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The Reproducibility Crisis



Reproducibility of Animal Data: Hazard

• Uterotrophic: ~74%

• Hershberger: ~72% 

• Skin Sensitization: ~78%

• Acute Systemic: ~81% 

• Skin Irritation: ~76% 

• Eye Irritation: ~84%

Kleinstreuer et al. 2016; Browne et al. 2018; Kleinstreuer et al. 2018a; Dumont et al. 2016;  

Hoffmann et al. 2018; Kleinstreuer et al. 2018b; Karmaus et al. in prep; Leuchtefeld et al. 2018

Binary Hazard Classification



Conditional probability given a previous test result: Eye Irritation

491 substances with at least two Draize studies and extractable eye 

irritation category in REACH registrations 2008-2014

Leuchtefeld et al. 2017

Potency Categorization

Reproducibility of Animal Data: Potency



Historical Insight



Controlling for Study Quality

 

Uterotrophic Hershberger

• Systematic literature review to identify “guideline-like” studies

• Identify in vivo reference chemicals
• Active chemicals verified in >2 independent studies

• Inactive chemicals verified in >2 independent studies (with no positive results in any study)



Validating NAMs for Endocrine Disruptor Screening



Ex: Acute Oral Toxicity

Bootstrapping of the standard deviations for 1120 repeat test 
chemicals identified a 95% confidence interval for LD50 values of 

±0.31 log10(mg/kg)

Defining a Confidence Range
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Acute Toxicity Dataset: Chemicals Spanning EPA Hazard Categories

Investigating Sources of Variability
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Acute Toxicity Dataset: Chemicals Spanning EPA Hazard Categories

Investigating Sources of Variability
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No significant differences found in ToxPrint Chemotype enrichment



Acute Toxicity Dataset: Chemicals Spanning EPA Hazard Categories

Investigating Sources of Variability

No significant differences driven by physicochemical properties



Benchmarking Alternative Models



Benchmarking Alternative Models

Animal data reproducibility as threshold for performance 

Test Chemical

KE a KE b

Concordant?

Classify 
based on 

concordance

KE c

YES NO

Classify 
based on 2/3 

concordance

Test Chemical

KE 3

KE 1

Sensitizer

Non-
sensitizer

Positive

Positive

Negative

Negative

Skin Sensitization 

Defined Approaches (AOP WoE and 

KE 1/3 STS) accepted by EPA based 

on comparison to LLNA (mouse) data



ICCVAM. 1999. NIH Publication No. 99-4494

ICCVAM. 2010. NIH Publication No. 11-7709

Urbisch et al. 2015. Reg Tox Pharm 71:337-351.

Dumont et al. 2016. Tox In Vitro 34: 220-228

Kleinstreuer et al. 2018 Crit Rev Toxicol 48(5);359-374

Hazard

72%-82%

Potency

54% - 60%

Hazard

~72%

Potency

~60%

GPMT / BuehlerLLNA

Skin Sensitization: Lab Animal vs Human Data (n≈150) 

Reproducibility of Multiple Tests (~100 chems)

Hazard

~78%

Potency

~62%



Human data and 

human biology as the 

gold standard

Using the AOP 

framework to develop 

testing strategies 

Benchmarking Alternative Models



Adverse Outcome Pathway (AOP) for Skin Sensitization

Chemical 

Structure 

& Properties

Molecular 

Initiating Event
Cellular 

Response

Organ Response Organism Response        

Metabolism

Penetration

Electrophilic

substance

Covalent 

interaction with 

skin proteins

Key Event 1

• Activation of inflammatory 

cytokines 

• Induction of cytoprotective

genes

Keratinocytes responses

Key Event  2

• Induction of inflammatory 

cytokines and surface 

molecules

• Mobilisation of DCs

Dendritic Cells (DCs)

Key Event  3

• Histocompatibility 

complexes 

presentation by DCs

• Activation of T cells

• Proliferation of 

activated T-cells

• Inflammation upon 

challenge with 

allergen

Key Event  4 Adverse 

Outcome
T-cell proliferation 

DENDRITIC 

CELLs

MIGRATION TO LOCAL 

LYMPH NODE

T-CELL

PROLIFERATION

*Adapted from illustration by D. Sailstad

KERATINOCYTES

OECD (2014)



Test Methods Mapped to AOP

Chemical 

Structure 

& Properties

Molecular 

Initiating Event
Cellular 

Response

Organ Response Organism Response 

Metabolism

Penetration

Electrophilic

substance

Covalent 

interaction with 

skin proteins

• Induction of inflammatory

cytokines and surface

molecules

• Mobilisation of DCs

• Activation of inflammatory

cytokines

• Induction of cytoprotective

genes

• Histocompatibility

complexes

presentation by DCs

• Activation of T cells

• Proliferation of

activated T-cells

• Inflammation upon

challenge with

allergen

Dendritic Cells (DCs)

Keratinocytes responses

Key Event 1

Key Event  2

Key Event  3

Key Event  4 Adverse 

Outcome
T-cell proliferation

TG442C

TG442E

TG442D

In Vitro In Vivo

GPMT

LLNA

DPRA

ADRA

KeratinoSens

LuSens

hCLAT, USENS, IL-8

Defined Approaches (DAs) combine in vitro and in silico data using simple 

decision trees or machine learning algorithms to predict skin sensitization.

QSAR

QSAR

In Silico



Skin Sensitization DA Performance

All non-animal AOP-based DAs evaluated perform as well or better
than the animal test at predicting human skin sensitization:

Hazard: 74% (mouse) vs. 75-85% (DAs)

3-class Potency: 59% (mouse) vs. 55-69% (DAs)

Chemical 
Structure 
& Properties

Molecular 
Initiating Event

Cellular 
Response

Organ Response Organism Response        

Kleinstreuer et al. 2018 Crit Rev Toxicol



Eye Irritation: Reconstructed Human Tissue Models



Mechanistic Mapping of HTS Assays

Example: Developmental Toxicity

Human Teratogenic Mechanisms

• Endocrine disruption

• Oxidative stress

• Vascular disruption

• Folate antagonism

• Neural crest cell disruption

• Specific receptor- or enzyme-mediated 

Van Gelder et al. 2010; Knudsen and Kleinstreuer 2011; Saili et al. 2019



Mechanistic Mapping of HTS Assays

Example: Carcinogenicity

Hallmarks of Cancer & Characteristics of Carcinogens

• Inflammation

• Oxidative stress

• Genotoxicity/instablitiy

• Angiogenesis

• Immortalization/proliferation

• Immunosuppression

• Invasion/metastasis

• Specific receptor- or enzyme-mediated 

Hanahan & Weingberg 2011; Smith et al. 2016; Guyton et al. 2018; Chiu et al. 2018
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Extra Slides



Challenges

• Scientific

– Considering human population/genetic variability

– Incorporating metabolic competence

– Developing complex systems models

– Reporting, collection, and curation of reference data

• Non-scientific

– Increasing awareness, education, and training

– Cross-sector communication

– Funding for human-centric research and education



Automating Reference Data Identification

MC 1 
Classifier

MC 2 
Classifier

MC 3 
Classifier

MC 4 
Classifier

MC 5 
Classifier

MC 6 
Classifier

Step 1

Guidelines 
Like 

Classifier

Meets 
Guidelines

Doesn’t 
Meet 

Guidelines

Step 2
Doc

Step 3
Reduce Training Data Size

• Project with Oak Ridge National Labs 

(ORNL) and FDA CFSAN to apply 

text-mining (NLP) approaches & ML 

to identify high-quality data

• Semi-automated retrieval and 

evaluation of published literature 

(trained on uterotrophic database)

• Apply to developmental toxicity 

studies (with ICCVAM DARTWG)

• Define literature search 

keywords, identify corpus 

• Extract/characterize  study 

protocol details from regulatory 

guidelines: minimum criteria

• Apply ML algorithms to identify 

high-quality studies, expert check



Integrated Chemical Environment (ICE)

Databases

Published 

Data

Computational 

Models

Validation 

Studies

https://ice.ntp.niehs.nih.gov/

https://ice.ntp.niehs.nih.gov/
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