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ARTICLE INFO ABSTRACT

Keywords: The U.S. Environmental Protection Agency (U.S. EPA) is mandated to develop new approach methods (NAMs) to
High-throughput screening detect chemicals risks to susceptible populations, including effects on pregnant women and their offspring. With
Gastrulation

limited hazard information available for current and new chemicals, NAMs can provide greater relevance to
human biology, mechanistic insight, and higher testing capacity than traditional animal models. The DevTox
Germ Layer Reporter (GLR) model platform was recently established for high-throughput screening and prior-
itization of potential developmental hazards. The model platform utilizes the RUES2-GLR pluripotent stem cell
reporter line that expresses fluorescent fusion protein biomarkers SOX17 (endoderm), Brachyury (mesoderm),
and SOX2 (ectoderm and pluripotency); enabling a multi-lineage readout of gastrulation lineages. The DevTox
GLR-Endo assay used the model platform to evaluate chemical effects on differentiating endoderm, yielding a
balanced accuracy (BA) of 72% against a training set of 43 developmental toxicants and 23 non-developmental
toxicants. To assess the predictivity of additional early embryonic lineages, assays for pluripotency (DevTox GLR-
Pluri), ectoderm (DevTox GLR-Ecto), and mesoderm (DevTox GLR-Meso) were developed. Chemical reference set
(12 developmental toxicants and 4 non-developmental toxicants) activity for each assay revealed BAs of 92% for
DevTox GLR-Endo and DevTox GLR-Pluri, 71% for DevTox GLR-Ecto, and 58% for DevTox GLR-Meso. Expanded
testing of the DevTox GLR-Endo and DevTox GLR-Pluri with 63 developmental and non-developmental toxicants
yielded BAs of 75% and 68%, respectively. Amongst the four DevTox GLR platform assays, the DevTox GLR-Endo
assay maintained the highest degree of efficacy and overall predictive accuracy for the compound set evaluated
in this study.
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and relevant representation of human biology and the ability to study
mechanistic responses with greater precision (Scialli et al., 2018).
Additionally, the scalability and reproducibility of human cell-based
models facilitate high-throughput screening, accelerating the pace of
hazard identification. While the U.S. EPA utilizes numerous high-
throughput screening approaches to identify environmental toxicants
that disrupt key cellular functions, high-throughput approaches that
measure perturbations to human embryonic development are less sub-
stantial (Dix et al., 2006; Judson et al., 2014; Kavlock et al., 2012;
Richard et al., 2016). To address these challenges, human in vitro models
that recapitulate early embryonic developmental pathways are needed
(Scialli et al., 2018).

The utilization of human pluripotent stem cells (hPSC) provides a
dynamic model system for studying early human development
(Thomson et al., 1998). Given their ability to differentiate into each of

Introduction

The U.S. EPA is committed to protecting human health and the
environment. Humans are exposed to thousands of chemicals in con-
sumer products and the environment that have little to no data
regarding the impact on human health (Dix et al., 2006). Animal testing
is currently used to determine adverse reproductive and developmental
toxicity outcomes to make regulatory decisions in humans (Estevan
et al., 2017). Recognizing the ethical concerns and scientific limitations
associated with animal models, the U.S. EPA has increasingly embraced
human cell-based methods as invaluable tools to enhance testing capa-
bilities on chemicals with limited safety data (National Research
Council, 2000, 2007). Shifting from traditional animal models to human
cell-based models offers compelling advantages, including a more direct
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Nomenclature

Acronyms and Abbreviations

ACC activity concentration at cutoff
AEID assay endpoint identification

AIC akaike information criterion

bmad baseline median absolute deviation

BRA Brachyury

CCTE Center for Computational Toxicology and Exposure
CTOX cytotoxicity

DevTox developmental toxicity

DMSO  dimethyl sulfoxide

DPBS Dulbecco’s phosphate buffered saline

DT developmental toxicity

Ecto ectoderm

Endo endoderm

EPA Environmental Protection Agency

ESC embryonic stem cell

FDA Food and Drug Administration

FN false negative

FP false positive

GLR germ layer reporter

hPSC human pluripotent stem cell
Meso mesoderm

NAM new approach method

NDT non-developmental toxicant
Pluri pluripotent

rCvV robust coefficient of variation

RUES2-GLR Rockefeller University Embryonic Stem cell line 2 —
Germ Layer Reporter

rS/B robust signal-to-background
rZ robust Z-prime factor
SOX17  SRY-box transcription factor 17

SOX2 SRY-box transcription factor 2
tepl ToxCast data pipeline

N true negative

TP true positive

TSCA Toxic Substances Control Act

the three germ layers (endoderm, mesoderm, and ectoderm) (Hong &
Jeung, 2013; Siggia & Warmflash, 2018), insights may be gained
regarding the potential role of environmental chemicals in disrupting
critical developmental processes. The DevTox GLR model platform has
the capacity to rapidly screen and identify potential chemical hazards
for each germ layer lineage. The platform utilizes the RUES2-GLR
pluripotent stem cell reporter line which expresses fluorescent fusion
protein biomarkers for endoderm (SOX17-tdTomato), mesoderm (Bra-
chyury (BRA)-mCerulean), and ectoderm or pluripotency (SOX2-mCi-
triline) to enable a multi-lineage high-throughput readout of
gastrulation lineages (Martyn et al., 2018). Previously, the DevTox GLR-
Endo assay, adapted from the Human Pluripotent Stem Cell Test
(Kameoka et al., 2013), was evaluated against a broad range of phar-
maceutical and environmental chemicals yielding a balanced accuracy
of 72 % (Gamble et al., 2022). In this study, evaluation of the DevTox
GLR model for the pluripotent state (DevTox GLR-Pluri assay) or
differentiated toward the mesoderm lineage (DevTox GLR-Meso) or
ectoderm lineage (DevTox GLR-Ecto), was conducted against develop-
mental and non-developmental toxicants to determine the technical
performance and predictivity across all assay modes in the platform.

Materials and methods
RUES2-GLR pluripotent stem cell culture

The RUES2-GLR (Rockefeller University Embryonic Stem cell line 2 -
Germ Layer Reporter) cell line has been transgenically modified to ex-
press endogenous fluorescent reporter fusion protein biomarkers spe-
cific to each germ lineage (Martyn et al., 2018). Cell cultures were
maintained with feeder-free complete Essential 8 Flex medium (Gibco,
Waltham, MA) on vitronectin (Gibco, Waltham, MA) (0.5 pg/cmz) as
previous described (Gamble et al., 2022).

Test chemical selection and preparation

Negative reference chemicals (acetaminophen, folic acid, saccharin,
penicillin G) were selected based on FDA pregnancy categories A and B,
and demonstrate minimal bioactivity in other cell-based developmental
toxicity assays (Gamble et al., 2022; Kameoka et al., 2013; Zurlinden
et al., 2020). Positive reference chemicals (13-cis retinoic acid; 5,5-
diphenylhydantoin; 5-fluorouracil; all-trans retinoic acid; bisphenol A;
busulfan; diethylstibestrol; methotrexate; pomalidomide; sunitinib;
thalidomide; valproic acid) were selected to represent FDA pregnancy

categories D, X or undetermined, and exhibit bioactivity in cell-based
developmental toxicity models (Table 1). A larger training set of 47
chemicals comprised of 28 positive and 19 negative chemicals was used
to evaluate the predictive accuracy of the DevTox GLR-Pluri assay
relative to historical data generated in the DevTox GLR-Endo assay
(Gamble et al., 2022) (Supplementary Table S1). Chemicals were solu-
bilized in dimethyl sulfoxide (DMSO) at a concentration of 100 mM, or
up to the limit of solubility, as previously described (Gamble et al.,
2022).

TagMan hPSC scorecard gene expression panel

The TagMan hPSC Scorecard panel was initially used to evaluate the
RUES2-GLR differentiation efficiency for the ectoderm and mesoderm
lineages using the commercial STEMdiff Trilineage Kit differentiation
protocols (StemCell Tech, Cambridge, MA). Cells were seeded into
vitronectin-coated (0.5 pg/cm?) 6-well plates with 1X RevitaCell at 2.7
x 10° cells for ectoderm induction and 5.4 x 10° cells for mesoderm
induction. Pluripotent control wells were seeded at a density of 2.7 x
10° cells and maintained in complete Essential 8 Flex medium. Differ-
entiation was induced according to manufacturer protocols for a period
of two or four days. Cells were harvested and RNA extracted using a
RNeasy Mini Purification Kit (Qiagen, Hilden, Germany). The purified
mRNA was converted to cDNA using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Waltham, MA). Gene expression
was analyzed as previously reported (Gamble et al., 2022). Z-test score
values were calculated using the average difference in the cycle
threshold (ACt) value of two biological replicates and compared to the
ACt values from 10 pluripotent stem cell lines maintained at pluripo-
tency (Tsankov et al., 2015).

DevTox GLR assays

The DevTox GLR platform is comprised of four assay modes: DevTox
GLR-Endo (Endoderm), DevTox GLR-Ecto (Ectoderm), DevTox GLR-
Meso (Mesoderm), and DevTox GLR-Pluri (Pluripotent) which assess
perturbations to specific gastrulation-associated cellular states. All assay
protocols are aligned to the DevTox GLR-Endo assay workflow (Gamble
et al., 2022). Briefly, for the DevTox GLR-Endo assay, RUES2-GLR cells
were cultured to 70-85 % confluence and dissociated with Accutase to a
single cell suspension according to the manufacturer’s protocols (Gibco,
Waltham, MA). Cells were counted with a trypan blue exclusion method
using a Countess II automated cytometer (Life Technologies, Carlsbad,
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Table 1
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Reference chemicals. Chemical name, CAS registry number (CASRN), classification (developmental toxicant (DT), non-developmental toxicant (NDT)), FDA pregnancy

category, and expected assay activity.

Chemical CASN Classification FDA Category Expected Assay Activity
Bisphenol A 80-05-7 DT Undetermined Positive
Retinoic Acid 302-79-4 DT X Positive
Diethylstilbestrol 56-53-1 DT X Positive
Valproic Acid 99-66-1 DT D Positive
13-cis Retinoic acid 4759-48-2 DT X Positive
Methotrexate 133073-73-1 DT X Positive
Busulfan 55-98-1 DT D Positive
Sunitinib 341031-54-7 DT D Positive
5,5-Diphenylhydantoin 57-41-0 DT D Positive
Thalidomide 50-35-1 DT X Positive
Pomalidomide 19171-19-8 DT X Positive
5-Fluorouracil 51-21-8 DT D Positive
Acetaminophen 103-90-2 NDT B Negative
Folic Acid 59-30-3 NDT A Negative
Saccharin 81-07-2 NDT A Negative
Penicillin G 113-98-4 NDT B Negative

CA) and seeded in Essential 8 Flex medium (Gibco, Waltham, MA) into
vitronectin (0.5 pg/cmz) coated 384-well PhenoPlates (Perkin Elmer,
Shelton, CT) at 3,000 cells per well using a Certus FLEX Micro Dispenser
(Fritz Gyger, Gwatt, CHE) with a 0.45 um valve. After 24 (+2) hours,
cells were differentiated to definitive endoderm lineage using 40 uL of
Medium A in the PSC Definitive Endoderm Induction kit (Gibco, Wal-
tham, MA) while exposed to test chemical. Medium was changed at 24
(+2) hours post exposure to Medium B with continued chemical expo-
sure. At the assay termination point, cells were fixed in 4 % para-
formaldehyde for 20 min, nuclei stained with HCS NuclearMask Deep
Red stain (Invitrogen, Waltham, MA) for 30 min, and maintained in 50
uL Dulbecco’s phosphate buffered saline (DPBS) (Gibco, Waltham, MA)
for imaging.

The DevTox GLR-Meso assay was conducted in the same manner as
the DevTox GLR-Endo assay with the following exceptions. RUES2-GLR
cells were seeded at 6,000 cells per well in Essential 8 Flex medium with
1X RevitaCell supplement. At 24 (£+2) hours seeding, medium was
replaced with 40 uL of STEMdiff Trilineage Mesoderm medium (Stem-
Cell Tech, Cambridge, MA) with chemical exposure. After an additional
24 (£2) hours, medium was replaced with fresh Mesoderm medium with
chemical exposure (Fig. 1A).

The DevTox GLR-Ecto assay was conducted in the same manner as
the DevTox GLR-Endo assay with the following exceptions. RUES2-GLR
cells were seeded at 3,000 cells per well in STEMdiff Trilineage Ecto-
derm medium (StemCell Tech, Cambridge, MA) with 1X RevitaCell
supplement. After 24 (£+2) hours post seeding, medium was replaced
with 40 pL of fresh Ectoderm medium with chemical exposure. After an
additional 24 (+2) hours, medium was replaced with fresh Ectoderm
medium with chemical exposure.

The DevTox GLR-Pluri assay was conducted in the same manner as
the DevTox GLR-Endo assay with the following exceptions. RUES2-GLR
cells were seeded at 3,000 cells per well in Essential 8 Flex medium with
1X RevitaCell supplement. At 24 (£2) hours post seeding, medium was
replaced with 40 pL fresh Essential 8 Flex medium with chemical
exposure. After an additional 24 (£+2) hours, the medium was replaced
with chemical exposure.

For reference chemical testing, each chemical was dispensed at ten
different concentrations using a log scale ranging from 100 pM - 200
uM, with four technical replicates per plate (Supplementary Fig. S1A-C).
Each assay included 16 technical replicates of positive, negative, and
solvent (0.2 % DMSO) controls. Training set chemical testing in the
DevTox GLR-Pluri assay utilized a ten-point log-based concentration
series for each chemical ranging from 1 nM - 200 pM without technical
replicates and exclusion of border wells (Supplementary Fig. S1D).
Positive, negative, and solvent controls ranged from eight to ten tech-
nical replicates. Four experimental replicates were completed for both

reference and training set chemical testing.

Image acquisition and analysis

Fixed cells were imaged using an Opera Phenix High-Content
Screening System with a plate::Handler robotic arm (Perkin Elmer,
Waltham, MA). Fluorescent images for biomarkers SOX17 (tdTomato; ex
554/em 581), BRA (mCerulean; ex 433/em 475), SOX2 (mCitrine; ex
516/em 529), and nuclear stain (HCS NuclearMask Deep Red Stain; ex
636/em 685) were acquired using 2 x 2-pixel binning from five fields per
well with a 20X water immersion objective. Using Harmony image
analysis software (Perkin Elmer, Waltham, MA), cell nuclei were iden-
tified using algorithm C for the DevTox GLR-Endo assay, and algorithm
M for the DevTox GLR-Meso, —Ecto and —Pluri assays. Border objects
were excluded from analysis. For each cell, median cell biomarker in-
tensity statistics were gathered and exported for further analysis using
Python version 3.7.4 (Van Rossum and Fred, 2009). Plate-level negative
and positive control data were used to establish a baseline intensity
value cutoff threshold for determining primary biomarker positive cells.
For each biomarker, median cell-level intensities for both the positive
and negative control wells were averaged. In test wells, cells with me-
dian cell intensities above this average were considered biomarker
positive. Cell counts reflect the sum of the total counted nuclei count in
all five fields per well and were used to normalize the percent biomarker
positive cells and evaluate cytotoxicity. Well-level results were used for
data modeling in the ToxCast data pipeline (tcpl 3.1.0). Matplotlib
version 3.1.1 (Hunter, 2007) in Python was used for scatter plot, rank
order and box graphs. GraphPad Prism 9.5.0 (GraphPad Software,
Boston, MA) was used for the reference chemical plots.

ToxCast data pipeline analysis

The ToxCast Data Pipeline R package (v3.1.0) was used to normalize,
fit, and qualify concentration-response screening data (Feshuk et al.,
2023). The raw data was loaded into the ToxCast database, invitrodb (to
be released in version 4.2, expected Fall 2024) as the following assay
endpoints under the Center for Computational Toxicology and Exposure
(CCTE) assay source identifiers:

Assay endpoint ID (AEID) Assay endpoint name

3223 CCTE_Deisenroth_DEVTOX-GLR_Endo_Sox17
3226 CCTE_Deisenroth_DEVTOX-GLR_Endo_CellCount
3229 CCTE_Deisenroth_ DEVTOX-GLR_Meso_Bra

3230 CCTE_Deisenroth_DEVTOX-GLR_Meso_CellCount
3232 CCTE _Deisenroth DEVTOX-GLR_Ecto_Sox2

3234 CCTE_Deisenroth_ DEVTOX-GLR_Ecto_CellCount
3236 CCTE_Deisenroth_DEVTOX-GLR_Pluri_Sox2

3238 CCTE _Deisenroth DEVTOX-GLR_Pluri_CellCount
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Fig. 1. Directed differentiation efficiency of RUES2-GLR to germ layer lineages. A) DevTox GLR Platform schematic, B) cell count data, C-F) biomarker expression
profiles across each assay condition. Box and whisker plots: center line — median, box - first and third quartiles, whiskers — 1.5*inter-quartile range, + outliers; n = 3.
G) Heatmap of Z-test scores using multiple human pluripotent stem cell lines at pluripotency for comparison. Gene expression data was gathered using the Tagman
hPSC Scorecard array for RUES2-GLR cells in the pluripotent (Pluri) state or following 48 h of directed differentiation to ectoderm (Ecto), mesoderm (Meso), and
endoderm (Endo) lineages; n = 2.

resppc = — 1% M) *100 (€8]
Well-level raw data response values (rval) were obtained as either the val — bval
percentage of SOX17, SOX2, or BRA positive cells (developmental
toxicity) or total cell counts (cytotoxicity). Technical replicates were
aggregated by taking the plate-wise median response by sample and
concentration index. The rval were normalized as response percent
control (pc) relative to DMSO solvent control using the following

equations,

where resp.pc is the normalized response to be fit, pval is set as O to
establish uniform scaling across plates, and bval is the median baseline
value of DMSO control wells on the same plate. The resp.pc values for
biomarker positive (AEID 3223, 3229, 3232, 3236) and cell count pos-
itive (AEIDs 3226, 3230, 3234, 3238) endpoints were zero-centered,
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sign inverted (to align with change in biomarker population), and fit to
ten models (constant, linear, quadratic, power, hill, gain-loss, expo-
nential 2, exponential 3, exponential 4, exponential 5), with the winning
model determined through the minimum of the Akaike Information
Criteria (AIC). Efficacy cutoffs (coff) to define thresholds for bioactivity
hit calls were defined as three times baseline median absolute deviation
(3*bmad), where the baseline median absolute deviation (bmad) was
calculated using the normalized responses of the DMSO solvent control
wells across all plates in the screen. In this analysis, classification criteria
for continuous activity hit calls (hitc) were defined as: hitc < 0 is not
applicable, 0 < hitc < 0.9 is negative/equivocal, hitc > 0.9 is positive
(Supplementary TCPL data.zip)

Assay performance evaluation

Robust statistics were used to evaluate biomarker fluorescence in-
tensity dynamic range (signal-to-background; rS/B), inter-plate preci-
sion (coefficient of variation; rCV), and screening quality (Z’-factor; rZ")
as follows (Zhang et al., 1999; Zhang, 2011):

rS/B =P @
X Neg

rcv = #7100 ®
madPos

3(madpos + madyeg)

rZ=1- @)

XPos — X Neg

where y represents the median percent biomarker cell value of the
control wells, mad is the median absolute deviation of the percent
biomarker cell value control wells, Pos is the positive control wells under
differentiation/pluripotency conditions and Neg is the negative control
wells under pluripotent conditions for assays DevTox GLR-Endo, —Meso
and —Ecto assays. The Neg control well for the DevTox GLR-Pluri assay
was mesoderm induction wells corresponding to a loss of SOX2
expression. The inter-plate rCV calculation is the median of all plate-
based rCV values.

Confusion matrix statistics, sensitivity (true positive rate), specificity
(true negative rate), and balanced accuracy were used for determining
assay performance as follows:

e P
SenSlthIty = m 100 (5)
TN
ificity — — N g
Specificity TN+ FP 00 (6)
Balanced Accuracy = Sensitivity + Specificity *100 7

2

where TP is true positive, TN is true negative, FP is false positive, and FN
is false negative.

Results
DevTox germ layer reporter platform

The DevTox GLR-Endo assay (Gamble et al., 2022) was previously
adapted from the Human Pluripotent Stem Cell assay (Kameoka et al.,
2013) and the first lineage-specific assay to be developed on the DevTox-
GLR platform. Recognizing the parameters for the DevTox GLR-Endo
assay may be suboptimal for the ectoderm, mesoderm, and pluripotent
assays, seeding densities and total differentiation time for the new assay
methods were evaluated in a 384-well format to assess the magnitude of
biomarker expression. Cells were seeded between 1,000 and 6,000 cells
per well and differentiated for up to six (mesoderm) or eight (ectoderm)
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days with fluorescent biomarker intensity and cell counts collected daily
(Supplementary Figs. S2- 54). Cell seeding density of 3,000 cells per well
was adequate to produce exclusive expression of SOX2 for the ectoderm
and pluripotent conditions. A higher density of 6,000 cells per well for
the mesoderm assay was necessary to obtain optimal expression of BRA
without significant expression of the other biomarkers. In addition, 48 h
was found to be sufficient for all assays to achieve exclusive primary
biomarker expression; in alignment with the differentiation period for
the endoderm assay (Fig. 1A).

Following a 48-hour induction period, median cell counts ranged
from 2,000 to 6,000 cells per well depending on lineage type (Fig. 1B).
The percentage of lineage-specific biomarker expression was evident in
the majority of the culture population (Endoderm - 67.3 % SOX17+,
Mesoderm — 80 % BRA+, Ectoderm — 65 % Ecto-+, Pluripotent — 90 %
SOX2 + ) (Fig. 1C-F). While ectoderm and pluripotency lineages share
the same biomarker (SOX2), ectoderm induction increased SOX2
biomarker intensity more than two-fold relative to the pluripotent
conditions, making it possible to distinguish between the two cell states
(Supplementary Fig. S5C). Tagman hPSC Scorecard arrays were used to
obtain a broader indication of lineage differentiation efficiency beyond
the single biomarkers. The qPCR Scorecard arrays are comprised of a
curated set of genes that are specific to one of the four gastrulation
related states (pluripotent, endoderm, mesoderm and ectoderm)
(Tsankov et al., 2015). Following directed differentiation, Z-scores
revealed successful differentiation for each method where higher scores
indicate a larger difference in expression of lineage specific genes
compared to pluripotent cell lines (Fig. 1G).

Reference chemical evaluation

A chemical reference set comprised of 12 chemicals known to elicit
developmental toxicity effects within in vitro cell-based assays and four
known non-developmental toxicants previously used to profile the pre-
dictivity of the DevTox GLR-Endo assay (Gamble et al., 2022). To
evaluate against this benchmark set, all 16 chemicals were screened in
the DevTox GLR-Meso, —Ecto and —Pluri assays (Table 1). For each
assay, a 10-point concentration series was tested ranging from 100 pM to
200 pM. One exception was sunitinib which precipitated out of solution
above 2 mM and hence had an adjusted concentration range of (100 pM
to 1.6 uM). Results were compared to the DevTox GLR-Endo assay
benchmark dataset which was reanalyzed using improved methods,
specifically using both positive and negative controls to establish gating
criteria for biomarker expression. No effects were observed for the non-

Table 2

Reference chemical performance in the DevTox GLR platform assays. Reference
chemicals were classified across each assay (TP - True Positive; FP — False
Positive; TN — True Negative; FN — False Negative). Pomalidomide activity could
not be assessed in the DevTox GLR-Meso assay due to autofluorescence signal
interference.

DevTox GLR Platform Assays

Chemicals Endo Ecto Meso Pluri
13-cis Retinoic acid TP TP FN TP
5,5-Diphenylhydantoin FN FN FN TP
5-Fluouracil TP TP FN TP
Acetaminophen N N N TN
all-trans Retinoic Acid TP TP FN TP
Bisphenol A TP FN FN TP
Busulfan TP TP FN TP
Diethylstilbestrol TP FN TP TP
Folic Acid N TN TN TN
Methotrexate TP TP FN TP
Penicillin G TN TN TN TN
Pomalidomide TP FN - TP
Saccharin TN TN TN TN
Sunitinib TP FN FN TP
Thalidomide TP FN FN FN
Valproic Acid FN FN FN FN
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developmental toxicants in any of the four assays (Table 2, Fig. 2). All
assays provided acceptable robust Z’-factors greater than or equal to 0.6
(Table 3). Precision of measurements across experiments indicated the
inter-experimental rCV was less than 2 %. The DevTox GLR-Meso assay
was enriched with false negative observations, resulting in low sensi-
tivity (9.1 %) and modest balanced accuracy (54.5 %). Pomalidomide
results were excluded for the DevTox GLR-Meso assay due to auto-
fluorescence signal interference. The DevTox GLR-Ecto assay performed
with a sensitivity of 58.3 % and balanced accuracy of 79.2 %. Both the
DevTox GLR-Pluri and —Endo assays performed equally well with 83.3
% sensitivity and balanced accuracies of 91.7 %. Both 5,5-diphenylhy-
dantoin and valproic acid were identified as false negatives in the
DevTox GLR-Endo assay. Thalidomide and valproic acid were false
negatives in the DevTox GLR-Pluri assay.
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Table 3

DevTox GLR Platform assay metrics. Assay performance metrics for screening
quality (rZ’-Factor), dynamic range (rS/B), and precision (rCV) are noted. Assay
sensitivity (true positive rate), specificity (true negative rate), and balanced
accuracy are noted.

DevTox GLR Platform Assays

Endo Ecto Meso Pluri
rZ’-Factor 0.8 0.6 0.8 0.9
1S/B 112.6 3.2 27 315.1
CV 11 % 1.5% 1.9% 1.4 %
Sensitivity 83.3% 41.7 % 9.1 % 83.3 %
Specificity 100 % 100 % 100 % 100 %
Balanced Accuracy 91.7 % 70.8 % 54.5 % 91.7 %

Reference Developmental Toxicants
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Comparative analysis of reference chemical potency and efficacy was
conducted across all four assays (Fig. 3). Overall, the DevTox GLR-Endo
assay exhibited the highest efficacy for chemicals classified as devel-
opmental toxicants with 9/12 inducing > 75 % maximum inhibition.
The assay also yielded the lowest activity concentration at the assay
cutoff (ACC) value, an assay-driven point of departure, for 5/12 devel-
opmental toxicants, in contrast to the DevTox GLR-Pluri (4/12), DevTox
GLR-Ecto (1/12), and DevTox GLR-Meso (0/12) assays.

Chemical training set evaluation

With the DevTox GLR-Pluri assay providing similar results to those
observed in the DevTox GLR-Endo assay, a larger training set of chem-
icals (28 developmental and 19 non-developmental toxicants) were
screened in the DevTox GLR-Pluri assay (Fig. 4). Training set chemicals
were previously evaluated in the DevTox GLR-Endo assay and establish
a comparative benchmark between the two assays (Gamble et al., 2022).
Training set performance for the DevTox GLR-Pluri assay displayed a
specificity of 57.9 %, sensitivity of 67.8 %, and balanced accuracy of
62.9 %. This compared to 68.4 % specificity, 71.4 % sensitivity, and
70.0 % balanced accuracy for the same chemicals in the DevTox GLR-
Endo assay. When comparing all chemicals tested, reference and
training set, the DevTox GLR-Pluri assay had a specificity of 65.2 %,
sensitivity of 72.5 %, and balanced accuracy of 68.9 % which was less
than DevTox GLR-Endo performance of 73.9 %, 75.0 %, and 74.5 %
respectively (Table S1). Both assays exhibited false positive activity for
ketanserin, tegaserod, retinol, esomeprazole, butylparaben, and cate-
chin despite being categorized as non-developmental toxicants. The
non-developmental toxicants methyldopa and sulfasalazine were false
positives in the DevTox GLR-Pluri but not the DevTox GLR-Endo assay.

Discussion

Maternal chemical exposures are a concern for early embryonic and
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fetal development. The causative factors are largely unknown in the
majority of cases, but environmental chemical exposures are deemed to
be a significant contributing component. With over 33,000 non-
confidential chemicals designated as “active” on the TSCA Chemical
Substance Inventory in the United States (https://comptox.epa.gov/
dashboard/chemical-lists/TSCA_ACTIVE_NCTI_0320. Accessed May 3,
2024), rapid identification of human-relevant developmental toxicants
is a critical concern for chemical risk assessment. The DevTox GLR
model platform has the capacity to evaluate chemical effects on stem
cells maintained in a pluripotent state or differentiated toward the three
germ layer lineages. Despite these conceptual capabilities, it is unclear if
one or more assay endpoints is necessary and sufficient to screen
chemicals for developmental hazard identification.

Assessment of all four assays within the DevTox GLR platform indi-
cated the DevTox GLR-Endo assay demonstrated robust and reliable
technical performance, frequently exhibited the highest efficacy
amongst the chemicals tested in this study, and had the best overall
predictive accuracy for compound screening among the DevTox GLR
assays. Improvements to the technical image analysis required reex-
amination of the previously published assay dataset. Consistent with
prior observations, the assay maintained suitable screening quality (rZ’
= 0.80), but had higher inter-experimental precision (rCV = 1.1 %) and
increased dynamic range (rS/B = 101.9). The balanced accuracy
increased for the reference set (91.7 %) (Table 3) and the expanded
training set (74.5 %) (Supplementary Table S1) maintaining suitability
for primary screening of data-poor chemical sets.

The DevTox GLR-Pluri assay matched the DevTox GLR-Endo assay in
predictivity with the reference chemical set but did not correctly identify
select developmental toxicants (rifampicin and warfarin) and non-
developmental toxicants (sulfasalazine and methyldopa) in the
training set, leading to lower sensitivity and specificity in the assay
(Fig. 4, Supplementary Table S1). For chemicals that were correctly
identified as developmental toxicants, the two assays differed in potency
with concentration differences greater than 1.5 logs fold-change for 14
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chemicals. The DevTox GLR-Endo assay exhibited greater potency for six
developmental toxicants including retinoids (13-cis retinoic and all-
trans retinoic acid) and chemicals reported to inhibit endoderm differ-
entiation (thalidomide, lenalidomide, and pomalidomide) (Belair et al.,

2020). Increased potency in the DevTox GLR-Pluri assay was noted for
chemotherapeutic drugs (doxorubicin, methotrexate, and cytarabine)
and seizure medications (carbamazepine, and 5,5-diphenylhydantoin).
When discriminating developmental toxicity bioactivity from cytotoxic
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effects, the DevTox GLR-Pluri SOX2 biomarker was much more sensitive
to chemical exposure with 19/28 true positive chemicals demonstrating
bioactivity below the cytotoxicity point of departure. This, in part, was
due to considerably higher variability in cell counting relative to the
DevTox GLR-Endo assay. Pluripotent stem cells form dense colonies in
culture, making it more difficult to identify single cells, leading to
greater variability in overall counts and higher thresholds for activity
determination. Acquiring more imaging fields per well could improve
cell counting variability. The DevTox GLR-Pluri assay performed well
with excellent reproducibility. However, most chemicals were not as
effective at suppressing the SOX2 population compared to SOX17 inhi-
bition in the DevTox GLR-Endo assay. Only five chemicals induced 90 %
or greater inhibition in the DevTox GLR-Pluri assay relative to 28
chemicals inhibiting SOX17 to the same magnitude in the DevTox GLR-
Endo assay.

The balanced accuracy in the devTOX quickPredict (83 %) assay was
previously reported to be similar to the DevTox GLR-Endo (76 %) assay
for a common benchmark set of 40 chemicals (Gamble et al., 2022;
Zurlinden et al., 2020). The DevTOX quickPredict assay measures
changes in the ornithine/cystine (o/c) ratio in the medium after 72 h of
chemical exposure in human pluripotent stem cells to predict potential
developmental toxicants (Palmer et al., 2013; Simms et al., 2020). By
evaluating chemical effects on the pluripotent state over a 48-hour
exposure duration, the DevTox GLR-Pluri assay provides a similar
model for comparison. Considering the responses among a common
subset of chemicals (25 developmental toxicants, 14 non-developmental
toxicants), the DevTOX quickPredict assay outperforms the DevTox GLR-
Pluri in sensitivity (64 % to 52 %), specificity (100 % to 79 %), and
balanced accuracy (82 % to 65 %) (Table S2). Contrary to the DevTox
GLR-Pluri assay, the DevTOX quickPredict assay correctly identified
thalidomide, rifampicin, stavudine, dexamethasone, hydroxyurea, and
valproic acid as developmental toxicants. Likewise, sulfasalazine,
retinol, and butylparaben were identified as non-developmental toxi-
cants. Interestingly, the DevTox GLR-Pluri assay correctly identified
diethylstibestrol, 5,5-diphenylhydantoin, and bisphenol A as develop-
mental toxicants whereas the DevTOX quickPredict did not. Possible
explanations for the discordant observations include differences in
compound exposure frequency and duration, biological variation be-
tween pluripotent stem cell lines, mechanistic differences in the
measured biomarkers, as well as data modeling and analysis.

The DevTox GLR-Ecto and —Pluri assays utilized the same biomarker
(SOX2) to measure perturbations. However, SOX2 protein levels were
approximately two-fold higher in the ectoderm lineage at 48 h post-
differentiation relative to the pluripotent state. Expression of SOX2 in-
creases in early ectoderm differentiation and thus enables discrimina-
tion of early ectoderm cells from pluripotent cells (Bergsland et al.,
2011; Collignon et al., 1996; Ferri et al., 2004) (Fig. 1). There were some
unique observations in the DevTox GLR-Ecto assay that were not present
across the other assays. For example, the retinoids (all-trans and 13-cis
retinoic acids) induced proliferation at sub-cytotoxic concentrations.
The synthetic non-steroidal estrogen, diethylstilbestrol, was another
example where cytotoxicity was observed in all lineages except for
ectoderm. These results reflect other in vitro cell-based models (Kim
et al., 2013) where mesodermal and endodermal lineages were suscep-
tible to estrogenic effects with little impact on ectoderm, indicating the
estrogen receptor pathway may not be a relevant target in the DevTox
GLR-Ecto assay.

The DevTox GLR-Meso assay performed the poorest with the lowest
sensitivity. It only correctly identified one developmental toxicant,
diethylstilbestrol, in the reference chemical set. However, eight of the 12
developmental toxicants caused cytotoxic effects in the differentiating
mesoderm cells, suggesting BRA expression was not responsive to the
chemicals tested (Supplementary TCPL data.zip). Additionally, although
BRA expression was significantly increased from pluripotency at 48 h,
expression continued to increase with more prolonged differentiation
periods (Fig. S3). A longer differentiation period may be necessary to
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facilitate more mature mesoderm development and accurately identify
chemical-mediated perturbations. Ultimately, these results suggest that
BRA may not be an effective biomarker at the 48-hour time point to
measure developmental perturbations. Likewise, lifestage susceptibility
to the selected chemicals in this study, such as those impacting fetal
development at later stages, may not adequately be captured by the
relatively simple gastrulation simulations in the DevTox GLR assays.
In conclusion, the DevTox GLR model platform was designed as a
human-relevant model for high-throughput screening of potential
developmental toxicants. By profiling the performance of each lineage-
specific assay (DevTox GLR-Endo, —Meso, —Ecto, —Pluri), an optimal
default assay for routine screening could be identified. The DevTox GLR-
Meso assay was incapable of adequately identifying developmental
toxicants. The DevTox GLR-Ecto and —Pluri assays provided additional
mechanistic coverage, but fell short in terms of overall predictivity. The
DevTox GLR-Endo assay maintained robust and reliable technical per-
formance, exhibited the highest efficacy amongst most test chemicals,
and had the best overall predictive accuracy for compound screening
which positions it as the default assay for future screening efforts.
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