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ARTICLE INFO ABSTRACT
Handling Editor: Hui Peng In the last decades, per- and poly-fluoroalkyl substances (PFAS), widely used industrial chemicals, have been in
the center of attention because of their omnipotent presence in water and soils worldwide. Although efforts have
Keywords: been made to substitute long-chain PFAS towards safer alternatives, their persistence in humans still leads to
PFAS exposure to these compounds. PFAS immunotoxicity is poorly understood as no comprehensive analyses on
Mixtures

certain immune cell subtypes exist. Furthermore, mainly single entities and not PFAS mixtures have been

I toxicit . - ) ! 1 _
Tn};j;ﬁﬁoz};:elsy assessed. In the present study we aimed to investigate the effect of PFAS (short-chain, long-chain and a mixture of
MAIT cells both) on the in vitro activation of primary human immune cells.

Basophils Our results show the ability of PFAS to reduce T cells activation. In particular, exposure to PFAS affected T

helper cells, cytotoxic T cells, Natural Killer T cells, and Mucosal associated invariant T (MAIT) cells, as assessed
by multi-parameter flow cytometry. Furthermore, the exposure to PFAS reduced the expression of several genes
involved in MAIT cells activation, including chemokine receptors, and typical proteins of MAIT cells, such as
GZMB, IFNG and TNFSF15 and transcription factors. These changes were mainly induced by the mixture of both
short- and long-chain PFAS. In addition, PFAS were able to reduce basophil activation induced by anti-FceR1a, as
assessed by the decreased expression of CD63.

Abbreviations: PFAS, per- and poly-fluoroalkyl substances; MAIT cells, mucosal-associated invariant T cells.
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Our data clearly show that the exposure of immune cells to a mixture of PFAS at concentrations mimicking
real-life human exposure resulted in reduced cell activation and functional changes of primary innate and

adaptive human immune cells.

1. Introduction

Per- and poly-fluoroalkyl substances (PFAS) are a group of anthro-
pogenic contaminants characterized by fluorinated aliphatic chain (that
ranges from 2 to 16 carbons). The stable link between carbon and
fluorine renders these molecules resistant to degradation and accounts
for their environmental persistence and accumulation, leading to their
reference as ‘forever chemicals’ (Kempisty and Racz, 2021). PFAS are
widely used in industry, mainly in textiles, household products,
fire-fighting, automotive, food processing, construction, and electronics
(Gliige et al., 2020). They can be found in the environment and in food
(EFSA Panel on Contaminants in the Food Chain et al., 2020). In human
samples, PFAS are detectable in serum, urine, breast milk (Barbarossa
et al., 2013; Worley et al., 2017; Zheng et al., 2021) but also in hair and
nails (Worley et al., 2017), pointing out at their bioaccumulation. Due to
their wide spread, emerging evidence addresses associations between
PFAS exposure and pathologic health outcomes (Fenton et al., 2021).
The majority of toxicity data have been obtained for perfluorooctanoic
acid (PFOA), perfluorooctanesulfonic acid (PFOS), perfluorononanoic
acid (PFNA), perfluorobutanesulfonic acid (PFBS), and per-
fluorohexanesulfonic acid (PFHxS) (Hu et al., 2016). Indeed, PFOA has
been classified as a substance of very high concern (REACH, 2017), and
PFAS are present in the list of persistent organic pollutants (EU, 2019,
2020). With the aim of limiting and replacing these two chemicals, a
switch toward shorter chain PFAS has been recently implemented.
However, their toxicity is still unclear. Usually, PFAS are classified as
long-chain (C > 7), short-chain (4 < C < 7), and ultra-short-chain (2 < C
< 3) (Ateia et al., 2019). Due to the higher elimination rate of
short-chain PFAS, they are considered less toxic, but only few studies
actually assessed their toxicological potential. Within these substitutes
there are perfluorobutanoic acid (PFBA), perfluorobutane sulfonic acid
(PFBS), perfluorohexanoic acid (PFHxA), and PFHxS (Mudumbi et al.,
2017).

Possible noxious effects of PFAS in humans are associated with
thyroid disease, liver damage, kidney and testicular cancer, increased
cholesterol levels and alteration in development (reviewed in Fenton
et al.,, 2021). Regarding the immune system, a reduced response to
vaccines in childhood have been associated to PFAS exposure, and
particularly to PFOS and PFOA (Grandjean et al., 2012, 2017; Granum
et al., 2013; Looker et al.,, 2014; Abraham et al., 2020). Reduced
response to vaccination has been identified by EFSA experts as most
critical human health effect when determining the tolerable weekly
intake (EFSA Panel on Contaminants in the Food Chain et al., 2020).
Children’s exposure to PFAS has been also associated to atopic derma-
titis and respiratory tract infections (Kvalem et al., 2020), suggesting
pregnancy and childhood as critical time points for PFAS immunosup-
pressive effects (Szilagyi et al., 2020; von Holst et al., 2021). Moreover,
prenatal exposure to PFOS and PFHxS has been associated to increased
childhood infections (Goudarzi et al., 2017). Regarding other immune
system-based outcomes, such as asthma and allergies, data are more
inconsistent, deeming a higher number of investigations. However, most
of these findings results from epidemiological studies and would benefit
from validation for the underlying mechanisms using in vitro systems
that employ primary cells.

Within more than 4700 PFAS (OECD, 2018), we decided to test three
short-chain PFAS (PFHxA, PFHxS, PFBA) and three long-chain (PFOA,
PFOS and PFNA) in concentrations found in human serum, to assess
their possible impact on human immune cells activation. The decision to
test these six PFAS derived from evidence of human exposure levels
through different sources, mainly water (Wilhelm et al., 2010; Boiteux

et al., 2012; Llorca et al., 2012). Furthermore, PFOA, PFOS, PFNA, and
PFHxS were identified as the PFAS that mainly accumulate into the
human body by EFSA, considering the immune system as critical effect
(EFSA Panel on Contaminants in the Food Chain et al., 2020). We
decided to include other two short-chain PFAS, namely PFHxA and
PFBA, since the first is under evaluation to be restricted, following
ECHA'’s opinion (ECHA, 2021), whereas regarding the latter few infor-
mation are available, but in a study analyzing different PFAS in human
urine samples, PFBA has been found in all the samples, at high levels
(Perez et al., 2012). The six mentioned PFAS were tested in combination,
since real-life exposure involves PFAS mixtures and not just single en-
tities (Centers for Disease Control and Prevention, 2017). The concen-
trations of 0.02, 0.2, 2 ng/mL have been selected based on human
biomonitoring of PFOA, PFOS and PFHxS in Germany (Gockener et al.,
2020), that gave similar or lower values to what observed in Norway,
Sweden, Netherland, Faroe Islands and China (Poothong et al., 2017;
Worley et al., 2017; Hu et al., 2018; Duan et al., 2020; Gebbink and van
Leeuwen, 2020; Glynn et al., 2020). We aimed to determine the impact
of PFAS on the frequency and functionality of innate and adaptive im-
mune cells upon various stimuli (anti-CD3/CD28 and E. coli K12) used
for immune cell activation. We studied the immune response of immune
cell subtypes by multi-parameter flow cytometry. In particular, periph-
eral blood mononuclear cells (PBMCs) from healthy donors were used,
and the activation of T helper (CD4 ™), cytotoxic T (CD8™), Natural Killer
T (NKT), and mucosal associated invariant T (MAIT) cells were assessed.
In addition, basophils obtained from whole blood of healthy donors
were exposed to PFAS and their activation level was assessed with flow
cytometry. To get insights into the mechanism of action, the ability of
PFAS to modify the expression of immune-related genes and genes
coding for hormone receptors were also investigated.

2. Material and methods
2.1. Tested chemicals

PFAS, namely PFBA, PFHxA, PFHxS, PFOA, PFOS, and PFNA (Sigma-
Aldrich, St. Louis, US) were dissolved in dimethyl sulfoxide (DMSO -
Appli-Chem, Darmstadt, Germany) at 1 mg/mL stock solutions and
stored at room temperature (RT) (Table 1).

2.2. PBMC treatment with PFAS

Pseudonymous buffy coats from five male healthy adult volunteers
were obtained from the blood bank at the University of Leipzig, after
written informed consent. The study was approved by the Ethics Com-
mittees of the University of Leipzig (#079-15-09032015). Only male
donors were selected to avoid intra cycle differences among women.

Table 1
PFAS tested: name, acronym, formula, CAS number, and chain length.
Name Acronym  Formula CAS Chain
length
Perfluorobutanoic acid PFBA C4HF,0, 375-22-4 Short
Perfluorohexanoic acid PFHxA CeHF1,0, 307-24-4 Short
Perfluorohexanesulfonic PFHxS CeHF1303S 355-46-4 Short
acid
Perfluorooctanoic acid PFOA CgHF;50, 335-67-1 Long
Perfluorooctanesulfonic PFOS CgHF1,03S 1763-23- Long
acid 1
Perfluorononanoic acid PFNA CoHF17,04 375-95-1 Long
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PBMCs were isolated by density-gradient centrifugation using Ficoll-
Paque Plus (Cytiva Sweden AB, Uppsala, Sweden). Cells were then
stored at —150 °C until use. For the treatment, PBMCs were thawed and
cultured in IMDM (Gibco, Thermo Fisher Scientific, Waltham, US)
supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis,
US), 1X Penicillin-Streptomycin (Gibco, Thermo Fisher Scientific, Wal-
tham, US), and 50 pM p-mercaptoethanol (Sigma-Aldrich, St. Louis, US).
PBMCs were then plated at 10° cells/well in U-bottom 96-well micro-
plates (Greiner Bio-One, Frickenhausen, Germany) for at least 2 h at
37 °C in a 5% CO3 incubator. PBMCs were afterwards exposed to PFAS
mixtures at the concentrations of 0.02 ng/mL, 0.2 ng/mL, 2 ng/mL each
(Table 2) for 20 h. For simplicity, the treatment conditions used and
shown in Table 2 are mentioned as: DMSO, Short 2 ng/mL, Long 2 ng/
mL, and Mix 2 ng/mL, throughout the manuscript.

After 20 h treatment with PFAS, PBMCs were stimulated either with
anti-CD3 and anti-CD28 antibodies (anti-CD3/CD28) or with the bac-
terium Escherichia coli K12 strain for 6 h to induce activation. Concur-
rently, negative controls were performed, PBMCs stimulated with anti-
CD28 alone or PBMCs without bacteria, respectively. The stimulation
with anti-CD28 has been chosen to evaluate background activation
levels of the different donors induced by an unspecific stimulus. In this
regard, the five tested volunteers did not result in unspecific activation.
Concurrently to each experiment, cell viability was evaluated following
the exposure to PFAS and activation with proper stimulus (anti-CD3/
CD28 or E. Coli) (Supplementary Fig. 1A).

2.2.1. PBMC activation

Antibodies anti-CD3 (clone: OKT3) and anti-CD28 (clone: CD28.2)
(BioLegend, San Diego, US) were added at a final concentration of 0.5
ng/mL and 0.5 pg/mL, respectively, and PBMCs were stimulated for 6 h.
Prior experiments to determine the optimal concentrations of anti-CD3
and anti-CD28 were performed, indicating these as optimal to activate
CD4%, CD8™, NKT and MAIT cells (Supplementary Figs. 2A, 2B, 2C, and
2D show the activation level induced by the stimulation). To inhibit
cytokine secretion, Brefeldin A (10 pg/mL) (Sigma-Aldrich, St. Louis,
US) was added for the final 4 h of incubation.

In order to specifically activate MAIT cells within PBMCs, Escherichia
coli K12 MG1655 samples (E. coli K12) were prepared as previously
described (Krause et al., 2022) and stored at —80 °C until used. Prior
experiments determined the optimal bacteria concentration, indicating
10 bacteria per cell (10 BpC) as sufficient to activate MAIT cells (Sup-
plementary Fig. 3A). PBMCs were, therefore, stimulated with E. coli K12
(10 BpC) for 6 h. Brefeldin A (10 pg/mL) was added for the final 4 h of
incubation.

Table 2
PFAS treatment: name, abbreviation, and composition (ng/mL per each single
PFAS).

Treatment name Abbreviation Composition

Solvent control DMSO DMSO (0.0012%)

Short-chain 0.02 ng/mL Short 0.02 ng/ PFBA, PFHxA, PFHxS (0.02 ng/
mL mL)

Short-chain 0.2 ng/mL Short 0.2 ng/ PFBA, PFHxA, PFHxS (0.2 ng/mL)
mL

Short-chain 2 ng/mL
Long-chain 0.02 ng/mL

Short 2 ng/mL
Long 0.02 ng/

PFBA, PFHxA, PFHxS (2 ng/mL)
PFOA, PFOS, PFNA (0.02 ng/mL)

mL
Long-chain 0.2 ng/mL Long 0.2 ng/ PFOA, PFOS, PFNA (0.2 ng/mL)
mL
Long-chain 2 ng/mL Long 2 ng/mL PFOA, PFOS, PFNA (2 ng/mL)
Mixture of short- and long- Mix 0.02 ng/ PFBA, PFHxA, PFHxS, PFOA,

chain 0.02 ng/mL mL
Mixture of short- and long- Mix 0.2 ng/mL
chain 0.2 ng/mL
Mixture of short- and long-
chain 2 ng/mL

PFOS, PFNA (0.02 ng/mL)
PFBA, PFHxXA, PFHxS, PFOA,
PFOS, PFNA (0.2 ng/mL)
PFBA, PFHxA, PFHxS, PFOA,
PFOS, PFNA (2 ng/mlL)

Mix 2 ng/mL
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2.3. Flow cytometric analysis of PBMCs

Following 6 h stimulation, PBMCs were transferred to V-bottom 96-
well microplates (Thermo Fisher Scientific Waltham, US). To discrimi-
nate between alive and dead cells, the samples were stained with fixable
viability dye-Zombie NIR™ (BioLegend) for 15 min at RT, thereafter
stained for surface markers (CD3, CD4, CD8, CD19, CD56, CD161, and
TCRV«7.2) for 20 min at RT (Supplementary Table S1). After that,
PBMCs were fixed using FACS™ Lysing Solution (BD Biosciences, San
Jose, US) for 10 min, and permeabilized with FACS™ Permeabilizing
Solution 2 (BD Biosciences, San Jose, US) for further 10 min. Finally,
PBMCs were stained for activation and intracellular markers (CD69,
CD71, CD134, CD137, TNF-a, and IFN-y, according to the protocol) for
20 min at RT (Supplementary Table S1).

Flow cytometrical acquisition was then performed using Cytek
Aurora (Cytek Biosciences, California, US). A minimum of 100,000
viable T cells (according to Zombie NIR™ staining) were acquired per
sample, then lymphocytes were identified among total PBMCs using
FSC-A and SSC-A. The gating strategies for all lymphocytes and MAIT
cells are presented in Supplementary Figs. 4 and 5. Following lympho-
cytes stimulation with anti-CD3/CD28, T helper cells were gated, after
doublets and dead cells exclusion, as CD3"CD56~CD4 ™, cytotoxic T cells
were gated as CD3"CD56 CD8™, NKT cells as CD3"CD56", and MAIT
cells as CD37CD56 CD1611"TCRVa7.2" (Supplementary Fig. 4).
Following stimulation with E. coli K12, MAIT cells were gated, after
doublets and dead cells exclusion, as CD3"CD8"CD161 " TCRVa7.2"
(Supplementary Fig. 5). After gating the lymphocyte population, they
were analyzed for the expression of activation markers and intracellular
pro-inflammatory cytokines. The expression levels of TNF-a, CD71,
CD137, and the co-expression of TNF-a and CD69 were presented as % of
positive cells for CD4*", CD8*, NKT and MAIT cells in anti-CD3/CD28
stimulated samples. The expression of TNF-a, [FN-y, CD69, and the co-
expression of CD69 with the pro-inflammatory cytokines was pre-
sented as % of positive cells of MAIT cells, following stimulation with
E. coli K12. Data analysis was then performed using FCS Express 7 (De
Novo Software).

2.3.1. t-SNE analysis of MAIT cells stimulated with Escherichia coli K12

Following flow cytometry analysis of E. coli K12 stimulated PBMCs
for the identification of activated MAIT cells, a further analysis using t-
distributed stochastic neighbor embedding (t-SNE) transformation tool
present in FCS Express 7 was performed. The FCS files of solvent control
and of each treatment group at the highest tested concentration (2 ng/
mL) were merged and, after manual gating of MAIT cells (Supplemen-
tary Fig. 5), the results were visualized in 2D t-SNE maps. Briefly, a
sample size of 2,000,000 total events was selected to allow the fully
representation of MAIT cells population. T-SNE was run with the down-
sampling algorithm as interval, with iteration number of 500, perplexity
of 50 and approximation of 0.5. Furthermore, the optimized t-SNE was
selected, and the plot was estimated also for unsampled events. After the
obtainment of the 2D map, group gating (DMSO, Short 2 ng/mL, Long 2
ng/mL and Mix 2 ng/mL) and single gating were performed by sample
ID. Clusters of MAIT cells, based on the expression level of TNF-a, IFN-y,
and CD69, were manually gated, and the % of gated cells for each single
sample was obtained and analyzed to produce an heatmap.

2.4. Whole blood treatment with PFAS and assessment of basophil
activation

Pseudonymous heparin-collected whole blood from five male
healthy volunteers was obtained from the blood bank at the University
of Leipzig, after written informed consent. The study was approved by
the Ethics Committees of the University of Leipzig (#079-15-
09032015). 100 pL of blood were transferred in FACS 5 mL polystyrene
round-bottom tube (Falcon, Corning, New York, US). Blood was exposed
to PFAS at the highest concentration (Short 2 ng/mL, Long 2 ng/mL, Mix
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2 ng/mL) for 1 h at 37 °C in a 5% CO; incubator. PFAS were diluted in a
Mg Ca PBS buffer (BAT buffer) supplemented with IL-3 (2 ng/mL -
Sigma-Aldrich, St. Louis, US). For this assay, a shorter timing was
selected due to the shorter half-life of basophils compared to lympho-
cytes. As negative control, blood exposed to BAT buffer was used. After
incubation, basophils were activated through the addition of anti-
FceR1la antibody (0.1 pg/mL, BioLegend) or with N-Formylmethionyl-
leucyl-phenylalanine (fMLP, 0.05 pM, Sigma-Aldrich, St. Louis, US) and
stained with anti-CCR3 and anti-CD63 antibodies (Supplementary
Table S2).

Samples were incubated for 25 min. Previous experiments to set the
optimal concentration of anti-FceRla and fMLP were conducted for
appropriate basophil activation (Supplementary Fig. 6). After 25 min,
the reaction was stopped by adding EDTA 3.8% (Gibco, Thermo Fisher
Scientific, Waltham, US). Erythrocytes were then lysed twice using
erythrocytes lysis buffer (NH4Cl - Sigma-Aldrich, NaCO3 - KMF
Laborchemie, Lohmar, Germany, EDTA — Thermo Fisher Scientific) and
incubated 10 min at RT. To discriminate between alive and dead cells,
fixable viability dye-eFluor™ 506 (eBioscience) was added and incu-
bated for 20 min at 4 °C. Thereafter, cells were fixed in para-
formaldehyde 1% (Sigma-Aldrich) and analyzed by flow cytometry
using FACS Canto™ II (BD Biosciences, San Jose, US). Leukocytes were
identified among whole blood cells using FSC-A and SSC-A, basophils
were gated as CCR3" cells and within this population only viable cells
were analyzed. Alive basophils were further analyzed for expression
level of CD63 (% of positive cells) and divided in high expressing
(CCR37CD63M#") and low expressing (CCR37CD63'°) cells (Supple-
mentary Fig. 7). Data were analyzed using FCS Express 7.

Concurrently to each experiment, cell viability was evaluated
following the exposure to PFAS and activation with proper stimulus
(fMLP or anti-FceR1a) (Supplementary Fig. 1B).

2.5. Gene expression analysis

Isolated PBMCs were exposed to PFAS mixtures at the concentration
of 2 ng/mL each (Short 2 ng/mL, Long 2 ng/mL, Mix 2 ng/mL) for 20 h
at 37 °Cin a 5% CO, incubator. Thereafter, PBMCs were stimulated with
E. coli K12 (10 BpC) for 6 h After the treatment, PBMCs were transferred
into 1.5 mL microfuge tubes and centrifuged. After that, 300 pL of Trizol
(Invitrogen, Waltham, US) were added to each tube and mixed. Trizol
samples were maintained at —80 °C until RNA extraction.

Total RNA was extracted according to manufacturer’s instructions
(Invitrogen). The cDNA synthesis was carried out with 200 ng of RNA by
using 5U RevertAid™ H Minus Reverse Transcriptase (Fisher Scientific,
Schwerte, Germany). Intron-spanning primers were designed and UPL
probes were selected by the Universal Probe Library Assay Design Center
(http://qpcer.probefinder.com/organism.jsp). 39 genes of interest and 3
reference genes (Supplementary Table S3) were pre-amplified for 12
cycles and quantitative PCR was performed on a 96 x 96 Dynamic array
with BioMark™ HD System (Fluidigm, Miinchen, Germany). The cycling
program consisted of 95 °C for 5 min, followed by 40 cycles of 95 °C for
15 s and 60 °C for 1 min. PCR was performed with FastStart Universal
Probe Master Mix (Roche, Mannheim, Germany).

The genes analyzed (Table 3) were chosen accordingly to their
involvement in immune responses, in particular focusing on MAIT cells.
Furthermore, hormonal receptors were also measured.

2.6. Statistical analysis

Flow cytometrical data were presented as fold change (FC) relative to
the concurrent stimulated solvent control (DMSO + anti-CD3/CD28 or
DMSO + E. coli K12 or DMSO + anti-FceR1la or DMSO + fMLP). Sta-
tistical analysis was performed using GraphPad Prism (version 9.4.0).
Data were reported as mean + standard deviation (SD) of 5 replicates
(healthy volunteers). Gene expression data were normalized on the
average of reference genes and then to the minimum of each gene. The
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Table 3
Genes analyzed and relative proteins.

Gene Protein (I) Gene Protein (II)

AHR Aryl hydrocarbon IL18R1 IL-18 receptor 1
receptor

CCL20 CCL20 IL21R IL-21 receptor

CCR5 CCR5 (CD195) IL22 IL-22

CCR6 CCR6 (CD196) IL23R IL-23 receptor

CD28 CD28 IL6 IL-6

CSF2 Colony stimulating factor ~ IRF4 IFN regulatory factor 4
2

CXCL8 IL-8 KLRB1 CD161

CXCL13 CXCL13 (BCA-1) NFATC1 Nuclear factor of activated T-

cells

CXCR4 CXCR4 (CD184) NFKB2 NFxB p100

CXCR6 CXCR6 (CD186) NFKBIA NF«B inhibitor o

FASLG Fas ligand NFKBIB NF«B inhibitor g

FOXP3 FoxP3 NR3C1 Glucocorticoid receptor

GZMB Granzyme B PPARA PPAR«a

ICOS Inducible T cell PRF1 Perforin 1
costimulator

IFNG IFN-y RORC RORy

IKZF2 Helios TBX21 T-bet

IL10 IL-10 TNF TNF-a

IL12RB1  IL-12 receptor subunit f1 ~ TNFSF15  TNF superfamily member 15

IL17A IL-17 A ZBTB16 Plzf

IL17F IL-17 F

FC was then calculated relative to the concurrent stimulated solvent
control as mentioned above. Normal distribution was assessed using the
Shapiro-Wilk test, and therefore statistical test for normally distributed
samples were performed. To calculate differences between the treat-
ment, one-way ANOVA, followed by Dunnett’s or Tukey’s multiple
comparison test, or t-test with Welch’s correction (as stated in the figure
legends), were performed. Differences were considered statistically
significant with p < 0.05.

3. Results

3.1. PFAS mixtures reduced the activation of lymphocytes upon anti-
CD3/CD28 stimulation

In this study, PBMCs were stimulated with anti-CD3/CD28 anti-
bodies, leading to the activation of different lymphocyte populations,
namely CD4", CD8, NKT and MAIT cells. PBMCs were pre-exposed to
increasing concentrations of different PFAS mixtures, before their acti-
vation. PFAS were able to reduce the activation of the different T cells
(Fig. 1). In particular, short-chain PFAS, at least at one tested concen-
tration, were able to statistically significantly reduce the expression of
CD71 in CD4™ cells (Fig. 1A), TNF-a and TNF-a co-expressed with CD69
in CD8™ cells (Fig. 1B), and TNF-a co-expressed with CD69 in NKT cells
(Fig. 1C). Long-chain PFAS, instead exhibited no effects on CD4" and
NKT cells, conversely, reduced CD71 expression in CD8" cells and in
MAIT cells (Fig. 1B, D). Ultimately, the mixture of both short- and long-
chain PFAS exhibited greater effects, inducing a down-regulation of all
the analyzed T cell populations, decreasing all the activation markers
expressed by CD4" and MAIT cells (Fig. 1A, D) and the expression of
TNF-o and TNF-a-CD69 in CD8" and of CD71 in NKT cells (Fig. 1B and
C). This indicates the ability of PFAS mixtures, above all when short- and
long-chain PFAS are co-present, to reduce lymphocytes activation.
Furthermore, in NKT cells the expression of CD137 was statistically
significantly different between the treatment with long-chain PFAS and
the mixture of short- and long-chain ones at 0.2 ng/mL.

3.2. PFAS mixtures reduced the activation of MAIT cells upon E. coli K12
stimulation

Since MAIT cells were highly targeted by PFAS (as observed after
CD3/CD28 stimulation) and being also the type of cells susceptible to
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Fig. 1. Graphical representation of the modulation of (A) CD4™, (B) CD8™, (C) NKT, and (D) MAIT cells expression of TNF-a (blue), CD71 (green), CD137 (orange),
and co-expression of TNF-a and CD69 (violet) induced by PFAS mixtures. PBMCs were exposed to different PFAS mixtures at the concentration of 0.02, 0.2, and 2 ng/
mL for 20 h and subsequently stimulated with anti-CD3 (0.5 ng/mL) + anti-CD28 (0.5 pg/mL) for 6 h. Brefeldin A was added for the last 4 h. The different
lymphocyte populations were detected by flow cytometry, and cell activation was measured through the intracellular staining of the selected markers (% of positive
cells). Results are expressed as FC calculated on anti-CD3/CD28-stimulated solvent-treated PBMCs (DMSO), which is set at 1.0 (dotted line). The bars represent the
mean of 5 donors =+ SD, and each dot represents the single value of the donor. Statistical analysis was performed following one-way ANOVA, followed by Dunnett’s

multiple comparison test, with *p < 0.05, **p < 0.01,

“**p < 0.001 vs DMSO. Differences between treatments were assessed through one-way ANOVA, followed by

Tukey’s multiple comparison test, with #p < 0.05 Mix 0.2 ng/mL vs Long 0.2 ng/mL. Representative contour density plots of CD4™ cell activation levels for DMSO,
Short 2 ng/mL, Long 2 ng/mL, and Mix 2 ng/mL PFAS, following anti-CD3/CD28 stimulation are shown in Supplementary Fig. 8.

other chemicals, such as bisphenols (Krause et al., 2022), we decided to
be selective on these cells. For this purpose, we stimulated these cells
within PBMCs in a specific way, using E. coli K12, since MAIT cells are
activated by bacterial metabolites. The treatment of PBMCs to
increasing concentrations of different PFAS mixtures before the activa-
tion with bacteria led to a decreased activation of MAIT cells (Fig. 2A).
Interestingly, short-chain PFAS exposure induced a statistically signifi-
cant decrease of IFN-y production, long-chain PFAS reduced both IFN-y
and TNF-a-CD69 expression levels, and once again the impact of the
mixture of short- and long-chain PFAS at the highest tested concentra-
tion was reflected in the downregulation of both pro-inflammatory
cytokine levels and of their co-expression with CD69.

The flow cytometric data obtained from the treatment at the highest
PFAS concentration were further analyzed with the t-SNE trans-
formation tool (Fig. 3). Clusters based on the expression of IFN-y
(Fig. 3A), TNF-a (Fig. 3B), and CD69 (Fig. 3C) were manually gated, and
the % of gated cells were analyzed (Fig. 3D). T-SNE analysis revealed the
ability of short-chain PFAS to statistically significantly reduce the % of
cells present in cluster 1 TNF-a and in cluster 1 IFN-y, whereas long-
chain PFAS reduced only cluster 1 TNF-a (Fig. 3E). The mixture of
short- and long-chain PFAS was able to down-regulate all the activated
clusters, and as consequence to increase the low activated and the
inactivated cluster (Fig. 3E). In particular, there was a statistically

significant difference in the inactivated cluster following treatment with
long-chain PFAS and the mixture of both short and long.

3.3. Gene expression analysis of PBMCs upon PFAS exposure and E. coli
K12 stimulation

To unravel the possible mechanisms underneath MAIT cells’ reduced
activation induced by PFAS mixtures at the highest concentration (2 ng/
mL), gene expression analysis following E. coli K12 stimulation was
performed in PBMCs. Although no sorted MAIT cells have been used
here, data gained by the flow cytometric analysis showed that in PBMCs
stimulated via E. coli K12 the main populations activated were MAIT
cells (Supplementary Figs. 3A, 3B, and 3C). Thus, it is reasonable that
gene activation in PBMCs after E. coli treatment can be assigned mainly
to MAIT cells. Out of the 39 analyzed genes, the expression of 18 genes
was significantly impacted by the treatment with PFAS mixtures (Fig. 4),
whereas the expression of 21 genes was not affected by PFAS treatment
in a statistically significant way, although the general trend is of down-
regulation (Supplementary Table S4).

Most significant changes were observed when comparing treatment
with mixtures of short-long PFAS to DMSO and to short PFAS-mixtures.
The expression of all the analyzed genes was downregulated after PFAS
treatment, above all following short-chain and short-long PFAS. The
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Fig. 2. (A) Modulation of MAIT cell activation by expression of TNF-u (blue), IFN-y (yellow), CD69 (light green), and co-expression of TNF-« and CD69 (violet), and
of IFN-y and CD69 (red), induced by PFAS. PBMCs were exposed to different PFAS and mixtures at the concentration of 0.02, 0.2, and 2 ng/mL for 20 h and
subsequently stimulated with E. coli K12 (10 BpC) for 6 h. Brefeldin A was added for the last 4 h. MAIT cells population was detected by flow cytometry, and cell
activation was measured through the intracellular staining of the selected markers (% of positive cells). Results are expressed as FC calculated on E. coli K12-
stimulated solvent-treated PBMCs (DMSO), which is set at 1.0 (dotted line). The bars represent the mean of 5 donors + SD, and each dot represents the single
value of the donor. Statistical analysis was performed following one-way ANOVA, followed by Dunnett’s multiple comparison test, with *p < 0.05 vs DMSO. (B)
Representative contour density plots of MAIT cell activation levels (TNF-o*CD69%) for DMSO, Short 2 ng/mL, Long 2 ng/mL, and Mix 2 ng/mL PFAS and subsequent

E. coli K12 stimulation are reported.

significantly highest changes of gene expression to DMSO were observed
for NFKB2, pro-inflammatory cytokines, namely IFNG and TNFSF15,
cytokines and chemokines receptors, namely CCR5, CCR6, CXCR4,
IL12RB1, and IL23R, and several genes typically expressed by MAIT
cells, such as GZMB, IRF4, and CSF2. The down-regulation profile of
immune-related genes of MAIT cells induced by PFAS mixture supports
the immunosuppressive behavior observed on T cells activation.

3.4. PFAS mixtures reduced the activation of basophils

In addition to T cells, another focus of this study were basophils as a
proxy for innate immune responses. In this assay, whole blood samples
were stimulated in two different ways to highlight the innate or the
adaptive basophil response. When stimulated with fMLP, a chemotactic
peptide involved in the innate immunity against pathogens, basophils
innate response is activated, whereas anti-FceR1la targets the IgE re-
ceptor, inducing the adaptive basophil response. Following the pre-
exposure to different PFAS mixtures, based on their chain length,
PFAS were able to reduce basophil activation, induced by anti-FceR1a

(Fig. 5A). In particular, long-chain PFAS were able to statistically
significantly reduce the expression of the activation marker CD63
(Fig. 5A). When analyzing the different level of expression of the acti-
vation marker, in addition to long-chain PFAS, also the mixture of both
short- and long-chain PFAS was able to reduce the % of cells highly
expressing CD63 (Fig. 5A). In this case, the exposure to the mixture does
not result into an additive effect, but the most effectiveness was attrib-
uted to long-chain PFAS. Therefore, PFAS ability to reduce the adaptive
response of basophils was demonstrated, instead regarding the innate
response, no effect was observed (Fig. 5B).

4. Discussion

PFAS toxicity is of great concern considering the widespread envi-
ronmental contamination and the daily exposure of humans through
different ways. While some aspects of PFAS immunotoxicity are well
established, others, like the effect on specific immune cell subtypes,
have never been investigated. In our study, by using primary human
immune cells and different stimulation strategies, i.e. anti-CD3/CD28
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Fig. 3. 2D t-SNE representation of MAIT cells subpopulations expressing (A) IFN-y (red), (B) TNF-« (green), and (C) CD69 (blue). The different maps represent the 4
merged treatment conditions (DMSO, Short 2 ng/mL, Long 2 ng/mL, and Mix 2 ng/mL PFAS). Each dot represents a single event. PBMCs were exposed to different
PFAS mixtures at the concentration of 2 ng/mL for 20 h and subsequently stimulated with E. coli K12 (10 BpC) for 6 h. Brefeldin A was added for the last 4 h. MAIT
cells population was detected by flow cytometry using t-SNE transformation tool, and cell activation was measured setting a threshold level of 2000 for IFN-y and
TNF-a and of 20000 for CD69, to allow a good discrimination between positive and negative cells. Events with expression levels lower than the threshold value
appear in grey, whereas events with expression levels higher than the threshold value appear colored (red, green or blue, with respect to the analyzed marker). (D) 2D
t-SNE map of all merged samples (four conditions for the five donors) representing the 6 clusters of MAIT cells manually gated, based on the expression levels of the
markers: Cluster 1 TNF (light green), Cluster 2 TNF (dark green), Cluster 1 IFN (red), Cluster 1 CD69 (blue), Cluster low activated (dark grey), and Cluster inactivated
(light grey). The table shows the % of gated cells. The 2D t-SNE maps for the grouped treatment conditions are shown in Supplementary Fig. 9 (E) Heatmap with the
data obtained from the % of gated cells of each donor and treatment condition. Results are expressed as FC calculated on E. coli K12-stimulated solvent-treated PBMCs
(DMSO), which is set at 1.0 (light blue). Lower levels are represented in lighter blue to white (until 0.5), whereas higher levels are expressed in darker blue (until 1.5).
The results represent the mean of 5 donors. Statistical analysis was performed following Welch’s t-test, with *p < 0.05 vs DMSO and following paired t-test to analyze
the difference within the treatments with ##p < 0.01 Mix 2 ng/mL vs Long 2 ng/mL.

for general TCR activation and bacteria (E. coli K12), fMLP and anti-
FceR1a for specific immune activation, we were able to identify subtle
effects on different immune cell subtypes. By using multi parameter flow
cytometry analysis, we observed a reduced activation of CD4" T helper,
CD8" cytotoxic, NKT and MAIT cells after PFAS treatment. In addition,
we detected a reduced expression of genes involved in T cell activation
and regulation such as IFNG, TNFSF15, IRF4, IL23R, CCR5 CCR6,
CXCR4 after PFAS treatment and bacterial activation of immune cells.
To the best of our knowledge, this is the first study to show a direct effect
of mixture of PFAS on human primary immune cells, demonstrating
their ability, at concentrations mimicking real-life exposure, to reduce
the activation of immune cells involved in both the innate and the
adaptive immune response. A reduced activation of immune responses

could, potentially, lead to adverse health outcomes due to the decreased
capability to fight against pathogens (Medzhitov, 2007). Furthermore,
the reduction of T lymphocytes activation can be also linked to the
suppressive effects of PFAS on antibody levels following vaccination.
Indeed, T cells activation is necessary for B cells activation and for the
subsequent antibody production. The suppressive effects of PFAS (PFOS
and PFOA, mainly) on antibody levels following vaccination, in chil-
dren, have been widely assessed (Ehrlich et al., 2023; EFSA Panel on
Contaminants in the Food Chain et al., 2018), although the clear un-
derneath mechanism is not fully understood. Therefore, our findings on
decreased T cells activation could be linked to this observation, and
more investigations on this possible association should be performed.
As aforementioned, the main PFAS found in human samples are
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Fig. 4. Heat map representing the statistically significant association between
PFAS treatment and gene expression profile of PBMC. PBMCs were exposed to
different PFAS mixtures at the concentration of 2 ng/mL for 20 h and subse-
quently stimulated with E. coli K12 (10 BpC) for 6 h to activate MAIT cells. Data
are expressed as FC calculated on E. coli K12-stimulated solvent-treated PBMCs
(DMSO), which is set at 1.0 (white). Color code represents up-regulation (to-
ward red — 1.5) or down-regulation (toward blue — 0.5). The results represent
the mean of 5 donors. Statistical analysis was performed following Welch’s t-
test, with *p < 0.05, **p < 0.01 vs DMSO, and the differences between the
treatment conditions were assessed following paired t-test with #p < 0.05,
##p < 0.01 for Mix 2 ng/mL vs Short 2 ng/mL and °p < 0.01 for Mix 2 ng/mL
ys Long 2 ng/mL.

PFOA, PFOS, PFNA, and PFHxS (EFSA Panel on Contaminants in the
Food Chain et al., 2020). The serum levels of Czech Republic population
revealed their median levels between 0.2 and 2.4 ng/mL (Sochorova
etal., 2017). Similarly, in UK women levels between 0.6 and 3.5 ng/mL
have been found (Heffernan et al., 2018). Similar concentrations have
been found also in German children and adolescents (Duffek et al.,
2020). Regarding mixtures, a recent study analyzed the serum concen-
trations of 16 PFAS in 61 Italian children and the total level ranged
between 1 and 13 ng/mL (Ledda et al., 2018). Based on these published
serum concentrations, we chose the PFAS concentration for in vitro
testing in a range from 0.02 to 2 ng/mL. The human exposure to
long-chain PFAS and, above all, of PFOA and PFOS is decreasing
worldwide (Okada et al., 2013; Gomis et al., 2017; East et al., 2021), due
to the restrictions applied. Nevertheless, due to their difficult degrada-
tion they will be found for longer in the environment and human body
compartments (Renner, 2001; Giesy and Kannan, 2002; Huset and
Barry, 2018). Concomitantly, the exposure to short-chain PFAS will
probably increase (Sunderland et al., 2019). Short-chain PFAS are
characterized by a lower accumulation, but they are already widely
present in the environment (Brendel et al., 2018). The few available
studies regarding these substitutes suggest an equal toxicity level (Gomis
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et al., 2018). Regarding the mechanism, the few information available
suggest that both short- and long-chain PFAS are able to act on steroid
hormone precursors and can bind to steroid hormone receptors, possibly
altering the endocrine pathways (Mokra, 2021). As a results, several
endocrine disrupting effects of PFAS have been observed in epidemio-
logical studies (Lum et al., 2017; Blake et al., 2018; Byrne et al., 2018;
Tian et al., 2019; Mancini et al., 2020). Regarding the putative targets,
PFOA, PFOS, PFHxS, and PFNA are able to activate PPAR«x and related
transcription factors, and to a less extent also PPARy and estrogen re-
ceptor (Benninghoff et al., 2011; Rosen et al., 2017). In addition, PFOS
can interact with thyroid receptor and glucocorticoid receptor (Du et al.,
2013; Salgado-Freiria et al., 2018; Masi et al., 2022). Controversies
regarding the effects on nuclear hormones resulted from the different
cells analyzed. Due to the strict interconnection between the endocrine
and the immune system, it is reasonable to hypothesize that immune
effects could be a result of the effect of PFAS on hormone receptors. In
our study, we showed that both, short- and long-chain PFAS, can lead to
diminished activation of different immune cells. But the mixture of both
short- and long-chain PFAS, as a proxy of real-life exposure, had a
slightly higher effect. Regarding the effects on lymphocyte activation,
where a concentration-response study was performed, it can be noted
that generally higher concentrations induced a higher suppression of
activation, therefore more in-depth studies were performed at the
highest concentration of 2 ng/mL. In particular, PFAS induced a
decreased MAIT cells activation, a T cell subtype present in human
mucosa, acting as a first defense against bacteria (Cowley, 2014; Legoux
et al., 2020). The t-SNE analysis of the effects of PFAS mixtures on E. coli
K12-activated MAIT cells revealed a shift of population in favor of
inactive cells. In addition, several genes related to MAIT cells func-
tioning and activation were down-regulated following PFAS mixtures
exposure. Activated MAIT cells express several cytokine and chemokine
receptors, namely CCR5, CCR6, IL12R, IL18R, whose genes were all
down-regulated by PFAS. Furthermore, IFNG and TNFSF15, which are
typical Thl cytokines, were down-regulated, together with IRF4, indi-
cating an immunosuppressive action more on Th1-like MAIT cell subset.
Due to their semi-invariant TCR Va7.2, MAIT cells belong to the inter-
face of innate and adaptive immune responses being protective to mi-
crobial agents (Ioannidis et al., 2020). Inhibitory effects on the
activation of these cells might lead to increased numbers of infections
(Rudak et al., 2018; Hinks and Zhang, 2020). Regarding CD8" cytotoxic
T cells, a reduced activation of these cells might be unfavorable for the
elimination of infected host cells and have also consequences for tumor
immune surveillance (Gulzar and Copeland, 2004; Ostroumov et al.,
2018; Gupta et al., 2020). Also, the reduced activation of NKT cells can
have important impact on immunity. This type of cells is involved in
both innate and adaptive immunity, acting as first line of defense against
viruses and bacteria and being also involved in tumor growth surveil-
lance and autoimmune disorders (Brutkiewicz and Sriram, 2002; Van
Dommelen and Degli-Esposti, 2004; Vogt and Mattner, 2021).

One other important T cell subtype we analyzed is CD4" T helper
cells that, within other activities, play an important role in sustaining B
cells in their generation of antigen-specific antibodies (Zubler, 1984;
Noelle and Snow, 1992). The few data available on this suggest that the
reduction of antibody response induced by PFAS could be mediated by
an effect on T helper cells, such as a defective T helper 2 response (Bell
etal., 2021). In our study, we observed a decreased activation of CD4" T
cells after PFAS treatment. Thus, a reduced CD4 " T helper cell activation
by PFAS might be the basis for less responsiveness to vaccines (Clem,
2011; Munier et al., 2016). In epidemiological studies, increased PFAS
concentrations were associated with lower responses to vaccination
against Tetanus, Diphtheria, measles, mumps, and rubella (Kielsen et al.,
2016; Stein et al., 2016; Grandjean et al., 2017; Timmermann et al.,
2020; Zhang et al., 2022). Overall, our study points out a reduced
activation of all the analyzed T cell subsets: CD4", CD8", NKT and
MAIT, making reasonable a link between PFAS exposure and noxious
immune-related effects. Thus, our findings offer first possible
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Fig. 5. Modulation of basophil (CCR3™" cells) activation by expression of CD63 analysis following stimulation with anti-FceR1a (A) or with fMLP (B). The first panel
represents the % of basophils positive to CD63 (CD63" total, blue), the second panel represents the % of basophils positive to CD63 with an expression level lower
than 10* (CD63" low, yellow), whereas the last panel represents the % of basophils positive to CD63 with an expression level higher than 10* (CD63 high, green).
Whole blood was exposed to different PFAS mixtures at the concentration of 2 ng/mL, or DMSO as control, for 1 h and subsequently stimulated with anti-FceR1a (0.1
pg/mL) or fMLP (0.05 uM) for 25 min. Basophils population was detected by flow cytometry, and cell activation was measured through the surface staining of CD63
(% of positive cells). Results are expressed as FC calculated on anti-FceR1a- or fMLP-stimulated solvent-treated whole blood (DMSO), which is set at 1.0 (dotted line).
The bars represent the mean of 5 donors + SD, and each dot represents the single value of the donor. Statistical analysis was performed following Welch’s t-test, with
*p < 0.05 vs DMSO. (C) Representative density plots of basophils activation level (CD63™) for DMSO, Short 2 ng/mL, Long 2 ng/mL, and Mix 2 ng/mL PFAS and

subsequent stimulation with anti-FceR1a are reported.

mechanistic explanations for the reported health outcomes observed in
epidemiological studies, suggesting T cell population activation as
possible target of PFAS immunotoxic effects. It is noteworthy that the
effect of PFAS was slightly different in MAIT cells activated by either
polyclonal or bacterial stimulation. This suggests that the type of stim-
ulation may influence the concentration threshold at which PFAS act
and needs to be considered in the design of future immunological risk
assessment studies.

The other cell type analyzed in this study is represented by basophils.
Here, we stimulated them differently to specifically activate their innate
or adaptive role. fMLP stimulation activates the innate role, whereas
anti-FceR1a induces the adaptive response. In our study, a reduced
activation of basophils following anti-FceR1a stimulation was observed.
Therefore, no interference with the innate behavior of basophils, but a
reduced adaptive response was highlighted. Contrary to T cells, for ba-
sophils, only few information on PFAS effect can be retrieved in litera-
ture. The only data associated children high PFAS levels with increased
basophil number (Oulhote et al., 2017). It is widely known that baso-
phils are involved in allergies, due to the high release of IL-4 and their
ability to drive antibody responses (Sokol and Medzhitov, 2010;
Schwartz and Voehringer, 2011; Yamanishi and Karasuyama, 2016;
Kashiwakura et al., 2019; Miyake et al., 2021). FceR1a-activated baso-
phils are involved in T helper 2 differentiation and CD8" differentiation
toward IL-10 secreting cells (Kim et al., 2009; Sokol and Medzhitov,
2010). Indeed, in our study the reduced basophils activation is in line
with the reduced T cells activation, and we can also speculate a link
between the reduced IL-10 gene expression observed in PBMCs activated
by E. coli. Therefore, a reduced basophil activation after PFAS-exposure

might strengthen the effects observed for T cells in terms of proper
adaptive immune responses. This study offers a first investigation of
PFAS immunotoxicity on human primary cells and has some limitations.
First of all, due to hormonal effects of PFAS, only samples from male
donors were used to avoid the impact of female cycle variations. Thus,
tests should be followed by proper evaluation of the effects on cells from
female donors. Furthermore, the results should be validated in a larger
donor cohort, ideally also including highly exposed indiviaduals,
vulnerable people and children. Adding also other incubation timing, to
consider both acute or chronic exposure to PFAS, would allow to better
understand the immunological backgound of PFAS-related epidemilo-
logical findings. In addition, our gene expression anlysis was performed
in PBMC. For a better understanding of PFAS effects at molecular level,
analyses should be performed in purified immune cell subtypes. Also
other PFAS, should be tested to increase the number and to have a wider
view in terms of toxicological effect and immune system impairment. In
particular, we limited our research on perfluoroalkyl carboxylic acids
and sulfonic acids, which were mainly linked to immune outcomes (von
Holst et al., 2021). Finally, other concentrations of PFAS, e.g. as found in
complex real-life mixtures of human samples, should be used in a
mixture risk assessment with human immune cells. Another important
issue that is urgent to be solved is the estimation of the fraction of PFAS
that reach the cells, and therefore the active concentration.

5. Conclusions

The exposure of human beings involves multiple chemicals (Braun
et al., 2016; Escher et al., 2020), therefore it is essential to consider
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combined effects, when evaluating the harmful potential of substances,
in particular in the case of PFAS which is a matter of mixtures. To deal
with it, there is an urgent need of immunotoxicity assays for the
assessment of the hazard of mixtures with the aim to regulate them. The
assays proposed in this study could be used for this purpose. In the
present study, we evaluated the immunotoxic potential of PFAS, in order
to have an indication of their impact on the human immune system.
Using in vitro assays employing human primary blood cells, we showed
that PFAS mixtures have the capability to reduce immune cell activa-
tion, as observed for CD4", CD8™ cells, as important players of the
adaptive immune response. Further, we observed an impairment of NKT
and MAIT cells, cells at the interface between innate and adaptive im-
munity, that were negatively impacted by PFAS exposure. In conclusion,
we observed a stronger effect of both short- and long-chain PFAS mix-
tures when exposed to T cells, suggesting a possible additive effect of
mixtures.
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