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Qutline

« Adverse Outcome Pathway Background

 AOPs and Temporal Exposure Issues

« Making It Happen



Goal: Bridge the Gap

 Tox21/SEURAT-1 * Regulatory Decisions
— High-throughput, in vitro — Toxicity must relate to the
— Capable of directly screening impact on human health,
many chemicals endangered species, or

wildlife populations



Toxicants

AOP Components

Macro-
Interactions

Organism
Responses

Key Events (KES) - nodes

— Change in biological state

— Measurable and essential for progression

— MIE - initial point of chemical interaction

— AO - adverse outcome of regulatory significance

Key Event Relationships (KERS) - edges

— Connections between two key events
— Ciritical for assembling evidence in support of the AOP

»

Population
Responses




Five Principles of AOP Development

. AOPs Are Not Chemical Specific
. AOPs Are Modular (consisting of KEs and KERS)

. An Individual AOP Is a Pragmatic Unit of Development and
Evaluation

. For Most Real-World Applications, AOP Networks Are the
Functional Unit of Prediction

. AOPs Are Living Documents

Villeneuve, et al. Tox Sci., 2014, 142:312-320




OECD AOP Development Programme

What is an Adverse Outcome Pathway (AOP)

In 2012, the OECD launched a new programme on the development of Adverse Qutcome Pathways. An Adverse Qutcome Pathway (AOP) is an analytical construct
that describes a sequential chain of causally linked events at different levels of biological organisation that lead to an adverse health or ecotoxicological effect (see
figure). ADPs are the central element of a toxicological knowledge framewaork being built to support chemical risk assessment based on mechanistic reasoning.

« Extended Advisory Group for Molecular Screening &
Toxicogenomics (EAGMST)

* Guidance & Training
— Guidance, User Handbook, many training options

 International Knowledgebase to capture information
— >100 AOPs at various stages of development

http://www.oecd.org/chemicalsafety/testing/adverse-outcome-pathways-molecular-screening-and-toxicogenomics.htm



http://www.oecd.org/chemicalsafety/testing/adverse-outcome-pathways-molecular-screening-and-toxicogenomics.htm

Less Data Needs — Broader Coverage:>

Increasing Confidence — Broader Applicability

<

Overlapping Phases of AOP Development

-  Define AOP
Putative AOPs
{Quamitaﬁve N * Quantitatively describe the AOP




OECD Handbook

Step by step guide to
AOP development

https://aopkb.org/
common/
AOP Handbook.pdf

AOP-Wiki

Provides consistent
structure based on the
OECD handbook and
facilitates collaborative
AOP development

http://aopwiki.org/

Section 5b — MIE, KE, and AO descriptions

AOP Page

Section 1 —Title

Section 2 — Authors

Section 3 - Status

Section 4 — Abstract
Background (Optional)

Section 5a — Summary of the AOP

..................................

KES |fessssssssssssssssssssssssssssnnnns

Linkage table

Key Event Relationships

Applicability domain(s) of the AOP

Life-stage

Taxonomic
Sex

Section 7 — Overall Assessment of the AOP

Modified Bradford Hill Considerations

Section 8 — Considerations for Potential Applications of

MIE Page

Chemical initiator(s)

« Description * Description

KE Pages

* Measurement/

AO Page

* Description
* Measurement/

the AOP

Section 6 — Scientific evidence supporting the

linkages in the AOP

KER Pages

* Title

 Description

* Biological

«aa plausibility

» Empirical support

* Inconsistencies
and uncertainties

* Quantitative
understanding

* Measurement/ detection
detection detection « Taxonomic
« Taxonomic * Taxonomic applicability
applicability applicability » Regulatory
 Evidence for relevance
chemical initiation
T T 2



https://aopkb.org/common/AOP_Handbook.pdf
http://aopwiki.org/

AOP-KB Supports all Stages of Development

- « AOP-Xplorer — Helps assemble
[ Putative AOPs J putative AOPs

« AOP-Wik — Provides structured

[ Formal AOPs ] _
forms for evaluating AOPs

\

{Quantitative AOPs » Effectopedia — Provides tools for
guantitatively describing AOPs

Less Data Needs — Broader Coverage:>

Increasing Confidence — Broader Applicability

<
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Effects DB
Put
chemical-related
AOP components
in a regulatory
context

European |
Commission

AOP Wiki

laborative development of
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Less Data Needs — Broader Coverage:>

Increasing Confidence — Broader Applicability

<

Current Status of AOP Development

- + > 100 putative AOPs in the AOP-
[ Putative AOPs J

\

{ Formal AOPs }

\

[Quantitative AOPs e <5 quantitative AOPs under
development

WIKI (most not under active development)

* 14 formal AOPs undergoing
OECD review




What do AOPs provide that can help when
dealing with temporal exposures?



http://nas-sites.org/emergingscience/files/2012/06/Whelan.pdf

Understanding

— Maurice Whelan
(OECD EAGMST Co-chair)

— NAS Systems Biology-
Informed Risk Assessment
 June 14-15, 2012

But we need to go further -
AOPs are a step on the
pathway to more fokma/
representation of our
knowledge on system |
composition and behaviour. S

« Emphasise the need to understand, and not just
measure - position modelling at the centre.




Match Measurements with Time Frame of Exposure

Properties (QSAR)

Disposition (Exposure Key Events
Biomarkers) (Bioindicators)
Toicant . MMlacrol- . . . Organism . Population
oxicants olectiiar Responses Responses
Interactions
Toxicity Pathways Regulatory Endpoints
(HTS Assays) (Adverse Outcomes)

Time between exposure and effect increases

Predictivity of measurement for AO decreases




AOP Title

Alkylation of DNA in male pre-meiotic germ cells leading to heritable mutations
Short name: Alkylation of DNA leading to heritable mutations

\/

Carole Yauk —
https://aopwiki.org/wiki/index.php/Aop:15

Chemical Molecular Cellular Organism
Structure & Initiating Response Response
Properties Event
KERS
Exposure to I_ -------------------------- ]
monofunctional | KER4 |
alkylating agent R i aiaesedidiodousonestiondunuadbestiustion v v
Alkylation Insufficient
of KERll orincorrect KERZl Mutations KER|3 Inherited
DNA DNA repair mutations
Delivery to MIE KE1 KE2 AO
testes Offspring: mutation in all

tissues, increasing risk of
disease

Relationships Among Key Events and the Adverse Outcome

Event

DNA, Alkylation

Insufficient or incorrect DNA repair,

N/A

DNA, Alkylation

DMNA, Alkylation

Mutations, Increase

Description #

Directly Leads to

Directly Leads to

Indirectly Leads
to

Indirectly Leads
to

Directly Leads to

Triggers

Insufficient or incorrect DNA repair,
MN/A

Mutations, Increase

Mutations, Increase

Heritable mutations in offspring,
Increase

Heritable mutations in offspring,
Increase

_.--'-_—

Weight of
Evidence

Strong

Strong

Strong

Strong

Strong

AQ:S3

&

Quantitative
Understanding

Ak

Moderate

Moderate

Moderate

Moderate

Moderate



Factors Determining Predictivity of Early Key Events

Macro-
Toxicants . Molecular

Organism Population
_—_— 5 P
Responses Responses
Interactions

Time between exposure and effect increases >

* Evidence supporting the KERs between that KE and the AO
« Quantitative understanding of the downstream KERs
* Modifying factors that influence downstream KEs & KERS



AOP Title

Inhibition of Thyroperoxidase and Subsequent Adverse Neurodevelopmental Outcomes in Mammals

v |
TH T4 Hpposspel Hippocampal Hippocampal
Serum T4, .| Neuronal o Gene o
Synthesis, > > Anatomy, 4z Function,

Decreased Tissue, Expression, Altered Decreased

Decreased Altered
Molecular (S J Adverse
Initiating Key Events Outcome
Event
Relationships Among Key Events and the Adverse Outcome
o ) Weight of Quantitative
Event ¢ | Description +# Triggers %+ i %+ i
Evidence Understanding
_ o _ Thyroid hormone synthesis,
Thyroperoxidase, Inhibition Directly Leads to Strong Weak
Decreased
Thyroid hormone synthesis, Decreased | Directly Leads to | Thyroxin (T4) in serum, Decreased Strong Weak
) ) ) Thyroxin (T4} in neuronal tissue,
Thyroxin (T4) in serum, Decreased Directly Leads to Moderate Weak
Decreased
i ) Indirectly Leads N _
Thyroxin (T4) in serum, Decreased o Cognitive Function, Decreased Strong Moderate
Thyroxin (T4) in neuronal tissue, , , .
Directly Leads to |Hippocampal gene expression, Altered | Moderate Weak
Decreased
Hippocampal gene expression, Altered |Directly Leads to |Hippocampal anatomy, Altered Moderate Weak
Hippocampal anatomy, Altered Directly Leads to |Hippocampal function, Decreased Moderate Weak
Hippocampal function, Decreased Directly Leads to |Cognitive Function, Decreased Moderate Weak
: . Indirectly Leads ) )
Thyroperoxidase, Inhibition i Thyroxin (T4) in serum. Decreased Strong Weak
o

Gilbert, Paul, Crofton - https://aopwiki.org/wiki/index.php/Aop:42




AOP Title

VEGF Signaling and Vascular Disruption Leading to Adverse Developmental Outcomes

Short name: Developmental Vascular Toxicity

AOP: Embryonic Vascular Disruption
([ JL
Hypoxia -~
VDCs =+=—Pp- - —

{402, MROS) Angioblasts -’ Placenta Newborn ! Population
: : HIF1a, AhR Jvasculogenesis : Nutrient exchange Low birth weight Developmental
(§ Jblood islands . : : z health
i . Altered physiology Functional deficit
i * : Impaired blood flow Malformation consequences
i Angiogenic : Lethality
i switch : ‘
| e VEGF, FGF :
: » . Endothelial cells - Embryo-Fetus
E ' Jeytoskeletal cycle §
: Notch-Dll4 J,any;iogenic spr:':uts : Altered hemodynamics
: signals : Impaired growth
. : Dysmorphogenesis
E ........ Chemakine é Altered differentiation
: pathway :
: C€CL2, CXCL10, Macrophage cells  H:
: 11, TNF-alpha 2
: J cell motility E = ———e—r
PR ECM Jgrowth factor release | e
: interactions : ; crasm
: UPAR, PAI-1, : R
E MMPs, Intg E 1o VoA
i. ........ Vessel Mural cells = v 3

remodeling -

Jcell recruitment i
J vessel stabilization
pVDC ToxPi

Kleinstreuer, Knudsen - https://aopwiki.org/wiki/index.php/Aop:43
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5HPP-33 (0.327)
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Slide courtesy of
Tom Knudsen




D ——

5HPP-33 concentration response predicted in silico from ToxCast
and demonstrated in vitro with a human endothelial cell assay
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SOURCE: Kleinstreuer et al. (2013) PLoS Comp Biol




Factors Determining Predictivity of Early Key Events

Macro-

Toxicants - Molecular -. -.
Interactions

sy sy sy sy

Genetics, Disease, Prior Exposures, Subsequent Exposures, Sex, Life Stage, ...

- Organism - Population
Responses Responses

* Evidence supporting the KERs between that KE and the AO
* Quantitative understanding of the downstream KERs
* Modifying factors that influence downstream KEs & KERsS



Modifying Factors Emerge Naturally from AOP Networks

Gilbert, Paul, Crofton, et al. — Villeneuve, et al. —
https://aopwiki.org/wiki/index.php/Aop:42 https://aopwiki.org/wiki/index.php/Aop:25



Key events shared by Linkages shared by
multiple AOPs multiple AOPs

epatocyte Ovary Female Population
AO P . 30 Reduced N | Impaired Decreased Declining
. VTG v Oocyte ovulation/spawning Trajectory
production De
Aromatase epatocyte Ovary Eemale Population
AO P . 2 5 Reduced Impaired Decreased Declining
. Inhibition VTG Oocyte ovulation/spawning Trajectory
production De
epatocyte Ovary Eemale Population
. Reduced Impaired Decreased Declining
AO P . 23 VTG Oocyte ovulation/spawning Trajectory
production De

Dan Villeneuve




Molecular

Cell/Tissue

Organ

Individual

Population

AR
Agonism

Aromatase

Hypothalamic

Neurons
(-) Feedback

I

Inhibition

Granulosa
Reduced E2
synthesis

Circulation
Reduced E2
concentrations

Hepatocyte
Reduced VTG
expression &

production

Female
Decreased
spawning and
cumulative
Fecundity

Population
Declining
trajectory

Circulation
Reduced VTG
concentrations

Oocytes
Reduced VTG
uptake, impaired
development
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Less Data Needs — Broader Coverage:>

Increasing Confidence — Broader Applicability

<

Current Status of AOP Development

- + > 100 putative AOPs in the AOP-
[ Putative AOPs J

\

{ Formal AOPs }

\

[Quantitative AOPs e <5 quantitative AOPs under
development

WIKI (most not under active development)

* 14 formal AOPs undergoing
OECD review




Less Data Needs — Broader Coverage:>

Increasing Confidence — Broader Applicability

<

Stages of AOP Development

\

( Computationally |
| Predicted AOPs

Putative AOPs

X

Formal AOPs

\

Quantitative AOPs

vV

 Still have many assays
without AOPs
— EPA ToxCast: >400 targets
— ~40 have AOPs

* Also need AOPs -> targets
for new assays

* Automated data-mining can
create hypothetical AOPs
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Non-chemical Factors Also Emerge from AOP Networks

Population
~&— \/ulnerabilities

Life Stage,
~&— Disease

Susceptibility

-e+—— (Genetic
Susceptibility

/ Environmental Perturbation
Toxicity Pathway
#E Adverse Outcome




Acknowledgements

AOP-Wiki Authors
AOP-KB Development Team
CSS AOP Discovery & Development Project Team

OECD External Advisory Group on Molecular Screening &
Toxicogenomics

IPCS/WHO Mode of Action Steering Committee




o0
00
00

00
o0
00

00000
00
00

000

00000000O
00 00

0000
0000
0000

o
9
000
0000

0000
00

0000
00
0000

0000
o0
0000

0000
0000

(KN N
o0
2000
[ X J
0000

0000
00
s000

0000
o0
0000

0000

o0
0000
0000
0000

0000

000000
0000

0000
0060

000
0000
0000

00
o0

Questions?

00000

o0
0000 00
0000 KRN N
9000 0000

000
00

0000
(N
0000

0000
000

00000
00
0000
0000
0000

o0

000
0000
0000

0006

000
o000
0000

0000
0000
0000

00

0000
00000
0000




Mode of Action

Adverse Outcome Pathway \

Molecular KER

olec KER Adverse
Initiating Event :

[KER
- Outcome

[KER

Cellular
Responses

Macro-
Molecular

Interactions
\_ *
©
©_©
/ ¢ : ¢ Chemical ADME \

.é‘

" Absorptlon Distribution,
I Metabolism, Excretion

t y

Regulatory-
Relevant
Population

Responses
)/

Organism
Responses

Organ
Responses

Edwards, et al., JPET, 2016 356:170-181.




Tiered Approach to ADME Complements AOP Info

Y

Computationally
Predicted AOPs

O\

N

Putative AOPs

N

Formal AOPs

AN

Quantitative AOPs

V.

AOPs Exposure
ADME

Qualitative
Screening

Quantitative
Ranking

Exposure/ADME
AOP Networks/
Modifying Factors
Chemical-specific toxicity

information

Quantitative
Modeling




Integrated Approaches to Testing and Assessment
(IATA)

« AOP Confidence
« ADME Confidence

e Chemical Data
— QSAR
— Read across

— HTS
Chem — In vivo laboratory

data — Epidemiology/field studies
o—— * Exposure Predictions

AOPs

Magnitude of response




Source to Qutcome Continuum
Tox21, MOA, AOP, IATA

Source Community

Environmental

Contaminant Population
\ ’ I;x_:;—r;ll* Yﬁl;lte“mal Key Event  Cellular Effects Individual \ ’
| Exposure Dose Y
What is regulated Toxicity Pathway, NRC 2007 Criteria for regulation

Mode of Action, IPCS/EPA/ILSI 2001-2008
Exposure Predictions

Adverse Outcome Pathway, Ankley 2010, Villeneuve 2014
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