
Targeted high throughput screening for 
nuclear receptor activation, cell stress, and 
immunosuppressive bioactivities with 147 

perfluoroalkyl substances
Presentation to FLUOROS

Katie Paul Friedman, PhD on behalf of the PFAS Research Team
paul-friedman.katie@epa.gov

Center for Computational Toxicology and Exposure, Office of Research and 
Development, US Environmental Protection Agency

October 6, 2021

1

The views expressed in this presentation are those of the authors and do not necessarily reflect the views or policies of the
U.S. EPA. Mention of trade names is not a recommendation or endorsement.

mailto:paul-friedman.katie@epa.gov


Outline of this talk

2

Concept Publication(s) DOI

Chemical library of PFAS screened Patlewicz et al. 2019 10.1289/EHP4555

Tiered in vitro screening strategy

Thomas et al. 2019 (general) 10.1093/toxsci/kfz058

EPA’s PFAS Action Plan
https://www.epa.gov/pfas/epas-

pfas-action-plan

Targeted screening for nuclear 
receptor activation and cell stress Houck et al. (2021) 10.1016/j.tox.2021.152789

Targeted screening for 
immunosuppressive bioactivity 

signature
Houck et al. (in prep) Short preview today of work in 

progress

https://doi.org/10.1289/ehp4555
https://doi.org/10.1093/toxsci/kfz058
https://www.epa.gov/pfas/epas-pfas-action-plan
https://doi.org/10.1016/j.tox.2021.152789


Chemical library of PFAS screened
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How to select PFAS for tiered screening?
• A few PFAS (e.g., PFOA, PFOS) have extensive information whereas many PFAS 

have little to no information.

• Select the original 75, extended to select ~150 for screening activities.
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Patlewicz et al. 2019 

https://comptox.epa.gov/dashboard/chemical_lists/?search=PFAS

https://comptox.epa.gov/dashboard/chemical_lists/?search=PFAS


You can search our lists of chemicals on our public CompTox
Chemicals Dashboard, and from there link to data resources
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https://comptox.epa.gov/dashboard/chemical_lists

https://comptox.epa.gov/dashboard/chemical_lists


Tiered in vitro screening strategy
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Executing the Next Generation CompTox
Blueprint to inform putative chemical hazard
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High-throughput 
transcriptomics and high-
throughput phenotypic 

profiling

High-throughput targeted 
screening (ToxCast)



Major elements of the EPA CompTox Blueprint 
can be applied to PFAS screening
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Analytical 
quality control 

(QC)

Toxicokinetic screening data: 
Hepatocellular clearance; renal 
transport; fraction unbound in 

plasma

Tier 1, 2 and 3 new approach 
methodologies

Nuclear receptor pathways; cell 
stress; immunosuppression; other 

bioactivity signatures

Public and 
soon to be 

public Tier 2 
data are the 

focus of 
today’s talk



This talk includes some of the publicly available 
data from research on PFAS
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EPA's PFAS Action Plan: A Summary of Key Actions

https://www.epa.gov/sites/default/files/2019-02/documents/pfas_action_factsheet_021319_final_508compliant.pdf


Targeted screening for 
nuclear receptor 
activation and cell stress
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Houck et al. 2020



Gathering information on nuclear receptor and cell stress pathways 
via transcription factor activity profiling (TFAP)

>3800 ToxCast chemicals have been 
screened in concentration response in 
the Attagene transcription factor 
profiling system

• HepG2 HG19 subclone for elevated 
xenobiotic metabolic capacity

• “CIS” assays: endogenous transcription 
factors that regulated transfected 
reporters (nuclear receptor promoter 
elements, cell stress)

• “TRANS” assays: exogenous receptor-
reporter system is transfected in 
(xenobiotic nuclear receptors)

• Used for environmental mixtures and 
single chemical screening



There are differences in assay sensitivity by mode and 
receptor, based on expression and design differences.
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• Low- to negligible-expression in 
HepG2 cells of ERα and PXR was 
overcome by cotransfection of full-
length receptors in the TRANS 
assay

• CAR and VDR have very low 
sensitivity to ligands due to 
reliance only on endogenous 
receptor expression in the host 
cell.



As with other assay platforms screened, lower MW often corresponded 
to more limited bioactivity, but there may be more than one reason.

• PFAS with molecular weight less than 330 g/mol 
appeared less likely to be active in the Attagene
assays and more likely to “fail” analytical QC 
(defined as parent structure not detected).

• Activity was not detected for 76 distinct 
structures, of which 55 % failed analytical QC. 

• 67% of the “failed” samples had predicted vapor 
pressures in excess of 100 mmHg, suggesting that 
chemical volatilization may have played a role in 
limited bioactivity of some of these samples.

• The specific acid form of PFAS may also be 
important, as the free acid form of the chemical 
known as “GenX” (perfluoro-2-methyl-3-
oxahexanoic acid (DTXSID70880215) did not have a 
high vapor pressure (was unlikely to have 
volatilized), but the ammonium salt form of this 
chemical (DTXSID40108559) showed activity as a 
PPARα agonist when solubilized in water (rather 
than DMSO). 
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Houck et al. 2020, Fig1B.



Potency for the PFAS that were positive at key transcription factor 
targets tended to be somewhat left-shifted from the rest of the ToxCast 
library
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• Many PFAS were negative in the transcription factor 
activity screening

• Aryl hydrocarbon receptor (AhR), estrogen receptor 
alpha (ERa), PPAR alpha, delta, and gamma (PPARa,d,g), 
the pregnane X receptor (PXR), and RXR alpha and beta 
(RXRa,b) emerged as targets.

• The number of chemicals that simply hit one or more 
relevant assays for a particular transcription factor 
group can be examined in more depth for confirmation.



Estrogen receptor activity can be confirmed with orthogonal assays 
including ACEA: Real Time Cell Analysis Based on Electrical Impedance

• Can measure cell proliferation or cytotoxicity 
depending on the direction

• Electrical impedance measured over 80 hr

• ACEA ER assay uses T-47D breast cancer cells



Confirmation of transcriptional responses with functional 
activity is an important strategy for ER bioactivity

• 40-60 PFAS demonstrated some activity in the ATG ERa TRANS or ERE 
CIS assays; viewing these assays as orthogonal reduces the set to <10. 

• All of these were less potent than 17β-estradiol. 
• Acrylates and N-akyl perfluoroalkyl (linear) sulfonamide structural categories were 

significantly associated with ER activity.

• Adding in ACEA as another orthogonal assay to confirm specificity 
leads indicates few PFAS with transcription factor and functional ER-
dependent cell proliferation.

• PFOA activated ATG_ERa_TRANS and ERE_CIS but failed to produce 
functional ER-dependent cell proliferation in ACEA.

1H,1H,8H,8H-Perfluorooctane-1,8-diol1H,1H,8H,8H-Perfluoro-3,6-dioxaoctane-1,8-diol

Houck et al. 2020, Fig5.



As expected PPAR activity was observed for a 
subset of PFAS.
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• The TRANS assay contained endpoints 
for all three human PPARs (α,δ,γ) 
whereas the CIS assay contained a 
reporter gene controlled by a PPAR-
response element that responds to all 
three PPARs endogenously expressed 
in the HepG2 host cells. 

• Functional groups enriched within the 
actives were mostly carboxylates 
along with sulfonates, sulfonamides 
and a thenoylketone, which all have a 
negative ionic charge at physiological 
pH, consistent with known critical 
components for ligand-binding.

• Not much activity at PPARδ (smaller 
binding pocket?).

Houck et al. 2020, Fig6.



~17 PFAS activated RXRβ, with two of these 
active at RXRα

• Seventeen of the PFAS, mostly 
linear, fluorinated carboxylic 
acids, showed a novel finding 
of activation of RXRβ. 

• Most also activated PPARα, 
PPARγ and NRF2, with varying 
levels of selectivity. Only two 
activated RXRα; however, 
NURR1 was activated, 
presumably through agonist 
effects on RXRβ .

• All are structurally related 
perfluorinated carboxylic acids 
and meet defined ligand 
structural requirements for 
RXR.
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PFNA appears to work through RXR specifically: an RXR-selective antagonist, 
UVI3003 (DTXSID501024375), completely blocked PFNA activation of RXR, 

whereas the PPARα antagonist GW6471 was ineffective. 

Houck et al. 2020, Fig8A.

PFNA



Xenobiotic nuclear receptor responses associated with hepatic 
metabolism may also be important targets to screen for PFAS bioactivity.

• Many of the PFAS modulated the 
xenobiotic response, particularly PXR.

• Responses were generally modest with 
respect to potency and efficacy relative 
to prototypical PXR inducers. 

• None of the PFAS were determined to be 
CAR activators, recognizing limitations in 
the FACTORIAL-CIS assay for CAR, likely 
due to negligible expression of CAR in 
HepG2 cells. 

• Several PFAS structures activated the 
AhR, somewhat surprising in that all were 
linear fluoroalkyl molecules while the 
protypical activator is a polycyclic 
aromatic hydrocarbon. Except for sodium 
perfluorodecanesulfonate and 1-Iodo-
1H,1H,2H,2H-perfluoroheptane, the 
responses were very weak with unknown 
in vivo relevance.
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Houck et al. 2020, Fig3B.



Immunosuppressive activity of the 
PFAS150 in an in vitro assay suite
Houck KA, Paul Friedman K, Feshuk M, Patlewicz G, Smeltz M, Clifton MS, Wetmore BA, Velichko S, Berenyi A, 
Berg EL. (In internal review). Evaluation of 147 Perfluoroalkyl Substances for Immunosuppressive and Other 
Activities through Phenotypic Screening of Human Primary Cells.
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PFOA and PFOS are suspected of being 
immunosuppressive

21

• A 2016 NTP review of PFOA/PFOS had concluded that 
suppression of antibody responses in animals had the most 
evidence.

• Chang et al. 2016 had concluded that the available evidence 
was insufficient to make a conclusion about causality; could 
cause immunosuppression in animals, but inconsistencies 
were present across species and strain.

• DeWitt et al. 2019 attempts to reconcile these opinions and 
concludes what the NTP concluded, that PFOA and PFOS may 
be associated with immunosuppression based on available 
data.

• The limited data landscape, focused on PFOA and PFOS, is 
complex, with differences by species, strain, sex, endpoints 
measured, and doses used. 



BioMAP is a suite of primary and primary co-culture models for 
assessing phenotypes, including some elements of immunosuppression
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A subset of BioMAP includes 
biomarkers in relevant cell 

types with measures of 
specific immune cells and 
interleukins known to be 

immune-relevant.

*Does not cover every type of cell involved in immune suppression nor every marker

• A TDAR will measure T-cell dependent IgM antibody response, can also IgG if modified.
• SAg: markers of decreased T-cell proliferation or specifically cytotoxic to PBMCs.
• BT: Decreased IgG and B cell proliferation or specifically cytotoxic to PBMCs.
• Mphg: Decreased IL-10 (like dexamethasone)
• Reference chemicals used: cyclosporin A, azathioprine, methotrexate [these 3 strongly suppress 

IgG production in BT], and dexamethasone [affected IL-10 in Mphg]



It’s unlikely that PPAR is related to any immunosuppressive activity in 
the BioMAP assay suite as PPAR agonists have little activity
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BioMAP Diversity Plus profiles of PPARa and PPARg reference 
chemicals. Profiles for PPARg agonists rosiglitazone (3.7 μM), 
pioglitazone (10 μM) and PPARa agonists gemfibrozil (200 μM) 
and oleoylethanolamide (1.1 μM) are shown for the 12 assay 
systems of the BioMAP Diversity Plus platform. Concentrations 
were selected from the database to exceed reported in vitro
EC50’s for the corresponding receptor targets by 5- to 40-fold.



PFOA (and PFOS) failed to provide support for suppression of 
IgG in BioMAP at the screened concentration range
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• Overall, neither PFOA nor PFOS seemed to show activity 
similar to the reference immunosuppressants except 
perhaps PFOA at its highest testing concentration of 60 µM 
where it clustered with dexamethasone.

• PFOA and PFOS decreased IL-10 in a co-culture system 
(Mphg assay) that detects macrophage responses. IL-10 is a 
cytokine that promotes B cell IgG production, but human 
relevance of this in vitro finding is unknown.

• Several other PFAS, i.e. 3-Bis(trifluoromethyl)-2-propenoic 
acid, 3H-perfluoro-2,2,4,4-tetrahydroxypentane and 
perfluoropinacol, have activities similar to the reference 
immunosuppressants in some of the cell systems, including 
suppression of IgG secretion.



A single PFAS at its highest screened concentration 
associated closely with cyclosporin
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• Suppression of multiple endpoints in the BT system and the 
SAg system is similar for both chemicals with strong 
reduction in secreted IgG and the cytokines IL-17A, IL-2, IL-
6 and TNFα in the BT assay. 

• Notably, while cyclosporine A was very selectively active for 
these two assay systems, 2,2,3,3-tetrafluoropropyl acrylate 
was also active in others, in particular the wound healing 
and inflammation model (HDF3CGF).

2,2,3,3-Tetrafluoropropyl acrylate



Overall conclusions of these high-throughput 
screening data for a PFAS library

• PFAS with MW >330 g/mol tend to be more active in vitro in the current 
aqueous media, cell-based assays.

• Analytical quality control is exceedingly important particularly for PFAS which 
may include substances that volatilize. Additionally the specific salt form of a 
PFAS greatly impacts its bioactivity.

• In general, the PFAS tend to be similarly or less potent than the rest of the 
ToxCast chemical library for any of the targets screened to date.

• Subsets of PFAS have activity for various nuclear receptor targets, and the use of 
orthogonal assays in vitro can further inform interpretation of these 
transcription factor targets. Screening for AhR, ER, PPAR, PXR, and RXR may be 
important.

• Work in progress on research-based screening models of immunosuppression 
fails to support PFOA and/or PFOS induced IgG suppression.
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