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“EPA  The Big Problem .....

Too Many Chemicals Too High a Cost
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Data Collection

Too many endpoints
...and not enough data. Too many mechanisms

- Office of Research and Development
National Center for Computational Toxicology JUdSOI’) et al EHP 2008
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Toxicity Testing in the 21st Century:
A Vision and a Strategy

Advances in molecular biology, biotechnology, and other fields are pav-
ing the way for major improvements in how scientists evaluate the health risks
posed by potentially toxic chemicals found at low levels in the environment. These
advances would make toxicity testing quicker, less expensive, and more directly
relevant to human exposures. They could also reduce the need for animal testing by
substituting more laboratory tests based on human cells. This National Research
Council report creates a far-reaching vision for the future of toxicity testing.

oxicity tests on laboratory
amimals are conducted to

evaluate chemicals—including
medicmes, food additives, and industrial,
consumer, and agncultural chemicals—for

their potennal to cause cancer, birth
defects, and other adverse health effects.
Information from toxicity testing serves
as an important part of the basis for
public health and regulatory decisions
concermng toxic chemicals. Current test
methods were developed
incrementally over the
past 50 to 60 years and
are conducted using
laboratory animals, such
as rats and muce. Using
the results of animal
tests to predict human
health effects mvolves a
number of assumptions
and extrapolations that
remain controversial.
Test animals are often
exposed to higher doses
than would be expected
for typical human
exposures, requiring
assumptions about

effects at lower doses or exposures. Test
animals are typically observed for overt
signs of adverse health effects, which
provide little mnformation about biological
changes leading to such health effects.
Often controversial uncertamty factors
must be applied to account for differences
between test ammals and humans. Fumally,
use of animals 1n testing 15 expensive and
time consuming, and 1t sometimes raises
ethical 1ssues.

Today, toxicological
evaluation of chemicals
1s poised to take advan-
tage of the on-going
revolution m biology
and biotechnology. This
revolution 1s making 1t
increasingly possible
to study the effects of
chemucals using cells,
cellular components, and
tissues—preferably of
human ongin—rather

) than whole animals.
These powerful new

approaches should help

P w -« ! to address a number of
gl - challenges facing the

,.m..d.,’ EPAs Contribution:

- National Center for Computational Toxicology
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Transforming Environmental

Health Protection

Francis S. Collins,™" George M. Gray?" John R. Bucher™

Agency (EPA), with support from the U.S.

National Toxicology Program (NTP),
funded a project at the National Research
Council (NRC) to develop a long-range vision
for toxicity testing and a strategic plan for
implementing that vision. Both agencies
wanted future toxicity testing and assessment
paradigms to meet evolving regulatory needs.
Challenges include the large numbers of sub-
stances thatneed to be tested and how to incor-
porate recent advances in molecular toxicol-
ogy, computational sci and informati
technology; to rely increasingly on human as
opposed to animal data; and to offer increased
efficiency in design and costs (/-5). In
response, the NRC Committee on Toxicity
Testing and Assessment of Environmental
Agents produced two reports that reviewed
current toxicity testing, identified key issues,

In 2005, the U.S. Environmental Protection

throughput screening (HTS) and other auto-
mated screening assays into its testing
program. In 2005, the EPA established the
National Center for Computational Toxi-
cology (NCCT). Through these initiatives,
NTP and EPA, with the NCGC, are promot-
ing the evolution of toxicology from a pre-
dominantly observational science at the
level of disease-specific models in vivo to a
predominantly predictive science focused
on broad inclusion of target-specific, mech-
anism-based, biological observations in
vitro (/, 4) (see figure, below).
Toxicity pathways. In vitro and in vivo
tools are being used to identify cellular
s after chemical expected
to resu[t in adverse health eﬁ'ecu (7). HTS
methods are a primary means of discovery
for drug development, and screening of
>100,000 compounds per day is routine (§).

Toxicity Testing in the 21st Century

We propose a shift from primarily in vivo animal
studies to in vitro assays, in vivo assays with
lower organisms, and computational modeling
for toxicity assessments.

tion, usually between 2 and 10uM, and toler-
ate high false-negative rates. In contrast, in
the EPA, NCGC, and NTP combined effort,
all compounds are tested at as many as 15
concentrations, generally ranging from ~5
nM to ~100uM, to generate a concentration-
response curve (9). This approach is highly
reproducible, produces significantly lower
false-positive and false-negative rates than
the traditional HTS methods (9), and facili-
tates multiassay comparisons. Finally, an
informatics platform has been built to com-
pare results among HTS screens; this is
being expanded to allow comparisons with
historical toxicologic NTP and EPA data
(http://ncge. nih.gov/pub/openhts). HTS data
collected by EPA and NTP, as well as by
the NCGC and other Molecular Libraries
Initiative centers (http://mli.nih.gov/), are
being made publicly available through Web-

and developed a vision and impl

strategy to create a major shift in the assess-
ment of chemical hazard and risk (6, 7).
Although the NRC reports have laid outa solid
theoretical rationale, comprehensive and rig-
orously gathered data (and compari with
historical animal data) will determine whether
the hypothesized improvements will be real-
ized in practice. For this purpose, NTP, EPA,
and the National Institutes of Health Chemical
Genomics Center (NCGC) (organizations
with expertise in experimental toxicology,
computational toxicology, and high-through-
put technologies, respectively) have estab-
lished a collaborative research program.

EPA, NCGC, and NTP Joint Activities

In 2004, the NTP released its vision and
roadmap for the 21st century (/), which
established initiatives to integrate high-

*Director, National Human Genome Research Institute
(NHGRI), National Institutes of Health, Bethesda, MD
20892; 2Assistant Administrator for the Office of Research

and Nemolnnmart 11€_Emirnmantal Bratacting Anence

pelicies of their respective agencies.
TAuthar for correspondence. £ -mail: francisc@mail nih.gov

However, drug-discovery HTS methods tra-

ditionally test compounds at one concentra-

Standard rodent
toxicological tests
10-100/year

Human experience
1-3 studiesiyear

animal models
100-10,000/year

based datab [e.g.., PubChem (http://
pubchem.ncbi.nlm.nih.gov)]. In addition,

Altemative Biochemical- and cell-based
in vitro assays

>10,000/day

jed from www.sciencemag.org on February 15, 2008

The ToxCast Research Program
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icology approaches can yield data predictive of results from animal toxicity studies, will allow prioritization §
of chemicals for further testing, and can assist in prediction of risk to humans.
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HTS (high-throughput screening)

Complex HCS (high-content screening)
MTS (medium-throughput screening)

Cellular and
HCS HTS
N\
Biochemical Tissues
HTS
g Chemical i, hemical
@ Tissue '
§_ Dose Network
X .
c_g Pathways
I= Y N
_GCJ Cell-Based Model
@ HTS Organism
i MTS i

' Virtual Tissues '

- Office of Research and Development 3
National Center for Computational Toxicology



SEPA High-Throughput Screening Assays

e e protection  batch testing of chemicals for pharmacological/toxicological endpoints

Agency using automated liquid handling, detectors, and data acquisition

LTS MTS

Gene-expression

1000s/day

10,000s-
100,000s/day

10s-100s/day

Human Relevance/
Cost/Complexity

Throughput/
e Simplicity

National Center for Computational Toxicology




"’EPA High Throughput Screening 101

Agency

Chemical Exposure

96-, 384-, 1536 Well Plates

Cell Population

Assay Target Biology (e.g., Estrogen Receptor)

Office of Research and Development
National Center for Computational Toxicology




Drug Discovery chemical iibraries

HTS screening
Bioprofiling
Chemical probes
Molecular profiling
Feature optimization
Cheminformatics
Chemogenomics

Systems biology Toxi C|ty
ADME g
Screening

r_._. . e
v Al W 5
Chemical

Sc affo I ds

2, Drugs, Industrial,
;A & Environmental

Polypharmacology Polyfunctional

Therapeutic
Endpoint :
L - Low dose High dose Chronic, Acute, Devel,
igh specifici
High a?finity y Structure Green Repro, Immuno, Neuro...tox
modification chemistry Low specificity
Low affinity

- Office of Research and Development
National Center for Computational Toxicology



SEPA ToxCast Screening Assays

United States
Environmental Protection
Agency

Biochemical Assays Cell lines CClllEl ~seEle
HepG2 human hepatoblastoma
Protein families A549 human lung carcinoma

HEK 293 human embryonic kidney

GPCR
NR Primary cells
Kinase Human endothelial cells
Phosphatase ~800 Total Human monocytes
Protease E d . t Human k_eratinocytes
Other enzyme n p0|n S Human flbroplasts .
Human proximal tubule kidney cells
lon channel

Human small airway epithelial cells
Transporter Rat hepatocytes
Mouse embryonic stem cells (Sid Hunter)
Assay formats
Radioligand binding
Enzyme activity
Co-activator recruitment

Biotransformation competent cells
Primary rat hepatocytes
Primary human hepatocytes

Assay formats

Primarily Human/Rodent targets & cell lines Cytotoxicity
Model organisms: Zebrafish embryo assay Reporter gene

. Gene expression
>50 external EPA collaborators (academics, Biom arkgr oroduction 7

govt, companies) High-content imaging for cellular phenotype



<EPA

United States

e [ OXREfD B (Toxicity Reference Database)

« Publically available toxicity reference database
- Captures 30 years & $2 billion of animal testing data
— mostly pesticide registration data reports submitted to EPA

« Stores study design, dosing & observed treatment-related effects using
standard vocabulary

(Jan 2010) # of Studies
Chronic Rat

Chronic Mouse S
Reproductive Rat [
Developmental Rat [N

Developmental Rabbit

Subchronic Rat

0 100 200 300 400 500

- Office of Research and Development 8
National Center for Computational Toxicology




"'EPA Using HTS data to predict Toxicity

Agency
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b EPA EPA’s Computational Toxicology Research

Agency

« ToxCast (EPA) & Tox21 (Multi-Agency)

» screening >4000 (ToxCast) to >10K (Tox21) environmentally
relevant chemicals across 10’s to 100’s of HTS assays

« ExpoCast, CPCat, ToxRef DB

» Exposure projects, non-targeted screening of environmental

samples, create a product-use database, models to predict
chemlcal function

« Downloads ble data files, web tools to facilitate data
access an exploratlon (EPA’s Chemlstry Dashboard)

Chemical @& "~ | ff':" i Cheminformatics
databases QAN 7 ol

Chemical
\Structures SAR/QSAR

Chemical ~
e models

- Office of Researc
National Center fory nkages



SEPA ToxCast Phase |

Environmental Protection
Agency

(309 Unique Chemicals)

3 Triplicates
5 Duplicates

276 Pesticides
16 Antimicrobials

9 Industrial Chemicals
8 Metabolites

75 Chemical Classes

- Office of Research and Development
National Center for Computational Toxicology
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Chemical Class Distribution
(=5/Class)

@ Organophosphorus (39)
B Amide (26)

O Urea (26)

0 Conazole (18)

B Carbamate (16)
@ Phenoxy (15)

B Pyrethroid (12)

O Pyridine (11)

W Triazine (9)

W Dicarboximide (8)
O Phthalate (7)

@ Dinitroaniline (7)

B Antibiotic (7)

B Thiocarbamate (7)
B Pyrazole (6)

B Nicotinoid (6)

E Dithiocarbamate (6)
O Aromatic Acid (6)

O Insect Growth Regulators (5)
O Imidazolinone (5)

O Unclassified (21)

@ Other (93)



SNl 3619 EPA

SEPA EPA's ToxCast/Tox21 Library Construction

Environmental Protection
Agency

HPV, MPV Substances NCCT Programs EU, FDA Endocrine disruptors
Water contaminants In vivo data availability (EPA, NTP, FDA) Antimicrobials
Pesticide actives Pesticide inerts Industrial chemicals Green Chemistry

R R R R R NI R RL

EPA Tox21/ToxCast Phase || Chemical Nominations (over 100 lists)

1 1 1 1 ~19,000 compounds

Complex mixtures
Candidates for procurement ~7,000 compounds cniaanla e
No structure
Unable to procure Insoluble (est. LogP)
Too expensive Volatiles (est. VP)
Able to purchase @ 4340 compounds Inorganics
Explosive
‘ l COA/MSDS review Reactive
o . Polymers ...
Solubilize 198 volatile/ insufficient sample
in DMSO |
428 Insoluble in
DMSO (approx 11%)

13



SEPA ToxCast/Tox21 Chemical Library

Environmental Protection
Agency

ToxCast Phase |
Tox21

ToxCast Phase Il

>8500 unique chemicals
- Office of Research and Development Approx 100 HTS aSSayS

National Center for Computational Toxicology



SEPA ToxCast: “Big Data” Informatics Challenges

United States

Environmental Protection cl &
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wEPA Chemical Elements to Data Integration:

United States
Environmental Protection

Chemical representations =2 Uses

Chemotypes, fingerprints,
phys-chem properties, ...

Y SMILES  Structure searching
InChl & modeling

OH OH

Structure

Chemical Name
CASRN

Supplier, Lot/Batch,
physical description



ToxCast/Tox21 Chemical Registry
e

o Cl
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e ACToR/InVitroDB
DSSTox A Ve > DSSTox RID Assay name
Chemical structure - CID X© O:‘L Assay details
Substance details - SID Q Q Assay outcome
Project inventory record - RID
A Solution ID
A Plate ID

Plate Address ID

—> DSSTox RID
Bottle ID (> COAID) VY
Solution ID (= QC ID)

ChemTrack Database



SEPAA  ToxCast Chemical Landscape

Environmental Protection
Agency

This Is an open access artide published under a Creative Commons Attribution (CC-BY) 77—\
» which permits unrestricted use, distribution and reproduction in any medium,
pro\rlded the author and source are cted,
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wEPA ToxCast chemical x assay counts

United States

Ageney o eeeten - (Top 5 assay providers & Tox21, as of Jan 2016)
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<EPA QC process for Chemical Registration

United States
Environmental Protection

& Characterization

Structure-derived chemical descriptors, fragments & fingerprints for use in modeling

Computational processing

QSAR-ready Desalting, tautomer & functional group normalization,
Structures Optional: de-duplicate, de-stereo, remove metal-containing compounds

Modeling
Representations

Unique Structures » 22% of supplier-provided chemical

structures corrected during curation
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Generic
Substances

Unique CASRN-name

DSSTox chemical curation & registration
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>
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o & Supplier/Lot Bottles COA/MSDS supplier documentation review
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SEPA  \What's in the library?

Environmental Protection
Agency
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SEPA Comparison to potential target inventories

based on computed properties

" * CERAPP
BMDHHA *"* FDA_Drugs
- x*x "
10 1 TOXCST ) Dunated_pharma

TOXCST
‘ .*:-,=~__--:-‘ - Gl_’eater |
o+ complexity:

[ hlma-ld ¥1] D:}] 801

CERAPP — approx. 30,000 chemicals with predicted endocrine activity
- BMDHHA — human health assessment benchmark doses available

FDA _Drugs — approx. 7000 marketed & discontinued drugs



wEPA

United States

Environmental Protection

Agency

75% of CERAPP
chemicals have a
>75% similar
TOXCST “analog”

58% of BMDHHA
chemicals have a
>75% similar

TOXCST “analog

61% of FDA Drugs
chemicals have a
>75% similar
TOXCST “analog

- Office of Research and Development
National Center for Computational Toxicology

ChemResToxicol., 2016, 29, 1225-1251

Number of chemicals

-
Mumber of chemicals

1% f>0.75 similarity

Number of chemicals
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Nearest neighbor similarity comparisons

75% > 0.75 similarity
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58% > 0.75 similarity
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"EPA Toxicity Prediction Challenge

Agency

How do we make best use of all the data to
improve predictive models?

- Office of Research and Developmgnt
National Centerfor Computational I oxicology

Existing



"’EPA Toxicity Prediction Challenge

Agency

Chemical library serves to probe in vitro biology
* need sufficient diversity to sample wide range of target
interactions, pathways, and MOAs

* need sufficient representatlon of lmportant features to enable
QSAR inferences |

- Office of Reséarch and Developmgnt
National Centeror Computational I oxicology 24

Existing



"’EPA Toxicity Prediction Challenge

Agency

: : Data-mining
Biologically-based QSAR

& Cheminformatics

Curation, Adverse Outcomes
. \Y; u -
Reactivity & toxicity- aggregation > Pathways
informed Model mechanistically ” (iefor\]::ays
features & local well-defined + Statistical

chemistry

. toxicity endpoint ——— gssociations
~ domains \ = \
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EPA
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e 1 OXICIY Prediction Challenge

Agency

Missina target&)

o)

Toxicity prediction is not easy!
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SEPA Combined Approaches

Environmental Protection
Agency
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ToxCast Phase | Chemicals

- Office of Research and Development
National Center for Computational Toxit



wEPA Structure vs. Bioactivity Similarity

United States
Environmental Protection cl \
Agency

Structure similarity: \

@ implies biological similarity
@ limited to local chemistry .,
@ subject to “activity cliffs” |

ol - o~
. . . . . . - 1, BN \/K
HTS bioactivity similarity: [ 8 ] f,lséﬁf ,f’iu -
] i i i . i . O efnuralin ““\_H
@ implies mechanistic similarity | € = - - %fg s [
@ can link diverse local IS - o ' ~ | RARG,
istri O s TQ‘Q A LI | RARy,
chemistries to common Lo : S M1 Ferprogam |
biological activities % —
@ noisy data, difficult to extract b = -
. i ol - =
clear signal (o = -
= - = :

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



S EPA Chemical “Read-Across” Explorer: Using
() = . g . .
e roecion - DIOACHIVILY profiles & structure to find best
analogs

ICSS Chemistry Dashboard
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wEPA Structure-modeling using biologically

United States
Environmental Protection

iInformed chemical features

Biological features

HTS Assays

Toxicity

HTS results are used to inform feature selection, linking chemical

o ” Tall *
features, or “Chemotypes” to toxicity Slide courtesy of C. Yang



wEPA Structure-modeling using biologically

United States
Environmental Protection

iInformed chemical features

Biological features

HTS Assays 174 Toxicity

“Chemotypes”

HTS results are used to inform feature selection, linking chemical

“ ” Toll 7
features, or “Chemotypes” to toxicity Slide courtesy of C. Yang
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A Public Set of Chemotypes
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ToxPrints

/Iwww.toxprint.org

Environmental Protection
. http

United States
Agency

729 features important to EPA & FDA'’s “chemical exposure” landscape and

safety assessment workflow
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“EPA Conclusions

 EPA's ToxCast & Tox21 programs are helping to
modernize & transform toxicity testing to be more
efficient, sustainable and protective

 High priorities for program are community involvement,
full public release of data, and web interfaces & tool
development to support data analysis

« Much progress has been made, but plenty of
opportunities remain to harness the power of chemistry
towards improving predictive tox capabillities

- Office of Research and Development
National Center for Computational Toxicology
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