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Background and Importance of the Problem

Bottom line is that we cannot readily dig our way out using
only traditional testing approaches...




SEPA : :
i EPA is Using New Approach Methods

(NAMs) to Help Fill Information Gaps

Research Area 1: What are the human health and ecological effects of
exposure to PFAS?
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. + Using computational toxicology approaches to fill in gaps. For the many PFAS for which
EPA’s Per- and Poiyfluoroalkyl published peer-reviewed data are not currently available, the EPA plans to use new approaches
Substances (PFAS) Action Plan such as high throughput and computational approaches to explore different chemical categories
of PFAS, to inform hazard effects characterization, and to promote prioritization of chemicals for
further testing. These data will be useful for filling gaps in understanding the toxicity of those
PFAS with little to no available data. In the near term, the EPA intends to complete assays for a
representative set of 150 PFAS chemicals, load the data into the CompTox Chemicals Dashboard
for access, and provide peer-reviewed guidance for stakeholders on the use and application of
the information. In the long term, the EPA will continue research on methods for using these
data to support risk assessments using New Approach Methods {NAMs) such as read-across and
transcriptomics, and to make inferences about the toxicity of PFAS mixtures which commaonly
occur in real world exposures. The EPA plans to collaborate with NIEHS and universities to lead
the science in this area and work with universities, industry, and other government agencies to
develop the technology and chemical standards needed to conduct this research.




SEPA But, It All Starts With Chemistry...
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List Acronym ¥ | List Name % lastUpdated ® MNumber of Chemicals ®  List Description 2
EPAPFASNONDW | PFASIEPA: New EPA Method Nen-Drinking 2019-04-17 24 EPA is developing and validating @ new method for detecting these PFAS in non-drinking water sources.
Water
EPAPFASRESEARCH | PFAS|EPA: EPA PFAS Research List 2019-05-03 165 The list of PFAS EPA i currently researching using various scientific approaches.
EPAPFASRL PFAS|EPA: Cross-Agency Research List 2017-11-16 199 EPAPFASRL is a manually curated listing of mainly straight-chain and branched PFAS (Per- & Poly-fluorinated alkyl substances) E OF PER- AND

compiled from various internal, literature and public sources by EPA researchers and program office representatives.

10,776 PFAS (as of August 2021) captured on the PFASSTRUCT list
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PFASMASTER PFAS Master List of PFAS Substances 2019-11-11 7866 PFASMASTER is a consolidated list of PFAS substances spanning and bounded by the below lists of current interest to researchers

and regulators worldwide.

PFASNTREV19 PFAS: PFAS in Non-Target HRMS Studies (Liu  2019-04-17 127 List of PFAS substances detected in non-target HRMS reviewed by Liu et al 2019
et al 2019)
PFASOECD PEAS: Listed in OECD Global Database 2018-05-16 4729 OECD released 3 New Comprehensive Global Database of Per- and Polyfluctoalkyl Substances, (PFASs) listing more than 4700
new PFAS
PFASOECDNA PFASINORMAN: List of PFAS from the OECD | 2019-05-19 3213 List of PFAS released by the OECD, provided by Zhanyun Wang, curated and mapped to structures by Nikiforos Alygizakis
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DTXSID40881350 |4,8-Dioxa-3H-perfluorononanoics 06-10-4 |2,2,3-Trifluoro-3-(1,1,2,2,3-igmgluoro-3-  $919005-14-4 ADONA ADONA parent acid
ices-and-Regions

DTXSID00874026 | Ammonium 4,8-dioxa-3H- N | [ohead hee Surtmaiu R i - y Vo%#3:88d  [aDONA ADONA
DTXSID3037707 _ |Potassium perfluorobutanesulfonate 900453 [potassi perfluoro-1 fonate PFBS PFBS-K
DT acid 375735 |Perfluorobutanesulfonicacid 375735 PFBS PFBS.
DTXSID60873015 |Perfluorobutanesulfonate 45187-15-3 |Perfluorobutanesulfonate 375735 PFBS PFBS_ion
DT icacid 33577-3 | Perfluorodecanesulfonic acid PFDS PFDS
DTXSID00873014 |Perfluorodecanesulfonate 126105-34-8 |Perfluorodecanesulfonate 335773 PFDS PFDS_ion
OT Sodium 2806-15-7 | Sodium perfluoro-1-decanesulfonate PFDS PFDS-Na
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Antony Williams, Ann Richard, Chris Grulke, and Chemical Curation Team
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Unied SIS prorection Assembled a PFAS Chemical Libf‘ﬂf‘y fOl“

Research and Methods Development

& PFAS|EPA: ToxCast Chemical Inventory

Attempted to procure ~3,000 based on
chemical diversity, Agency priorities, and
other considerations

Obtained 480 total unique chemicals
« 430/480 soluble in DMSO (90%)

« 54/75 soluble in water (72%)
(incl. only 3 DMSO insolubles)

Issues with sample stability and volatility

Categories initially assigned based on three
approaches

* Buck et al., 2011 categories
* Markush categories
« OECD categories

Kathy Coutros, Chris Grulke, Grace Patlewicz and Ann Richard
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A Chemical Category-Based Prioritization
Approach for Selecting 75 Per- and
Polyfluoroalkyl Substances (PFAS) for Tiered
Toxicity and Toxicokinetic Testing

Grace Patlewicz, Ann M. Richard, Antony ). Williams, Christopher M. Grulke, Reeder Sams,
Jason Lambert, Pamela D. Moyes, Michael | DeVito, Ronald N. Hines, Mark Strynar,
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https://doi.org/10.1289/EHP4555

Selecting a Subset of PFAS for Tiered
Toxicity and Toxicokinetic Testing

Goals:

* Generate data to support development and
refinement of categories and read-across
evaluation

* Incorporate substances of interest to Agency

« Characterise mechanistic and toxicokinetic
properties of the broader PFAS landscape

Data collection;

Maximiziﬂg Read-across Capturing Structural Diversity
A

Pre-defined N\ [ \
stri UCFUF'?’ On Wkgrp-31 list; On EPA-PFAS list; Availability of EPA interest Characterizing the
categories Availability of in vivo data  Availability of in vivo data in vivo data in vivo data lacking PFAS Landscape

Step 0: Step 1: Select Step 2; Select Step 3: Select Step 4. Select Step 5: Select
s I 1. d 1 50 PF A S H 1. h Characterizing the substances from substances from substances from substances from substances from
electe iIn TWO p ases PFAS library categories of greatest 7 ¢ateqgories of interestto / remaining categories categories of interest remaining
R R . interest to the Agency the Agency with in vivo data to the Agency categories
representing 83 different categories

* 9 categories with > 3 members

* Lots of singletons

Agency interest
10

s 4

5 structural categories +6 structural categories*

“2 categories contained only 1

chemical, so were not included
+2 structural categories

[

+5 structural categories

+10 structural categories

Availability of in vivo data

VN

O\

O\

53 structural
categories

53 substances: 12 categories

9 substances:
6 categories

13 substances
10 categories
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Toxicological Response
Developmental Toxicity

Immunotoxicity

Mitochondrial Toxicity

Developmental
Neurotoxicit
Endocrine Disruption

General Toxicity

Toxicokinetic Parameter

Intrinsic hepatic
clearance
Plasma protein binding

Assa
Zebrafish embryo assay

Assay Endpoints
Fertilisation, lethality, and
structural defects

In Vitro Toxicity and Toxicokinetic Testing

Purpose
Assess potential feratogenicity

Bioseek Diversity Plus

Protein biomarkers across
multiple primary cell types

Measure potential disease and
immune responses

Mitochondrial membrane
potential (HepaRG)

Mitochondrial membrane
potential

Measure mitochondrial health
and function

Microelectrode array assay (rat
primary heurons)

Neuronal electrical activity

Impacts on neuron function

ACEA real-time cell proliferation
assay (T47D)

Cell proliferation

Measure ER activity

Attagene cis- and frans-
Factorial assay (HepG2)

Nuclear receptor and
transcription factor activation

Activation of key receptors and
transcription factors involved
in hepatotoxicity

High-throughput transcriptomic
assay (multiple cell types)

Cellular mRNA

Measures changes in important
biological pathways

High-throughput phenotypic
profiling (multiple cell types)

Nuclear, endoplasmic reticulum,
nucleoli, golgi, plasma
membrane, cytoskeleton, and
mitochondria morphology

Changes in cellular organelles
and general morphology

Hepatocyte stability assay
(primary human hepatocytes)

Time course metabolism of
parent chemical

Measure metabolic breakdown
by the liver

Ultracentrifugation assay

Fraction of chemical not bound
to plasma protein

Measure amount of free
chemical in the blood
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- To inform
-Chemical Category and Read-across approaches

-Bioactive Dose Level (BDL) Approach (in vitro to in vivo extrapolation
to define administered dose equivalent (ADE) values)

In order to:
Translate learnings to make inferences for a broader landscape of
PFAS

Initially use structural categories to evaluate the degree of
concordance in NAM results (per technology) within categories and
across categories as a means to qualitatively and quantitatively infer
in vivo toxicity




AAAAAA

categories

- Structural categories were assigned by visual inspection and whilst
nominally consistent since only one individual was making the
assignments, the approach was prone to error and not easily
reproducible.

« The assignments provided by OECD were similar in their genesis -
they were manually assigned by the same person.

 Indeed, authors of many of the published literature studies on
PFAS have often ended up deriving bespoke naming conventions for
categories which leads to the generation of a lot of parallel
nomenclature that differ, creating unintended barriers to
effective communication among scientists

* Urgent need exists to develop a reproducible & objective means of
developing structure-based categories




== PFAS Structure-based Categorisation
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* Reconcile the different structural categories schemes
initially used by creating a harmonised set of structure-

based categories

 Category assignments should be computationally generated
from structure only 2> reproducible, transferable,
standardised, extendable

* Permits nested & overlapping categories such that categories
can be tailored to different datasets (i.e. the various NAM
data streams being generated) and decision contexts
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* Publicly available tools exist to generate & download ToxPrints e.g.
ChemoTyper, CompTox Chemicals Dashboard
 Provides excellent coverage of PFAS chemical space
* Nested, hierarchical nature lends itself to creating flexible categories
tailored to problem at hand, i.e., “fit for purpose”
« Can augment with computed structure properties (s.a., MW, size, etc.)
* Intuitive, easy to work with
ToxPrints:
s T L o, v’ 729 chemical features
o | St _ e v' Chemically interpretable
o571, e 51 oy e 1 ] B v’ Coverage of diverse Chemistry
C C /| 5 o .
D ™ 5-, v' Includes scaffolds, functional
C I c~—C . bf);icx h;izealkyl-x”_::bond:C)(_halide_alkyl—F 149 bcnd:cx_halide_alkyl—x13? grOUpS, Chains, f'ings, bonding
Eond.quact _al;yl_acych 264 =—""h3'°;“\-1c-i)c\7 _per'rIEloroF_:e;ylF\c/F _aromatlc_a?llfin; pa t terns’ a tom- types
i 7 PSS
| ? FNF N | c

- Clear, reproducible means for defining regions of local chemistry, i.e.
categories!! 12




== PFAS Structure-based Categorisation
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* Reconcile the different structural categories schemes
initially used - by creating a harmonised set of structure-

based categories

 Category assignments should be computationally generated
from structure only 2> reproducible, transferable,
standardised, extendable

 Permits nested & overlapping categories such that categories
can be tailored to different datasets and decision contexts

« ToxPrints were used to develop 34 structural categories
(TxP Categories) which cover >90% of the different PFAS

inventories

13
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[ d [ d (d [ d
Comparison of different inventories (PFASSTRUCT, OECD &
TxP_PFAS_sulfanyl . .
the PFAS430INV) using the TxP Categories
TxP_PFAS_COOH
TxP_PFAS_ether
TxP_PFAS_alcohel
TxP_PFAS_sulfonamide
No_TxP_Cat
TxP_PFAS_oxidehydroxy TXD__C&tS
- 75 1 ® TxP_PFAS_alkylXtertiaryxCO
TxP_PFAS_ethylene_xCO ® TxP_PFAS_ketone
TxP_PFAS_sulfonate ® TxP_PFAS perFhexyl
o @ TxP_PFAS_perFoctyl
TxP_PFAS_alcohol_primary ™ TxP_PFAS_a!cohol
TxP_PFAS_COOR 50 4 ® TxP_PFAS_alcohol_primary
TP PEAS amine ® TxP_PFAS_alcohol_primary_FT_diol
» PFAS ® TxP_PFAS_alcohol_primary_FTn2
TxP_PFAS _alkylXtertiary«CO ® TxP_PFAS_alcohol_sulfonylamide
TxP_PFAS_carboxamide ® TxP_PFAS_sulfonyl
® TxP_PFAS_sulfonamide
" TuP_PFAS acrylate 25 4 @ TxP_PFAS_sulfonamide_alcohol
% TxP_PFAS,silane ® TxP_PFAS_sulfonate
& P PEAS ketone ® TxP_PFAS_sulfonate FTn2
® TxP_PFAS silane
TxP_PFAS_alcohal_primary_FTn2 ® TxP_PFAS_ethylene_xCO
TxP_PFAS_sulfonate_FTn2 * a4 ® TxP_PFAS_ether
TxP_PFAS_alkylXprimary : I:z-zliigfg‘g:xamlde
TxP_PFAS_COOH_ether L] NO_Eat B
TxP_PFAS_acylhalide ® TxP_PFAS_acrylate
® TxP_PFAS_acylhalide
TxP_PFAS_aldehydeanhydride —25 4 e ‘I'xP_PFAS_arnine
TxP_PFAS_COGH_FT ® TxP_PFAS_alcohol_polyF
® TxP_PFAS_aldehydeanhydride
TxP_PFAS_alcohol_polyF I ® TxP_PFAS_COOH_ether
TP PFAS_slcohol_sulfonylamide ® TxP_PFAS_COOR
TxP_PFAS_sulfonamide_alcohol ® “TxP_PFAS alkyliprimary
=50 4 ® TxP_PFAS_oxidehydroxy
TxP_PFAS_alcchol_primary_FTnl I ® TXP_PFAS_COUH_FT
TxP_PFAS_sulfonylhalide ® TxP_PFAS_amine_primary
@ TxP_PFAS_alcohol_primary FTnl
TxP_PFAS_amine_primary
@ TxP_PFAS_amine_ether
TxP_PFAS_COOH_ethylene ® TxP_PFAS_sulfonylhalide
Tab PPAS alcohal primary. FT diol =95 ® TxP_PFAS_COOH_ethylene
TxP_PFAS_amine_ether
0.0 01 000 005 0.0 01 00 01 00 01
PFASEPA_Count  PFASSTRUCT_Count QECD_Count INV_Count IVT_Count

- -75 -50 -25 0 25 50 75
X
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“EPA . PFAS Coverage based on structure

Agency

75 1

« A 2D representation constructed using t-
Distributed Stochastic Neighbour Embedding
(t-SNE) based on 729 ToxPrints as chemical
fingerprints

50 A

25 1

Tag

® STRUCT

® PFASEPA
Tag
INV

e I

« PFAS430 inventory well distributed across
the PFASSTRUCT inventory

-75 -50 ~25 0 25 50 75

15



SEPA Current PFAS Structural Grouping Approaches
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Use Different Levels of Aggregation

[ AR e

a % a a A a

Ll il

A B C D

Level of Structural Aggregation

Chemical Categories/Group

* Available source in vivo tox study

16
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Toxicological Response

Developmental Toxicity

Immunotoxicity
Mitochondrial Toxicity
Developmental
Neurotoxicit

Endocrine Disruption

‘General Toxicity

Toxicokinetic Parameter

Intrinsic hepatic
clearance
Plasma protein binding

Assa
Zebrafish embryo assay

Assay Endpoints
Fertilisation, lethality, and
structural defects

In Vitro Toxicity and Toxicokinetic Testing

Purpose
Assess potential feratogenicity

Bioseek Diversity Plus

Protein biomarkers across
multiple primary cell types

Measure potential disease and
immune responses

Mitochondrial membrane
potential (HepaRG)

Mitochondrial membrane
potential

Measure mitochondrial health
and function

Microelectrode array assay (rat
primary heurons)

Neuronal electrical activity

Impacts on neuron function

ACEA real-time cell proliferation
assay (T47D
Attagene cis- ana
Factorial assay (Hep62)

High-Throughput Transcriptomic
assay (multiple cell types)

Cell proliferation

Nuclear receptor and
transcription factor activation

ellular mRNA

Measure ER activity

ey receptors and
transcription factors involved
in hepatotoxicit
Vleasures changes in importan
biological pathways

High-throughput phenotypic
profiling (multiple cell types)

Nuclear, endoplasmic reticulum,
nucleoli, golgi, plasma
membrane, cytoskeleton, and
mitochondria morphology

Changes in cellular organelles
and general morphology

Hepatocyte stability assay
(primary human hepatocytes)

Time course metabolism of
parent chemical

Measure metabolic breakdown
by the liver

Ultracentrifugation assay

Fraction of chemical not bound
to plasma protein

Measure amount of free
chemical in the blood

17



PFAS Category Aggregation that incorporates
Structural, Mechanistic and Toxicokinetic Data

Mechanistic and TK Informed
Structural Aggregation

A B C1 C2 D E F G H I J

Chemical Categories/Group

*Needed in vivo tox study * Available source in vivo tox study

18
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Bioactivity profiling of per- and polyfluoroalkyl substances (PFAS)
identifies potential toxicity pathways related to molecular structure
Keith A. Houck™*, Grace Patlewicz °, Ann M. Richard *, Anteny J. Williame",

Mahmoud A. Shobair *, Marci Smeltz *, M. Scott Clifton *, Barbara Wetmore *, Alex Medvedev ”,
Sergei Makarow'

* Conter for T ant Office of Research and. 1.5, Ermvinmenersisd Prosetion A pency, Resazrch T Prk, NG, 27711,
rguuintional Tameigy arl Exgunre, T, Ao Ranygie

A
" Asopew, bac, P00 Kit Crodk Rd, Morrindlle, NG, 27560, 094

ARTICLE INFO ABSTRACT

Fer- and potyflucrcaliyl substances (FFAS) are & broad class of bundreds of fluoeinated chembeals with envi-
ronments] health concems due i their widespread peesence and persistence in the eavironment. Several of these
chimnicals have beem comprebossively stadied for expeimental toxkeity, environmencal fate and expossre, and
buman epidessiclogy; however, most chemicals have limited or no dita available. To inform meshods for
peicritizing these data-poor chembeads for detailad toxiclry stodies, we evaluated 142 PFAS using an i vire
screening pladfom. consising of twe multipheed ransectivation assays encompassing 21 diverss transesiption
factor activides and tested In concentrution-response format ranging from 137 oM to 300 M. Results showed
aetivity for warious nudesr resepanes, ineluding thees known PFAS targers specifieally estrogen peceptie alphs
and prrrisome prol iferutoe seceptors slpha and gamema Wi also repon activity against the retinoid X receptor
beeta, the loey heterndimerie panmes of type II, non-sescidal poclear receptors. Additional activities were found
against the pregnane X meepios, nuclear recepior redated.] protein, and noclear factor erythroid 2-relaced factor
2, a sensor of oxidative stress. Using orthegonal sy e pomiflmed activity of rep FEAS
against several of these targers. Finally, we |dentifler key PFAS stroctural fearures assockared with nucleas re
septor neriviry that can inferm fisture predictive modeds for use in priceitizing chemieals for fsk ssessment and
i the design of new struchises devoid of blolagieal antivity.

ks
[ e —
PRAS

Targeted screening for nuclear
receptor activation and cell =
stress

L. Introduction etal., srlander ef al., 201101 These two chemicals are no longer
manufsctured in the US. and their international mamdfacturing has

Per- and polyfhuoroalkyl substances {FFAS) are a class of man-made
chemicals that have been in use since the 1940s and are found in a broad
array of indhustrial and consamer products (Gliige 201201). Their
comman usage as nan-stick surface repellants, in fire-fighting foams, in
flucropedymer manufacturing, and in other applications, coupled with a
tendency of some members of the class to bioaccumulate and be ress
tant to biodegradation, has led o a high level of concern for their
comtamination of the environment (Wa al, 2017). Thers are well
documented, widespread, human and wildlife sxposare te some of these
chemicals, the best koown being perfluorocdtancic ackd (PFOA;
DTXSIDBGG1865)  and  perflucrooctane salfonic  acid  (PFOS;
DTXSIDI31864) (Kelly et al., 2009; al., 2020; Hansen

boathang

declined, but other PFAS chemicals have been developed to replace their
commercial wtility (REACE ; OECD, 24 ckh ¥ itimn,
2017; EPA, X IL7). While the toaxicities of FFOA and PFOS
have been extensively studied by many researchers, numerowes ather
PFAS have little to mo toxicity or envirommental fate information
available. The lack of data and potential environmental impact of this
class of chemicals led the US. Environmental Protection Agency (EPA)
and the Maticnal Institute of Health's Natianal Toxicology Program
{NTP) to collaborale on conducting PFAS taxicity testing to facilitate
PFAS human bealth assessments (Patlews 015). A targeted
selection of 430 PFAS (hup: hoard /c]
al lists/ERFAPFASINY) designed to be representative of the range al

.

* Corespanding author at US EPA, 109T.W. Alexander Dr., D143-02 Resessch Triangle Pask, NC, 27709, USA.

Fmail address: keith

suckifgmallcom (KA Houek).

5 dodorg,1 001016 2021.152789

Regeived 23 0‘cnob|': 2Dél Risstsived i revised form 31 March 2021; Ascepted 16 April 2021

Available oadine 20 Apeil 2021
0E00-4230 2021 Ebevier B.Y. All rights reserved.

Houck et al. 2020
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pathways via transcription factor activity profiling
(TFAP)
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>3800 ToxCast chemicals have = o i (= urea Proces | |7 TP proces
: : i [ o RTU4Z 1 GAL4_TRANS 4
been screened in concentration - T '. . 1 essm & Tanal .
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Table 1

receptor, based on

Nuclear receptors included in FACTORIAL-TRANS assay.

# Abbreviation  Receptor Name Nomenclature  Reference Agonist (Fold- cis-Factorial Assay Receptor Expression in HepG2'
Increase) (Fold-Increaze)
1 FXR Famesoid X receptor NRI1H4 Lithocholic acid (3.5) IR1 (1.9) Mederate
2 AR Androgen receptor NR3C4 Testosterone propionate NA Very low
(44.1)
3 RARy Retinoic acid receptor-y NRI1EBE3 All-trans retinoic acid (3.9) DRS (20.2) Meoderate (RAR subfamily)”
4 GAL4 Yeast GAL4, negative control GAL4 NA NA NA
5 RXRx Retinoid X receptor-u MNR2E1 Bexarotene (18.5) DR5 (8.3) Moderate (RXR Subfnnﬂly}t
6 GR Glucocorticoid receptor NR3C1 Betamethasone (29.1) GRE (4.6) Moderate
7 RARp Retinoic acid receptor-f) NRI1B2 All-trans retinoic acid (1.6) DRS (20.2) Mederate (RAR subfamily)”
5 RAR«x Retinoic acid receptor-o NRI1EB1 All-trans retinoic acid (5.5) DRS (20.2) Moderate (RAR subfamily)”
] PPARY Peroxizome proliferator- NR1C2 Rosiglitazone maleate (44.5) PPRE (3.3) High
activated receptor-y
10 ERRy Estrogen-related receptor-y NR3BE3 4-Nonylphenol, branched NA NA
(2.7)
1 RORJ RAR-related orphan receptor-f NER1F1 SSR69071 (7.8) RORE (5.9) NA
12 ERu Estrogen receptor-u MER3Al 17 p-Estradiol (22.6) ERE (19.1) Very low; full-length human ERax co-
expressed in FACTORIAL-CIS
13 LXRa Liver X receptor- NRI1H3 Lynestrenol (13.9) DR4 (2.3) High (LXR subfamily)*
14 ERRua Estrogen-related receptor-uc NR3E1 4-Monylphencl, branched NA NA
(2.7)
15 FXR Pregnane X receptor NR112 Rifampicin (3.8) PXEE (9.1] Mederate; full-length human PXR co-
expressed in FACTORIAL-CIS
16 TR Thyroid hormone receptor-u NR1Al 3,53 -Triiodothyronine NA High
(33.0)
17  LXRp Liver X receptor-fi NRI1H2 Lynestrenol (8.7) DR4 (2.3) High (LXR subfamily)®
18 CAR. Constitutive androstane NR1I3 p.p’-DDT (3.5) PBREM (1.0) Very low
recepter
19 PPARO Peroxizome proliferator- NRI1C1 Pirinixic acid (14.1) PPRE (2.4) Moderate
activated receptor-u
20 RORy RAR-related orphan receptor-y MR1F3 SSR69071 (14.2) ROEE (5.9) NA
21 RXRJ Retinoid X receptor-fi MNR2B2 Bexarotene (15.2) DR5 (8.3) Meoderate (RXR subfamily)®
22  HNF4u Hepatocyte nuclear factor-4-o NR2A1 NA NA High
23 NURR1 MNuclear receptor related 1 MNR4AZ Bexarotene (24.6) MNA NA
24 VDR Vitamin D receptor NER1I11 Ergocaleiferol (32.6) VDEE (1.2) Very low
PPARS Peroxizome proliferator- NRIC3 12-Hydroxyoctadecanoic FPRE (2.9) NA

-

activated recepter-6

acid (9.3)

There are differences in assay sensitivity by mode and
expression and design differences.

* Low- to negligible-expression
in HepG2 cells of ERa 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.
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“EPA As with other assay platforms screened, lower MW often corresponded to

more limited bioactivity, but there may be more than one reason.

Agency

« PFAS with molecular weight less than 330
g/mol appeared less likely to be active in the MW 148-220 Mw 228-277 MW 280328

Attagene assays and more likely to “fail” . * s
analytical QC (defined as parent structure not . 7 ?
detected). 2 6 . T o 3

« Activity was not detected for 76 distinct g g - §s ' ] {
structures, of which 55 % failed analytical QC. N “- if- - 4 d oL

* 67% of the "failed” samples had predicted T "*'w'(:'f:'e'i"—*'f'i'fd":'e'—":'s:'z'x'ra' i SESRLRALRARERAEAAES S RSAS Ty
vapor pressures in excess of 100 mmHg, e crementese chemicaiete
suggesting that chemical volatilisation may have MW 330422 MW 424496 MW 496726
played a role in limited bioactivity of some of - . o
these samples. 1 o o

= = =

« The specific acid form of PFAS may also be g l g4 . 2 o
important, as the free acid form of the 31 7 o = Y - &5 ] Ch ot
chemical known as “"GenX" :(lper'fluor'o-z-me'rhyl- e MR } Illl < I lq ||§1 i ll ! < 4"' " I i il 1o
3-oxahexanoic acid (DTXSID70880215) did not N !
have a high vagor pressure (was unlikely to S S ATSRES S ARR AR SRR, IS RARATARES AARER R RS
have volatilised), but the ammonium salt form Chissloa Cocla Chemical Code Chemisal Codo
of this chemical (DTXSID40108559) showed
activity as a PPARa agonist when solubilised in Houck et al. 2020, Fig1B.
water (rather than Dz\SO).

] 2




<EPA  Potency for the PFAS that were positive at key transcription factor
E%“”"?’“e””'”‘“““"Qrar'gefs tended to be somewhat left-shifted from the rest of the
ToxCast library

* The number of chemicals that simply hit one

A L o s e e s e S or more relevant assays for a particular
s 20- | | | transcription factor group can be examined in
9 15 — % more depth for confirmation.
5 10 | |
'E 051 % 3.0
3y 0.04 A
3_0_& — — . 2.5
S-101 + ] P 8 50
8 -1.51 3 1 E 5
— 2 1.51
207 2 104 Chemical Type
251 Eﬁ ' E Everything else
' ' ' 0.51
< & & O & &, &, » ~ 3 * PFAS
gt & QQYQ‘ QQ?Q‘ QQ?Q‘ & & & & & 3 0.0
Transcription factor group E’ 051
* Many PFAS were negative in the transcription 1.0
factor activity screening 1.5
« Aryl hydrocarbon receptor (AhR), estrogen e R ® o o
receptor alpha (ERa), PPAR alpha, delta, and R O AP S AR A L) AP
gamma (PPARa,d,g), the pregnane X receptor Transcription factor group

s (PXR), and RXR alpha and beta (RXRa,b) emerged

as fargets. ”
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Estrogen receptor activity can be confirmed with orthogonal assays
including ACEA: Real Time Cell Analysis Based on Electrical
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Chemical
Researchin
ToXicology

Real-Time Growth Kinetics Measuring Hormone Mimicry for ToxCast
Chemicals in T-47D Human Ductal Carcinoma Cells
Daniel M. Rotroff, David J. Dix,* I\elﬂl A. Houck," Robert_] Kavlock,” Thomas B. I\nudsen,

Matthew T. Martin,* David M. Reif;’ Ann M. Richard,* Nisha S. Sipes,* Yama A. Abassi,¥ Can _]111,-
Melinda Stnnpﬂee and Richard S. judqon’”i

Depa.rtmeut of Environmental Sciences and Engineering, University of North Carolina, Chapel Hill, North Carolina 27514,
United States

fOffice of Research and Development, National Center for Computational Toxicology, United States Environmental Protection
Agency, Research Triangle Park, North Carolina 27711, United States

*ACEA Biosciences, Inc., 6779, Mesa Ridge Road, San Diego, California 92121, United States

« 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
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Confirmation of transcriptional responses with functional

activity is an important strategy for ER bioactivity
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« 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 17p-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

kel maa

factor and functional ER-depende-+ --!" —--1:€-~;

F F
OH
0 For HO

1H,1H,8H,8H-Perfluorooctane-1,8-diol

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

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



EPA  As expected PPAR activity was observed for a

" subset of PFAS.

E.A. Houck et al. Toxicology 457 (2021) 152789
* The TRANS assay contained endpoints | ,
for all three human PPARs (a,d,y) .

Fig. 6. Transactivaton of the peroxisome
4 Perfluorooctanesulfonic acid proliferator-activated receptors (PPARs) by
example PFASs. Concentration-response data

o

Ammonium perfluorooctanoate

- PPRE

whereas the CIS assay contained a 231 L oea 3 for PPAR-t, -5, and -y in the FACTORIAL TRANS
" d b PP AR = o = assays and the PPAR response element (PPRE)
f‘epOf‘Tel" gene COI’ITI"O e y a = "E-" 2 -+ PPAR: "‘g-", in the FACTORIAL-CIS assay following treat-
ment for 20-24 h with increasing concentrations
response element that responds to all = 2 .3 - eear, £ o amon sl () Do
three PPARs endogenously expressed 3, 3 uoroocanesulione 2 o, st
in the HCPGZ hOS"' Ce"S. - 3 - methyl pﬂﬂl-Jom[S-(l-eﬂlenyloxy‘pmpan-z-
-1 Conc (log uM) -1 Conc (log pM) yloxy)pmpanoatel) .('D]' Vﬂluee.jl :-1_ref EE lrne:-ul
l'E'POI’tEI’ gene QCUVIIIY express as fold-change
* Functional groups fnr'iched wIiThin the e e oy colvent conrel (dimectiyt
actives were mostly carboxylates C D Methy! perfluoro(3.(1-ethenyloxy-
aiong w uitTona . LI onam g ‘§, 4
and a thenoylketone, which all have a e S 3
negative ionic charge at physiological 'g' g 2
. . ep e £
pH, consistent with known critical S o
components for ligand-binding. K d=p 2
0
-1 Conc (log pM) i Conc (log pM)

* Not much activity at PPAR® (smaller
binding pocket?).

Houck et al. 2020, Fig6.
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“E _~17 PFAS activated RXRp, with two of
these active at RXRa

K.A. Houck et al. Toxicology 457 (2021) 152789
I ¢ - Seventeen of the PFAS,
A B- m DMSO Fig. 8. PFAS activity for retinoid X 1'.ecept01's I(R}ﬂ-{}. A) Re- mos-‘-ly |inear‘, fluorina-'-ed
sponses of RXRa and RXRp to pertluorononancic acid (PFNA) o o
& 5 = UVI3003 and effects of pharmacelogical agents UVI3003 (5 pM), a pan- CGf‘bOXY' [ o GCIdS ’ Showed a
o . " " RXE antagonist; 9-cis retinoic acid (0.02 pM), a pan-RXR H H 4 e
é 44 W 9-cis-Retinoic acid agonist; and GW&471 (5 pM), a PPARa-selective antagonist; novel flnd|ng Of ac.'-|va1-lon
@ 9-cis-Retinoic in the presence and absence of PFNA (66 pM). No significant Of RXRl} .
E‘ 3 acid/UVI3003 activation of RXRa by PFNA was observed. Significance was
© - established with an ordinary one-way ANOVA and Tukey's ° H
5 2 . GW6471 multiple comparisons test. (**** = P < .0001). B} Radioligand Mos.r also GCtlvaTed
% 17 mm PFNA Houck et al. 2020, Fig8A. PPARa, PPARy and NRF2,
L o T ——— with varying levels of
1 RXRa RXRp o PERAITEE selectivity. Only two

activated RXRa; however,

7 : ) : NURR1 was activated,
PFNA appears to work through RXR specifically: an RXR-selective resumably through agonist

antagonist, UVI3003 (DTXSID501024375), completely blocked PFNA szec’rs on RXRp
activation of RXR, whereas the PPARa antagonist GW6471 was '

ineffective. « All are structurally related

perfluorinated carboxylic
acids and meet defined
ligand structural
requirements for RXR.
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e Xenobiotic nuclear receptor responses associated with hepatic metabolism
may also be important targets to screen for PFAS bioactivity.

Agency

D AHR PXR PXRE
Concentralion:.-.‘__‘ J— |

Fold
Induction

(log2)

No data

Houck et al. 2020, Fig3B.

id

1-lodo-1H,1H,2H 2H-perfluoroheplane
Sodium perfluorodecanesulfonate
2-(Trifluoromethoxy)ethy triflucrom ethanes ulfonate
2-Aminchexafluocropropan-2-ol
Perfluoro-3,6,9-trioxatridecanoic acid
Methy perfluora(3-(1-ethenyloxypropan-2-vioxy)propanoale)
Perflucrooctanesulfonate

Potassium perfluorooctanesulfonate
Perfluorooctanesulfonic acid
N-Ethylperfluorooctanesulionamide
Perfluorohexanes ulfonic acid
Perflucroheptanesulfonic acid

Potassium perflucrohexanesulfonate
Pofassium perlucrohexanesulfonaie
Ammonium perflucrooctanoate
Perfluorooctanoic acid
Perfluorotetradecanoic acid P FAS
1H,1H 9H-Perfluoronony acrylate
N-Methyiperfluorooctanesulfonamide
(Perflucrobutyrdl)-2-thenovmethana

Benzo(b)flucranthene

C.1. Solvent Yellow 14

2,2 -Methylenebis(4-methv-6-tert-butylphenol)
Nicardipine hydrochloride

Rifampicin

4-Monylphenol, branched

Hory REFERENCE
7.12-Dimethyibenz{ajanthracens

pp-DDT

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 pr'otyﬂical activator is a polycyclic
aromatic hydrocarbon. Except for
sodium perfluorodecanesulfonate and
1-Todo-1H,1H,2H,2H-
perfluoroheptane, the responses were
very weak with unknown in vivo
relevance.
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Take Home Messages...

- Chemical curation efforts are important to harmonise

structure, naming, and identifiers across the PFAS
space

- A chemical library of 430 PFAS was assembled for

chemical screening, analytical method development,
and other research needs

- A subset of 150 PFAS selected for in vitro toxicity

and toxicokinetic testing to refine/support read
across categories

- In vitro toxicity and toxicokinetic testing and the

ongoing analysis demonstrate the diverse biological
activities and toxicokinetic properties of PFAS

- More information at https://www.epa.gov/chemical -

research/pfas-chemical-lists-and-tiered-testing-

methods-descriptions
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