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Abstract

A structurally diverse set of 147 per- and polyfluoroalkyl substances (PFAS) were screened in a panel of 12 human
primary cell systems, measuring 148 biomarkers relevant to (patho)physiological pathways to inform hypotheses about
potential mechanistic effects of data-poor PFAS in human model systems. This analysis focused on
immunosuppressive activity, which was previously reported as an in vivo effect of perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonic acid (PFOS), by comparing PFAS responses to four pharmacological immunosuppressants.
The PFOS response profile had little correlation with reference immunosuppressants, suggesting in vivo activity does
not occur by similar mechanisms. The PFOA response profile did share features with the profile of dexamethasone
although some distinct features were lacking. Other PFAS, including 2,2,3,3-tetrafluoropropyl acrylate, demonstrated
more similarity to the reference immunosuppressants but with additional activities not found in the reference
immunosuppressive drugs. Correlation of PFAS profiles with a database of environmental chemical responses and
pharmacological probes identified potential mechanisms of bioactivity for some PFAS, including responses similar to
ubiquitin ligase inhibitors, deubiquitylating enzyme (DUB) inhibitors, and thioredoxin reductase inhibitors. Approximately
21% of the 147 PFAS with confirmed sample quality were bioactive at nominal testing concentrations in the 1-60
micromolar range in these human primary cell systems. These data provide new hypotheses for mechanisms of action
for a subset of PFAS and may further aid in development of a PFAS categorization strategy useful in safety assessment.

1 Introduction

Per and polyfluoroalkyl substances (PFAS) are a large class of chemicals in widesprEadiiv@se applications commerce
resulting insignificantpresencén the environment. Extensive studies of several of the highly produced members of the class have
demonstrated potential for adverse health consequences to humans as well as highly pervasive and persistejMéapgstres

al.,, 2017;Cousinset al, 2019) These findings have led tmajor restrictionson the manufacture andise of several PFAS
internationally in particular perfluorooctanoic acid (PFOAand perfluorooctanesulfonic acid (PFQSyith consequential
developmentf new PFAS as commercial alternatiy@&CHA, 2014;UN, 2017;0ECD, 2015;EPA, 2017;EPA, 2000) Due to

the high number andtructural diversity of PFAS, th@rganization of Economic CooperationdaDevelopment (OECD)ow
defines PFAS as substances with a minimum of one perfluorinated carbon, which results in a list of PFAS that may appfbach 40,
substances, with more stringent definitions of PFAS structures resulting in diststén the thousand@Villiams et al, 2022

OECD, 202}). The OECDhas compiled a list of 4,730 uniq@AS Registrynumbers for PFAS that may have been on the global
market (OECD, 2018) Minimal to no toxicity information is available on PFA&hd degradation productthat span diverse
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chemical structural features beyond PFOA and PR&&n the large numbers of substances requaBsessment, use of new
approach metharogies (NAMs) allowing morerapid testing and evaluations of substances may be useful for filling data gaps.

A suite of NAMs covering a range of known and suspected PFAS adverse effects is being used to test a diversity of PFAS
structural categories@wsar t of t he E Plan(PatlewicEeAdh, 204 8F8PA 2019) Resuts from this large suite of
NAMs may provide information relevant tioefirst tier of information for evaluatinthe PFAShazardwithin structural categories,
following the plan described in the National PFAS Testing StratE§)A, 2021) One componendf initial NAM screeningis
evaluation of effects of PFAS on immune function, a potential adverse iefféeb noted for both PFOA and PF@8aractered
by suppression of-Tell-dependent antibodyroductionand reduced antibody response to vaccina(iNi®, 2016 EFSA, 2020)
Mechanisms underlyinthese effects are not known.

Here we report testing results of 147 PFAS substances in a phenotypic screening platform of primary human cell co
culture systems, the BioMAP® Diversity PLUS panel, used to model complex tissue and disease biology of organs (vasculature,
immune system, ski lung) and general tissue biologyse of the BioMAP panel of human primary cell systemas
(pathgphysiologically relevantscreeningassaysfor evaluatingadverse effectsvas previously demonstrated through testing
pharmaceuticals and clinicaandidates as well as environmental chemicals t he EPAO&6s (KeirsBGauaetal,pr ogr am
2014;Berget al., 2006 Singeret al, 2019) The BioMAP Diversity PLUS Panel includes 12 assays encompassing 148 endpoints
particularly enriched witttapabilities to deteanodulators and effectors of vascular and immune biol@gjs panel has been
extensively used in pharmaceutical and consumer products research for characterization of product ¢@idlidatery et al.,
2018;Bettset al, 2018;Hammitzschet al, 2015;Shahet al, 2017;Simmset al, 2021;Singeret al, 2019) Of note for testing
PFAS is the inclusion of the BioMAP cell activation systemSAg) measuringnultiple endpointsmodulatedby a cocktail of
superantigensand heB and T cell autoimmunitgssayBT) for T celkdependent B cell activation and antibody productiskey
modulators of innate and adaptive immune response, respectlgitional assays include models of vascular inflammation,
monocyteactivation, lung inflammation and fibrosis, cardiovascular inflammatiodwound healing

A representative set of 147 PFAS was selected for testing using criteria that inchaledterizinghe OECD PFAS
chemical database into structural categorigs @rioritizing them based on considerations such as whether categories contained
PFAS that were of interest to the U.S. Environmental Protection Agency (EPajher they contained PFAS with existiing
vivodata that could be useful developing a readcross approach for data gipng ; whether the PFAS were technically feasible
to test based on physicochemical considerations (solubility/volatikiy)l whether the PFAS helped to represstructural
diversity among this group of hemicals (Patlewicz et al, 2019) As our primary objective was to examine potential
immunosuppressive activity of the PFAS,ewncluded four known immunosuppressarfezathioprine, methotrexate,
dexamethason@nd cyclosporine Acovering different mechanisms imimunosuppressivaction in the test setith 147 PFAS.

Distinct signatures in the BioMAP panel for several of thegnts including methotrexate, dexamethasand cyclosporine A
have been previously report@@d'Mahony et al., 2018Berget al, 2013) We tested the hypothesis tlREAS withmechanisms

of action likethesereferencemmunosuppressiveompoundsvould have similar respongeofilesin the cell systemeelevant to
immunosuppressio®ur general experimental approach included te®FS afour concentrationganging fromapproximately

0.06 to 60 micromolain order to minimize influence fromoafounding effects of polypharmacology resulting from qualitatively
different activities at higher concentratioAslditionally, we compared response profiles for all PFAS with an existing database of
responses for thBioMAP assaydo identify other potetial mechanisms of activity for thdiversechemical familyin an effort to
generate hypotheses about the mechgasisoh actionfor datapoor PFAS in this 147 PFAS chemical library.

2 Materials and methods

2.1 Chemical library

PFAS were selected fromcamprehensive databagk4,730 PFASbased orstructural categorynterest to the EPAgbility to be
commercially procuredsolubility in dimethyl sulfoxide (DMSQ)and $ructural diversity to support development of reamoss
(Patlewiczet al, 2019) PFOA and PFOS were included in the 147 PFAS as test chemicals (not as separate dhr@BRAS

used in this study are listed in Table!Sdlong with their average mass (g/mol), the analytical quality control grades on the
solubilized chemical samples (stock samples), the final concentrations used imgdretre BioMAP assays, and tsguctural
categories based on ChemoType ToxPriviang et al, 2015)that have been developed specifically to describe the structural
features present in the PFAS libraiyhe full PFAS chemical testing library and associated PFAS selected for testing are also
available as lists on the EPA CompTox Chemicals DashhoAlidwere procured by Evotec (US) Inc. (Branford, CT) under
contract to the EPA (Contract ##R12-034). Substances were solubilized in 10@%SO atlibrary stock concentrations of 30

mM if achievable without visible precipitation. One chemical, ammonium perfidonethyl3-oxahexanoate (GenX), was
solubilized in HO as it was known to be unstable in DM8&aballahet al, 2020;Liberatoreet al, 2020) Sequential dilutions in
DMSO to 10 mM were used, if necessary, to achieve soluble stock solutions without precipitation. Four additional samples of
reference chemicals with known immunpgpressant activitycyclosporin A (Light Biologicals), azathioprine (Sigma Chemical
Company), dexamethasone sodium phosphate (Sigma Chemical Company), and methotrexate (ThermoFishen@miemtiic),
procured by Evotec, solubilized in DMS@nd inclued in the test set. Stock solutions were stored sealed and fro86fCaand
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duplicate samples shipped in blinded format to Eurofins Discovery Services (St. Louis, M&¥é&arindn the BioMAP Diversity
PLUS panel under EPA contract 68HEOD18D0002.

2.2 Library quality control analysis

DMSO stock solutions were used as this is a universal sohanbg good general small molecusslvating capability and
compatibility withhigh-throughputiological assayéPopaBurkeet al, 2004) Evolving knowledge of instability of certaifFAS

in DMSO (Liberatoreet al, 2020;Zhanget al, 2021)led to a stock quality and stability evaluation acrtiesPFAS stocks
employed in this work. Full mass spectrometry (MS) scans were condodermine ifeach PFASarent structurevas present

in the stock solutionA binary pass/fail grade was assigned to each stock, where stocks failed if no chemical was detected and/or
if significant degradation was evidef@meltzet al, in preparatior). Informational flags were also assigned to describe additional
characteristics of the stocksee Table Sifor all analytical grades and flags)

For thosePFAS samplesindergoing evaluationsing liquid chromatography (LC) separati@amWaters Corporation
(Milford, MA) ACQUITY I Class ultrahigh-performance LC coupled to an Xevo B)micro MS was used in RADARode,
rapidly switching between multiple reaction monitoring mode (MRM) and MS full scan acquisition, to monitor each PFAS while
also evaluating for any interferences. To grade each compound, MS full scaredataviewed for the presence of parent mass
while a confirmatory check of the PFAS response was performed with the acquired MRM data.

For chemicals analyzed tgas chromatography (G@JS, full scanswere generated on an Agilent (Palo Alto, CA)
6890/5973N GCMS across three ionization modes (electron impact, and negative and positive chemical ionization).
Chromatograms were evaluated for peak presence aoctcoorence across ionization modes. Spectra dracted, background
subtracted, and evaluated to confirm chemical identity, using NIST 17 (National Institute of Standards and Technologg) databa
spectra for comparison when availalitewas beyond the scope and resources available to employ addiicimzologies (e.g.,
nuclear magnetic resonance spectroscopy) or detection strategfasthier characterizethis large collection of diverse
perfluorinated chemical&nd as such, pass/fail grades were based driGteend GC methods described hereamdare intended
to provide context to the bioactivity screening results reported.

2.3 Conducting the BioMAP assays

The following subsections describe how the BioM&g3ays were conducted following the experimental sequence of events: how
the human primary cell ecultures were sourced and cultured; the BioMAP systems created from theskuoes; how the
BioMAP systems were stimulated to make (patho)physiologicalgvant models; how chemical exposures were conducted for
chemical screening; arfitbw biomarker endpoints were measured (including indicators of cell proliferation/viability). All studies
were performed under contract with Eurofins Discovery using io&BP® Diversity PLUS® Panel for Broad Phenotypic
(previously known as BioSeek assays, or BSK, wifior work with the ToxCast program).

24 Human primary cell co-culture
Use of human primary celypesfollowedthe guidelines for human subjects research under United States HHS human subjects
regulations (45 CFR Part 46). Preparation aodulture of humanprimary cell types and methods for the systems were as
previously described Melton et al, 2013; Shahet al, 2017; Kunkelet al., 2004a Human umbilical vein endothelial ¢zl
(HUVEC) and human neonatal foreskin fibroblasts (HDkajec ul t ur ed according to the supplier
recommendatioand plated to confluender all endpoints other than proliferation endpoints (see beBriary human bronchi
epithelial cells (Cell Applications, Inc., San Diego, CA), arterial smooth muscle cells, adult lung fibroblasts (Lonxbehuale,
NJ), and keratinocytes (Cambrex, Inc., East Rutherford, NJ) were cultured according to methods recommendeurbgitialco
suppliersand plated to confluender all endpoints other than proliferation endpoints (selow) Some of the assay systems
employed do contain low amounts of fetal bovine serum (FBS) to ensure cell health. The BF4T, BE3C, KF3CT systems contain
no FBS; the HDF3CGF system contains 0.13% FBS; the 3C, 4H, LPS, SAg and /Mph systems contain 2% FBS; @&0CASM
system contains 5% FBS; and the BT system contains 10% FBS.

Peripheral blood mononuclear cells (PBMC) were prepared from buffy coats from normal human donor blood samples
(Kunkel et al, 2004b)obtained via BiolVT (HUMANLMX1060001129) to crate a pool of human donors to minimize variability
in assay responses for the specified biomarkers mea®B&4C from different donors were banked, then cells frelhd®nors
were pooled and added to wells at the time of assay initiafioough differenfpooled donor sets may be used, stimulation is
required to observe activation in these assays (unpublished observation). Donor pools may differ in terms of donor a@smographi
and this may contribute to variability in the responses; as such, normaligbtfendata to neutral control wells, positive control
performance, and assay qualification requirements ensure that data can be compared between expB@®erBscells and
CD14+ monocytes were obtained from All Cells, Inc., Emeryville, GFfacrophagesvere prepared by culturing CD14+
monocytes in MCSF (50 ng/ml) for 7 days.

All primary human cells utilized in this work were obtained via commercially available saueoaissed at early passage
( O , Brawjthout passaging (in the case of PBMC anceBskto minimize adaptation to cell culture and preserve physiological
signaling responses.
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25 BioMAP systems

Primary human cell types used in BioMAP systems and their stimuli included the foll®@ngystem (HUVEC/IE1b, TNFa

and IFNY, 4H System (HUVEC/IE4 and histamine), LPS System (PBMC and HUVEC/LPS), SAg System (PBMC and
HUVEC/TCR ligands), BT System (CD19+B cells and PBMCAagitl + TCR ligands), BE3C System (bronchial epithelial cells/
IL-1b, TNFa and IFNy), BF4AT System (brondal epithelial cells and human dermal fibroblasts/BN&nd IL-4), HDF3CGF
System (human dermal fibroblasts/-1b, TNFa, IFNg EGF, basidcGF and PDGIBB), KF3CT System (keratinocytes and
dermal fibroblasts/ It1b, TNFa and IFNy), CASM3C System (coronaryrtary smooth muscle cells/ 11b, TNFa and IFN),

MyoF System (differentiated lung myofibroblasts/TadN&nd TGm®), /Mphg System (HUVEC and macrophages/TLR2 ligands)
(Table S9%).

2.6 BioMAP systems stimuli

Assays were initiated by addition of chemical samples for 1 hr followed by addition of appropriate stimuli. Assay platenwere
incubated for 24hr unless otherwise indicated. The MyoF system was stimulated for 48hr, and the BT system was stimulated for
either 72hr (soluble readouts) or 6d (for measurement of secreteddg®entrations of stimuli were as followtokines (IL-

16, 1, PepopteamP001B; TNF-U, 5 , Regrdtect 3001A; IFN-0 , 2 0, Pepmptecm3002; IL-4, 5 ng/m) 200:04),
activators ( hSigmaHrt2bSAg 20 nd/rdl ord AB, 2 ng/mBigma L777), growth factors (TGH , 5 ,R&B/ ml
Systems 24B/CF;, EGF, Peprotech AFL00-15; basicFGF, ThermoScientific 1325602%nd PDGFBB, 10 ng/m) Peprotech
100-14B; Zymosanl 0 ¢, dnvivaden tirkzyn; Anti-IlgM, 500 ng/ml). Superantigens (SAg), Staphylococcal enterotoxin B and
toxic shock syndrome toxifh (Staphylococcal enterotoxin F) from Staphylococcus aureus, and lipopolysaccharide (LPS) from
Salmonella enteritidis werabtained from Sigma. The number of lymphocydesnacrophageadded to the SAg, LPS, BT and
/Mphg systemsvere as follows for 96vell format: B cells (2.5 x 19, PBMC (7.5 x 16 cells/well for LPS and SAg systems or

2.5 x 10 cells/well for BT system) or macrophag@s(x 1¢ cells/well). After stimulation, plates and supernatants were harvested
and biomarkers quantitated by ELISA and other methods (see Biomarker endpoint measurements).

2.7 Chemical screening

Chemical amples (defined as the PFAS, reference chemicals, and contrathsolubilized in the appropriate solventjere
screenedat indicated concentrations in a single well per biomarker endgeauh samplewas screenedn duplicatein an
independent and blinded formae., the identity of the chemical in the sample was unknown to the experinaadtenly revealed

when data were analyzedhemical ampleswere added 1 h before stimulation of the cells and were present during the subsequent
24 hr-6 d stimulation period. Final DMSO concentratimneachassay wellwas <0.1% Colchicine(a cytotoxic chemical &.3

¢ M and nonstimulatedcontrol samples weréncluded on every platdor all assays in the BioMAP pandélight replicates of
vehicle control DMSO at 0.1%) were included on eagblate.

2.8 Biomarker endpoint measurements
The |l evels of cell surface (or secreted, indicated by the
(Shah et al., 2017aMelton, et al, 2013) Overt cytotoxicity tocells inconfluentadherent cultures (all systems other than the BT
system) was assessed by measuring total protein levels using sulforhodamine B (SRB)(S&angid aylor et al, 2001)in
parallel cultures at the time of biomarker measuremeéhesse arendicated as SRB endpoinEor proliferationassays for adherent
cell types individual cell types areultured at sutronfluence andelative cell numberguantified by sulforhodamine B staining
at time points optimized for each system-t#8: 3C and BSM3C systems; 7rs: BT andHDF3CGF systems; 96rs: SAg
system).SRB was performed by staining cells with 0.1% sulforhodamine B after fixation with 10% TCA and reading wells at 560
nm.

Viability and poliferation of PBMC (T cells) was quantified by Afar blue reductiofAhmedet al, 1994)for the SAg
and BT systems-or PBMC viability (referred to as PBMC Cytotoxicity within the assay endpoint ngnoedls were plated
(75,000/well in a 9avell plate) and thenhemicalsamples added for 1 hr before addition of activators, Staphylococcal enterotoxin
B (SEB) and toxic shock syndrome toxin(TSSTF1) (20ng/ml final concentration each). Cells were in¢ethdor 90 hr Then,
Alamar Blue(20 ul/well) (Invitrogen, Cat #DAL1100) was added for 6§ hndthen theplates were read with a fluorescence
microplate reader at 546 (excitation)/580 (emission). For PRivifliferation, cells were plated and activated asove, but
incubated for only 16 hr, prior to addition of Alamar blue. After 6 hr, plates were read as described above.

29 Data processing

Measurement values for eaakell (one biomarker per wellyere divided by the mean value from 8 DMSO control samples (from
the same plate) to generate a raBenX was the only PFAS solubilized in water. However, the final concentration of DMSO was
consistent for all substances testedDBSO was added to thBenX-treated wells to match the other chemicahted wells in

the BioMAP system for which the chemical samples were solvated in DMSO. Thetteted wells were then normalized to the
same DMS@reated control wells as all other chemicals in theAétatios were then lag transformedHistorical controls are

the logo-ratios of DMSO control wells that are collected over time (23 experimental runs collected over 2Sigaifi3ance

% doi:10.14573/altex.2203041s2
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prediction envelopes were calculated for historical contemidthe 95% envelope was employed. Overtly cytotoxic compounds
were identified as generating profiles with one or more of the following readouts below the indicated thi8&k€.3, Pl or
PBMC cytotoxicity <0.3 in one or more systems.

2.10 Lowest effective concentration determination

Summary

This project proceeded as part of the EPA ToxCast program, and as such, data processing with the ToxCast Data Pipeline (tcpl,
v2.1.0)was employed to manage these datse data werstoredin the Toxcasdatabase, invitrodlcpl was also used to codify

how the lowest effective concentrations of PFAS in the BioMAP peseé identified Lowest effective concentration for these
datawasdefined aghe concentratiowhereactivity was greater than the threshold cutoff for a posifités threshold cutoff was
definedas the maximum of either three times the median absolute deviation of wells that represented baseline, nrfald..2log
change, as described in detaillie hext subsectioifoxCast data are made publicly available via releases of the ToxCast database

and in the CompTox Chemicals Dashbgard

Detailed tcpl procedure
The transformed ratider the 12assay BioMAP panelere received by the EPA and loaded into the ToxCast database, invitrodb
(to be released imvitrodb version 3.5, expecteall 2022)under the BioSeetssaysource identifierabbreviated aBSK. BSK
was used for continuity imvitrodb and in public vesionsof ToxCast data, despite more recent changes in the name and ownership
of the assay technology (now ownediyrofins Discoveryand referred to éBioMAP system$ Loading these data to the ToxCast
database is mulpurpose; primarily, it makes theah publicly accessible as logidld change, enabling these data to inform
other, future analyses. Processing with the ToxCast Pipeline (tcpl) also provides estimates of potency for bioactiatycdcross
the assay endpoints that comprise the BioMAiReqsee Figure 2).

Data vereprocessedisingR librarytcpl® (v2.1.0)(Filer et al, 2017) using methods talentify lowest observable effect
concentration for BSK data rather than cufiteng these datas is done for most other ToxCast détaitrodb is comprised of
data stored at various levels, which are described in detail here for the BioMAPLgseel. O st ored the Arawo
(the transformed ratios) for the 148 assay componantsLevel 1 processing set concentration and replicate indices from this
input. At Level 2, no additional data transformations were necessaryteadata were pre-processed by the vendor. Level 3,
typically a normalization step in tcpl, applied no additional normalizagiarept toinvert data for the loss of signal (_down)
endpoints This inversion was done so tteltassay endpoiresponse profiles could bepresenteéh the positive directionyith
values increasing from a baseline of ze&®is customary for the ToxCast progrianthe current version of invitrodit Level 4,
the baseline median absolute deviation (bmad) was calculated using the reaptireséso lowest test compound concentrations
across each endpojnwhich were intended to represent a conservative estimate of baseline sampling vafi&oiliph curve
fitting models were applied via default functionality of tcpl at Level 4, the efittireg procedurdor BSK data is less quantitatively
informative than the lowest effect concentration, or concentration where activity was greater than the tutsh{off) for a
positive. As such, the cunféting information for BSK should beisregarded. A positive hit call (hitc=1) was assigned if the
replicate responses at any concentration exceeded the coff, which was the maximum of three times baseline median absolute
deviation (3*bmad) or log10(1.2), as determined on an assay endpofilihasievel 5 method, loec.coff, was applied to identify
the lowest observed effect concentrationdample with positive hit callshat meet the criteria describethe Level 6 caution
flag information for BSK should be disregardedcasvefitting models were not used for potency estimatitime relevant output
data from tcpl (Level 5 information) asdsoprovided in supplement as Table’S3

2.11 Unsupervised clustering

Chemical responses (lagold-change) across all assay endpoints at individual concentrations and replicate were clustered using
the SelfOrganizing Map algorithm from Partek Genomics Suite (v7.17.1222) (St. Louis,TM@)unsupervised clustering using

the 147 PFAS and the immasuppressive reference chemicals was intended to group the chemicals into clusters with the greatest
similarity in their responses across the BioMAP assay,sariig further to understand if any of the PFAS response profiles would

be similar to the respse profiles of the immunosuppressive reference chemicals.

2.12 Similarity search analysis

Profile similarities were evaluated for each compound/concentratiorapaiss the BioMAP suite to chemicals, drugs, and
cosmetics previously screened in the BioMag3ay suiteProfiles are simply defined as the set of responses across all screened
endpoints in BioMAP for a given chemical sampléis analysis was intended to support hypotheses for potentially shared
biological targets betweetatapoor PFAS and previously screened chemicals with known biological targets. This similarity search
analysis relies on inference to data generated using BioMAP for a diverse set of ch@eitpl2019Berget al, 2006 2013.

For this analyis of profile similaritiespvertly cytotoxic compound profiles were removed, as this gives results that confound the
interpretation of mechanistic similarits described in the Toxicity Signature Analysis section, some overtly cytotoxic chemicals

4 https://www.epa.gov/chemical-research/exploring-toxcast-data-downloadable-data
5 https://comptox.epa.gov/dashboard/

5 https://CRAN.R-project.org/package=tcpl
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affect multiple cell typesand particularlycausecytotoxicity of HUVEC stimulated under inflammatory conditiomdich is a
profile preferentially associated witthemicals that causeeute toxicityin viva. Similar profilesin BioMAP were identified by
positive Pearson correlation. Profile pairs having the same target mechanisms typicahediagrorrelations with r > 0.{Berg

et al, 2013) Here we report the top Ifostsimilar profiles withPearson correlations of 0.6 to capture a wider range of potential
mechanistic hypotheses.

2.13 Toxicity signature analysis
Evaluation of the presence or absence of ToxHigyatures within the BioMAP profile of the tested agent was performed at each
concentration. Toxicitysignatures are made up ofi 5 biomarker activitieén the BioMAP suitehat have beeassociated with
an increased risk of certain toxicity effetrts/ivo. Toxicity Signature developmemtasbased on drugs with known clinical adverse
effects and refinednd validated by data mining the BioMAP Reference Datafizeegy, 2019) Concentrations are listed if the
ToxicitySi gnature for the indicated alert was detected at two or
at the top concentration (concentration is listed without a symbol). Not detected (nd) indicates that the alert signawtire was
detected at any of the concentrations tested. Not assessed (NA) indicates that the alert signdtnotbe assessed at the
concentrations tested (for example, if theemical sample wasvertly cytotoxic at all concentrations tested). Biomarkéiviyg
patterns for nine BioMAP Toxicity Signatures (Acute Toxicity, Immunosuppression, Skin Irritation, Liver Tox, Organ Tox, Skin
Rash, Skin Sensitization, Thrombosis and Vascular Toxicity) were developed by data mining the BioMAP Reference Database to
identify common activities between the profiles of drugs with the same reported clinical adverse effevtgoeffects (e.g.,
acute toxicity). Knowledge of key activities identified in BioMAP profiles was combined with clinical data to determineofvhich
the biomarker activities is associated with a positive and negative impact on the particular biology involved. Thefstiignggh o
associations was tested by comparing this biomarker pattern against the BioMAP Reference Database to detetering gonsis
the presence or absence of the signature across other drugs with reported adverse effects. While these alerts mant abt represe
of the possible mechanisms by which these outcomes occur (showing greater accuracy than sensitivity), the asseddonds
define Toxicity Signatures allow mechanistic insight into underlying events regulating these clinically reported sid®efééists
of each Toxicity Signature, including the drugs or chemicals used to identify the signature, the key biceadidkess,r and
mechanisms associated with each signature, are described in detail el{Betgr2019)

Theprocess for evaluatingrofiles for the presence dbxicity Signatures was stepwideach compound/concentration
pair was first assessed for overt cytotoxicity in adherent cell types in all systems that measure total protein (SRBRezfdesits
weref | agged for Acute Toxicity if thr ee-0.3andomoor moredRHg engpoidip oi nt s
is in an endothelial celtontaining system (3C, 4H, LPS or Mphg system). Mechanisms associated with the Acute Toxicity
signature inclde inhibition of protein synthesis, RNA synthesis and Na+/K+ ion transport. Sample concentrations for which Acute
Toxicity was flagged were not evaluated further. Profiles remaining were next evaluated for the Liver Toxicity Sigrtheire. If
3C:SRBendpsit had L og1l®.8,dhe prafile was flagged f@ Liver Toxicity, and then analyzed for the remaining
Toxicity Signatures (Berg, 2019). Mechanisms associated with the Liver Toxicity signature include inhibitors of \rgoeolar
ATPase (VATPase)Phosphoinositide Kinase, FYVEype Zinc Finger ContaininPIKfyve) and Smoothened (Smo). Profiles
that showed decreased proliferation of endothelial cells outside the 95% historical control envelope and with an eff6¢size
(Logl0ORatio <-0.1), butwere not cytotoxic in this system (3C:SRB0:=3), were flagged for the Organ Toxicity Signature.
Mechanisms associated with this signature include inhibitors of DNA replication and microtubule function. Profiles that had
decreased proliferation of T cellSAg:Proliferation) outside the 95% historical control envelope and with an effect size of 20%
(LoglORatio <-0.1); or decreased levels of IgG and B cell proliferation (BT:slgG, BT:Proliferation); or were cytotoxic to PBMC
(SAg:PBMC Cytotoxicity or BT.PBM Cyt ot oxi ci ty h ad3) wee fldgged fbrotledrnmuoduppression
Signature. Mechanisms associated with this signature include inhibition of mammalian target of rapamycin (mTOR), calcineurin,
JAK3, hsp90, NFAT and DNA proliferation (Berd)®9). All other signatures were tested at4egtotoxic concentrations. Profiles
that had increased levels of tissue factor (TF) in the BioMAP 3C, outside the 95% historical control envelope and with an eff
size of 20% (Log1ORatio > 0.1) but were notatgxic in this system (3C:SRB-6.3), were flagged for the Thrombosis Signature.
Target mechanisms associated with the Thrombosis Signature include mTOR, MT®age, lysosomal function, CYP17A,
PKC NOD2, Estrogen Receptor, H1R, HlBIpha, Thyroid Hormne Receptor, OSM R (Berg et al., 2015). Profiles that showed
increased levels of PGE2 in the BioMAP LPS system, outside the 95% historical control envelope and with an effect size of 20%
(Logl0ORation > 0.1), and increased or unchanged levels of TNFag[IRBa) were flagged for the Skin Irritation Signature.
Target mechanisms associated with this signature include RAR/RXR, AhR and VDR. Profiles that had decreased levels of Collagen
[l in the BioMAP HDF3CGF system, outside the 95% historical control epesdmd with an effect size of 20% (LoglORatio <
0.1) were flagged for the Skin Sensitization Signature. Target mechanisms associated with this signature include RAR/RXR, PKC
JNK and prostaglandin receptors. Profiles that showed increased levels of XY@AMe BioMAP HDF3CGF system, outside
the 95% historical control envelope and with an effect size of at least 20% (LoglORatio > 0.1) were flagged for the Skin Rash
(MEK-Associated) Signature. Target mechanisms associated with this signature include38HKPK, IL-1R, IL-4R, Tweak
ReceptorandIFlb. Profiles that had increased (teBeMAPCASHM3Caystant, e phase
outside the 95% historical control envelope and with an effect size of 20% (LoglORatio > 0.1) were flagged for the Vascular
Toxicity Signature. Target mechanisms associated with this signature include MEK, GR, MR, HDACG&®ddbmpoundare
flagged for the presence of a toxicity signature when more than one consecutive concentration is flagged, or if théi@oncentra
flagged is the top concentration. The presence of a Toxicity Signfaiuee given chemica(in this case, a PFASJoes no
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necessarily imply that will cause the corresponding toxicityvivo, but rathethatfurther studiesnay be of interegb confirm a
potential association or associated mechagiaction.

2.14 Assay acceptance criteria

The BioMAP platform generates mulfarameter data sets for each compound testeshys are platbased and performance

was assessed by positive and negative controls for each Bssmtive controls included buffand solvent{e.g. DMSO). For
stimulated systemgositive controls included the natimulated condition (noestim) and a positive contrgample(colchicine).

Data acceptance criteria were based on plate performance (%CV of negative control wells), and the performance of potstive con
across assaywith a comparison to historical controls. The performance of each BioMAP system in a given assay was evaluated
using the Pearson statistic for the positive control, calculated individually for each assay compared to the positnefarenicel

dataset This test, the QA/QC Pearson Test, was performed by first establishing the 1% false negative Pearson cutoff from the
positive reference dataset. The process was iterated through each profile in the positive control reference dataseg, calculat
Pearsowalues between this profile and the mean of the rest of the profiles in the dataset, so the number of Pearson vaégks calculat
was the number of profiles in the reference dataset. The Pearson at the one percentile of all Pearson values calbela®%d was t
false negative Pearson cutoff. If the Pearson between a new positive control profile and the mean of positive cont®l| referen
profiles exceeded this 1% false negative Pearson cutoff, then these plates passed the test. Assays were acceptedtivhen the pos
control passed the Pearson test and 95% of plates had % CV R@@8showed all points for individusdmple unless indicated
otherwise.

2.15 Quality assurance

Eurofins Discovery ensured the quality of all internal testing, operationdatadreleased using a comprehensive Quality
Management System (QMS). The QMS was implemented through detailed SOPs within the Documentation Management System
that are controlled and maintained by the Quality Assurance Unit (QAU) at Eurofins Discovery.

3 Results

3.1 Analytical QC

PFAS stock solutions were prepared in DMSO for bioactivity testing and analyzed by appropriate analytical chemical procedures

to determine if the expected structure was present with results summarized in Tablergwith flag definition/assignment and

functional category assignmeiihere were some stock failures with no parent detdotdeFFASwith predicted low boiling points

and high vapor pressure. T hoe sfe fheaw eo tbhteategraddseniinl PMeOddudidge f | ag f
ammonium perfluor@-methyl3-oxahexanoat¢DTXSID70880215; GenXand have been asosThegvaterd t he f |
stock of GenX passed the stock quality evaluatforalytical resultsvere used to help with interpretation of bioactivity testing

data not as alecision criteriomegardingwhether to tesbr report dataFor PFASsamples with analytical quality control failures,

but lacking bioactivity, the lack of bioactivity may be dodack of presence of the target PFAS in the assay; for PFAS samples

with analytical quality control failures, but with bioactivity, the bioactivity may have resulted from uncharacterized PFAS
degradants or metabolites at unknown concentrations.

3.2 Understanding the bioactivity of samples
Bioactivity testing was conducted on 147 PFAS plus four reference immunosuppressant compounds at four concentrations in 12
co-culture cell systems (3C, 4H, BE3C, BF4T, BT, CASM3C, HDF3CGF, IMphg, KF3CT, LPS, MyoF, Sag) encompassing 148
total endpoints (Tdbs S2). For bioactivity testing, an activer positivehit call wasmadefor each endpoint and tHewest
effective concentrationdeterminedfor those consideredctive (Table S3, s ee ¢ ol u)mAssayirepooducibility avas
evaluated using thqualitative oncordance of active hit calfer blinded samplereplicates Overall, concordance was 96.6 +/
3.3%.

Cytotoxicity was determined ithe assay systesby endpoints measuringtal protein levels by sulforhodamine blue
(SRB) stainingfor adheent cell typespr metabolic activity by Alamar Blydor suspension celiShah etal., 2017) Although
effects on single cell systems may be indicative of selective effects espeelfic targets, chemicalsducing positive results
multiple cytotoxicity endpoints mayeflectnonspecifi general cell stresaechanismsHere we considereshmple active intwo
or morecytotoxicity-associated endpoints as nonspecifically cytotoxi@s&rcompouns the number of cytotoxicity endpoints
positive andhe active concentrations are shown in TableAlrange of stratural features were noted including carboxylic and
sulfonic acids, sulfonamides, alcohols and diacryl&efi.type-selective cytotoxicity patternsas previously observed testing
other chemical classésloucket al, 2009)

First, we wanted to understand if thedetpld change and potency values observed for PFAS responses were similar to
previous screening with other chemicals. To achieve this, responses with PFAS samplasmpared tgreviously collected
data from aliverse collection of environmental chemgtal evaluate whether the PFA& a class of chemicahowed distinctly
different behavioin terms of efficacyKleinstreuer et al, 2014) The range of responses in fatdange (log) for all endpoints
and all concentratiorare shown in Figure The full range ed) and the range after removing data from chengoalcentration
pairs where two or more cytotoxicity endpoints were actiedg| are indicateélong with the 199% range for historic valuester
cytotoxicity filtering (dotted lines)in these assay3he decreased range in the inhibitory direction shdweg cytotoxicityhad
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stronginhibitory effects on many endpoinfBhe PFASresponses in most cell systems, after cytotoxicity filtering, were within the
ranges seen fgrevious environmental chemical tieg (dotted lines)

Next, we wanted to understand the potencies of BioMAP responses for PR&&tencyrange ofPFASresponsem
all 12 assayss shown in Figure. PFASare arranged from lowest molecular weight to highestrepresented by their respective
DSSTox substance identifiers, or DTXSI@rulkeet al, 2019) Lines at 3.n the yaxis (equivalent to 1000 uM and well above
screened concentratiorig)Figure 2 indicate that the PFAS sample had no bioactivity irohthe BioMAP assays screeneldlis
evident that lower molecular weigRFAS have much less activity than higher mass ofestewere also significantly more
samples of lower molecular weight that failed analytical chemistry quality cpasrehown by the red symbols. This may be due
to increased likelihood of volatilization and loss of expected parent strustarest all of the bioactivity observed in the 12 assay
BioMAP system was between approximately 3 and 60 giMilar to the rangef potencies observed for other chemicals that have
been screened previougkleinstreueretal., 2014)

Tab. 1: PFAS samples with cytotoxicity

Concentrations active (uM)
DTXSID Preferred name [average of # cytotoxicity endpoints active]
DTXSID7060332 (Perfluorobutyryl)-2-thenoylmethane 60" [9]
DTXSID90190949 | 1,6-Diiodoperfluorohexane 60* [14]; 20 [4.5]
DTXSID5061954 11-H-Perfluoroundecanoic acid 60* [4]
DTXSID50369896 | 1H,1H,10H,10H-Perfluorodecane-1,10-diol 60* [3]
DTXSID5060986 1H,1H,5H,5H-Perfluoro-1,5-pentanediol diacrylate 60* [9.5]; 20 [3]
DTXSID80379721 | 1H,1H,6H,6H-Perfluorohexane-1,6-diol diacrylate 60* [8.5]; 20 [3]
DTXSID40380797 | 1H,1H-Perfluoro-3,6,9-trioxadecan-1-ol 60* [4]
DTXSID10379991 | 3-(Perfluorooctyl)propanol 60* [14]; 20 [6.5]
DTXSID5044572 6:2 Fluorotelomer alcohol 60* [2.5]
DTXSID50382621 | 7:3 Fluorotelomer alcohol 60* [13]; 20 [2]
DTXSID7029904 8:2 Fluorotelomer alcohol 60* [13.5]; 20 [8]
DTXSID30382104 | 9-Chloro-perfluorononanoic acid 60* [4.5]
DTXSID0020365 Cyclosporin A 18* [5]
DTXSID6027426 N-Ethyl-N-(2-hydroxyethyl)perfluorooctanesulfonamide 60* [4.5]
DTXSID1032646 N-Ethylperfluorooctanesulfonamide 60* [5.5]
DTXSID80371164 | Perfluoro(2-(2-propoxypropoxy)-1H,1H-propan-1-ol) 20* [3]
DTXSID50375114 | Perfluoro-3,6,9-trioxatridecanoic acid 60* [8.5]; 20 [5]
DTXSID3031860 Perfluorodecanoic acid 60* [11]
DTXSID8031863 Perfluorononanoic acid 60* [2.5]
DTXSID70381151 | Perfluorooctanamidine 60* [3]
DTXSID3038939 Perfluorooctanesulfonamide 60* [11]
DTXSID8051419 Perfluorooctanesulfonamido ammonium iodide 60* [2]
DTXSID60238701 | Perfluoropinacol 60* [7]
DTXSID8047553 Perfluoroundecanoic acid 20* [3]

Highest concentration tested = *

3.3 Similarity to reference immunosuppressants using self-organizing maps

Similarity between the bioactivity response profilerefierence immunosuppressants and screened PFAS samples was examined
using selforganizing maps (SOMJrhe hypothesis behind this comparison is that if PFAS bioactivity response profiles are similar

to the response profiles of reference immunosuppressive drugs, then PFAS and these reference immunosuppressive drugs may act
upon the same biological targets within the BioMAP system of assays. To examine the degree of similarity between PFAS and
immunosuppessive drug responsesewlustered results across all endpoints at the individual testing concentratios@éihg
methodology The 1208 response profiles (18iemicalsamples/four concentrations/duplicate samples) were clustered in a 7X7
arraythat resuled in clusters strongly influenced by the cytotoxicity endpoints (Fig@deln particular, clusters labeled 43, 44,

45, 36, 37, 38, 29, 30, 31, and 22 appear highly influenced by cytotoxicity, with higher numbers of positive cytotoyiaibtsend

in those clusters. Clusters that lacked a high number of active cytotoxicity endpoints appeared to demonstrate little @ssivity acr
the SOM panelg§mostly flat green lines)lo accommodate this bismwards overall suppression of endpoints secondary to denera
cytotoxicity, we removeaoncentratiorresponse profilefor concentrations associateith greater than two positive cytotoxicity
endpoints and reclustered using a &®M array.This clustering is showim Figure3B with thepresence gbositive cytotoxicity
endpoints shown by coloim Figure3C the profiles of the reference immunosuppressargsdicated by color as detailed in the
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Fig. 1: Range of responses for the 12 cell systems in the BioMap Diversity Plus panel of cell systems

The fold change (logio) values for all PFAS samples at all concentrations for each assay endpoint are shown in red and grouped by
cell system (cell system abbreviations of shown above each graph and detailed in the Materials and Methods). The range after
removing data from chemical-concentration pairs where two or more cytotoxicity endpoints were active (blue) are indicated along with
the 1-99% range for historic values after cytotoxicity filtering (dotted lines).

legend. This resulted in the reference compounds lggmgpedinto mostly distinctlusters.The exception was fazathioprine

and methotrexatevhich clustered similarlyboth with mechanisms of action as antimetabolites inhibiting cell cycle S phase,
(Bertino, 1973) Full clustering results are provided in Tablf.SAdditionally, in the paragraphs that follow, we disctiss
chemicals included within th@OM clusters labeled 1, 2, 3, and 31 from Figures3gBin more detail.

All concentrations tested of the potent immunosuppressant cyclosporine A, except for és¢ (1i§hmM) which was
cytotoxic in five endpoints, were in SOM cluster #ffeEtswere predominatg in theSAg andBT cell systens. A single PFAS,
2,2,3,3tetrafluoropropyl acrylate, was also in cluster #1 at its highestdesncentration, 60 mM. A comparison of 2,2;3,3
tetrafluoropropyl acrylate and cyclosporine A is showRigure4A. Suppressiomf multiple endpoints ithe BT system(Figure
4B) andthe SAgsystem(Figure4C) is similar for both chemicals with strong reductiorsé@treted IgG antthe cytokines IE17A,

IL-2, IL-6 and TNFa in the BT assay. Notably, while cyclosporine A was very selectively active for these two assay systems,
2,2,3,3tetrafluoropropyl acrylate waalso active in others, in particular the wound healing and inflammation (HDF3CGF) system
model in the context of Thl type inflammatiofFigure 4D). It should be noted that the analytical GCore for 2,2,33
tetrafluoropropyl acrylate indicateétat somedegradation of the parent structure was evidbots confounding interpretation of

the bioactivity testingMore specifically, though bioactivity was eviddat the sample of 2,2,3;®trafluoropropyl acrylateit is

unclear if the bioactivitpbserved was at the nominal concentration reported or if the observed bioactivity was related to a degradant
in the sample

Cluster #31 contained a#stedconcentrations of dexamethasoaglucocorticoid causing immunosuppression through
activation ofthe glucocorticoid receptor resulting in transrepresgiepression ofjene activation activated by other transcription
factorg of many inflammatory cytokine genéStahnet al, 2007) There were nine different PFA&mplsincluded in this cluster,

8 doi:10.14573/altex.2203041s4
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all but one with both repates at one or more concentratitested Ammonium perfluorooctanoate (two samples at 60 mM) and

perfluorooctanoic acid (one sample at 60 misipd both forms of PFOAwere present. Ammonium perflueBmethyt3-

cluster #31lhave considerable structural similarity; BFAS in this cluster contalinear perfluoroalkyl chains of medium length
with carboxylic or sulfonic acid head groypsth the exception of 1H,1H,10H,10pkrfluorodecand,10-diol, which contairs

diol head groupgFigure ). Two of the PFAS in cluster #34lso have ether linkagen the perfluoroalkyl chaingerfluoro(2
Mphg system. Dexamethasone also showed strong suppression of multiple cytokines in the BTRgstentB)while other

Boxplots indicate the median and interquartile range of lowest effect concentrations by PFAS for all endpoints, with the PFAS grouped

by increasing molecular weight as indicated by the title label for each subplot, A-H. Chemicals are identified by DTXSID, and chemical
name and analytical chemistry analysis results available in Table S23. Lines at 3.0 on the y-axis indicate PFAS that were negative in
oxahexanoate, also known as Gem&s presenin cluster #31at all four concentrations tested and all replicates. The RFAS
ethoxyethane)sulfonic acidnd GenX Figure 5 compares the dexamethasone response at 13 mM with &sthX@mmonium
perfluorooctanoic aciét 60 mM.Similar to GenX and PFOA, atlhemicals in cluste#31 showed suppression of 410 in the
cluster members, as illustrated by Gesm¥l PFOA had more modesb noeffects. Finallythe acute phasserum argloid A

Fig. 2: Potency of PFAS in BioMAP
the BioMAP panel. Black
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Fig. 3: Response profile clustering by self-organizing maps (SOMs)

A) SOM for entire BioMAP panel result set. Chemical-concentration profiles at individual concentrations were clustered into a seven-
by-seven array. Profiles were colored by the number of positive cytotoxicity endpoints for each chemical-concentration pair, with
orange-red colors suggesting higher numbers of positive cytotoxicity endpoints. Clusters are numbered from lower left to top right. B)
SOM for BioMAP panel result set with cytotoxicity profiles removed. Individual chemical response profiles at each tested concentration,
after removal of response profile with more than two positive cytotoxicity endpoints, were clustered again by the self-organizing maps
method into a six-by-six array. Cluster numbers are from lower left to top right and selected cluster numbers shown as they are
discussed further in Results. The coloring in 3B indicates 0 (green), 1 (yellow) and 2 (red) cytotoxicity endpoints positive for chemicals
in the cluster. C) SOM for BioMAP panel results with immunosuppressive reference chemicals highlighted. Clusters are the same as
in Fig. 3B but with PFAS profiles shown in gray and reference immunosuppressant profiles in color as indicated in the legend
(AZA=azathioprine in gold; CYC=cyclosporine A in blue; DEX=dexamethasone in brown; MTX=methotrexate in green).
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Fig. 4: Comparison of cyclosporine A
with 2,2,3,3-tetrafluoropropyl
acrylate

The Y-axes on 4A-D all represent the
logie-fold change observed with a given
chemical. Responses across all
Diversity Plus Panel endpoints for
2,2,3,3-tetrafluoropropyl acrylate (60
mM) (black) and cyclosporine A (0.67
mM) (red) are shown in (A) with the two
replicates indicated by open or closed
symbols. Responses for the individual
cell systems BT (B), SAg (C) and
HDF3CGF (D) show more detail and
also include the reference
immunosuppressants: azathioprine (13
mM) (blue), methotrexate (1.5 mM)
(green), and dexamethasone (1.5 mM)
(purple). The X-axis labels in (B), (C),
and (D) represent measurements made
within those systems such as cytokines
secreted or cellular proliferation.

Fig. 5: Comparison of
dexamethasone with GenX and
PFOA in the full Diversity Plus Panel,
BT, CASM3C, and Mphg systems

The Y-axes on 5A-D all represent the
logio-fold change observed with a given
chemical. Responses across all
Diversity Plus Panel endpoints for GenX
(60 mM) (black), PFOA (60 mM)
(brown), and dexamethasone (1.5 mM)
(purple) are shown in (A) with the two
replicates indicated by open or closed
symbols. Responses for the individual
cell systems BT (B), CASM3C (C) and
Mphg (D) show more detail and also
include the reference
immunosuppressants cyclosporine A
(0.67 mM) (red), azathioprine (13 mM)
(blue), methotrexate (1.5 mM) (green),
and dexamethasone (1.5 mM) (purple).
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