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Background
 Computational Toxicology Strategic Vision
e Phenotypic Profiling via Cell Painting
e Project Objectives

Assay Development

Identification and Screening of Phenotypic Reference Chemicals

Explore Phenotypic Responses Across:
e Biological Space (i.e. cell types)
* Exposure Duration
e Chemical Space (i.e. ToxCast pilot)

e Summary and Conclusions
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Background

« ToxCast assays cover many genes and pathways, but do not provide A strategic vision and operational road map for computational toxicology at
complete coverage of bio|0gica| space. the U.S. Environmental Protection Agency
Gene Coverage Pathway Coverage* f Tier 1 \
=320 ‘ Broad Coverage, Multiple cell types
n= genes \’ High Content Assay(s) +/- metabolic competence
B ToxCast
g Notin | |
ToxCast No Defined Biological Defined Biclogical Target
Target or Pathway or Pathway
*Af least one gene from ' 1 Tier 2 ™
pathway represented et
‘ Se'ic:;;v:ﬂm ‘ } Orthogonal confirmation
e USEPA Strategic Vision and Operational Roadmap: \_ ' y,
/ 1 l Tier 3 \
e Tier 1 strategy must cast the broadest net possible for capturing
hazards associated with chemical exposure. E’"St'”lgm ) “°1D'° )
* Formfollows function = activation or inhibition of protein targets by In Vitro i OrganotypicAssaysand | identify Likely Tissue,
. . . Assays for otherKEs Microphysiological Organ, or Organism Effect
chemicals may manifest as changes in cellular morphology. | andsystemsModeling | | Systems | andsusceptible Populations
e Certain types of high content imaging (HCI) provides a cost effective T I !
means for profiling the effects of chemicals and identifying thresholds Estimate Point of Departure  Estimate Point-of.Departure Estimate Point-of Departure
. . .. ased on Pathway asedon asedon Likely Tissue- or
for chemical bloact|V|ty. Transcriptional Perturbation Organ-level Effect without AQP

e Complementary to high throughput transcriptomics (HTTr).
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Golgi + membrane . .
RNA + ER + actin skeleton mitochondria
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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.

waen High Content Imaging-Based Phenotypic Profiling

A chemical screening method that measures a
large variety of morphological features of
individual cellsin in vitro cultures.

Successfully used for functional genomic studies
and in the pharmaceutical industry for compound
efficacy and toxicity screening and MOA
prediction.

No requirement for a priori knowledge of
molecular targets.

May be used to identify bioactivity thresholds for
“dirty chemicals” (i.e. chemicals that affect many
cellular proteins or processes simultaneously at a
given test concentration).



Project Objectives
Phase 1: Methods development

* Microfluidics-based laboratory workflow for cell plating, chemical exposures and
fluorophore labeling based on the Cell Painting assay (Bray et al. 2016).

 Imageacquisition protocols, analysis workflows and a data processing pipeline for
highly-multiplexed measurements of cellular morphology

Phase 2: Identify a small set of phenotypic reference chemicals and:
e Screen in concentration-response mode in a reference cell type

e Evaluate reproducibility of observed phenotypes as compared to literature
e |dentify reference chemicals for use in screening applications.

e Explore ways to calculate in vitro point-of-departures (PODs) A

time
Phase 3: Use phenotypic profiling to explore responses across:
e Time
e Biological space (i.e. cell types)
e Chemical space (i.e. ToxCast)

chemical space

biological space




n
AAAAAA

Phase1l:  Assay Development
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Laboratory Workflow
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Nucleus and Cell Segmentation

Environmental Protection

. find nuclei 2. find cell outline 3. reject border objects
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Define Cellular Compartments

cytoplasm
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Concentration-Response Modeling
Data Reduction Benchmark dose (BMD) modelling
in R using BMDExpress 2.2
cell-level data (~500 cells/well) Y

1293 endpoints

p <0.01

ANOVA filtering FDR adjusted

|

BMD mode”ing 6 models: Hill, Linear, Poly2, Power, Exp2, Exp5

!

Model selection Model with best AIC

cell value — medianpyso
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well-level data
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Phase 2: Phenotypic Reference Chemicals
in U-2 OS Cells




SEPA Experimental Design (Phase 1)
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Multiplier

Cell Type(s) 1 U-2 0OS 2 Bone
Culture Condition 1 DMEM + 10% HI-FBS
Chemicals 16 14 phenotyplc reference ch_emlcals
2 negative control chemicals
Time Points: 1 48 hours
, Cell Painting
RSV FOIAIEUES 2 HCI Cell Viability & Apoptosis
Concentrations: 8 3.5 log; units; semi log;o spacing
Biological Replicates: 3 =

@ Reference cell line (Bray et al. 2016).
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e Reference chemicals (n=14) with narrative descriptions of observed phenotypes were identified from Gustafdottitet al. 2013.
e Candidate negative control chemicals (n=2) with no anticipated affect on cell phenotype were includedin the reference set.

Compound Name Chemical Use Expected Phenotype

Amperozide

Berberine Chloride

Ca-074-Me
Etoposide
Fenbendazole
Fluphenazine
Latrunculin B
Metoclopramide
NPPD
Oxibendazole
Rapamycin
Rotenone
Saccharin
Sorbitol

Taxol

Tetrandrine

Atypical antipsychotic
Mitochondria complex | inhibitor
Cathepsin B inhibitor
Chemotherapeutic

Anthelmintic

Typical antipsychotic

Actin cytoskeleton disruptor

D, dompaine receptor antagonist
Chloride channel blocker
Anthelmintic

Macrolide antibiotic / antifungal
Mitochondria complex | inhibitor
Artificial Sweetener

Artificial Sweetener

Microtubule Stabilizer

Calcium channel blocker

Toroid nuclei

Redistribution of mitochondria

Bright, abundant golgi staining

Large, flat nucleoli

Giant, multi-nucleated cells

Enhanced golgi staining and some cells with fused nucleoli
Actin breaks

Enhanced golgi staining and some cells with fused nucleoli
Redistribution of ER to one side of the nucleus

Large, multi-nucleated cells with fused nucleoli

Reduced nucleolar size

Mitochondrial stressor

Negative Control

Negative Control

Large, multi-nucleated cells with fused nucleoli

Abundant ER

Gustafsdottir, et al. 2013
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* Unique phenotypic profiles observed across the reference chemical set.
* Some chemicals did not produce any effects.
I Effects on morphology observed at sub-cytotoxic concentrations.




EPA Phenotypic Profiles Are Consistent with Previous Literature Studies
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solvent control (0.5% DMSO) Berberine Chloride (10 uM)

Parameters with marked effects:

o
Channel Compartment Domain "é
Mito Cytoplasm Texture %
Mito Cytoplasm + Ring Intensity Maximum -‘23
Mito Entire Cell Morphology: Compactness <
Literature: redistribution of mitochondria e
Channel Compartment Domain
Cytoplasm + Ring Texture
Cytoplasm + Ring Intensity Maximum <
Entire Cell Morphology/Texture o
Literature: bright, abundant Golgi stain
Channel Compartment Domain
Entire Cell Morphology: Area
DNA + Nuclei Morphology: Compactness -
Texture w
ER + Cytoplasm + Ring Intensity: Sum s
all Entire Cell Morphology ;
[a]

Literature:large, flat nucleoli




\n"’EPA Visualizing Phenotypic Profiles: Potency vs. Efficacy Plots
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Amperozide —
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Phase 3: Biological Space (i.e. Cell Types)

time

chemical space

>

biological space




<YEPA Experimental Design: Biological Space

Environmental Protection
Agency

Multiplier

U-2 OS @ Bone
MCF-7 b Breast
A549 b Lung
el EEE) < HTB-9 b Urinary bladder
ARPE-19 Retina
HepG2 Liver
Culture Condition 1 DMEM + 10% HI-FBS
Chemicals 16 14 phenoty_plc reference ch_emlcals
2 negative control chemicals
Time Points: 1 48 hours
, Cell Painting
RSN RO 2 HCI Cell Viability & Apoptosis
Concentrations: 8 3.5 log;o units; semi log;, spacing
Biological Replicates: 3 =

@ Reference cell line (Bray et al. 2016).
b Previously characterized using Cell Painting (Gustafdottir et al. 2013).
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SEPA _ Comparable Response Profiles Across Cell Types (1
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SEPA  Comparable Response Profiles Across Cell Types (2)
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SEPAA  Comparable Response Profiles Across Cell Types (3)
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Correlation of Cell Viability BMDs Across Cell Types

RefChem16 - Cell Death & Viability BMDs
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RefChem16 - Q05 of Profiling BMDs

Amperozide
Berberine Chloride 4
Ca-074-Me 1
Etoposide -
Fenbendazole A
Fluphenazine
Latrunculin B 1
Metoclopramide -
NPPD -~
Oxibendazole
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Rotenone A
Saccharin A
Sorbitol 4

Taxol 1

Tetrandrine
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Strong Correlation of Cell Painting PODs Across Cell Types
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Phase3:  Time Course (U-2 OS)
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chemical space
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SEPA Experimental Design: Time Course

Environmental Protection
Agency

Multiplier

Cell Type(s) 1 U-2 0OS 2 Bone
Culture Condition 1 DMEM + 10% HI-FBS
Chemicals 16 14 phenotyplc reference ch_emlcals
2 negative control chemicals
Time Points: 5 3,6,12,24,48 hours
, Cell Painting
RSV FOfEUEE 2 HCI Cell Viability & Apoptosis
Concentrations: 8 3.5 log;( units; semi log;o spacing
Biological Replicates: 3 =

@ Reference cell line (Bray et al. 2016).




SEPA  Qualitative Similarity in Response Profiles Over Time
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Cell Painting PODs Are Stable Over Time

TimeCourse U20S (N=1) - Cell Death BMDs

Amperozide -
Berberine Chloride -
Ca-074-Me A
Etoposide q
Fenbendazole A
Fluphenazine o
Latrunculin B 4
Metoclopramide 4
NPPD -
Oxibendazole A
Rapamycin 4
Rotenone
Saccharin A
Sorbitol 4

Taxol 4

Tetrandrine o

Timepoint
06h
® 24h
® 48h

e Cell Painting PODs (Q05) are quantitatively similar after ~6 hr exposure duration.

2 0
BMD.PI [log10(uM)]

TimeCourse U20S (N=1) - Q05 of Profiling BMDs

Amperozide -
Berberine Chloride -
Ca-074-Me A
Etoposide q
Fenbendazole A
Fluphenazine 4
Latrunculin B 4
Metoclopramide 4
NPPD -
Oxibendazole A
Rapamycin 4
Rotenone -
Saccharin A
Sorbitol -

Taxol q

Tetrandrine o

Timepoint
03h o

06h L
12h
® 24h
@ 48h @

4 2 0
5% quantile of Profiling BMDs [log10(uM)]

e Cell viability PODs show greater variation across exposure durations.

2

Number of chemicals

7.5-

5.0-

2.5-

0.0-
10.0-

75-

50-

25-

0.0-
10.0-

7.5-

5.0-

2.5-

0.0-

CP.POD/Apop.BMD over time
10.0-

3 2 4 0 1
CP.POD / min(BMD.PI, BMD.count) [log10]
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Phase3:  Chemical Space
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SEPA Experimental Design (Chemical Space)

Environmental Protection
Agency

Multiplier

Cell Type(s) 1 U-2 0OS 2 Bone

Culture Condition 1 DMEM + 10% HI-FBS
: Selected from ToxCast
SISl &0 HTTK parameters
Time Points: 1 48 hours
_ Cell Painting
RSV FOIAIEUES 2 HCI Cell Viability & Apoptosis
Concentrations: 8 3.5 log;o units; semi log;o spacing
Biological Replicates: 3 -

@ Reference cell line (Bray et al. 2016).
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2-Benzisothiazolin-3-one =
1.2-Dintrobenzens —|
1.3-Diphenylguanidine —
17-Methyltestosterons: —
17beta-Estradiol -
Methyl-4 5-dinitrophenal =
3,3-Dimethylbenzidine =
Tetramethylbutyljphenal —
4-Cumylphenol —
4-Dclylphenal =
Bisphenal A
Chlorpyrifos =
Clorophena =
CP-122721
Darbufelone mesylate —
Di-n-octyl phihalate —
sthylammonium chioride
Diethylstilbeatral =
wydramine hydrochloride =
Endothal —
Ethoxyquin =
Fluoranthene —
Flutamide
Genistein =
Heptachlor —
Mepanipyrim —
Mifepristone —
Mirex -
Nitrofurantein =
Mitrofurazone =
Octhilinone —
FPhosmet —
serflusrooctanesulfonate —
Pyrimethamine —|
Raloxifene hydrochloride =
SB23605TA -
Tnclosan —
ol bis(2-ethylhexancate) —
Triphenyl phosphate —

oro-2-propyl) phosphate =

In Vitro PODs, ToxCast Chemicals

BER Pilot (N=1)

Test chemicals (n>0)

@ 5% quantile of profiling BMDs F-@--{_ [ afF----- Bl
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10
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n=gd8

43 out of 80 (54%) of chemicals
tested produced concentration-
dependent changes in cell
morphology.

In most cases, the Cell Painting in
vitro POD (QO05) was well below the
threshold for cytotoxicity.

Preliminary Data— DO NOT CITE OR QUOTE



“EPA Bioactivity & Exposure Ratio Comparisons Using Reverse Dosimetry

United States
Environmental Protection
Agency

EPA - ExpoCast

HTTP BMD
(M) 10 » 5th percentile of phenotypic profile BMD10 distribution used.
Apply high-
throughput e Using httk v1..8 valuesforhumans N N
toxicokinetics e Defaulttoa s:mp'le model with no partition coefficients and use of steady-
(httk) to get state concentration.
8 * Assume 100% bioavailability and restrictive clearance.
mg/kg/day

Bloactlwtytl:exposu re POD,,.y : PODrrp ratio
Exposure ratio PODyrrp
5th 9%

EPA - ToxValDB

e NOEL, LOEL,
NOAEL, or
LOAEL

e Oral exposures

* Mg/kg/day

 Reversedosimetry: Conversion of a bioactivity valueto anin vivo steady state concentration using high-throughput

toxicokinetic (httk) modeling.
* Facilitatescomparisons of biologically active in vitro concentrationsto predicted human exposures and/or points-of-

departure (PODs) from in vivo toxicology studies

Figure Courtesy of Katie Paul-Friedman
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3’EPA Comparative Sensitivity of Cell Painting and ToxCast

Environmental Protection
Agency

1000 A

Hit category
@ HTPP positive
© Apop positive only

O negative

Number of Toxcast active calls

Q
Q.
0
330
10- %
0e)
O

FAI]_SE TRIUE
HTPP.hit

Number of chemicals

204

154

104

]

10 1000
Number of Toxcast active calls

* Preliminary analysis indicates that ToxCast is more sensitive than Cell Painting.

e Caveats: To date, only one cell type evaluated in Cell Painting.

Cell Painting perform in intact cells with adaptive mechanisms.

Hit category

|:| negative

|:| Apop positive only

|:| HTPP positive

Preliminary Data —
DO NOT CITE OR QUOTE



EPA Summary

United States
Environmental Protection
Agency

 Workflow: Developed a microfluidics-based laboratory workflow for cell plating, chemical screening and fluorescent
labeling of cells for measurements of organelle morphology.

e Concentration-Response Analysis: Developed a high content image analysis workflow (Harmony) and data analysis
pipelinethatincorporates concentration-response modeling (R & BMDExpress 2.2).

» Reference Chemicals: Replicated profiles described in previous publications and identified candidate chemicals for use as
reference controls for screening applications.

* Sensitivity: Effects on cell morphology were often observed at concentrations well below the threshold for cytotoxicity
both with reference chemicals and a subset of the ToxCast library.

» Biological Space: Cell Painting BMDs for the reference chemical set were strongly correlated across six cancer cell lines.

 Time Course: As exposure duration increases, a greater number of morphological endpoints are affected, however, the in
vitro POD (Q05) remains stable across time points. More specific effects observed at earlier times.

e Chemical Space: Screening of 80 ToxCast chemicals in U-2 OS cells produced ~50% hit rate. Comparison with ToxCast
data indicates that there is a positive association between the number of ToxCast assays affected by a chemical and
likelihood of a “hit” in the Cell Painting assay.
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EPA _ Comparing Response Profiles Across Cell Types (5)
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2018-08-13
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Comparing Response Profiles Across Cell Types (3)
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