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Prenatal Developmental Toxicity

• Developmental and Reproductive Toxicity testing (DART) is important for assessing 
hazards of drug/chemical exposure to formative processes during early life-stages.

• Prenatal testing (OECD TG 414) entails exposing pregnant rats/rabbits during 
organogenesis and evaluating adverse outcomes to fetal growth and development.

• Traditional test methods lack throughput and mechanistic support needed for chemicals 
management under TSCA reform.

• A compendium of in vitro data from ToxCast/Tox21 high-throughput screening (HTS) 
programs is available for predictive toxicology. 
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Shifting to Molecular/Pathway Approaches

SOURCE: Rusty Thomas, Director - NCCT

New NCCT contracts in 2014 to increase the 
diversity of assays used for assessing DevTox:

- Stemina Biomarker Discovery
- ArunA Biomedical
- Odyssey Thera, Inc.
- VALA Sciences
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• The devTOX quickPredict platform (Stemina) is a human pluripotent stem cell-based in 
vitro assay used to assess compounds for potential developmental toxicity. 

• We screened 1066 ToxCast chemicals to derive an exposure-based potential for 
developmental toxicity and entered the data into the ToxCast pipeline (tcpl). 

• Cellular agent-based models built from the known embryology recapitulate complex 
signaling networks and simulate critical developmental transitions (and defects). 

• Simulation models are numerically responsive to perturbation, hence amenable to for 
translating HTS bioactivity data into mechanistic prediction models of toxicity.  

In a nutshell …
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devTOXqP (quickPREDICT) platform

• WA09 (H9) line is a hESC line approved for federally-funded research and commercially obtained from 
WiCell Research Institute, Inc (WA09). 

• Considered a “gold standard” by stem cell researchers due to stability (normal female karyotype) and 
long-standing use (hundreds of publications).

• H9 cells maintained in undifferentiated (pluripotent) state in a 96-well format and exposed to 
chemicals for 3-days; media from last 24h analyzed by LC-MS. 6



ToxCast Profiling in the STM Platform

• Target exposure range based on ToxCast’s cytotox burst [Judson et al. (2016) Tox Sci], 
compound availability, and/or compound insolubility in DMSO.

• Individual plate references used Methotrexate (MTX) for negative- (5 nM) and positive-
(1 μM) responses; and vehicle control (0.1% DMSO) for plate-level normalization.

• Media from last 24h exposure processed for metabolite analysis by HILC-HRMS (high-
resolution mass spectroscopy).

• Ornithine (ORN) to Cystine (CYSS) ratio in the conditioned medium (‘secretome’) is the 
targeted biomarker [Palmer et al. 2013]. 
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Why does the ORN/CYSS balance matter?
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ORN utilized by mitochondria in 
the ‘ornithine cycle’ during 

pyrimidine synthesis; cellular 
release likely a stress signal.

ORN release

CYSS uptake

CYSS from the medium utilized 
for glutathione synthesis in the 

redox cycle; reduced uptake likely 
a stress signal.

ORN/CYSS falling below 0.88 is 
predictive of dTP; driven 
primarily by ORN release.



Strategy

Knudsen et al. (MS in preparation)
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H9 viability versus ToxCast (38 cytotoxicity/cell stress assays)
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Highest Tested Concentration (HTS) at or above the lower bounds 
of the ToxCast cytotoxicity point (TCB minus three times the 
global MAD) [Judson et al. (2016)] for most chemicals. 

H9 cell viability more sensitive than ToxCast Cytotoxic Burst.

H9 cell viability less sensitive than ToxCast Cytotoxic Burst. 



Plate Controls (Level-0 data)
DMSO (0.1%, n = 846, 857), MTX-negative (5 nM, n = 425, 429) and MTX-positive (1 uM, n = 424, 429).

TI threshold 0.88

MTX in ToxCast
(3 nM and 1 uM)
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0.1% DMSO
(neutral ref)

5 nM MTX
(negative ref)

1 uM MTX
(positive ref)

Targeted Biomarker (o/c ratio in the medium) versus cell viability: PLATE CONTROLS
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0.1% DMSO
(neutral ref)

5 nM MTX
(negative ref)

1 uM MTX
(positive ref)

Targeted Biomarker (o/c ratio in the medium) versus cell viability: TOXCAST SAMPLES
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0.1% DMSO
(neutral ref)

5 nM MTX
(negative ref)

1 uM MTX
(positive ref)

Targeted Biomarker (o/c ratio in the medium) versus cell viability: Methotrexate

Methotrexate
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Targeted Biomarker (o/c ratio in the medium) versus cell viability: trans-Retinoic acid

Retinoic acid #2

Retinoic acid #1Methotrexate
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Targeted Biomarker (o/c ratio in the medium) versus cell viability: Thalidomide

Retinoic acid #2

Retinoic acid #1

Thalidomide

Methotrexate
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Concentration (uM)

Cell viability
(normalized to control)

Targeted Biomarker
(o/c ratio)

Teratogenicity Threshold
(o/c ratio < 0.88) *

* predictive model trained with 23 pharma compounds (96% accurate) and tested with 13 pharma 
compounds (77% accurate) [Palmer et al. 2013]. 

How Stemina interprets this assay
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How it looks in tcpl (Level 6)

o/c threshold

noise belt

AC50Teratogen Index

baseline
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tcpl Data Representation
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Examples

• Targeted biomarker sometimes co-occurs with viability, and other times not.
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Results

• 177 actives (16.4%): 172 where o/c is below CV50 and 60 

without any effect on cell viability.   

• Daston List: 10 of 28 exposure-based calls had concordance 

85.7%, with caffeine and ethylene glycol failing to give the 
positive signal. 
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Performance Models

• Model Performance: range from 87-91% BA (sensitivity 0.80 

to 0.86, specificity 0.93 to 1.00 depending on the anchor).

- ECVAM/FDA labels (n=33): sens 0.80, spec 1.0, BA = 90.9%

- add 31 literature calls (n= 64): sens 0.86, spec 0.97, BA = 92.2%

- add 7 liberal calls (n=71): sens 0.81, spec 0.93, BA = 87.3%.

• ToxRefDB: sweet spot for dTP looks to be ~75 uM; preliminary 

model vs skeletal defects (dLEL <= 50 mg/kg). 

- 44 of 131 ToxRefDB_dev calls STM-positive

- 812 of 948 non-calls were STM-negative 

- sensitivity (0.36), specificity (0.86) for BA = 79.3%. 
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STM (+)

STM (-)

STM (+)

STM (-)

ToxCast – STM assay correlations 



Top Hits
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top 24 correlations ranked by sensitivity top 24 correlations ranked by specificity
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Case 1: “unknown teratogenicity” in a stereoisomer pair



• ET-1/EDNRA is crucial for craniofacial/cardiac neural crest morphogenesis [Clouthier et al. 1998, 

Development], and ET-3/EDNRB for enteric neural crest morphogenesis [Puffenberger et al. 1994, Cell]. 

• Craniofacial and cardiovascular malformations were observed in rats exposed to L-753,037, a balanced 
EDNRA/B antagonist, similar to what is seen in knockout mice [Spence et al. 1999, Reprod Toxicol]. 
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Case 2: the endothelin (ET) and endothelin receptor (EDNR) system

NVS_EDNRA NVS_EDNRB

MK-547

Fandosentan

MK-547

Fandosentan

Despite their strong effects 
on EDNRA and EDNRB

endothelin-binding assays, 
neither antagonist yielded a 
signal in the STM platform 

(HTC = 10 or 20 µM) 
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5HPP-33
Synthetic thalidomide analog, 
destabilizes the tubulin network and 
disrupts endothelial tubulogenesis 
[Noguchi et al. 2005]. 

TNP-470
Synthetic fumagillin analog, inhibits 
MetAP2 and disrupts endothelial 
proliferation in response to Wnt signals 
[Griffith et al. 1998]. ToxPi-pVDC rank

Case 3: potential vascular disrupters (pVDCs)



28

ASSAY READOUT (uM) HPP-33 TNP-470

FICAM tubulogenesis AC50 0.67 2.2

Rat AEA AC50 1.3 0.018

ArunA hNP migration/prolif AC20 1.7 ---

Tox21 p53 induction AC50 2.6 >17.4

ZFISH embryotox (DOW) AC50 3.4 0.032

BSK BioMAP mTOR inhibition 4.4 0.15

STM viable cells 50% loss 7.1 5.2

STM targeted biomarker <0.88 ORN/CYSS 9.5 0.01

VALA endothelial  migration nuCTNB 10.0 ---

VALA tubulogenesis inhibition 16.7 ---

ToxCast TCB median AC50 16.7 2.4

Rat WEC quality AC50 21.2 0.038

5HPP-33

TNP-470

3.1 uM 15.5 uM 0.25 uM 2.5 uM



cell field FGF8 FGF4 FGF10

SHH GREM-1 BMP4 BMP7

Limb-bud Outgrowth

29

What impact would chemical disruption of cell growth and viability have?



Teratogenesis in silico

5HPP-33

Shh-cell lineage
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How well does pVDC score match STM predicted teratogenicity overall?
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FP
(189)

TP
(61)

TN
(731)

FN
(74)

AOP-based pVDC score vs DevTox
potential from the STM hES cell platform

Balanced Accuracy = 75.1%
(modeled on a 38-chem test set)

24.4% pVDC(+) also STM(+)
90.8% pVDC(-) also STM(-)



Breathing life into a ‘Virtual Embryo’

• Hypothesis: computer models that recapitulate a morphogenetic series of events can be 
used analytically (to understand) and theoretically (to predict) developmental toxicity.

• Agent-Based Modeling and Simulation (ABMS): a heuristic approach to reconstruct 
tissue dynamics from the bottom-up, cell-by-cell and interaction-by-interaction.
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In Silico Dynamics: Computer Simulation in a Virtual Embryo (#3117): 
SOT symposium ‘Quantitative Systems Toxicology for Chemical Safety Assessment’ [ITS] 

Thursday morning
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