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Abstract

Per- and poly fluoroalkyl substances (PFAS) are a diverse set of commercial chemicals widely
detected in humans and the environment. However, only a limited number of PFAS are associated
with epidemiological or experimental data for hazard identification. To provide developmental
neurotoxicity (DNT) hazard information, the work herein employed DNT new approach methods
(NAMS) to generate /n vitro screening data for a set of 160 PFAS. The DNT NAMs battery was
comprised of the microelectrode array neuronal network formation assay (NFA) and high-content
imaging (HCI) assays to evaluate proliferation, apoptosis, and neurite outgrowth. The majority

of PFAS (118/160) were inactive or equivocal in the DNT NAMs, leaving 42 active PFAS that
decreased measures of neural network connectivity and neurite length. Analytical quality control
indicated 43/118 inactive PFAS samples and 10/42 active PFAS samples were degraded; as such,
careful interpretation is required as some negatives may have been due to loss of the parent PFAS,
and some actives may have resulted from a mixture of parent and/or degradants of PFAS. PFAS
containing a perfluorinated carbon (C) chain length =8, a high C:fluorine ratio, or a carboxylic
acid moiety were more likely to be bioactive in the DNT NAMs. Of the PFAS positives in DNT
NAMs, 85% were also active in other EPA ToxCast assays, whereas 79% of PFAS inactives in the
DNT NAMs were active in other assays. These data demonstrate that a subset of PFAS perturb
neurodevelopmental processes /n vitro and suggest focusing future studies of DNT on PFAS with
certain structural feature descriptors.
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Introduction

Per- and poly fluoroalky! substances (PFAS) are structurally diverse synthetic chemicals
that are detected in the environment and in humans. PFAS have widespread commercial
and industrial applications, such as water- and oil- repellents, surfactants, surface protectors,
and fire-fighting foams. As of 2021, the OECD adopted a broad definition of PFAS that
requires a minimum of one perfluorinated carbon, which results in a list of PFAS that may
approach 40,000 substances, with more stringent definitions of PFAS structures resulting
in shorter lists in the thousands!~2. Only a small number of legacy PFAS have been
extensively evaluated for adverse human health potential, such as perfluorooctanoic acid
(PFOA) and perfluorooctane sulfonic acid (PFOS), which are currently under regulation
internationally3-5. Given widespread human exposure to PFAS, and the limited empirical
information available for many PFASS, further predicting and characterizing hazard(s)
associated with PFAS is a global interest.

Per- or poly- fluorinated carbon chains bonded to different functional groups such as
carboxylic acid or sulfonic acid groups constitute the core structure of PFASL: 7. The

length of the fluorinated carbon chain results in varying physicochemical properties that
influence their thermal stability and bioaccumulation. Long-chain PFAS have been identified
as highly persistent, bioaccumulative, and toxic (OECD, 2013) and have been detected

in the environment8, biota® and in humans10. Examples of long-chain PFAS include
perfluorocarboxylic acids with greater than 8 carbons in the chain, such as PFOA, or
perfluoroalkane sulfonic acids (PFSASs) with greater than 6 carbons in the chain, such

as perfluorohexane sulfonic acid (PFHxS) and PFOS. The study of PFAS absorption,
accumulation, and distribution in the human brain is currently limited; however, PFAS have
been detected in the brain of humans and wildlife species!~13 In marine mammals, the
abundance of PFAS in the brain was found to increase with carbon chain length of =10,
demonstrating a correlation between the carbon chain length and the concentration of PFAS
in the brain and also suggesting that PFAS with short chain length may cross the blood-brain
barrier less efficiently14.
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Little is known about the effects of PFAS exposure on the developing human nervous
system. However, PFAS such as, PFOA, PFOS, PFHXS, and perfluorononanoic acid
(PFNA), are known to cross the placental barrier, and PFOA has been associated

with fetal growth restrictions!>-17. Recent systematic reviews of available human
epidemiological studies found that associations between perinatal PFAS exposure and
adverse neurodevelopmental outcome are inconsistent and inconclusivel8-19, For example,
one study found prenatal exposure to PFOA, but not PFOS, was associated with lower
mental development in girls at 6 months of age but not at 18 months of age2°. Another
study found prenatal exposure to PFOS, but not PFOA, was associated with gross motor
development deficits at two years of age?!. Increased risk of attention deficit/hyperactivity
disorder and autism spectrum disorders have been associated with perinatal exposures to
PFAS including PFOS, PFOA, PFNA, and PFHXxS, but findings are inconsistent between
studies?2-28, Finally, numerous studies report no association of perinatal PFOS and PFOA
exposure with cognitive development at various postnatal ages?®-31. There is some evidence
of neurodevelopmental impairments in experimental animal models exposed to PFOS and
PFOA32-35 however limitations of using animal studies to predict human effects, coupled
with the inconsistent findings from human epidemiology studies, precludes definitive
conclusions regarding the effects of PFAS on neurological outcomes. Further, human and
animal model data are lacking for most PFAS.

To address these limitations, the work herein employed DNT new approach methodologies
(NAMS) to generate high-throughput /n vitrotoxicity data for PFAS36-37. Given that no
single /n vitro screening assay can recapitulate all critical processes of neurodevelopment
due to temporal and biological complexity38, the integration of /n vitro assays representing
diverse neurological processes across development is critical for understanding the DNT
potential of PFAS. A set of 160 PFAS, constituting the Tier 1 testing portion of

EPA’s research PFAS library, was screened in DNT /n vitro assays, which included

the microelectrode array neuronal network formation assay (NFA)3%-41 and high-content
imaging (HCI) assays to evaluate proliferation, apoptosis®2, and neurite outgrowth®3. The
DNT NAMs PFAS screening data were evaluated for: 1) possible bioactivity in DNT
NAMs suggestive of effects on specific neurodevelopmental processes; 2) associations
between PFAS physicochemical properties and structural feature descriptors with observed
bioactivity; and 3) PFAS potency in the DNT NAMs compared to other chemicals and
non-neural /n vitro model systems.

This research effort includes new data for 160 PFAS that were tested in single-concentration
(sc) and multiple-concentration (mc) response screening in a DNT NAMSs battery comprised
of the microelectrode array (MEA) network formation assay (NFA) and three different
high-content imaging (HCI) assays measuring proliferation, apoptosis and neurite outgrowth
(NOG). The chemical concentration-response data were normalized on a plate-by-plate
basis to the median of the control wells and curve-fit using the ToxCast Pipeline (tcpl)#4.
PFAS bioactivity in the DNT NAMs was evaluated using several different approaches: 1)
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hierarchical clustering of potency and efficacy to determine patterns of activity in distinct
neurodevelopmental processes; 2) enrichment analysis of PFAS structure feature descriptors
present in active PFAS; 3) cumulative frequency distribution of PFAS potency relative to

all available PFAS chemicals screened in the DNT NAMs; and 4) potency comparisons of
PFAS in DNT NAMs to non-neural /n vitro model systems available in public data within
ToxCast.

Chemical library

The PFAS tested in this study were procured by Evotec (US) Inc. (Branford, CT) under
contract with the US EPA (Contract #EP-D-12-122 034). From an initial library of
approximately 430 commercially available PFAS, PFAS were prioritized and selected for
Tier 1 testing based on factors such as structural category, solubility in dimethyl sulfoxide
(DMSO0), and structural diversity to support read-across*. PFAS were deemed suitable for
testing if they were soluble in DMSO above 5 mM, and lacking evidence of volatility

or reactivity. For a complete list of procured PFAS see https://comptox.epa.gov/dashboard/
chemical-lists/EPAPFASINV. There were multiple different PFAS procurements comprising
the 160 PFAS screened, which included PFAS that were selected prior to and after analytical
QC testing. See ‘DNT NAM s screening’ methods section for details on the screening
approach of the two procurements. See Table S1 for chemical information on the 160 PFAS,
their molecular formula, physicochemical properties, the analytical quality control (QC)
results on the solubilized chemical stock samples, and the concentrations tested in the DNT
NAMs battery.

Substances were solubilized in 100% DMSO at top stock concentrations of 30 mM

if achievable without visible precipitation, with the exception of ammonium perfluoro-2-
methyl-3-oxahexanoate (GenX), which was solubilized in H,O as it was known to be
unstable in DMSO4. For the vast majority of PFAS, mc screening concentrations ranged
from 0.03 uM to 30 uM in the MEA NFA and 0.001 pM to 30 pM in the HCI assays in
half-log increments, with a few exceptions ( Table S1). Sc screening was performed at a
target concentration of 30 pM, with a few exceptions based on solubility limitations. Two
previously confirmed developmental neurotoxicants*’, i.e., methylmercuric(11) chloride*?
and tributyltin methacrylate®!, were used as comparator chemicals with known activity

in the DNT NAMs and /n vivo. All information on the chemicals and assays within the
ToxCast chemical library are publicly available on the CompTox Chemicals Dashboard
(https://comptox.epa.gov/dashboard) and within the ToxCast database, invitrodb version 3.5
(https://doi.org/10.23645/epacomptox.6062623.v8).

Quality Control (QC) analysis

Given the diverse physicochemical properties of the PFAS selected for this work and

recent reports of instability of certain PFAS in DMSO%6, quality and stability evaluations
were conducted of the PFAS screening stock solutions. Targeted analytical chemistry
methods, specifically mass spectrometry coupled with either gas chromatographic or liquid
chromatographic separation, were used to determine if the parent structure was present in the
stock solution and to monitor for presence of degradants, contaminants, or isomers. A binary
pass/fail grade was assigned for each stock?8. A failing grade was based on several criteria,
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including no analyte detected, analyte degraded, or incorrect molecular weight detected.
Additional informational flags are listed in the README tab in the Supporting Information
Tables. A QC fail grade indicates that the target PFAS was not present or was degraded

and caution is recommended in interpreting bioactivity. Failure to observe bioactivity with
QC-failed samples may not be interpretable as a true negative as we have no confirmation
that the target PFAS analyte was present. Bioactivity observed with QC-failed samples
suggests that bioactivity may have resulted from degradants or transformation products,
and the concentration units reported are likely unreliable. Note that the QC analysis was
performed on representative samples of the DMSO stock solutions and not directly from
samples screened in the DNT NAMs.

The DNT NAMs dataset includes data from 160 PFAS that were screened in mc and/or

sc from two chemical procurements: an original set selected prior to analytical QC testing
and a re-procured set selected after preliminary QC testing (Figure S1). After initial DNT-
NAM testing from the original procurement in mc and delivery of QC findings, application
of a tiered screening approach was employed, leveraging a pre-screen in sc to evaluate
activity before conducting a more resource intensive mc evaluation. Figure S1 describes
the workflow, QC findings and number of PFAS for which activity was noted in the sc
screening. To determine whether a chemical was active in at least one endpoint in the sc
pre-screen, sc test well responses were normalized to the median of the control wells on a
per-plate basis. The baseline median absolute deviation, or BMAD, was defined using the
control wells and sc responses were considered active if they exceeded + 2*BMAD, with a
few exceptions. Additional details of sc analysis are in the Supporting Information Methods.
Overall, this approach yielded datasets of 104 unique PFAS screened in mc MEA NFA, 57
PFAS screened in mc HCI assays, 56 PFAS screened only in sc MEA NFA, and 79 PFAS
screened in only sc HCI assays.

DNT NAMs assays

See Carstens et. al (2022) for detailed experimental design for each assay. In brief, the
MEA NFA was performed in a 48-well microelectrode plate format using rat cortical cells
(dissected at PO from Long Evans rat, (Charles River Laboratory, Raleigh, North Carolina)).
Each chemical was screened in triplicate, with each replicate comprised of cells from
multiple animals, across multiple plates. The data were collected over a period of 12 days
in vitro (DIV) with recordings occurring on DIV 5, 7, 9, and 12. Chemical exposure started
on DIV 0, two hours after plating, and full media changes occurred on DIV 5 and 9 (two
repeat doses). The HCI assays were performed in a 96-well plate format using human
neural progenitor cells (NP1 cells derived from a neuroepithelial cell lineage of WAQ9
human embryonic stem cells, ArunA Biomedical (Athens, GA)) in the proliferation and
apoptosis assays, human glutamatergic enriched neurons from iCell GlutaNeurons (derived
from pluripotent stem cell, FUJIFILM Cellular Dynamics, Inc. (CDI) in the NOG assay).
The length of the HCI assays ranged from 1-2 days with a single dose exposure occurring
two hours after plating.
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The MEA NFA includes 17 endpoints measuring decreased neuronal activity and two
cytotoxicity endpoints39-41. The 17 MEA NFA endpoints were categorized into four
‘activity types’: general activity, bursting, network connectivity, and synchrony*®. The HCI
includes three assays: proliferation (2 endpoints)#2, apoptosis (2 endpoints), and NOG (4
endpoints)#3. Each respective HCI assay includes a measure of cytotoxicity (highlighted
gray in Table 1). The sc screening included a total of 14 endpoints: the 8 HCI endpoints
listed above and a subset of 6 MEA NFA endpoints, which were selected as optimal based
on their sensitivity and specificity to detect positive responses in mc screening. See Table 1
for a summary of endpoints included in the DNT NAMSs battery. Also see Table S2A for a
complete list of endpoints tested for each chemical and Table S2B for a summary of the mc
or sc assays tested for each chemical.

All data management, analysis, and figures were generated using the R statistical
programming language within RStudio (version 4.1.2). All original code and source files for
these analyses are available on GitHub (https://github.com/USEPA/CompTox-PFAS-DNT).
Assay data were compiled using the ToxCast pipeline (tcpl) R package (version 2.1.0) that
is publicly available (https://cran.r-project.org/web/packages/tcpl/index.html)*4, and these
assay data are publicly available in the “invitrodb’ version 3.5 database (https://doi.org/
10.23645/epacomptox.6062623.v8).

Data Pipeline

Chemical concentration-response data for each assay were normalized on a plate-by-plate
basis to the median of the control wells and curve-fit using the tcpl to identify active

or inactive chemicals*4. Concentration-response data for each MEA NFA parameter were
comprised of area under the curve measurements of time-response curves for each
concentration, which included the four recordings (DIV 5, 7, 9, 12) over the multi-exposure
experiment. The tcpl data processing methods and cutoff thresholds for a positive response
for mc and sc endpoints are listed in Table S3. In general, baseline was defined as the
baseline median absolute deviation (BMAD) of DMSO-treated wells. The cutoff threshold
for a positive response in the mc screening endpoints was three times the BMAD for mc. Sc
screening data presented in the results section were analyzed with a cutoff of three times the
BMAD such that cutoffs were comparable with mc screening.

Seventeen MEA NFA parameters were fit in both the ‘down’ and ‘up’ activity

direction. The endpoints measured in the ‘up’ direction were excluded from this analysis
based on overall inactivity across the 17 endpoints and lack of positive control data

for validation (Carstens et al. 2022). The HCI parameters were fit in the ‘down’

direction to capture a loss of bioactivity with the exception of “Casp3_7” (apoptosis).
Examination of the HCI parameters fitted in the ‘up’ direction returned very little to

no evidence suggesting increases in the assay parameters for functional processes. The
proliferation endpoint “CCTE_Mundy_HCI_hNP1_Pro_MeanAvglnten_loss” was excluded
from this analysis because the proliferation endpoint “CCTE_Mundy HCI_hNP1 Pro_
ResponderAvglinten_loss” was identified as more sensitive in an internal review of data.

Chem Res Toxicol. Author manuscript; available in PMC 2024 March 20.


https://github.com/USEPA/CompTox-PFAS-DNT
https://cran.r-project.org/web/packages/tcpl/index.html
https://doi.org/10.23645/epacomptox.6062623.v8
https://doi.org/10.23645/epacomptox.6062623.v8

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Carstens et al.

Page 7

Potency was evaluated in the mc screening data using the concentration at 50% maximal
activity (ACgp) values. Sc screening methods were the same as described above.

Summary curve-fit information stored in level 5 of “invitrodb’ for mc data were used to filter
chemical concentration-response curves to remove the least reproducible curve-fits from
consideration as positives, with the following criteria3”- 50: 1) curve-fits with >3 caution
flags were set to a hit-call of zero (tcpl caution flags use both the plate level concentration-
response data and modeled parameters to flag curve-fitting behaviors such as noisy data,
only highest concentration above baseline, or hit-call potentially confounded by overfitting);
2) curve-fits with a top less than or equal to 1.2 times the cutoff for a positive and a resultant
ACs less than the concentration range screened were set to a hit-call of zero; 3) any hit-calls
of -1, indicating the concentration series had fewer than 4 concentrations, was set to zero.
When multiple samples of a chemical were available, a representative sample per chemical
was identified using the library(tcpl) function ‘tcplSubsetChid’ which defaults to the most
active and best quality curve available.

DNT NAMs Bioactivity Analysis

An “active’ chemical in the DNT NAM s battery was defined based on the following
criteria. First, the set of ACsq values estimated by curve-fitting was filtered to retain
selectively active concentration-response data (ACsq values occurring below the threshold
of cytotoxicity). The threshold of cytotoxicity was defined as the ACgq value of the
cytotoxicity endpoint from each respective assay. Selective DNT NAMs responses and
cytotoxicity responses were used to characterize PFAS behavior as active or inactive

in the DNT NAMs battery. Non-selective DNT NAMs responses were included when
comparing PFAS bioactive concentrations to other non-DNT NAMSs assays in ToxCast.

The cytotoxicity endpoints included “MUNDY_HCI_CDI _NOG_NeuronCount_loss” for
the NOG assay and “MUNDY_HCI_hNP1_CellTiter_loss” for the proliferation assay. The
MEA_NFA contained two cytotoxicity endpoints (“CCTE_Shafer MEA_dev_LDH_dn”,
“CCTE_Shafer MEA dev_AB_dn”) of which the minimum log10-ACsq was computed in
the case of two positive results. Second, a classification of ‘active’, ‘inactive’, or ‘equivocal’
was determined for each compound. An ‘inactive’ was defined as a chemical having no
positive responses in the battery (mc or sc endpoints for chemicals that were not tested in
mc screening). An ‘active’ was defined as any chemical that was positive in at least one
endpoint (either in mc or sc endpoints for chemicals that were not tested in mc screening),
unless the chemical was only active in one MEA NFA endpoint (not including the two
cytotoxicity endpoints), in which case it was defined as ‘equivocal’. This determination was
based on previous findings that the MEA NFA endpoints are highly correlated and sensitive
to chemicals with evidence of /7 vivo DNT37. For sc screening data, an equivocal was
defined as a chemical with one positive response that was within 5% of the efficacy cutoff
for any endpoint. In cases of binary classification of ‘active’ or ‘inactive’, an equivocal
chemical was considered ‘inactive’.

The potency of PFAS in the DNT NAMSs was evaluated using several approaches, as
follows: 1) The ACsgq values were sorted into the different “activity types’ and the mean
ACsq was computed for each group to determine the most sensitive “activity type.” 2) Assay
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endpoint sensitivity was evaluated by identifying which endpoints defined the minimum
ACs value for PFAS most frequently. 3) Unsupervised hierarchical clustering was used

to evaluate the differential patterns of activity in PFAS screening in mc as measured by

a metric that combines efficacy and potency, area under the curve (AUC). Not all PFAS

that were screened in the MEA NFA were screened in the HCI assays; therefore, separate
heatmaps were generated for each assay technology to visualize the data. These analyses
used Ward’s D2 method for linkage®! (Ward, 1963) and the agglomerative clustering
method as implemented in the R package ‘gplots’ version 4.1.3%2) The distribution of
PFAS potency values in the DNT NAMs was compared to the distribution of potency
values for all available chemicals screened to-date in the same assay endpoints (415

total chemicals). An empirical cumulative distribution function was used to understand

the percentage of PFAS with bioactivity above or below the median of potencies for

all chemicals screened to date as well as the median potencies observed for the two
chemicals with known /n vivo DNT activity, i.e., methylmercuric(Il) chloride and tributyltin
methacrylate. The density of potency values for PFAS versus non-PFAS was used to
understand whether PFAS behaved similarly to non-PFAS with respect to potency in the
DNT NAMs. 5) PFAS potency in the DNT NAMSs was compared to two other NAMs

in the ToxCast screening program (https://doi.org/10.23645/epacomptox.6062479.v5) — the
BioMAP® Diversity PLUS panel and the Attagene cis-Factorial and trans-Factorial assays —
with the goal of identifying substances with neural-specific effects. The BioMAP® Diversity
PLUS panel is a phenotypic screening platform of primary human cell co-culture systems
that is comprised of 12 assays, encompassing 148 endpoints, modeling diverse tissue and
organ systems (particularly vascular and immune biology)®3-54. The Attagene cis-Factorial
and trans-Factorial assays are two multiplexed high-throughput screening assays that use
HepG2 cells to assess transcriptional factor activity (cis-Factorial) or transfected nuclear
receptor activity (trans-Factorial) that encompass 69 biological endpoints®>—56.

PFAS chemical and structure feature descriptors

Trends in physicochemical properties and structure feature descriptors and DNT NAMSs
bioactivity were examined using several approaches. The relationship between three
chemical properties (the perfluorinated carbon chain length (CF chain length), the C:
fluorine (F) ratio, and logP) and PFAS activity was evaluated using a Student’s unpaired
t-test for significance (p < 0.05). The CF chain length was binned into three groups <4,

4:7 C, and =8 C atoms and differences in percent activity (‘number of active responses’/
‘total number of endpoints tested’ * 100 per chemical) per bin were evaluated. A database
framework to facilitate structural category assignment of PFAS referred to as ‘PFAS-Map’
developed by Su and Rajan (2021) was used to profile the PFAS into nominal OECD>’
chemical structure categories®®. Further details of how these have been used to profile other
PFAS lists on the Dashboard and how these related to the PFAS tested are discussed in
Patlewicz et al., in prep. Su and Rajan (Su and Rajan 2021) implemented PFAS-Map as an
open-source tool (https://github.com/MatInfoUB/PFAS_Map_MaDE_UB) that enables large
numbers of PFAS to be objectively and systematically profiled into at minimum 9 broad
OECD categories. These PFAS-Map OECD categories were also related to percent activity.
Correlations between mean ACsgg values by chemical and physicochemical properties (C:F
ratio, CF chain length, logP, molecular weight, boiling point, and vapor pressure) were
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examined using linear regression modeling, using correlation coefficients (R) with p-values
for significance (p< 0.05) to understand the significance of these linear relationships.
Physicochemical and environmental fate properties were extracted from the CompTox
Chemicals Dashboard (https://comptox.epa.gov/dashboard), including predicted properties
from the OPEN structure—activity/property Relationship App, or OPERA5%-60,

The structure feature descriptors employed herein are two dimensional descriptors based

on the approach used to develop the original ChemoType ToxPrints 1(Yang et al.,

2015). An initial set of PFAS ToxPrint categories were defined by visual inspection

of ToxPrints relative to the expert assigned structural categories used in the selection

of the PFAS for testing® 62, A subset of 34 categories, denoted TxP_PFAS_34cat,

were derived, either from single ToxPrints or Boolean combinations of ToxPrints, that
were able to group the vast majority of the ~150 PFAS. These included ToxPrints
representing isolated functional groups, such as primary alcohols, sulfonic acids etc.,

as well as a few PFAS-specific ToxPrints, such as perfluoro-propyl, -butyl, -hexyl,

and -octyl chains. Note that the PFAS ToxPrint category ‘PFAS_perFoctyl’ is identical

to the public ToxPrint ‘bond:CX_halide_alkyl-F_perfluoro_octyl’. The PFAS-specific
ToxPrints were uploaded into the ChemoTyper software (Mersion 1.0), an application

that allows for searching and highlighting chemical substructures (https://chemotyper.org/).
Chemical structure information of the set of 160 PFAS was extracted from the ACToR-
DSSTox Chemical Registration (https://ccte-chemreg.epa.gov/ChemReg/export.jsf) using
the ‘Download DSSTox Substructures (v2000)” function. This file was uploaded into the
ChemoTyper software and matched to the PFAS-specific ToxPrints. Chemical ‘fingerprints,’
a binarized classification of the ToxPrints for each chemical, were extracted. A ToxPrint
enrichment analysis®® 63 was performed to determine the likelihood that a particular
ToxPrint is represented in the set of active PFAS for DNT NAMs (versus the inactive PFAS
set) more frequently than would be predicted by chance. ToxPrints that were not represented
in at least 3 PFAS or that were represented in all PFAS were removed prior to calculating
enrichment. The statistical thresholds for significant enrichment included an odds ratio of >
3 and a Fisher’s exact p-value of < 0.05.

PFAS bioactivity and sensitivity by neurodevelopmental process

A total of 160 unique PFAS, representing distinct PFAS-Map OECD structural categories
(Figure S2), were screened in sc and/or mc DNT NAMs comprised of four assays
representing four key neurodevelopmental processes: neural network formation measured
by the MEA technology and proliferation, NOG, and apoptosis measured by the HCI
technology. A subset of 74 chemicals were screened in only mc MEA NFA, while a subset
of 136 chemicals were screened with a tiered screening approach whereby active chemicals
in sc screening were subsequently screened in mc (Figure S1).

A key observation of this screening was that the majority of PFAS were inactive in the
DNT NAMs battery: 111/160 PFAS demonstrated no positive responses across the DNT
battery, including PFOS, PFHXS, PFHxA, PFBS, and GenX, and 7/160 were determined
to be equivocal, including PFOA and PFHpS (Table 2). PFOA bioactivity was classified as
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‘equivocal’ given that it was active in only 1/17 mc MEA NFA endpoints, not including
cytotoxicity. PFHpS was classified as an ‘equivocal’ because it was only positive in one sc
endpoint measuring decreased proliferation, screened at a concentration of 20 pM, and had
efficacy below the cutoff by less than 5%.

Analytical quality control (QC) analysis was performed on PFAS stock solutions in DMSO
to evaluate purity and stability and provide context for interpreting bioactivity data. Of the
118 inactive or equivocal PFAS in the DNT NAMs, 43 failed QC testing, as such, the
PFAS that were inactive or equivocal and also failed QC may have been inactive because
the samples were not stable or amenable to screening in aqueous assay technologies such
as those employed herein. The majority of QC flags for PFAS with no DNT bioactivity
were due to analyte degradation or no sample detected (see Table S4 for complete list of
PFAS bioactivity and QC results). Of the 42 PFAS that were positive, 10 failed QC testing;
for these PFAS, bioactivity may have resulted from uncharacterized metabolites and/or
degradants. The QC pass/ fail results appeared associated with several physicochemical
properties (Figure S3). PFAS that failed QC typically demonstrated lower values for
molecular weight, octanol:water partitioning coefficient (logP), and boiling point, as well
as a higher vapor pressure, compared to PFAS that passed QC (Student’s t-test, p< 0.01).

PFAS bioactivity in the DNT NAMs was evaluated for each assay (MEA NFA, NOG,
proliferation, apoptosis, and cytotoxicity). In this analysis, only the positive responses below
the threshold of cytotoxicity (the cytotoxicity ACsg for each chemical in each assay) were
evaluated for the MEA NFA, NOG, proliferation and apoptosis assays. PFAS demonstrated
the most bioactivity overall in the assay measuring neural network formation compared

to other DNT assays, with 32/160 PFAS active in at least one endpoint in the sc or mc

MEA NFA, of which six were considered equivocal in the sc or mc MEA NFA Figure 1A).
Cytotoxicity was observed for 23/160 PFAS active in at least one cytotoxicity endpoint,
including five different measurements of cell health (neuron count number in hNP1 and CDI
cells, ATP content in hNP1, or mitochondrial function and plasma membrane permeability
in rat cortical cells). Only 15/132 PFAS demonstrated activity in the assay measuring neurite
outgrowth, which measured decreases in length of developing neurites, number of total
neurites, and number of branch points. The proliferation and apoptosis assays detected

the least bioactivity, with 8/136 or 1/136 active PFAS, respectively. Note that the only

active PFAS in the apoptosis assay, 3H-Perfluoro-2,2,4,4-tetrahydroxypentane, failed QC
testing with a flag for no sample detection. Although this compound was active in one

other endpoint measuring cytotoxicity, ‘MEA_dev_LDH_dn’, at a comparable potency (1.32
log10-uM versus 1.03 log10-puM, respectively), the bioactivity should be interpreted with
caution as it may have resulted from uncharacterized degradant(s). These data suggest that
neural network formation is the most sensitive neurodevelopmental process to perturbation
by PFAS, whereas proliferation and apoptosis are the least sensitive.

The potency of PFAS bioactivity was compared across different types of activity in the
DNT battery. The 17 endpoints comprising the MEA NFA were further categorized into
four different types of neuronal activity: general activity, bursting, network connectivity,
and oscillatory#®. The mean potency of all active hits in the mc screening battery was 0.68
+ 0.53 log10-uM (log10-ACsp + SD; Table S6A for the log10-ACsq for each chemical

Chem Res Toxicol. Author manuscript; available in PMC 2024 March 20.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Carstens et al.

Page 11

by endpoint). The endpoints measuring ‘general activity’ in the MEA NFA demonstrated
the most potent bioactivity overall (mean + SD of 0.52 + 0.54 log10-uM) (Figure 1B).

The mean potency of ‘general activity’ endpoints was less than the mean potency of
‘cytotoxicity’, ‘NOG’, and “oscillatory’ activity types (one-way ANOVA, Tukey’s multiple
comparison, p<0.05, Table S6B). There were six potent outliers (< 0.5 log10-uM) that
were captured by the MEA NFA, of which four failed QC testing and two were equivocal,
indicating low confidence in the bioactivity. Given the trend in potent activity in the MEA
NFA, we evaluated assay endpoint sensitivity by identifying which endpoints determined
the minimum ACsq value for each compound. The MEA NFA “general activity’ endpoint
measuring a decrease in the number of bursting electrodes and the NOG endpoint measuring
a decrease in neurite length were the most sensitive overall (Figure S4Ai). Given the high
frequency of chemicals associated with the endpoint measuring a decrease in the number
of bursting electrodes relative to other endpoints, the concentration response curves for

the eight positive responses in this group were evaluated (Figure S4B). Seven out of eight
curves demonstrated ‘high confidence’ bioactivity, whereas one positive response from
perfluoroglutaryl difluoride was equivocal and failed QC testing (see Figure S4C for more
details). Excluding this one equivocal response, the average minimum potency captured by
this endpoint was 0.20 log10-pM + 0.63 (mean ACsq + SD), in contrast to 1.08 log10-uM
+ 0.43 (mean ACsg £ SD) for the endpoint measuring a decrease in neurite length. The
endpoint ‘bursting_electrodes_number_dn’ also ranked as the most potent endpoint overall
when comparing the mean ACsg by endpoint for all positive responses from the 74 mc-
screened PFAS (Figure S4Aii). Together, these results indicate that the endpoint measuring
a decrease in the number of bursting electrodes appears to be particularly sensitive to
perturbation by PFAS.

PFAS efficacy in the DNT NAMs

Of the 160 PFAS that were screened in the MEA NFA, 29 PFAS demonstrated potent

and efficacious activity in the MEA NFA that was selective, as illustrated by hierarchical
clustering of AUC values computed for each chemical-by-endpoint curve (Figure 2).
Clustering of PFAS revealed three main clusters of differential patterns of efficacy (rows/
y-axis dendrogram) across five activity types (column bar legend) that are compared to
tributyltin, a chemical with known DNT effects /n vivo: cluster 1) four PFAS with moderate
efficacy and bioactivity across all four neuronal activity types (mean AUC £SD of 78.9

+ 15.5); cluster 2) six PFAS with moderate efficacy and bioactivity in mainly endpoints
measuring network connectivity and a lack of bioactivity in ‘general activity” endpoints
measuring mean firing rate and burst rate (mean AUC £SD of 39.7 + 17.1); cluster 3) 19
PFAS with moderate or low activity in a targeted subset of variable endpoints (mean AUC
+SD of 7.83 + 6.37) with a sub-cluster of four chemicals driven by common activity in the
mutual information endpoint and some activity in network connectivity endpoints (dotted
line); and cluster 4) tributyltin with high efficacy across the majority of endpoints with a
mean AUC of 260, a fold-difference of 3.3 times greater than the most potent and efficacious
PFAS in cluster 1, indicating that overall, the subset of 29 bioactive PFAS were markedly
less potent and efficacious relative to a DNT NAMs-active compound with evidence of /n
vivo DNT. Of the 19 PFAS in cluster 3, two failed QC testing (red row labels), and four
were classified as demonstrating equivocal bioactivity (asterisk after row label), including
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PFOA (see Figure S5 for the PFOA concentration response curve). In cluster 2, one PFAS
failed QC, 2,2,3,3-tetrafluoropropyl acrylate, with a flag for evidence of analyte degradation.
PFAS containing a perfluorinated C chain length (CF chain length) of 8:14 C predominantly
grouped in the higher bioactivity clusters 1 and 2 (Figure 2, left row side legend). PFAS

in clusters 1 and 2 were also comprised of five shorter CF-chain PFAS, three of which
contained a carboxylic ester acrylic functional group. However, there were no clear trends

in PFAS-Map OECD structural categories and ranking PFAS by the AUC sum (Figure S6),
possibly due to the limited representation of all the PFAS-Map OECD structural categories
among the PFAS that were selectively active in the MEA NFA (Figure S2).

Of the 57 PFAS screened in the mc HCI assays, 12 were active in the NOG mc assay

and one was active in the mc apoptosis assay, demonstrating low efficacy and/or potency
compared to the DNT NAMs-active compound tributyltin (Figure S7). The average AUC
of tributyltin across the HCI assay endpoints was 38.4 times greater than the average
AUC of the 13 PFAS that were active in the HCI assays (135 compared to 3.52 + 2.66

(= SD), respectively). None of the PFAS were active across multiple HCI assays and

upon inspection of the concentration response curves, the majority of curves demonstrated
activity only at the highest concentration tested and/or efficacy levels less than 50% (Figure
S8), indicating that the PFAS bioactivity is neither potent nor efficacious in the HCI
assays. There was no clear trend in the CF chain length and the AUC values in the

HCI assays. Of the PFAS that were tested in the HCI assays, 37 were also screened in

the mc MEA NFA, of which only four were active in both the MEA NFA and at least

one HCI assay: 2-(perfluorooctyl)ethanol, flubendiamide, 11:1 fluorotelomer alcohol, and
perfluorooctanamidine. Conversely, of the 29 PFAS that were active in the MEA NFA,

17 were tested in the HCI assays, of which only the four above-mentioned PFAS were
active in at least one HCI endpoint. These results suggest that PFAS demonstrating efficacy
in the HCI assays measuring NOG, proliferation or apoptosis do not necessarily predict
similar perturbations in the MEA NFA, and vice versa. Overall, PFAS appear to show
greater overall efficacy and potency in the MEA NFA compared to activity in the NOG,
proliferation, or apoptosis assays (mean AUC +SD of 24.5 + 28.8 in the MEA NFA
compared to mean AUC £SD of 3.52 £ 2.66 in the HCI assays).

Trends in PFAS chemical and structure feature descriptors

We next evaluated trends between chemical or structure feature descriptors and activity in
the DNT NAM s battery. Here we compared PFAS sc and mc screening activity in the DNT
NAMs battery to the C: fluorine (F) ratio, CF chain length, and logP. The C:F ratio and lopP
were identified as properties that were increased in active PFAS compared to inactive PFAS
(Figure 3A, Student’s unpaired T-test for significance, p< 0.05). The relationship of the

CF chain length and DNT NAM s activity was further examined by comparing the percent
activity of each PFAS to the CF chain length in three bins: <4 C, 4:7 C, or =8 C (Figure 3B).
Qualitatively, this analysis revealed that active PFAS with =8 C demonstrated the highest
percent activity in the DNT NAMs compared to 4:7 C and <4 C, which demonstrated

the lowest percent activity as measured by the median percent activity of active PFAS.
Evaluating PFAS-Map OECD structure categories and percent activity did not reveal any
clear trends (Figure 3C). Correlations between chemical properties (C:F ratio, CF chain
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length, logP, molecular weight, boiling point, and vapor pressure) and mean ACsg values
by chemical from mc screening data were examined using linear regression modeling and
revealed no significant correlations (p>0.05, Figure S9). These results suggest that PFAS
containing a longer CF chain length, particularly a CF chain length of = 8, and a higher C:F
ratio may correspond to higher DNT NAM s positive hit rates.

We performed a ToxPrint enrichment analysis, which determines the likelihood that a
particular ToxPrint (a public set of chemotypes, http://www.toxprint.org) is overrepresented
in the active PFAS set compared to inactive PFAS set in the DNT NAMSs. Of the 74/729
public ToxPrints that met the inclusion criteria, no ToxPrints were significantly enriched
(Table S7); however, after excluding PFAS that failed QC testing, two ToxPrints containing
a carboxylic acid moiety were significantly enriched (p < 0.05 and odds ratio = 3) (Table
S8). A list of 34 expert curated PFAS specific ToxPrint categories (TxP-PFAS_34cat) (Table
$9)62 were assigned to each chemical in this study. Following the same criteria described
above, 28/34 PFAS ToxPrints met the inclusion criteria and none were significantly enriched
in active PFAS (Table S10), however after excluding the PFAS that failed QC testing,

21/34 PFAS ToxPrints met the inclusion criteria, and one ToxPrint containing a carboxylic
acid moiety was enriched by significance (Table S11). Evaluating the 34 PFAS ToxPrints

by percent activity in the DNT NAMs revealed that PFAS containing a sulfonamide,
acrylate, or perFoctyl (a CF chain length > 8) moiety demonstrated the highest activity,

as qualitatively determined by the mean percent activity of active PFAS per ToxPrint (Figure
3D). Non-PFAS chemicals containing carboxylic acid or sulfonamide moieties were not
more likely to be active in the DNT NAMs based on a ToxPrint enrichment analysis of all
available chemicals screened in the DNT NAMSs (Table S12). This analysis also revealed five
PFAS ToxPrints comprising inactive PFAS. A larger dataset including PFAS representing
overlapping and diverse functional groups would improve the interpretation of this analysis.

Comparison of PFAS potency in the DNT NAMs to other chemicals and assays

We next compared the potency and efficacy range of all PFAS tested to all available
chemicals screened in these assay endpoints in the ToxCast database. This dataset was
comprised of 415 chemicals, including some known to cause developmental neurotoxicity
in vivo*' | tested in a concentration range of - 1.81 to 1.44 log10-uM with a few exceptions.
In comparing the ACsq values of PFAS to all available chemicals in the DNT NAMs, the
median potency of active PFAS chemicals was near the median of all chemical potencies

in DNT NAMSs (Figure 4A). Compared to two known neurodevelopmental toxicants, the
median potency for PFAS (median £ SD of 0.87 + 0.52 log10-uM) was 1.40 log10-uM
greater than the median potency of methylmercury (median £ SD of —0.53 + 0.48 log10-uM)
and 2.3 log10-uM greater than the median potency of tributyltin (median + SD of —-1.40
+0.49 log10-uM) in the DNT NAMs. The minimum 5t percentile potency of PFAS

was less potent than the median potency of methylmercury and tributyltin. Relative to

all non-PFAS chemicals, few PFAS demonstrated bioactivity below 1 uM (Figure 4B).
These results indicate that the majority of PFAS bioactivity occurs within a similar potency
range as non-PFAS chemicals and was several orders of magnitude less potent than two
known neurodevelopmental toxicants in the DNT NAMSs. Moreover, the efficacy of PFAS,
as measured by the median AUC sum per chemical, approached the 25! percentile of AUC
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sum values from all available chemicals and the 95t percentile of PFAS AUC sum was less
than the median AUC sum of both methylmercury and tributyltin (Figure S10). These results
indicate that PFAS are generally less efficacious than a majority of non-PFAS chemicals

and markedly less efficacious than two neurodevelopmental toxicants by several orders of
magnitude.

Next, we compared DNT NAMs bioactivity to two other NAM assays in the ToxCast
screening program®4, the BioMAP® Diversity PLUS panel® and the Attagene cis-Factorial
and trans-Factorial assays®®, with the goal of identifying substances with specific responses
in the DNT NAMs. Twenty-one of the 99 PFAS screened in all three mc assays were active
in all three mc assays, of which 16 were more potent in the mc DNT assay battery compared
to both the Attagene and BioMAP assays, as measured by the mean ACsg value across

all active endpoints in each assay (Figure 5A). Five PFAS exhibited activity in only the

mc DNT assays, of which four were active in only one mc HCI endpoint and the other

was active in only two mc MEA NFA endpoints. Moreover, of the 68 PFAS that were
inactive in the mc DNT assays, 54 were active in the Attagene or BioMAP assays (Figure
S11A), indicating fewer PFAS perturbed the DNT NAMs compared to the Attagene and
BioMAP model systems. 1H,1H,8H,8H-perfluorooctane-1,8-diol demonstrated the lowest
mean potency in the DNT NAMSs, which was approximately 1.5 log10-uM more potent
than the mean potency in the Attagene and BioMAP assay. Four PFAS were more potent in
the BioMAP assay compared to the DNT assay, notably 11:1 Fluorotelomer alcohol which
was 1.5 log10-uM more potent than the DNT mean potency and 2.5 log-fold more potent
than the Attagene mean potency (Figure 5B). Given that the majority of PFAS were more
potent in the DNT NAM s relative to the Attagene and BioMAP assays (Figure S11B), we
evaluated whether this trend was common for any set of non-PFAS chemicals screened in
all three assays. We found that DNT NAMSs potencies were significantly decreased relative
to BioMAP and Attagene potencies (mean +SD of 0.61 log10-uM + 0.91 in the DNT
NAMSs compared to 1.12 log10-uM £ 0.87 and 1.13 log10-uM + 0.53 in the BioMAP

and Attagene assays, respectively, p<0.0001, Welch two sample t-test, Figure S11C). Based
on this finding, we cannot conclude that PFAS disrupt neural systems at a more potent
concentration compared to other /n vitro biological targets. In conclusion, this analysis
revealed that PFAS bioactivity was unlikely to be neural-specific given that few PFAS was
active in the DNT NAMs that were not active in the BioMAP and Attagene assays and that a
majority of PFAS were inactive in the DNT NAMs but active in the other two assays.

Lastly, we identified the PFAS with the highest bioactivity in the DNT NAMs battery.
Highly active PFAS were defined as PFAS that were active in greater than 30% of tested
endpoints. Recently we reported that bioactivity in the DNT NAMs is highly correlated
across endpoints such that chemicals with evidence of in vivo DNT were more likely

to be active across multiple endpoints in the DNT NAMs37. We identified 11 PFAS

that were highly active in the DNT NAMs (Table 3), of which one failed QC testing,
2,2,3,3-Tetrafluoropropyl acrylate, with a flag for evidence of degraded analyte (in some
instances due to DMSO). Interestingly, this chemical also contained the lowest CF chain
length of only 2 but a high C:F ratio of 1.5. Of the highly active PFAS, 6/11 had a CF
chain length of = 8 and the remaining PFAS had a C:F ratio = 1. The most active PFAS,
N-[(perfluorooctylsulfonamido)propyl]-N,N,N-trimethylammonium iodide, contained three
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different moieties: sulfonyl, sulfonamide, and perFoctyl (a CF chain length = 8). Of the five
most active PFAS, three included a perFoctyl moiety, two included an acrylate moiety,

one included an oxidehydroxy moiety, and two included the combination of sulfonyl,
sulfonamide, and perFoctyl moieties. These data indicate that PFAS with a CF chain length
of > 8 are associated with increased DNT NAMSs bioactivity and that particular functional
groups, such as sulfonamide, sulfonyl, and acrylate, may also be implicated in elevated DNT
NAMs bioactivity.

Discussion

This work presented novel data collection and results of an integrated analysis of
concentration-response data for 160 PFAS screened in a DNT NAMs battery evaluating
key neurodevelopmental processes, proliferation, apoptosis, neurite outgrowth, and neural
network formation and function3%-41. 66 The majority of screened PFAS (118/160) were
inactive (111) or equivocal (7) in the DNT NAMs battery, of which 43 failed to be
identified as present in analytical quality control stock samples. Of the 42 active PFAS,
32 were verified as present by analytical quality control and demonstrated bioactivity in
endpoints measuring decreases in neuronal network function or neurite length. Structural
feature descriptors such as a CF chain length of = 8, a high C:F ratio, or PFAS containing
moieties, such as carboxylic acid, sulfonamide and acrylate, were identified as associated
with PFAS bioactivity in the DNT NAMs. PFAS were notably less efficacious in the DNT
NAMs compared to all available chemicals screened in the DNT NAMSs, and the median
PFAS potency was less than the median potency of two known /n vivo developmental
neurotoxicants by several orders of magnitude. Lastly, PFAS that were active in the DNT
NAMs were also active in other NAM assays. Taken together, these observations indicate
PFAS demonstrated low efficacy and potency in the DNT NAMs and may not demonstrate
neural specific effects based on comparisons with non-neural NAM assays.

Given the widespread commercial and industrial applications of PFAS, current research

is focused on understanding important aspects of PFAS in our environment, such as their
chemical stability, persistence, bioaccumulation, and their potential for human hazard. Of
particular interest is neurodevelopmental outcomes of PFAS exposure during vulnerable
stages of development®’. Epidemiological studies have examined associations between
prenatal exposure to PFAS, particularly PFOS and PFOA, and higher impulsivity and
increased ADHD prevalence but results are inconclusivel®. A subset of PFAS have been
detected in nervous tissues of human, diverse taxa of exposed wildlife, and in experimentally
exposed laboratory animals!®: 13, Animal studies provide evidence that prenatal exposure
to PFOS or PFOA can elicit DNT effects!2. A single oral exposure of 21 pM/kg PFOS or
PFOA at postnatal day (PND) 10 in mice was found to cause hyperactivity and habituation
deficits at 2 and 4 months of age and changes in cholinergic markers32-33, Offspring

of mice exposed to 3 mg/kg/day PFOS (6 uM) during gestation displayed more intense
and disorganized spontaneous activity58 or anxiety-like phenotype3®. Similarly, zebrafish
exposed to PFOS from 0-6 days post fertilization (dpf) displayed a disorganized pattern
of spontaneous activity (1.86 pM)%9 and hyperactivity phenotype (3.1 uM PFOS) 70, We
found PFOS was inactive in the DNT NAMs battery and PFOA was equivocal (positive

in 1/27 endpoints), screened at an upper concentration of 40 pM (2.0x10% pg/L) and 30
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UM (1.2x10% ug/L), respectively. Both PFOS and PFOA were successfully detected in
analytical QC of stock solutions. Testing at higher concentrations may not be relevant to
human exposure. Serum levels from 3-5 year old children in the U.S. population measured
concentrations of 3.75 pg/L PFOS and 1.94 pg/L PFOA (2013-2014 National Health and
Nutrition Examination Survey)’!, concentrations that were more than five thousand fold less
than the maximum concentrations screened in the DNT NAMs and more than five hundred
fold less than the lowest effect level observed in animal DNT studies.

The majority of screened PFAS were inactive or equivocal in the DNT NAMs battery
(118/160). Of the 49 PFAS that were positive in at least one endpoint, 32 PFAS

were positive in < 2 endpoints. Recently we reported that bioactivity in the MEA

NFA is highly correlated across endpoints, such that chemicals were more likely to be

active across multiple endpoints37. We are therefore cautious about the interpretation of
bioactivity in only a single MEA NFA endpoint, such as in the case of PFOA. Two
endpoints measuring neuronal network connectivity and neurite length were particularly
sensitive to PFAS perturbation. The endpoint measuring a decrease in the number of
bursting electrodes was the most sensitive MEA NFA endpoint, which is in contrast to

our recent study that identified the mutual information endpoint as the most sensitive
endpoint for a subset of 92 chemicals screened in the DNT NAMs battery, including

53 chemicals with evidence of /7 vivo DNT effects3’. Seven out of the eight positive
responses in the endpoint measuring decreased number of bursting electrodes demonstrated
‘high confidence’ bioactivity, affirming that this endpoint may be particularly sensitive to
perturbations by PFAS. The NOG endpoint measuring a decrease in neurite length was the
most sensitive endpoint among the HCI assays to perturbations by PFAS, however, upon
manual review of concentration response curves, we found that positive responses in the
neurite length loss endpoint were low efficacy and demonstrated activity only at the highest
concentration tested. We therefore conclude that the NOG assay, similar to the apoptosis and
proliferation assays, is largely insensitive to perturbation by PFAS with the most sensitive
bioactivity occurring at high concentrations (30 uM). In the future, PFAS should be screened
in additional DNT NAMs that model neurodevelopmental processes that are not currently
represented in this battery to determine whether other assays may be more sensitive to PFAS
exposure.

In examining the 160 PFAS screened herein, it was important to understand if certain subsets
of PFAS may correspond to higher likelihood of bioactivity, as the list of unique PFAS may
be in the thousands. We identified PFAS containing a carboxylic functional group as more
likely to be active and PFAS containing a sulfonamide, acrylate, and perFoctyl (= 8 CF chain
length) moieties as highly active in the DNT NAMSs.. Recent work identified associations
between PFAS structural features, such as the C chain length, the degree of fluorination

and functional groups, and PFAS toxicity in the brain’2-74, Gaballah et al. (2020) found

that developmental exposure to long-chain PFAS in zebrafish was associated with a
hyperactivity phenotype. PFAS with longer C chain-length were associated with increased
neuronal activity in rat hippocampal neurons’2. Interestingly, several zebrafish studies report
greater developmental toxicity potential from PFAS containing a sulfonate functional group
compared to carboxylic acid functional group’® 73-74, In the DNT NAMs, PFAS containing
a sulfonamide were more active compared to PFAS containing carboxylic acid as measured
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by percent activity (median of 49.3% activity versus 7.14% activity). The rationale for why
particular functional groups may be more active in DNT NAM s is unclear. Our observation
that PFAS with carboxylic acid or sulfonamide moieties were more likely to be bioactive

in DNT NAM s is consistent with this previous NAMs study (Houck et al 2021) and with
the use of these moieties in the development of bioactive pharmaceutical drugs’™"7. A
recent study evaluated a structurally diverse set of PFAS, largely overlapping with the
library evaluated herein, and found that PFAS that interacted with nuclear receptor targets
contained functional groups with negative ionic charge at physiological pH, consistent with
known critical components for ligand-binding®®. Screening more representative PFAS that
contain these diverse functional groups would increase certainty in the associations between
functional groups and increased bioactivity of PFAS.

Several limitations should be considered in the interpretation DNT NAMSs bioactivity for
predicting /n vivo DNT potential. PFAS structural feature descriptors and physicochemical
properties such as longer perfluorinated carbon chains, ionization at neutral pH, and higher
octanol:water partitioning, are thought to contribute to PFAS bioaccumulation potential

in vivo'®79 and may also increase cellular bioavailability in /n vitro assays. PFAS with
greater than 10 C atoms had the highest bioaccumulation in the brain of North Atlantic
pilot whales!4, however it is unclear whether bioaccumulation potential indicates toxicity
potential. Several transporter proteins, serum albumin, and organic anion transporters have
been reported to play a vital role in regulating the pharmacokinetics of PFAS89-82 which
may affect the activity of these PFAS /n vivo, but are not fully present in the DNT

NAMs applied herein that lack a serum compartment and blood brain barrier. However,
some of the same characteristics that are thought to contribute to PFAS bioaccumulation
may also influence /n vitro disposition, such as binding to serum proteins or plastics, and
consequently impede cellular bioavailability. In addition, metabolism is a critical component
of the toxicokinetics of PFAS that should be considered in the interpretation of DNT
NAMs activity. Xenobiotic-metabolizing enzymes in the DNT NAMs models are relatively
uncharacterized and are likely to differ from those in other tissues®3. These differences may
be key factors with unknown consequences regarding PFAS inactivity observed across the
DNT NAMs.

Out of the 118 inactive or equivocal PFAS, 43 failed analytical QC of stock samples and
32/42 active PFAS were successfully detected in QC. These data suggest that the 43 inactive
PFAS maybe not be true negatives in the DNT NAMs battery. QC flags provided rationale
for why a chemical may not be present in analytical quality control of the stock samples.

A majority of PFAS with the “Fns” flag (no sample detected) were those with low boiling
points or high vapor pressure. For chemicals in this group that were not active in the DNT
NAMs battery, the speculation is that these might have volatilized prior to or during the
NAM assay. For the chemicals in this group that were active in the DNT NAMs, the issue
might be that the chemical was not detected on the analytical instrumentation because of
the temperature requirements in the mass spectrometer source required to ionize them. It

is important to note that failure to detect a specific analyte does not necessarily mean that

a chemical is not present in the stock. Rather, given the detection strategies employed,
inability to detect an analyte might indicate that further analytical assessment is necessary.
For example, allyl perfluoroisopropyl ether failed to be detected in analytical quality control

Chem Res Toxicol. Author manuscript; available in PMC 2024 March 20.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Carstens et al.

Page 18

of the stock sample but was active in 3/19 mc DNT NAMs endpoints, which suggests that
the chemical may not have been present in the mass spectrometer, likely due to its low
boiling point (OPERA predicted BP of 76.3°C), but some amount could have been present
under assay conditions.

PFAS potency comparisons in the DNT NAMs battery indicated that PFAS potency on
average was similar to the potency of non-PFAS chemicals screened in the DNT NAMs
battery and was less potent than two chemicals known to have 7n7 vivo DNT effects and that
are active in the DNT NAMs. PFAS efficacy comparisons, as measured by AUC, indicated
that PFAS efficacy was lower than non-PFAS chemicals screened in the DNT NAMSs battery.
The list of non-PFAS chemicals consists of chemicals with and without evidence of /n

vivo DNT hazard, including metals, pesticides, neuroactive and non-neuroactive drugs, and
negative reference chemicals. These data suggest that the neurodevelopmental processes
evaluated in this battery are less sensitive to PFAS in comparison to two chemicals with
evidence of /n vivo DNT hazard 84-85, Interestingly, PFAS DNT bioactivity was more potent
on average than PFAS bioactivity in two other non-neuronal 7 vitro NAMs, the BioMAP
and Attagene assays. These two assays evaluate vascular, immune, or transcriptional
regulation model systems, suggesting that neuronal systems may be more sensitive to
perturbations by PFAS than other biological systems. However, we also demonstrate that
potencies of non-PFAS chemicals were left-shifted in the DNT NAMSs compared to BioMAP
and Attagene assays. One methodological explanation for the potency difference may be
exposure duration. The MEA NFA involved a 12-day chemical exposure period with two
repeat doses; in contrast the BioMAP and Attagene assays involved a single dose over

a 24 hour to 6-day exposure duration. These data suggest that the lower potency in the

DNT NAMs relative to other NAMs may be explained by repeat dosing and longer /in vitro
exposures; however, these differences require further investigation.

Conclusion

The paucity of experimental data evaluating a large number of PFAS is a discernable
limitation in understanding human health effects of PFAS in the developing brain. Given

the challenges of interpreting the DNT potential of PFAS in the environment from human
epidemiology studies, alternative approaches are needed to evaluate the effects of PFAS
exposure on adverse neurodevelopmental outcomes. This novel analysis demonstrates the
power of using high-throughput screening and computational approaches to integrate a broad
battery of DNT NAMs assays representing key neurodevelopmental processes. We found
that a subset of 160 PFAS representing six distinct PFAS-Map OECD structural categories
were largely inactive in the DNT NAMSs and that a subset of PFAS demonstrated relatively
high potency and low efficacy. We found that the majority of DNT NAMSs-active PFAS were
also active in other NAMs and that DNT NAMs potencies were decreased relative to other
NAMs. Importantly, our findings support /n vivo studies that report an association between
PFAS containing a longer CF chain length or carboxylic acid or sulfonamide functional
groups and elevated DNT potential based on /n7 vitro NAM results. Additional screening
including PFAS representing overlapping and diverse functional groups and analysis of
toxicokinetic parameters will be important for improving the interpretation of the DNT
potential posed by these chemicals.
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AB Alamar Blue

ACsg concentration at 50% maximal activity

AED administered equivalent dose

AUC area under the curve

CDI Cellular Dynamics International

DIV day /n vitro

DMSO dimethyl sulfoxide

DNT Developmental neurotoxicity

EPA [United States] Environmental Protection Agency
HCI high content imaging

hNP1 human neural progenitor cells derived from a neuroepithelial cell

lineage of WAQ9 human embryonic stem cells, ArunA Biomedical

(Athens, GA)

LDH lactate dehydrogenase

mc multi-concentration

MEA microelectrode array

NAM new approach methodology
NOG neurite outgrowth

NFA network formation assay

sC single-concentration
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A) Percent of PFAS that were hits in each assay: multi-concentration (mc) +
single-concentration (sc) screening
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Figure 1:

DNT NAMs activity by assay and activity types

A: The percentage of active PFAS in mc and sc screening by neurodevelopemntal process
(MEA NFA, NOG, apoptosis, and proliferation). The fraction represents the total number
of active PFAS/ the total number of PFAS screened in the assay. B: The potency range

of bioactivity by activity type, with median and interquartile range shown in a boxplot.
Superimposed data points (represented by the boxplot) denote the concentration at 50%
maximal activity for each positive hit-call in the mc screening (log10 AC50 (UM)).
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The legend indicates the assay technology for each group. Cytotoxicity includes all
measurements of cytotoxicy from each assay in the battery. MEA NFA: microelectrode array
network formation assay, HCI: high content imaging, NOG: neurite outgrowth assay.The
shape of the data points corresponds to the QC results of “Pass” (dot) or “Fail” (asterisk)

and the color corresponds to the bioactivity determination of “Active” (gray) or “Equivocal”
(red).
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Figure 2:

Heatmap of PFAS efficacy and/or potency in the MEA NFA

Rows of the heatmap indicate chemical activity in each activity type. Column color

legend indicates the efficacy and potency as measured by an area under the curve (AUC)
metric. Yellow indicates inactivity (AUC of zero), whereas increasing pink to black colors
indicates increasing AUC values (higher efficacy and/or potency). Tributyltin is included as
a compound with demonstrated DNT NAMs activity from historical data. Color of row text
label (right) indicates whether the PFAS passed QC (black) or failed QC (red). An asterisk
following the row text label indicates that the PFAS bioactivity was equivocal. Row color
legend (left) indicates the number of C atoms in each chemical binned into three groups.
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Figure 3:
Chemical and structure feature descriptors and DNT NAMs activity

Box plots showing trends in PFAS sc and mc activity in the DNT NAMs battery and
chemical and structure feature descriptors. An “active’ (blue boxplot fill) was defined as a
chemical that demonstrated a positive response in at least one endpoint in either sc or mc
screening (triangle or circle shapes, respectively). An ‘inactive’ (red boxplot fill) includes
chemicals demonstrating no activity or equivocal activity. Box plots indicate the median,
lower 25t percentile, and upper 75t percentile. Data point color indicates QC testing
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results; pass (black), fail (red). A: The C:F ratio, logP, and CF chain length were compared
between inactive and active PFAS with a Student’s T-test for significance (p< 0.05). The
percent activity of each chemical in the battery (number of positive hit-calls/ number of
tested endpoints *100) were plotted against B: the CF chain length, binned into three groups
(<4 C, 4:7 C, and =8 C), C: the PFAS-map OECD structure categories, and D: PFAS
ToxPrints.
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Figure 4:

PFAS bioactivity compared to all available chemicals tested in the DNT NAMs battery.

A: A cumulative density distribution plot of potencies (ACsg) from all available DNT NAMs
data (415 chemicals, red line) compared to the distribution of the median PFAS potency
(blue rectangle with a minimum x-axis value of the 5 %-ile PFAS ACs and a maximum
x-axis value of the 95 %-ile PFAS ACsg) compared to the average potency of two known
neurodevelopmental toxicants, methylmercury (blue dotted line) and tributyltin (red dotted
line). B: A density plot comparing active PFAS potencies (ACsp) (gray) to all other active
non-PFAS chemicals (a total of 291 chemicals) in the DNT NAMs battery (blue). The x-axis
units are in log10-pM.
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A. PFAS bioactivity in DNT NAMs versus
BioMAP and Attagene assays

14%
24%

T~

[JActive in DNT + Attagene + BioMap
[[]Acitve in only DNT

DActive in Attagene and/or BioMap, not DNT
D Inactive across all NAMs

Figure 5.
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B. PFAS potency in DNT NAMs versus BioMAP and Attagene assays
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PFAS potency in the DNT NAMs as compared to the potency in the BioMAP and Attagene

assays.

A: The pie chart shows the percent of PFAS that were active in only the DNT NAMs
compared to BioMAP and Attagene assays. B: The data indicate the mean ACsq values for
PFAS that were active across all three assays (Attagene, BioMAP, or DNT NAMs). The
lines indicate the lower (0.25) and upper (0.75) quantile bounds.
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List of DNT NAMs endpoints measured in multiple-concentration (mc) or single-concentration (sc) screening
in the MEA NFA or HCI assay technologies.

Endpoint | mc | sC | Activity Type | Technology | Cell type
HCI

1 CCTE_Mundy_HCI_CDI_NOG_BPCount_loss X X NOG HCI Human

2 CCTE_Mundy_HCI_CDI_NOG_NeuriteCount_loss X X NOG HCI Human

3 CCTE_Mundy_HCI_CDI_NOG_NeuriteLength_loss X X NOG HCI Human

4 CCTE_Mundy_HCI_CDI_NOG_NeuronCount_loss X x | Cytotoxicity (NOG) HCI Human

5 CCTE_Mundy_HCI_hNP1_Casp3_7_gain X X Apoptosis HCI Human

6 CCTE_Mundy_HCI_hNP1_CellTiter_loss X X | Cytotoxicity (Apop) | HCI Human

7 CCTE_Mundy_HCI_hNP1_Pro_ObjectCount_loss X x | Cytotoxicity (Prolif) | HCI Human

8 CCTE_Mundy_HCI_hNP1_Pro_ResponderAvginten_loss X X Proliferation HCI Human

MEA NFA

1 CCTE_Shafer_MEA_dev_active_electrodes_number_dn X General activity MEA NFA Rat

2 CCTE_Shafer_MEA_dev_burst_rate_dn X General activity MEA NFA Rat

3 CCTE_Shafer_MEA_dev_bursting_electrodes_number_dn X X | General activity MEA NFA Rat

4 CCTE_Shafer_MEA_dev_firing_rate_mean_dn X General activity MEA NFA Rat

5 CCTE_Shafer_MEA_dev_per_burst_spike_percent_dn X General activity MEA NFA Rat

6 CCTE_Shafer_MEA_dev_burst_duration_mean_dn X Bursting MEA NFA Rat

7 CCTE_Shafer_MEA_dev_per_burst_interspike_interval_dn X Bursting MEA NFA Rat

8 CCTE_Shafer_MEA_dev_correlation_coefficient_mean_dn X Network MEA NFA Rat
Connectivity

9 CCTE_Shafer_MEA_dev_mutual_information_norm_dn X X Network MEA NFA Rat
Connectivity

10 | CCTE_Shafer_MEA_dev_network_spike_duration_std_dn X Network MEA NFA Rat
Connectivity

11 | CCTE_Shafer_MEA_dev_network_spike_number_dn X Network MEA NFA Rat
Connectivity

12 | CCTE_Shafer_MEA_dev_network_spike_peak_dn X X Network MEA NFA Rat
Connectivity

13 | CCTE_Shafer_MEA_dev_per_network_spike_spike_number_mean_dn | x Network MEA NFA Rat
Connectivity

14 | CCTE_Shafer_MEA_dev_per_network_spike_spike_percent_dn X Network MEA NFA Rat
Connectivity

15 | CCTE_Shafer_MEA_dev_spike_duration_mean_dn X Network MEA NFA Rat
Connectivity

16 | CCTE_Shafer_MEA_dev_inter_network_spike_interval_mean_dn X x | Oscillatory MEA NFA Rat

17 | CCTE_Shafer_MEA_dev_interburst_interval_mean_dn X Oscillatory MEA NFA Rat

18 | CCTE_Shafer_MEA_dev_LDH_dn X X | Cytotoxicity MEA NFA Rat

19 | CCTE_Shafer_MEA_dev_AB_dn X X Cytotoxicity MEA NFA Rat

Chem Res Toxicol. Author manuscript; available in PMC 2024 March 20.



1duosnuep Joyiny vd3 1duosnuey Joyiny vd3

1duosnue Joyiny vd3

Carstens et al.

DNT NAMs bioactivity of seven selected PFAS

The total number of positive responses (hit sum) out of the total number of endpoints tested (N tested

Table 2:

Page 33

endpoints) is shown for multi-concentration (mc) or single-concentration (sc). PFAS were given a QC grade of
either pass (P) or fail (F). QC flags include ‘2’ (MW Confirmed, No Purity Info), ‘Fns’ (caution, no sample
detected, biological activity unreliable), ‘Fde’ (caution, degradation of analyte evident, in some instances due
to DMSO), ‘P’ (pseudo-parent monitored or adduct monitored; no direct confirmation that parent analyte is
present), and ‘I’ (Isomers; two or more isomers detected).

QC Pass/

Mc hit

Mc N tested

SC hit

Sc N tested

PFAS DTXSID Fail QC.flags sum endpoints sum endpoints Bioactivity
PFOA DTXSID8031865 P Z 1 19 Equivocal
GenX DTXSID70880215 F Fns, Fde, P 0 27 Inactive
PFOS DTXSID3031864 P Z, 1 0 27 Inactive
PFHXA | DTXSID3031862 P Z 0 19 Inactive
PFBS DTXSID5030030 P Z 0 19 Inactive
PFHpS | DTXSID8059920 P Z 1 14 Equivocal
PFHxS | DTXSID7040150 P Z, 1 0 14 Inactive
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Table 3:

PFAS with the highest DNT NAMs bioactivity

PFAS with the highest bioactivity were defined as PFAS that demonstrated more than 30% activity in the
tested endpoints in the DNT NAMSs battery. Percent activity was computed as number of positive responses/
total number of screened endpoints * 100. QC results (pass (P) or fail (F)) and QC flags include ‘2’ (MW
Confirmed, No Purity Info), ‘I’ (Isomers; two or more isomers detected), ), ‘P’ (pseudo-parent monitored or
adduct monitored, ‘M’ (defined Mixture; 2 or more components), and ‘Fde’ (caution, degradation of analyte
evident, in some instances due to DMSQO; no direct confirmation that parent analyte is present) are included.
“Txp_PFAS_34cats’ indicates the PFAS ToxPrint categories contained in the PFAS chemical structure.

Mean

CF Mean
Percent QC QC K C:F ACsg
PFAS DTXSID | oo | recuit flags chain [ = (log10- ACso TxP_PFAS_34cat
length (uMm)
uM)
N- PFAS_sulfonyl;

[(Perfluorooctylsulfonamido)propyl]- Dgs)iillgg 84.21 P Zb" 8 0.82 0.33 213 PFAS_sulfonamide;

N,N,N-trimethylammonium iodide PFAS_perFoctyl

1H,1H,6H,6H-Perfluorohexane-1,6- DTXSID8
diol diacrylate 0379721 62.96 P z 4 1.50 0.51 3.20 PFAS_acrylate
((Perfluorooctyl)ethyl)phos phonic DTXSID3 PFAS_oxidehydroxy;
acid 0627108 | 629 P E 8 0.59 | 067 | 466 PFAS_perFoctyl

DTXSID1 PFAS_sulfonyl;

N-Ethylperfluorooctanesulfon amide 032646 57.89 P I,M 8 0.59 0.44 2.78 PFAS_sulfonamide;
PFAS_perFoctyl

DTXSID1

2-(Perfluorobutyl)ethyl acrylate 068772 52.63 P 4 4 1.00 1.14 13.80 PFAS_acrylate
PFAS_alcohol;
. DTXSID8 PFAS_alcohol_primary;
11:1 Fluorotelomer alcohol 0375107 48.15 P Z 11 0.52 0.77 5.87 PFAS. alcohol_primary_FTn1:
PFAS_perFoctyl
(Perfluorobutyryl)-2- DTXSID7
thenoylmethane 060332 48.15 P z 3 1.43 0.78 5.99 PFAS_ketone
1H,1H,5H,5H-Perfluoro-1,5- DTXSID5
pentanediol diacrylate 060986 44.44 P z 3 1.83 0.45 2.84 PFAS_acrylate
2,2,3,3-Tetrafluoropropy! acrylate %12-;(453'??11 40.74 F Fde 2 1.50 0.76 5.70 PFAS_acrylate
DTXSID3 PFAS_sulfonyl;

Perfluorooctanesulfonamide 038939 40.74 P Z 1 8 0.47 1.08 12.14 PFAS_sulfonamide;
PFAS_perFoctyl

PFAS_alcohol;
1H,1H,10H,10H- DTXSID5 PFAS_alcohol_primary;
Perfluorodecane-1,10-diol 0369896 31.58 P z 8 0.63 1.26 1825 PFAS_alcohol_primary_FTn1;

PFAS_perFoctyl
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