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acid (PFOA) and perfluorooctanesulfonic acid (PFOS), with 
consequential development of new PFAS as commercial alterna-
tives (ECHA, 2014; UN, 2020; OECD, 2015; EPA, 2000, 2020). 
Due to the high number and structural diversity of PFAS, the 
OECD now defines PFAS as substances with 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 (Wil-
liams et al., 2022; OECD, 2021). The Organization of Economic 
Cooperation and Development (OECD) has compiled a list of 
4,730 unique CAS Registry numbers for PFAS that may have 

1  Introduction

Per- and polyfluoroalkyl substances (PFAS) are a large class of 
chemicals in widespread use for diverse applications in com-
merce resulting in significant presence in the environment. Ex-
tensive studies of several of the highly produced members of 
the class have demonstrated potential for adverse health conse-
quences to humans as well as highly pervasive and persistent 
exposures (Wang et al., 2017; Cousins et al., 2019). These find-
ings have led to major restrictions on the manufacture and use 
of several PFAS internationally, in particular perfluorooctanoic 
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Agency (EPA); whether they contained PFAS with existing in 
vivo data that could be useful in developing a read-across ap-
proach for data gap-filling; whether the PFAS were technically 
feasible to test based on physicochemical considerations (sol-
ubility/volatility); and whether the PFAS helped to represent 
structural diversity among this group of chemicals (Patlewicz 
et al., 2019). As our primary objective was to examine poten-
tial immunosuppressive activity of the PFAS, we included four 
known immunosuppressants (azathioprine, methotrexate, dexa-
methasone, and cyclosporine A) covering different mechanisms 
of immunosuppressive action in the test set with 147 PFAS. Dis-
tinct signatures in the BioMAP panel for several of these agents 
including methotrexate, dexamethasone, and cyclosporine A 
have been previously reported (O’Mahony, et al., 2018; Berg et 
al., 2013). We tested the hypothesis that PFAS with mechanisms 
of action like these reference immunosuppressive compounds 
would have similar response profiles in the cell systems relevant 
to immunosuppression. Our general experimental approach in-
cluded testing PFAS at four concentrations, ranging from ap-
proximately 0.06 to 60 micromolar, in order to minimize influ-
ence from confounding effects of polypharmacology resulting 
from qualitatively different activities at higher concentrations. 
Additionally, we compared response profiles for all PFAS with 
an existing database of responses for the BioMAP assays to 
identify other potential mechanisms of activity for this diverse 
chemical family in an effort to generate hypotheses about the 
mechanism(s) of action for data-poor PFAS in this 147 PFAS 
chemical library.

2  Materials and methods

2.1  Chemical library
PFAS were selected from a comprehensive database of 4,730 
PFAS based on structural category, interest to the EPA, ability 
to be commercially procured, solubility in dimethyl sulfoxide 
(DMSO), and structural diversity to support development of 
read-across (Patlewicz et al., 2019). PFOA and PFOS were in-
cluded in the 147 PFAS as test chemicals (not as separate con-
trols). The PFAS used in this study are listed in Table S11, along 
with their average mass (g/mol), the analytical quality control 
grades on the solubilized chemical samples (stock samples), the 
final concentrations used in screening in the BioMAP assays, and 
the structural categories based on ChemoType ToxPrints (Yang, 
C. et al., 2015) that have been developed specifically to describe 
the structural features present in the PFAS library. The full PFAS 
chemical testing library and associated PFAS selected for testing 
are also available as lists on the EPA CompTox Chemicals Dash-
board2. All were procured by Evotec (US), Inc. (Branford, CT) 
under contract to the EPA (Contract #EP-D-12-034). Substances 
were solubilized in 100% DMSO at library stock concentrations 
of 30 mM if achievable without visible precipitation. One chem-

been on the global market (OECD, 2018). Minimal to no toxic-
ity information is available on PFAS and degradation products 
that span diverse chemical structural features beyond PFOA and 
PFOS. Given the large numbers of substances requiring assess-
ment, use of new approach methodologies (NAMs) allowing 
more rapid 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 as part of the EPA’s PFAS Action Plan 
(Patlewicz et al., 2019; EPA, 2019). Results from this large 
suite of NAMs may provide information relevant to the first ti-
er of information for evaluating the PFAS hazard within struc-
tural categories, following the plan described in the National 
PFAS Testing Strategy (EPA, 2021). One component of initial 
NAM screening is evaluation of effects of PFAS on immune 
function, a potential adverse effect in vivo noted for both PFOA 
and PFOS characterized by suppression of T cell-dependent an-
tibody production and reduced antibody response to vaccina-
tions (NTP, 2016; EFSA, 2020). Mechanisms underlying these 
effects are not known. 

Here we report testing results of 147 PFAS substances in a 
phenotypic screening platform of primary human cell co-cul-
ture systems, the BioMAP® Diversity Plus panel, used to model 
complex tissue and disease biology of organs (vasculature, im-
mune system, skin, lung) and general tissue biology. Use of the 
BioMAP panel of human primary cell systems as (patho)physi-
ologically relevant screening assays for evaluating adverse ef-
fects was previously demonstrated through testing pharmaceuti-
cals and clinical candidates as well as environmental chemicals 
in the EPA’s ToxCast program (Kleinstreuer et al., 2014; Berg et 
al., 2006; Singer et al., 2019). The BioMAP Diversity Plus pan-
el includes 12 assays encompassing 148 endpoints particularly 
enriched with capabilities to detect modulators and effectors of 
vascular and immune biology. This panel has been extensive-
ly used in pharmaceutical and consumer products research for 
characterization of product candidates (O’Mahony et al., 2018; 
Betts et al., 2018; Hammitzsch et al., 2015; Shah et al., 2017; 
Simms et al., 2021; Singer et al., 2019). Of note for testing PFAS 
is the inclusion of the BioMAP T cell activation system (SAg) 
measuring multiple endpoints modulated by a cocktail of su-
perantigens, and the B and T cell autoimmunity assay (BT) for  
T cell-dependent B cell activation and antibody production as 
key modulators of the innate and adaptive immune response, re-
spectively. Additional assays include models of vascular inflam-
mation, monocyte activation, lung inflammation and fibrosis, 
cardiovascular inflammation, and wound healing. 

A representative set of 147 PFAS was selected for testing us-
ing criteria that included: characterizing the OECD PFAS chem-
ical database into structural categories and prioritizing them 
based on considerations such as whether categories contained 
PFAS that were of interest to the U.S. Environmental Protection 

1 doi:10.14573/altex.2203041s1
2 https://comptox.epa.gov/dashboard/chemical_lists/epapfasinv 
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2.3  Conducting the BioMAP assays
The following subsections describe how the BioMAP assays 
were conducted following the experimental sequence of events: 
how the human primary cell co-cultures were sourced and cul-
tured; the BioMAP systems created from these co-cultures; how 
the BioMAP systems were stimulated to make (patho)physio-
logically relevant models; how chemical exposures were con-
ducted for chemical screening; and how biomarker endpoints 
were measured (including indicators of cell proliferation/via-
bility). All studies were performed under contract with Euro- 
fins Discovery using the BioMAP® Diversity Plus® panel (pre-
viously known as BioSeek assays, or BSK, within prior work 
with the ToxCast program).

2.4  Human primary cell co-culture 
Use of human primary cell types followed the guidelines for 
human subjects research under United States Department of 
Health and Human Services (HHS) human subjects regulations 
(45 CFR Part 46). Preparation and co-culture of human prima-
ry cell types and methods for the systems were as previously 
described (Melton et al., 2013; Shah et al., 2017; Kunkel et 
al., 2004a). Human umbilical vein endothelial cells (HUVEC) 
and human neonatal foreskin fibroblasts (HDFn) were cultured 
according to the supplier’s (Lonza, Inc., Allendale, NJ) recom-
mendation and plated to confluence for all endpoints other than 
proliferation endpoints (see below). Primary human bronchial 
epithelial cells (Cell Applications, Inc., San Diego, CA), arte-
rial smooth muscle cells, adult lung fibroblasts (Lonza, Inc., 
Allendale, NJ), and keratinocytes (Cambrex, Inc., East Ruth-
erford, NJ) were cultured according to methods recommended 
by the commercial suppliers and plated to confluence for all 
endpoints other than proliferation endpoints (see below). Some 
of the assay systems employed do contain low amounts of fe-
tal bovine serum (FBS) to ensure cell health. The BF4T, BE3C, 
and KF3CT systems contain no FBS; the HDF3CGF system 
contains 0.13% FBS; the 3C, 4H, LPS, SAg and Mphg systems 
contain 2% FBS; the CASMC3C system contains 5% FBS; and 
the BT system contains 10% FBS.

Peripheral blood mononuclear cells (PBMC) were pre-
pared from buffy coats from normal human donor blood sam-
ples (Kunkel et al., 2004b) obtained via BioIVT (HUMAN-
LMX100-0001129) to create a pool of human donors to mini-
mize variability in assay responses for the specified biomarkers 
measured. PBMC from different donors were banked, then 
cells from 3-5 donors were pooled and added to wells at the 
time of assay initiation. Though different pooled donor sets 
may be used, stimulation is required to observe activation in 
these assays (unpublished observation). Donor pools may dif-
fer in terms of donor demographics, and this may contribute 
to variability in the responses; as such, normalization of the 
data to neutral control wells, positive control performance, 
and assay qualification requirements ensure that data can be 
compared between experiments. CD20+ B cells and CD14+ 

monocytes were obtained from All Cells, Inc., Emeryville, CA. 
Macrophages were prepared by culturing CD14+ monocytes in 
M-CSF (50 ng/mL) for 7 days. 

ical, ammonium perfluoro-2-methyl-3-oxahexanoate (GenX), 
was solubilized in H2O as it was known to be unstable in DMSO  
(Gaballah et al., 2020; Liberatore et al., 2020). Sequential di-
lutions in DMSO to 10 mM were used, if necessary, to achieve 
soluble stock solutions without precipitation. Four additional 
samples of reference chemicals with known immunosuppressant 
activity, cyclosporin A (Light Biologicals), azathioprine (Sigma 
Chemical Company), dexamethasone sodium phosphate (Sigma 
Chemical Company), and methotrexate (ThermoFisher Scien-
tific), were also procured by Evotec, solubilized in DMSO, and 
included in the test set. Stock solutions were stored sealed and 
frozen at -80°C and duplicate samples shipped in blinded for-
mat to Eurofins Discovery Services (St. Louis, MO) for screen-
ing in the BioMAP Diversity Plus panel under EPA contract 
68HE0D18D0002.

2.2  Library quality control analysis
DMSO stock solutions were used as this is a universal solvent 
having good general small-molecule solvating capability and 
compatibility with high-throughput biological assays (Po-
pa-Burke et al., 2004). Evolving knowledge of instability of 
certain PFAS in DMSO (Liberatore et al., 2020; Zhang, C. et 
al., 2021) led to a stock quality and stability evaluation across 
the PFAS stocks employed in this work. Full mass spectrome-
try (MS) scans were conducted to determine if each PFAS par-
ent structure was present in the stock solution. A binary pass/
fail grade was assigned to each stock, where stocks failed if no 
chemical was detected and/or if significant degradation was evi-
dent (Smeltz et al., in preparation). Informational flags were also 
assigned to describe additional characteristics of the stocks (see 
Tab. S11 for all analytical grades and flags).

For those PFAS samples undergoing evaluation using liquid 
chromatography (LC) separation, a Waters Corporation (Milford, 
MA) ACQUITY I Class ultra-high-performance LC coupled to 
an Xevo TQ-S micro-MS was used in RADAR mode, rapidly 
switching between multiple reaction monitoring mode (MRM) 
and MS full scan acquisition, to monitor each PFAS while also 
evaluating any interferences. To grade each compound, MS full 
scan data were reviewed for the presence of parent mass, while 
a confirmatory check of the PFAS response was performed with 
the acquired MRM data. 

For chemicals analyzed by gas chromatography (GC)-MS, full 
scans were generated on an Agilent (Palo Alto, CA) 6890/5973N 
GCMS across three ionization modes (electron impact, and neg-
ative and positive chemical ionization). Chromatograms were 
evaluated for peak presence and co-occurrence across ioniza-
tion modes. Spectra were extracted, background subtracted, and 
evaluated to confirm chemical identity using NIST 17 (National 
Institute of Standards and Technology) database spectra for com-
parison when available. It was beyond the scope and resources 
available to employ additional technologies (e.g., nuclear mag-
netic resonance spectroscopy) or detection strategies to further 
characterize this large collection of diverse perfluorinated chem-
icals, and as such, pass/fail grades were based on the LC and GC 
methods described herein and are intended to provide context to 
the bioactivity screening results reported.
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screened at indicated concentrations in a single well per bio-
marker endpoint. Each sample was screened in duplicate in an 
independent and blinded format, i.e., the identity of the chemi-
cal in the sample was unknown to the experimenter and only re-
vealed when data were analyzed. Chemical samples were added 
1 h before stimulation of the cells and were present during the 
subsequent 24 h - 6 d stimulation period. Final DMSO concen-
tration in each assay well was < 0.1%. Colchicine (a cytotoxic 
chemical at 3.3 μM) and non-stimulated control samples were 
included on every plate, for all assays in the BioMAP panel. 
Eight replicates of vehicle control (DMSO at 0.1%) were in-
cluded on each plate.

2.8  Biomarker endpoint measurements
The levels of cell surface (or secreted, indicated by the prefix 
“s”) biomarker endpoints were measured by ELISA as described 
(Shah et al., 2017; Melton et al., 2013). Overt cytotoxicity to 
cells in confluent adherent cultures (all systems other than the 
BT system) was assessed by measuring total protein levels using 
sulforhodamine B (SRB) staining (Gerçel-Taylor et al., 2001) in 
parallel cultures at the time of biomarker measurements. These 
are indicated as SRB endpoints. For proliferation assays for ad-
herent cell types, individual cell types are cultured at sub-con-
fluence and relative cell numbers quantified by SRB staining at 
time points optimized for each system (48 h: 3C and CASM3C 
systems; 72 h: BT and HDF3CGF systems; 96 h: SAg system). 
SRB was performed by staining cells with 0.1% SRB after fixa-
tion with 10% TCA and reading wells at 560 nm. 

Viability and proliferation of PBMC (T cells) was quantified 
by Alamar Blue reduction (Ahmed et al., 1994) for the SAg and 
BT systems. For PBMC viability (referred to as PBMC Cytotox-
icity within the assay endpoint names), cells were plated (75,000/
well in a 96-well plate) and then chemical samples added for 1 h 
before addition of activators, SEB and TSST-1 (20 ng/mL final 
concentration each). Cells were incubated for 90 h. Then, Alamar 
Blue (20 µL/well) (Invitrogen, Cat #DAL1100) was added for  
6 h, and the plates were read with a fluorescence microplate read-
er at 546/580 nm (excitation/emission). For PBMC proliferation, 
cells were plated and activated as above but incubated for only 
16 h prior to addition of Alamar Blue. After 6 h, plates were read 
as described above. 

2.9  Data processing
Measurement values for each well (one biomarker per well) 
were divided by the mean value from 8 DMSO control sam-
ples (from the same plate) to generate a ratio. GenX was the 
only PFAS solubilized in water. However, the final concen-
tration of DMSO was consistent for all substances tested, as 
DMSO was added to the GenX-treated wells to match the oth-
er chemical-treated wells in the BioMAP system for which the 
chemical samples were solvated in DMSO. The GenX-treated 
wells were then normalized to the same DMSO-treated control 
wells as all other chemicals in the set. All ratios were then log10 

All primary human cells utilized in this work were obtained 
via commercially available sources and were used at early pas-
sage (≤ P4) or without passaging (in the case of PBMC and B 
cells) to minimize adaptation to cell culture and preserve physio-
logical signaling responses. 

2.5  BioMAP systems 
Primary human cell types used in BioMAP systems and their 
stimuli included the following: 3C System (HUVEC/IL-1β, 
TNFα and IFNγ), 4H System (HUVEC/IL-4 and histamine), 
LPS System (PBMC and HUVEC/LPS), SAg System (PBMC 
and HUVEC/TCR ligands), BT System (CD19+B cells and 
PBMC/anti-IgM + TCR ligands), BE3C System (bronchial 
epithelial cells/IL-1β, TNFα and IFNγ), BF4T System (bron-
chial epithelial cells and human dermal fibroblasts/TNFα and 
IL-4), HDF3CGF System (human dermal fibroblasts/IL-1β, 
TNFα, IFNγ, EGF, basic-FGF and PDGF-BB), KF3CT System 
(keratinocytes and dermal fibroblasts/IL-1β, TNFα and IFNγ), 
CASM3C System (coronary artery smooth muscle cells/IL-1β, 
TNFα and IFNγ), MyoF System (differentiated lung myofibro-
blasts/TNFα and TGFβ), Mphg System (HUVEC and macro-
phages/TLR2 ligands) (Tab. S23). 

2.6  BioMAP systems stimuli
Assays were initiated by addition of chemical samples for 1 h 
followed by addition of appropriate stimuli. Assay plates were 
then incubated for 24 h unless otherwise indicated. The MyoF 
system was stimulated for 48 h, and the BT system was stimu-
lated for either 72 h (soluble readouts) or 6 d (for measurement 
of secreted IgG). Concentrations of stimuli were as follows: cy-
tokines (IL-1β, 1 ng/mL, Peprotech 200-01B; TNFα, 5 ng/mL, 
Peprotech 300-01A; IFNγ, 20 ng/mL, Peprotech 300-02; IL-4, 
5 ng/mL, 200-04), activators (histamine, 10 μM, Sigma H7125; 
SAg, 20 ng/mL or LPS, 2 ng/mL, Sigma L7770), growth fac-
tors (TGF-β, 5 ng/mL, R&D Systems 240-B/CF; EGF, Peprotech 
AF-100-15; basic-FGF, ThermoScientific 13256029; PDGF-BB, 
10 ng/mL, Peprotech 100-14B; Zymosan, 10 μg/mL, Invivogen 
tlrl-zyn; Anti-IgM, 500 ng/mL). Superantigens (SAg), staphylo-
coccal enterotoxin B (SEB) and toxic shock syndrome toxin-1 
(TSST-1) (staphylococcal enterotoxin F) from Staphylococcus 
aureus, and lipopolysaccharide (LPS) from Salmonella enter-
itidis were obtained from Sigma. The number of lymphocytes 
or macrophages added to the SAg, LPS, BT and Mphg systems 
were as follows for 96-well format: B cells (2.5 x 104), PBMC 
(7.5 x 104 cells/well for LPS and SAg systems or 2.5 x 104 cells/
well for BT system) or macrophages (7.5 x 104 cells/well). Af-
ter stimulation, plates and supernatants were harvested and bio-
markers quantitated by ELISA and other methods (see Biomark-
er endpoint measurements).

2.7  Chemical screening 
Chemical samples (defined as the PFAS, reference chemicals, 
and controls, each solubilized in the appropriate solvent) were 

3 doi:10.14573/altex.2203041s2
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response profiles could be represented in the positive direction, 
with values increasing from a baseline of zero, as is customary for 
the ToxCast program in the current version of invitrodb. At Level 
4, the baseline median absolute deviation (bmad) was calculated 
using the responses at the two lowest test compound concentra-
tions across each endpoint, which were intended to represent a 
conservative estimate of baseline sampling variability. Though 
curve-fitting models were applied via default functionality of 
tcpl at Level 4, the curve-fitting procedure for BSK data is less 
quantitatively informative than the lowest effect concentration or 
concentration where activity was greater than the threshold cut-
off (coff) for a positive. As such, the curve-fitting information 
for BSK should be disregarded. 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 endpoint basis. The Level 5 method, loec.coff, was applied 
to identify the lowest observed effect concentration for samples 
with positive hit calls that meet the criteria described. The Lev-
el 6 caution flag information for BSK should be disregarded as 
curve-fitting models were not used for potency estimation. The 
relevant output data from tcpl (Level 5 information) are provided 
in Table S37.

2.11  Unsupervised clustering
Chemical responses (log10 fold-change) across all assay end-
points at individual concentrations and replicate were clustered 
using the Self-Organizing Map algorithm from Partek Genomics 
Suite (v7.17.1222) (St. Louis, MO). This unsupervised clustering 
using the 147 PFAS and the immunosuppressive reference chem-
icals was intended to group the chemicals into clusters with the 
greatest similarity in their responses across the BioMAP assay 
suite and further to understand if any of the PFAS response pro-
files are similar to the response profiles of the immunosuppres-
sive reference chemicals.

2.12  Similarity search analysis
Profile similarities were evaluated for each compound/concen-
tration pair across the BioMAP suite to chemicals, drugs, and 
cosmetics previously screened in the BioMAP assay suite. Pro-
files are simply defined as the set of responses across all screened 
endpoints in BioMAP for a given chemical sample. This analysis 
was intended to support hypotheses for potentially shared bio-
logical targets between data-poor 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 chemicals (Berg, 2019; Berg et al., 2006, 2013). 
For this analysis of profile similarities, overtly cytotoxic com-
pound profiles were removed, as this gives results that confound 
the interpretation of mechanistic similarity. As described in the 
toxicity signature analysis section below, some overtly cytotoxic 

transformed. Historical controls are the log10-ratios of DMSO  
control wells that are collected over time (23 experimental runs 
collected over 2 years). Significance prediction envelopes were 
calculated for historical controls, and the 95% envelope was 
employed. Overtly cytotoxic compounds were identified as 
generating profiles with one or more of the following readouts 
below the indicated thresholds: SRB < -0.3, PI or PBMC Cyto-
toxicity < -0.3 in one or more systems. 

2.10  Lowest effective concentration determination
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 data. The data were 
stored in the ToxCast database, invitrodb. Tcpl was also used to 
codify how the lowest effective concentrations of PFAS in the 
BioMAP panel were identified. Lowest effective concentration 
for these data was defined as the concentration where activity 
was greater than the threshold cutoff for a positive. This thresh-
old cutoff was defined as the maximum of either three times the 
median absolute deviation of wells that represented baseline or a 
log10(1.2)-fold change, as described in detail in the next subsec-
tion. ToxCast data are made publicly available via releases of the 
ToxCast database4 and in the CompTox Chemicals Dashboard5. 

Detailed tcpl procedure
The transformed ratios for the 12-assay BioMAP panel were re-
ceived by the EPA and loaded into the ToxCast database, invit-
rodb (released in invitrodb version 3.5 in 2022) under the Bio-
Seek assay source identifier, abbreviated as BSK. BSK was used 
for continuity in invitrodb and in public versions of ToxCast data 
despite more recent changes in the name and ownership of the as-
say technology (now owned by Eurofins Discovery and referred 
to as BioMAP systems). Loading these data to the ToxCast data-
base is multi-purpose; primarily, it makes the data publicly ac-
cessible as log10-fold change, enabling these data to inform oth-
er, future analyses. Processing with the ToxCast Pipeline (tcpl) 
also provides estimates of potency for bioactivity across all assay 
endpoints that comprise the BioMAP suite (see Fig. 2). 

Data were processed using R library tcpl6 (v2.1.0) (Filer et al., 
2017) using methods to identify lowest observable effect con-
centration for BSK data rather than curve-fitting these data as 
is done for most other ToxCast data. Invitrodb is comprised of 
data stored at various levels, which are described in detail here 
for the BioMAP panel. Level 0 stored the “raw” response val-
ues (the transformed ratios) for the 148 assay components, and 
Level 1 processing set concentration and replicate indices from 
this input. At Level 2, no additional data transformations were 
necessary since the data were pre-processed by the vendor. Lev-
el 3, typically a normalization step in tcpl, applied no additional 
normalization except to invert data for the loss of signal (_down) 
endpoints. This inversion was done so that all assay endpoint 

4 https://www.epa.gov/chemical-research/exploring-toxcast-data-downloadable-data
5 https://comptox.epa.gov/dashboard/
6 https://CRAN.R-project.org/package=tcpl
7 doi:10.14573/altex.2203041s3

https://www.epa.gov/chemical-research/exploring-toxcast-data-downloadable-data
https://comptox.epa.gov/dashboard/
https://cran.r-project.org/package=tcpl
https://doi.org/10.14573/altex.2203041s3
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Na+/K+ ion transport. Sample concentrations for which acute 
toxicity was flagged were not evaluated further. Profiles remain-
ing were next evaluated for the liver toxicity signature. If the 
3C:SRB endpoint had Log10Ratio value ≤ -0.3, the profile was 
flagged for liver toxicity and then analyzed for the remaining 
toxicity signatures (Berg, 2019). Mechanisms associated with 
the liver toxicity signature include inhibitors of vacuolar-type 
ATPase (V-ATPase), phosphoinositide kinase, FYVE-type zinc 
finger containing (PIKfyve) and smoothened (Smo). Profiles 
that showed decreased proliferation of endothelial cells, outside 
the 95% historical control envelope and with an effect size of 
20% (Log10Ratio < -0.1) but that were not cytotoxic in this sys-
tem (3C:SRB > -0.3), were flagged for the organ toxicity signa-
ture. Mechanisms associated with this signature include inhibi-
tors of DNA replication and microtubule function. Profiles that 
had decreased proliferation of T cells (SAg:Proliferation), out-
side the 95% historical control envelope and with an effect size 
of 20% (Log10Ratio < -0.1), or decreased levels of IgG and B 
cell proliferation (BT:sIgG, BT:Proliferation) or were cytotoxic 
to PBMC (SAg:PBMC Cytotoxicity or BT:PBMC Cytotoxicity 
having Log10Ratio < -0.3) were flagged for the immunosup-
pression signature. Mechanisms associated with this signature 
include inhibition of mammalian target of rapamycin (mTOR), 
calcineurin, JAK3, hsp90, NFAT and DNA proliferation (Berg, 
2019). All other signatures were tested at non-cytotoxic concen-
trations. Profiles that had increased levels of tissue factor (TF) 
in the BioMAP 3C, outside the 95% historical control envelope 
and with an effect size of 20% (Log10Ratio > 0.1) but that were 
not cytotoxic in this system (3C:SRB > -0.3), were flagged for 
the thrombosis signature. Target mechanisms associated with 
the thrombosis signature include mTOR, AhR, V-ATPase, lyso-
somal function, CYP17A, PKC NOD2, estrogen receptor, H1R, 
HIF-1alpha, thyroid hormone receptor, OSM R (Berg et al., 
2015). Profiles that showed increased levels of PGE2 in the Bio-
MAP LPS system, outside the 95% historical control envelope 
and with an effect size of 20% (Log10Ratio > 0.1), and increased 
or unchanged levels of TNFα (LPS:sTNFα) 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 III in the BioMAP HDF3CGF sys-
tem, outside the 95% historical control envelope and with an ef-
fect size of 20% (Log10Ratio < -0.1), were flagged for the skin 
sensitization signature. Target mechanisms associated with this 
signature include RAR/RXR, PKC, JNK, and prostaglandin re-
ceptors. Profiles that showed increased levels of VCAM-1 in the 
BioMAP HDF3CGF system, outside the 95% historical control 
envelope and with an effect size of at least 20% (Log10Ratio  
> 0.1), were flagged for the skin rash (MEK-associated) signa-
ture. Target mechanisms associated with this signature include 
MEK, p38MAPK, IL-1R, IL-4R, Tweak receptor and IFNα/β. 
Profiles that had increased levels of acute phase serum amy-
loid A (SAA) in the BioMAP CASM3C system, outside the 
95% historical control envelope and with an effect size of 20% 
(Log10Ratio > 0.1), were flagged for the vascular toxicity signa-
ture. Target mechanisms associated with this signature include 
MEK, GR, MR, HDAC and IL-6R. 

chemicals affect multiple cell types, and particularly cause cyto-
toxicity of HUVEC stimulated under inflammatory conditions, 
which is a profile preferentially associated with chemicals that 
cause acute toxicity in vivo. Similar profiles in BioMAP were 
identified by positive Pearson correlation. Profile pairs having 
the same target mechanisms typically have Pearson correlations 
with r > 0.7 (Berg et al., 2013). Here we report the top 10 most 
similar profiles with Pearson correlations of r > 0.6 to capture a 
wider range of potential mechanistic hypotheses.

2.13  Toxicity signature analysis 
Toxicity signatures are made up of 2-5 biomarker activities in 
the BioMAP suite that have been associated with an increased 
risk of certain toxicity effects in vivo. Biomarker activity patterns 
for nine BioMAP toxicity signatures (acute toxicity, immunosup-
pression, skin irritation, liver tox, organ tox, skin rash, skin sen-
sitization, thrombosis, and vascular toxicity) were developed by 
data mining the BioMAP Reference Database to identify com-
mon activities between the profiles of drugs with the same report-
ed clinical adverse effects or in vivo effects (e.g., acute toxicity) 
(Berg, 2019). Knowledge of key activities identified in BioMAP 
profiles was combined with clinical data to determine which of 
the biomarker activities is associated with a positive and negative 
impact on the particular biology involved. The strength of clini-
cal associations was tested by comparing this biomarker pattern 
against the BioMAP Reference Database to determine consisten-
cy in the presence or absence of the signature across other drugs 
with reported adverse effects. While these alerts may not rep-
resent all possible mechanisms by which these outcomes occur 
(showing greater accuracy than sensitivity), the compounds used 
to define toxicity signatures allow mechanistic insight into un-
derlying events regulating these clinically reported side effects. 
Details of each toxicity signature, including the drugs or chem-
icals used to identify the signature, the key biomarker readouts, 
and mechanisms associated with each signature, are described in 
detail elsewhere (Berg, 2019).

Evaluation of the presence or absence of toxicity signatures 
within the BioMAP profile of the tested agent was performed at 
each concentration. Concentrations are listed if the toxicity sig-
nature for the indicated alert was detected at two or more con-
centrations (indicated as ≥ the lowest concentration), or at the 
top concentration (concentration is listed without a symbol). Not 
detected (nd) indicates that the alert signature was not detected 
at any of the concentrations tested. Not assessed (NA) indicates 
that the alert signature could not be assessed at the concentra-
tions tested (for example, if the chemical sample was overtly cy-
totoxic at all concentrations tested).

The process for evaluating profiles for the presence of toxici-
ty signatures is stepwise. Each compound/concentration pair is 
first assessed for overt cytotoxicity in adherent cell types in all 
systems that measure total protein (SRB readouts). Profiles are 
flagged for acute toxicity if three or more SRB endpoints have 
Log10Ratio values ≤ -0.3 and one or more of the endpoints is 
in an endothelial cell-containing system (3C, 4H, LPS or Mphg 
system). Mechanisms associated with the acute toxicity signa-
ture include inhibition of protein synthesis, RNA synthesis, and 
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ulated condition (non-stim) and a positive control sample (col-
chicine). Data acceptance criteria were based on plate perfor-
mance (%CV of negative control wells) and the performance of 
positive controls across assays with 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 
positive control reference 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 
dataset, calculating Pearson values between this profile and the 

The presence of a toxicity signature for a given chemical (in 
this case, a PFAS) does not necessarily imply that it will cause 
the corresponding toxicity in vivo but rather that further studies 
may be of interest to confirm a potential association or associated 
mechanism-of-action.

2.14  Assay acceptance criteria
The BioMAP platform generates multi-parameter data sets for 
each compound tested. Assays are plate-based, and performance 
is assessed by positive and negative controls for each assay. 
Negative controls included buffer and solvent (e.g., DMSO). 
For stimulated systems, positive controls included the non-stim-

Fig. 1: Range of responses for the 12 cell systems in the BioMap Diversity Plus panel of cell systems
The fold change (log10) values for all PFAS samples at all concentrations for each assay endpoint are shown in red and grouped by cell 
system (cell system abbreviations are 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) is indicated along with the 1-99% range for 
historic values after cytotoxicity filtering (dotted lines). 
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positive control reference profiles exceeded this 1% false nega-
tive Pearson cutoff, then these plates passed the test. Assays were 
accepted when the positive control passed the Pearson test and 
95% of plates had % CV < 20%. Plots show all points for indi-
vidual samples unless indicated otherwise. 

mean of the rest of the profiles in the dataset, so the number of 
Pearson values calculated was the number of profiles in the refer-
ence dataset. The value at the one percentile of all Pearson values 
calculated was set as the 1% false negative Pearson cutoff. If the 
Pearson between a new positive control profile and the mean of 

Fig. 2: Potency of PFAS in BioMAP
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 are available in Table S23. Lines at 3.0 on the y-axis indicate PFAS that were negative in the 
BioMAP panel. Black = passing analytical QC; red = analytical QC denoted as failure. 
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sults are summarized in Table S11 along with flag definition/
assignment and functional category assignment. There were 
some stock failures with no parent detected for PFAS with pre-
dicted low boiling points and high vapor pressure. These were 
assigned the flag “Fns.” A few others failed due to degradation 
in DMSO, including ammonium perfluoro-2-methyl-3-oxa-
hexanoate (DTXSID70880215; GenX) and were assigned the 
flag “Fde.” The water stock of GenX passed the stock quality 
evaluation. Analytical results were used to help with interpre-
tation of bioactivity testing data, not as a decision criterion re-
garding whether to test or report data. For PFAS samples with 
analytical quality control failures but lacking bioactivity, the 
lack of bioactivity may be due to a lack of presence of the tar-
get PFAS in the assay; for PFAS samples with analytical qual-
ity control failures with bioactivity, the bioactivity may have 

2.15  Quality assurance
Eurofins Discovery ensured the quality of all internal testing, op-
erations, and data released using a comprehensive quality man-
agement system (QMS). The QMS was implemented through 
detailed standard operating procedures (SOPs) within the docu-
mentation management system that is 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 proce-
dures to determine if the expected structure was present. Re-

Tab. 1: PFAS samples with cytotoxic activity 
PFAS samples that were associated with cytotoxicity and the average number of cytotoxicity endpoints active per chemical are indicated. The 
micromolar concentration of cytotoxic activity is provided, and an asterisk indicates where this was the highest concentration tested.

DTXSID	 Preferred name	 Concentrations active (µM) 
		  (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 



Houck et al.

ALTEX 40(2), 2023 257

well above screened concentrations) in Figure 2 indicate that the 
PFAS sample had no bioactivity in any of the BioMAP assays 
screened. It is evident that lower molecular weight PFAS have 
much less activity than higher mass ones. There were also sig-
nificantly more samples of lower molecular weight that failed 
analytical chemistry quality control, as shown by the red sym-
bols. This may be due to increased likelihood of volatilization 
and loss of expected parent structure. Almost all of the bioac-
tivity observed in the 12-assay BioMAP system was between 
approximately 3 and 60 µM, similar to the range of potencies 
observed for other chemicals that have been screened previously 
(Kleinstreuer et al., 2014).

3.3  Similarity to reference immunosuppressants 
using self-organizing maps
Similarity between the bioactivity response profile of reference 
immunosuppressants and screened PFAS samples was exam-
ined using self-organizing maps (SOM). The 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 immunosuppressive drug responses, we clustered 
results across all endpoints at the individual testing concen-
tration using SOM methodology. The 1208 response profiles 
(151 chemical samples/four concentrations/duplicate samples) 
were clustered in a 7X7 array that resulted in clusters strongly 
influenced by the cytotoxicity endpoints (Fig. 3A). In particu-
lar, clusters labeled 43, 44, 45, 36, 37, 38, 29, 30, 31, and 22 
appear highly influenced by cytotoxicity, with higher numbers 
of positive cytotoxicity endpoints in those clusters. Clusters that 
lacked a high number of active cytotoxicity endpoints appeared 
to demonstrate little activity across the SOM panels (mostly flat 
green lines). To accommodate this bias towards overall suppres-
sion of endpoints secondary to general cytotoxicity, we removed 
concentration-response profiles for concentrations associated 
with greater than two positive cytotoxicity endpoints and reclus-
tered using a 6X6 SOM array. This clustering is shown in Figure 
3B with the presence of positive cytotoxicity endpoints shown 
by color. In Figure 3C, the profiles of the reference immunosup-
pressants are indicated by color as detailed in the legend. This 
resulted in the reference compounds being grouped into mostly 
distinct clusters. The exception was for azathioprine and meth-
otrexate, which clustered similarly, both with mechanisms of 
action as antimetabolites inhibiting cell cycle S phase (Bertino, 
1973). Full clustering results are provided in Table S48. Addi-
tionally, in the paragraphs that follow, we discuss the chemicals 
included within the SOM clusters labeled 1, 2, 3, and 31 from 
Figures 3B-C in more detail.

All concentrations tested of the potent immunosuppressant 
cyclosporine A, except for the highest (18 mM), which was 
cytotoxic in five endpoints, were in SOM cluster #1. Effects 
were predominantly in the SAg and BT cell systems. A single 

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 ref-
erence immunosuppressant compounds at four concentra-
tions in 12 co-culture cell systems (3C, 4H, BE3C, BF4T, BT, 
CASM3C, HDF3CGF, Mphg, KF3CT, LPS, MyoF, SAg) en-
compassing 148 total endpoints (Tab. S23). For bioactivity test-
ing, an active or positive hit call was made for each endpoint 
and the lowest effective concentrations determined for those 
considered active (Tab. S37, see column “modl_ga”). Assay re-
producibility was evaluated using the qualitative concordance 
of active hit calls for blinded sample replicates. Overall, con-
cordance was 96.6 ± 3.3%. 

Cytotoxicity was determined in the assay systems by endpoints 
measuring total protein levels by SRB staining for adherent cell 
types, or metabolic activity by Alamar Blue for suspension cells 
(Shah, et al., 2017). Although effects on single cell systems may 
be indicative of selective effects on cell-specific targets, chemi-
cals inducing positive results in multiple cytotoxicity endpoints 
may reflect non-specific, general cell stress mechanisms. Here 
we considered samples active in two or more cytotoxicity-asso-
ciated endpoints as nonspecifically cytotoxic. Those compounds, 
the number of cytotoxicity endpoints positive, and the active 
concentrations are shown in Table 1. A range of structural fea-
tures was noted including carboxylic and sulfonic acids, sulfon-
amides, alcohols, and diacrylates. Cell type-selective cytotoxic-
ity patterns were previously observed in testing other chemical 
classes (Houck et al., 2009).

First, we wanted to understand if the log10-fold change and po-
tency values observed for PFAS responses were similar to previ-
ous screenings with other chemicals. To achieve this, responses 
with PFAS samples were compared to previously collected data 
from a diverse collection of environmental chemicals to evaluate 
whether the PFAS, as a class of chemicals, showed distinctly dif-
ferent behavior in terms of efficacy (Kleinstreuer, et al., 2014). 
The range of responses in fold-change (log10) for all endpoints 
and all concentrations is shown in Figure 1. The full range (red) 
and 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 val-
ues after cytotoxicity filtering (dotted lines) in these assays. The 
decreased range in the inhibitory direction shows that cytotoxic-
ity had strong inhibitory effects on many endpoints. The PFAS 
responses in most cell systems, after cytotoxicity filtering, were 
within the ranges seen for previous environmental chemical test-
ing (dotted lines). 

Next, we wanted to understand the potencies of BioMAP re-
sponses for PFAS. The potency range of PFAS responses in all 
12 assays is shown in Figure 2. PFAS are arranged from lowest 
molecular weight to highest and represented by their respec-
tive DSSTox substance identifiers, or DTXSIDs (Grulke et al., 
2019). Lines at 3.0 on the y-axis (equivalent to 1000 µM and 

8 doi:10.14573/altex.2203041s4
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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 SOM method 
into a six-by-six array. 
Cluster numbers are from 
lower left to top right and 
selected cluster numbers  
are 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 Figure 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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ression (repression of gene activation by other transcription fac-
tors) of many inflammatory cytokine genes (Stahn et al., 2007). 
There were nine different PFAS samples included in this cluster, 
all but one with both replicates at one or more concentrations 
tested. Ammonium perfluorooctanoate (two samples at 60 mM) 
and perfluorooctanoic acid (one sample at 60 mM), and both 
forms of PFOA, were present. Ammonium perfluoro-2-meth-
yl-3-oxahexanoate, also known as GenX, was present in cluster 
#31 at all four concentrations tested and all replicates. The PFAS 
in cluster #31 have considerable structural similarity; all PFAS 
in this cluster contain linear perfluoroalkyl chains of medium 
length with carboxylic or sulfonic acid head groups, with the 
exception of 1H,1H,10H,10H-perfluorodecane-1,10-diol, which 
contains diol head groups (Fig. S13). Two of the PFAS in cluster 
#31 also have ether linkages in the perfluoroalkyl chains: per-
fluoro(2-ethoxyethane)sulfonic acid and GenX. Figure 5 com-
pares the dexamethasone response at 13 mM with GenX and 
ammonium perfluorooctanoic acid at 60 mM. Similar to GenX 
and PFOA, all chemicals in cluster #31 showed suppression of 
IL-10 in the Mphg system. Dexamethasone also showed strong 
suppression of multiple cytokines in the BT system (Fig. 5B), 
while other cluster members, as illustrated by GenX and PFOA, 

PFAS, 2,2,3,3-tetrafluoropropyl acrylate, was also in cluster 
#1 at its highest tested concentration, 60 mM. A comparison of 
2,2,3,3-tetrafluoropropyl acrylate and cyclosporine A is shown in 
Figure 4A. Suppression of multiple endpoints in the BT system 
(Fig. 4B) and the SAg system (Fig. 4C) is similar for both chem-
icals with strong reduction in secreted IgG and the cytokines IL-
17A, IL-2, IL-6, and TNFα in the BT assay. Notably, while cyc-
losporine A was very selectively active for these two assay sys-
tems, 2,2,3,3-tetrafluoropropyl acrylate was also active in others, 
in particular the wound healing and inflammation (HDF3CGF) 
system model in the context of Th1 type inflammation (Fig. 4D). 
It should be noted that the analytical QC score for 2,2,3,3-tetra-
fluoropropyl acrylate indicated that some degradation of the par-
ent structure was evident, thus confounding interpretation of the 
bioactivity testing. More specifically, though bioactivity was evi-
dent for the sample of 2,2,3,3-tetrafluoropropyl acrylate, it is un-
clear if the bioactivity observed was at the nominal concentration 
reported or if the observed bioactivity was related to a degradant 
in the sample. 

Cluster #31 contained all tested concentrations of dexameth-
asone, a glucocorticoid causing immunosuppression through 
activation of the glucocorticoid receptor resulting in transrep-

Fig. 4: Comparison of 
cyclosporine A with 
2,2,3,3-tetrafluoropropyl 
acrylate
The Y-axes on 4A-D all 
represent the log10-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.
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2017; Levy et al., 1972). While methotrexate and azathioprine 
have minimal activity in other cell systems, the PFAS have a 
variety of additional activities including suppression of other 
cytokines in the BT cell system. In Figure 6, responses across 
all BioMAP Diversity Plus panel endpoints for the primary 
chemicals represented in clusters 2 and 3, including 3H-perflu-
oro-2,2,4,4-tetrahydroxypentane (60 mM) (black), azathioprine 
(13 mM) (blue), and methotrexate (1.5 mM) (green), are shown 
in (A), with replicates indicated by open and closed symbols. 
Responses for the individual cell systems BT (B), Mphg (C), 
and HDF3CGF (D) show more detail and include the reference 
immunosuppressants cyclosporine A (0.67 mM) (red) and dexa-
methasone (1.5 mM) (purple).

3.4  Bioactivity profiles as toxicity signatures
The profiles for PFAS chemicals were also analyzed for the 
presence of defined toxicity signatures from previous work 
with the BioMAP assay suite (Berg, 2019). These nine signa-
tures are made up of 2-5 biomarker activities that have been as-
sociated with adverse effects and include acute toxicity, immu-
nosuppression, skin irritation, liver toxicity, organ toxicity, skin 
rash, skin sensitization, thrombosis, and vascular toxicity. The 

had more modest to no effects. Finally, the acute phase serum 
amyloid A (SAA) protein was strongly increased by dexameth-
asone in the CASM3C system (Fig. 5C), consistent with known 
activity of the glucocorticoids acting through the glucocorticoid 
receptor in aortic smooth muscle cells (Kumon et al., 2001). 
However, none of the PFAS showed such activity.

The antimetabolites methotrexate and azathioprine clustered 
at all concentrations and replicates into cluster #2 of Figures 3B 
and 3C with the exception of the high concentration of azathio-
prine (38 mM), which fell into the adjacent (i.e., closely related) 
cluster #3. There were limited PFAS in clusters 2 and 3, and we 
consider both clusters together here. Three PFAS were present 
in clusters 2 and 3 as a single replicate at a single concentration, 
providing less confidence in their significance. 3,3-Bis(trifluoro- 
methyl)-2-propenoic acid, 3H-perfluoro-2,2,4,4-tetrahydroxy-
pentane, and perfluoropinacol were all included with both 
replicates at single concentrations (60, 60, and 20 mM, respec-
tively). The most significantly modified endpoint for all chemi-
cals in clusters 2 and 3 was reduction in secreted IgG in the BT 
cell system (Fig. 6). Reduced IgG is a reported effect in vivo 
for methotrexate and azathioprine when used for treatment of 
rheumatoid arthritis (Rackham et al., 2002; Kapetanovic et al., 

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 log10-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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PFAS activity profiles were also tested for similarity to the Eu-
rofins Discovery database of reference profiles developed through 
screening diverse pharmacological and environmental chemicals. 
The purpose of this analysis was to identify hypotheses for addi-
tional mechanisms of action for the PFAS in this screen, many of 
which are data-poor, based on the similarity between their Bio-
MAP response profiles to data from chemicals with known mecha-
nisms of action and/or biological targets. The top ten matches with 
Pearson’s correlations greater than 0.6 for each PFAS are listed 
in Table S610. The four reference immunosuppressants tested in 
this study were included in the evaluation and returned the cor-
responding matches from the database at one or more concentra-
tions. One of the most striking similarities noted was between sev-
en PFAS structures, many of which were structurally related, and 
inhibitors of the proteosome pathway (Tab. S710). PFAS chemicals 
with both replicates at one or more concentrations having Pear-
son correlations above 0.7 matching the proteasome deubiquiti-
nase inhibitor VLX1570 included four PFAS acrylates (1H,1H,5 
H,5H-perfluoro-1,5-pentanediol diacrylate; 1H,1H,6H,6H-perflu-
orohexane-1,6-diol diacrylate; 2-(perfluorobutyl)ethyl acrylate; 

immunosuppression signature tests for inhibition of B cell pro-
liferation, T cell proliferation, cytotoxicity to PBMC, or inhibi-
tion of IgG secretion with all results at individual sample and 
concentration level are given in Table S59. Thirty-one unique 
PFAS were flagged for the immunosuppression signature at one 
or more concentrations along with all four reference immuno-
suppressants (Tab. 2). Of these, 30 chemicals, including cyc-
losporine A, azathioprine, and methotrexate, were also flagged 
for the organ toxicity signature, which captures anti-prolifer-
ation effects in multiple cell types. Ten of the PFAS with im-
munosuppression signatures contained alcohol groups, six had 
acrylates, four carboxylic acids, and the rest had fewer common 
structural features. Also of note was the lack of any PFAS with 
a liver toxicity signature assigned for both sample replicates at 
any concentration although liver toxicity in animals has been 
associated with a number of PFAS including PFOA and PFOS 
(Lau et al., 2007). The BioMAP liver toxicity signature, howev-
er, only detects a vascular cell-driven specific steatosis-related 
mechanism of liver injury that is preferentially relevant to hu-
mans (Berg, 2019).

Fig. 6: Similarity of 
3H-perfluoro-2,2,4,4-
tetrahydroxypentane 
with the reference 
immunosuppressants
The Y-axes on 6A-D all 
represent the log10-fold 
change observed with a  
given chemical. Responses  
across all Diversity Plus 
panel endpoints for 
3H-perfluoro-2,2,4,4-
tetrahydroxypentane (60 mM) 
(black), azathioprine (13 mM) 
(blue), and methotrexate  
(1.5 mM) (green) are shown 
in (A) with the two replicates 
indicated by open or closed 
symbols. Responses for the 
individual cell systems BT 
(B), Mphg (C), and HDF3CGF 
(D) show more detail and 
also include the reference 
immunosuppressants 
cyclosporine A (0.67 mM) 
(red) and dexamethasone 
(1.5 mM) (purple).

9 doi:10.14573/altex.2203041s5
10 doi:10.14573/altex.2203041s6

https://doi.org/10.14573/altex.2203041s5
https://doi.org/10.14573/altex.2203041s6
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11-H-perfluoroundecanoic acid, perfluorodecanoic acid, perflu-
oro-3,6,9-trioxatridecanoic acid, PFOS, and 9-chloro-perfluor-
ononanoic acid, were similar to thyroid hormone (TH) or TH an-
alogs with Pearson’s correlations greater than 0.7. However, the 
PFAS matched concentrations of the TH agents (micromolar) that 
were much higher than physiological concentrations, suggesting 
that this similarity may be due to non-TH targets. Only weakly 
supported matches to two known targets of several PFAS, the fat-
ty acid-activated nuclear receptors PPARa or PPARg, were found. 
1-Iodo-1H,1H,2H,2H-perfluorononane at two concentrations (but 
only single test samples) matched the endogenous PPARa agonist 
oleoylethanolamide and a single sample of perfluorohexanesul-
fonamide at 60 mM single matched that of rosiglitazone (33 mM). 
However, prior testing experience yielded limited responses to ref-
erence PPAR agonists at pharmacological concentrations, suggest-
ing limited target expression/function in these cell systems. Pro-

2,2,3,3-tetrafluoropropyl acrylate) and 7:3 fluorotelomer alcohol; 
three of these (1H,1H,5 H,5H-perfluoro-1,5-pentanediol diacry-
late; 1H,1H,6H,6H-perfluorohexane-1,6-diol diacrylate; 7:3 fluo-
rotelomer alcohol) also matched the ubiquitin ligase inhibitor Ro 
106-9920. Two PFAS, 3-(perfluorooctyl)propanol and 3,3-bis(tri-
fluoromethyl)-2-propenoic acid, matched the profile of bortezo-
mib, a proteasome inhibitor that binds to the catalytic site of the 
26S proteasome (Bonvini et al., 2007). Proteasome inhibitors have 
been previously reported to be immunosuppressive (Khalesi et 
al., 2021). Other matches for the acrylates included the acetalde-
hyde dehydrogenase inhibitor disulfiram, the antibiotic auranof-
in, and the anti-angiogenic drug TNP-40. Figure 7 illustrates the 
similar results across all endpoints for two diacrylates, 1H,1H,5 
H,5H-perfluoro-1,5-pentanediol diacrylate and 1H,1H,6H,6H-per-
fluorohexane-1,6-diol diacrylate with Ro 106-9920, TNP-40, and 
auranofin. Several PFAS, including perfluoroundecanoic acid, 

Fig. 7: Comparison of response profiles in the 12 assay systems of the BioMAP Diversity Plus panel for PFAS with high 
Pearson’s correlations with reference pharmacological compounds from the BioMAP reference database
Responses are shown as log10 fold-change over solvent control. Statistically significant responses extend beyond the gray shaded region. 
(A) 1H,1H,5H,5H-Perfluoro-1,5-pentanediol diacrylate (30 mM, red line) and the ubiquitin ligase inhibitor Ro 106-9920 (10 mM, black line). 
(B) 1H,1H,5H,5H-Perfluoro-1,5-pentanediol diacrylate (6.7 mM, red line) and the anti-angiogenic drug TNP-40 (10 mM, black line).  
(C) 1H,1H,6H,6H-Perfluorohexane-1,6-diol diacrylate (6.7 mM, red line) and the antibiotic auranofin (370 nM, black line).
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files for PPARa agonists oleylethanolamide and gemfibrozil and 
PPARg agonists rosiglitazone and pioglitazone at concentrations 
exceeding their effective in vitro reported ones are shown in Figure 
8 (Fu et al., 2003; De Filippis et al., 2015; Young et al., 1998; Saka-
moto et al., 2000). 

Finally, we provide a link to all fold-change results at the in-
dividual assay endpoint for each sample at each concentration 
tested in the form of a Tableau workbook11. This allows interac-
tive exploration of the full PFAS data set. The breadth and com-
plexity of the data limit the analysis that can be provided in this 
manuscript, and it is hoped that the access to these data will serve 
as a resource for hypothesis generation to the PFAS research 
community.

4  Discussion 

Here we tested the effects of a diverse collection of 147 PFAS 
chemicals in a large panel of complex human primary cell sys-
tems and evaluated results to identify potential mechanisms of 
toxicity. This evaluation involved analysis of the bioactivity of 
PFAS in specific assays representing human pathophysiological 

Fig. 8: PPAR reference agonist effects in Diversity Plus panel
Profiles for PPARg agonists rosiglitazone (3.7 μM, blue circle), 
pioglitazone (10 μM, green triangle) and PPARa agonists gem-
fibrozil (200 μM, red diamond) and oleoylethanolamide (1.1 μM, 
large orange diamond) are shown for the 12 assay systems of 
the BioMAP Diversity Plus panel. Concentrations were selected 
from the database to exceed reported in vitro EC50 values for the 
corresponding receptor targets by 5- to 40-fold.

Tab. 2: Immunosuppressive toxicity signatures 
The toxicity signature for each chemical (if more than one sample concentration available, the minimum sample concentration associated with 
the signature is used) is summarized by the minimum concentration associated with the signature in micromolar concentration units or NA if 
the signature was not indicated. 31 PFAS and 4 reference immunosuppressants demonstrated the immunosuppression signature. DTXSID, 
DSSTox Substance Identifier; QC, summarization of analytical QC results for the chemical.

	 DTXSID	 Chemical name	 Molecular	 QC	 Acute	 Immuno-	 Liver	 Organ	 Skin	 Skin	 Skin	 Throm-	 Vascular 
			   weight 		  toxicity	 suppress-	 toxicity	 toxicity	 irrita-	 rash	 sensiti-	 bosis	 toxicity 
			   (g/mol)			   ion			   tion		  zation

1	 DTXSID8	 11:1 Fluorotelomer	 600.118	 P	 NA	 0.4	 NA	 0.4	 0.4	 NA	 NA	 NA	 NA 
	 0375107	 alcohol

2	 DTXSID0	 Cyclosporin A	 1202.635	 N/A	 18	 0.7	 NA	 0.7	 NA	 NA	 6	 NA	 NA 
	 020365	

3	 DTXSID3	 Dexamethasone	 516.41	 N/A	 NA	 1.5	 NA	 NA	 NA	 NA	 1.5	 NA	 1.5 
	 047429	 sodium phosphate

4	 DTXSID4	 Methotrexate	 454.447	 N/A	 NA	 1.5	 NA	 40	 NA	 NA	 NA	 NA	 NA 
	 020822

5	 DTXSID5	 1H,1H,5H,5H-Per-	 320.187	 P	 60	 2.2	 NA	 2.2	 NA	 NA	 20	 NA	 NA 
	 060986	 fluoro-1,5-pentanediol  
		  diacrylate

6	 DTXSID8	 1H,1H,6H,6H-Per-	 370.195	 P	 60	 2.2	 NA	 2.2	 NA	 NA	 NA	 NA	 NA 
	 0379721	 fluorohexane-1,6-diol  
		  diacrylate	

7	 DTXSID1	 2,2,3,3-Tetrafluoro-	 186.106	 P	 NA	 2.2	 NA	 2.2	 NA	 NA	 2.2	 NA	 NA 
	 0224331	 propyl acrylate

8	 DTXSID7	 (Perfluorobutyryl)-2-	 322.2	 P	 60	 2.2	 NA	 6.7	 NA	 NA	 20	 NA	 NA 
	 060332	 thenoylmethane

9	 DTXSID4	 Ammonium per-	 347.084	 N/A	 NA	 2.2	 NA	 2.2	 2.2	 NA	 NA	 2.2	 NA 
	 0108559	 fluoro-2-methyl-3-oxa- 
		  hexanoate

10	 DTXSID4	 Azathioprine	 277.26	 N/A	 NA	 4.2	 NA	 13	 NA	 NA	 4.2	 NA	 NA 
	 020119

11 https://public.tableau.com/app/profile/ellen.berg/viz/HouckEvaluationof147 
    PFASSubstances2022/CoverPage 

https://public.tableau.com/app/profile/ellen.berg/viz/HouckEvaluationof147PFASSubstances2022/CoverPage
https://public.tableau.com/app/profile/ellen.berg/viz/HouckEvaluationof147PFASSubstances2022/CoverPage
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11	 DTXSID4	 1H,1H-Perfluoro-3,	 398.076	 F	 60	 6.7	 NA	 20	 NA	 NA	 NA	 NA	 NA 
	 0380797	 6,9-trioxadecan-1-ol
12	 DTXSID0	 1H,1H,9H-Perfluoro-	 486.152	 P	 NA	 6.7	 NA	 6.7	 NA	 NA	 2.2	 NA	 NA 
	 0194615	 nonyl acrylate
13	 DTXSID5	 7:3 Fluorotelomer	 428.141	 P	 60	 6.7	 NA	 6.7	 NA	 NA	 NA	 NA	 NA 
	 0382621	 alcohol
14	 DTXSID6	 2-Perfluorooctyl-	 571.25	 P	 60	 6.7	 60	 2.2	 NA	 NA	 20	 6.7	 6.7 
	 027426	 sulfonyl-N-ethylamino- 
		  ethyl alcohol
15	 DTXSID8	 Perfluoro(2-(2-propo	 482.093	 F	 20	 6.7	 NA	 6.7	 NA	 NA	 NA	 NA	 NA 
	 0371164	 xypropoxy)-1H, 
		  1H-propan-1-ol)
16	 DTXSID9	 1,6-Diiodoperfluoro-	 553.856	 P	 20	 20	 NA	 6.7	 NA	 NA	 NA	 NA	 NA 
	 0190949	 hexane
17	 DTXSID5	 1H,1H-Perfluorooctyl	 454.135	 P	 NA	 20	 NA	 20	 NA	 NA	 NA	 NA	 NA 
	 059799	 acrylate
18	 DTXSID1	 2-(Perfluorobutyl)ethyl	 318.139	 P	 NA	 20	 NA	 6.7	 NA	 NA	 60	 NA	 NA 
	 068772	 acrylate
19	 DTXSID2	 2H,2H,3H,3H-Per-	 342.108	 P	 NA	 20	 NA	 NA	 NA	 2.2	 6.7	 NA	 NA 
	 0874028	 fluorooctanoic acid
20	 DTXSID3	 3,3-Bis(trifluoromethyl)-	 208.059	 P	 NA	 20	 NA	 20	 NA	 NA	 6.7	 NA	 NA 
	 0170109	 2-propenoic acid
21	 DTXSID7	 3H-Perfluoro-2,2,4,4-	 262.08	 F	 NA	 20	 NA	 20	 60	 NA	 20	 NA	 60 
	 0379295	 tetrahydroxypentane
22	 DTXSID1	 N-Methylperfluoro-	 513.17	 P	 NA	 20	 NA	 20	 NA	 NA	 6.7	 NA	 60 
	 067629	 octanesulfonamide
23	 DTXSID6	 Nonafluoropentana-	 263.063	 P	 NA	 20	 NA	 NA	 NA	 NA	 NA	 NA	 NA 
	 0400587	 mide
24	 DTXSID6	 Perfluoropinacol	 334.061	 ND	 60	 20	 NA	 6.7	 6.7	 NA	 NA	 NA	 NA 
	 0238701	
25	 DTXSID9	 1-Iodo-1H,1H,2H,2H-	 423.996	 P	 NA	 60	 NA	 20	 NA	 NA	 NA	 NA	 NA 
	 061881	 perfluoroheptane	
26	 DTXSID5	 1H,1H-Perfluoro-	 399.103	 ND	 NA	 60	 NA	 NA	 NA	 NA	 NA	 NA	 NA 
	 0184723	 octylamine
27	 DTXSID1	 1H,1H,2H,2H-Per-	 373.988	 P	 NA	 60	 NA	 NA	 NA	 NA	 NA	 NA	 60 
	 047578	 fluorohexyl iodide	
28	 DTXSID5	 1H,1H,10H,10H-Per-	 462.13	 P	 60	 60	 NA	 2.2	 NA	 NA	 20	 NA	 NA 
	 0369896	 fluorodecane-1,10-diol
29	 DTXSID0	 1H,1H,11H,11H-Per-	 410.112	 P	 NA	 60	 NA	 2.2	 20	 NA	 20	 NA	 NA 
	 0380798	 fluorotetraethylene  
		  glycol
30	 DTXSID0	 6:1 Fluorotelomer	 350.079	 P	 NA	 60	 60	 60	 NA	 NA	 60	 NA	 NA 
	 0190950	 alcohol
31	 DTXSID5	 3,3,4,4,5,5,6,6,7,7,8,8,	 364.106	 P	 NA	 60	 60	 20	 60	 NA	 NA	 NA	 NA 
	 044572	 8-Tridecafluorooctanol
32	 DTXSID3	 (Heptafluorobutanoyl)	 296.185	 P	 NA	 60	 NA	 20	 60	 NA	 2.2	 NA	 NA 
	 066215	 pivaloylmethane
33	 DTXSID8	 Perfluorononanoic	 464.078	 P	 60	 60	 60	 NA	 NA	 NA	 2.2	 NA	 NA 
	 031863	 acid
34	 DTXSID7	 Perfluorooctanamidine	 412.102	 P	 60	 60	 NA	 20	 NA	 NA	 20	 NA	 NA 
	 0381151	
35	 DTXSID8	 Perfluorooctanesul-	 726.23	 P	 NA	 60	 NA	 60	 NA	 NA	 6.7	 60	 NA 
	 051419	 fonamido ammonium  
		  iodide

	 DTXSID	 Chemical name	 Molecular	 QC	 Acute	 Immuno-	 Liver	 Organ	 Skin	 Skin	 Skin	 Throm-	 Vascular 
			   weight 		  toxicity	 suppress-	 toxicity	 toxicity	 irrita-	 rash	 sensiti-	 bosis	 toxicity 
			   (g/mol)			   ion			   tion		  zation
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to directly examine the association of PFOA, PFOS, and other 
PFAS with effects on B cell antibody responses. The BT cell 
system, consisting of co-cultures of B cells and peripheral blood 
mononuclear cells (PBMCs) and stimulated with anti-IgM and 
low levels of TCR ligands over three days (soluble endpoints) or 
six days (IgG) of chemical exposure, was highly responsive to all 
the reference immunosuppressants (see also Melton, 2013). Dis-
tinct responses between the three mechanisms of action of these 
reference compounds were readily seen and likely drove their 
dissimilar clustering. Notably, both the antimetabolites (azathio-
prine and methotrexate) and cyclosporine A had strong suppres-
sion of IgG secretion in the stimulated B cells, while dexameth-
asone did not suppress IgG but did have strong effects on cyto-
kine secretion endpoints. Based on the NTP monograph (NTP, 
2016), suppression of IgG might be expected for both PFOA and 
PFOS. However, neither had any effect on this endpoint. The 
NTP monograph did not include supporting in vitro/mechanistic 
data for IgG suppression but did report no suppression of IgM in 
either murine or human B cell lines, even at very high (750 mM) 
concentrations of PFOA (Levitt and Liss, 1986). It should be not-
ed that these results were from cell lines constitutively secreting 
IgM and may not recapitulate the complexity of in vivo IgM se-
cretion in response to an antigen stimulus. No results for effects 
of PFOS on B cell antibody production in vitro were identified 
in the review. Overall, neither PFOA nor PFOS seemed to show 
activity similar to the reference immunosuppressants except per-
haps PFOA at its highest testing concentration of 60 mM where 
it clustered with dexamethasone in the SOM analysis. The asso-
ciation seemed relatively weak biologically as many of the cyto-
kines modulated by dexamethasone were not affected by PFOA. 
In addition, with the lack of the characteristic increased SAA se-
cretion as seen with dexamethasone, it seems unlikely the PFAS 
effect is directly through the glucocorticoid receptor. However, 
both PFOA and PFOS decreased the level of IL-10 in a co-cul-
ture system (Mphg assay) that detects macrophage responses.  
IL-10 is a cytokine that promotes B cell IgG production (Facciot-
ti et al., 2020; Itoh et al., 1994). Whether this finding is relevant 
to immune responses in humans requires further study.

Comparison of PFAS response profiles to profiles of reference 
compounds within the BioMAP reference database containing 
pharmacological probes, drugs, and environmental chemicals 
identified a variety of relatively highly correlated matches to 
compounds with known mechanisms of action. The six PFAS 
acrylates were a particularly interesting example of appar-
ent structural features driving biological activity. Profiles for 
five of the six acrylates showed high correlation with profiles 
from compounds that inhibit ubiquitin ligases involved in pro-
teasome function. Proteasome inhibitors are used therapeuti-
cally as anticancer agents and drive cancer cells into apoptosis 
at appropriate concentrations (Kisselev and Goldberg, 2001). 
1H,1H,6H,6H-Perfluorohexane-1,6-diol diacrylate showed re-
sponses similar to the ubiquitin ligase inhibitors VLX1570 (at 
60 mM) and Ro 106-9920 (at 20 mM) and to the alcohol dehy-
drogenase inhibitor disulfiram at 2.2 and 6.6 mM. Disulfiram 
has recently been reported as having anti-cancer activity that 
may partly be explained by its ability to induce autophagy with 

states, as well as analysis of the similarity of the overall bioactiv-
ity response profile for all 12 assays between PFAS and chemi-
cals with known molecular targets. As immunosuppression has 
been reported as an adverse effect of in vivo PFAS exposure, 
we compared the bioactivity response profiles of PFAS to four 
well-known immunosuppressants to specifically address poten-
tial mechanisms of immunotoxicity of PFAS. The association 
of PFOA and PFOS with immunotoxicity was previously con-
cluded through a systematic review of human and animal studies 
as well as in vitro/mechanistic studies (NTP, 2016); PFOA and 
PFOS were “presumed to be an immune hazard to humans based 
on a high level of evidence that PFOA suppressed the antibody 
response from animal studies and a moderate level of evidence 
from studies in humans.” The European Food Safety Authori-
ty extensively reviewed both animal studies and human epide-
miological associations of PFAS (primarily PFOA and PFOS) 
and reported decreased T cell-dependent antibody responses and 
reduced antibody response to vaccinations as critical indicators 
of PFAS effects (EFSA, 2020). Our results provide only limited 
mechanistic support for these conclusions for PFOA and PFOS. 
PFOA and GenX appeared to suppress IL-10 in the Mphg sys-
tem, like dexamethasone; unlike dexamethasone and the other 
immunosuppressive drugs in this work, PFOA and GenX had 
modest to no effects on suppression of cytokine production in the 
BT system. However, several other PFAS, i.e., 3-bis(trifluoro-
methyl)-2-propenoic acid, 3H-perfluoro-2,2,4,4-tetrahydroxy-
pentane, and perfluoropinacol, have activities more similar to 
the reference immunosuppressants in some of the cell systems, 
including suppression of IgG secretion. Importantly, it should be 
noted that our analysis relied principally on correlation of bio-
activity signatures with pharmacological mediators of immuno-
suppression with specific mechanisms of action; other potential 
pathways or more non-specific and pleiotropic modes of action 
resulting in immune suppression by PFAS such as PFOA and/
or PFOS that may not be captured by the BioMAP panel cannot 
be ruled out. For example, systemic toxicity and stress in the 
whole animal has been postulated as a mechanism of multiple 
immune suppression effects for PFOS and PFOA, and these are 
modes-of-action that may not be captured in the BioMAP pan-
el (Loveless et al., 2008). Other studies have suggested that al-
terations in IgG secretion in mice exposed to PFOA may occur 
independently of systemic toxicity and stress-related corticoste-
rone increases (DeWitt et al., 2009a), noting that IgG secretion 
in the BT system in BioMAP was unaffected by PFOA. Future 
studies measuring the effects of environmental chemicals asso-
ciated with immunotoxicity in the BioMAP co-culture systems, 
along with other human cell-based models of immune related 
effects including inflammation, may be useful for better defin-
ing the bioactivity profiles of non-pharmaceutical immunotoxic 
compounds and understanding mechanisms of putative immune 
related effects in human populations. 

Beyond immunosuppression, significant bioactivity in human 
primary cells that correlated with mechanisms of action that may 
indicate potential for adverse effects in vivo was observed for 
diverse PFAS as discussed below. From the BioMAP Diversity 
Plus co-culture systems, the BT assay seemed most appropriate 
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in the BioMAP suite responded robustly in relevant endpoints to 
the reference compounds, supporting the conclusion that these 
assays are sensitive to these immunosuppressive mechanisms. 
While several PFAS had activity profiles that overlapped with 
the reference compounds, those PFAS had additional activi-
ties that confound interpretation of potential immunosuppres-
sive-specific effects. These results should inform future studies 
where potential exposure scenarios indicate a possibility of risk. 
A limitation of this work is that not all potential mechanisms of 
immunosuppression are functional in the assay systems used 
here. For instance, PPARa and PPARg are known molecular 
targets for PFAS, and among numerous bioactivities associated 
with these receptors in the literature are effects on the immune 
system, primarily categorized as anti-inflammatory and suggest-
ed as a mechanism for PFAS immunosuppression (Christofides 
et al., 2021; Peden-Adams et al., 2008). The PPARs primarily 
regulate metabolism in many cell types, which impacts the dif-
ferentiation, expansion, and fate commitment of immune cells 
(Christofides et al., 2021). Some of these critical steps in devel-
opment of a fully functional immune system are not present in 
these relatively short-term in vitro assays and, thus, these assays 
may not detect putative contributions of PPAR signaling path-
ways to immune function. PPARs are also known to function in 
large complexes that include various co-activators and co-repres-
sors that impart cell-type and tissue-specific effects, with con-
siderable species differences including in immune responses (Yu 
and Reddy, 2007; Corsini et al., 2014). Thus, there is uncertain-
ty about the role of PPARs in any potential immune effects of 
PFAS in humans in vivo, based on lower expression of PPARa in 
humans when compared to rodents as well as data from mouse 
models that suggests that some immune-related effects observed 
in mice following PFOA and PFOS exposure may be indepen-
dent of PPARa (DeWitt et al., 2009b).

Additionally, PPARa agonists oleylethanolamide and gemfi-
brozil and PPARg agonists rosiglitazone and pioglitazone failed 
to produce many effects in the BioMAP suite at the concentra-
tions screened. A lack of PPAR responsiveness in the 12-assay 
BioMAP assay suite and absence of the liver toxicity signature 
for these PPAR agonists is of interest given that PPAR-like liver 
effects have been shown in vivo for a number of PFAS including 
PFOA and PFOS (Perkins et al., 2004; Bjork et al., 2008; Bjork 
and Wallace, 2009). This is not necessarily surprising given that 
the BioMAP-defined liver toxicity signature used for this work 
is a specific mechanism-based signature that relates to steatosis 
liver injury in humans involving vascular cells (Berg, 2019). It 
does not detect other mechanisms of liver injury. It is postulated 
that the liver effects seen in rodent studies with PFOA and PFOS 
are PPAR-mediated and, assuming limited PPAR sensitivity of 
the cell systems used here, the BioMAP assays would be unlikely 
to be capable of capturing PPAR-mediated liver effects. Further, 
the BioMAP assays used human primary cells; even if these sys-
tems were responsive to PPAR agonists, the PPARa-linked liver 
toxicity for PFAS is argued as not relevant to human exposure 
(Corton et al., 2018).

The testing concentrations selected for this study were de-
termined based on the ability to generate a universal solubili-

the latter process known to be stimulated by inhibition of pro-
teasome activity (Ji and Kwon, 2017). Further, 1H,1H,9H-per-
fluorononyl acrylate and 1H,1H-perfluorooctyl acrylate showed 
similarity to auranofin, an antibiotic that can inhibit thioredoxin 
reductase, an enzyme that maintains cellular redox potential and 
whose expression can be repressed by the proteasome inhibitors 
bortezomib and carfilzomib (Fink et al., 2016). The other ma-
jor correlated profile was that of the fumagillin analog TNP-40, 
which inhibits angiogenesis through irreversible inactivation of 
methionine aminopeptidase-2 (MetAP2), blocking endothelial 
cell proliferation in vitro and angiogenesis in vivo (Griffith et 
al., 1998). MetAP2 cleaves the NH2-terminal methionine during 
nascent protein translation. Here, too, crosstalk with the prote-
asome pathway has been shown through TXNL1, a thioreduc-
tase that plays a role in the transfer of misfolded nascent pro-
tein chain from the ribosome to the 26S proteasome, which was 
unprocessed upon MetAP2 inhibition (Andersen et al., 2009). 
While proteasome inhibitors can be used therapeutically under 
controlled conditions, long-term exposure is toxic to nearly all 
cells by inducing apoptotic cell death (Kisselev and Goldberg, 
2001). Side effects of proteasome inhibitors reported in clinical 
trials include anemia, gastrointestinal disorders, and peripheral 
neuropathy (Hungria et al., 2019).

Cyclosporine A had selective cell system activity at three of 
four concentrations tested with activity primarily in the SAg and 
BT systems. Presumably, this activity results from the known 
mechanism of action for cyclosporin A: complexing with cyclo-
philin and subsequent inhibition of the phosphatase activity of 
calcineurin preventing nuclear translocation and activation of 
NFAT transcription factors (Matsuda and Koyasu, 2000). In addi-
tion to the calcineurin/NFAT pathway, recent studies indicate that 
cyclosporin A also blocks the activation of JNK and p38 signal-
ing pathways triggered by antigen recognition, making cyclospo-
rin A a highly specific inhibitor of T cell activation. At 18 mM, 
however, cyclosporin A affected additional cell systems with sig-
nificant suppression of a variety of endpoints. Similarity analysis 
at this concentration indicated a high correlation of the profile 
with that of omipalisib, a phosphoinositide 3-kinase inhibitor that 
blocks activity of the mammalian target of rapamycin complex  
1 (mTORC1) (Knight et al., 2010). Such activity may be con-
sistent with reported anticancer effects of cyclosporin A at mi-
cromolar concentrations, with activity attributed to inhibition of 
mTORC1 signaling in prostate cancer cells (Lee et al., 2012). 
Note that this concentration is greater than typical pharmaco-
logical exposures in patients treated with cyclosporin A as im-
munosuppressant therapy (with a maximum plasma concentra-
tion, Cmax, of < 1-2 mM) (Halloran et al., 1999). Profiles of 
8:2 fluorotelomer alcohol at 60 mM (both replicates) and N- 
ethyl-N-(2-hydroxyethyl)perfluorooctanesulfonamide at 60 mM 
(single replicate) also had relatively high similarity with the pro-
file of omipalisib, supporting involvement with mTORC1 activi-
ty for high concentrations of these specific PFAS.

The primary conclusion from our work was a finding of very 
limited similarity of PFOA and PFOS to the bioactivity profiles 
of reference immunosuppressants that exhibit three important 
clinical mechanisms of action. The human primary cell systems 
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as well as contribute to risk analysis in facilitating grouping of 
PFAS from complex mixtures that may have additive or other 
interactive activities (Ojo et al., 2020).

References
Ahmed, S. A., Gogal, R. M., Jr. and Walsh, J. E. (1994). A new 

rapid and simple non-radioactive assay to monitor and deter-
mine the proliferation of lymphocytes: An alternative to [3H]
thymidine incorporation assay. J Immunol Meth 170, 211-224. 
doi:10.1016/0022-1759(94)90396-4

Andersen, K. M., Madsen, L., Prag, S. et al. (2009). Thioredoxin 
Txnl1/TRP32 is a redox-active cofactor of the 26S proteasome. 
J Biol Chem 284, 15246-15254. doi:10.1074/jbc.m900016200

Armitage, J. M., Wania, F. and Arnot, J. A. (2014). Application of 
mass balance models and the chemical activity concept to facil-
itate the use of in vitro toxicity data for risk assessment. Environ 
Sci Technol 48, 9770-9779. doi:10.1021/es501955g

Berg, E. L., Kunkel, E. J., Hytopoulos, E. et al. (2006). 
Characterization of compound mechanisms and secondary 
activities by BioMAP analysis. J Pharmacol Toxicol Meth 53, 
67-74. doi:10.1016/j.vascn.2005.06.003

Berg, E. L., Yang, J. and Polokoff, M. A. (2013). Building pre-
dictive models for mechanism-of-action classification from 
phenotypic assay data sets. J Biomol Screen 18, 1260-1269. 
doi:10.1177/1087057113505324

Berg, E. L., Polokoff, M. A., O’Mahony, A. et al. (2015). Elucidat-
ing mechanisms of toxicity using phenotypic data from primary 
human cell systems – A chemical biology approach for thrombo-
sis-related side effects. Int J Mol Sci 16, 1008-1029. doi:10.3390/
ijms16011008

Berg, E. L. (2019). Human cell-based in vitro phenotypic pro-
filing for drug safety-related attrition. Front Big Data 2, 47. 
doi:10.3389/fdata.2019.00047

Bertino, J. R. (1973). Chemical action and pharmacology of meth-
otrexate, azathioprine and cyclophosphamide in man. Arthritis 
Rheum 16, 79-83. doi:10.1002/art.1780160113

Betts, B. C., Bastian, D., Iamsawat, S. et al. (2018). Targeting JAK2 
reduces GVHD and xenograft rejection through regulation of T 
cell differentiation. Proc Natl Acad Sci U S A 115, 1582-1587. 
doi:10.1073/pnas.1712452115

Bjork, J. A., Lau, C., Chang, S. C. et al. (2008). Perfluorooctane 
sulfonate-induced changes in fetal rat liver gene expression. Tox-
icology 251, 8-20. doi:10.1016/j.tox.2008.06.007

Bjork, J. A. and Wallace, K. B. (2009). Structure-activity relation-
ships and human relevance for perfluoroalkyl acid-induced tran-
scriptional activation of peroxisome proliferation in liver cell 
cultures. Toxicol Sci 111, 89-99. doi:10.1093/toxsci/kfp093

Bonvini, P., Zorzi, E., Basso, G. et al. (2007). Bortezomib-mediated 
26S proteasome inhibition causes cell-cycle arrest and induces 
apoptosis in CD-30+ anaplastic large cell lymphoma. Leukemia 
21, 838-842. doi:10.1038/sj.leu.2404528

CDC (2019). Fourth National Report on Human Exposure to 
Environmental Chemicals. Updated Tables, Volume One. 
doi:10.15620/cdc75822

Christofides, A., Konstantinidou, E., Jani, C. et al. (2021). The 

zation method at relatively high concentration in DMSO for a 
diverse PFAS library. In vitro testing concentrations were then 
determined by the 0.1% limit of DMSO tolerability of these as-
say systems. Thus, the concentration series for the PFAS were 
generally from 2-60 mM (Tab. S11; some lower due to solubil-
ity limitations). These concentrations exceed by two orders of 
magnitude the serum levels measured in the 2015-16 NHANES 
study, which reported geometric means of 3.8 nM PFOA and  
9.4 nM PFOS for the general US population (CDC, 2019). How-
ever, human exposures can be considerably higher as, for exam-
ple, those seen in the population exposed to heavily contaminated 
drinking water from industrial processes in West Virginia where 
geometric mean PFOA concentration was 193 nM with extremes 
up to 42 mM and mean PFOS of 44 nM ranging up to 1.5 mM 
(Steenland et al., 2009). An additional factor that is likely to be 
important for extrapolating in vitro activity to in vivo effects is 
the actual exposure levels of PFAS to the cells in the testing sys-
tem. Here we used nominal cell culture medium concentrations; 
however, there are numerous parameters affecting actual expo-
sure that need consideration (Armitage et al., 2014; Wambaugh 
et al., 2019). Indeed, PFAS have been shown to have significant 
effects on several properties including serum protein binding and 
bioaccumulation that may impact actual cellular exposure levels 
(Yang, D. et al., 2020; Zhang, W. et al., 2020).

An additional important consideration of the approach used for 
this study is the reliance on primary cells from a limited number 
of donors. Donor cell pooling provides strength in not relying 
solely on the genotype and phenotype of a single individual that 
may bias results. It also ensures a larger supply of cells need-
ed to determine levels of experimental variability. However, it 
does not guarantee that any potentially more susceptible donor 
subpopulations are included in the pool or whether such pheno-
types would not be more difficult to detect as only a small part of 
a broader pool of donors. Sex-differences, age-differences, and 
race/genetic differences in immune cells can influence the out-
come of the bioassays (Scepanovic et al., 2018); however, the 
magnitude of increased testing that would be required to evaluate 
this is beyond the resource scope of this project.

We have provided an overview of the effects of a diverse set 
of PFAS, many with known human exposures and measured 
blood levels, in human primary cells and identified numerous 
perturbations of important cellular signaling and response sys-
tems. While we have focused on a limited number of specific ef-
fects, including similarity to activity of clinical immunosuppres-
sant drugs, the data set likely contains many additional activities 
of interest. We provide access to these data through a publicly 
accessible database that allows interactive exploration of the full 
data set to aid in hypothesis generation for PFAS mechanisms 
of action11. These data will also be used to help develop a cat-
egorization system for PFAS combining chemical structural in-
formation with bioactivity data (Patlewicz et al., 2019). While 
no detailed analysis of structure-function correlation was per-
formed for this analysis, suggestions of such associations were 
seen such as for the links to the proteasome pathway by PFAS-  
containing acrylate substructures. Categorization may be one 
important tool to aid in prioritizing PFAS for safety assessment 

https://doi.org/10.1016/0022-1759(94)90396-4
https://doi.org/10.1074/jbc.m900016200
https://doi.org/10.1021/es501955g
https://doi.org/10.1016/j.vascn.2005.06.003
https://doi.org/10.1177/1087057113505324
https://doi.org/10.3390/ijms16011008
https://doi.org/10.3390/ijms16011008
https://doi.org/10.3389/fdata.2019.00047
https://doi.org/10.1002/art.1780160113
https://doi.org/10.1073/pnas.1712452115
https://doi.org/10.1016/j.tox.2008.06.007
https://doi.org/10.1093/toxsci/kfp093
https://doi.org/10.1038/sj.leu.2404528
https://doi.org/10.15620/cdc75822


Houck et al.

ALTEX 40(2), 2023       268

proteasome inhibitors in multiple myeloma cells. Leukemia 30, 
104-111. doi:10.1038/leu.2015.190

Fu, J., Gaetani, S., Oveisi, F. et al. (2003). Oleylethanolamide re-
gulates feeding and body weight through activation of the nu-
clear receptor PPAR-alpha. Nature 425, 90-93. doi:10.1038/
nature01921

Gaballah, S., Swank, A., Sobus, J. R. et al. (2020). Evaluation of 
developmental toxicity, developmental neurotoxicity, and tissue 
dose in zebrafish exposed to GenX and other PFAS. Environ 
Health Perspect 128, 47005. doi:10.1289/ehp5843

Gerçel-Taylor, C., Ackermann, M. A. and Taylor, D. D. (2001). 
Evaluation of cell proliferation and cell death based assays in 
chemosensitivity testing. Anticancer Res 21, 2761-2768.

Griffith, E. C., Su, Z., Niwayama, S. et al. (1998). Molecular recog-
nition of angiogenesis inhibitors fumagillin and ovalicin by me-
thionine aminopeptidase 2. Proc Natl Acad Sci USA 95, 15183-
15188. doi:10.1073/pnas.95.26.15183

Grulke, C. M., Williams, A. J., Thillainadarajah, I. et al. (2019). 
EPA’s DSSTox database: History of development of a curated 
chemistry resource supporting computation toxicology research. 
Comput Toxicol 12, 100096. doi:10.1016/j.comtox.2019.100096

Halloran, P. F., Helms, L. M., Kung, L. et al. (1999). The temporal 
profile of calcineurin inhibition by cyclosporine in vivo. Trans-
plantation 68, 1356-1361. doi:10.1097/00007890-199911150-
00023

Hammitzsch, A., Tallant, C., Fedorov, O. et al. (2015). CBP30, a 
selective CBP/p300 bromodomain inhibitor, suppresses human 
Th17 responses. Proc Natl Acad Sci USA 112, 10768-10773. 
doi:10.1073/pnas.1501956112

Houck, K. A., Dix, D. J., Judson, R. S. et al. (2009). Profiling 
bioactivity of the ToxCast chemical library using BioMAP 
primary human cell systems. J Biomol Screen 14, 1054-1066. 
doi:10.1177/1087057109345525

Hungria, V. T. M., Crusoé, E. Q., Bittencourt, R. I. et al. (2019). 
New proteasome inhibitors in the treatment of multiple 
myeloma. Hematol Transfus Cell Ther 41, 76-83. doi:10.1016/j.
htct.2018.07.003

Itoh, K., Inoue, T., Ito, K. et al. (1994). The interplay of interleu-
kin-10 (IL-10) and interleukin-2 (IL-2) in humoral immune 
responses: IL-10 synergizes with IL-2 to enhance responses of 
human B lymphocytes in a mechanism which is different from 
upregulation of CD25 expression. Cell Immunol 157, 478-488. 
doi:10.1006/cimm.1994.1243

Ji, C. H. and Kwon, Y. T. (2017). Crosstalk and interplay between 
the ubiquitin-proteasome system and autophagy. Mol Cells 40, 
441-449. doi:10.14348/molcells.2017.0115

Kapetanovic, M. C., Nagel, J., Nordström, I. et al. (2017). Metho-
trexate reduces vaccine-specific immunoglobulin levels but not 
numbers of circulating antibody-producing B cells in rheumatoid 
arthritis after vaccination with a conjugate pneumococcal vac-
cine. Vaccine 35, 903-908. doi:10.1016/j.vaccine.2016.12.068

Khalesi, N., Korani, S., Korani, M. et al. (2021). Bortezomib: A 
proteasome inhibitor for the treatment of autoimmune diseases. 
Inflammopharmacology 29, 1291-1306. doi:10.1007/s10787-
021-00863-2

Kisselev, A. F. and Goldberg, A. L. (2001). Proteasome inhibitors: 

role of peroxisome proliferator-activated receptors (PPAR) in 
immune responses. Metabolism 114, 154338. doi:10.1016/j. 
metabol.2020.154338

Corsini, E., Luebke, R. W., Germolec, D. R. et al. (2014). Per-
fluorinated compounds: Emerging POPs with potential im-
munotoxicity. Toxicol Lett 230, 263-270. doi:10.1016/j.
toxlet.2014.01.038

Corton, J. C., Peters, J. M. and Klaunig, J. E. (2018). The PPARα-de-
pendent rodent liver tumor response is not relevant to humans: 
Addressing misconceptions. Arch Toxicol 92, 83-119. doi:10. 
1007/s00204-017-2094-7

Cousins, I. T., Ng, C. A., Wang, Z. et al. (2019). Why is high 
persistence alone a major cause of concern? Environ Sci Process 
Impacts 21, 781-792. doi:10.1039/c8em00515j

De Filippis, B., Agamennone, M., Ammazzalorso, A. et al. (2015). 
PPARα agonists based on stilbene and its bioisosteres: Biological 
evaluation and docking studies. MedChemComm 6, 1513-151. 
doi:10.1039/c5md00151j

DeWitt, J. C., Copeland, C. B. and Luebke, R. W. (2009a). Sup-
pression of humoral immunity by perfluorooctanoic acid is inde-
pendent of elevated serum corticosterone concentration in mice. 
Toxicol Sci 109, 106-112. doi:10.1093/toxsci/kfp040

DeWitt, J. C., Shnyra, A., Badr, M. Z. et al. (2009b). Immunotoxic-
ity of perfluorooctanoic acid and perfluorooctane sulfonate and 
the role of peroxisome proliferator-activated receptor alpha. Crit 
Rev Toxicol 39, 76-94. doi:10.1080/10408440802209804

ECHA (2014). REACH, Proposal for a Restriction – Perfluorooc-
tanoic acid (PFOA), PFOA Salts and PFOA-Related Substances. 
https://echa.europa.eu/documents/10162/e9cddee6-3164-473d-
b590-8fcf9caa50e7

EFSA (2020). Risk to human health related to the presence of perflu-
oroalkyl substances in food. EFSA J 18, e06223. doi:10.2903/j.
efsa.2020.6223

EPA (2000). Perfluorooctyl Sulfonates; Proposed Significant New 
Use Rule. https://www.gpo.gov/fdsys/pkg/FR-2000-10-18/
pdf/00-26751.pdf

EPA (2019). EPA’s Per- and Polyfluoroalkyl Substances (PFAS) 
Action Plan. https://www.epa.gov/sites/default/files/2019-02/
documents/pfas_action_plan_021319_508compliant_1.pdf  

EPA (2020). Long-chain Perfluoroalkyl Carboxylate and Perflu-
oroalkyl Sulfonate Chemical Substances; Significant New Use 
Rule. https://www.govinfo.gov/content/pkg/FR-2020-07-27/
pdf/2020-13738.pdf 

EPA (2021). National PFAS Testing Strategy: Identification of 
Candidate Per- and Polyfluoroalkyl Substances (PFAS) for Test-
ing. https://www.epa.gov/system/files/documents/2021-10/pfas-
natl-test-strategy.pdf

Facciotti, F., Larghi, P., Bosotti, R. et al. (2020). Evidence for a pa-
thogenic role of extrafollicular, IL-10-producing CCR6+B helper 
T cells in systemic lupus erythematosus. Proc Natl Acad Sci USA 
117, 7305-7316. doi:10.1073/pnas.1917834117

Filer, D. L., Kothiya, P., Setzer, R. W. et al. (2017). tcpl: The Tox-
Cast pipeline for high-throughput screening data. Bioinformatics 
33, 618-620. doi:10.1093/bioinformatics/btw680

Fink, E. E., Mannava, S., Bagati, A. et al. (2016). Mitochondrial 
thioredoxin reductase regulates major cytotoxicity pathways of 

https://doi.org/10.1038/leu.2015.190
https://doi.org/10.1038/nature01921
https://doi.org/10.1038/nature01921
https://doi.org/10.1289/ehp5843
https://doi.org/10.1073/pnas.95.26.15183
https://doi.org/10.1016/j.comtox.2019.100096
https://doi.org/10.1097/00007890-199911150-00023
https://doi.org/10.1097/00007890-199911150-00023
https://doi.org/10.1073/pnas.1501956112
https://doi.org/10.1177/1087057109345525
https://doi.org/10.1016/j.htct.2018.07.003
https://doi.org/10.1016/j.htct.2018.07.003
https://doi.org/10.1006/cimm.1994.1243
https://doi.org/10.14348/molcells.2017.0115
https://doi.org/10.1016/j.vaccine.2016.12.068
https://doi.org/10.1007/s10787-021-00863-2
https://doi.org/10.1007/s10787-021-00863-2
https://doi.org/10.1016/j.metabol.2020.154338
https://doi.org/10.1016/j.metabol.2020.154338
https://doi.org/10.1016/j.toxlet.2014.01.038
https://doi.org/10.1016/j.toxlet.2014.01.038
https://doi.org/10.1007/s00204-017-2094-7
https://doi.org/10.1007/s00204-017-2094-7
https://doi.org/10.1039/c8em00515j
https://doi.org/10.1039/c5md00151j
https://doi.org/10.1093/toxsci/kfp040
https://doi.org/10.1080/10408440802209804
https://echa.europa.eu/documents/10162/e9cddee6-3164-473d-b590-8fcf9caa50e7
https://echa.europa.eu/documents/10162/e9cddee6-3164-473d-b590-8fcf9caa50e7
https://doi.org/10.2903/j.efsa.2020.6223
https://doi.org/10.2903/j.efsa.2020.6223
https://www.gpo.gov/fdsys/pkg/FR-2000-10-18/pdf/00-26751.pdf
https://www.gpo.gov/fdsys/pkg/FR-2000-10-18/pdf/00-26751.pdf
https://www.epa.gov/sites/default/files/2019-02/documents/pfas_action_plan_021319_508compliant_1.pdf
https://www.epa.gov/sites/default/files/2019-02/documents/pfas_action_plan_021319_508compliant_1.pdf
https://www.govinfo.gov/content/pkg/FR-2020-07-27/pdf/2020-13738.pdf
https://www.govinfo.gov/content/pkg/FR-2020-07-27/pdf/2020-13738.pdf
https://www.epa.gov/system/files/documents/2021-10/pfas-natl-test-strategy.pdf
https://www.epa.gov/system/files/documents/2021-10/pfas-natl-test-strategy.pdf
https://doi.org/10.1073/pnas.1917834117
https://doi.org/10.1093/bioinformatics/btw680


Houck et al.

ALTEX 40(2), 2023 269

phenotypic signatures identified for tocilizumab, adalimumab, 
and tofacitinib monotherapy and their combinations with meth-
otrexate. J Transl Med 16, 156. doi:10.1186/s12967-018-1532-5

OECD (2015). Risk Reduction Approaches for PFASs – A 
Cross-Country Analysis. Series on Risk Management, No. 29. 
OECD Environment, Health and Safety Publications, Paris. 
https://bit.ly/3lSEy3z 

OECD (2018). Toward a new comprehensive global database of 
per- and polyfluoroalkyl substances (PFASs): Summary re-
port on updating the OECD 2007 list of per- and polyfluoroal-
kyl substances (PFASs). Series on Risk Management, No. 39. 
OECD Environment Health and Safety Publications. https://bit.
ly/3klctBG 

OECD (2021). Reconciling Terminology of the Universe of Per- 
and Polyfluoroalkyl Substances: Recommendations and Prac-
tical Guidance. Series on Risk Management, No. 61. OECD 
Environment, Health and Safety Publications, Paris. https://bit.
ly/3m03xBX  

Ojo, A. F., Peng, C. and Ng, J. C. (2020). Assessing the human 
health risks of per- and polyfluoroalkyl substances: A need for 
greater focus on their interactions as mixtures. J Hazard Mater 
407, 124863. doi:10.1016/j.jhazmat.2020.124863

Patlewicz, G., Richard, A. M., Williams, A. J. et al. (2019). A 
chemical category-based prioritization approach for selecting 75 
per- and polyfluoroalkyl substances (PFAS) for tiered toxicity 
and toxicokinetic testing. Environ Health Perspect 127, 14501. 
doi:10.1289/ehp4555

Peden-Adams, M. M., Keller, J. M., Eudaly, J. G. et al. (2008). Sup-
pression of humoral immunity in mice following exposure to per-
fluorooctane sulfonate. Toxicol Sci 104, 144-154. doi:10.1093/
toxsci/kfn059

Perkins, R. G., Butenhoff, J. L., Kennedy, G. L. et al. (2004). 
13-week dietary toxicity study of ammonium perfluoroocta-
noate (APFO) in male rats. Drug Chem Toxicol 27, 361-378. 
doi:10.1081/dct-200039773 

Popa-Burke, I. G., Issakova, O., Arroway, J. D. et al. (2004). 
Streamlined system for purifying and quantifying a diverse li-
brary of compounds and the effect of compound concentration 
measurements on the accurate interpretation of biological assay 
results. Anal Chem 76, 7278-7287. doi:10.1021/ac0491859

Rackham, O. J., Sills, J. A. and Davidson, J. E. (2002). Immuno-
globulin levels in methotrexate treated paediatric rheumatology 
patients. Arch Dis Child 87, 147-148. doi:10.1136/adc.87.2.147

Sakamoto, J., Kimura, H., Moriyama, S. et al. (2000). Activation of 
human peroxisome proliferator-activated receptor (PPAR) sub-
types by pioglitazone. Biochem Biophys Res Comm 278, 704-
711. doi:10.1006/bbrc.2000.3868

Scepanovic, P., Alanio, C., Hammer, C. et al. (2018). Human ge-
netic variants and age are the strongest predictors of humoral 
immune responses to common pathogens and vaccines. Genome 
Med 10, 59. doi:10.1186/s13073-018-0568-8 

Shah, F., Stepan, A. F., O’Mahony, A. et al. (2017). Mechanisms of 
skin toxicity associated with metabotropic glutamate receptor 5 
negative allosteric modulators. Cell Chem Biol 24, 858-869.e5. 
doi:10.1016/j.chembiol.2017.06.003

Simms, L., Mason, E., Berg, E. L. et al. (2021). Use of a rapid hu-

From research tools to drug candidates. Chem Biol 8, 739-758. 
doi:10.1016/s1074-5521(01)00056-4

Kleinstreuer, N. C., Yang, J., Berg, E. L. et al. (2014). Phenoty-
pic screening of the ToxCast chemical library to classify toxic 
and therapeutic mechanisms. Nat Biotechnol 32, 583-591. 
doi:10.1038/nbt.2914

Knight, S. D., Adams, N. D., Burgess, J. L. et al. (2010). Discov-
ery of GSK2126458, a highly potent inhibitor of PI3K and the 
mammalian target of rapamycin. ACS Med Chem Lett 1, 39-43. 
doi:10.1021/ml900028r

Kumon, Y., Suehiro, T., Hashimoto, K. et al. (2001). Dexametha-
sone, but not IL-1 alone, upregulates acute-phase serum amyloid 
A gene expression and production by cultured human aortic 
smooth muscle cells. Scand J Immunol 53, 7-12. doi:10.1046/
j.1365-3083.2001.00829.x

Kunkel, E. J., Dea, M., Ebens, A. et al. (2004a). An integrative 
biology approach for analysis of drug action in models of human 
vascular inflammation. FASEB J 18, 1279-1281. doi:10.1096/
fj.04-1538fje

Kunkel, E. J., Plavec, I., Nguyen, D. et al. (2004b). Rapid structure-
activity and selectivity analysis of kinase inhibitors by BioMAP 
analysis in complex human primary cell-based models. Assay 
Drug Dev Technol 2, 431-441. doi:10.1089/adt.2004.2.431

Lau, C., Anitole, K., Hodes, C. et al. (2007). Perfluoroalkyl acids: A 
review of monitoring and toxicological findings. Toxicol Sci 99, 
366-394. doi:10.1093/toxsci/kfm128

Lee, C. R., Chun, J. N., Kim, S.-Y. et al. (2012). Cyclosporin A 
suppresses prostate cancer cell growth through CaMKKβ/
AMPK-mediated inhibition of mTORC1 signaling. Bioch Phar-
macol 84, 425-431. doi:10.1016/j.bcp.2012.05.009

Levitt, D. and Liss, A. (1986). Toxicity of perfluorinated fatty acids 
for human and murine B cell lines. Toxicol Appl Pharmacol 86, 
1-11. doi:10.1016/0041-008x(86)90394-7

Levy, J., Barnett, E. V., MacDonald, N. S. et al. (1972). The ef-
fect of azathioprine on gammaglobulin synthesis in man. J Clin 
Invest 51, 2233-2238. doi:10.1172/jci107031

Liberatore, H. K., Jackson, S. R., Strynar, M. J. et al. (2020). Solvent 
suitability for HFPO-DA (“GenX” Parent Acid) in toxicological 
studies. Environ Sci Technol Lett 7, 477-481. doi:10.1021/acs.
estlett.0c00323

Loveless, S. E., Hoban, D., Sykes, G. et al. (2008). Evaluation of 
the immune system in rats and mice administered linear ammo-
nium perfluorooctanoate. Toxicol Sci 105, 86-96. doi:10.1093/
toxsci/kfn113

Matsuda, S. and Koyasu, S. (2000). Mechanisms of action of cy-
closporine. Immunopharmacology 47, 119-125. doi:10.1016/
s0162-3109(00)00192-2

Melton, A. C., Melrose, J., Alajoki, L. et al. (2013). Regulation of 
IL-17A production is distinct from IL-17F in a primary human 
cell co-culture model of T cell-mediated B cell activation. PLoS 
One 8, e58966. doi:10.1371/journal.pone.0058966

NTP (2016). NTP Monograph: Immunotoxicity Associated 
with Exposure to Perfluorooctanoic Acid or Perfluorooctane  
Sulfonate. https://ntp.niehs.nih.gov/ntp/ohat/pfoa_pfos/pfoa_
pfosmonograph_508.pdf

O’Mahony, A., John, M. R., Cho, H. et al. (2018). Discriminating 

https://doi.org/10.1186/s12967-018-1532-5
https://bit.ly/3lSEy3z
https://bit.ly/3klctBG
https://bit.ly/3klctBG
https://bit.ly/3m03xBX
https://bit.ly/3m03xBX
https://doi.org/10.1016/j.jhazmat.2020.124863
https://doi.org/10.1289/ehp4555
https://doi.org/10.1093/toxsci/kfn059
https://doi.org/10.1093/toxsci/kfn059
https://doi.org/10.1081/dct-200039773
https://doi.org/10.1021/ac0491859
https://doi.org/10.1136/adc.87.2.147
https://doi.org/10.1006/bbrc.2000.3868
https://doi.org/10.1186/s13073-018-0568-8
https://doi.org/10.1016/j.chembiol.2017.06.003
https://doi.org/10.1016/s1074-5521(01)00056-4
https://doi.org/10.1038/nbt.2914
https://doi.org/10.1021/ml900028r
https://doi.org/10.1046/j.1365-3083.2001.00829.x
https://doi.org/10.1046/j.1365-3083.2001.00829.x
https://doi.org/10.1096/fj.04-1538fje
https://doi.org/10.1096/fj.04-1538fje
https://doi.org/10.1089/adt.2004.2.431
https://doi.org/10.1093/toxsci/kfm128
https://doi.org/10.1016/j.bcp.2012.05.009
https://doi.org/10.1016/0041-008x(86)90394-7
https://doi.org/10.1172/jci107031
https://doi.org/10.1021/acs.estlett.0c00323
https://doi.org/10.1021/acs.estlett.0c00323
https://doi.org/10.1093/toxsci/kfn113
https://doi.org/10.1093/toxsci/kfn113
https://doi.org/10.1016/s0162-3109(00)00192-2
https://doi.org/10.1016/s0162-3109(00)00192-2
https://doi.org/10.1371/journal.pone.0058966
https://ntp.niehs.nih.gov/ntp/ohat/pfoa_pfos/pfoa_pfosmonograph_508.pdf
https://ntp.niehs.nih.gov/ntp/ohat/pfoa_pfos/pfoa_pfosmonograph_508.pdf


Houck et al.

ALTEX 40(2), 2023       270

Yu, S. and Reddy, J. K. (2007). Transcription coactivators for per-
oxisome proliferator-activated receptors. Biochim Biophys Acta 
1771, 936-951. doi:10.1016/j.bbalip.2007.01.008

Zhang, C., McElroy, A. C., Liberatore, H. K. et al. (2021). Stability 
of per- and polyfluoroalkyl substances in solvents relevant to en-
vironmental and toxicological analysis. Environ Sci Technol 56, 
6103-6112. doi:10.1021/acs.est.1c03979

Zhang, W., Pang, S., Lin, Z. et al. (2020). Biotransformation of 
perfluoroalkyl acid precursors from various environmental 
systems: Advances and perspectives. Environ Pollut 272, 
115908. doi:10.1016/j.envpol.2020.115908

Conflict of interest
SV, AB and EB are employees of Eurofins Discovery, a contract 
research organization. The authors declare no other competing 
interests.

Funding
This work was funded by the US Environmental Protection 
Agency by contract number 68HE0D18D0002 with DiscoveRx. 

Data availability 
All supplementary files containing data described in this man-
uscript are available for download both at doi:10.23645/epa 
comptox.17131652 and at doi:10.14573/altex.2203041. These 
include: Table S11: Quality control details on PFAS stock solu-
tion evaluations; Fig. S13: Structures of chemicals in cluster #31; 
Table S23: Endpoints evaluated; Table S37: Complete bioactivi-
ty results from the ToxCast Pipeline, including the lowest effect 
concentration; Table S48: SOM clustering results, including all 
concentrations of PFAS screened; Table S59: Toxicity signature 
analysis, including all concentrations of PFAS screened; Table 
S610: Chemical bioactivity similarity search results; Table S710: 
Acrylates and proteasome pathway modulator similarity results.

Acknowledgements
The authors are grateful to Katherine Coutros (US EPA) for 
management of the Evotec contract and Michael Jobling and 
Rob Pinney of Evotec SE for the expert procurement and 
managing of the PFAS chemical library. Thank you to Antony  
Williams (US EPA) for assistance in using Spectrus to visualize 
chemical structures and W. Matthew Henderson for assistance 
during the PFAS stock evaluation. We thank David Murphy (US 
EPA) for contract administration. The authors additionally thank 
the reviewers of this manuscript, as their comments led to sub-
stantial improvements.

man primary cell-based disease screening model, to compare 
next generation products to combustible cigarettes. Curr Res 
Toxicol 2, 309-321. doi:10.1016/j.crtox.2021.08.003

Singer, J. W., Al-Fayoumi, S., Taylor, J. et al. (2019). Compara-
tive phenotypic profiling of the JAK2 inhibitors ruxolitinib, 
fedratinib, momelotinib, and pacritinib reveals distinct mecha-
nistic signatures. PLoS One 14, e0222944. doi:10.1371/journal.
pone.0222944

Smeltz, M. G., Clifton, M. S., Henderson, W. M. et al. (in prepara-
tion). An analytical framework to evaluate per- and poly-fluoro-
alkyl substances (PFAS) stock quality for in vitro high-through-
put toxicity testing.

Stahn, C., Löwenberg, M., Hommes, D. W. et al. (2007). 
Molecular mechanisms of glucocorticoid action and selective 
glucocorticoid receptor agonists. Mol Cell Endocrinol 275, 71-
78. doi:10.1016/j.mce.2007.05.019

Steenland, K., Tinker, S., Frisbee, S. et al. (2009). Association of 
perfluorooctanoic acid and perfluorooctane sulfonate with serum 
lipids among adults living near a chemical plant. Am J Epidemiol 
170, 1268-1278. doi:10.1093/aje/kwp279

UN – United Nations (2020). Stockholm Convention on Per-
sistent Organic Pollutants. Annex A and B. http://www.pops.int/ 
Portals/0/download.aspx?d=UNEP-POPS-COP-CONVTEXT- 
2021.English.pdf 

Wambaugh, J. F., Wetmore, B. A., Ring, C. L. et al. (2019). Assess-
ing toxicokinetic uncertainty and variability in risk prioritization. 
Toxicol Sci 172, 235-251. doi:10.1093/toxsci/kfz205

Wang, Z., DeWitt, J. C., Higgins, C. P. et al. (2017). A never-ending 
story of per- and polyfluoroalkyl substances (PFASs)? Environ 
Sci Technol 51, 2508-2518. doi:10.1021/acs.est.6b04806

Williams, A. J., Gaines, L. G. T., Grulke, C. M. et al. (2022). 
Assembly and curation of lists of per- and polyfluoroalkyl 
substances (PFAS) to support environmental science research. 
Front Environ Sci 10, 1-13. doi:10.3389/fenvs.2022.850019

Yang, C., Tarkhov, A., Marusczyk, J. et al. (2015). New publicly 
available chemical query language, CSRML, to support 
chemotype representations for application to data mining 
and modeling. J Chem Inf Model 55, 510-528. doi:10.1021/
ci500667v

Yang, D., Han, J., Hall, D. R. et al. (2020). Nontarget screening 
of per- and polyfluoroalkyl substances binding to human liver 
fatty acid binding protein. Environ Sci Technol 54, 5676-5686. 
doi:10.1021/acs.est.0c00049

Young, P. W., Buckle, D. R., Cantello, B. C. et al. (1998). 
Identification of high-affinity binding sites for the insulin 
sensitizer rosiglitazone (BRL-49653) in rodent and human ad-
ipocytes using a radioiodinated ligand for peroxisomal prolif-
erator-activated receptor gamma. J Pharmacol Exp Ther 284, 
751-759.

https://doi.org/10.1016/j.bbalip.2007.01.008
https://doi.org/10.1021/acs.est.1c03979
https://doi.org/10.1016/j.envpol.2020.115908
https://doi.org/10.1016/j.crtox.2021.08.003
https://doi.org/10.1371/journal.pone.0222944
https://doi.org/10.1371/journal.pone.0222944
https://doi.org/10.1016/j.mce.2007.05.019
https://doi.org/10.1093/aje/kwp279
http://www.pops.int/Portals/0/download.aspx?d=UNEP-POPS-COP-CONVTEXT-2021.English.pdf
http://www.pops.int/Portals/0/download.aspx?d=UNEP-POPS-COP-CONVTEXT-2021.English.pdf
http://www.pops.int/Portals/0/download.aspx?d=UNEP-POPS-COP-CONVTEXT-2021.English.pdf
https://doi.org/10.1093/toxsci/kfz205
https://doi.org/10.1021/acs.est.6b04806
https://doi.org/10.3389/fenvs.2022.850019
https://doi.org/10.1021/ci500667v
https://doi.org/10.1021/ci500667v
https://doi.org/10.1021/acs.est.0c00049

