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October is Children’s Health Month:
Raising Children’s Environmental Health Awareness

https://www.epa.gov/children/

• Children’s health outcomes result from multiple causes:
- genetics, nutrition, socioeconomic factors
- prenatal and childhood exposure to environmental factors. 

• Adverse birth outcomes:
- preterm birth, low birth weight, birth defects, infant mortality
- USA occurrences: ~3% birth defects and 11% low birth weight.

• Assessing developmental toxicity during pregnancy: 
- critical role in setting health and environmental policy
- teratogenesis is a major concern in animal models of human relevance (e.g., pregnant rats, rabbits). 

• New Approach Methodologies (NAMs): 
- shifting developmental hazard detection to in vitro data, in silico models, and biological pathways
- embryonic stem cell (ESC) lines are among the most promising alternatives to pregnant animal testing.

• Respiratory diseases
• Childhood cancer
• Neurodevelopmental disorders
• Obesity
• Adverse birth outcomes
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Compliance: All work involving human embryonic stem (hES) 
cell lines is compliant with Executive Order 13505 (issued 2009) 
to ensure that is ethically responsible, scientifically worthy, and 
conducted in accordance with applicable law. 

Funding: This research was performed under EPA’s Chemical 
Safety for Sustainability Research Program, Research Area 5 
‘Virtual Tissue Models’ (VTMs). 

https://stemcells.nih.gov/research/registry.htm
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Disclosure: research on pluripotent stem cell lines

Our hESC cell lines are registered in the NIH Human Embryonic Stem Cell Registry:   
WA09 (H9): NIH Approval Number: NIHhESC-10-0062
RUES2: NIH Approval Number: NIHhESC-09-0013

Other pluripotent stem cell lines:
Episomal hiPSC Line (Gibco-A18945)
Endodermal hiPSC line (Allele Biotech #ABPSC-HDFAIPS)
J1 mouse ESC line (ATCC® SCRC-1010™) 

Stemina Biomarker Discovery
EPA contract EP-D-13-055

Vala Sciences, Inc. 
EPA  contract EP-D-13-054



• Self-renewal: cells proliferate and replicate themselves 
indefinitely when cultured under appropriate conditions.

• Differentiation: maintain the potential to:
i) form most cells of the embryo/fetus (pluripotency)
ii) self-organize into rudimentary structures (autopoiesis).

• Embryology: hESC monolayers recapitulate the ‘epiblast’ of 
an early embryo (GD 5-7 mouse, week 2-3 human).

Pluripotent ESC lines capture many key features of 
embryogenesis that are uniquely covered in guideline 

prenatal developmental toxicity studies.
(e.g., OECD TG 414, organogenesis in pregnant rat/rabbit)
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Novel features of pluripotent hESC lines:
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Embryoid Body (in vitro)

Epiblast (in vivo)

primitive streak

From the Kyoto Collection
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Will a primitive hESC type live up to the challenge of NAMs?
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?

• does not encompass the full complexity of anatomical development; 
• blind to the precise spatial-temporal control of cell-cell interactions in vivo ;
• misses developmental effects secondary to maternal or placental toxicity;
• uncertainty of post-organogenesis vulnerability and post-natal manifestations; 
• cross-species extrapolation (mESC to human, hESC to animals);
• limited xenobiotic metabolism and other ADME considerations (toxicokinetics);
• uncertainties in translatability to the intact embryo (toxicodynamics).

https://embryology.med.unsw.edu.au/embryology



• chemical domain
• readout endpoints
• standardized protocols
• reproducibility 
• biological domain
• predictive power

A lot of work has been done using mESC and hESC lines in vitro
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Detailed literature review of conceptual and practical considerations that must be given 
for readiness of mESC and hESC data in regulatory toxicology (e.g, NAMs).

N Baker, G Daston, B Flick, M Fujiwara, T Knudsen, H Kojima, A Piersma, H Spielmann, N Suzuki, K Tsaioun (2020)  
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ESC testing data available in the open literature

• 1,250 annotated chemicals:
18 publications tested > 10 compounds (primary) 

174 publications tested 1-9 (evidentiary support)

• Most overlapping compounds:
all-trans retinoic acid (17), 5-fluorouracil (16), 
and methotrexate (14) - all strong teratogens.

• Most common use categories: 
pharma: anti-infective agents, enzyme inhibitors 
chemical: pesticides. 

N Baker, K Tsaioun: Abstract Sifter, SWIFT, 
MeSH terms, Chemicals Dashboard, … 

working in unison

1,533 PubMed → 333 (AI relevance) → curation 

Now includes ToxCast_STM dataset



Pluripotent H9 human embryonic stem cell 
metabolomics assay that “… identified the 

potential developmental toxicants in the test 
set with 77% accuracy (57% sensitivity, 100% 

specificity).” 

Palmer et al. (2013) Birth Defects Res

devTOXqP assay: Stemina Biomarker Discovery, EPA contract EP-D-13-055
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Using the H9 devTOXqP platform to profile the ToxCast library
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Zurlinden et al. (2020) Toxicol Sci

• 1065 ToxCast Ph I/II chemicals at 
single-conc. or multi-conc.; 

• data pipelined to in vitro-db_v3 
database (>1125 features);

• available in EPA’s CompTox 
Chemicals Dashboard;

• ToxCast_STM dataset includes 
controls for data quality.

https://comptox.epa.gov/dashboard

19% positivity rate, indicative of teratogenic potential as a 
potential developmental hazard prediction.



Retinol (vitamin-A)
TI = NA, CV = NA
(True Negative)

all trans Retinoic acid
TI = 0.003 µM, CV = NA

dLEL rat = 2.5 mg/kg/day (> mLEL)
dLEL rabbit = 0.5 mg/kg/day (= mLEL)

Example: vitamin-A and its morphogenetic metabolite (all-trans Retinoic acid)

Targeted biomarker (TI) Viable cell number (CV)
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Fluazifop-P-butyl
TI = 26 µM, CV = 40.8 µM

dLEL rat = 5 mg/kg/day (< mLEL)
dLEL rabbit = 50 mg/kg/day (mLEL)

Fluazifop butyl
TI = not active, CV = no effect
dLEL rat = 10 mg/kg/day (< mLEL)

dLEL rabbit = 90 mg/kg/day (mLEL)

Example: R-enantiomer (Fluazifop-P-butyl) is the active herbicide 

Targeted biomarker (TI) Viable cell number (CV)
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Carbendazim
TI = 6.12 µM, CV = no effect

dLEL rat = 20 mg/kg/day (< mLEL)
dLEL rabbit (no ToxRefDB entry)

Benomyl
TI = 3.53 µM, CV = 3.63 µM  

dLEL rat = 62.5 mg/kg/day (< mLEL)
dLEL rabbit = 180 mg/kg/day (mLEL)

Example: Benomyl and its conversion product (Carbendazim)

Targeted biomarker (TI) Viable cell number (CV)
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Cyclopamine
TI = NA, CV = NA

Diethylstilbestrol (DES)
TI = NA, CV = NA

dLEL rat = 0.03 mg/kg/day (= mLEL)
(no rabbit data in ToxRefDB)

Example: false negatives (not detected in ToxCast_STM)

Targeted biomarker (TI) Viable cell number (CV)
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TNP-470
TI = 0.017, CV = 0.020
(no rat or rabbit data)   

5HPP-33
TI = 10.5, CV = 16.4

(no rat or rabbit data)

Example: pharmacological angiogenesis inhibitors

Targeted biomarker (TI) Viable cell number (CV)
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synthetic thalidomide analog

synthetic fumagillin analog



Does the STM biomarker really predict a teratogenic threshold?

5HPP-33:
• T.I. predicted by hESC was 10.5 µM
• AC50 observed at 21.2 µM (embryo viability)

TNP-470:
• T.I. predicted  by hESC was 0.02 µM
• AC50 observed at 0.04 µM (dysmorphogenesis)

Slide 15
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Ellis-Hutchings et al. (2017) Reprod Toxicol

Colleagues at Dow Chemical’s Predictive Toxicology group, led 
by Ed Carney, tested T.I. predictions for the two structurally 
diverse angiogenic inhibitors using a 48h rat WEC platform.

Phenotypic consequences differed but the 
threshold T.I. predicted by the ToxCast_STM data 

was just under the AC50 observed. 



Saili, Franzosa et al. (2019) Curr Opin Tox

Slide 16
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Does the STM biomarker predict something new?  sort of ...

• We used RNA-seq profiling to examine how the exposed embryos reacted to 
threshold concentrations of 5HPP-33 and TNP-470 after 4 hr exposure in rat WEC.

• Several pathways uniquely affected by each compound, but some in common:
- splicesome-RNA metabolism 
- proteasome-ubiquitination

Thalidomide’s  teratogenicity 
triggered by cereblon (CRBN) 
→ proteasomal degradation 

of SALL4 in human iPSC 
progenitors of limb-bud 

mesoderm.

Belair et al. (2020) Scientific Reports



Performance check

• Qualification on 42 well-curated reference compounds 
often used to validate alternative DevTox platforms1.

• Balanced Accuracy (BAC) = 82% (0.65 sensitivity, 1.00 
specificity). 

• These performance measures are consistent with the 
original pharma-trained model [Palmer et al. 2013].

1 Genschow et al. 2002; West et al. 2010; Daston et al. 2014; 
Augustine-Rauch et al. 2016; Wise et al. 2016

17Zurlinden et al. (2020)

Many assays that have undergone a validation exercise 
were tested with a limited set of data-rich chemicals, 
often inflating predictive capacity of 80% or higher. 

This situation has hampered regulatory acceptance of 
individual alternative assays.



Performance evaluation against ToxRefDB chemicals
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Predictivity of the hESC 
biomarker declines as fetal 

outcomes gain less 
concordance between rat-

rabbit studies, and 
concurrent maternal 

toxicity.

Scaling Criteria (ToxRefDB)
- BM-42 reference
- concordant, rat AND rabbit
- dLEL < mLEL, rat OR rabbit 
- dLEL < 200 mg/kg/day
- LEL for any study type

Zurlinden et al. (2020)



With ~1K in vitro assays in ToxCast/Tox21, can we use machine 
learning and mechanistic models to better characterize the 

biological domain of applicability? 

Implications of weak sensitivity?
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• Predictive power of an assay depends on its biological relevance 
as well as the standard against which the prediction is validated:

- ORN/CYSS biomarker may be missing important pathways; 
- pluripotent H9 cells may be missing relevant developmental processes.



What human relevant pathways are detected or not?
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Zurlinden et al. (2020) Toxicol Sci

Positive predictivity in the hESC model 
is driven to FOXO, a key regulator of 

proteasome-ubiquitination.

• Mapped ToxCast_STM correlations for well-
curated chemicals onto 337 ToxCast_NVS targets;

• flow of regulatory information to AKT/FOXO 
signaling in the sensitive domain (true positives);

• G(q) signaling and steroid hormone signaling in 
the insensitive domain (false negatives).



Let’s try again … but with all additional ToxCast assays

maximize prediction minimize residual error

21Zurlinden et al. (manuscript in preparation)



Training model (STM + 7 model)
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ToxCast_STM is strongest predictor of prenatal 
developmental toxicity in ToxCast/Tox21;

XBP1 induces UPR and independently targets 
FOXO1 for proteasomal degradation;

SCN1A picked up some false negatives (e.g., 
cyclopamine);

Estrogenic and androgenic pathways are 
outside the STM biological domain;

TSPO mitochondrial 18K translocator that 
pharmacologically represses XBP1 activation.

positive predictorsnegative predictors

Zurlinden et al. (work in progress)



Does the integrated statistical model perform better than ESCs?

Scaling Criteria (ToxRefDB)
- dLEL < 1000 mg/kg/day
- dLEL < 200 mg/kg/day
- dLEL < mLEL, rat OR rabbit 
- concordant response, rat AND rabbit
- BM-42 reference

- Train with most confident compound set
- Test on the remainder

Zurlinden et al. (work in progress)

Unsupervised reduction of test 
chemicals based on strength of the 
90% credible Interval.

A subset of test chemicals 
with higher confidence in the 
model can achieve training-

level performance. 

23



Augmentation correlated with the mouse J1 cell (mESC) assay 

Goosecoid (GSC) gastrulation marker (day4) and Cardiomyocyte differentiation (day 9)

24Hunter et al. (manuscript in clearance for submission)

Potency also correlated with 
effects on mESC growth and 

differentiation.



Molecular characterization of a Toxicological Tipping Point

Saili et al. (2019) Reprod Toxicol

• what would a ‘toxicological tipping point’ on hiPSC
differentiation look like with ATRA at the molecular level?
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• hESCs tracked in mesendodermal lineage classified teratogenicity 
based on SOX17 (87-94% accuracy) [Kameoka et al. 2014];

• all-trans retinoic acid (ATRA) is an endogenous signal in mesendodermal
patterning (T.I. = 19 nM in hiPSCs [Palmer et al. 2017]);

The tipping point reflects an imbalance on genes regulated by Eomesodermin (EOMES), a 
T-box family member that drives endodermal specification and mesodermal delamination 

during primitive streak formation (gastrulation).



‘… PI3K/Akt activation suppresses Foxo1 
expression, thereby impacting its transcriptional 

targets EOMES …

EOMES is regulated by FOXO: at least in memory T-cells!

‘… Foxo1-dependent switch from T-bet to 
Eomesodermin transcription

factor activation…
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Does regulation of proteasomal function explain hESC positivity? 

RNAseq rat WEC found the proteasome-ubiquitination 
as an early feature for 2 chemicals predicted positive

Ueki and Kadowaki (2011) Nature

AKT/IP3K signaling to FOXO1 was the winning pathway 
in correlating NVS biochemical targets to STM positivity

Activation of XBP1 was second only to STM as the 
winning feature across the broader ToxCast portfolio

HYPOTHESIS: hESC-positivity linked to altered 
homeostatic control of the FoxO1 axis as a 
negative regulator of hESC differentiation.
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Expanding the molecular landscape of tipping points

28John Gamble, Chad Deisenroth (work in progress)



• HTS data-driven models can confidently predict developmental toxicity potential in 
pregnant rat/rabbit study designs; but …

• … there are limitations of mESC and hESC platforms for classifying teratogenic across a 
mechanistically diverse landscape of chemicals (pathways, metabolism, complexity, …);

• bringing embryology into the fold will further improve mechanistic understanding in 
translating NAM data to probabilistic effects and early lifestage phenotypes.
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Computational models for NAMs: 
predicting developmental toxicity and translation to human pregnancy

I’ll end with two new ways to evaluate the embryo suggesting why 
sophisticated computer models are needed in the immediate future.



Cell State Manifold: single-cell transcriptome profiling

Video  from Malte Spielmann, with thanks
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Cao et al. (2019) Nature 566 

Wong et al. (2015) Development 146 

A key challenge for science and technology is to critically define sentinel cells in a 
perturbed system that propagate chemical injury to toxicological tipping point, ultimately 

manifesting as a structural defect or altered physiological function.



Epiblast: spatial dynamics of mesodermal birth

chordamesoderm paraxial mesoderm

lateral plate mesoderm

extraembryonic mesoderm

Primitive streak
(hallmark of gastrulation)

- position matters
- SOX, FOX, HOX

in vivo counterpart of
hESC culture system

R Spencer, EMVL 31

"It is not birth, marriage, or death, but gastrulation which is truly the 
most important time in your life.“ - Lewis Wolpert 



Stemina Biomarker Discovery, Madison WI
Michael Colwell
Jessica Palmer

Virtual Tissues Team (CCTE/BCTD)
Todor Antonijevic
Nancy Baker – Leidos/SCDCD
John Cowden (MI)
Chad Deisenroth
John Gamble (ORISE)
Jill Franzosa
Sid Hunter 
Richard Judson
Nicole Kleinstreuer (now NTP/NICEATM)
Kate Saili (now OAQPS)
Imran Shah
Richard Spencer – General Dynamics
Rusty Thomas
Doug Young (MI)
Todd Zurlinden (now CPHEA) 32

DRP team for EST
Nancy Baker - Leidos
George Daston – Procter & Gamble Co.
Burkhard Flick – BASF (Berlin)
Michio Fujiwara – Astellas Pharma Inc. (Japan)
Thomas Knudsen – USEPA
Hajime Kojima – NIHS (Japan)
Aldert Piersma – RIVM (Netherlands)
Horst Spielmann – Berlin (retired)
Noriyuki Suzuki – Sumitomo Chemical Co. (Japan)
Katya Tsaioun – Johns Hopkins University
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