
1

A Random Walk ThroughA Random Walk Through 
Teratology

(and Beyond)

Robert Kavlock

Deputy Assistant Administrator for Science

Office of Research and Development

US Environmental Protection Agency

Warkany Lecture – 53rdTeratology Annual Meeting
Tuscon, Arizona

23 June, 2013 

2



2

36 years, 231 publications and 463 co-authors later……..3

Predicting Human Toxicity: 
A Grand Challenge
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• Data poor chemicals with limited recourse under TSCA

• Thousands of chemicals queued for endocrine disruptor screening

The Case for Change

q p g

•11 tests in current screen, per chemical cost exceeds $750k

• Poor predictive value of rodent toxicology studies
•High cost of late failures in drug development

• Safer design of chemicals (green chemistry)

• Legislative mandates in the EU

•And most of all, need for improved inclusion of mechanism of action in risk 
assessment

• That results in a new system that is as least as protective of human health as current 
paradigm
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An Aha Moment
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EPA’s Computational Toxicology
Research Program (2003)

Themes:
 A technology-based, hypothesis-driven 

effort to increase the soundness of risk 
assessment decisions within EPAassessment decisions within EPA

 Build the capacity to prioritize, screen 
and evaluate chemicals by enhancing 
the predictive understanding of toxicity 
pathways

Success:
 Measured by ability to produce faster 

and more accurate risk assessments 
for less cost relative to traditional 
means and to classify chemicals by 
their potential to influence molecular 
and biochemical pathways of concern 

www.epa.gov/ncct
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ToxCast Information Domains

Physical-Chemical Indicators

LogP pKa ……
Bio-Computational Indicators

M l l

Chemical 
Grouping

Bin 1

Bin 2

Bin 3

PASS
Molecular 
Receptor 

Docking #1
……

Biochemical Based Indicators

GPCRs
HMG-CoA 
reductase

……

Cellular Based Indicators

H4IIE H295R ……
In Vitro Omics Indicators

Primary Heptatocytes Stem Cells ……

In Vivo Omics Indicators

Signature 1 Signature 2 ……

….

….

Bin ….

18Circa 2005
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National Academy Report (2007)

Design a ‘modern’ toxicity testing 
program to assess potential 
human risks posed by exposures 
to environmental agents over a 
broad range of doses and 
compounds and to be in a 

iti t thi i f ti iposition to use this information in 
quantitative human health risk 
assessment.

20
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Toxicity Pathways

Receptors / Enzymes / etc.
Direct Molecular Interaction

Chemical

Direct Molecular Interaction

Pathway Regulation / 
Genomics

Cellular Processes
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Tissue / Organ / Organism Tox Endpoint

So Haven’t We Been Here Before???

• Post Ames test era push
– “Smith List” of teratogens

– Chernoff/Kavlock assayy

– In vitro assays
• HEPM (Pratt)

• MOT (Braun)

• µMass (Flint)

• CRA (Daston)

• Hydra (Johnson)

• Drosophila( Bournias-
Vardiabasis)

22

Vardiabasis)

• Neuroblastoma (Mummery)

• FETAX (Sabourin)

• WEC (New)

• …….

• …….
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So What’s Different This Time?

M l l C ll l d S t Bi l• Molecular, Cellular and Systems Biology

• High Throughput Screening

• Information Technology and Management

23

• Major Government Investments

CompTox Approach

• Identify targets or pathways linked to toxicity

– Chemicals perturbing these can lead to 
adverse events

• Obtain assays for these targets or pathways

– Assays probe “Molecular Initiating Events” 
or “Key Events”

• Screen large numbers of chemicals, starting 
with those we have a lot of toxicological 
information on

• Develop predictive models: in vitro → in vivo• Develop predictive models: in vitro → in vivo

– “Toxicity Signature”

• Use signatures:

– Prioritize chemicals for targeted testing 
(“Too Many Chemicals” problem)

– Suggest / distinguish possible AOP / MOA 
for chemicals 

Kavlock et al, Chemical Research in Toxicology (2012) 
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Intergovernmental Innovation
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Reactions We Get

• Biology is too complicated to addressed by this reductionist approach

• You will miss toxicities expressed due to emergent properties of cells and tissues

•You don’t have feedback loops that could afford resiliency

• We will never know all the toxicity pathways, so this is doomed to failure 

•Your approach does not have liver

• Assay (x) in your battery did not get the right answer for my chemical

• My assay disagrees with assay (x), so your approach is flawed

• You can’t test my chemical because of your limitations• You can t test my chemical because of your limitations

• Everything is going to get tagged hazardous because of a positive in vitro response

• You don’t consider dose-response

• How we can we be sure about protectiveness for human health

• Finally someone is tackling the problem, let’s give them a chance 26
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Testing under ToxCast and Tox21

Set Chemicals Assays Endpoints Completion Available

ToxCast Phase I 293 ~600 ~1100 2011 Now

ToxCast Phase II 767 ~600 ~1100 03/2013 09/2013

ToxCast Phase IIIa 1001 ~100 ~100 Just starting 2014

E1K (endocrine) 880 ~50 ~120 03/2013 09/2013

Tox21 8,193 ~25 ~50 Ongoing Ongoing

27

Chemicals

A
ss

ay
s

~600

~8,2000
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Approaches for Identifying Key Toxicity Pathways

- Toxicogenomic data

- Human disease - genetic associations

- Known Toxicity Pathways

- Drug discovery methodologies
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ToxCast HTS Assays: >1100 readouts / effects

Assay Provider
ACEA

Apredica
Attagene
BioSeek

Assay Design
viability reporter

morphology reporter

Biological Response
cell proliferation and death

cell differentiation
mitochondrial depolarization

Target Family
Response Element

Transporter
Cytokines
Kinases

N l R

Species
Human
Rat

Detection Technology
qNPA and ELISA

Readout Type
Single

Multiplexed

CellzDirect
NCGC/Tox21
NHEERL MESC

NHEERL NeuroTox
NHEERL Zebrafish

NovaScreen
Odyssey Thera

morphology reporter
conformation reporter

enzyme reporter
membrane potential reporter

binding reporter
inducible reporter

protein stabilization
oxidative phosphorylation
reporter gene activation
gene expression (qNPA)

receptor activity
receptor binding

Tissue Source
Lung              Breast
Liver Vascular

Nuclear Receptor
CYP450 / ADME
Cholinesterase
Phosphatases
Proteases

XME metabolism
GPCRs

Ion Channels

Rat
Mouse
Zebrafish
Sheep
Boar
Rabbit
Cattle

Guinea pig

Cell Format
Cell free 
Cell lines

Primary cells
Complex cultures
Free‐living embryos

Fluorescence & Luminescence
Alamar Blue Reduction 
Arrasyscan / Microscopy
Reporter gene activation

Spectrophotometry 
Radioactivity
HPLC and HPEC

TR‐FRET

Multiparametric
Liver           Vascular
Skin              Kidney
Cervix             Testis
Uterus            Brain
Intestinal        Spleen
Bladder             Ovary
Pancreas        Prostate
Inflammatory     Bone

30
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Screening Throughput

r

c
 8 rows x 12 columns

 88 test samples
 16 rows x 32 columns

96-well plate

384-well plate
4 x 96-well plates

 16 rows x 32 columns

 352 test samples

 32 rows x 48 columns

 1,408 test 
samples

1536-well plate
16 x 96-well platesIf @ 100 microtiter plates per day:

Plate format
samples§/day 

(wells/day)
Time to screen 
1 M samples

96-well 8,800 (9,600) 4 months
384-well 35,200 (38,400) 4 weeks

1536-well 140,800 (153,600) 7 days

ToxCast Data Analysis Pipeline

1                 2               3                4
Source Raw
Data Files

Mapped Raw
Data Files

Normalized
Data Files

100% PC

Conc-Resp
Data Files

100% PC

Curve-fitting
Hit-calling

Systematic
Alterations

Manual
Alterations

Outlier Detection
Data Correction

0% DMSO0% DMSO

0.1uM                100uM

325                 6               7                  8
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33

Effect of Concentration Response on 
Polypharmacology

34

Pharma_X
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Effect of Concentration Response on 
Polypharmacology
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Pentachlorophenol

Circa 2013:  831,341 AC50s

ACEA: red
Attagene: orange
Apredica: black
BioSeek: green
Novascreen: gray
Tox21: violet
OT: blue

7
9

1

OT: blue

February 20, 2010

36
1051

June 19, 2013



19

Pro‐ligand

ER
Active ligand

Novascreen

Using Multiple Lines of Evidence to Test for ER Activity

Odyssey Thera and 
Attagene assays 
have metabolic 
capacity

Non‐ER‐mediated
cell proliferation

pathways

Non‐ligand‐
mediated
activation of 
ER activity

Odyssey 
Thera

Cofactor

ER‐regulated 
gene expression

Cell 
proliferation

Attagene
NCGC ACEA

Odyssey 
Thera
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PXR, cell stress 
and cytotox
assays

Estrogen receptor assays

Mixed steroid 
nuclear receptor 
assays (ER,AR,GR)

ENDOCRINE
PROFILING

for the 
E1K Library 

Estrogens

1850 C
hem

icaals

117 Assays
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Predictive Toxicity Models

• Endpoints
• Liver tumors: Judson et al. 2010, Env Hlth Persp 118: 485‐492
• Hepatocarcinogenesis: Shah et al. 2011, PLoS One 6(2): e14584 
• Rat fertility: Martin et al. 2011, Biol Reprod 85: 327‐339
• Rat‐rabbit prenatal devtox: Sipes et al. 2011, Toxicol Sci 124: 109‐127
• Zebrafish development: Sipes et al. 2011, Birth Defects Res C 93: 256‐267

• Pathways
• Endocrine disruption: Reif et al. 2010, Env Hlth Persp 118: 1714‐1720
Mi d i t W b h d Sh h 2010 PL S C Bi l 6 1000756

39

• Microdosimetry: Wambaugh and Shah 2010, PLoS Comp Biol 6: e1000756
• mESC differentiation: Chandler et al. 2011, PLoS One 6(6): e18540
• HTP risk assessment: Judson et al. 2011, Chem Res Toxicol 24: 451‐462
• Angiogenesis: Kleinstreuer et al. 2011, Env Hlth Persp 119: 1596‐1603
• Cancer Hallmarks: Kleinstreuer et al. 2012, Toxicol Sci, 131:40‐55
• Endocrine activity: Rotroff et al. 2013, Env Hlth Persp 121:7‐14

• Cells don’t get disease

Critical Tox21 Issues  

• Not all compounds can be screened in HTS

• Incorporation of metabolic capabilities

• Interactions between different cell types

• Range of human variability

• Extrapolation from acute to chronic exposure conditionsExtrapolation from acute to chronic exposure conditions

• Interpretation of effective in vitro concentrations

40
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Validation/Qualification

• Definition
– A process to determine the relevance, reliability and fitness for purpose 

of a testof a test

• Relevance
– Assay must test an aspect of biology that will help assess the safety of a 

chemical. A positive result in the assay should be indicative of 
perturbations to or interactions with the target or pathway the assay is 
designed to test. (Evaluate with reference compounds)

• Reliability
– Assay must produce similar results over time, across reagent batches, y p , g ,

etc. (Evaluate with reference compounds) 

• Fitness for Purpose
– For prioritization application, an HTS assay should provide sufficient 

positive and negative predictive power so that the prioritized chemicals 
are significantly enriched in positives when run in the guideline test. 
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Some Current Activities

•The Hamner Institute efforts in pathway modeling

• The Johns Hopkins Humane Toxome project• The Johns Hopkins Humane Toxome project

• DARPA/NIH/FDA microphysiological systems projects

•Wyss Institute and MIT, $35m each

•Ten human organs on a chip within 5 years

• EU Funded Projects j

•ReproTect, AXLR8, eTOX, SEURAT, HeCaTos

• OECD Adverse Outcome Pathway codification

• ToxCast Data Summit, May 2014
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Adverse Outcome Pathway (AOP)y ( )

OECD Template and Guidance on developing and assessing 
the completeness of Adverse Outcome Pathways

Work Processes and Engagementg g
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Future needs

• More chemicals, more pathways, more informatics
• IVIVE, metabolic competency 

I t ti l di ti d t h i d t•International coordination, data sharing and transparency
• EU (REACH, AXLR8, Seurat, IMI (eTOX))
• TSCA, Canadian DSL, Australian NICNAS 

• Tools of high throughput exposure estimates
•More use based than volume based

•Computational systems models for emergent properties

•Fit for purpose acceptance 
•Translation into Applications

• Prioritization
• Animal Refinement (Integrated Test Strategies)
• High throughput risk assessment methodologies
• National Emergencies

Predicting Human Toxicity: 
A Grand Challenge

Complex

Omics

Tissue Dose ToxicityCell
Changes

Tissues

Cellular
Networks

Cellular Systems

Molecular





Biochemical 
HTS

Complex 
Cellular HCS

Molecular
Targets

Phenotypes

Pathways

Cell-Based 
HTS Model 

Organisms



Virtual Tissues

Organs on a 
Chip


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Related Presentations at this Meeting:Related Presentations at this Meeting:

Chandler et al, Stem Cells, #7, Sunday 10:30am

AOP Symposium, Sunday 3-6:30pm

Sipes et al, Computational Embryology, #26 Tuesday 3:15pm

47

Kleinstreuer et al, Genetic Models, #28, Tuesday 4pm

Thanks for Listening
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