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ARTICLE INFO ABSTRACT

Handling Editor: Dr. L.H. Lash One route of human exposure to environmental chemicals is oral uptake. This is primarily true for chemicals that

may leach from food packaging materials, such as bisphenols and phthalate esters. Upon ingestion, these com-

Keywords: pounds are transported along the intestinal tract, from where they can be taken up into the blood stream or
g;sPlfeflOIS distributed to mucosal sites. At mucosal sites, mucosal immune cells and in the blood stream peripheral immune
asticizers

cells may be exposed to these chemicals potentially modulating immune cell functions. In the present study, we
investigated the impact of three common bisphenols and two phthalate esters on mucosal-associated invariant T
(MAIT) cells in vitro, a frequent immune cell type in the intestinal mucosae and peripheral blood of humans. All
compounds were non-cytotoxic at the chosen concentrations. MAIT cell activation was only slightly affected as
seen by flow cytometric analysis. Phthalate esters did not affect MAIT cell gene expression, while bisphenol-
exposure induced significant changes. Transcriptional changes occurred in ~ 25 % of genes for BPA, ~ 22 %
for BPF and ~ 8 % for BPS. All bisphenols down-modulated expression of CCND2, CCL20, GZMB and IRF4,
indicating an effect on MAIT cell effector function. Further, BPA and BPF showed a high overlap in modulated
genes involved in cellular stress response, activation signaling and effector function suggesting that BPF may not
be safe substitute for BPA.

In vitro model
Phthalate ester
MAIT cells
Immunomodulation

1. Introduction

A variety of presumed "food-safe" plastics are used for wrapping of
food items [1]. To improve plastic performance during the production
process common plastic additives, such as bisphenols and phthalate
esters (PEs) are utilized [2]. These substances can leach from the plastic
material used for food packaging into our food [3]. Due to the low
toxicity of bisphenol A (BPA) and PEs in historical risk assessment
studies, these compounds were considered innocuous to human health
[4]. Today, these compounds have been ubiquitously detected in the
environment [5,6] and in human body fluids such as blood, plasma,
urine and breast milk [7-9]. Within the National Health and Nutrition

Examination Survey (NHANES) among US children and adults in
2013/2014, on average 1.25 ug/L BPA, 0.33 ug/L BPF and 0.34 ug/L
BPS have been measured in urine [8]. A recent study used urinary
bisphenol concentrations to estimate human daily intakes across the
globe. The authors show that on average 2.53 ug BPA, 0.68 ug BPF and
0.60 pg BPS may be taken up per person and day [10]. Similarly, Di
(2-ethylhexyl) phthalate (DEHP) and diisononyl phthalate (DINP) me-
tabolites have frequently been detected in human urine in Germany and
the US [11]. The ubiquitous occurrence and the later identification of
DEHP, DINP and BPA as endocrine disruptors [12-14] resulted in a more
restrictive regulation. More than 90 % of BPA detected in human urine
were estimated to derive from oral exposure [15]. Thus, in 2014 the
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European Food Safety Agency (EFSA) lowered the tolerable daily intake
(TDI) from 50 ug/kg bodyweight (bw) to 4 pg/kg bw. Further, BPA was
listed as substance of very high concern (SVHC, ED/30/2017) in 2017
within the European Union (EU). However, BPA-substitutes, like
bisphenol F (BPF) and bisphenol S (BPS) are increasingly used to replace
BPA [16,17], despite the structural similarity and potentially similar
health risk among bisphenol compounds [18,19]. Along that line, DEHP
exposure occurs via the oral route after ingestion of contaminated food
stuff [20], slowly leaching from the material as DEHP is not bound to the
plastic [21]. DEHP migration from the packaging material into the food
stuff has been observed in > 80 % of cases [22]. DEHP was the most
common PE, now showing a decline in usage due to rising concerns on
health risk. It has been banned from product groups such as children
articles and toys concentrations below 0.1 % within the EU in 2004 [23]
and in 2008 within the US [20]. In 2011, DEHP has been listed as sub-
stance of very high concern and since 2021, DEHP is restricted within
the EU due to its endocrine disrupting and reproductive toxic properties
[24]. In parallel, an increase in DINP metabolites have been observed in
human samples [25], indicating changes in production, plastic usage
[25,26] or the replacement of DEHP by DINP [27]. Within the EU, DINP
is not listed as substance of very high concern and is thought to be
non-influential on reproduction [28]. However, regarding health out-
comes, it has been demonstrated in human cohorts that BPA and various
PEs associate with chronic inflammatory diseases and have immuno-
modulatory properties [12,29,30].

After ingestion, additives from food packaging material enter the
human body [15]. From the intestinal lumen these plastic additives are
absorbed [31,32] thereby potentially exposing mucosal and peripheral
immune cells. Mucosa-associated invariant T (MAIT) cells are an
abundant immune cell population primarily detected in the mucosae, e.
g. of the intestine [33] and in the peripheral blood [34]. The localization
of MAIT cells at barrier sites, together with their ability to recognize and
respond to microbial metabolites, suggests a key role in
host-microbiota-immune homeostasis [35]. It is supposed that these
cells contribute to the first line of defense against invading microor-
ganisms [36-38], but their role in immunity is not fully elucidated [39].
MAIT cells exert protective functions during homeostasis at the barrier
sites of the human body suggested by the finding that lacking of MAIT
cells in mice led to a reduction in intestinal epithelial integrity [40]. In
skin, the activation of MAIT cells supports wound healing, as recently
demonstrated [41]. Thus, both the chronic activation and inhibition of
MAIT cells induced by external factors, such as exposure to environ-
mental chemicals may have detrimental health effects by fueling
inflammation via the secretion of pro-inflammatory cytokines or by
losing the protective functionality of MAIT cells during homeostasis. In a
previous in vitro study, we showed that bisphenols did not modulate
MAIT cell activation via the bisphenol-exposed intestinal microbiota but
impaired MAIT cell activation directly [42]. We showed that acute
exposure to bisphenols at high concentrations of 354 pg/mL was cyto-
toxic to T cells, including MAIT cells, and impaired MAIT cell activation.
There, BPA and BPF had similar detrimental effects and BPS was less
harmful. In the present study, we investigated the immunomodulatory
effects of bisphenols and PEs at gene expression level of MAIT cells.

2. Materials and methods
2.1. Purification of peripheral blood mononuclear cells (PBMCs)

Buffy coat of five male healthy donors were obtained from the blood
donation service at the University Hospital Leipzig, Germany. The study
was approved by the Ethics Committees of the University of Leipzig
(079-15-09032015). Blood was mixed with the double volume of sterile
PBS and layered on Ficoll-paque plus (GE Healthcare, Chicago, US). We
purified PBMCs by gradient centrifugation at 400 x g, 30 min at 4 °C
(swing bucket centrifuge, no brake). PBMCs from the interphase were
collected and gradually frozen in FCS with 10 % DMSO at — 80 °C using
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Mr Frosty™ Freezing containers (Thermo Fisher Scientific, Waltham,
US). Cells were stored at — 150 °C until use.

2.2. Calculation of chemical concentrations

We investigated the immunomodulatory effects of BPA (CAS: 80-05-
7), BPF (CAS: 620-92-8) and BPS (CAS: 80-09-1), as well as the PEs
DEHP (CAS: 117-81-7) and DINP (CAS: 20548-62-3). Since the TDI of
BPA was lowered from 50 pg/kg body weight (bw) to 4 pg/kg bw, we
exposed PBMCs to these two concentrations [15]. For BPA and BPF a
lower concentration of 0.4 pg/kg bw was used. For DEHP the actual TDI
of 50 pug/kg bw and a 12.5 x higher concentration were used. For DINP,
we applied 150 pg/kg bw resembling the current TDI and a 12.5 X
higher concentration. We calculated chemical exposure for an average
male European with 70 kg bw deduced from chemical approval in the
EU as described in a previous study. We presumed full absorption of
bisphenols and PEs from the intestine to calculate the final exposure
concentrations, since > 95 % BPA [32] as well as DINP and DEHP are
almost completely absorbed in the intestine [31,43]. Compounds were
added at a final concentration listed in Table 1.

2.3. Stimulation and exposure of MAIT cells

Immune cells (PBMCs) were stimulated with E. coli for the activation
of MAIT cells and treated with the chemicals to determine modulatory
effects on cell viability, MAIT cell activation and gene expression in
sorted MAIT cells.

2.3.1. Preparation of E. coli for inmune cell stimulation

As described previously, Escherichia (E.) coli K-12 (MG1655) was
cultured in Brain-Heart Infusion liquid medium (Carl Roth GmbH & Co.
KG, Karlsruhe, Germany) for 24 h at 200 rpm to stationary growth phase
[44]. Cells were harvested (5000 x g, 4 °C, 10 min) and fixed for 5 min in
1 % methanol-free formaldehyde (Pierce™, Thermo Fisher, Waltham,
USA) in phosphate buffered saline (PBS). After washing with PBS, the
cell number was determined (Multisizer 3, Beckman Coulter, Brea, USA)
and adjusted in Iscove Modified Dulbecco Medium (IMDM) + 10 % FCS
+ 1 x Penicillin/Streptomycin (all Gibco, Thermo Fisher, Waltham,
USA). Cell number adjusted E. coli were frozen as pellets with super-
natant and stored at — 80 °C.

2.3.2. Immune cell stimulation assay

We thawed PBMCs at 37 °C and removed residual DMSO by washing
in IMDM medium. 10%/100 uL of live PBMCs in IMDM (Trypan blue
staining) were seeded into 96-well plates and allowed to rest over night
at 37 °C and 5 % CO5, We stimulated PBMCs with 10 bacteria per cell
(bpc) of E. coli base-line stimulation of MAIT cells. Simultaneously, we
added chemicals at the final concentrations listed in Table 1 in a total

Table 1

Overview on utilized solvents and final concentrations of BPA, BPF, BPS, DEHP
and DINP. The concentration referring to the actual TDI of BPA, DEHP and DINP
within the EU is written in bold.

Compound Solvent Actual TDI
0.4 ug/kg bw 4 ng/kg bw 50 pg/kg bw

BPA DMSO 0.992 uM 9.92 uM 124.04 uM
BPF DMSO 0.905 uM 9.05 uM 113.15 M
BPS DMSO 1.131 uM 11.31 yM 141.42 yM
pg/mL 0.5 % 0.2 2.3 28.3

50 pg/kg bw 650 pg/kg bw
DEHP DMSO 72.50 uM 906.30 uM
ug/mL 0.5 % 28.3 354.0

150 pg/kg bw 1850 ug/kg bw
DINP MeOH 202.93 pM 2536.65 uM
ug/mL 0.5 % 85.0 1061.9

Throughout the study, we included solvent controls to assess the effect of 0.5 %
DMSO or 0.5 % MeOH and to determine the effects of bisphenol- or PE-exposure.
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volume of 200 pL with 0.5 % DMSO or MeOH. PBMCs were exposed for
6 h for cell sorting and transcript analysis and for 24 h for cytometric
analysis. Further, we included (i) an unstimulated control (IMDM only)
and (ii) 0.5 % solvent controls. For MAIT cell gene expression profiling,
we included a control using anti-CD3/CD28 beads for T cell receptor-
mediated activation. After 7 h (cytometric analysis), Brefeldin A was
added to capture cytokines inside the cells for intracellular staining.
After a total of 6 h (cell sorting and gene expression) or 24 h (cytometric
analysis) of stimulation, PMBCs were harvested and stained for multi-
parameter flow cytometry.

2.3.3. Flow cytometric analysis of MAIT cell activation

PBMCs were washed in 1 % FCS in PBS. We stained extracellular
epitopes with antibodies against CD3, CD8a, CD161, Va7.2 and CD69.
Cells were fixed in BD Lysing solution (BD Biosciences) for 10 min at RT
and permeabilized using BD Perm?2 solution (BD Biosciences) for 10 min
at RT. Then PBMCs were washed and intracellularly stained with anti-
bodies against tumor necrosis factor (TNF), interferon gamma (IFNg) for
flow cytometric identification of MAIT cells and MAIT cell activation
analysis (Supplementary Tab. S1). Dead cells were discriminated by
Fixable Viability Dye eFluor™ 506 staining. Antibodies/stains were
obtained from Biolegend and eBioscience (Supplemental Tab. S1).
Cytometric acquisition was performed at FACS Canto II (Becton Dick-
inson and Company, Franklin Lakes, USA). Data analysis was performed
with FlowJo® v10 software (Becton Dickinson and Company, Franklin
Lakes, USA).

2.4. MAIT cell viability analysis

We assessed MAIT cell viability using the CCK-8 viability kit
(Dojindo Molecular Technologies, Inc., Kumamoto, Japan). Therefore,
we seeded 2.5 x 10* PBMCs/well in 96well plates. After resting over-
night, we exposed the PBMCs for a total of 24 h at the concentrations
given in Table 1. After 22 h, 10 uL CCK-8 reagent were added followed
by another 2 h of incubation. The absorbance was measured at 450 nm
at an Infinite 200 microplate reader (Tecan Group Ltd., Mannedorf,
Switzerland).

2.5. MAIT cell sorting, RNA extraction and gene expression profiling

2.5.1. Sorting of MAIT cells for gene expression profiling

Stimulation of PBMCs (density 1 x 10° cells) and exposure to BPA,
BPF, BPS, DEHP and DINP was performed as described above. Cells were
washed once in 200 uL PBS and stained for life/dead discrimination with
FV520 for 20 min in the dark. After washing in FACS-WB (1 % FCS in
PBS), PBMCs were stained with CD8a, CD161 and TCRVa7.2 for MAIT
cell sorting (Supplemental Tab. S2). The gating strategy as well as MAIT
cells purity for the PBMCs used are shown in Supplemental Fig. S1. The
sorting purity of the cells was 96-98 %. Cells were filtered on 30 um
mesh filter (Miltenyi Biotec, Bergisch-Gladbach, Germany). Approxi-
mately 10,000 MAIT cells were sorted at 4 °C using a Bio-Rad S3e cell
sorter (BioRad, Hercules, CA, USA) directly into 500 pL peqGOLD
RNAPure (VWR International, Radnor, US) into 5 mL PS tubes, mixed
vigorously and frozen at — 80 °C until RNA was extracted.

2.5.2. RNA isolation and gene expression profiling

Total RNA from sorted MAIT cells into peqGOLD RNAPure was
extracted according to manufacturer’s instruction. The cDNA synthesis
was carried out with 200 ng of RNA by using 5 U 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://qpcr.probefinder.
com/organism.jsp). 93 genes of interest (Supplemental Tab. 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
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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).

2.6. Data visualization and statistical analyses

Quantitative data were expressed as median + interquartile range
(IQR). Non-metric multi-dimensional scaling (NMDS) dissimilarity
analysis were done in R using basic functions and the vegan package
[45]. In NMDS analysis, differences between groups were calculated by
Permanova using the adonis function from the vegan package in R [46].
Pairwise group comparisons were done with the pairwise.adonis()
function. Hierarchical clustering and calculation of heatmaps were
performed with heatmap.2() function in R. Kruskal-Wallis test and Dunn’
posthoc test with correction for multiple comparisons by
Benjamini-Hochberg was performed with kruskal test() and dunn test()
functions, respectively, from the rstatix package in R or using GraphPad
Prism (v 9.0.1). Plots were generated in GraphPad Prism or using the
ggplot2 package in R [47] with scico color palettes for heatmaps [48]. Data
visualization in venn diagram was done using ggplot2 and ggvenn
package.

3. Results

3.1. Immune cell phenotyping revealed no changes in immune cell
numbers, but slight reduction of MAIT cell activation

We assessed cell viability of PBMCs after 24 h of chemical exposure
via two orthogonal methods, i.e. CCK-8 viability assay and cytometric
analysis of viable CD3" lymphocytes (Supplemental Fig. 2a & 2b —
cytometric analysis of MAIT cells). Viability of PMBCs after 24 h did
neither decrease upon exposure to the three bisphenols BPA, BPF and
BPS nor for the PEs DEHP and DINP (Supplemental Fig. S2¢ and S2d)
suggesting non-cytotoxic exposure concentrations. Next, we quantified
immune cell numbers within the PBMCs after 24 h exposure to BPA, BPF,
BPS, DEHP and DINP to determine whether these compounds affect
immune cell populations with different selectivity (Fig. 2a). Neither the
number of CD3", CD8", CD8™ T cells nor the number of MAIT cells was
modified (Fig. 1, Gating procedure: Supplemental Fig. S2a). Similarly,
we did not observe a significant modulation of MAIT cell activation
quantified by IFNg' producing, CD69" expressing MAIT cells and
CD69"/TNF* MAIT cells (Fig. 1b, Identification: Supplemental Fig. 2b).

Upon exposure to 28.3 ug/mL BPA the percentage of CD697/IFNg™
as well as CD69"/TNF" MAIT cells and upon exposure to 28.3 ug/mlL
BPF the percentage of CD69"/IFNg™ MAIT cells was reduced, but failed
to reach statistical significance (Fig. 1b).

3.2. BPA and BPF reduce gene expression of MAIT cells related to
activation

We were interested in the molecular mechanisms of bisphenols and
Pes-mediated effects on MAIT cells. We selected genes that encoded for
enzymes/proteins relevant for activation signaling, cytokine and che-
mokine signaling, MAIT cell effector function and cell cycle, prolifera-
tion and differentiation. In sum, we profiled 93 genes (Supplemental
Tab. S3) for differential expression in sorted MAIT cells. First, we
investigated potential effects of solvent exposure, i.e. DMSO and MeOH,
on MAIT cell gene expression (Supplemental Fig. S4). Regarding gene
expression in MAIT cell stimulation controls, we showed (i) a high
similarity in gene expression of E. coli-stimulated MAIT cells indepen-
dent of solvent exposure, (ii) a clearly distinct gene expression profile of
unstimulated MAIT cells and anti-CD3/CD28-stimulated MAIT cells
compared to E. coli-stimulated MAIT cells and (iii) that anti-CD3/CD28-
stimulated MAIT cells clustered more closely to unstimulated MAIT cells
than to E. coli-stimulated MAIT cells (Supplemental Figs. S3-S5, Tab.
S5).
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Fig. 1. Immune cell numbers and MAIT cell activation after 24 h. (a) Percentage of MAIT cells, CD8 T cells and CD8" T cells as % of parent (n = 5 biological
replicates). (b) Percentage of CD69'/IFNg* MAIT cells and CD69"/TNF* MAIT cells as % of parent (n =5 biological replicates). Bars represent median

+ interquartile range (IQR). Pairwise comparisons were calculated by Kruskal-Wallis and Dunn’s posthoc test.

To investigate the molecular effects of BPA, BPF, BPS, DEHP and
DINP exposure on MAIT cells, we compared the gene expression after
chemical exposure to the corresponding solvent controls, i.e. cells
treated with 0.5 % DMSO and 0.5 % MeOH only. Using NMDS and
pairwise ANOVA, we observed that only exposure to the highest
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concentration of BPA and BPF, ie. 28.3 ug/mlL, induced significant
changes (Fig. 2a, Supplemental Tab. S6 and Supplemental Tab. S7).
Accordingly, clustering of mean gene expression profiles per treat-
ment revealed the highest distance to the mean solvent control for
28.3 ug/mL BPA and 28.3 pug/mL BPF (Fig. 2b). Mean gene expression
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-
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Fig. 2. Gene expression of MAIT cells exposed to BPA, BPF, BPS, DEHP and DINP compared to the mean solvent control (a) Compound-wise comparison of gene
expression profiles after 24 h of exposure using NMDS with Bray-Curtis similarity. Significance was assessed using PERMANOVA. (b) Cluster dendrogram derived
from hierarchical clustering of mean gene expression profiles per treatment. (c) Number of significantly modulated genes per compound after Kruskal-Wallis and
Dunn’s posthoc test (d) Venn diagram denoting the number of overlapping and individually modulated genes upon BPS-exposure.
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profiles of MAIT cells exposed to 2.3 ug/mL BPS and 2.3 ug/mL BPF as
well as exposed to DINP independent of the applied compound con-
centration, clustered separately, implying similar effects on MAIT cell
gene expression per cluster. These findings were also observed when all
samples were analyzed individually (Supplementary Fig. S7). To deter-
mine the strength of MAIT cell modulatory effects of the chosen com-
pounds in terms of gene expression, we extracted the number of
significant differentially expressed genes per compound versus the sol-
vent control using Kruskal-Wallis test (Supplemental Fig. S8) with
posthoc Dunn’s test for pairwise comparison and P value adjustment.
Data sets with less than three out of five replicate values per treatment
were excluded from the analysis (Fig. 2c). As expected, BPA-exposure
induced differential expression in the highest number of genes with 23
significant differentially expressed genes. BPF lead to significant
changes in gene expression levels of eleven genes, BPS in eight genes,
DINP in one gene and DEHP did not significantly impact on MAIT cell
gene expression. Since DEHP and DINP only slightly affected MAIT cell
gene expression, we then focussed on similarities and differences due to
bisphenol-exposure. To understand whether the applied bisphenols
modulated the gene expression of MAIT cells in a similar manner. We
visualized the overlapping and individual differentially expressed genes
in a venn diagram (Fig. 2d) and extracted the gene information
(Table 2).

Of those 34 significant differentially expressed genes, four genes
where modulated by all bisphenols, i.e. granzyme B (GZMB), interferon
regulatory factor 4 (IRF4), CC chemokine ligand 20 (CCL20) and cyclin
D2 (CCND2). Their expression was significantly reduced towards the
expression level of unstimulated MAIT cells upon exposure to 28.3 ug/
mL BPA, BPF and BPS, respectively, compared to those MAIT cells that
were stimulated with E. coli in the presence of solvent (Fig. 3).

In addition to these genes, BPA and BPF showed the highest overlap
with an additional seven overlapping genes, i.e. heat-shock protein 70
Al (HSPA1A), inducible T cell co-stimulator (ICOS), interferon y (IFNG),
interleukin 4 receptor (IL4R), interleukin 17F (IL17F), nuclear factor of
activated T cells 1 (NFATC1) and program cell death protein 1 (PDCD1)
with a total overlap of 33.3 % shared significant differentially expressed
genes (Supplemental Fig. S8, Tab. S8 and Tab. S9). At 28.3 ug/mL BPA
and 28.3 pg/mL BPF the expression of all before-mentioned genes,
except for HSPA1A, which was increased, was significantly reduced
compared to the solvent control. Gene expression levels dropped to-
wards the unstimulated control (Supplemental Fig. S8). BPF and BPS
also shared two further genes, i.e. aquaporin 3 (AQP3) and interleukin
21 receptor (IL21R) resulting in a total overlap of 18.2 % of all signifi-
cantly altered genes (Supplemental Fig. S9, Tab. S9 and Tab. S10). AQP3
was significantly down-modulated by exposure to 28.3 ug/mL BPF and
BPS, respectively, whereby only BPF significantly reduced the expres-
sion level of IL21R. In contrast, BPA and BPS did not share further
differentially expressed genes (12.1 % total overlap).

Table 2
Shared and individual differentially expressed genes upon BPX-exposure.

#A % A Gene abbreviation
Genes Genes
Shared 4 12.1 CCL20, CCND2, GZMB, IRF4
BPA/ 10 21.2 HSPAI1A, ICOs, IFNG, IL4R, IL17F, MAPK3,
BPF NFATC1, PDCD1, TNFSF1B
BPA/ 0 0 —
BPS
BPF/ 2 6.1 AQP3, IL21R
BPS
BPA 12 42.4 CCR6, 1.2, CLEC7A, FASLG, SELPLG, IL22,
IL10RB, PRF1, MAPK14, CTLA4, NFATC2,
NFKBIB
BPF 5 21.2 CCR7, IL10, SOD2, IL6R, MAP2K2
BPS 1 3.0 CXCL10
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4. Discussion

The EFSA stated that immune system safety has to be reviewed for
BPA (https://www.efsa.europa.eu/en/press/news/160426, 18.03.22).
Thus, the risk of BPA-exposure on humans is currently re-evaluated with
a focus on immunomodulation. In the present study, immunomodula-
tory properties of BPA, BPF and BPS as well as the frequently used PEs,
DEHP and DINP, were investigated with a special focus on MAIT cells.
These cells are of special interest due to their role in defending against
invading microorganisms and mucosal homeostasis [49] and their still
unclear involvement in a variety of chronic inflammatory diseases
[50-52].

Focussing on the effects of bisphenols and PEs, we evaluated cell
viability via two orthogonal methods. Both methods proved no cytotoxic
effect of bisphenols and PEs on PMBCs and CD3" lymphocytes at the
concentrations applied. With regard to bisphenol cytotoxicity, others
have shown that bisphenols can diminish the viability of PBMCs at least
at high concentrations, ie. 220 uyM BPA and 500 uM BPF [53].
Regarding the toxic effects of DEHP or DINP on PMBCs, data are scarce.
Cytotoxicity towards other cell types has been investigated. Wenzel et al.
did not observe cytotoxic effects by DEHP or DINP at concentrations of
1 uM compound in rat thyroid follicular cells [54]. Similarly, DEHP was
proven non-toxic at concentrations equal to those applied in the present
study, while increased concentrations > 12 mM DEHP significantly
reduced viability of human bronchial epithelial 16HBE cells [55].
Long-term exposure of murine L929 adipose tissue cells to 0.1 mg/mL
DINP and to 0.05 mg/mL DEHP significantly impaired cell viability
[56]. In this study, already low concentrations impaired cell viability,
potentially due to chronic exposure. The clear difference between acute
and chronic toxicity highlights the need to also focus on low-dose
chronic exposure in future studies on immunomodulation. This holds
true especially for PEs and bisphenols, since exposure to both compound
classes is chronic, unavoidable and unintentional, reflected by the high
number of humans (> 90 %) showing detectable concentrations of
bisphenols and PEs in their urine [13,57].

Regarding immunomodulation, none of the compounds altered im-
mune cell numbers in our study. Nevertheless, the % of activated IFN™
and TNF' MAIT cells was reduced at 28.3 ug/mL BPA and IFN" MAIT
cell were reduced at 28.3 ug/mL BPF in our study. Similar effects have
been observed in our previous study, where 28.3 ug/mL BPA and BPF
significantly impaired MAIT cell activation [42]. The difference may
derive from different assay settings i.e. different sex and age of blood
donors and/or stimulation time between the two studies. In part,
donor-to-donor variability may mask potential effects of chemicals, e.g.
due to responding and non-responding donors [58] or simply differences
in susceptibility. Regarding PEs, the recently published Norwegian
EuroMix biomonitoring study detected DEHP/DINP metabolites in
human urine at concentrations as high as 1 pg/mL in some participants
[59]. Although exposure concentrations remain unknown, chronic
exposure has been assumed [60].

Despite the non-significant effects on MAIT cells, we observed a
significant modulation of MAIT cell gene expression upon exposure to
BPA, BPF, BPS and DINP. Until today, data on bisphenols considering
effects on gene expression are rare, especially with a focus on immune
cells. The impact of BPA on the immune system has recently been
summarized [61]. E.g., Mesnage et al. [62] demonstrated that BPA and
BPF and to a lower extent BPS modulated gene expression in human
MCF7 adenocarcinoma cells and activated estrogen receptor, which is
also expressed on various immune cells [63]. In line with their findings,
BPA and BPF also showed the strongest impact on MAIT cell gene
expression. GZMB, IRF4, CCL20 and CCND2 were commonly affected by
bisphenol-exposure and dropped towards the gene expression level of
the unstimulated control. Interestingly, the expression of CCL20, GZMB
and IRF4 were only moderately down-modulated, whereas the expres-
sion of CCND2 dropped down to the level observed in the unstimulated
control. The CCND2 gene encodes cyclin D2, an enzyme promoting cell
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Fig. 3. Pairwise comparison of shared differentially expressed genes after bisphenol-exposure. Significance compared to the solvent control is indicated by asterisk
with * < 0.05 and ** < 0.01. The mean gene expression of respective genes in unstimulated MAIT cells is indicated as grey dotted line.

cycle progression and differentiation [64]. Our data suggest that expo-
sure to BPA and BPF at 28.3 ug/mL may hinder cell cycle progression via
CCND2. IRF4 represents a gene involved in cell differentiation, coding
for the transcription factor interferon regulatory factor 4 and was shown
to be essential for the differentiation of both CD4" and CD8™ T cells to
exert effector functions [65]. A negative impact of BPA and BPF on MAIT
cell effector function became apparent in the simultaneous reduction of
GZMB expression. Granzyme B is one of the effector molecules secreted
by activated MAIT cells [66]. BPA and BPF are potentially able to reduce
MAIT cell activation in face of microbial stimuli. A reduced respon-
siveness of MAIT cells may impair their functionality as first line of
defense and thus endanger homeostasis in the exposed tissues, such as
the intestinal mucosae. Riva et al. suggested that a dysfunctional MAIT
cell compartment increases susceptibility to infections [67]. The
described effects were more prominent on the transcript level than on
the cellular level. This is not surprising, as transcriptional profiling is far
more sensitive than protein analysis [68]. For BPA and BPF the simi-
larity in immunomodulating properties became apparent by the high
number of overlapping, significantly modulated genes. The only gene
significantly upregulated upon exposure was HSPAIA. This gene is
coding for the heat-shock protein 1A, a stress inducible chaperone
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necessary for cellular homeostasis [69], suggesting that BPA- and
BPF-exposed MAIT cells were stressed. Some of the other genes, such as
IL4F, IFNG, ICOS, NFATCI, code for proteins involved in activation
signaling and were reduced on transcript level upon BPA and BPF
exposure. Gene expression of IL17F, coding for the dominant IL17
molecule of activated MAIT cells [70], was clearly reduced and showed
no expression in unstimulated MAIT cells. This further highlights the
potential of these compounds in counteracting MAIT cell activation. Our
results are in line with recent observations, where BPA-exposure
inhibited CD4" T cell activation [71]. Our data suggest that acute
exposure to BPA and BPF, already at moderate exposure concentrations
may impair activation, signaling and effector functions of MAIT cells.
BPA and its substitute BPF showed a similar immunomodulatory po-
tency, whereas BPS showed lower effects on MAIT cell gene expression.
Our study has following limitations: The low number of profiled genes
represent a major limitation of the present study and might be overcome
by time course analyses. Bulk RNA sequencing of sorted MAIT cells may
have resolved the mode of action of bisphenols as well as identified
affected signaling pathways in a broader context. To understand
whether the observed effects share features of endocrine effects, since
both bisphenols and PEs may impact on the endocrine system in
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humans, comparison to estrogen may be advantageous. Since DEHP and
DINP are metabolized quickly [72], investigating the immunomodula-
tory properties of primary and secondary DEHP and DINP metabolites
should be included in future studies and the optimal time point for
immunomodulation by these compound should be identified in time
course studies. To fully exploit the potential of in vitro testing a broader
concentration range of tested compounds should be considered to show
dose-dependency of effects.

Since BPA-exposure has been linked to a variety of chronic inflam-
matory diseases [73] and recently BPA-induced metabolic changes were
correlated with an elevated severity of IBD in mice [74], our findings
may be of special interest. Especially when considering MAIT cells
essential for barrier homeostasis and first line of defense in the gut [75]
with potential relevance for protection from infection as recently stated
[67]. In the gut, an impairment of MAIT cell responsiveness may pro-
mote chronic inflammatory diseases due to a decline of protective
capability in the MAIT cell compartment.

5. Conclusion

Our data suggest that BPA together with BPF has the strongest
modulating effect on MAIT cells at TDI-based concentrations and short-
time exposure. As previously observed, BPF may not be a safer alter-
native to BPA. Although not completely without effects, BPS showed less
effects on activation and gene expression of these immune cells.
Furthermore, our present data point out that chemical impacts are
rather visible at gene expression level, and less at cellular level. Thus, for
future studies gene expression should be analyzed in more detail. Ac-
cording to affected genes, new cellular assays might be designed in order
to visualize the effects at cellular level. Finally, lower concentrations, as
found in epidemiological studies, combined to chronic exposure both in
vivo and in vitro, is needed to understand the compound mode of action
and causally link these findings to disease outcomes in the cohort
studies.
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