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Increasing frustration with current approaches to
toxicity testing from many sectors...

@ Low throughput;
expensive

@ Questionable relevance to
actual human risks

@ Conservative extrapolation |

defaults

@ Traditional approaches
dating to 1930’s

@ Little use of modern
biology, mode of action

@ Reliance on animals

Ml

" alabrr =i

I D=1e

- e a ,
1
1
1
1




An Example — Toxicity Testing in Practice
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Ethylhexyl methoxycinnamate (EHMC)
A very common UV filter in sunscreen

Reviewed by the NTP as a “proposed research
project.”



The Concern

Widespread use
Lifelong exposure
Potential for endocrine disruption

Potential for increased absorption in
children

Lack of information on the effects of in
utero exposure



The Limited Information Generates
Questions

Industry says it has a study that clears EHMC of concerns as an
endocrine disruptor, but the data are not public

Reasonably strong evidence that absorption through the skin
is most often very limited (~1%)

Sunlight causes a large amount of EHMC isomerization

Metabolism generates 2-ethylhexanol and 2-ethylhexanoic
acid, known developmental toxicants

Nanoparticles now widely used in sunscreens have unknown
effects on transdermal transport

Young age and some common skin conditions (eczema) may
enhance transdermal absorption



The NTP Testing Proposal

* Evaluate toxicokinetics and absorption,
distribution, metabolism, and excretion (ADME),
comparing dermal and oral routes of exposure

* Conduct a large ORAL multigenerational study

The proposed high dose is the maximally
tolerated dose (MTD), and the low dose is many
orders of magnitude above anticipated exposure
levels

With our current approach, this is what we do,
but does it make sense?



Vision of a future of toxicity testing based on a
very different paradigm......

Multiple doses in vitro

Defined number of
toxicity pathways

High throughput
Expensive to develop,
cheap to do

Fast

Mechanistic endpoints
In vitro-to-in vivo

extrapolations of dose
response

Based on human biology

T Response

in vitro toxicity pathway testing

human environmental
exposure
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A National Research Council Committee

@ Sponsored by the US EPA with support
from NIEHS

@ Advance the practice of toxicity testing and
human health assessment of

environmental agents




“toxicity testing”
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With particular thanks to Mel Andersen for permission to use his slides
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@ A transformative redefinition of
toxicity testing is required to meet
key design criteria.

TOXICITY TESTING IN THE 21ST
CENTURY: A VISION AND STRATEGY
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Design Criteria:
=l Toxicity Testing of Environmental Agents

TOXICITY TESTING IN THE 21ST

CENTURY: A VISION AND STRATEGY

Broadest coverage of
chemicals, end points,

life stages
A
Fewest animals; least g | Lowest cost;
suffering for those [ 7| least time
used
\4

Detailed mode of action and
dose response information for
human health risk assessment
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TOXICITY TESTING IN THE 21ST
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The quote is from Simon Manchester’s — A Crack in the Edge of the World.
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Options for Future Toxicity Testing Strategies Table 2-1

Option | Option I Option Il Option IV

In Vivo Tiered In Vivo In Vitro/In Vivo In vitro

Animal biology Animal biology Primarily human Primarily human
biology biology

High doses High doses Broad range of doses Broad range of doses

Low throughput Improved throughput | High and medium High throughput
throughput

Expensive Less expensive Less expensive Less expensive

Time consuming

Relative large
number of animals

Apical endpoints

Less time consuming

Fewer animals

Apical endpoints

Some in silico and
in vitro screens

Less time
consuming

Substantially fewer
animals

Perturbations of
toxicity pathways

In silico screens
possible

Less time
consuming

Virtually no animals

Perturbations of
toxicity pathways

In silico screens
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Components of the Vision
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TOXICITY TESTING IN THE 21ST

CENTURY: A VISION AND STRATEGY

Toxicity Testing

... a not-so-distant future where all routine toxicity testing
will be conducted in human cells or cell lines in vitro by
evaluating perturbations of cellular responses in a suite of

toxicity pathway assays.

Andersen and Krewski (2009). Toxicity Testing in the 21t Century: Bringing the Vision to
Life. Tox. Sci., 107, 324-330.
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TOXIGITY TESTING IN THE 21ST

Toxicity Pathways

@ A cellular response pathway that, when sufficiently
perturbed, is expected to result in an adverse health
effect.

@ Just a normal biological signaling pathway and its
components

18



What are the toxicity pathways?
How many are there?

Endogenous hormones

DNA damage

PXR, CAR, PPAR and AhR receptors

Nrf2 oxidative stress Hypo-osmolarity

Heat-shock proteins

p38 MAPK

19



Designing Toxicity Pathway Assays

In vitro, rapidly performed toxicity

pathway tests in primary human cells,
cell lines, or tissue aggregates

Rapid progress since completing the report:

@ Human stem cell biology
@ Better access to human cells
@ Bioengineered tissues

‘ Possible approach

Isolate cells from patient
with genetic disease

!

Transfect and generate
pluripotent stem cells

!

Generate differentiated
tissues with known
genetic defect

20
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Targeted Testing — toxicogenomics, etc.

Tar

08_10

Assess pathways,
integrate tissue
responses, and in
some cases evaluate
metabolites

Discuss use of new
technologies in
targeted testing
strategies
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In the new approach,

o Toxicity pathways assays, better reflecting biological targets
and modes of action

@ Increased speed and throughput for chemicals and
decreased costs and animal usage

@ Move away from extrapolating from high dose animal
results to low doses in humans and focus on results of
perturbations of toxicity pathways in humans

@ Now extrapolations include in vitro - in vivo and across
levels of biological organization
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Dose-Response and Extrapolation Modeling

23
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Perturbation of Toxicity Pathways

Exposure
CCENTURY: A VISION AND STRATEGY l

Tissue Dose

TOXICITY TESTING IN THE 21ST

Biologic Iﬂteraction

Perturbation

1 Normal

Biologic . 5
[— — — — —»—»—»—»ﬂl]l:> B|o|og|c
Inputs Function
Adaptive Stress Morbidity
Responses - and

Mortality
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e84 Dose Response and in vitro to
L in vivo extrapolations

Dose response modeling of perturbations of pathway function
would be organized around computational systems biology
models of the circuitry underlying each toxicity pathway. In
vitro to in vivo extrapolations would rely on pharmacokinetic
models — ideally physiologically based pharmacokinetic models -
that would predict human blood and tissue concentrations
under specific exposure conditions.

Andersen and Krewski (2009). Toxicity Testing in the 21t Century: Bringing the Vision to
Life. Tox. Sci., 107, 324-330.
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Systems Modeling of Toxicity Pathways

Computational systems biology description of
pathway circuitry to support dose response
modeling of pathway perturbations

Virtually all biology is controlled
by non-linear feedback (positive
and negative)
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Dose Response Models Linking Perturbations
to more Integrated Responses

Computational systems biology description of
pathway circuitry for creating biologically
realistic dose response models

Dose dependent transition studies for
sequential pathway activation to understand
linkage to cell and tissue level responses
(perturbations to adaptation to adversity)

i1

xirsa
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in vitro — in vivo extrapolations with
biokinetic/PBPK modeling

PBPK Modules — Compound specific

or QSAR-based models for in vitro- in =
vivo extrapolation, interpreting
biomonitoring studies and inferring
human population exposures for
specific use patterns

28



Toxicity Pathway Results and Quantitative
Risk Assessments — A Possible Scenario

i. in vitro rapidly performed toxicity pathway
Order hits in dose test battery for n-assays in human cells, cell

response context lines, or tissue aggregates

Select key pathway(s)
for dose response

Evaluate regions of safe
exposures based on
pathways affected by the
chemical, the circuitry of
the response, linkage
from perturbation to
integrated cell response,
and knowledge of
pharmacokinetics and
exposure

ii. Computational systems biology description of
pathway circuitry for creating biologically
realistic dose response models

iii. Dose dependent transition studies for
sequential pathway activation to understand
linkage to cell and tissue level responses
(perturbations to adversity)

iv. PBPK Modules — Compound specific or QSAR-

based models for in vitro- in vivo extrapolation,
interpreting biomonitoring studies and inferring
human population exposures for specific use
patterns

29



How does the new ‘risk’ paradigm compared to the
1983 Red Book for environmental agents?
Dose Response Assessment

Chemical
Characterization “Mode of Action”

Population Based
Studies

it

Compounds Affected * Dose Response|
’ Pathway Analysis for Calibrating - Exposure
Assess Perturb?t'ions in vitro and human Guideline
Biological of Toxicity Dosimetry
Perturbation Pathways
Metabolite(s) in vi
Human Exposure
Data
Hazard Identification
Exposure Assessment
Risk Characterization
30
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Some advantages [ —Cloy

in vivo in vitro

@ Toxicity testing more focused on human biology; not an uncertain
reflection of high dose animal studies for what is expected at low doses
in humans

@ Creates detailed understanding of pathway targets, functional design of
pathway circuitry , more diverse dose response models for target and
integrated cellular responses for ties to possible outcomes

And promises [ — Lo

in vitro in vivo

Human relevance

Dose relevance

Chemical coverage

Mixtures effects on toxicity pathways
Mechanistic focus: mode of action based
Cost effective

Fast

The 3 Rs: replacement, reduction, refinement

31



Challenges.......

@ Assay Design/Development for Toxicity Pathways

@ Improved methods to identify (predict) and test metabolites —
targeted testing

@ Co-ordinate development of ‘functional genomic tools’ to map
and model pathways and use results to establish safe levels of
exposures

@ Train toxicologists and regulators about need for new approach
and then in the tools and methods that will be involved in the
transformation

And conundrums....... _
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TOXICITY TESTING IN THE 21ST

CENTURY: A VISION AND STRATEGY

This change in direction for
testing “environmental” agents
is inevitable; how can we speed
up implementation.

33
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Questions.......

*|s the focus on environmental agents important for the design
criteria?

* How long will it take to implement this new toxicity testing
paradigm?

* Is the focus on “toxicity pathways” useful or distracting?

* Does a test for neurodevelopmental effects have to look at
neurons?

* How do we distinguish adaptive versus adverse (toxic)
responses?

* Is this a screening tool or a stand-alone system?

* How is the new paradigm validated?

* What about epigenetics and other new biology?

* How do regulators handle the transition in testing?

34



<EPA

United States
Environmental Protection
Agency

Computational Toxicology

Robert Kavlock

UNITED STATES ENVIRONMENTAL PROTECTION AGENCY"

L\ ',/) )
S S5 COMPUTATIONAL
TOXICOLOGY,

Office of Research and Development
National Center for Computational Toxicology
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United States

Environmental Protection
Agency

UNITED STATES ENVIRONMENTAL PROTECTION AGENCY

.

\\

COMPUTATIONAL
TOXICOLOGY.

“...to integrate modern computing and information technology with
molecular biology to improve Agency prioritization of data
requirements and risk assessment of chemicals”

www.epa.gov/ncct

- Office of Research and Development 16
National Center for Computational Toxicology



<EPA

United States
Environmental Protection

The Source to Outcome Continuum

Office of Research and Development
National Center for Computational Toxicology
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<EPA

United States
Environmental Protection
Agency

The Source to Outcome Continuum

Office of Research and Development
National Center for Computational Toxicology
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SEPA Enabling Technologies

United States
Environmental Protection
Agency

Molecular Biology

DNA
Transcription
mRNA

Translation

Protein

Metabolism

Metabolites

- Office of Research and Development 39
National Center for Computational Toxicology
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<EPA

United States
Environmental Protection
Agency

What’s It All About

« Digitization
—Legacy data (e.g., pesticide registration studies)
—Dispersed data
 Scale
—Chemicals
—Biological space
—Levels of biological organization
 Quantifying
—Physiology, biochemical pathways and networks, biology
» Data mining and management

Office of Research and Development
National Center for Computational Toxicology

40
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EPA Toxicological Information Gaps

United States
Environmental Protection
Agency
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<EPA

United States

Toxicological Information Gaps

Environmental Protection

Agency
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“EPA

United States

Toxicological Information Gaps

Environmental Protection

Agency
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EPA

United States
Environmental Protection
Agency

Toxicological Information Gaps
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SEPA Toxicological Information Gaps

United States
Environmental Protection
Agency
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SEPA ACToR

Environmental Protection
Agency

» Aggregated Computational
Toxicology Resource

« Internet portal of information of
chemicals

» +200 public sources
« +500,000 chemicals
» Searchable by
—Name, CASRN,
substructure

« Tool for identifying chemicals of
concern and their data gaps

» Modeled on NCBI databases:
http://www.ncbi.nlm.nih.gov/

« http://actor.epa.gov

5 Bl

16t € ASRHUNEMEC: i e wIEu bt .53 G R s Tk et T ok T s B
.

42

- Office of Research and Development 46
National Center for Computational Toxicology



SEPA  EPA’s Need for Prioritization

Protaction
Agency

Too Many Chemicals

Too Little Data (%)

9912

A\

10000+ 7N
1000 {7
100+

10

1_

OIRIS B TRI B Pesticides
O Inerts OCCL1&2 ®mHPV
u MPV

- Office of Research and Development
National Center for Computational Toxicology

O Acute m Cancer B Gentox
ODevTox @EReproTox

Judson, et al EHP (2009)
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<EPA

United States
Environmental Protection
Agency

How Can We Prioritize?

» Animal studies
— cost, time, ethical considerations

» Exposure
— lacks hazard information

* QSAR

— domain of applicability issues
— lack of availability of sufficient models

« Bioactivity Profiling
— biologically relevant chemical characterization
— high-throughput capacity
— needs development and validation

- Office of Research and Development
National Center for Computational Toxicology

mmmdp ToxCast
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(2
wEPA . .
S ton Future of Toxicity Testing

Agency

in vitro testing in silico analysis

—». Cancer
EEEEN Re
—». proTox
HEEEN
EEEEE —». DevTox
EEEEN ﬂ NeuroTox
EEEEN Byl T
EEEEE ﬂ ulmonaryTox
$Thousands —.. ImmunoTox
HTS Bioinformatics/
-omics Machine Learning

Toﬂ

EPAs Contribution: The ToxCast Research Program

- Office of Research and Development
National Center for Computational Toxicology www.epa.gov/ncct/toxcast
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- Office of Research and Development
National Center for Computational Toxicology

(2
wEPA . .
UG SS, e Future of Toxicity Testing

Agency

) REPORT
in: o -
Toxicity Testing in the 21st Century:
A Vision and a Strategy %
e m —>. Cancer
11 —». ReproTox
HE| DevT
1 ——@) Devlox
==: —— @) NeuroTox
11 —— @) PulmonaryTox
$Th —.. ImmunoTox

Toﬂ

EPAs Contribution: The ToxCast Research Program

www.epa.gov/ncct/toxcast
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<EPA

e Future of Toxicity Testing
gency
lroucvrcrug |
in Healt;l Prn;tewctiig:lil £
—». Cancer
x oy [ | | ReproTox
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EPAs Contribution: The ToxCast Research Program

- Office of Research and Development
National Center for Computational Toxicology www.e pa govlncctltoxcast



< PA EPA Reacts to Challenge of the
\’E NRC on the Future of Toxicity Testing

United States
Environmental Protection
Agency

The U.S. Environmental Protection
Agency's Strategic Plan for
Evaluating the Toxicity of Chemicals

Cramicals

DT LTt
® 6 & @y
[ [ _JPe—

‘@ o /O Omansm Tax Encpcin

- Office of Research and Development
National Center for Computational Toxicology

Strategic Goals
*Toxicity Pathway ID and Screening
*Toxicity Based Risk Assessment

eInstitutional Transition

{==8creening/P rioritization

f==Toxid ty Pathways in
Risk A
[~ Insthutional Trand i on

% Efbrt

2010 2015 2020 2025
Year

Figure 6. Relative (%) FEmphasis of the Three Main Components of
this Strategic Plan over its Expected 20-year Duration.
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http://www.epa.gov/osa/spc/toxicitytesting/index.htm
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SEPA  Toxicity Pathways

Agency

Receptors / Enzymes / etc.
' ' ' 1 1 7 Direct Molecular Interaction
\ / \ Pathway Regulation /
‘ Genomics

N \

‘\ /‘ Cellular Processes
O Tissue / Organ / Organism Tox Endpoint

- Office of Research and Development
National Center for Computational Toxicology
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SEPA  Toxicity Pathways

Agency

Chemical

Receptors / Enzymes / etc.
Direct Molecular Interaction

Pathway Regulation /
Genomics

- Office of Research and Development
National Center for Computational Toxicology
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SEPA  Toxicity Pathways

Agency

% Tissue / Organ / Organism Tox Endpoint

- Office of Research and Development
National Center for Computational Toxicology

Receptors / Enzymes / etc.
7 Direct Molecular Interaction

Pathway Regulation /
Genomics

Cellular Processes
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SEPA High-Throughput Screening Assays

B et | Protaction batch testing of chemicals for pharmacological/toxicological endpoints

Agancy using automated liquid handling, detectors, and data acquisition

\ LTS MTS

Gene-expression

m - 1000s/day

1 0s-100s/yr

10,000s-100,
000s/day

10s-100s/day

Human Relevance/ Cost/
Complexity

Throughput/
Simplicity

- Office of Research and Development
National Center for Computational Toxicology
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<EPA
Vs, ....  ToxCast™ Background

Agency

« Research program of EPA’s National Center for Computational Toxicology

+ Addresses chemical screening and prioritization needs for pesticidal inerts,
anti-microbials, CCLs, HPVs and MPVs

« Comprehensive use of HTS technologies to generate
biological fingerprints and predictive signatures
+ Coordinated with NTP and NHGRI/NCGC via Tox21
- Committed to stakeholder involvement and public release of data
* Communities of Practice- Chemical Prioritization; Exposure
* NCCT website- http://www.epa.gov/ncct/toxcast
» ACToR- Aggregated Computational Toxicology Resource
http://www.epa.gov/actor/

- Office of Research and Development
National Center for Computational Toxicology
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UnitsdStates con Prioritization Product Timeline

Agency

FYo7 FYO08 FYO09 FY10 FY11 FY12

Proof of Concept: ToxCast
Verification/Extension

Reduce to Practice
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<EPA

United States
Environmental Protection
Agency

Implications for Success

—

*Hazard Identification
*Closing Data Gaps
*Reductions in Cost
*Hypothesis Generation
*Reduced Animal Usage

- Office of Research and Development
National Center for Computational Toxicology
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<EPA

United States
Environmental Protection
Agency

Implications for Success

—

*Hazard Identification
*Closing Data Gaps
*Reductions in Cost
*Hypothesis Generation
*Reduced Animal Usage

A\ 4

*Risk Assessment
*Providing MOA(s)
*Targeted Testing
ldentifying Susceptible Populations

- Office of Research and Development
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<EPA

United States
Environmental Protection
Agency

*Hazard Identification

*Reduced Animal

*Closing Data Gaps
*Reductions in Cost
*Hypothesis Generation

Usage

A\ 4

Implications for Success

—

*Ancillary Applications
*Mixtures
*Chirals
Nanomaterials
*Green Chemistry
Lot variations

*Risk Assessment
*Providing MOA(s)
*Targeted Testing

ldentifying Susceptible Populations

Office of Research and Development
National Center for Computational Toxicology

61

61



<EPA

United States
Environmental Protection

Agency
5 L
@®
Q
S
(0]
<
O
_
§

Office of Research and Development
National Center for Computational Toxicology

SR IS S s
T T[]

ToxCast In Vivo Data from ToxRefDB

I Chronic/Cancer
Multigenation
Developmental
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SEPA ToxCast In vitro data (467 assays)

United States

Environmental Protection
Agency
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SEPA ToxCast In vitro data (467 assays)

United States
Environmental Protection
Agency
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# Assay Hits
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ACS50/IC50/LEL Concentration (uM)
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Biochemical Assays
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Rat Liver Tumor Correlations

Environmental Protection
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<EPA

Agency

United States

e Applying Computational Toxicology Along

the Source to Outcome Continuum

AN ~

Environmental Conc. BlelodcalfEvent

N 7

ExpoCast
:> External Dose == Target Dose

Reviewed by EPA and approved for presentation but does not necessarily reflect official Agency policy.
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a The Future State: Using Hazard and

wEPA : Tl
Unked Sawe, - on Exposure Information for Prioritizing
Testing and Monitoring

HE ¢
HE

High exposure potential HE .
wexposure potential
HE
HE

HE ToxCast targets H=

HE
HE
ToxCast Low / \

Hazard
Prediction ToxCast Hazard Prediction Low Priority for

Bioactivity Profiling
l_E I-E

/ .
Lower Priority for \
Testing and Monitoring

Intelligent, Targeted Testing
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<EPA

Agency

United States

e Applying Computational Toxicology Along

the Source to Outcome Continuum

AN ~

Environmental Conc. BlelodcalfEvent

N A [

External Dose == Target Dose

Reviewed by EPA and approved for presentation but does not necessarily reflect official Agency policy.
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<EPA
United States

e Applying Computational Toxicology Along
the Source to Outcome Continuum

‘Source/Stressor Formation- ‘EffectiOutcome.
\ AV [

Environmental Conc. BlelodcalfEvent

N A [

External Dose == Target Dose
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United States

e Applying Computational Toxicology Along
the Source to Outcome Continuum

L
‘Source/Stressor Formation
\ /

Environmental Conc. BlelodcalfEvent

N A [

External Dose == Target Dose

Office of Research and Development 7
National Center for Computational Toxicology
Reviewed by EPA and approved for presentation but does not necessarily reflect official Agency policy.

71



<EPA
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e Applying Computational Toxicology Along
the Source to Outcome Continuum

‘SourceiStsssor Formaton.
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Environmental Conc. Blologlcal S0
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External Dose == Target Dose
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<EPA

United States

e Applying Computational Toxicology Along
the Source to Outcome Continuum

q
Source/Stressor Formation
\ /

Environmental Conc. Biological Event
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‘ External Dose == Target Dose
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SEPA Predicting Human Toxicity:
The Grand Challenge in Toxicology
Tissues
Cellular Systems
Ti Cell Cellular ici
D'SZSG - Ad Changes_> Networks feity
Molecular
Pathways
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Predicting Human Toxicity:

Complex
Cellular and
HCS HTS
A
Biochemical Tissues
HTS
Cellular Systems
Tissue Cell Cellular
Dose . " Changes  Networks
Molecular

Pathwaxs

Cell-Based Model
HTS Organism
MTS

ToxRefDB
“

icity
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Virtual Tissues

The Grand Challenge in Toxicology
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Applications of HTS in Health Assessment

Prioritizing on Hazard Providing Input
for Targeted Testing Into Risk Assessment

Burden of Proof
for Acceptance
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<% NIEHS
«EI. National Institute of
év Environmental Health Sciences

Register now for the second presentation of the Computational Toxicology series:

“Computational Toxicology: Dose Response Modeling’
June 24th, 2009

by following the registration link on the web page.

For more information and archives of this and other web seminars
please refer to the Superfund Basic Research Program Risk e Learning web page:
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After viewing the links to additional resources,
please complete our online feedback form.

/LThank You /
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