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peak sensitivity (3rd – 8th wk)

Evaluating chemical effects on the developing embryo

“The first trimester is the most crucial to 
your baby’s development. During this 

period, your baby's body structure and 
organ systems develop.”

www.ucsfhealth.org

Complex Systems
- gene networks
- multiscale
- autopoiesis
- canalization
- temporality
- state trajectories
- and more …
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Adverse Birth Outcomes (CDC)
- preterm birth rate (10%)
- low birth weight babies (11% )
- malformations (3-4% live births)
- functional deficits (17% children)
- mortality (1-2%)

T1 T2 T3

Embryonic Period Fetal Period Fetal Period

OECD TG 414
OPPTS 870.3700



In vitro data and in silico models that reflect key aspects of embryo-fetal development 
will be indispensable for NAM-based detection of developmental hazard potential.

• June 2016: Lautenberg Chemical Safety Act advances chemical 
safety evaluation with methods that reduce animal testing and 
are translatable to vulnerable populations & lifestages. 

• September 2019: directive issued by USEPA Administrator 
Wheeler set a vision to reduce mammalian study requests 30% 
by the year 2025 and eliminate them by 2035.

• June 2020: USEPA work plan to accelerate scientifically valid 
New Approach Methods (NAMs) for assessing toxicity of large 
numbers of chemicals with less reliance on animal testing.

Shifting toxicity testing to animal-free alternatives
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Understanding strengths and limitations for predictive toxicology:
1) in vitro testing with human pluripotent stem cell (hPSC) models;
2) expanding the 'virtual embryo’ toolbox for predictive toxicology. 
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Can the computer replace lab animal testing? 

Nature (Lab Animal) 48: 40-42, February 2019

A 2019 technology feature in Nature - Lab Animal 
highlighted progress toward the animal-free zone.

• Mapping the (chemical) world: structural alerts based on 
‘black box’ and expert read-across.

• Opening the black box: performance-based weight of 
evidence models from in vitro profiling.

• A step further: ‘virtual embryo’ computer models that 
simulate cellular changes on development.
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1. Pluripotent stem cell (hPSC) models
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An active area of investigation and one of the most promising in vitro alternatives to 
pregnant animal testing for assessing developmental hazard potential; novel features:

• Self-renewal: cells replicate themselves indefinitely when 
cultured under appropriate growth factor conditions.

• Pluripotency: cells have the potential to form most of the 
different cell types comprising the embryo/fetus.

• Autopoiesis: capacity to self-organize into rudimentary tissues 
and more complex organoid structures.

Established hPSC lines can recapitulate some biology driving embryogenesis during the 
period covered by guideline prenatal studies (e.g., OECD TG 414, OPPTS 870.3700).



1975: the term ‘ESC’ was first coined by research pioneers to distinguish pluripotent cells 
derived from an early mouse embryo versus pluripotent embryonal carcinoma cells.

1998: ESCs isolated from human blastocysts and cultured under conditions to maintain 
self-renewal still form derivatives of all 3 embryonic germ layers after 4-5 months.

2001: ethical debate led POTUS to issue an executive order (EO 13505) limiting federally-
funded research on hESC lines to 21 cell lines established before August 9, 2001. 

2006: discovery that dermal fibroblasts could be reprogrammed to a pluripotent state 
(iPSCs) simply by altering expression of 4 genes (Oct3/4, Sox2, c-Myc, Klf).

https://stemcelldb.nih.gov/ NIH database of genomic profiling data on the 21 hESC lines 
approved under GW Bush administration as well as registered human iPSC lines. 

A few milestones that set the stage for hPSC platforms …
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Funding: our research with human pluripotent stem cell lines (hPSCs) 
was performed under EPA’s Chemical Safety for Sustainability Research 
Program, Research Area 5 ‘Virtual Tissue Models’ (VTMs). 

Compliance: CSS work involving established hPSC lines is compliant with 
Executive Order 13505 (issued 2009) to ensure that is ethically 
responsible, scientifically worthy, and conducted in accordance with 
applicable law. 

https://stemcells.nih.gov/research/registry.htm

Disclosures

Embryonic PSC lines are registered in the NIH Human Embryonic Stem Cell Registry: WA09 (H9) NIH Approval 
Number NIHhESC-10-0062 (EPA contract EP-D-13-055 with Stemina Biomarker Discovery) and RUES2, NIH 
Approval Number: NIHhESC-09-0013.

Other induced PSC lines: endodermal hPSC line from Allele Biotech #ABPSC-HDFAIPS (EPA contract EP-D-13-
054 with Vala Sciences, Inc.).

Slide 8
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Conceptual and practical considerations

Slide 9

Abstract Sifter, SWIFT, MeSH terms, Chemicals 
Dashboard, …

• Detailed literature review: survey of extant ESC 
assays used to classify developmental toxicants:

- chemical domain
- biological domain
- standardized protocols 
- reproducibility
- biomarker readouts
- predictive power.

• 1,250 annotated chemicals (through 2020):
- 18 publications tested > 10 compounds (primary)

- 174 publications tested 1-9 (evidentiary support)
- most frequently represented: ATRA, 5-FU, MTX.

Piersma et al., manuscript in final preparation

1,533 records in PubMed 
reduced to 333 (AI for 

relevance) and 192 
(manual curation). 
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Pluripotent H9 hESC metabolomics assay “… 
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

10



devTOXqP profiling of the ToxCast chemical 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);

• ToxCast_STM dataset includes 
controls for data quality;

• Dataset now available in EPA’s 
CompTox Chemicals Dashboard.

https://comptox.epa.gov/dashboard

19.2% positive response rate indicative of teratogenic potential



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
dLEL rabbit = 0.5 mg/kg/day

Example 1: vitamin-A and its morphogenetic metabolite (all-trans Retinoic acid)

Targeted biomarker (TI) Viable cell number (CV)
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Molecular characterization of a toxicological tipping point:
transcriptomic (RNAseq) signature of adaptation versus adversity

• What would a ‘toxicological tipping point’ on hPSC differentiation look like 
at the molecular level? Model = all trans retinoic acid (ATRA).

• ATRA is an endogenous signal (< 10 nM) and human teratogen (> 30 nM); 
tipping point computed at 17 nM @ 96 hr by imaging FOXA2 biomarker.

• RNAseq showed dysregulation by EOMES that normally drives endodermal 
specification and mesodermal delamination during gastrulation.

Saili et al. (2020) Reprod Tox
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Awarded best paper of the year in 
Reproductive Toxicology



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 2: pharmacological angiogenesis inhibitors

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

synthetic fumagillin analog



Case study: checking forward predictivity of the hPSC assay

Slide 15

Ellis-Hutchings et al. (2017) Reprod Toxicol

Colleagues at Dow Chemical, led by Ed Carney, tested T.I. predictions for two structurally 
diverse potential vascular disrupters (pVDCs) in rat whole embryo culture (WEC):
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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 3: R-enantiomer (Fluazifop-P-butyl) is the active herbicide 

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 4: false negatives (not detected in ToxCast_STM)

Targeted biomarker (TI) Viable cell number (CV)
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What human relevant pathways are detected or missed?
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Workflow to mine the hPSC model against 337 
biochemical assays in the ToxCast_NVS platform

Sensitive Domain Insensitive Domain

Zurlinden et al. (2020) Toxicol Sci

FOXO signaling predicted as the most sensitive pathway
(positivity in the hPSC model driven to proteasome-ubiquitination)



Performance check for hPSC-based classification of DevTox

Slide 19

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

• Balanced Accuracy (BAC) = 82% (0.65 sensitivity, 1.00 
specificity) for these reference chemicals. 

• Metrics 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 Zurlinden et al. (2020), Toxicol Sci

Many alternative assays have been validated with a limited 
set of data-rich chemicals, inflating predictive capacity of 

>80%; this has hampered regulatory acceptance.
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Chemical landscape: hPSC biomarker (in vitro) and ToxRefDB (in vivo)

Slide 20

Predictivity of the hPSC 
biomarker declined as fetal 

outcome gained less 
concordance between rat-

rabbit 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), Toxcol Sci
20



21

Bridging animal-human studies
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• Although positivity rate (19.2%) of the hPSC assay was similar to concordant rat-rabbit 
studies (18.7%), only a subset of positives was detected by both platforms;

• challenge for holistic understanding of the applicability domain and blind spots of in vitro
platforms, as well as mechanisms against which bioactivity data may be qualified.  

Preliminary: AI model built solely from in vitro readouts (~1125 features) improved 
sensitivity over the hPSC biomarker alone (BAC = 86.8% vs 83.3%), but still misses a few.

Zurlinden et al., manuscript in preparation

Reference (n=36) hPSC AI model

Dexamethasone 1 2

Amiodarone hydrochloride 1 2

Cytarabine hydrochloride 1 2

all-trans-Retinoic acid 1 2

Lovastatin 1 2

Diphenhydramine hydrochloride 1 2

5-Fluorouracil 1 2

Carbamazepine 1 2

Thalidomide 1 2

Busulfan 1 2

Rifampicin 1 2

Stavudine 1 2

Diethylstilbestrol 0 1

Indomethacin 1 2

Cyclopamine 0 1

Valproic acid 1 2

MEHP 1 2

6-Propyl-2-thiouracil 0 0

Warfarin 0 0

Cyclophosphamide monohydrate 0 0

Boric acid 0 0

Phenobarbital sodium 0 0

Caffeine 0 1

Salicylic acid 0

Retinol 0 0

Isoniazid 0 0

Sodium L-ascorbate 0 0

Saccharin 0 0

Folic acid 0 0

D-Camphor 0 0

Acetaminophen 0 0

Aspirin 0 0

Acrylamide 0 0

1,2-Propylene glycol 0 0

Butylparaben 0 0

Sulfasalazine 0 0

hPSC AI

TP

TN

FN



Motivation for a building a more synoptic view to 
improve mechanistic understanding of developmental 

processes and toxicities around hPSCs.

Can a hPSC assay live up to the NAM challenge?

Slide 22

• 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, hPSC to animals);
• limited xenobiotic metabolism and other ADME considerations (toxicokinetics);
• uncertainties in translatability to the intact embryo (toxicodynamics).
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“Molecular biology took Humpty Dumpty apart … 
mathematical modeling is required to put him back 

together again.” – Schnell et al. (2007) Amer Scientist

2.  A more synoptic view …
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Embryoid Body (in vitro) • Computational biology and computer simulation can 
extend data-driven models for mechanistic prediction.

• Enablers of virtual tissue models (VTMs):

- synthetic microsystems: recapitulate the microphysiology, 
cellular behaviors and spatial dynamics of the physical system.

- computational intelligence: biology-inspired algorithms use 
fuzzy logic to fill in missing or incomplete information.

- artificial life: computer simulation of biological processes 
evolved through automation, control networks.

Knudsen et al. (2020) Curr Opin Toxicol



Gastrulating embryo:
remarkable example of a self-organizing system
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• The molecular biology and behavior of hPSCs in culture most closely 
resembles the epiblast of an early embryo during ‘gastrulation’.

• Gastrulation ‘decodes the genomic blueprint of the fetal body plan ’ 
through complex signaling pathways (e.g, FOX, SOX, HOX).

• Cell migration through the primitive streak is essential for regional 
organization but cultured hPSCs lack this positional information.

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

- Lewis Wolpert 

Luo et al. (2019)



Engineered in vitro microsystems

Slide 25

• iPSC-derived microsystems can self-organize 
at least some positional information.

• Example: colinear Hox expression in 
‘gastruloids’ forming from mESC-aggregate.

25
Zheng et al. (2019), Nature

Beccari et al. (2018), Nature

• Properties come naturally to the epiblast via 
positional cell-cell signaling.

• Example: restoring FGF2-BMP4 signaling 
polarizes a synthetic epiblast from hPSCs. 
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Embryoid Body (in vitro)Anatomical homeostasis in a
self-regulating ‘Virtual Embryo’

SOURCE: Andersen, Newman and Otter 
(2006) Am. Assoc. Artif. Intel.

Computational (in silico) microsystems

Morphological programming 
logic of the epiblast



• nature-inspired agents (cells) and rules (behaviors) are set into motion as a self-organizing 
virtual system, using an open-source modeling environment (CompuCell3d.org). 

• soft-computing uses fuzzy logic to simulate forces or properties governing cell fate and 
behavior where rules are inexact or knowledge incomplete (computational intelligence). 

• can change course in response to a particular situation or stimulus, such as genetic errors 
or biomolecular lesions introduced from real world data (dynamic translation). 

• probabilistic rendering of where, when and how a particular condition might lead to an 
adverse developmental outcome (cybermorphs). 

Agent-Based Models (ABMs)

Slide 27
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Quasi-gastrulation in silico

• Cellular systems agent-based model for the epiblast (ESABM) built in 
CompuCell3D.org to recapitulate cell movements and positional information.

• This virtual embryo model can be used to ‘recode the genomic blueprint of the 
fetal body plan’ for in silico translation of hPSC chemical effects data.

R Spencer, EMVL (work in progress
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In vivo - knowledge In silico - ABMIn vitro - MPS

• Bioactivity profiling: high-throughput screening of hPSCs (e.g., ToxCast/Tox21)
• Synthetic microsystems: recapitulate the microphysiology of a physical system.
• Computational intelligence: fuzzy logic to fill in missing or incomplete information.
• Artificial life: biological plausibility evolved through automation, control networks.

Synoptic manifold for toxicodynamics
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hPSC profiling
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EXAMPLE: perturbing the synthetic Hox clock (in silico)

R Spencer, EMVL (work in progress)

Temporal  colinearity

Sp
a

tia
l  co

lin
ea

rity

Transverse slice at the organizer node (4_9_11_13 @5000 MCS)

3500 migrating epiblast cells
(5000 MCS)

Deletions in the HOXD cluster that remove HOXD13 
are associated with severe limb and genital defects

↓FGF signaling slows the Hox clock (4_9_11_13 @5000 MCS)
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Control system

Example: genetic regulation of early limb-bud development outgrowth

Simulated cell signal 
gradients encoded from 

gene expression (ISH)

control hyper-RAR

G
R

EM
1

A
TR

A

EPA/ORD/CCTE systems model, work in progress

Cybermorph
foreshadows limb 
reduction defects 
following hyper-

activation of RARs 

HOXD13
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Computational intelligence: how complex must cellular 
systems models be for accurate phenotypic translation?

Performance-based case studies: what best practices 
are best suited for NAM implementation, circa 2025? 

Quantitative simulation: how far can artificial life go 
towards replacing animal testing, circa 2035?
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Challenges for animal-free developmental prediction

Thank you!


