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Structural Diversity Scope of PFAS
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* Synthetic chemicals using since the 1940’s in a variety of
manufacturing facilities and consumer products

* Defining PFAS: any substance that contains at least one fully
fluorinated methyl (CF3-) or methylene (-CF2-) carbon atom (without
any H/CI/Br/l attached to it)

e Currently more than 10,000 PFAS in commerce
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A forever farm is no match for forever chemicals o 9 Y

A fourth-generation farmer running an organic dairy farm in Fairfield lost his livelihood when his milk

and lands tested hot for PFAS contamination. ‘Tt got us good.’

T Pain in the butt: Study
s finds forever chemicals
present in toilet paper
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The Surprlsmg Places PFAS Are Being Found

From the ur blood, PFAS are ubiquitous on our planet
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How can I avoid eating food with ‘forever’
chemicals?

ard to avoid PFAS, but experts say there are ways to mitigate your exposure to the man-made chemicals
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Current Regulations & Restrictions ‘ . V3

Pre- 2010

2010-2020

2021-2024

European Union

PFOS have been included in the Stockholm Convention to

eliminate their use

PFOS restricted in the EU under the persistent organic
pollutants (POPs) regulation

Safety Threshold for PFAS in food
PFOA banned under the POPs regulation
Substances of Very High Concern under REACH

* Based on persistence, mobility, and toxicity

PFAS restriction proposal submitted to ECHA
* Option A: Full Ban

* Option B: Ban with use-specific derogations (proposed
restriction)

Restriction proposal for PFAS in firefighting foams
PFHxS added to ban for POPs regulation
Drinking Water Directive: limit of 0.5 ug/L for all PFAS

PFAS DRINKING WATER REGULATIONS

4

USA

EPA published Significant New Use Rules impactin‘g several hundred
PFCAs and PFSAs

EPA drinking water limit for PFOA and PFOS was set to 70 ppt
Implemented 2010-2015 PFOA Stewardship Program

30/50 states have state-level restrictions with levels between the
original proposed drinking water levels, and the newly proposed

levels
* California —5.1 ppt for PFOA & Nevada — 667,000,000 ppt for PFBS

EPA proposed National Primary Drinking Water Regulation

EPA designates 2 PFAS: PFOA and PFOS as hazardous substances
under CERCLA

EPA updated drinking water advisories for PFOA and PFOS and a
few alternatives
« PFOS (0.02 ppt), PFOA (0.004 ppt), GenX (10 ppt), PFBS (2,000 ppt)

EPA Unregulated Contaminant Monitoring Rule to establish
nationwide monitoring for 29 PFAS



US Federal Government PFAS Programs

* CDC/ATSDR — PFAS assessments in communities near current or former
military bases (both exposure and health surveys for 6 PFAS)

* CDC/NHANES - ongoing assessment of the U.S. population’s exposure to
environmental chemicals (biomonitoring for 17 PFAS in blood and urine)

 White House Office of Science Technology Policy — State of the Science
Report to be used as a “PFAS roadmap” for Federal Agencies

* U.S. EPA — new data collection through ToxCast, ExpoCast, including IVIVE

* NASEM — examining health outcomes associated with PFAS on behalf of CDC

W,
NATIONAL  Sciences ""' .'"l‘,' Centers for Disease .‘\_,4,\_
ACADEMIES wesime M/Aﬁ Control and Frevention man_es

National Health and Nutrition Examination Survey



PFAS Data Gaps: How to Group PFAS?

&94 National PFAS Testing Strategy: Identification of Candidate PFAS for Testing
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and could further inform the Agency’s future research, monitoring, and regulatory efforts. Given the
large number of PFAS to which exposures may have occurred or that are currently ongoing, the Strategy
is based on an approach that groups similar PFAS into categories. The categories serve as the basis for ® Group similar PFAS into categories
both identifying PFAS chemicals for testing as well as allowing EPA to establish toxicity levels for PFAS » ° :

within the identified categories. Thus, rather than seeking data about each of the thousands of Substances that cover entire PFAS Iandscape
individual PFAS, which would require extensive resources in terms of time, costs, and animals, the e Test representative substances for each
Strategy aims to identify a representative substance(s) for each chemical category where categories category

have been constructed to span the landscape of PFAS of interest.

“ECHA Assessing Groups of PFAS

EUROPEAN CHEMICALS AGENCY

ECHA's database contains information of several thousand individual PFAS on the
EU market. These belong to a variety of subgroups. Assessing and, where ) Subgroup approaches are time intensive
relewvant, managing risks subgroup by subgroup would require a considerable »
amount of time. Therefore, ECHA acknowledges that a holistic group approach to ®
regulatory assessment and risk management needs to be explored.

Holistic group approach to group substances

PFAS Report

* Grouping strategies based on structure and/or
Grouping by mechanism of action and/or structure will facilitate development of

mechanistically and/or empirically based prediction models to estimate toxicity thresholds for mechanism of aCFIO-n ]
additional PFAS. e Subsequent predictive modeling for other PFAS




PFAS Data Gaps: Inter-Individual Variability

Té\ ,T\ :DOE ﬁfl\é‘s s Guidance of PFAS Exposure, Testing, and Clinical Follow-Up

Medicine

* PFAS exposure varies by individual
* Race, ethnicity, life stage, other social factors
» can introduce additional risk for diseases as a
result of hazardous exposures
* Inter-individual variability introduced by
differences in exposure and pharmacokinetics

The presence of PFAS in everyday consumer products may be an important source of exposure
for the general population, but this likely varies greatly by individual (Rodgers et al., 2022). Consumer

are not distributed uniformly across populations. Race, ethnicity, poverty, age, life stage, and other social
factors can place people at disproportionately high risk for diseases with environmental causes as a result
of hazardous exposures at increased levels compared to the general population (Gochfeld and Burger,

Note that interindividual variability in PFAS testing results may be a function of differences not
only in exposure but also in pharmacokinetics with respect to excretory clearance. Such host factors as
parity, breastfeeding status, menstrual status, age, genetic polymorphisms, concurrent acute or chronic
disease, and medication use can affect pharmacokinetics.
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FY 2022 - 2026 EPA Strategic Plan
ods, |

and evidence that inform local decisions. Finally, where feasible based on availability of data and metho

EPA will explicitly and consistently assess risks to childhood lifestages and other vulnerable populations as * Assess rISkS to Ch I Id hOOd I |feStageS an d
part of the Agency’s approach for developing risk assessments and in its research agenda. » vu | nera b | e po p u |ati0 ns
EPA will support the development of new science to address uncertainties related to the environmental ° Support resea rch that add resses Uncertainties

health of children and vulnerable populations, including through intramural and extramural research. EPA

% E CH A Annex XV Restriction Report

EUROPEAN CHEMICALS AGENCY

* Continuous PFAS exposure leading to
unavoidable harmful health effects to the
population including vulnerable individuals

Goldenman et al. (2019) indicate that the contamination may be poorly reversible or even
irreversible, and may reach levels that could render natural resources such as soil and water
unusable far into the future, resulting in continuous exposure and unavoidable harmful health
effects, particularly for vulnerable populations, such as children.




PFAS Data Gaps: Cardiotoxicity
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National PFAS Testing Strategy: Identification of Candidate PFAS for Testing

¥ agenct

Testing for cardiac sensitization. Certain terminal categories consisting of short-chain volatile

PFAS may be considered for testing for cardiac sensitization®® because existing data for » Consider testing PFAS for cardiac sensitization
halogenated hydrocarbons indicate these compounds may lead to cardiac arrythmias and » . T

occasionally to sudden death resulting from sensitization of the heart muscle to endogenous Read-across mdl(_:ates that EXPOSUFE to PFAS
compounds in the body (e.g., adrenaline).®* | may lead to cardiac arrhythmias

% é\/T\ 'D?E ';'A/I‘I'E-S f:wgdg Guidance on PFAS Exposure, Testing and Clinical Follow-Up

The committee observed gaps in the evidence, rendering the evidence inadequate or insufficient,

for many health effects including the following: * @Ga PS in current data or inadequate/insufficient

e immune effects other than reduced antibody response, and ulcerative colitis; » data for a lot of health effects
e cardiovascular outcomes other than dyslipidemia; e Cardiovascular toxicity

“tECHA Annex XV Restriction Report

EUROPEAN CHEMICALS AGENCY

Liver toxicity and Increased serum alanine transferase (ALT) which is a ]
metabolic marker of liver toxicity and fatty liver diseases . . }
disruption Y Y » e Exposure to PFAS leading to increased risk of
Increases total and LDL-cholesterol ) cardiovascular diseases
Increased risk of cardiovascular diseases l




Where do we go from here?

* Test, test, test more!
e Test using in vitro battery (not in vivo)
* Higher-throughput, time, cost, ethical reasoning

 Still, need to prioritize testing of representative
PFAS based on hazard and/or exposure, reduce
dimensionality

* Most available data cover a limited number of
organs; need to address other “-icities” (including
cardio)

e Can use in vitro models to address human
variability

Solution: an optimized human cell-based battery of broad coverage assays



Rusyn Lab Case Studies: Using a Battery of
hiPSC-Derived Cells for “Decision Making”
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One recent examleof such an event s Hurricane Harvey (2017),¢hich resuled in extreme
flooding in the Houston/Galveston Bay region, a heavily industrialized area on the shores
of the Galveston Bay and the Gulf of Mexico. The sediments in the Galveston Bay an:
known to be by various types of hazardous chemicals including polycyclic
aromatic hydrocarbons (PAHs). polycyclic biphenyls (PCB), pesticides, and heavy met-
als [2]. Indeed, indicated that H. pollutants such as PAHs were




Rusyn Lab Case Studies:
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Using a Targeted Assay Battery of hiPSC-Derived
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Addressing Regulatory Science Questions

1.
2
3
4.
5
6
7

Are PFAS subclasses the best way to group PFAS?

. Can we rank PFAS to identify trends based on the overall bioactivity?

Does in vitro bioactivity data exceed PFAS exposure levels?

How do our PODs benchmark to those from the CompTox Dashboard?

. Compared to other industrial chemicals, how bad are PFAS?
. Are PFAS potentially hazardous to cardiomyocytes?

. Are there particular subpopulations at risk for PFAS exposure?



Conceptual Approach
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Figures adapted from: Ford et al. 2024 (DOI: 10.1016/j.tox.2024.153763)
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Are subclasses the best way to group PFAS?
Big reveal of the ending...

. . . Chemicals with Cell Type
a b c d
Descriptor Structure Descriptor Meaning p Padj Descriptor (Phenotype)
N-attached double
SGR10703 bonded heteroatoms MeFOSE
. e
SGR10587 ] tSqu;)nam{(tje -0.70 1.08E-05 PEHXSA
eteroatom-nitrogen
SGR10099 g \ L\/\OH bond PHHSs
SGR10668 N s/ Heteroatom-bonded 070 1.08E-05 MeFOSE (Mitochondria
P \\ methyl group MePF2EtOA Intensity)
o Two oxygens MeFOSE
SGR10199 5o d;’ipa& 057 3.11E-02  PFBOH
MePF2EtOA
SGR10032 Methyl group -0.57 3.11E-02 PF;\:':EOSFEMB R
AmFProOH, iCell Heps
SGR10343 ——NH; Any primary amine  -0.56 4.17E-02 PFHXSA, (Cytoplasmic
PFOAMD Integrity)
\
O 5 PEPE.6 HUVECS (Al
SGR10704 Polyethers -0.69 2.84E-05 C7E3ETOH Nuclei Mean
Area)
O_
SGR10013 Any carbon 057 246E-02 NIESedPFAS
(C # varies)
All tested PFAS
SGR10029 Any heteroatom -0.57 2.79E-02 (heteroatom # iCell Cardio
varies) (Min POD)
All tested PFAS
SGR10308 H-bond acceptors  -0.57 3.18E-02  (# of H-bond
acceptors varies)

Figures adapted from: Ford et al. 2024 (DOI: 10.1016/j.tox.2024.153763)
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Can we rank PFAS to identify trends based

IVIty?

on the overall bioact

Good News! Little Bioactivity Observed across All Cell Types
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Can we rank PFAS to identify trends based on

Weighted ToxPi

IVIty?

the overall bioact

Using ToxPi to Rank and Prioritize PFAS
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Does In vitro bioactivity exceed PFAS

exposure levels? Using phenotypic PODs

* |s there overlap between
exposure and observed
PODs?

e Human health risk
assessment considers a
margin = 100 “protective”

* Compare exposure predicted
data/blood level
concentrations to the most
sensitive in vitro POD

Margin of Exposure (MOE) POD or NOAEL

Bioactivity Exposure Ratio (BER) =

Margin of Safety (MOS) Human Exposure
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Figures adapted from: Ford et al. 2024 (DOI: 10.1016/j.tox.2024.153763)
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How do our PODs benchmark to those from

A

the CompTox Dashboard? “civee
iCell Cardios—_|
. L . =
In Vitro Assay Battery Sensitivity Comparison ;eﬁf\;i:
* Using the lowest AC., value from the i —
human cell-based assays in the EPA AlCells
CompTox Dashboard " \umberof Substances.
B
e EPA assays are more sensitive when iCell Neurons-|
. . .« . iCell Cardios—
comparing to individual cell types o
* Comparing to all cell types, the 6 cell 'Ce"::ﬂz:
types are more sensitive than EPA AC,, HepG2s-
values (n=20 in vitro models) c 3

All Cell PODs o : —eo—o—4
CompTox Dashboard | , so-c00-o| § © Th-o@oo—4
PODs (AC,,)
1 IIIIIIII T IlIlIIII T IlIlIIII I IIIlIIII

-3 -2 -1 0 1 2
Figures adapted from: Ford et al. 2024 (DOI: 10.1016/j.tox.2024.153763) Log1oPODs (uM)
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Compared to other industrial chemicals

how “bad” are PFAS?

0.8 ToxPi Legend
iHeps
iCell-CM
HUVECs
0.6
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@,

ToxPi Score
o
T

o
T
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. S
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Potassium
Chromate (VI) o —»0

Cadmium
Chloride
S @)
PFOS 8:2FTPA PFOAMD PFOAMD
TFProa 5 8:2 FTPA
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PFPE-6
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Figures adapted from: Ford et al. 2024 (DOI: 10.1016/j.tox.2024.153763)
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Summary and Significance

 Cannot group by structure, other descriptors can be used for grouping
 Rank individual chemicals, but not subclasses

* Putin vitro data in the context of exposure, but still need more
exposure data

 Optimized in vitro battery comparable sensitivity to ToxCast PODs

* PFAS not amongst the top ranked chemicals, in comparison to other
industrial chemicals

Figures adapted from: Ford et al. 2024 (DOI: 10.1016/j.tox.2024.153763)
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PFAS Data Gaps: Cardiotoxicity
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National PFAS Testing Strategy: Identification of Candidate PFAS for Testing

¥ agenct

Testing for cardiac sensitization. Certain terminal categories consisting of short-chain volatile

PFAS may be considered for testing for cardiac sensitization®® because existing data for » Consider testing PFAS for cardiac sensitization
halogenated hydrocarbons indicate these compounds may lead to cardiac arrythmias and » . T

occasionally to sudden death resulting from sensitization of the heart muscle to endogenous Read-across mdl(_:ates that EXPOSUFE to PFAS
compounds in the body (e.g., adrenaline).®* | may lead to cardiac arrhythmias

% é\/T\ 'D?E ';'A/I‘I'E-S f:wgdg Guidance on PFAS Exposure, Testing and Clinical Follow-Up

The committee observed gaps in the evidence, rendering the evidence inadequate or insufficient,

for many health effects including the following: * @Ga PS in current data or inadequate/insufficient

e immune effects other than reduced antibody response, and ulcerative colitis; » data for a lot of health effects
e cardiovascular outcomes other than dyslipidemia; e Cardiovascular toxicity

“tECHA Annex XV Restriction Report

EUROPEAN CHEMICALS AGENCY

Liver toxicity and Increased serum alanine transferase (ALT) which is a ]
metabolic marker of liver toxicity and fatty liver diseases . . }
disruption Y Y » e Exposure to PFAS leading to increased risk of
Increases total and LDL-cholesterol ) cardiovascular diseases
Increased risk of cardiovascular diseases l




PFAS Data Gaps: Inter-Individual Variability

Té\ ,T\ :DOE ﬁfl\é‘s s Guidance of PFAS Exposure, Testing, and Clinical Follow-Up

Medicine

* PFAS exposure varies by individual
* Race, ethnicity, life stage, other social factors
» can introduce additional risk for diseases as a
result of hazardous exposures
* Inter-individual variability introduced by
differences in exposure and pharmacokinetics

The presence of PFAS in everyday consumer products may be an important source of exposure
for the general population, but this likely varies greatly by individual (Rodgers et al., 2022). Consumer

are not distributed uniformly across populations. Race, ethnicity, poverty, age, life stage, and other social
factors can place people at disproportionately high risk for diseases with environmental causes as a result
of hazardous exposures at increased levels compared to the general population (Gochfeld and Burger,

Note that interindividual variability in PFAS testing results may be a function of differences not
only in exposure but also in pharmacokinetics with respect to excretory clearance. Such host factors as
parity, breastfeeding status, menstrual status, age, genetic polymorphisms, concurrent acute or chronic
disease, and medication use can affect pharmacokinetics.

2
H
3
%
‘;6\
%,

%

FY 2022 - 2026 EPA Strategic Plan
ods, |

and evidence that inform local decisions. Finally, where feasible based on availability of data and metho

EPA will explicitly and consistently assess risks to childhood lifestages and other vulnerable populations as * Assess rISkS to Ch I Id hOOd I |feStageS an d
part of the Agency’s approach for developing risk assessments and in its research agenda. » vu | nera b | e po p u |ati0 ns
EPA will support the development of new science to address uncertainties related to the environmental ° Support resea rch that add resses Uncertainties

health of children and vulnerable populations, including through intramural and extramural research. EPA

% E CH A Annex XV Restriction Report

EUROPEAN CHEMICALS AGENCY

* Continuous PFAS exposure leading to
unavoidable harmful health effects to the
population including vulnerable individuals

Goldenman et al. (2019) indicate that the contamination may be poorly reversible or even
irreversible, and may reach levels that could render natural resources such as soil and water
unusable far into the future, resulting in continuous exposure and unavoidable harmful health
effects, particularly for vulnerable populations, such as children.




Why are we interested In population-based
In vitro methods?




Are PFAS potentially hazardous to

cardiomyocytes?

Experimental Design and Quality Control Assessment
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Are PFAS potentially hazardous to
cardiomyocytes?

Experimental Design and Quality Control Assessment QT ChronotropeCyt ,
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Are PFAS potentially hazardous to
cardiomyocytes?

In Vivo Phenotype In Vitro Phenotype Active Chemicals
(n=56 PFAS)
Negative [-] 5% decrease in - M{M}M
Chronotrope | ™ | peak frequency . [-] Chronotrope
Cytotoxicity
. 10% decrease in
Cytotoxicity m) total cells =) Asystole
QT Prolongation
95% decrease in
0:2000 + —
Asystole m) oeak frequency =) - L . =) [+] Chronotrope
FCS | ' ' |
0 25 50 75 100
QT 5% increase in P -
. - ercent Active
Prolongation ‘ decay/rise ratio
T Bl Active [ Inactive
Positive [+] 5% increase in )
Chronotrope =) | peak frequency




Are there particular subpopulations at risk
for PFAS exposure?

Default Uncertainty Factors used
in Risk Assessment

Interspecies
Variability

Intraspecies
Variability

UFA =10

TK=3.16 TD=3.16

\/
TDVF =
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Are subclasses the best way to group PFAS?

PODs Ranking TD Variability MOE
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Summary and Significance

Upon testing across various populations, no particular subpopulation
was more/less sensitive

Chemicals-specific TDVFs were typically HIGHER than the default
uncertainty factor of 10%/2

Cannot group by structure, but can prioritize chemicals

We have hazard data, but need more measured exposure data to
replace the predicted values



Summary & Takeaways

Regulatory Science Questions Conclusions




Where do we go from here?... Mixtures

LR

Water Regulatory Biomonitoring Post- Fire In Vitro Predicted
Samples LirIits Dzita Water Samples  Bioactivity Exposure Data
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- Pease Site Max Guidance Values - General Pop. Max -Immed. Max - ToxCast ACs, sens. - Expo. High
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How are mixtures currently assessed?

Current challenges in mixtures risk
assessment:

1) Health effects
2) Unknown composition of the mixtures
3) Exposure assessment
« Existing risk assessment methods rely on data
from individual chemicals

* No standardized approach to assess risk of
mixtures

Two proposed methods:
1) Whole-mixture approach
2) Component-based approach

EFSA Journal

€

GUIDANCE

ADOPTED: 17 November 2021

doi: 10.2903/j.efsa.2021.7033

Guidance Document on Scientific criteria for grouping
chemicals into assessment groups for human risk
assessment of combined exposure to multiple chemicals

EFSA Scientific Committee,
Simon John More, Vasileios Bampidis, Diane Benford, Claude Bragard,

Antonio Hernandez-Jerez, Susanne Hougaard Bennekou, Thorhallur Ingi Halldorsson,
Konstantinos Panagiotis Koutsoumanis, Claude Lambré, Kyriaki Machera, Hanspeter Naegeli,
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Abstract

This guidance document provides harmonised and flexible methodologies to apply scientific criteria and
prioritisation methods for grouping chemicals into assessment groups for human risk assessment of
combined exposure to multiple chemicals. In the context of EFSA’s risk assessments, the problem
formulation step defines the chemicals to be assessed in the terms of reference usually through
regulatory criteria often set by risk managers based on legislative requirements. Scientific criteria such
as hazard-driven criteria can be used to group these chemicals into assessment groups. In this
guidance document, a framework is proposed to apply hazard-driven criteria for grouping of chemicals
into assessment groups using mechanistic information on toxicity as the gold standard where available
(i.e. common mode of action or adverse outcome pathway) through a structured weight of evidence
approach. However, when such mechanistic data are not available, grouping may be performed using
a common adverse outcome. Toxicokinetic data can also be useful for grouping, particularly when
metabolism information is available for a class of compounds and common toxicologically relevant
metabolites are shared. In addition, prioritisation methods provide means to identify low-priority
chemicals and reduce the number of chemicals in an assessment group. Prioritisation methods include
combined risk-based approaches, risk-based approaches for single chemicals and exposure-driven
approaches. Case studies have been provided to illustrate the practical application of hazard-driven
criteria and the use of prioritisation methods for grouping of chemicals in assessment groups.
Recommendations for future work are discussed.
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Where do we go from here?... Mixtures
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Bioactivity Comparison
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Thank you!

Questions?




