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• Chemical exposure to a pregnant woman has the potential to affect her unborn child, 
leading to adverse birth outcomes and/or risks to early child development. 

• Traditional animal-based methods for assessing prenatal developmental toxicity (OECD TG 
414) expose pregnant rats and/or rabbits during organogenesis and necropsy at term. 

• Under reauthorized TSCA (2016) the EPA must accelerate development of scientifically valid 
test methods to prioritize large numbers of chemicals with less reliance on animal testing.

• Challenge: advancing actionable alternatives to vertebrate animal testing for chemical 
safety assessment requires in vitro data and in silico models for complex systems.
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Problem statement



In a nutshell …

• Many alternative methods for developmental toxicity have been evaluated for 20 
years; however, their application as NAMs in a regulatory setting is still poorly defined.

• IATAs can help focus DART resources by strategically targeting developmental hazards 
predicted by alternative in vitro assays and ‘non-testing’ in silico platforms. 

• Advances in biomedical engineering and high-throughput screening enable in vitro 
profiling of chemical bioactivity for developmental processes and toxicities. 

• Integration of in vitro data with in silico models that recapitulate tissue dynamics of 
embryonic development can reconstruct phenotypic systems synthetically. 

• Computational biology is uniquely position to translate AOP-based IATAs predictively 
and mechanistically with regards to anatomical development. 
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• Data processed through tcpl (Lvl 6) yielding teratogenic index (ORN:CYSS biomarker).

• Viable cell point of departure equates to 11% reduction in cell number.

• Positive response on 181 of 1065 (17%) chemicals tested to date.

ToxCast STM platform: devTOXqP assay from Stemina

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 Def Res

Workflow Example: Methotrexate



Performance Check
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• ToxCast_STM anchored to 42 DevTox benchmark 
compounds aimed at assessing alternative models1 and 
having information on pregnancy risk.

• Overall accuracy of 78.6% (0.65 sensitivity, 1.00 
specificity, MCC = 0.647).

• Consistent with Palmer et al. (2013) pharma-trained 
model 77% accuracy (0.57 sensitivity, 1.00 specificity).

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

How does the STM prediction do 
with ToxRefDB (v1) prenatal 

developmental toxicity studies?

SOURCE: NCCT, manuscript in preparation
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DevTox evidence calls: ToxRefDB endpoint_summary download (10/16/15)

CLEAR dLEL < 200 mg/kg/day
dLEL < mLEL
rat and rabbit

SOME              dLEL < 200 mg/kg/day
dLEL < mLEL
rat or rabbit

EQUIVOCAL any dLEL
dLEL > mLEL
rat or rabbit

NO                no dLEL
rat or rabbit

• provides No Effect Level (NEL)/Lowest Effect 
Level (LEL) across prenatal DevTox studies 
[Knudsen et al. 2009];

• each study attempts to achieve a maternal 
(mLEL) and fetal (dLEL) for developmental 
parameters observed at term. 
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   Stringency Filter Applied to DevTox Anchor  

Condition2 BM-423 Base4  Low5 Medium6 High7 

TP 17 85 60 35 19 
FP 0 14 37 23 9 
FN 9 217 127 51 11 
TN 16 116 208 176 88 

n 42 432 432 285 127 
sensitivity 0.654 0.281 0.321 0.407 0.633 
specificity 1.000 0.892 0.849 0.884 0.907 

PPV 1.000 0.859 0.619 0.603 0.679 
NPV 0.640 0.348 0.621 0.775 0.889 
ACC 78.6% 46.5% 62.0% 74.0% 84.3% 

MCC 0.647 0.190 0.202 0.332 0.554 

 1 

Performance anchored to ToxRefDB

TI < 200 µM

benchmark 
reference set

TI < 1000 µM

any dLEL
rat or rabbit

STM(+)

DevTox anchor

TI < 200 µM

SOME evidence
rat OR rabbit

TI < 200 µM

CLEAR evidence
rat OR rabbit

TI < 200 µM

CLEAR evidence
rat AND rabbit

SOURCE: NCCT, manuscript in preparation
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NVS ASIDs selected from 
invitroDB v2 (n=422)

Mine each assay for AC50 
correlation against STM call 

(active, inactive)

Weight each target by an 
assay-specific logistic 

regression model (n=280)

Logit model for STM(+) and 
STM(-) cutoff at 31.8 nM

(n=116)

Applicable Domain: STM results mined against NVS biochemical target profile

(Todd Zurlinden, NCCT)

NVS Assay gene coeffs 31.8 nM C*D HMDC Hdfactor C*G

ENZ_hRAF1 RAF1 0.955 1 0.955 116 0.835 0.797

ENZ_hVEGFR1 FLT1 0.926 1 0.926 45 0.324 0.300

ENZ_hInsR INSR 0.920 1 0.920 84 0.604 0.556

ENZ_hEGFR EGFR 0.909 1 0.909 105 0.755 0.686

ENZ_hPTPN14 PTPN14 0.896 1 0.896 18 0.129 0.116

ENZ_hVEGFR3 FLT4 0.861 1 0.861 52 0.374 0.322

ENZ_hHDAC3_Activator HDAC3 0.788 1 0.788 32 0.230 0.181

ENZ_hPAK4 PAK4 0.717 1 0.717 30 0.216 0.155

ENZ_hNEK2 NEK2 0.700 1 0.700 2 0.014 0.010

ENZ_hSRC SRC 0.660 2 1.320 72 0.518 0.342

ENZ_hFyn FYN 0.628 1 0.628 54 0.388 0.244

ENZ_hCDK2 CDK2 0.616 3 1.848 20 0.144 0.089

GPCR_rGHB Tspan17 0.610 1 0.610 1 0.007 0.004

ENZ_hHDAC6_Activator HDAC6 0.575 2 1.150 37 0.266 0.153

ENZ_hCSF1R CSF1R 0.552 1 0.552 69 0.496 0.274

ENZ_hPKA PRKACA 0.505 1 0.505 66 0.475 0.240

ENZ_hAurA AURKA 0.438 3 1.314 30 0.216 0.095

ENZ_hVEGFR2 KDR 0.435 1 0.435 63 0.453 0.197

ENZ_hPTPRB PTPRB 0.422 1 0.422 25 0.180 0.076

ENZ_hMAPK3 MAPK3 0.407 2 0.814 28 0.201 0.082

ENZ_hJNK2 MAPK9 0.390 1 0.390 29 0.209 0.081

ENZ_hJak2 JAK2 0.388 3 1.164 93 0.669 0.260

NR_rMR Nr3c2 0.373 8 2.985 40 0.288 0.107

ADME_rCYP3A1 Cyp3a23/3a1 0.367 1 0.367 1 0.007 0.003

ENZ_hPTPN12 PTPN12 0.349 2 0.697 40 0.288 0.100

GPCR_rAdra1A Adra1a 0.338 1 0.338 5 0.036 0.012

ENZ_hPTPN2 PTPN2 0.322 1 0.322 56 0.403 0.130

ENZ_hFGFR1 FGFR1 0.306 2 0.613 102 0.734 0.225

GPCR_hH1 HRH1 0.294 2 0.589 33 0.237 0.070

GPCR_rNK3 Tacr3 0.290 4 1.159 15 0.108 0.031

ENZ_hPTPN1 PTPN1 0.287 5 1.433 19 0.137 0.039

NR_hCAR_Antagonist NR1I3 0.242 9 2.179 16 0.115 0.028

ENZ_hCK1D CSNK1D 0.230 2 0.460 12 0.086 0.020

ENZ_hAKT1 AKT1 0.230 3 0.689 118 0.849 0.195

ENZ_hAKT2 AKT2 0.225 2 0.449 28 0.201 0.045

GPCR_rAdra1B Adra1b 0.223 2 0.447 32 0.230 0.051

ENZ_hGSK3b GSK3B 0.213 5 1.067 58 0.417 0.089

NR_hPPARa PPARA 0.166 9 1.491 33 0.237 0.039

GPCR_mCCKAPeripheral Cckar 0.152 1 0.152 31 0.223 0.034

ADME_hCYP4F12 CYP4F12 0.151 2 0.302 20 0.144 0.022

ADME_rCYP2A2 Cyp2a2 0.133 14 1.867 1 0.007 0.001

TR_hNET SLC6A2 0.114 1 0.114 19 0.137 0.016

ADME_hCYP2C19 CYP2C19 0.096 10 0.962 1 0.007 0.001

ENZ_hMAPKAPK2 MAPKAPK2 0.096 3 0.288 38 0.273 0.026

NR_hGR NR3C1 0.073 12 0.878 82 0.590 0.043

GPCR_hDRD2s DRD2 0.066 4 0.266 76 0.547 0.036

ENZ_hPDE5 PDE5A 0.050 7 0.350 1 0.007 0.000

OR_gSIGMA_NonSelective Sigmar1 -0.044 4 -0.177 22 0.158 -0.007

NR_cAR AR -0.066 11 -0.722 92 0.662 -0.043

GPCR_hDRD1 DRD1 -0.083 4 -0.332 36 0.259 -0.022

GPCR_h5HT7 HTR7 -0.089 4 -0.358 10 0.072 -0.006

NR_hAR AR -0.093 17 -1.574 92 0.662 -0.061

GPCR_hNK2 TACR2 -0.104 3 -0.311 1 0.007 -0.001

LGIC_rNNR_BungSens Chrna7 -0.105 1 -0.105 84 0.604 -0.064

GPCR_gLTB4 Ltb4r -0.110 1 -0.110 29 0.209 -0.023

MP_hPBR TSPO -0.121 1 -0.121 26 0.187 -0.023

ENZ_hAMPKa1 PRKAA1 -0.158 1 -0.158 14 0.101 -0.016

NR_hPR PGR -0.160 7 -1.119 55 0.396 -0.063

NR_hPPARg PPARG -0.163 22 -3.576 99 0.712 -0.116

ADME_hCYP2C9 CYP2C9 -0.164 5 -0.818 1 0.007 -0.001

NR_bPR PGR -0.170 10 -1.700 55 0.396 -0.067

GPCR_gH2 Hrh2 -0.189 1 -0.189 15 0.108 -0.020

ENZ_hSIRT1 SIRT1 -0.200 3 -0.599 112 0.806 -0.161

ENZ_hMMP2 MMP2 -0.200 2 -0.400 53 0.381 -0.076

ENZ_hPTPN4 PTPN4 -0.228 3 -0.684 10 0.072 -0.016

NR_rAR Ar -0.231 5 -1.156 92 0.662 -0.153

NR_mERa Esr1 -0.242 14 -3.385 98 0.705 -0.170

NR_hER ESR1 -0.247 22 -5.437 98 0.705 -0.174

ENZ_hPTEN PTEN -0.255 3 -0.766 139 1.000 -0.255

ENZ_hMMP13 MMP13 -0.258 2 -0.516 30 0.216 -0.056

GPCR_p5HT2C HTR2C -0.258 4 -1.033 29 0.209 -0.054

GPCR_hM2 CHRM2 -0.259 3 -0.778 23 0.165 -0.043

GPCR_hM4 CHRM4 -0.265 2 -0.530 17 0.122 -0.032

NR_bER ESR1 -0.266 18 -4.780 98 0.705 -0.187

GPCR_gOpiateK Oprk1 -0.268 1 -0.268 15 0.108 -0.029

GPCR_rAdra1_NonSelective Adra1a -0.268 2 -0.536 5 0.036 -0.010

TR_rSERT Slc6a4 -0.273 3 -0.819 28 0.201 -0.055

ENZ_rMAOBP Maob -0.278 3 -0.835 9 0.065 -0.018

GPCR_hM5 CHRM5 -0.280 3 -0.839 17 0.122 -0.034

ENZ_hMMP9 MMP9 -0.282 4 -1.130 72 0.518 -0.146

GPCR_rOpiate_NonSelective Oprm1 -0.283 1 -0.283 47 0.338 -0.096

ENZ_hPTPN11 PTPN11 -0.288 3 -0.863 129 0.928 -0.267

GPCR_hM1 CHRM1 -0.299 2 -0.599 22 0.158 -0.047

IC_hKhERGCh KCNH2 -0.308 1 -0.308 23 0.165 -0.051

GPCR_h5HT2A HTR2A -0.341 2 -0.681 18 0.129 -0.044

LGIC_bGABARa5 GABRA5 -0.342 2 -0.683 18 0.129 -0.044

GPCR_gLTD4 Cysltr1 -0.347 3 -1.042 9 0.065 -0.022

ENZ_hPTPN9 PTPN9 -0.355 4 -1.418 49 0.353 -0.125

ADME_hCYP2A6 CYP2A6 -0.355 3 -1.066 5 0.036 -0.013

ENZ_hBACE BACE1 -0.360 1 -0.360 21 0.151 -0.054

ENZ_hPTPN9_Activator PTPN9 -0.382 4 -1.529 49 0.353 -0.135

LGIC_h5HT3 HTR3A -0.393 1 -0.393 34 0.245 -0.096

ENZ_hPDE4A1 PDE4A -0.395 5 -1.974 6 0.043 -0.017

ENZ_hPTPN1_Activator PTPN1 -0.418 2 -0.837 19 0.137 -0.057

ENZ_rMAOBC Maob -0.418 3 -1.255 9 0.065 -0.027

GPCR_hDRD4.4 DRD4 -0.459 4 -1.835 12 0.086 -0.040

ENZ_hPTPN11_Activator PTPN11 -0.463 3 -1.388 129 0.928 -0.429

ENZ_hES BCHE -0.473 2 -0.945 6 0.043 -0.020

ENZ_hHDAC6 HDAC6 -0.493 3 -1.478 37 0.266 -0.131

GPCR_gMPeripheral_NonSelective Chrm3 -0.524 2 -1.049 87 0.626 -0.328

GPCR_hM3 CHRM3 -0.527 3 -1.581 87 0.626 -0.330

GPCR_hETA EDNRA -0.552 2 -1.103 97 0.698 -0.385

ENZ_hCK1D_Activator CSNK1D -0.599 2 -1.198 12 0.086 -0.052

GPCR_hAT1 AGTR1 -0.693 1 -0.693 34 0.245 -0.169

GPCR_hV1A AVPR1A -0.700 1 -0.700 25 0.180 -0.126

NR_hFXR_Agonist NR1H4 -0.724 1 -0.724 42 0.302 -0.219

GPCR_hETB EDNRB -0.790 1 -0.790 93 0.669 -0.529

IC_rKCaCh Kcnn1 -0.801 1 -0.801 2 0.014 -0.012

GPCR_hNTS NTSR1 -0.833 2 -1.666 20 0.144 -0.120

ENZ_oCOX2_Activator PTGS2 -0.848 1 -0.848 92 0.662 -0.561

ENZ_hCASP2_Activator CASP2 -1.000 1 -1.000 17 0.122 -0.122

ENZ_hMAPKAPK2_Activator MAPKAPK2 -1.000 2 -2.000 38 0.273 -0.273

ENZ_hLynA_Activator LYN -1.000 2 -2.000 42 0.302 -0.302

ENZ_hFyn_Activator FYN -1.000 2 -2.000 54 0.388 -0.388

ENZ_hPTPN2_Activator PTPN2 -1.000 3 -3.000 56 0.403 -0.403

ENZ_hIRAK4_Activator IRAK4 -1.000 4 -4.000 17 0.122 -0.122

Human - Mouse: Disease 
Connection (MGI) database

(n=100)

AD-plus 
(AC50 < 31.8 
nM correlate 
with STM(+) 

response

AD-minus 
(AC50 < 31.8 
nM correlate 
with STM(-) 
response)
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-1.319 EDNRB

-1.377 CHRM3
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Nuclear receptors (GR, MR, PPARA)
RTKs (VEGFR1/2/3, FGFR1, EGFR, INSR)
Kinases (RAF1, AKT1/2, SRC, FYN, PRKA, JAK2, GSK3B, MAPK3, MAPKAPK2)

GPCRs (CHRM1/2/3/4/5, HTR2A/2C, DRD4, EDNRA/B, …)
Nuclear receptors (ESR1, PGR, AR, PPARG)
Phosphatases (PTEN, PTPN4/9/11)

Todd Zurlinden, NCCT

STM
Y Potential for 

teratogenicity

AD-minus 
space
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Mechanistic 
pathways
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Weeks 1-2
(Carnegie Stages 1-6)

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

TIMELINE OF HUMAN
EMBRYONIC DEVELOPMENT

Week 8
(Carnegie Stage 20)Week 4

(Carnegie Stage 13)

Week 3
(Carnegie Stage 8)

Inner cell mass
(pluripotent)

WA9 (H9)
hESC line



12Baker et al. (manuscript in preparation)
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AOP-based modeling: cleft palate as an example
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AOP clusters: inferred from chemical structure-bioactivity profiles

A

B

C

D

E

F
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Microtissue models: reconstructing the system 

SOURCE: Yin et al. Cell Stem Cell 2016.

• Palatal development is structurally simple: surface 
epithelium covering cranial mesenchyme.

• Dynamic signaling between epithelium-mesenchyme 
drives outgrowth, adherence and fusion.



16

Microphysiological system: reverse-engineering E/M interactions during outgrowth

SOURCE: Brian Johnson, U Wisconsin (HMAPS)

• 3D epithelial / mesenchymal organization
• directed SHH gradient and Gli1-outgrowth
• HTS and HCI amenable
• fluorescent and luminescent readouts

Microfluidic plates
(40 devices) Media

Ports

Microtissue
Wells

Gli-luciferase Ki67 proliferation

HH-Pathway
antagonists
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Fusion-competent organoids

SOURCE: Belair et al. (2018) Toxicol Sci
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Fusion is delayed by excessive EGF Signaling

CH5183284 Day 4 Erlotinib Day 4 SB431542 Day 4

*

* *
*

*

*
250 μm

• 2,400 spheroids per batch (120 wells per week) to assess tissue fusion in a human cell-based system.

• Process is sensitive to pharma compounds acting on various pathways (EGF, IGF, FGF, HGF, BMP);

• Sensitive to chemicals (ATRA, TBT, VPA, Theophylline, Triamcinolone) via viability or epithelial migration.

SOURCE: Belair et al. (2018) Toxicol Sci
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Systems model: palatal outgrowth and fusion

SOURCE: Hutson et al. (2017) Chem Res Toxicol



ABM simulation: hacking the control network

SOURCE: Hutson et al. (2017) Chem Res Toxicol 20



TGF-beta/EGF latch switch: controls MEE breakdown

A
ss

ay
 r

es
p

o
n

se

 EGF

 TGFb

µM concentration

fusion no fusion

OUTPUT: tipping point 
mapped to concentration 

response (4 µM)

tipping point predicted by
computational dynamics

(hysteresis switch)

Captan in ToxCast
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human HTTK model 
2.39 mg/kg/day would 

achieve a steady state of 
4 µM in fetal plasma

Captan in ToxRefDB
NOAEL = 10 mg/kg/day
LOAEL  = 30 mg/kg/day

INPUT: switch dynamics



httk workflow

SOURCE: A Lumen (FDA), N Kleinstreuer (NTP)



Messin’ with the switch: two scenarios for bistable dynamics
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Narrow 
hysteresis: 

less resilient 
but reversible

Broad 
hysteresis: 

more resilient 
but irreversible
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• reconstruct priority systems of embryonic development cell-by-cell and 
interaction-by-interaction (emergence);

• execute tissue simulations that advance through critical determinants of 
phenotype (self-organizing phenotypes);

• simulate in vitro data under various in vivo scenarios - dose or stage 
response, critical pathways, non-chemical stressors, etc (dynamics);

• probabilistic rendering of where, when and how a defect might occur 
under different exposure scenarios (mechanistic interpretation). 

Agent-Based Models (ABMs):
Multicellular 

simulation is 3R’s 
compliant!



FR167356: EGFR signaling

Simulated dose-response

Tipping point predicted 
in topological context
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Read across: structural neighbors to the query
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• FR 167356 is a selective inhibitor of osteoclast vacuolar H+-ATPase (V-ATPase)
• high potency against osteoclast V‐ATPase and low potency against lysosomal V‐ATPase
• proposed as a drug target in lytic bone diseases due osteoclast V-ATPase selectivity
• No ReproTox, DevTox, Chronic Tox, Neurotox, … available in open database or literature

SOURCE: Nancy Baker, NCCT



DART

HTS

HTK

SAR

MPS

AOP

ABM

IATA: computational synthesis and integration

computational
chemistry

bioactivity profiles

kinetics &
dosimetry

microphysiological systems

pathways
& networks

computational
dynamics
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