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Problem Statement

Too many chemicals to test with standard 
animal-based methods

–Cost, time, animal welfare 

Need for better mechanistic data
- Determine human relevance

- What is the Mechanism of Action?
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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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New Approach Methods
• 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
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Tiered Hazard Evaluation Approach

The NexGen Blueprint of CompTox at 
USEPA Tox. Sci. 2019; 169(2):317-322
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Two Screening Technologies
• 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

Cell 
Expansion

Cryopreserved 
Cell Stocks

Cell Plating

BioTek
MultiFlo TM FX

Dispensing Test 
Chemicals

LabCyte Echo® 550 
Liquid Handler

Generating Cell 
Lysates

Reagent Dispensing

TempO-Seq WT

High Content 
Imaging

Perkin Elmer 
Opera PhenixTM

High Content Screening System

Track 1: Targeted RNA-Seq

Track 2:  Apoptosis / Cell Viability

Experimental Workflow
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HTPP with the Cell Painting Assay

Golgi + 
membrane 

+ actin skeleton 
DNA RNA + ER Mitochondria

1300 features

Cell Painting is a profiling method 
that measures a large variety of 
phenotypic features in fluoroprobe 
labeled cells in vitro.

• High-throughput
• 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.
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1. find nuclei 2. find cell outline 3. reject border objects

Image Analysis Workflow  Image Segmentation
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Examples of Chemical Induced Phenotypes

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

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

Mitochondrial Compactness Golgi Texture Cell Swelling Cell Compaction
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Concentration-Response Modeling 
Example

• At each concentration score each of 1300 features

• Do concentration-response analyses to get potency estimate

• Consolidate features into 49 categories for better interpretation
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• The TempO-Seq human whole transcriptome 
assay measures the expression of ~21,100 
transcripts.

• Requires only picogram amounts of total RNA 
per sample.

• Compatible with purified RNA samples or cell
lysates.

• Transcripts in cell lysates generated in 384-
well format barcoded to well position

• Scalable, targeted assay: 
• Measures transcripts of interest
• Greater throughput and requires lower 

read depth than RNA-Seq
• Ability to attenuate highly expressed 

genes

TempO-Seq Assay 
Illustration

HTTr Using TempO-Seq Platform
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HTTr Datasets

Dataset MCF7 Pilot MCF7 Screen HepaRG Screen U2OS 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
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HTTr Data Management 

httr_well_trt

Sample Key

httr_trt_grp_cmp

Fastq Data

httr_raw

httr_counts

httr_probe

Probe 
Manifest

Experimental Lab BioSpyder

httr_counts_qc

httr_well

httr_degDESeq2

HISAT2 &
Samtools

(Ship Samples)

Study-specific 
contrasts of 

interest 

Scheduled backups
Recovery plan
Rapid export
Open-source tech

L. Everett
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Raw Processing Options

• Alignment Pipeline – using HISAT2, 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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Cryopreserved 
Cell Stocks

Chemical Dose Plate

Treatments 
Randomized to 

Test Plate

13-day Cell Expansion
& Plating

Ref Chemicals:
Untreated
DMSO
Genistein
Sirolimus
Tricostatin A

QC Samples:
UHRR
HBRR
BL DMSO
BL TSA
Lysis Buffer

Raw 
Reads 

(FASTQ)

Probe 
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Alignment
(HISAT2)

Sample QC
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Differential Gene Expression 
Analysis

• 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 DESeq2 options:-
1. Plate effect - , Shrinkage -
2. Plate effect - , Shrinkage +
3. Plate effect + , Shrinkage -
4. Plate effect + , Shrinkage + (Recommended)
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Gene Sets: “Signatures”
• 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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Signature Scoring

• Start with matrix of samples x genes with l2fc 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
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Predicting Potency

• At what concentration does the chemical cause an effect?

• “Point of Departure”
–AC50: 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

• Use variant of ToxCast tcpl concentration-response fitting 
method

• Expanded to include all models used in BMDExpress
–cnst, hill, gnls, poly1, poly2, pow, exp2, exp3, exp4, exp5
–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
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Example Signature Concentration-
Response plot

Outer gray band is 95% CI of null dist.
Inner lines are benchmark response

Green vertical band is BMD and 95% CI

Confidence Interval (CI) around points from 
the fitting error term
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More activity that just Estrogen 
Receptor

23
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How do potencies compare with 
other in vitro assays?

25

Compare potency with 
estimates from 18 in 
vitro agonist and 
antagonist high-
throughput screening 
assays.
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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
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Predicting Effect

• What signatures or pathways are activated?

• Are they target-specific?

• Are they related to generalized cell stress?
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Super Target Summary Plot

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

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

Chemical name, 
DTXSID and sample ID

Use class and known targets

Super targets

Median of all super target 
BMD medians

Stress signatures



Office of Research and Development
National Center for Computational Toxicology

Why Cell Stress is Important

• 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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Specific vs. Non-specific

Stress signatures

Specific
1 signature

Non-Specific – tens to hundreds of signatures
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Identifying 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
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Immunomodulation example

32

Chemical Evidence
1,10−Phenanthroline Reference Chemical (AhR)

Dicloran Antiinflammatory [1]

Dinoseb “… potential to cause 
damage to the immune 
system”, US EPA [2]

Cyazofamid No information

2−Methyl−4,6−dinitrophenol Used to prime immune 
system “Hapten” [3]

2,4−Dinitrophenol Used to prime immune 
system “Hapten” [3]

[1] https://www.lybrate.com/medicine/dicloran-50-mg-tablet
[2] https://nepis.epa.gov/Exe/ZyPDF.cgi/91024T8B.PDF?Dockey=91024T8B.PDF
[3] https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2138607/

T-Cell-related Signatures

https://nepis.epa.gov/Exe/ZyPDF.cgi/91024T8B.PDF?Dockey=91024T8B.PDF
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Summary

• 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
– Identifying 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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