After 1 h, the cells were exposed 
to test chemicals for 24 h. Testing and endpoint measurements were 
exactly as for the UKN4 assay (despite 6 instead of 10 compound con
centrations tested). 

NPC1-5 Assays: The neurosphere assays (NPC1-5) are based on pri
mary human neural progenitor cells (hNPCs; gestational week 16–19), 
that are grown as floating 3D neurospheres. Their growth and viability is 
assessed in the 3D neurospheres (NPC1). Alternatively, spheres can be 
plated onto a laminin-coated matrix, where the cells start migration and 
differentiation to form a secondary 3D co-culture. The latter approach 
allows the simultaneous assessment of radial glia migration (NPC2a), 
neuronal differentiation (NPC3), neuronal migration (NPC2b) and 
neurite outgrowth (NPC4) as well as oligodendrocyte differentiation 
(NPC5) and their migration (NPC2c) by fully automated high content 
imaging. Data were obtained and analyzed from recorded microscope 
images by a dedicated image processing software, trained on positive 
and negative control images, as described earlier in detail (Forster et al., 
2022; Koch et al., 2022). 

For the NPC1 assay, spheres (0.3 mm) were plated in 96-well plates 
(U-bottom; 1 sphere/well) and directly exposed to the test compound (in 
proliferation medium). DNA synthesis was assessed as functional 
endpoint after 3 days in vitro (DIV), using a luminescence-based bro
modeoxyuridine (BrdU) ELISA (Nimtz et al., 2019). Cytotoxicity was 
assessed as a membrane integrity assay (CytoTox-ONE Assay) measuring 
the LDH release into the supernatant. 

For the NPC2-5 assays, spheres (0.3 mm) were plated in poly-D- 
lysine/laminin-coated 96-well plates (F-bottom; 1 sphere/well) and 
directly exposed to the test compounds (in differentiation medium). 
Under control conditions, NPCs migrate radially out of the attached 
sphere and differentiate into radial glia, neurons and oligodendrocytes. 
Data were obtained after 72 h and 120 h. After 72 h (3 DIV), bright field 
images were taken of live cell cultures, and radial glia migration (NPC2a 
[72 h]) was assessed using ImageJ software. The medium was partially 
removed (50%) and used to assess cytotoxicity (CytoTox-ONE Assay). To 
continue the assay, the medium was replenished and cells were allowed 
to further differentiate and migrate for 48 h. At 5 DIV, cells were fixated 
and stained for TUBB3 (neuronal marker), O4 (oligodendrocyte marker) 
and Hoechst H-33258 (nuclear marker). The endpoint assessment was 
done by high content imaging followed by different image analysis al
gorithms. Neuronal and oligodendrocyte differentiation (NPC3 and 
NPC5) was assessed as the number of all TUBB3-positive and O4-positive 
cells in percent of the total number of nuclei in the migration area. 
Neurons and oligodendrocytes were automatically recognized by a 
machine learning software based on convolutional neural networks 
(Forster et al., 2022). The high-content image analysis software 
Omnishpero was used to determine radial glia migration (NPC2a [120 
h]), neuronal migration (NPC2b) and oligodendrocyte migration 
(NPC2c) as well as neuronal morphology (NPC4a: neurite length; 
NPC4b: neurite area) (Schmuck et al., 2017). Cytotoxicity was assessed 
from samples of medium removed before the fixation by the 
CytoTox-ONE LDH Assay. Some additional cell viability data were ob
tained by using a resazurin reduction assay (CellTiter-Blue Assay). 
Concentration-response curves from all these tests were based on seven 
test compound concentrations. 

2.3. Screen strategy 

Most of the compounds (n = 75) were provided by EPA’s ToxCast 
chemical contractor (Evotec, South San Francisco, CA) in v-bottom 96 
well plates. Separate plates were provided for different assays, and 
volumes shipped ranged from 50 to 300 μl as DMSO stock solutions 
(always 20 mM). Other compounds were obtained from commercial 
sources (indicated in the suppl. 2 Excel file). In some of these cases stock 
solution was higher than 20 mM and compounds were dissolved in water 
if they were highly water-soluble (e.g. valproic acid). The University of 
Konstanz robotics platform was used to either produce replicates of the 
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master plate for different screening runs and different assays (UKN as
says) or to directly prepare the compound dilutions (1:3 steps) in the 
media in 96-well pates (NPC assays). Operators were blinded to the 
compound identity. For the UKN assays serial dilutions (1:3 steps) were 
prepared from the cloned master plates for each compound in DMSO on 
96-well plates, and each of these stocks was transferred to a pre-dilution 
plate. On these plates compounds were diluted 1:3 in medium plus 1% 
DMSO to have constant levels of DMSO among all concentrations. 
Finally, pre-dilutions were transferred to assay plates with cells (e.g. 20 
μl transfer to 180 μl cells corresponding to 1:10) in medium to a 
maximum DMSO level of 0.1% in each assay. Exact volumes and pre- 
dilutions were assay-dependent and are detailed in ToxTemps; suppl. 
file 1. Some compounds were tested in an adapted concentration range 
(e.g. it is known that valproic acid is a human teratogen and DNT 
toxicant at clinically used concentrations of 0.5–1 mM. Therefore, 
higher concentrations were also tested, and master stocks were prepared 
accordingly). 

For some assays (e.g. UKN2), a pre-screening step was included, in 
which only 1–2 (highest) test compound concentrations were run. When 
they showed no effect, screening was ended. When there was an effect 
(at least 20% change of endpoint), a full concentration-response was 
obtained. Pre-screen and full concentration-response screen were per
formed three times independently for all assays. For the UKN assays this 
meant the use of different cell lots for each run, for the NPC assays it 
meant the use of cells from different donors and/or passages for each 
run. Each screen run contained 2–6 technical replicates (details in 
ToxTemps; suppl. file 1). In some cases, follow-up tests were run, when 
e.g. only the highest concentration showed a response. Then new stocks 
were produced, and the concentration range was extended to 60 or 100 
μM, depending on the solubility of the compound. 

2.4. Data analysis 

A fully automated data analysis workflow was implemented on the 
programming platform R (Keßel, 2022). Original code and source files 
are available on GitHub at (https://github.com/iuf-duesseldorf/fritsche 
-lab-CRStats). It included the following steps and outputs: (1) 
Pre-processing of data, where required by the definitions of the assay 
endpoints (see ToxTemps; suppl. file 1). For instance, the background 
signal was subtracted from all data points for the BrdU fluorescence 
readings. (2) Normalization of test compound data to the median of 
solvent controls. (3) Calculation of the median of the replicates for each 
experimental condition. (4) Concentration response fitting of the data 
for each compound. The best-fitting model (general logistic, 3-param
eter log-logistic, 4-parameter log-logistic, 2-parameter exponential, 
3-parameter exponential, 3-parameter Weibull, 4-parameter Weibull) 
was selected by the AKAIKE information criteria (Ritz et al., 2015; 
Jensen et al., 2020). (5) Re-normalization of the data, so that the upper 
asymptote of the selected curve fit was at 100% (Krebs et al., 2018; 
Kappenberg et al., 2020). (6) Calculation of the mean re-normalized 
values for each condition across independent test runs. (7) Concentra
tion response fitting of the data for each compound. The best-fitting 
model (general logistic, 3-parameter log-logistic, 4-parameter 
log-logistic, 2-parameter exponential, 3-parameter exponential, 
3-parameter Weibull, 4-parameter Weibull) was selected by the AKAIKE 
information criteria. (8) Determination of the benchmark concentration 
(BMC) as the point of the concentration-response curve that intersected 
with the benchmark response level (BMR). The BMR was determined 
and described for each assay (see ToxTemp; suppl. file 1), based on a 
biological and statistical rationale. It marked the extent of response 
considered to be statistically significant and toxicologically meaningful. 
It thus depended on the endpoint and on the base line noise. For most 
functional endpoints it was set at 75% (= 25% reduced normal func
tion). For some assays it was set at 70% (higher baseline noise). For some 
viability measures it was set at 90% (a deviation of >10% was consid
ered to potentially influence the functional endpoint). (9) After 

determination of the BMC, the upper (BMCU) and lower limit (BMCL) of 
its 95% confidence interval were calculated (Krebs et al., 2020a). 

2.5. Hit definitions and prediction models 

The prediction models (Worth and Balls, 2001; Leist et al., 2010; 
Griesinger et al., 2016; Schmidt et al., 2017; Bal-Price et al., 2018; Krebs 
et al., 2020b) of the NAM used in the IVB-EU had been defined during 
the original test setup, as documented in the literature and the ToxTemp 
files. A key feature of all assays was that they had a specific functional 
endpoint (related to a KNDP) and an endpoint characterizing compound 
effects on cell viability. Within each NAM, a compound was considered a 
specific hit (toxicant), when it affected the functional endpoint at least at 
one concentration that did not affect viability (Fig. S3). Notably, this 
does not mean that specific cytotoxicity of a given cell population (e.g. 
neural crest cells) would not lead to DNT. However, specific toxicity to a 
subpopulation can only be determined across assays, not within one 
assay. At present, a procedure for such a cross-IVB interpretation has not 
been established. Within a given assay, cytotoxicity makes the inter
pretation of the functional endpoint difficult. Therefore, (i) functional 
endpoint data were only used for concentrations that were 
non-cytotoxic, and (ii) specific cytotoxicity to subpopulations was not 
considered in this first application of the IVB-EU. For the UKN assays, 
specific effects were determined by the ratio of benchmark concentra
tions for the functional endpoint (e.g. neurite growth in UKN4) and 
cytotoxicity (e.g. a 4-fold offset for UKN4). For the NPC assays, specific 
toxicity was assumed when the 95% confidence intervals of the func
tional endpoint and the viability endpoint did not overlap. As the sep
aration between “hit” and “non-hit” leads to binary data with high 
uncertainties at the hit/non-hit boundary (Leontaridou et al., 2017; Delp 
et al., 2018), we introduced a borderline category for transition com
pounds (e.g. when confidence intervals in NPC assays overlapped by >
10%). Thus, a given compound was classified in each assay as “no hit”, 
“unspecific hit”, “specific hit” or “borderline hit” (Fig. S3). 

2.6. Performance parameters 

A set of 45 reference compounds (28 DNT positives; 17 DNT nega
tives) was used for a preliminary evaluation of the IVB-EU predictivity 
(more may be added in the future). Various hit definitions were used (e. 
g. only specific hits, or specific + borderline hits). If a positive control 
was a hit, it was considered true positive (TP), if it was not a hit, it was 
considered a false negative (FN). If a negative control was a hit, it was 
considered a false positive (FP) and if it was not a hit, it was considered a 
true negative (TN). Using these four numbers (FP, FN, TP, TN), the 
following performance parameters were defined: 

sensitivity [%] =
TP

(TP + FN)
∗ 100  

specificity [%] =
TN

(TN + FP)
∗ 100  

accuracy=
(TP + TN)

(TP + TN + FP + FN)
∗ 100  

balanced accuracy=
sensitivity + specificity

2  

positive predictive value (PPV)=
TP

(TP + FP)
∗ 100  

F1 score=
2

1
sensitivity + 1

PPV
=

1
2
∗ (sensitivity+PPV)
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Fig. 1. Requirements and composition of the IVB-EU. 
(A) Criteria for assays to be included in the DNT test 
battery designated here IVB-EU. Criteria 1–3 were 
applied to this study. Criterion 4 was fulfilled in the 
course of this study and is suggested to be considered 
for future battery expansion. GD211 = OECD guid
ance document 211 on documentation of in vitro 
methods. (B) Schematic representation of the assays 
based on human neural progenitor cells (NPC) and 
their progeny. The general test system generation and 
exposure scheme is indicated on top. For the NPC1 
test, floating neurospheres were exposed to toxicants 
for 72 h, and bromodeoxyuridine (BrdU) incorpora
tion was used as endpoint for proliferation of NPC. 
For the NPC2-5 assays, neurospheres were plated and 
allowed to form secondary co-cultures of various cell 
types. Endpoints related to migration (NPC2), 
neuronal differentiation (NPC3), neurite growth 
(NPC4) and oligodendrocyte formation (NPC5) were 
assessed after 120 h by immunostaining and high 
content imaging. (C) Schematic representation of 
UKN assays. Cell types used and exposure schemes 
are indicated. Viability and migration of the cells in 
all assays were determined simultaneously by auto
mated high content imaging after staining of the cell 
cultures with calcein-AM and Hoechst H-33342. The 
UKN2 assay evaluated the migration of neural crest 
cells into an empty circular area. The UKN4/UKN5 
assays evaluated neural outgrowth of central nervous 
system and peripheral nervous system immature 
neurons. Detailed descriptions of NPC and UKN as
says are given in the ToxTemps.   

Matthews correlation coefficient (MCC)=
(TP ∗ TN) − (FP ∗ FN)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(TP + FP)(TP + FN)(TN + FP)(TN + FN)

√
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2.7. Data accessibility 

The full raw data set from the IVB-EU has been entered into the 
ToxCast data base and is available in a machine-readable format used by 
many computational toxicologists after the fall 2022 ToxCast release 
(US EPA ORD, 2022). 

3. Results and discussion 

3.1. The DNT in vitro battery (IVB) 

A large panel of assays with direct or indirect relevance to DNT can 
be found in the literature. Criteria needed to be developed to select a 
prototype battery of assays that was large enough for the main objective 
of this study, i.e. providing a basis for preparation of a general technical 
guidance document on battery testing for regulatory applications. At the 
same time, reasons of feasibility and limited resources called for keeping 
the number of NAMs included in the test run low. Experts with a regu
latory background (from the US and Europe) were involved in the se
lection. The overall plan was to start testing in some European 
laboratories on a core battery (IVB-EU) of fully ready NAMs, and then to 
combine data on the same set of compounds with tests established at the 
US EPA. The three main selection criteria for the DNT NAMs were: (i) 
complementarity, (ii) documentation, and (iii) the readiness level 
(Fig. 1A). The first point meant that the assays were selected in a way to 
fill gaps of knowledge and to cover many KNDPs. It was also considered 
here to use assays for overlapping biological functions to learn about 
their orthogonality for later designs of tiered testing and sub-batteries. 
The second point referred to the availability of method documenta
tions useful at a regulatory level (i.e. defined by OECD guidance docu
ment GD211) for the use of NAMs. Linked to this was the third criterion 
which referred to the technical performance of the NAMs, and the level 
of confidence into their predictivity and relevance. These issues are in 
some legislations referred to as validation state (Leist et al., 2012; 
Hartung et al., 2013; Judson et al., 2013; Cote et al., 2016; Griesinger 
et al., 2016; Bal-Price et al., 2018; Andersen et al., 2019; Masjos
thusmann et al., 2020). In the selection of assays for the IVB-EU, we used 
a more flexible definition, termed “readiness” (Krebs et al., 2020b; 
Patterson et al., 2021). The assays used here all had undergone such an 
evaluation (Bal-Price et al., 2018; Klose et al., 2021a; Koch et al., 2022). 

An additional criterion important for development of additional assays, 
now recommended in the draft OECD DNT-IVB test guideline is use of a 
common pool of test compounds (Fig. 1A). Ten assays fulfilled all 
criteria, and they were considered to be suitable for forming the IVB-EU. 
In addition to the above points, all selected assays use human cells, cover 
four major KNDP, reflect seven different brain cell types and represent 
different neurodevelopmental stages (Fig. 1B and C; Fig. 2). 

To obtain an overview of test battery relevance and predictivity, a 
gap analysis was performed. Comparison of the included tests with the 
known neurodevelopmental processes showed that some KNDP are 
currently not covered by the IVB-EU. These include very early devel
opmental processes such as stem cell differentiation into neural pro
genitor cells and subsequent neural tube construction, as well as 
processes necessary for neuronal circuit building, like formation, 
maturation and function of neuronal networks. As such gaps may reduce 
the sensitivity of DNT predictions, we explored the availability of assays 
that fulfill the IVB-EU inclusion criteria and could become part of an 
expanded full battery (Fig. 2). Many assays for network formation have 
indeed already shown to be at high readiness, yet these are based on rat 
cortical cells (Carstens et al., 2022) calling for human cell-based 
neuronal network formation assays. The early embryonal stages of 
neural development may be covered by the UKN1 assay (Dreser et al., 
2020; Meisig et al., 2020). Some functional endpoints related to 
non-neuronal cells are also desirable for the IVB, as these cells (astro
cytes, microglia, myelinating oligodendrocytes, microvascular endo
thelial cells) do not only have support and immune function, but rather 
participate in multiple neurodevelopmental processes (Allen and Lyons, 
2018). Several 3D systems have been described to include the necessary 
cell types (Brull et al., 2020; Chesnut et al., 2021; Nunes et al., 2022), 
but still need some development to meet basic inclusion criteria (set up 
of test methods, throughput, documentation) for the IVB. The same 
applies to dedicated assays to investigate neurotransmitter systems (e.g. 
glutamate and acetylcholine signaling) (Klima et al., 2021; Loser et al., 
2021b). However, a large part of signaling systems is covered already by 
the recent development of neural network formation assays (Frank et al., 
2017; Nimtz et al., 2020). An interesting endpoint to comprehensively 
capture neuronal differentiation is transcriptome profiling (Pallocca 
et al., 2016; Shinde et al., 2017; Simon et al., 2019; Dreser et al., 2020; 
Meisig et al., 2020; Hu et al., 2022). This was exemplified here by the 
UKN1 assay. Modern high throughput sequencing techniques (Simon 

Fig. 2. Key neurodevelopmental processes (KNDP) 
covered by IVB-EU. Categories of KNDPs, according to 
Bal-Price et al., 2018 are listed on top. Specific cell 
death in a neurodevelopmental sub-population may 
either be considered a KNDP or an adverse effect. As it 
is measured as endpoint in all assays of other KNDP, it 
was considered to be broadly covered by the IVB-EU 
without a dedicated own assay. The lower part of the 
figure indicates NAM (designated here: in vitro 
methods) that are related to the respective KNDP on 
top of each column. The coverage of KNDPs by assays 
that are part of the current IVB-EU is shown (bold). 
For some KNDPs, more than one test was available. 
The reason was that several distinct subpopulations e. 
g. migrate (radial glia, neurons, oligodendrocytes and 
neural crest cells) or grow neurites (different types of 
CNS and PNS neurons). Potential gaps of the current 
IVB-EU are shown as assays in the non-bold in vitro 
method boxes. Assays that have already been estab
lished in the co-authors’ labs are indicated by aster
isks. They may be included in an extended version of 
the IVB, once they fulfill all inclusion criteria (Fig. 1). 
CNS: central nervous system; hiPSC: human induced 
pluripotent stem cells; NEP: neuroepithelial precursor; 
NPC: neural progenitor cell; MEA: microelectrode 
array; PNS: peripheral nervous system; RoFA: rosette 
formation assay.   
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et al., 2019; Jaklin et al., 2022; Spreng et al., 2022) now allow sufficient 
throughput for screening applications and it is likely that such assays 
will add additional information to the IVB in the future. 

3.2. Readiness overview 

The readiness of the assays of the DNT IVB was assessed on two tiers: 
first, the readiness of individual assays, as assessed earlier in individual 
publications, was an inclusion criterion (Fig. 1) of the IVB-EU. Second, 
the readiness of the overall battery and the performance of the assays 
under screening conditions was evaluated. 

Concerning the first point, the underlying considerations are briefly 
re-iterated here, as they impinge on the interpretation and on the overall 
confidence into data from the NAMs of the IVB-EU. As for all toxico
logical assays, relevance, predictivity and reliability/robustness were 
considered. A major focus was put on the latter point, as suggested 
earlier (Leist et al., 2014; Krebs et al., 2019; Pallocca et al., 2022b). 
Earlier publications (summarized in Masjosthusmann et al. (2020)), and 
the ToxTemp (suppl. file 1) give more background information. One 
aspect helping to keep typical sources of variability low is that the 
selected IVB-EU assays all used a fully automated data capturing and 
evaluation procedure. However, the ultimate proof of the pudding for 
robustness, a blinded inter-lab comparison study, still has to be done for 
the assays. 

When simple methods for 1:1 replacement of acute toxicity end
points were evaluated, relevance and predictivity have been defined as 
separate aspects of NAMs. However, this concept has been modified for 
complex endpoints and batteries. In such more complex cases, the pre
dictivity of a single NAM (for a given regulatory endpoint derived from 
animal studies) cannot be calculated, and the aspects of predictivity and 
relevance are strongly intertwined (Escher et al., 2022). In such cases, a 
scientific validation process is suggested that builds on two pillars: (i) 
comparison of the biological basis of the test system to that of the 
modeled human biology, and (ii) comparison of pathway modulations 
that lead to endpoint changes in the NAM to pathway changes known to 
be relevant to the respective human pathophysiology (Hartung, 2007; 
Leist et al., 2012; Hartung et al., 2013; Bal-Price et al., 2018; Piersma 
et al., 2018; Patterson et al., 2021). For the NAMs included in the 
IVB-EU, the test systems have been extensively documented and 
compared to the respective human developing nervous system coun
terparts. This involved the levels of cell morphology, cell function, and 
cell markers (see ToxTemps; suppl. file 1). Moreover, the relevant sys
tems were profiled for their respective transcriptomes (Krug et al., 2014; 
Hoelting et al., 2016; Pallocca et al., 2017; Gutbier et al., 2018; Mas
josthusmann et al., 2018; Klose et al., 2021a, 2021b, 2022). Also, the 
responses of the NAMs to modulation of signaling pathways relevant for 
brain development have been investigated by the use of compounds 
known to specifically affect signaling pathways (for overview: Klose 
et al. (2021b); Koch et al. (2022); Krebs et al. (2020b); Masjosthusmann 
et al. (2020)). A high-level summary of the responses to such “mecha
nistic tool compounds” is summarized in Fig. S4. One example is the 
Notch pathway, which determines a crucial switch between neuro
genesis and oligodendrogenesis in vivo. By using the Notch pathway 
inhibitor DAPT, we can mimic this differentiation switch also in vivo 
with the NPC3/5 tests (Koch et al., 2022). Another illustrative example 
is the Rho pathway, which is involved in neurite growth in vivo. Acti
vation of the RhoA kinase by narciclasine decreases neurite outgrowth in 
the NPC4, UKN4 and UKN5 assays. This successful characterization of 
neurodevelopmentally-relevant signaling in the IVB-EU assays is 
considered as the physiological basis and qualitative evidence for rele
vance and predictivity. 

While the above-mentioned steps were important for the selection of 
NAMs and for giving confidence into their individual function within the 
IVB-EU, we also engaged in an effort to obtain information on the val
idity of the entire IVB-EU, as a battery. We considered the key param
eteres robustness, predictivity and relevance (Hartung et al., 2004; 

Pallocca and Leist, 2022). Concerning relevance, it was mainly consid
ered how many cell types and how many signaling pathways important 
for brain development were covered. A gap analysis showed that there 
was a need for few additional cells (e.g. microglia) and for some addi
tional functions (e.g. neuronal network formation, astrocyte function). 
Moreover, more coverage of signaling (e.g. BDNF pathway and nicotinic 
signaling pathway) would be desirable. However, most relevant cell 
types were already represented, and many pathways known to be 
affected by toxicants were shown to be identifiable by at least one assay 

Fig. 3. Baseline noise and signal variation of acceptance controls in the IVB-EU 
assays. All tests were performed in a way so that each assay plate or experi
mental run contained wells with (i) negative controls, and at least one (ii) 
positive control. The reading of (ii) vs. (i) was used as acceptance criterion of 
the respective plate for UKN2, 4 and 5. If the positive control was not in a pre- 
specified range, the plate data were not included in screen results and mea
surements were repeated. Depending on the assay, plates contained different 
numbers of compounds. For some tests, the different concentrations of a given 
compound were on different plates. Thus, some plates contained the (iii) lowest 
concentration of a compound, and some did not. (A) To obtain a measure of 
inter-plate and intra-experimental variability of the baseline signal, the lowest 
concentration of each test compound (iii) was compared to the solvent control 
(i) on each plate. Altogether >200 data points were obtained for each IVB-EU 
endpoint from the testing campaign. For easier overview, the means ± SD are 
indicated on top of the data points. (B) For each plate, the reading of the 
positive controls (ii) was compared to that of the negative controls (i) and 
normalized to negative control readings. The means ± SD of data for positive 
controls are given for the IVB-EU endpoints. The compounds used to set 
acceptance criteria were as follows: w/o GF: without growth factor (omission of 
normally present growth factors in the positive control well); PP-2: SRC-kinase 
inhibitor; EGF: epidermal growth factor; BMP7: bone morphogenetic protein 7; 
CytoD: cytochalasin D; NAR: narciclasine. Details on concentrations are found 
in the ToxTemps (suppl. file 1). 
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(Fig. 2; Fig. S4). 
One estimate for the robustness of screening results from the test 

battery is the baseline noise level of the NAM. As the results of all assays 
are normalized to solvent control data (which are set to 100%, and 
therefore do not vary by default), we used a surrogate baseline data set: 
from each concentration-response curve of the screen compounds, we 
selected the lowest concentration and assumed that this was in most 
cases a no-effect concentration. This assumption was consistent with the 
average of all these data points being about 100% for all assays. With 
this approach it was possible to visualize the baseline noise (as standard 
deviation around the average signal, Fig. 3A). From such data, we also 
calculated the assay-specific coefficients of variation (CoVs, see Tox
Temp; suppl. file 1). As a second measure of robustness, we evaluated 
the responses of each test to the concurrent positive technical controls, 
which were run along on each plate/for every experiment during the 
screen (Fig. 3B). The positive controls were also used to determine 
acceptability of the respective plates/experiments for further evalua
tion. The plates/experiments, for which the acceptance criteria (see 
ToxTemp; suppl. file 1) were not met (<10% for all tests), were 
discarded. 

3.3. Performance analysis 

The predictivity of the IVB as a whole is a key feature of its regulatory 
applicability. This was examined as follows: First, all of the above dis
cussed aspects of mechanistic validation were considered: the biology 
and pathophysiology covered by the entirety of assays of the IVB-EU 
suggested a high, but not perfect, biological applicability domain. This 
pointed at a sufficient predictivity for many purposes. 

In a second step, we evaluated the capacity of the IVB-EU to correctly 
identify negative and positive controls. A list of 45 such calibration 
compounds was assembled from various literature references (Kadereit 
et al., 2012; Grandjean and Landrigan, 2014; Mundy et al., 2015; 
Aschner et al., 2017; Paparella et al., 2020; Crofton and Mundy, 2021). 
The challenges and shortcomings of this approach have been widely 
discussed (see above references), but our compound selection appeared 
to be a good compromise based on the present state of knowledge 
(Fig. 4A and B). 

Prediction models for test batteries are an active field of research, 
and many possibilities exist (tiered approaches, Bayesian models, 
Boolean rules and decision trees). The difficulty to agree on the defined 
approaches for the small (3 NAM) battery used to predict dermal 
sensitization exemplifies these difficulties (Strickland et al., 2022). Here, 
we used a simple Boolean rule to define a battery hit as any compound 
that was a hit in one of the included DNT IVB-EU NAMs. A negative was 
defined as a compound not being a hit in any of the assays. This rule 
allows for a high transparence and simplicity. For statistical reasons, this 
battery prediction model may be associated with a high false discovery 
rate (testing for multiple endpoints considered to be independent). This 
was considered to be acceptable for screening and prioritization use. 
Moreover, the use of full concentration-response curves (instead of 
single data points) for definition of all positive hits reduced this prob
lem. The false discovery rate was further reduced by our use of data from 
three independent experiments. 

The 28 positive controls were used to obtain a preliminary measure 
of assay sensitivity (to be refined with time and the addition of more 
control compounds). We used different stringencies of hit definitions to 
obtain an estimate of the IVB-EU performance with respect to detection 
of DNT toxicants. When only the specific hits (compounds causing 
functional impairment at non-cytotoxic concentrations) were counted, 
the sensitivity of the IVB-EU was 68%. When borderline hits were 
included, this went up to 82%. When also cytotoxic compounds were 
included in the “hits”, a further increase was observed. However, 
interpretation of cytotoxic compounds is presently not part of the IVB 
prediction model (Fig. 4A,C). 

The 17 negative controls were used to obtain data on specificity. 

When specific and borderline hits were counted, a value of 100% was 
obtained. Specificity dropped to 94%, when also cytotoxic effects were 
counted as “hit” (Fig. 4B,C). 

Altogether, these preliminary performance estimates indicate that a 
balanced accuracy of about 80% or higher can be reached with the 
present IVB-EU. Based on the set of positive/negative control com
pounds, several additional performance measures were calculated 
(Fig. 4C) and it is particularly noteworthy that the IVB-EU had a high 
positive predictive value (PPV). This supports the conclusion that 
compounds identified as a hit should be prioritized for further evalua
tion of potential human hazard. Such data would also suggest that such 
chemicals better be excluded at early stages from further development 
(e.g. as a drug). 

Nicotine serves as a good example for gaps in the IVB-EU, identified 
by the performance evaluation. It was identified as a false negative in the 
battery, and thus is indicative of a shortcoming with respect to sensi
tivity. The major action of nicotine is the stimulation of ionotropic 
acetylcholine receptors, and the IVB-EU does not (yet) include NAMs 
that would cover this biological function. This information is important 
when it comes to the interpretation of data from compounds that target 
nicotinic receptors, like neonicotinoid insecticides (Sheets et al., 2016; 
Loser et al., 2021a). Assays that fill these gaps are already under 
development (Fig. 2), and inclusion of assays based on zebra fish em
bryos and other model organisms (e.g. C. elegans) are considered an 
additional approach to close battery gaps (Atzei et al., 2021; Dasgupta 
et al., 2022). 

Another limitation of the DNT IVB-EU is hard to overcome: the 
number of control compounds with clearly documented human effects is 
very limited, and also the compounds having been tested in DNT 
guideline studies in animals is small (Aschner et al., 2017). For this 
reason, performance metrics on the basis of currently-available con
trol-compound predictivity will remain superficial. A way forward is to 
focus more on mechanistic validation approaches (Leist et al., 2012; 
Judson et al., 2013; Cote et al., 2016; Griesinger et al., 2016; Bal-Price 
et al., 2018; Andersen et al., 2019; Masjosthusmann et al., 2020) to gain 
further confidence into the predictivity of the battery for human 
adversities. 

A final, but very important, consideration on predictivity is that this 
concept is highly context-dependent. In each sharply-defined use 
domain, it seems important to ask how far the battery is fit-for-purpose. 
Four issues need to be specified: (i) what regulatory problem is to be 
addressed (e.g. risk assessment of a new chemical, or prioritization of 
compounds for further testing); (ii) is there a focus on high positive 
predictivity or high negative predictivity; (iii) which type of chemicals is 
being examined (predictivity may be very high within certain compound 
groups, while it may be low for some compound classes); (iv) which 
types of biology (targets, pathways) play a role. It is likely that some 
adverse outcome pathways (AOP) are covered well, while others not at 
all. For example, acetylcholine esterase inhibitors may not be detected 
easily by the current IVB-EU, but this gap would be easily filled by an 
additional enzymatic assay (Li et al., 2017). 

3.4. Compound testing and hit identification 

In addition to the 45 compounds tested for the IVB-EU performance 
analyses, all 10 assays were challenged with additional 75 test com
pounds, so that the total screen comprised 120 chemicals (suppl. file 2). 
The result of the screen were benchmark concentrations (BMC) of effect 
(or no effect data within the used concentration range) for 120 com
pounds on ten functional and six viability endpoints, i.e. 1920 concen
tration response curves. A matrix including 405 BMCs for the IVB hits 
(with measures of uncertainty) was generated. To allow a better over
view and focus, all compounds were compiled that affected at least one 
functional endpoint at a non-cytotoxic concentration (n = 59). To better 
visualize the activity profile of compounds, the endpoints for which 
toxicants had the highest potency (most sensitive endpoint(s)) were 
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highlighted (Fig. 5). Compounds were considered to be about equally 
potent across test endpoints, when their activity did not differ by more 
than a factor of three. This is due to technical issues (the test concen
trations were separated by a factor of three in the concentration- 
response curves), but also due to statistical considerations (the confi
dence intervals of BMCs separated by factor 3 overlapped in 85% of all 
cases). 

Besides the 59 compounds that produced at least one specific hit 
(comprising 23 positive controls and 36 other compounds), there were 
also 61 compounds that had no specific hit in any of the 10 functional 
endpoints. Ten of these compounds were cytotoxic to one or more cell 
populations (Fig. S5A), while 51 compounds (including 16 negative 
controls) had no effect at all (Fig. S5B). This finding of 35 fully negatives 
(excluding the known negative controls) extends observations from the 
preliminary predictivity evaluation (using known negative control 
compounds) that showed that the IVB-EU, despite its large number of 
tests and endpoints, is not highly unspecific. 

3.5. Hit patterns in the DNT IVB screen 

Concerning the further analysis of battery hits, several strategies 
were followed. One approach was to select some individual hit com
pounds or groups of compounds for further toxicological evaluation. For 
instance, an expert group of EFSA and the OECD used IVB-EU data on 
deltamethrine and flufenacet for a case study within the OECD IATA 
program (EFSA PPR Panel, 2021). Another example is the group of flame 
retardants, for which the battery data were used to support a compre
hensive hazard assessment (Klose et al., 2021a). Such specific toxico
logical follow-ups were beyond the scope of the present study. Instead, 
we analyzed general hit patterns of the screen to learn more about the 
relationship (complementarity/necessity) of the various assays and 
endpoints. 

The first question was, how functional endpoints and specific hits 
related to the viability endpoints and cytotoxicity hits. To understand 
the overall data structure, we generated an overview, comparing for 
each specific hit compound the potency for the most sensitive functional 
endpoint in the battery (MSE) with the potencies for all cytotoxic effects 
across the battery test systems (cytotoxicity hits). There were 57 specific 
hits, plus two compounds (maneb and clorpyrifos), which were classi
fied as borderline hits, and are being included here in the group of 
functional hits. Altogether 17 of the 59 compounds (29%) did not affect 
any of the battery’s viability endpoints. For this subgroup, the functional 
endpoint provided a definite gain in sensitivity, compared to cytotox
icity assays. It is also very likely that the functional endpoint was 
directly affected by the test compounds, i.e. it was not an indirect effect 
of unspecific cytotoxicity. 

As an alternative approach to understand the role of cytotoxicity, we 

(caption on next column) 

Fig. 4. Performance overview of the test battery (IVB-EU). A set of predefined 
negative (n = 17) and positive (n = 28) control compounds was included in the 
set of screening compounds (n = 120). The rationale for their selection is given 
in Fig. S1 and S2. Note that the controls were randomly included in the overall 
screening workflow without being given any preferences or special treatment. 
This means that the standard prediction models of the assays were applied to 
them, so that they were classified as “no hit”, “cytotoxic”, “borderline (brdl)” or 
“specific hit” in individual NAM (see Fig. S3). A reference compound was 
considered to be a “positive” on the level of the overall IVB-EU, when it was an 
“alert” in at least one of the individual assays. The tabular display of the figure 
uses three definitions for an alert: anything that is not a “no hit” (first column), 
anything that was a specific hit or brdl (second column) or only specific hits 
(third column). (A) Alerts were considered true positives (TP), non-alerts were 
considered false negatives (FN). (B) Non-alerts were considered true negatives 
(TN), alerts were considered false positives (FP). (C) Performance parameters of 
the current DNT IVB-EU in percent. All parameters were calculated based on the 
TP, FN, TN, FP as indicated in (A) and (B). PPV: positive predictive value; MCC: 
Matthews correlation coefficient. 
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Fig. 5. Hit summary of the IVB-EU screen. Overall, 120 compounds were screened in the current DNT IVB-EU. Screened substances were considered as “hits” when 
they were classified as a “specific hit” or a “borderline compound” in at least one assay of the battery (assays indicated on top of the columns). The upper section of 
the table shows all 23 hits amongst the 28 positive controls used in the screen (the remaining five positive controls were no hits). The lower section shows all 
additional 36 hits amongst the screened compounds. Within the groups, the compounds are ranked based on potency (indicated in units of – log [M]). The table 
includes all hits of the screen. For each compound, the most sensitive endpoint (MSE) is highlighted. In addition, hits of the respective chemical in other assays, which 
were of similar potency as in the MSE assay (within a 3-fold range), are also highlighted. The compounds that affected only viability endpoints in the IVB-EU are 
listed in Fig. S5A. The compounds that affected no endpoint at all are listed in Fig. S5B. Exact and complete screen data (including the uncertainties assessed as 95% 
confidence interval) are included in a suppl. file 2 – sheet 2 & 3. 
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asked, how the MSE concentration related to the cytotoxic potency in 
the same or in any other assay. There were only five compounds (8%) for 
which a cytotoxic endpoint was observed at higher (≥ factor 2) potency 
than the functional MSE (Fig. 6A). One example is carbaryl (CBR), which 
specifically inhibited neurite growth in the UKN4 assay (functional 
endpoint). It was particularly potent as cytotoxicant for peripheral 
neurons and mixed NPC cultures. This may indicate that CBR exerts a 
cell type-specific cytotoxicity for such neural cell populations. Such 
viability effects may be relevant for neurodevelopment, but further in
vestigations would be required to allow clear conclusions. 

We used a comparison to published data as one preliminary 
approach to test whether cytotoxicity hits of the IVB-EU are specific for 
neurodevelopmental cell types. We hypothesized that we may see a 
difference between cytotoxic potencies on conventional cell lines 
(HepG2, HEK293, etc.) and on the test systems used here, if a compound 
shows a developmental-stage specific cytotoxicity. Information on un
specific toxicity (called: cytotoxicity lower bound) was obtained from 
the ToxCast data base (Judson et al., 2016). For the 41 compounds, for 
which sufficient data was available, we found that cytotoxicity hit po
tency in the IVB-EU was at least 10-fold below the cytotoxicity lower 
bound for 7 compounds; 34 compounds showed no particular sensitivity 
in IVB-EU test systems compared to cell lines used for ToxCast screening 
(Fig. S6A). This may indicate that some, but not all cytotoxicity hits may 
be specific for neurodevelopmental cell types. To complete this 

comparison, we also checked how the functional hits of the IVB-EU 
compared to the cytotoxicity lower bound. In general, the cytotoxicity 
threshold in ToxCast was often in the range of 5–20 μM. Thus, the 17 IVB 
screen hits with MSEs <1 μM (for which the cytotoxicity lower bound 
was available), seemed to separate clearly from general cytotoxicity 
except for TETB. The situation is complex for compounds with higher 
MSE potency in the IVB-EU. The data set is too small and compound 
behaviour is very heterogeneous. However, it is plausible, that speci
ficity may be reduced (or lost) at higher screen concentrations (>20 
μM). It has been shown that unspecific baseline toxicity increases from 
this threshold on, due to membrane incorporation and alterations of 
protein conformations (Escher et al., 2019; Lee et al., 2021, 2022). 
Therefore, hits in a higher concentration range (e.g. MAM, VPA, AAM) 
need good justifications (e.g. clinically-observed plasma levels at hit 
concentration levels) and/or a detailed mechanistic follow-up providing 
a rationale for specific functional effects in the observed concentration 
range (Fig. S6B). 

All these potency comparisons have an important caveat: the data we 
obtained are based on nominal concentrations, and these might differ 
from the free effective concentrations in the medium, and especially at 
the target sites (Kisitu et al., 2020). Especially, for comparisons to assays 
with tumor cell lines, it needs to be considered, that such systems usually 
use serum supplements containing protein and lipids, while most stem 
cell culture media used here had a low protein and lipid content. Under 

Fig. 6. Contribution of individual NAM to the overall IVB-EU. The screen was performed, hits were identified and the most sensitive endpoint (MSE) was defined for 
each compound as detailed in Fig. 5 (A). A potency overview of all hit compounds (see Fig. 5 for abbreviation) is displayed: The compounds are sorted according to 
the potency of their MSE. Note that all MSE data refer to a specific test endpoint (i.e. migration, differentiation, proliferation, neurite growth). In addition, the 
concentrations at which compounds were detected to be cytotoxic are indicated. Compounds that were not cytotoxic in any assay are indicated by a dot right of the 
dashed line. The cytotoxic concentration measured in the same assay as the MSE is given a separate symbol (filled circle) to allow an easy overview. Note that for 
many compounds, no cytotoxicity was measured in the assay that produced the MSE. For design reasons, three low potency compounds were not included in the 
figure: MAM (MSE = − 3.8) orange point at x, 3 additional cytotoxic hits; VPA (MSE = − 3.3) orange point at − 2.7, four other cytotoxicity hits; AAM (MSE = − 2.9) no 
other cytotoxic hit. All data are given in log(M). (B) The number of hits (out of 120 screen compounds) is indicated for each assay of the battery, and for the total IVB- 
EU (most leftward bar). The number of specific hits and of borderline hits can both be seen within one bar. The respective set of data for cytotoxic compounds in 
visualized in Fig. S7. (C) The number of compounds that were a hit in only one assay is displayed for all assays, e.g. 10 compounds were detected only in NPC5, but no 
other assay; one compound was detected only in UKN4 and no other assay. (D) The number of hits (separated in specific hits, borderline hits and cytotoxic-only 
compounds) was compared for the full IVB-EU and a hypothetical mini-battery consisting of 3 assays (UKN2, NPC1, NPC5). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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the conditions used for the IVB-EU, the free concentrations are very 
close to the total concentrations in medium (Krebs et al., 2020b), while 
this is not necessarily the case for serum-containing media. 

The second question we asked was, how the hits distributed over the 
different assays of the battery. Altogether 67 compounds affected at least 
one test endpoint: 57 specific, 2 borderline, 10 cytotoxic and 51 com
pounds affected no endpoint at concentrations up to 20 μM (Fig. 6B, 
Fig. S5&S7). All cytotoxic compounds had potencies of ≥8 μM 
(Fig. S5A). The number of hits obtained in each assay was also compiled. 
For instance, the NPC5 assay (examining the KNDP oligodendrocyte 
differentiation) identified the highest number (n = 34) of specific hits 
(Fig. 6B). Moreover, 10 compounds were hits only in this assay and 
would have been missed as potential toxicants without the NPC5 test as 
part of the IVB-EU (Fig. 6C). The second highest hit rate (n = 30) was 
found for the UKN2 assay (represents the KNDP of neural crest cell 
migration). Three compounds were unique hits in this test, i.e. not 
identified by another endpoint. Most other assays (UKN4, UKN5, NPC1, 
NPC2a, NPC3 and NPC4) identified 8–15 specific hits, and each of the 
assay identified at least one test compound that would have been missed 
by the other tests of the battery (Fig. 6C). This illustrates that the cell 

types and endpoints assembled in the IVB-EU all differ in the pattern of 
toxicity pathways and targets they represent. This analysis also showed 
that the test methods are not redundant, even with this small number (n 
= 120) of screened chemicals. We anticipate that the broad coverage of 
cell types, developmental stages and endpoints of the IVB-EU will be 
even more required to ensure maximal sensitivity, when the chemical 
space is enlarged by broader test campaigns and a more-wide spread use 
of the battery. 

A third question we asked dealt with resource optimization. Some 
assays, such as NPC2b/c (migration of neurons and oligodendrocytes) or 
UKN4 (neurite outgrowth) contributed relatively little to the overall hit 
rate, and one may consider them to be deleted from the battery or 
replaced. This would be a step towards a faster, more economical “mini- 
battery”, which would be expected to have a slightly reduced sensitivity, 
but not greatly reduced overall performance (accuracy; Matthews co
efficient). However, in case of the neurosphere assay, individual read
outs are multiplexed, meaning that omission of one endpoint will not 
lead to saving resources, e.g. NPC2b/c are automatically assessed when 
NPC3/5 are evaluated. As NPC3 is multiplexed with NPC2 and 5, also 
this assay adds negligible extra time and costs to the overall assays 

Fig. 7. Outlook on further uses and extensions of the 
IVB. (A) Incorporation of the IVB into an integrated 
approach to testing and assessment (IATA): Two 
different scenarios are depicted. In the first (1) the IVB 
will be used for screening of compound groups to 
generate hazard alerts (IVB hits). One way to follow 
up on these would be in the context of an IATA. In the 
second scenario (2), risk assessment of single chem
icals would be performed in an IATA. This approach 
starts with a problem formulation (considering or not 
considering particular exposure situations). In this 
context all available data on hazard identification and 
characterization are collected. These may be extended 
via data of scenario (1). Quantitative structure activ
ity relationships (QSAR) and in vitro-to-in vivo 
extrapolation (IVIVE) are shown as exemplary ele
ments of the IATA framework. Further elements could 
include absorption, distribution, metabolism and 
excretion data (ADME) or an exposure assessment. If 
the hazard data of the assessed compound are 
considered not sufficient to derive a robust point of 
departure (PoD), further information could be ob
tained from the IVB. (3) In some cases, IVB extensions 
would be needed to fill data gaps and to reduce un
certainties, until sufficient information is available for 
regulatory action. (B) Each test method or battery has 
some uncertainties. The level of uncertainties that can 
be accepted depends on the problem formulation. For 
IVB hits and non-hits, one needs to consider that these 
may be either false positives/negatives, or compounds 
with a correctly identified hazard (“true” positives/ 
negatives). One potential reason for misidentification 
is a lack of ADME features represented in the in vitro 
test systems. For example in vivo distribution and 
elimination (D/E) features may be misrepresented in 
the in vitro system. As a result, a compound never 
reaching the fetal brain because of the placental bar
rier may show effects on neurons in vitro. In contrast, 
some false negatives can be explained by a lack of 
metabolism (M) i.e. in vivo toxic metabolites which 
are not present in the IVB. Another reason is that a 
toxicant affects a key neurodevelopmental process 
(KNDP) that is not included in the IVB. In order to 
reduce the level of uncertainties and gain confidence 
into the results, further information can be added 
(low, white boxes). This includes information transfer 

across tested compounds (grouping and readacross (RAx)), complex ADME models, confirmatory assays (battery extension), and direct testing of potential me
tabolites. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)   
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NPC2-5. Hence, a mini-battery should only omit assays that practically 
save resources, i.e. individual assays. If one continues this line of 
thought, a minimal DNT IVB may consist of NPC1 (NPC proliferation), 
NPC2-5 and UKN2 (NCC migration) test methods (Fig. 6D). In our 
screen, this mini-battery would have identified 52 compounds (88% of 
all specific and borderline hits) of the 59 hits covered by the whole IVB- 
EU. Such a reduced approach may be used e.g. for quick/inexpensive 
pre-screens, e.g. in situations where sensitivity is of low importance, but 
compounds are to be ranked according to their priority for further 
testing. However, one may also consider adding an assay to a mini- 
battery that is not yet included in the IVB-EU. The gap analysis 
(Fig. 2) suggested that some biological domains are still poorly covered, 
and that an important gap would be filled by a neural network formation 
assay (Carstens et al., 2022). Thus, future batteries would need to 
consider the assays presented here, in addition to other established and 
emerging DNT NAM. 

4. Conclusions and outlook 

We have demonstrated here how NAMs with endpoints related to 
KNDP can be selected and assembled to an in vitro battery to screen for 
DNT hazard of chemicals. The technical feasibility and the imple
mentation of solid reporting standards have been demonstrated by the 
use of 120 test compounds in a battery test-run that produced close to 
2000 BMCs. These were used to provide battery performance estimates 
and to classify test compounds as specific hits, cytotoxicants or non-hits. 
The pattern of results was used to discuss the contribution of the assays 
and their endpoints to the overall IVB-EU and to define gaps still to be 
filled. 

Pivotal questions for the future are (i) how battery hits would be 
further used and (ii) how the IVB-EU (or its future expanded version =
IVB) could be implemented in a regulatory context (Fig. 7A and B). We 
anticipate that the first application of the IVB will be for screening of 
data-poor compounds to explore their DNT liabilities. As the over
whelming majority of chemicals lacks data on DNT hazard, compounds 
of particular concern (because of high exposure or structural alerts) may 
be screened first. The IVB would produce alerts for further testing. The 
underlying toxicological rationale is that disturbance of any KNDP 
covered by the IVB has the potential to lead to DNT. In a regulatory 
environment, the IVB data would provide a hazard characterization, and 
could be used as point-of-departure for further steps. In this context, 
physiology-based kinetic modelling (PBK) followed by in vitro-to-in vivo 
extrapolations (IVIVE) could be applied to convert the BMCs to esti
mated adverse doses (AEDs). These would be used to perform a risk 
assessment. 

With growing experience and confidence into the IVB, its output 
could become a pivotal element of DNT risk assessment. Such a devel
opment is supported by the guidance document on the generation and 
use of the NAM-based DNT data (Crofton and Mundy, 2021). In a risk 
assessment situation with a defined problem formulation (e.g. for 
pesticide marketing re-approval in the EU, or during registration of a 
chemical in Japan) the compound to be evaluated would be run through 
the battery to provide hazard data. These might be clear and unam
biguous. Or they may need to be complemented by additional rounds of 
testing in battery extensions. Together with the use of ADME data or 
other information (such as QSAR) and an IVIVE procedure, sufficient 
information for risk assessment would be generated (Fig. 7A). 

One important aspect of using the battery data as hazard charac
terization is the interpretation and follow-up of hits. It is at present 
unclear, whether the number of positive battery endpoints correlates 
with the strength of DNT hazard. Hence, in the hazard characterization 
scenario one would be equally concerned if a compound produced one 
or several hits. However, the BMCs producing the hits have to be 
considered as multiple hits in the same order of magnitude suggest a 
higher concern than hits that only produce one low BMC. In the 
screening and prioritization scenario concern could be based on a 

combination of BMC magnitude and number of hits similar to the 
approach practiced in Klose et al. (2021a) in the flame retardant case 
study. However, singleton-hit chemicals can be of high concern as 
exemplified by the illustrative example lead, which is one of the 
best-proven human DNT toxicants and only affected one functional 
endpoint of the IVB-EU. 

For each battery hit, there is always the uncertainty, that it is either a 
true positive, i.e. that the battery results reflect real DNT hazard for 
humans, or that it is a false positive (FP). A reasons for the latter scenario 
may be toxicokinetic (ADME) properties. E.g. a compound may never 
reach the foetal or child brain because of barrier functions, but there is 
no such barrier in vitro. Some FP will also arise from test classification 
uncertainties (alpha error) and the IVB false discovery rate (FDR) due to 
the combination of a large number of assays. Fortunately, there are also 
ways to build confidence into the hit pattern and to reduce the uncer
tainty of a hit being a FP. The assays and their prediction models can be 
trimmed for high specificity (multiple test runs, full concentration- 
response curves, conservative thresholds for hit definition). Another 
powerful approach is to functionally group hit compounds and to use 
information on one compound to read across to others. This way, con
sistency and plausibility can be established and/or strengthened. 

For some applications, also non-hits play an important role, e.g. for 
providing confidence to consumers on the safety of food constituents or 
contaminants. Non-hits may either be true (no hazard) or be false neg
atives (FN), i.e. have non-discovered toxic properties. The main sources 
of uncertainty on negatives are the gaps in the battery (KNDP or specific 
signaling pathway not covered) and toxicokinetic aspects. For instance, 
a tested parent compound may not be toxic, but a metabolite generated 
only in vivo may be a DNT toxicant. Fortunately, there are also strategies 
available to increase confidence in negative hits. If this is of particular 
importance, the sensitivity of assays can be increased by running a 
higher number of replicates. Also, a less conservative prediction model 
may be applied. This strategy is demonstrated here by the introduction 
of a borderline category, to capture toxic compounds that would 
otherwise have dropped out of the hit definition. Another major 
approach is the extension of the battery, e.g. by combination with the US 
EPA assays (Carstens et al., 2022). Last, but not least, grouping, and 
other information from data bases and the literature could be used for 
further evaluation of negative hits and decisions on potential extended 
testing (Fig. 7A). 
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