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Toxicology Moving to Embrace 21°

Interactions
External Intemal Target with biological Cell response Tissue and
Exposure Exposure Expasure molecules organ response

P .,

I Pharmacokinetic models Computational Models N

Cheminformatics
Docking models
Systems biology models
E'; Virtual tissue models
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'g Pharmacokinetic studies Assays and other studies
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E Cell-free assays
Cell-culture assays
Organotypic studies
Studies in integrated systems and novel species
Studies in genetically diverse integrated systems and molecular epidemiology i




Interactions
with biological
molecules

Hundreds High- Thousands
Throughput of Chemicals
ToxCast/Tox21
Assays

LPS_TNFa
micro-TiO2_uncoated nfa_1000-5000 nm_UML

I ACS0:5.1| R2 0.97| Top 645 | Emax 6.26 | Slope: 1

Response
4

* Understanding of what cellular processes/pathways may be perturbed by
a chemical
* Understanding of what amount of a chemical causes these perturbations

01 0.2 0.5 10 20 5.0 20.0 50.0

Conc (ug/ml)


http://www.olympusmicro.com/galleries/abramowitz/pages/3t3cells1large.html

~800

Assays

Set Chemicals | Assays | Endpoints | Completion Available
ToxCast Phase | | 293| ~600 ~700 2011 Now
ToxCast Phase Il D 767 | ~600 ~700 03/2013 Now
ToxCast E1K i 800 ~50 ~120 03/2013 Now
Tox21 E ~8300 ~80 ~150 In progress Ongoing
ToxCast Phase IlI U ~900 [ ~300 ~300 Beginning 2015-2016
s
Pesticides , antimicrobials, food additives, green alternatives, HPV, MPV, E?:::

endocrine reference cmpds, tox reference cmpds, NTP in vivo, FDA GRAS,

FDA PAFA, EDSP, water contaminants, exposure data, industrial, failed drugs,
marketed drugs, fragrances, flame retardants, etc.

Chemicals

TRI

MPY

HPV

Green Chemistry
Antimicrobials
Consumer

Water

Pesticidelnerts

PesticideActives

Donated Pharmaceuticals
NTP In Vivo

FDA CFSAN

Total In vivo

202

329

580



Broad Success Derived from High-

Group Chemicals by
Similar Bioactivity and
Predictive Modeling

Prioritization of Chemicals
for Further Testing

Provide Mechanistic
Support for Hazard ID

1.2

Carcinogenicity of perfluorooctanoic acid, 1 T
tetrafluoroethylene, dichloromethane, 1,2-dichloropropane,

and 1,3-propane sultone .
0.8 .

Chemicals

Assays/Pathways

In June, 2014, 20 expartz from nine
countrie: met 3t the Internatiznal
hgency for Remach on Cancer
(IARC; Lyon, France) to aszess the
4| <acinogenicity of perfucrcactancic
acid  (PFOA).  totraflvorocthylene
(TFE),  dichloromethane  (DCM),
12-dichloropropane (L3-DCP), and

with 12-DCP in thic industy).
The werking grous considered the
rarity of cholangiocarcinama,  the
very high relstive rizk, the young

strang evidence that DCM metabolizm
via  ghutsthioneStransierase  TL
(GSTTY) keadk to the formation of
reactive metabolites, that GSTTL

2ge: of the patients, the sbmence ackivity & strongly asociated with
of nonoccupational ik factors,  genoteicity of DM in vitre and
and the intensty of the exposure in vivo, and that GSTTL-mediated
az_indications that the ewre:z of metabolizm of DCM doe: occur in

Carcinogenicity of tetrachlorvinphos, parathion, malathion,
diazinon, and glyphosate

In March, 2015, 17 experts from
11 countries met at the International
Agency for Research on Cancer (ARG
lyor, France) to assess the carcino-
qenicity of the organophosphate
‘pesticides tetrachlorvinphos, parathion,
malsthion, diazinon, and glyphosate
(tble). These ssessments will be

cell proliferation (hyperplasia in
rodents). Tetrachioninphos is barned
in the European Union. In the USA,
it continues to be wsed on animals,
including in pet flea collrs.

For parsthion, sssocstons with
cancers in several tissues  were
observed in occupational studies,

The insecticides malathion and
diazinon were classified 25 “probably
carcinogenic to humans™ (Group 24).
Malathion is used in agriculfure, public
health, and residential insect contral.
It continues to be produced in
substantial volumes thioughout the
world. There is limited evidence in

Carcinogenicity of lindane, DDT, and

2,4-dichlorophenoxyacetic acid

In june 2015 76 eperts from  Immunosuppressie effects that can  blood or adipose taken

13 countries met at the Intemational  operate in humans.

howeves, the passible Importance of

Agency for Research on Cancer  The Insecticide DOT was classified  early-life exposure 1o

In adulthood;

DDT remains

(IARC: Lyon. France) to assess the
aminogeniclty of the Insecticides
indzne and 1,33 trichloro-2,2-bisg4-
chlorophenylethane (DOT). and the
herbicide  2,4-dichlorophenaxyacetic

a5 *probiably carcinogenic to humans”
(Group 24). DOT was used for the
control  of Imsect-bome  diseases
dunng workd war 2 subsequently
1t was widely applied 1o eradicate

unesoived. Studles on nor-Hodgkin
mphoma and cancers of the liver
and testis provided limited evidence
In humans for the cardnogenicity
of DDT.

IARC Monographs

ER Agonist Score
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Promiscuous Chemical Response IS the Rule

1000 chemicals/
800 assay endpoints

0.6

0.4

i Nonselective
Selective

Cumulative Fraction of Chemicals
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Promiscuous Chemical Response is the Rule

e
b

1000 chemicals/
800 assay endpoints
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Bisphenol A ToxCast active:

ToxCast Data
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uclear Receptors and Xenok

Family of ligand-regulated nuclear transcription
factors

Conserved, modular domains
Ligand-binding domain

— Bind lipophilic small molecules
— Steroid hormones, fatty acids

Endogenous ligand physiochemical properties
consistent with cell permeable qualities

Gene regulation of key physiological processes:

endocrine system, growth and differentiation,
metabolism

Good focus for selective xenobiotic effects

By Boghog2 [Public domain], from
Wikimedia Commons



Sex Steroids ER
Estrogens, Progestins, Androgens PR

oH KO oH AR

Glucocorticoids GR

Mineralocorticoids MR

Thyroid Hormones TR
Retinoids RAR
RXR

0]
WOH

11

Vitamin D

Lipids

Oxysterols

o
Ho/déj\hﬁ\(

Bile Acids

PXR
CAR




Targeted Pathways

80-05-7 : Bisphenol A

[ 18 In Vitro Assays Measure ER-Related Activity 2 { Weak
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ER Model Performance

Agonist Score (R1) vs. Reference Activity Class
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ER Minimal Model

All Chemicals
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Regulatory Applications: EDSP
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AR Model
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AR Performance

* Applying model outside reference chemical set identified likely
false positives for AR antagonists due to cytotoxicity

« Added additional characterization assays (analysis in
progress)
— Coregulator recruitment (functional biochemical)
— Coactivator recruitment (high-content imaging)



Thyroid AXiS OVErRVIEW

TH Regulation
. %, Negative feadback
Excralion

in Bile " Bile ;
i

TBG, TTR, Albumin

‘* L .”g!l
\
o
LY o -
Peripheral

Deiodinases

\ WaTRA, T5H, 13, T4

TH Synthesis
| TPO, I, NIS, TSHg

Chemicals can bind to ligand-
binding domain of thyroid
receptor stimulating or

Gl TR inhibiting gene transcription

Local Deiodinases 02 03
Thyroid Receplors TRy, TRa

1

Adapted from Boas et al, Evr J Endo, 2006

TH Action # Structural/Functional Impact
Gene Transcription, Neurogenesis, Migration, Synaplic impairments, learning
Synaptogenesis, Myelination deficits, hearing loss, wisual defects
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Thyroid Receptor

Tox21 Library 10K Tox21 Library 10K
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Pharmacology of TR ACILIVES
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Structures assigned to TR agonistclass
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DRAQS GFP-GR-TR
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TR Nuclear Translocation Assa
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Structure Assigned to IR
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Thyroid AXiS OVErRVIEW

regulated through a2 hormone prodgction via
metabolism and TH Regulation 1) Thyroperoxidase (TPO)

.. . . . % Negative feedback . Sy ey
elimination in the liver. \ via TR, TSH, T3, T4 inhibition

Hormone levels are EL Chemicals can affect thyroid
5

\ 2) lodide recycling inhibition
! (VD)
,. Pl 3) lodide uptake inhibition (NIS)

Serum Binding Proteins
'."F-G. TTR, Albumin

Local Transporl Proleins MCTS, 0ATP
Local Deiodinases D2 D3

Thyroid Receptors TRi, TRa

Chemicals may interfere with Brain -

enzymes that control hormone TH Action » Structural/Functional Impact

activation/inactivation (DIO scrption, Neuagenesis, Migraio Sysepcc inpaimeecs, laraog

1,2,3) ,



Screening Assay Status

Molecular Target Existing In Development
TRH Receptor X (ToxCast)
TSH Receptor X
Sodium-lodide Symporter (NIS) X
Pendrin
Dual Oxidase (DUOX)
Thyroperoxidase (TPO) X
TH Serum Transport Proteins X
TH Membrane Transporters
lodothyronine Deiodinase Type | X
lodothyronine Deiodinase Type Il X
lodothyronine Deiodinase Type lll X
lodotyrosine Deiodinase X
Nuclear Receptors X (ToxCast)
Sulfation and Glucuronidation
Alanine Side Chain Activation
TH Receptor Binding
TH Transcription (Agonist/Antagonist) X (ToxCast)
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What 1s New with the

oxCast Strategy -

* Nuclear receptor multispecies screening

* High-throughput transcriptomics

* Phenotypic screening cell painting assay

e Use of metabolic activation systems in vitro
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Assessing Cross-Species

erences In Response

Multispecies Attagene Trans Reporter Assay

o=
raman RTU A
RTU B
RTU C
RE 1 RTU A
. [ X |
Library of RTUs { REZ RTUB
[ N ]
>
a /7
Cell Transfection {f‘\ -
RE 1 RTU A
X ]
Transcription rez [ s ) |
RNA Isolation

Reverse transcription

PCR amplification

— /]

= I S —

= - (—
Y S— Y S—
———  ®% 1 —————  x — 1]

Hpal

Processing (Hpal)

| E——
)
= A
B
Separation and detection t=*
- +

(capillary electrophoresis)

Houck et al., Unpublished

Estrogen Receptor ERa Human
Estrogen Receptor ERb Human
Estrogen Receptor ER1 Zebrafish
Estrogen Receptor ER2a Zebrafish
Estrogen Receptor ER2b Zebrafish
Estrogen Receptor ERa Chicken
Estrogen Receptor ER1 Frog
Estrogen Receptor ER2 Frog
Estrogen Receptor ERa Turtle
Estrogen Receptor AR Human
Estrogen Receptor AR Chicken
Estrogen Receptor AR Turtle
Estrogen Receptor AR Frog
Estrogen Receptor AR Zebrafish
Peroxisome Proliferator Activated Receptory PPARg Mouse
Peroxisome Proliferator Activated Receptory PPARg Zebrafish
Peroxisome Proliferator Activated Receptory PPARg Human
Pregnane X Receptor PXR Mouse
Thyroid Receptor TRa Turtle
Thyroid Receptor TRb Zebrafish
Thyroid Receptor TRb Zebrafish
Thyroid Receptor TRa Frog
Thyroid Receptor TRa Human
Thyroid Receptor TRb Human
Controls M-06 A
Controls GAL4 A
Controls M-19 A
Controls m-32 A
Controls m-61 A

Host cell: human HepG2

Stimulation with EC20 of 6a-
fluorotestosterone for detection of
androgen receptor antagonists

100 chemicals with ER, AR, PPAR activity
tested in concentration-response

Data calculated as fold-change over
control (6a-fluorotestosterone/DMSO)
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Beginning to Address Concerns

for Incre

Gene Coverage

[l ToxCast
Not in e e
= ToxCast
Thousands of chemicals Multiple Cell Types
Pathway Coverage* ?;

......
e

" . . \ { Inferred MOA/MIE
BN 5 |
IOH)/ - . y ¥
IR — e N/ e, 1
! % = 4 T :
4’/1, a ct
H LT
| | Sny
-y b . '}
— oY
J\"‘
o

sRO

‘‘‘‘‘‘‘

Requirements:
] f e Low cost * 384 well
t least one gene from - Whole genome o Automatable

pathway represented



HTTr Pilot: Workflow

Generate
Cryopreserved Cell

Expansion

Cell tocks

Cell Dosing
Cell Plating

BioTek MultiFlo FX

LabCyte Echo® 550
Liquid Handler

Track 1: Targeted RNA-Seq

Generating Cell TempO-Seq
Lysates WT
ysate: TempOijeq'
ﬁ_- e TS E——
E u\um-nw---n-‘s /_—:_‘\In_n
— | —

o [ -

Track 2: Cytotoxicity / Apoptosis

High Content
Imaging

Cell Labeling

Thermo
Cellomics
ArrayScan® VTI
HCS Reader

Josh Harril/NCCT




Pathway Potencies by Benchmark
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« Broad range of pathway level potency estimates and number of pathways
affected across chemicals.

Josh Harrill, NCCT, unpublished



Predicting MoA by Connectivity Mapping

Trichostatin A DMEM 06h

* Differential gene
expression
observed with
reference
chemicals

Connectivty mapping

H 8 +1
82
8,

Op

l
-

negative match

positive malch

e Putative targets
identified using

* Connectivity
Imtalntnhml sngmﬁcanua Lamb et al (2006) Ma ppl ng
O Musa el al (2017) -

« Connectivity Mapping nd * Large degree of

— Use DEGs/CRGs to define  *# promiscuity of
“signatures” for each o predicted targets
chemical or treatment s ¥ observed

— Search signature database & 11 &
annotated with MoA 1 ’ g\‘jarlrj;‘:ilzg

— Infer MoA using pair-wise ~dditional methods
Slmllarlty between Signature ’qe* =p Pytative target for MIE prediction

=% Promiscuous Target

Mapping Imran Shah, NCCT, unpublished



Cell Painting Phenotypic Screen Background

« Cell Painting (Bray et al., 2016, Nature Protocols): A cell morphology-based phenotypic profiling

assay multiplexing six fluorescent “non-antibody” labels, imaged in five channels, to evaluate
multiple cellular compartments and organelles.

« Key Features:
* Non-targeted screening (i.e. target agnostic)
» Tractable across different adherent cell lines
» High content 100s — 1000s of features measured at the cell level
» Concentration-response analysis
» Fingerprinting and clustering

Cellular . . Labelin Opera Phenix
Marker Labeling Chemistry 9 — —
Component Phase Excitation Emission
Hoechst 33342 Nucleus Bisbenzamide probe that binds to dsDNA 405 480
) Lectin that selectively binds to a-mannopyranosyl
Concanavalin A — . . - : :
Endoplasmic reticulum | and a-glucopyranosyl residues enriched in rough 435 550
AlexaFluor 488 ; .
endoplasmic reticulum
SYTO.14 nu_clelc Nucleoli Cyanine probe that binds to ssSRNA . 435 550
acid stain Fixed
Wheat germ agglutinin . Lectin that selectively binds to sialic acid and N-
Golgi Apparatus and . . . .
(WGA) — acetylglucosaminyl residues enriched in the
Plasma Membrane ;
AlexaFluor 555 trans-Golgi network and plasma membrane 570 630
Phalloidin — - Phallotoxin (bicyclic heptapeptide) that binds
AlexaFluor 568 F-actin (cytoskeleton) filamentous actin
MitoTracker Deep Red Mitochondria Accumulates in active mitochondria Live 650 760




Example Results

U-2 OS (-SYTO)

?‘L‘v.u 1501 =& - cell count (5x, v180105)
—_ =@ - ApopCV Caspase 37 (5x)
D 1251 = - ApopCv PI3 (5x)
=
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o T R
8 100]-#---3-4 N
o
< 75 \
B L
] 501 4
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g 25 B —a
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g ols  ee==
DMSO 0.1 1 10 100
Fenbendazole [uM]
all concentrations - cylostatic ones (<75%) open circles
=} e
- o
o L]
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% w -
2
k-1
2
= 0 -
ﬁ o.02
= 0.06
o - 0.2
Q % cos :
o2 ° a0
LN o
=} e 20
v r T 1
30 -20 -10 0

PC1 (79.6% explained variance)

> multinucleated cells!

Expected phenotype: Giant, multi-nucleated cells

U2 0S MCF7§ .

Josh Haurri

MCF7 (-SYTO)

& E".u 1501 =& - cell count (5x, v180105)
_ -8 - ApopCV Caspase 3/7 (10x)
D 1251 & - ApopGV PI3 (10%)
=
c
8 100]-#---=-d -ceeiiiiian
8 i
=759 '.

g
o 507 \
g - =
8_ 251 ® /i
g 04 ™ g = —-= ':-.f
DMSO 0.1 1 10 100
Fenbendazole [uM]
all concentrations - cytostatic ones (<75%) open circles
-]
- e o °
g °
8 °
Q (=] % -~
E o
£ o
@ o0
g 0.02
CL 4 0.06
o 0.2
i © 06
g o2 g
° B o
° 20
f T 1
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PC1 (87.5% explained variance)

ll, NCCT, unpublished



Preliminary Results
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Vo

Transcriptomic/Phenotypic

High-Throughput

Assay

Multiple Cell Types
+/- Metabolic Competence

v

v

Tier 1 \

Minimum In Vivo ToxRef Low Effect Level
for Rat Only (mg/kg/d)

No Defined Biological Defined Biological |
I Target or Pathway J Target or Pathway MOA/ MIE -
Identification
- Tier 2
Select In Vitro _ _
Assays Orthogonal confirmation
{ { Tier 3 :
Existing AOP No AOP

In Vitro Organotypic Assays Identify Likely Tissue-,
Wetmore et al Assays for other KEs and Microphysiological Organ-, or Organism
] ) and Systems Modeling 5 : Systems Effect and Susceptible

Populations

J

v
Estimate Point-of-Departure
Based on Pathway
Transcriptional Perturbation

|

Estimate Point-of-
Departure Based on AOP

Estimate Point-of-Departure
Based on Likely Tissue- or

Organ-level Effect without
AOP



Moving Towards Risk: Adding a

.V = al s

EPA ToxCast Phase |
and Il Chemicals
|
v v
w J . e

Human Liver Human Plasma
Metabolism Protein Binding

| J
v

Population-Based
IVIVE Model

ARAR

Upper 95" Percentile Css
Among 100 Healthy
Individuals of Both Sexes
from 20 to 50 Yrs Old

» Currently evaluated ~700 ToxCast Phase | and Il
chemicals

* Models available through “httk” R package
(https://cran.r-project.org/web/packages/httk/)

In Vitro Potency
Value

Oral Dose Required
to Achieve Steady
State Plasma

—_—
Plasma - Oral Concentrations
Concentration Xposure Equivalent to In Vitro
v Bioactivity
Reverse
Dosimetry

Rotroff et al., Tox Sci., 2010
Wetmore et al., Tox Sci., 2012


https://cran.r-project.org/web/packages/httk/
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Adding a High-Throughput

-

(Bio)
\'Exposures:estinated fecg., CDC

Ty

jarjce in the

Dataset 1

Dataset. 2

* The same five variables work
for all NHANES demographic
groups analyzed — stratified by

age, sex, and body-mass
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Uncertainty
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Wambaugh et al., 2014



Comparing Bioactivity with Exposure
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Concluding Remarks

 |n vitro/alternative approaches valuable for chemical
orioritization, especially where we understand the toxicity

pathways

 May also be useful in conservative point-of-departure
approaches for unknown/non-selective effects

o Capable of data generation for thousands of chemicals

* |n vitro assays usually require orthogonal assays to
distinguish true from false positives

« Combining with exposure predictions allows prioritization for
risk
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