wEPA

United States
Environmental Protection
Agency

High-throughput In Vitro
Profiling of Chemicals for
Hazard Assessment

Richard Judson

UNITED STATES ENVIRONMENTAL PROTECTION AGENCY

W\ Y AN N ) )COMPUTATIONAL
\\ 63? N\ \ TOXICOLOGY

|
4°r
0fFs
A

=

Istanbul University, 18" Winter School
Istanbul University Genetics Students Club
March 28, 2021

Office of Research and Development . 8 . .
Center for Computational Toxicoloay and EXposure The views expressed in this presentation are those of the author and do not

necessarily reflect the views or policies of the U.S. EPA



Problem Statement
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| animal-based methods
| —Cost, time, animal welfare

| Too many chemicals to teét with standa
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Need for better mechanistic data
- Determine human relevance

- What is the Mechanism of Action?




A . Big Questions

1. At what dose does a chemical cause adverse affects?
2. What effects does the chemical cause?

3. Can we answer 1 and 2 without using animals?

NAMs (New Approach Methodologies) attempt to answer
these
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- In silico (e.g. QSAR and Read-across)

—Estimate effects and doses

- In vitro assays
—Broad / screening (transcriptomics, cell painting)
—Targeted (receptors, enzymes)
—In vitro PODs, modes / mechanisms of action

« In vitro Toxicokinetics
—Allow conversion of an in vitro POD to in vivo (IVIVE)

- Computer models
—Integrate multiple in silico and in vitro data streams

- Databases of existing traditional toxicology data
—Enables training and validation of NMA models



<EPA

United States
Environmental Protection
Agency

Tiered Hazard Evaluation Approach

Tier 1 \

Chemical Structure Broad Coverage, Multiple cell types
and Properties High Content Assay(s) +/- metaboliccompetence
l L 4
Mo Defined Biological Defined Biological Target
Target or Pathway or Pathway
+ Tier 2
LI ‘ Orthogonal confirmation
Assays
: 1 1 Tier 3 :
Existing AOP MNo AOP
In Vitro i COrganotypic Assays and Identify Likely Tissue,
Assays for other KEs Microphysiological Organ, or Organism Effect
and Systems Modeling { Systems ) and Susceptible Populations

v ' '

Estimate Point-of-Departure
Based on Biological Pathway or
Cellular Phenotype Perturbation

Estimate Point-of-Departure
Based on AOP

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

Organ-level Effect without AOP The NexGen Blueprint of CompTox at

USEPA Tox. Sci. 2019; 169(2):317-322



SEPA Two Screening Technologies
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- High-Throughput Phenotypic Profiling(HTPP)

—Also called Cell Painting
—Visualize different cell compartments
—Examine changes in size, shape, texture

- High-throughput Transcriptomics (HTTr)
—Measure changes in gene expression due to chemical exposure
—Can run in whole genome or reduced coverage mode
—We use the Temp-O-Seq Platform
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Standardized Expansion Protocol

BioTek
MultiFlo ™ FX
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Experimental Workflow

Dispensing Test
Chemicals

LabCyte Echo® 550
Liquid Handler
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Track 1: Targeted RNA-Seq

Generating Cell
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TempO-Seq WT
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rack 2: Apoptosis / Cell Viability

Reagent Dispensing High Content

Imaging
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Perkin Elmer
Opera Phenix™

High Content Screening System




EPA HTPP with the Cell Painting Assay
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Cell Painting is a profiling method
that measures a large variety of
phenotypic features in fluoroprobe
labeled cells in vitro.

* High-throughput
e Scalable
 Amenable to lab automation

* Deployable across multiple
human-derived cell types.

* Reproducible

» Cost-effective (¢ / well)

* Infrastructure investment

* High volume data management

Laboratory & bioinformatics

workflows for conduct of this assay

have been established at CCTE.

OPEN () ACCESS Freely available online @PLOS | ONE

Multiplex Cytological Profiling Assay to Measure Diverse
Cellular States
Sigrun M. Gustafsdottir®, Vebjorn Ljosa®, Katherine L. Sokolnicki®, J. Anthony Wilson®, Deepika

Walpita, Melissa M. Kemp, Kathleen Petri Seiler=s, Hyman A, Carrel*?, Todd R. Golub, Stuart L. Schreiber,
Paul A. Clemons™, Anne E. Carpenter™, Alykhan F. Shamji1

Broad Institute of Harvard and MIT, Cambridge, Massachusetts, United States of America

Golgi +
DNA RNA + ER membrane Mitochondria

Za’{\on

Pe  enst | 1300 features | \oce® Cxtyp
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1. find nuclei 2. find cell outline 3. reject border objects
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Solvent control (0.5% DMSO) _ Berbenne chloride (10 M) Solvent control (0.5% DMS0)  Ca-074-Me (1 uM)

RNA/ER

DNA Mitochondria
DNA

DNA RNAJER

Mitochondrial Compactness Golgi Texture Cell Swelling
£
E 1hm_ RNA . ER AGP
2
ﬁ I {4
o
m
1) » |
=
E |
E I [ I f I
8] i I 5
| — L A B 0 TEN | -] — 1 -
3 1 1 .
2 | 1 |
a w i I i 5
w I
= ] I i
é ! t ] " ! I| ] |I ! ] 10
%. HI ! I ! } | | 1 I ' ) ]
i | ! 4 5 {

« Strong phenotypes are observed qualitatively and produce distinct profiles when measured
quantitatively.

Adapted from Nyffeler et al. Toxicol Appl Pharmacol. 2020 Jan 15;389:114876



wEPA Concentration-Response Modeling
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SEPA HTTr Using TempO-Seq Platform
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TempO-Seq Assay

The TempO-Seq human whole transcriptome lllustration
assay measures the expression of ~21,100 3
transcripts. Purified RNi or Lysates
Requires only picogram amounts of total RNA ¥ . 5'
per sample. Detector Oligo Annealing g
Compatible with purified RNA samples or cell _ = Pi"
Iysates. Excess Oligo Removal — =
Transcripts in cell lysates generated in 384- Detector Oligo Ligation \d
well format barcoded to well position - ‘
Scalable, targeted assay: PCR with Tagged Primers Sample Tag 1
* Measures transcripts of interest — v
« Greater throughput and requires lower e e ~
read depth than RNA'Seq Pool Library, Cotcentratequrifv
« Ability to attenuate highly expressed Squeme

genes
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Dataset MCF?7 Pilot MCF7 Screen | HepaRG Screen | U20S Screen
Tissue Breast Breast Liver Bone
Chemicals 44 1593 [3] 1323 1324
Samples [1] 350 12959 10825 10766
Genes [2] 10149 9137 12116 11815
Notes:

[1] Includes 8 concentrations / chemical and replicates, but not reference

chemicals

[2] There may be more than one probe per gene. At least 95% of samples
must have at least 5 counts for probe to be included
[3] After samples from bad plate groups were removed
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Treatment Randomization & Quality Control
Samples

Treatment Randomization:

QC Samples:

Each test plate uniguely randomized with respect to treatment.
Quality Control samples included on each plate

Evaluate technical
reproducibility in diverse
purified RNAs

[ Test Chemicals
UHRR (Us) - Untreated
UHRR (Us) [ oMso (vehicle control)
HBRR (Us) [l CMAP Reference
HBRR (Us) [ HCI No Label Controls

Evaluate technical
reproducibility in MCF7
celllysates

Bulk Lysate (DMSO)
Bulk Lysate (DMSO)
Bulk Lysate (TSA)
Bulk Lysate (TSA)

Lysis Buffer (Us)
Lysis Buffer (Us)

No Template Control

Vendor Supplied Process
Controls /
QcC Samples

UHRR (Them)
UHRR (Them)
HBRR (Them)
HBRR (Them)
Lysis Buffer (Them)
Lysis Buffer (Them)

UHRR = Universal Human Reference RNA

HBRR = Human Brain Reference RNA

HCI
Labeling

<=

Apoptosis & Cell
Viability

- HCI Pos. & Neg. Controls
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Experimental Lab

Sample Key

|

httr_well_trt

(Ship Samples)
______________________ >

HISAT2 &
Samtools

Study-specific
contrasts of
interest

A 4

httr_trt grp_cmp

BioSpyder
Probe
Fastq Data Manifest
httr_raw httr_probe

A 4

A\ 4

httr_counts

A\ 4

httr_counts_qc

A 4

\ 4

httr_well

v

'

DESeq2 ————»|

httr_deg

Scheduled backups
Recovery plan
Rapid export
Open-source tech

L. Everett



Raw Processing Options
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- Alignment Pipeline — using HISATZ2, comparable to
STAR
—Now trims 51bp reads prior to alignment
—Allowed soft-clipping with per base penalty

- Probe Homology can be an issue

—Mapped homology within probe manifest (some probes have
49bp overlap)

—>95% of reads map uniquely to one probe with current
parameters

—HISAT2 was better at resolving unique matches for homologous
probes

—Multi-mapping probes discarded for final counts

L. Everett
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Test Samples:

® 8 Concentrations
® 14 Log,, Spacing
® Triplicate Plates

¥ Untreated

"DMSO
Genistein

¥ Sirolimus

® Tricostatin A

Ref Chemicals:

Chemical Dose Plate

Cryopreserved

Cell Stocks

J

13-day Cell Expansion

& Plating

QC Samples:

" UHRR
HBRR
BL DMSO
BL TSA

¥ Lysis Buffer

Treatments
Randomized to
Test Plate

I ¢ [ ]
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Raw Data Processing

Single Chemical

Analysis

Raw
Reads
(FASTQ)

Probe

Manifest

Probes
e I

U

Veh Incr

HTTr Overall Process

Alignment
(HISAT2)

Count matrix

Samiles

Probes

@]
Database Layer

Signature Conc-
Response

Signature
PODs
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- Most recent version of DESeq2 (v1.24.0)

—Evaluated questions about choice of plate effect and
shrinkage using reference chemicals

—Newer shrinkage methods (Ashr, Apeglm) results less reliable

- Analyze one chemical at a time with matched DMSO
controls

- DEG analysis by four DESeqg2 options:-
1. Plate effect - , Shrinkage -
2. Plate effect - , Shrinkage +
3. Plate effect + , Shrinkage -
4. Plate effect + , Shrinkage + (Recommended)
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- Understanding the results of changes in expression of 10,000-20,000
genes is hard

- Group genes into gene sets (“Signatures”)
- Examples of signature types
— Genes that are perturbed in diseased tissue vs. health tissue
— Genes perturbed in individuals with congenital diseases vs. those without
— Genes perturbed by drugs or other chemicals
— Genes perturbed by gene knockdowns / knockouts

- Example use

— If a chemical perturbs the genes upregulated in a cancer type, the chemical is
a candidate carcinogen (or candidate anti-cancer drug)

- Each signature has a hand-annotated “super target” class to help with
annotation

- ~10,000 signatures
- ~1000 super targets
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- Start with matrix of samples x genes with 12fc from DESeq2

- For each concentration of each sample, calculate score for
each signature using
—GSEA (ssGSEA)
—FC (mean(l2fc|in signature) — lean(l2fc|out of signature))

- Distribution of signature scores are zero centered

- For bidirectional signatures collapse score to that of parent
—Score(chemical, concentration, parent)=score(up) — score(down)
—Retains directionality

- For unidirectional signatures, parent score=signature score

19
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« At what concentration does the chemical cause an effect?

- “Point of Departure”
—ACH50: concentration at 50% of effect

—Benchmark Dose/Concentration: concentration where signal
exceeds noise

« Measure this in vitro

- Can also predict in vivo dose where effect happens using
toxicokinetics
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Concentration-response modeling
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- Use variant of ToxCast tcpl concentration-response fitting
method

- Expanded to include all models used in BMDEXxpress
—cnst, hill, gnls, poly1, poly2, pow, exp2, exp3, exp4, expd
—Fitting in both up and down directions
—Model with lowest AIC is selected

- Produces a continuous hit call value
- Implemented in R package tcplFit2 — public soon

- Create null distribution of 1000 randomly select “chemicals”
created by permuting columns of sample x gene matrix

- Real chemical response has to exceed 95% CI of the null
distribution

21
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Er;\;ir:gcmental Protection Response plot

all-trans—Retinoic acid
CMAP tretinoin 1.34e-05 100 2515 100

E 4 acso BMD Tp T it Confid_ence Interval (Cl) around points from
13 11 084 12 1 the fitting error term
o
g
o = | Outer gray band is 95% ClI of null dist.
o3 £ I —j‘- — Inner lines are benchmark response
0 Green vertical band is BMD and 95% CI
QP 7| cass:RAR
size: 72
o method:exp4
T‘ —{ Cutorr=0.07 TP00D1719112
I I I
1e-03 1e-01 1e+01

conc (uM)



SEPA More activity that just Estrogen
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Digitoxin
Dexamethasone CMAP digoxin 5.2e-06 100 2866 100
CMAP budesonide 9.2e-06 100 6013 100 o
o ] - - 7 mthd AC50 Top BMD  ACC Hitcall
- mthd ACS0 Top BMD  ACC Hitcall . exphb 019 0.74 _‘r []_0%5
] expd 0059 023 0072 1 T
Ty 1
Te]
Ty} o
g
L T 2 S '
T o
g o — ? g °
fB o I - E
-
) 7
cl,' — class: ATPase inhibitor
class: glucocorticoid size: 69
size: 44 method:exp5
method-exp4 © | Cutoff=0.11 l
3 _ Cutoff=0.13 ! T T T
: T T | 1e-03 1e-01 1e+01
1e-03 1e-01 1e+01
conc (uM)
conc (uM)
all-trans-Retinoic acid DiethyIstilbestrol
CMAP tretinoin 1.34e-05 100 2515 100 - CMAP fulvestrant 1e-08 100 985 100
< i - ] mthd AC50 Top BMD ACC  Hitcall
- mthd AC50 Top BMD  ACC Hitcall ana
. expd 36 0.71 0. L) expd 0003 -025 0.0029 1
w
g -T- g
(=]
o '/ R =
= - = § T 2
S —
i 3 — T [ ] 1
I".). - C,' —
? : class: estrogen
class: ALDH/RAR/RXR 1ass. eslrag
size: 69 ' size: 48 l
Co method:exp4
method:exp4 o Cutoff=0.12 l
2 | Cutoff=0.11 T — :
1 | | | T T T
1e-03 1e—01 1e+01 Te-03 Te-01 Te+01

conc (uM) conc (uM)



1500 2500

0 500

<EPA

United States

Environmental Protection

Agency

RS
c
o
©)
N
—
2
C
(@)
(@]
< el
N
L
L2
c
8."‘ 1 1
©
e
C [
<
- 1

Down Gene Set

Up Gene Set
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BPB
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4CP

4HT
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Gene-level to signature score

mthd ACS50 Top  BMD
. expd 037 -019 5

ACC  Hitcall
04 099

B

class: estrogen
size: 63
method:expd
Cutoff=0.1

BPA

T T
1e-03 1e-01

conc (uM)

1e+01

. expd 011

mhd AC50 Top  BMD ACC Hitcall
-0.2 7011 099

class: estrogen

NESSRE
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method-expd B P
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T T T
1e-03 1e-01 te+01
cone (uM)
mihd ACS0 Top  BMD ACC Hitcal
. expd 04 -0.16 056

——

class: estrogen

method:exp4
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Tt

4NP

T T
1e-03 1e-01

cone (uM)

T
1e+01

mthd  AC50 Top  BMD
. expd 032 -018 024

ACC Hitcall
04 097

I‘T

class: estrogen

size: 63
method:expd 4 P
Cutoff=0.1

T T T
1e-03 1e-01 1e+01

conc (uM)
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e other in vitro assays?
R2=0.65 RMSE=0.7
N — . . .
—~ T 7 . ."'-. Compare potency with
= ", &+ " | estimates from 18 in
g o - © vitro agonist and
&) . antagonist high-
g - - throughput screening
= . ¢ assays.
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™M _
! | I I I I |
-3 -2 -1 0 1 2

ER Model log(AC50, uM)
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Ranking Chemicals by potency
And
Comparing Technologies

Black: lowest 5%-ile signature
Red: ToxCast 5% POD
Yellow: BMD Express

Green: ToxCast ER Model

Data from MCF7 Pilot

DMEM_6hr_pilot_normal_pe_1: mygsea
pilot_large_all_100CMAP

A Sth Signature ¢ ToxCast o BMDExpress a4 ER agonist w ER antagonist

PFOA * ——
Lactofen & T —
Cyproconazole & ——
Lovastatin L] _9_
Amiodarone hydrochloride
Simazine §——
Maneb e — 47
Propiconazole p
Nilutamide o AT
Fenofibrate —
Vinclozolin ¢ —A
Butafenacil ® ——
Bifenthrin . —F—
Prochloraz & —— 5
Clofibrate * ——
Troglitazone ——
PFOS —Ay— o
Fomesafen —
Cyanazine o —
Simvastatin e
Cypermethrin -4
Reserpine ——
Trifloxystrobin —— )
Farglitazar —- o
Flutamide —h—
3,5, 3'-Triiodothyronine & O —
Cyproterone acetate —y— o)
Pyraclostrobin —_—h— &
Cladribine ® —h— &
Atrazine —— &
Bisphenal A —a— A &
4-Cumylphenal —_—a— s A o
Imazalil —h &
4-Nonylphenol, branched —a— A o
Clomiphene citrate (1:1) 5 o
Bisphenol B —— o
Ziram —h—, )
Rotenone ¢ —b— )
Thiram —— o
Tetrac —h— &
4-Hydroxytamoxifen — &
Fenpyroximate (ZE) ¢ — o
Cycloheximide —h—
Fulvestrant & — e v

black,red blue: ToxCast POD =,in,> Pathway POD range

I I I [
1e-04 1e-02 T1e+00 1e+02

log(BMD uM)




Predicting Effect

- What signatures or pathways are activated?
- Are they target-specific?

- Are they related to generalized cell stress?
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Use class and known targets

Super targets

Boxplot shows range
of BMD values for
signatures for the
super targets

Red indicates that
the super target is a
target of the
chemical

Super Target Summary Plot

ToxCast Oth

ToxCast ATG |
ToxCast BSK —
ToxCast Cytotox —|

Stress (B,

Antimicrobial (3,

ALDH/RAR/RXR (2,
Neuropsychiatric Disorder
Anticancer Drug
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Pregnancy Complcation (2,
Cervical Cancer
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lon Channel Ca (2,
Ischemia 5

PPAR

ATPase Inhibitor (3,
Pancreatic Disorder
DNA/RNA Synthesis Inhibitor é
Lymphatic Diseases (2,
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Microtubule Modulator (2,
Glucocorticoid (4,
Infection é

Antioxidant

STAT (2,

Neoplasm é

Breast Cancer
Congenital Disorder (3,
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i

;

(

Skeletal Disorder
Bone Marrow
Neurological Disorder
DNA Damage
Contrast Agent
CHRM/DRD/HTR
Inﬂammat}a}

Chemical name,

all-trans-Retinoic acid
MCF7 : DTXSID7021239
TP0001719112

— =
Pharmaceutical

-

er 1

0) 1

S a e e
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o]

T T
1e-01 1e+01

BMD (uM)

DTXSID and sample ID

— Stress signatures

Median of all super target
BMD medians
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- Activity can be specific or non-specific

- Specific
—Chemical interacts with a target that causes genes to be up or
down-regulated
—Examples are nuclear receptors (ER, AR, RAR)
- Non-specific
—Chemical causes some kind of general stress
—Disrupts cell membranes, oxidative stress, apoptosis
—Cell responds by turning on generalized stress response pathways
—Large number of genes are mis-regulated
—“Burst” of activity across the genome
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all-trans-Retinoic acid
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Pharmaceutical
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TonCast Gyt S SO =4 ___r—— Stress signatures
Stress (6,0) o 3
Antimicrobial (3, 0) —
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Pregnancy Complcation (2
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VEA _. ldentifying Phenotypes from HTTr Data

- Examine pattern of activity for phenotype “reference”
chemicals

—These chemicals are known to trigger the phenotype

- Hypothesis: Chemicals with similar patterns of activity
could cause the same phenotype

- Use example of immunomodulation

31
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Key T Cell
HepaRG
Chemical Evidence
1,10-Phenanthroline Reference Chemical (AhR)
—r 1 1T 1
-1 05 0O 05 1

log(bmd) A;ji T - Dicloran Antiinflammatory [1]

- 1,10-Phenanthroline . “ H
Dinoseb ... potential to cause

Dinoseb

St damage to the immune

Z-Mzthyi-4 S-dinfinopkerc

e system”, US EPA [2]

1,3-Diphenyiguanidine
[ ] Cyclazporn A
&P-12272
mazail
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SEPA Summary

Environmental Protection
Agency

- Need to screen thousands of chemicals for potency and
mechanism of action

- We can now do this with HTPP, HTTr and HTS

- Application areas in current use
— Prioritizing chemicals for further investigation
— Clustering chemicals by activity profile
—ldentifying areas of concern for emerging contaminants
— Estimating safe exposure levels for chemicals

—Animal-free evaluation of chemical safety for cosmetics
ingredients (with Unilever)
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