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Abstract

Humans can be exposed to endocrine disruptors (EDs) in numerous ways. EDs can interfere with endogenous hormones
at different levels, resulting in numerous adverse human health outcomes, including immunotoxicity. In this regard, this
study aimed to investigate in vitro the possible effects of EDs on immune cells and possible gender differences. Peripheral
blood mononuclear cells from healthy humans, both males and females, were exposed to 6 different EDs, namely atrazine
(herbicide), cypermethrin (insecticide), diethyl phthalate (plasticizer), 17a-ethynylestradiol (contraceptive drug), perfluo-
rooctanesulfonic acid (persistent organic pollutant), and vinclozolin (fungicide). We evaluated the effect of EDs on RACK1
(receptor for activated C kinase 1) expression, considering it as a bridge between the endocrine and the immune system,
and putatively used as screening tool of immunotoxic effects of EDs. The exposure to EDs resulted at different extent in
alteration in RACK1 expression, pro-inflammatory activity, natural killer lytic ability, and lymphocyte differentiation, with
sex-related differences. In particular, diethyl phthalate and perfluorooctanesulfonic acid resulted the most active EDs tested,
with gender differences in terms of effects and magnitude. The results from our study evidenced the ability of EDs to directly
affect immune cells.

Keywords Endocrine active compound - Immunomodulation - Immunotoxicity - Peripheral blood mononuclear cells - T
cells - NK cells - Sex effects

Introduction

According to the definition by World Health Organization
(WHO), ‘an endocrine disruptor (ED) is an exogenous sub-
stance or mixture that alters function(s) of the endocrine
system and consequently causes adverse health effects in an
intact organism, or its progeny, or (sub)populations (WHO
2002)’. Compounds with possible endocrine activities can
be found in consumer products, food-contact materials,
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plasticizers, pharmaceuticals, and pesticides (Kuo et al.
2012). Therefore, humans are daily exposed to EDs (Yilmaz
et al. 2020). Hormones modulate the homeostasis of many
systems, including the immune system. The link between
the endocrine and the immune system is well established,
and it is known that the immune function can be targeted by
EDs (Greives et al. 2017). Both in vivo and in vitro evidence
highlighted the interaction between EDs and the immune
system with multiple targets and processes (Chalubinski
and Kowalski 2006; Rogers et al. 2013; Bansal et al. 2018;
Nowak et al. 2019; Masi et al. 2021; Patisaul 2021; D’Amico
et al. 2022a). In this study, we selected six different EDs,
covering a range of different uses: diethyl phthalate (DEP),
17a-ethynylestradiol (EE), perfluorooctanesulfonic acid
(PFOS), atrazine (ATR), cypermethrin (CYP), and vinclo-
zolin (VIN). DEP is a phthalate ester widely used in industry
as plasticizer, fixative, and solvent in cosmetics and packag-
ing materials (Kamrin and Mayor 1991; Api 2001). EE is a
derivative of estradiol used in contraceptive pills. PFOS is a
man-made fluorosurfactant and global pollutant (Liang et al.
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2022; EU 2019). ATR is an herbicide, which, although was
banned in Europe, still represents a contamination issue due
to its presence in waters and soils (Bhatti et al. 2022). CYP is
a pyrethroid insecticide and VIN is a fungicide (Hrelia et al.
1996; Behnami et al. 2021; Kanyika-Mbewe et al. 2020).
High levels of these EDs were found in drinking and surface
waters, indicating their high exposure to humans (SCHER
2011; Net et al. 2015; Domingo and Nadal 2019; Tang et al.
2021; Li et al. 2022a).

Adverse effects on the immune system were observed
with several EDs, including bisphenols, phthalates, and
several pesticides (Patisaul 2021; Schjenken et al. 2021).
These substances can interfere with the development and
function of the immune system, acting on both innate and
adaptive responses (Ahmed 2000; Chalubinski and Kowalski
2006; Rogers et al. 2013; Bansal et al. 2018; Buoso et al.
2021; Galbiati et al. 2021; Maddalon et al. 2022). Within
the selected EDs, DEP is a phthalate compound, and in gen-
eral, thus, family is considered to have endocrine disrupting
properties (Hlisnikova et al. 2020). The ability of DEP to
mimic estrogen and activate the estrogen receptor has been
assessed (Fiocchetti et al. 2021). Regarding the effects on
the immune system, the few literature data available suggest
a possible effect on it, like the induction of immune-related
genes (Xu et al. 2013), but being a phthalate, a similar action
is suggested (Hansen et al. 2015). EE, being a drug used for
birth control, has effects on the endocrine system, mainly
regarding estrogen pathways. Its adverse effects on the
immune system were observed in animal models, but stud-
ies in humans are sparse (Klinger et al. 2000; Cabas et al.
2012; Massart et al. 2014; Kernen et al. 2022). PFOS has
been linked to both thyroid and reproductive dysfunctions
(Coperchini et al. 2017; Tarapore et al. 2021), being able
to affect hormone receptors and genes related to endocrine
function (Du et al. 2013). Furthermore, its adverse action
on immunity has been extensively investigated (Qazi et al.
2010; Guo et al. 2019; Torres et al. 2021; Liang et al. 2022),
indicating the reduced antibody response following vacci-
nation as the critical effects (EFSA Panel on Contaminants
in the Food Chain 2018). ATR, which was associated with
reproductive dysfunctions (Chevrier et al. 2011; Hayes et al.
2011; Goodman et al. 2014; Namulanda et al. 2017; Alm-
berg et al. 2018; Griffiths et al. 2022; Owagboriaye et al.
2022;), due to its ability to affect androgens and estrogen
levels (Trentacoste et al. 2001; Eldridge et al. 2008), is able
also to affect immune functionality, mainly inducing immu-
nosuppression and acting on T cells (Filipov et al. 2005;
Pinchuk et al. 2007; Rowe et al. 2008; Zhao et al. 2013;
Lee et al. 2016; Chang et al. 2021; Galbiati et al. 2021).
CYP is considered able to alter immune functionality in
rats (Liu et al. 2006) and exert myelotoxicity in human cells
(Mandarapu and Mrakhya 2015). The endocrine effects of
CYP are debated, and several evidences indicate its ability
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to interfere with the endocrine system (Jin et al. 2011; Singh
et al. 2020; Irani et al. 2022; Li et al. 2022b), but recently
it has been classified as unlikely to cause endocrine disrup-
tion (EC 2019). Finally, VIN effects on the endocrine sys-
tem have been reported, evidencing altered male reproduc-
tion as the main effect, inducing a lower sperm quality and
number, epididymal morpholohical changes, and prostate
abnormalities (Anway and Skinner 2008; Paoloni-Giacobino
2014; Feijo et al. 2021). Regarding the action on the immune
system, only few information are available, namely its abil-
ity to interact with NF-kB and with lymphocyte activity,
increasing T and B cells percentage, while decreasing NK
cells (White et al. 2004; D’Amico et al. 2022b).

The EDs have been selected based on their different endo-
crine targets (i.e., hormone receptors, enzymes, hormone
synthesis). Indeed, EE is able to interfere with the estrogen
pathway, DEP can act on estrogen and glucocorticoid path-
way, while PFOS can impair the estrogen, glucocorticoid
and thyroid signaling (Masi et al. 2022). Furthermore, ATR
is able to interact mainly on the androgen pathway, but it can
also interfere with estrogen and aromatase activity, whereas
CYP acts indirectly on the androgen receptors, and VIN can
act both on the androgen and estrogen pathways (Maddalon
et al. 2022). The selected EDs were analyzed to assess their
ability to interfere with a protein that represents a bridge
between the endocrine and the immune system. Recently, we
demonstrated that these EDs were able to modulate mono-
cytes’ activation in vitro, through the modulation of RACK1
(receptor for activated C kinase 1) (Maddalon et al. 2022;
Masi et al. 2022). This latter was identified as a target of
EDs in the immune system and as a possible link between
these two systems, since it is involved in the activation of
innate immunity and represents a relevant target of endo-
crine action (Buoso et al. 2017; 2020). RACK1 expression,
being under hormonal control, could be able to integrate
the signals of different EDs and therefore influencing the
immune response. This protein could serve as screening tool
to evaluate the immunotoxic profile of EDs.

The purpose of this study was to evaluate the in vitro
effects of the selected EDs on several immunological end-
points using primary cultures of human peripheral blood
mononuclear cells (PBMC). Their ability to modulate
RACKI1 expression, to interfere with natural killer (NK) cell
activity, and lymphocyte differentiation, focusing on CD4*
and CD8 cells, was investigated.

Materials and methods

Tested chemicals

The selected EDs are listed in Table 1, together with their
acronym, CAS number, and the tested concentration.
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Table 1 ED tested: name, acronym, CAS number, and concentration
used

Table 2 Ratio between effector and target cells to assess NK cell’s
lytic activity

Name Acronym  CAS N° Concen-
tration
(uM)
Diethyl phthalate DEP 84-66-2 1
17a-ethynylestradiol EE 57-63-6 0.001
Perfluorooctanesulfonic acid  PFOS 1763-23-1 0.2
Atrazine ATR 1912-24-9 1
Cypermethrin CYP 52315-07-8 1
Vinclozolin VIN 50471-44-8 0.1

All the substances were purchased from Sigma-Aldrich
(St. Louis, Missouri, US) at the highest purity available.
They were dissolved in dimethyl sulfoxide (DMSO; CAS #
67-68-5, purity >99.5%) at 10 mM stocks that were stored
at—20 ‘C. Working concentrations were then obtained dilut-
ing stock solutions for each treatment. The final DMSO con-
centration in culture medium was <0.2%, and it was used as
solvent control. Concentrations were selected based on pre-
vious studies conducted on THP-1 cell line (Maddalon et al.
2022; Masi et al. 2022), as the lowest concentration active
on at least one immune parameter. Preliminary experiments
were conducted to ensure that the concentrations used were
not cytotoxic, as assessed by propidium iodide (PI) staining
and flow cytometric analysis (data not shown).

PBMC treatment with EDs

PBMCs were obtained by Ficoll gradient centrifugation
from buffy coats from anonymous healthy blood donors
of both sexes, purchased from the Niguarda Hospital in
Milan (Italy). Following centrifugation, PBMC layers were
removed, and after washing with Dulbecco’s Phosphate-
Buffered Saline (PBS), isolated cells were diluted to 10°
cells/mL or 5x 10° cells/mL, based on the treatment, in
RPMI-1640 without phenol red, containing 2 mM L-glu-
tamine, 0.1 mg/mL streptomycin, 100 IU/mL penicillin,
10 pg/mL gentamycin, 50 uM 2-mercaptoethanol, sup-
plemented with 5% heat-inactivated dialyzed fetal bovine
serum (culture medium) and cultured at 37 °C in a 5% CO,
incubator.

For the evaluation of RACKI1 expression, PBMCs (106
cells/mL) were exposed to the different EDs or DMSO (vehi-
cle control) for 24 h at 37 °C in a 5% CO, incubator. RACK1
protein expression was evaluated by Western blot analysis
and normalized to f-tubulin expression.

To evaluate the expression of CD86 and CD54, and the
release of IL-8 and TNF-a, PBMCs (10° cells/mL), follow-
ing 24 h of exposure to EDs or DMSO, were stimulated with
lipopolysaccharide (LPS) from Escherichia coli serotype

Treatment ratio Effector (PBMC) Target (K562)
(effector:target)

50:1 5% 10° cells/mL 10° cells/mL
25:1 2.5%10° cells/mL 10° cells/mL

12.5:1 12.5x 10° cells/mL 10° cells/mL

0127:B8 (Sigma-Aldrich) at the final concentration of
100 ng/mL for further 24 h at 37 °C in a 5% CO, incubator.

To evaluate NK-cell Iytic activity, PBMCs (5 x 10° cells/
mL) were exposed to the different EDs or DMSO for 24 h.
As target cells, K562 cells (AddexBio, US) stained with
CellTrace™ CFSE (Invitrogen, Waltham, Massachusetts,
US) were used. Briefly, 500 uL. of K562 at the concentration
of 10° cells/mL were centrifuged, the CellTrace™ CFSE was
added to the cell pellet (1:1000 dilution) and incubated for
15 min at 37 °C protected from light. After the incubation
time, the reaction was stopped by adding culture medium
containing 5% heat-inactivated dialyzed fetal bovine serum.
CellTrace™ CFSE-stained K562 cells were then kept to
the concentration of 103 cells/mL and co-cultured together
with EDs/DMSO-exposed PBMCs. Three different ratios of
effector (PBMC) and target (K562) cells were used: 50:1,
25:1, 12.5;1, maintaining fixed concentration of K562 cells.
The cellular concentrations are reported in Table 2.

The cells are then co-cultured for 4 h at 37 C in a 5%
CO, incubator.

For the assessment of T-cell differentiation, 25 pL of
Dynabeads™ Human T-Activator CD3/CD28 for T-Cell
Expansion and Activation (ThermoFisher, Waltham, Mas-
sachusetts, US) was added to 10° PBMCs. Cells were then
exposed to the EDs or DMSO and incubated for 4 days at
37 °Cin a 5% CO, incubator.

Immunoblot analysis of RACK1 expression

After 24 h of treatment, cells were harvested, washed, and
lysed in homogenization buffer (50 mM Tris—HCI pH 7.5,
150 mM NaCl, 5 mM EDTA, 0.5% Triton X-100 and pro-
tease inhibitor). Protein content was assessed using the Brad-
ford method. Cell lysates were mixed with sample buffer
(125 mM Tris—HCI pH 6, 8.4% sodium dodecyl sulfate, 20%
glycerol, 6% p-mercaptoethanol, 0.1% bromophenol) and
denatured at 95 °C for 10 min. 10 ug of extracted proteins
were electrophoresed into 10% SDS-PAGE under reducing
conditions and then transferred to PVDF membranes. The
membranes were blocked with 1X TBS, 0.1% Tween-20, and
BSA (5% wi/v), and the expression of RACK1 and p-tubulin
assessed following over-night incubation of the relative
antibodies (dilution 1:1000) and following 1-h incubation
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of secondary IgG peroxidase-conjugated antibodies (dilu-
tion 1:15,000). Anti-human-RACK1 mouse antibody was
purchased from Santa Cruz Biotechnology (B-3 clone; Dal-
las, Texas, US), anti-human-p-tubulin rabbit antibody was
purchased from Novus Bio (R&D Systems, Minneapolis,
Minnesota, US), goat anti-mouse IgG was purchased from
Sigma-Aldrich, and goat anti-rabbit IgG was purchased from
Bio-Rad. All the antibodies were diluted in 1X TBS, 0.1%
Tween-20, and BSA 5% w/v. The band visualization was
performed using Clarity western ECL blotting substrates
(Bio-Rad, Hercules, California, US). Blot images were
acquired with Image Lab Software version 4.0 (Bio-Rad)
using the Molecular Imager Gel Doc XR (Bio-Rad) and
quantified normalizing on B-tubulin expression levels. The
stimulation index (SI) was calculated on DMSO-treated
PBMC:s (vehicle control) set at 100.

Flow cytometric analysis of CD86 and CD54
expression

After 48 h of treatment, PBMCs were centrifuged, and the
supernatants were stored at -20° C for the assessment of
cytokine release. Cell pellets were washed with PBS, sus-
pended in 200 pl of PBS, and stained at 4° C in the dark
for 30 min with specific PE-conjugated antibody against
human CD54 or FITC-conjugated antibody against human
CD86 or with isotype control antibodies, following sup-
plier’s instructions. All the antibodies were purchased from
BD Biosciences (Franklin Lakes, New Jersey, US). After
incubation, cells were centrifuged and suspended in 500 uL
of PBS. The % of positive cells was analyzed using Novo-
cyte 3000 flow cytometer (Acea Bioscience Inc., Agilent
Technologies, Santa Clara, California, US) and data were
quantified using Novocyte software (Acea Bioscience Inc.).
10’000 viable cells were analyzed for % of positivity to the
respective marker. The % of isotype control was subtracted
from the % of CD86/CD54 stained cells. Changes in CD86/
CD54 expression are reported as SI calculated on DMSO-
treated PBMC (vehicle control) set at 1. The gating strategy
is reported in Supplementary Fig. 1 and representative dot
plots are reported in Supplementary Fig. 2.

Cytokine production

From the same treatments in which surface markers expres-
sion was assessed, the cell-free supernatants were kept at
— 20 °C for cytokine evaluation through commercially availa-
ble ELISA kits. The ELISA kits to assess the release of IL-8
and TNF-a were purchased from ImmunoTools (Friesoythe,
Germany) and R&D Systems, respectively. The limits of
detection were 8 pg/mL for IL-8 and 7.8 pg/mL for TNF-a,
respectively. Changes in IL-8/TNF-a release are reported
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as SI calculated on DMSO-treated PBMC (vehicle control)
which was set at 1.

Assessment of the lytic activity of NK cells

After the treatment with EDs and the co-culture with Cell-
Trace™ CFSE-stained K562 cells, the plate content was
transferred to flow cytometrical tubes and PI (5 nM) was
added to each tube. The % of cells positive to PI within
CFSE-stained K562 cells was acquired using Novocyte 3000
flow cytometer. 1’000 CFSE-positive cells were analyzed
for % of positivity to PI, indicative of dead K562 cells. The
gating strategy is reported in Supplementary Fig. 3 and rep-
resentative dot plots are reported in Supplementary Fig. 4.

Flow cytometric analysis of T cells differentiation

After 4 days of treatment, the Protein Transport Inhibi-
tor Cocktail (Invitrogen) was added to each well, to stop
cytokine secretion (1 pL every 500 uL of cell culture),
for 5 h at 37 °C in a 5% CO, incubator. Following incu-
bation, cells were harvested and washed, magnetic beads
were removed using DynaMag 15 (Invitrogen) and washed
again. The staining for surface markers was then performed,
according to Table 3, for 30 min at room temperature avoid-
ing the light.

After incubation, cells were washed and fixed using the
fixation reagent for 45 min on ice avoiding the light. After
washing, cells were permeabilized using permeabilization
reagent for 5 min on ice avoiding the light and washed again,
following supplier’s instruction (eBioscience™ Foxp3 /
Transcription Factor Staining Buffer Set—Invitrogen).
Then, cells were stained for intracellular proteins, accord-
ing to Table 3, for 3 h and 30 min at 4 °C avoiding the light.

Table 3 Antibodies used to stain PBMC, their dilution, the channel
used to acquire them at the flow cytometer, and the supplier

Antigen Clone Dilution  Channel  Supplier
Surface antibodies
GITR DT5D3 1:200 BL2 Miltenyi
CDS8 OKTS 1:200 VL2 ThermoFisher
CD4 OKT4 1:200 VL3 ThermoFisher
CD25 BC96 1:200 VL4 ThermoFisher
Intracellular antibodies
IL-4 8D4-8 1:200 VL1 ThermoFisher
IL-9 MHO9D1 1:200 BL3 ThermoFisher
IL-10 JES3-9D7 1:200 BL1 ThermoFisher
IL-17A  eBio64DEC17  1:200 RL3 ThermoFisher
IL-22 1L22JOP 1:200 RL1 ThermoFisher
IFN-y 4S.B3 1:200 RL2 ThermoFisher
FoxP3 236A/E7 1:200 BL4 ThermoFisher
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After that, 1 ml of PBS with 1% of fetal bovine serum was
added, the cells were filtered using pre-separation filters
(70 pM—Miltenyi Biotec, US) and the samples acquired
using the Attune NxT flow cytometer (ThermoFisher). Data
were further analyzed through FlowJo V.10.8.1 (BD Bio-
sciences). The % of positive cells to the different markers
was retrieved. Data are presented as Log2 values calculated
on DMSO-treated PBMC (vehicle control) which is set at
0. The gating strategy is reported in Supplementary Fig. 5.

t-SNE analysis of T helper cell subpopulations

Following conventional analysis, through FlowJo, to deeply
investigate T-cell subpopulations, the t-distributed stochastic
neighbor embedding (t-SNE) algorithm was applied. All the.
FCS files were merged in two concatenated files as follows:
a) DMSO, DEP, EE, and PFOS from 6 donors (3 males and
3 females) due to their high presence in the environment
and high exposure levels to humans to and b) DMSO, ATR,
CYP, and VIN from 6 donors due to their belonging to the
pesticide class. Samples were down-sampled to 10’000 cells,
and after the gating of the single populations within CD4*
cells, as performed for the conventional analysis (Supple-
mentary Fig. 5), the t-SNE was run. Briefly, a Barnes-Hut
t-SNE method, with a perplexity of 50 and 3000 iterations
was chosen. The results were visualized in 2D t-SNE maps.
The single treatment conditions were successively gated
through the sample ID. Clusters of cells based on the expres-
sion level of the different analyzed markers were manually
created on merged data, and the % of gated cells in each
cluster was further analyzed for the single treatment condi-
tions. Within CD4* cells, it was possible to recognize differ-
ent subpopulations for IFN-y, IL-4, IL-9, FoxP3, and GITR.
For IL-10, IL-17A, IL-22, and CD25 it was not possible
to define distinct subpopulations. Only the subpopulations
common to all the 6 donors were further evaluated, and the
% of cells present in the clusters was expressed as a Log2
value calculated on DMSO-treated PBMC, which is set at
0. The t-SNE density plots are reported in Supplementary
Figs. 6 and 7.

Statistical analysis

Statistical analysis was performed using Prism version 9.4.0
(GraphPad Software, San Diego, California, US). Data were
reported as mean + standard error (SEM) or as median of
3 (only for T cells differentiation) or 5 male and female
donors, as reported in figure legends. To calculate differ-
ences between the treatment, ¢ test was applied, after the
assessment of the normal distribution of the data through the
Shapiro—Wilk test. Differences were considered statistically
significant at p <0.05.

Results
EDs modify RACK1 expression in human PBMC

First, to confirm previous results obtained in THP-1 cells
(Maddalon et al. 2022; Masi et al. 2022), the ability of
EDs to interfere with RACK1 expression was evaluated,
being RACKI1 a bridge between the immune and the endo-
crine systems, as previously explained.

Short-term exposure to different EDs resulted in changes
in the expression of RACK1 in human PBMC, from both
male and female healthy donors (Fig. 1). In particular,
DEP, PFOS, ATR, and CYP exposure was able to induce
a statistically significant reduction of RACKI1 expression
in PBMCs from both males and females. Whereas EE and
VIN were able to down-regulate RACK1 expression in
females only. Furthermore, a sex bias in the response to EE
exposure was found, highlighting a possible dimorphism
in its action. While in female donors all the EDs induced
a reduction in RACKI1 activation, and possibly a reduced
immune activation, EE and VIN had no statistically signifi-
cant effect in male donors at the concentration tested. The
effects obtained in primary PBMCs are in line with pre-
vious results obtained in THP-1 cells. THP-1 is a human
monocytic cell line derived from acute monocytic leukemia
of a male patient, and results obtained with male donors
are closer to the one observed in THP-1 cells. In particular,
DEP, PFOS, ATR, and CYP reduced RACKI1 expression
in both models, whereas an increase with EE and no effect
with VIN were obtained in THP-1 cells (Maddalon et al.
2022; Masi et al. 2022). The modulation of RACK1 induced
by the selected EDs is also in line with the previously per-
formed molecular docking analysis. Indeed, DEP and PFOS
revealed to activate glucocorticoid receptor, that in turn
reduced RACK1 expression (Masi et al. 2022). Also ATR
and CYP were able to decrease RACK1 expression, but the
mechanism is linked to an anti-androgenic activity: ATR is
able to competitively antagonize androgen receptor, whereas
CYP acts in an indirect way, reducing androgen receptor
expression and IL-6 release (Maddalon et al. 2022). Also
VIN is an anti-androgenic compound, but it can also activate
GPER (G-protein-coupled estrogen receptor) that in turn is
able to activate androgen receptor (Maddalon et al. 2022).
This dual mechanism could also explain the different effect
observed in male and female PBMC:s. Finally, EE is charac-
terized by an estrogenic activity, linked to the action on both
GPER and androgen receptor (Masi et al. 2022). Therefore,
an increase RACK1 expression would be expected, as in the
case of male donors, although not statistically significant.
The involvement of GPER in the activity of EE and VIN
could be an hypothesis of the different gender effect.
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Fig. 1 Effects of EDs on RACKI expression. Male and female
PBMC were exposed to the different EDs or DMSO (vehicle control)
for 24 h. RACKI1 protein level was evaluated by Western blot analy-
sis and normalized to p-tubulin expression (A). Data are referred to
each sample DMSO-treated PBMC (vehicle control), which is set at
100 (dotted line). Results are expressed as mean+SEM of 5 male
donors (light blue) and 5 female donors (pink). Each dot represents
the expression of the single donor. Statistical analysis was performed

Effects of EDs on RACK1-related pro-inflammatory
markers and cytokines production

Following the assessment of their ability to modulate
RACKI1 expression, the expression of CD86 and CD54 and
the release of IL-8 and TNF-a were evaluated following
LPS stimulation (Fig. 2). CD86 and CD54 are two surface
proteins important in the process of T-cell activation, and
their increase upon LPS stimulation in PBMC was observed
(Fig. 2A, B).

EDs were able to modulate CD86 and CD54 expression
in PBMC, with gender differences observed. The exposure
to DEP was able to reduce LPS-induced CD86 and CD54
expression in male donors (Fig. 2A, B). PFOS decreased
CD86 expression in both sexes (Fig. 2A). ATR and CYP
exposure reduced, respectively, CD86 and CD54 expression,
only in female donors (Fig. 2A, B). Similarly, the release
of the pro-inflammatory cytokines IL-8 and TNF-a was
increased by LPS treatment and it was modified by EDs
pre-incubation (Fig. 2C, D). In detail, PFOS was able to
reduce both IL-8 and TNF-« release in male donors only,
and in case of TNF-a, a statistically significant difference
between males and females was observed (Fig. 2C, D). Sex
differences were obtained also following DEP stimulation,
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following unpaired ¢ test with Welch’s correction, with *p <0.05,
*#p<0.01, ***p <0.001 vs DMSO. Differences between males and
females were assessed through unpaired ¢ test, with *p <0.05 between
males and females for EE exposure. B and C Representative West-
ern blots for RACK1 and fB-tubulin expression induced by EDs expo-
sure in a representative male (B) and female (C) donor (color figure
online)

inducing a decrease in IL-8 release in females only, and of
TNF-a in both sexes, but with a higher susceptibility of
female donors (Fig. 2C, D).

Effect of EDs on NK cells’ lytic activity

NK cells are cytotoxic cells able to kill target cells, such as
tumoral or virus-infected cells. PBMC, in which cells with
NK activity are present, were treated with EDs for 24 h, and
then co-cultured with CFSE-stained K562 cells (target cells)
for 4 h (Fig. 3).

Different effector and target cell ratios were used: 50:1
(Fig. 3A), 25:1 (Fig. 3B), and 12.5:1 (Fig. 3C). Overall, only
modest effects in NK-cell activity following EDs exposure
were observed, most of them in males. The most effective
compound was EE, which was able to increase male donors’
NK cells activity at all the tested effector:target ratios
(Fig. 3A, 3B, C), with sex differences statistically significant
at 12.5:1. Also PFOS exhibited sex differences in its action,
specifically it was able to increase NK cells activity in males
(Fig. 3A), and to decrease it in females (Fig. 3B). Minor
effects were also observed in cells from healthy donors
exposed to ATR, DEP, and VIN. DEP and VIN reduced
NK-cell activity in both sexes, males at the lowest ratio and



Archives of Toxicology

A B
. =1 male 27
2 **511*"% '**.. = female 'y**é."- g
i . ¥ ol | ¢ T f .
. 1R M- T ELL
8 K 3 14 11 . L
5 ~ 2
= N &)
n & J
05 F-T-1T-1- 1711 | I — T O e o o i B -
X ERLELY KR EPLLIS VR & OER D v
K KIRO T SV KO O&OQ, %Qov/\GN\ 0&0@ <2(<ov
+ LPS 100 ng/ml + LPS 100 ng/ml
C D
64 512- 4
* i *k
. ' J
. *% . . * 256 * * @ Kkk
o 324 0 . s 3 1284 : e e
i : L , :
= | [=
" i i I

ELETERS FPETERS

+ LPS 100 ng/ml

Fig.2 Effects of EDs on RACKI1-related pro-inflammatory cytokines
and activation markers. Male and female PBMC were exposed to the
different EDs or DMSO (vehicle control) for 24 h and then to LPS
100 ng/ml for further 24 h. CD86 (A) and CD54 (B) expression were
evaluated by flow cytometric analysis, whereas IL-8 (C) and TNF-a
(D) release was assessed by ELISA. Results are expressed as SI cal-
culated on DMSO-treated LPS-unstimulated PBMC set at 1 (dot-

females at the middle one, respectively (Fig. 3B, C). Instead,
ATR was able to slightly increase target cell death in male
donors only at the highest ratio (Fig. 3A). With the exception
of CYP, every ED was able to affect NK cells activity at least
at one effector and target cell ratios, with sex differences
observed for EE and PFOS.

To better express the lytic activity, integrating the three
different ratios used, the results are also expressed as lytic
unit 35 (LU,5), meaning the ratio of effector cells neces-
sary to kill the 35% of target cells. The LU,5 are shown
in Table 4. Both PFOS and ATR exposure in male donors
resulted in a reduction in the lytic unit required to kill 35% of
target cells, with respect to the control. Therefore, these EDs
increased the lytic ability of male effector cells. Instead, in
female donors, DEP and VIN induced an increase of LUjs,
reducing, therefore, the lytic ability of female effector cells.
Regarding sex differences, it can be noted that DEP, EE,

EF ST L GRS

+ LPS 100 ng/ml

ted line) of mean +SEM of 5 male donors (light blue) and 5 female
donors (pink). Each dot represents the expression of the single donor.
Note that a semi-log scale was used, to better show the results. Statis-
tical analysis was performed following paired ¢ test, with *p <0.05,
**p<0.01 vs DMSO-treated LPS-stimulated. Differences between
males and females were assessed through unpaired ¢ test, with
*p <0.05, **p <0.01 (color figure online)

PFOS, and VIN show different trend based on donors’ sex,
generally reducing LU,5 in males and increasing them in
females, meaning their ability to increase lytic activity in
males, while reducing it in females.

Effects of EDs on CD4" and CD8" cells
differentiation

The main population of lymphocytes present in PBMCs are
T lymphocytes. They can be divided into T helper (Th) cells
and cytotoxic T cells, based on their expression of CD4 and
CDS8, respectively. Both populations can be further divided
into subsets based on the expression of cytokines, transcrip-
tion factors, and surface markers. In particular, within circu-
lating T helper cells, Th1, Th2, Th9, Th17, Th22, and regu-
latory T (Treg) cells can be found. Following activation, the
first 5 populations may be recognized by the expression of
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Target cell death %

Fig.3 Effect of EDs on NK-cell activity. Male and female PBMC
were exposed to the different EDs or DMSO (vehicle control) for
24 h and then co-cultured with K562 cells for 4 h at three different
ratio between effector and target cells: 50:1 (A), 25:1 (B), and 12.5:1
(C). Target cell death was assessed by flow cytometry. Results are
expressed as mean+ SEM of 5 male donors (light blue) and 5 female
donors (pink) of % of dead cells (% of cells positive to PI staining

Table 4 Lytic unit 35 (LU;5) expressed as mean + standard deviation

Male donors Female donors

CTRL 72.899 +12.661 25.408 +13.951
DEP 65.758 +17.242* 44.322 +25.416%*
EE 56.495+13.897" 29.888 +9.805"
PFOS 63.871 £ 13.576%%# 44.031 +28.870%
ATR 55.485+8.834* 39.429 +36.992
CYP 94.498 +68.051 32.447+19.383
VIN 71.162 £29.593" 44.245 +24.615%*

The regression linear fit method was used to calculate LU for each
condition. Statistical analysis was performed following paired ¢ test,
with

*p<0.05,

**¥p <0.01 vs CTRL, and differences between males and females were
assessed through unpaired ¢ test, with

#p<0.05

@ Springer

= male
= female

B E:T=25:1

60

Target cell death %

within CFSE-positive cells). Each dot represents the value of the sin-
gle donor. Statistical analysis was performed following paired 7 test,
with *p<0.05, **p<0.01 vs CTRL (DMSO-treated PBMC co-cul-
tured with K562 cells). Differences between males and females were
assessed through unpaired 7 test, with *p <0.05, ***p <0.001 (color
figure online)

IFN-vy, IL-4, IL-9, IL-17, and IL-22, respectively. Whereas
Treg can be recognized by the expression of CD25, GITR,
FoxP3, and IL-10. However, conventional activated CD4™*
cells are GITR* and can express IL-10. The four-day activa-
tion with anti-CD3/CD28-coated magnetic beads induced
activation, proliferation, and differentiation/polarization of
CD4" and CD8* T cells present in PBMC and EDs exposure
induced slight changes in CD4" (Fig. 4) and CD8* lympho-
cyte differentiation (Fig. 5).

Regarding CD4* lymphocytes polarization, EE and
VIN induced a slight increase in the percentage of cells
CD47*IL-17* in PBMC from male donors only (Fig. 4E).
DEP, EE, and PFOS induced a decrease of the percentage
of CD4%IL-22" cells in PBMC from male donors, and a
sex difference could be observed for DEP and EE (Fig. 4F).
Instead, no significant modulation of the percentage of
CD4*IFN-y*, CD4*1L-4*, CD4*IL-9%, and CD4*IL-10*
cells has been observed (Fig. 4A, B, C, D).
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Fig.4 Modulation by EDs of cytokine-positive helper T cells. PBMC
from males and females were exposed to the different EDs or DMSO
(vehicle control) together with anti-CD3/anti-CD28-coated mag-
netic beads for 4 days. On gated CD4."* lymphocytes, the cytokine-
positive cells were identified by evaluating the expression of IFN-y
(A), IL-4 (B), IL-9 (C), IL-10 (D), IL-17 (E), and IL-22 (F) through
flow cytometry. Results are shown as violin plots, with blue or red

While for T helper cells, the presence of different sub-
populations is widely known and collectively accepted, for
cytotoxic T cells only a few pieces of information are avail-
able, but they can be generally divided into Tc1, Tc2, Tc9,
Tc17, and Tc22, similar to what occurs in T helper cells
(Jiang et al. 2021; St Paul et al. 2021).

lines indicating the median fold modulation vs the respective DMSO-
treated controls in 3 male (light blue) and 3 female (pink) donors,
respectively. Each dot represents the cytokine modulation (log2 val-
ues) in a single donor. Statistical analysis was performed following
unpaired t test with Welch’s correction, with *p <0.05 vs DMSO. Dit-
ferences between males and females were assessed through unpaired ¢
test (*p <0.05) (color figure online)

PBMC exposure to EDs induced some effects also
regarding cytotoxic T-cell polarization. In particular,
VIN increased the percentage of CD8*IL-9" cells in
PBMC from male donors only, with a statistical signifi-
cance sex difference (Fig. 5C). Similarly to CD4*1L-22*
cells, DEP exposure resulted in a decreased percentage
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Fig.5 Modulation by EDs of cytokine-positive cytotoxic T cells.
PBMC from males and females were exposed to the different EDs
or DMSO (vehicle control) together with anti-CD3/anti-CD28-
coated magnetic beads for 4 days. On gated CD8.* lymphocytes, the
cytokine-positive cells were identified by evaluating the expression of
IFN-y (A), IL-4 (B), IL-9 (C), IL-10 (D), IL-17 (E), and IL-22 (F)
through flow cytometry. Results are shown as violin plots, with blue

of CDS*IL-22% cells in PBMC from male donors, with
a sex difference, that could be observed also following
PFOS exposure (Fig. 5F). Instead, no statistically signifi-
cant effects were observed on CD8*IFN-y*, CDS*IL-4",
CDS8'IL-10%, and CDS8*IL-177 cells (Fig. 5A, B, D, E).
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and red lines indicating the median fold modulation vs the respective
DMSO-treated controls in 3 male (light blue) and 3 female (pink)
donors, respectively. Each dot represents the cytokine modulation
(log2 values) in a single donor. Statistical analysis was performed
following unpaired ¢ test with Welch’s correction, with *p<0.05
vs DMSO. Differences between males and females were assessed
through unpaired ¢ test (*p <0.05 and **p <0.01) (color figure online)

As previously mentioned, CD4" Treg cells express FoxP3
and co-express CD25 and GITR and FoxP3 is a regulatory
marker even in CD8% cells. The role of CD25 and GITR
in CD8™ cells is not well understood, but the expression of
these molecules in cytotoxic T cells has been documented,
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and their involvement in immune regulation and immune tol-
erance promotion has been proposed (Ronchetti et al. 2012;
Churlaud et al. 2015; Niederlova et al. 2021).

Regarding CD4™" Treg cells, no effects of the selected EDs
have been observed (Fig. 6A, B). Instead, EE, PFOS, and
ATR induced a modest decrease of CD8"FoxP3* cells in
female donors (Fig. 6C), and DEP induced a slight decrease
of CD8TGITR*CD25" cells in female donors (Fig. 6D).
Therefore, a modest decrease of CD8" Treg in female donors
due to DEP, EE, PFOS, and ATR could be observed.

Sex differences in EDs’ modulations of CD4"*
subpopulations

Using the canonical elaboration of flow cytometric, data
suggested that EDs had few effects on T-cell differentiation/
polarization. Since it seemed unlikely, a more in-depth anal-
ysis was conducted using the t-SNE algorithm that groups
cells in subsets, based on the different expression levels of
the stained markers. To do this, we divided the EDs into two

groups, highly contaminating EDs (DEP, EE, and PFOS) and
pesticides (ATR, CYP, and VIN).

By considering data from the 6 donors following DEP,
EE, PFOS exposure, the t-SNE analysis found 50 relevant
subsets expressing high levels of one marker in CD4%
cells: 8 IFN-y" subsets, 3 IL-4* subsets, 14 IL-9" subsets,
14 FoxP3™ subsets, and 11 GITR" subsets. Some of these
subsets express more than one marker, as can be observed
in Supplementary Fig. 6. The mean percentage of cells in
each subset after treatment is divided by that in the control
solvent for males and females and the values are reported
in Fig. 7. The mean cell percentage of several subsets was
modulated. In males, the percentage of cells present in sub-
set #1 of IL-4* cells was decreased following EE exposure.
Whereas, DEP exposure in general increased the percent-
age of IL-97 cells (mainly #9 and 10) and of FoxP3™* cells
(#5), while decreased subset #9 of GITR cells. Also PFOS
increased subset #9 of IL-9% cells. In females, instead, more
modulations were observed. In detail, EE reduced the per-
centage of cells present in subset #7 of FoxP3™ cells. DEP
exposure reduced the percentage of cells present in subset #7
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Fig.6 Modulation by EDs of cells expressing Treg-related markers.
PBMC from males and females were exposed to the different EDs or
DMSO (vehicle control) together with anti-CD3/anti-CD28-coated
magnetic beads for 4 days. On gated CD4" (A, B) and CD8" (C, D)
lymphocytes, FoxP3-positive (A, C) and GITR-CD25 double-posi-
tive (B, D) cells were identified. Results are shown as violin plots,
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with blue and red lines indicating the median fold modulation vs the
respective DMSO-treated controls in 3 male (light blue) and 3 female
donors (pink), respectively. Each dot represents the marker modula-
tion (log2 values) in a single donor. Statistical analysis was performed
following unpaired ¢ test with Welch’s correction, with *p <0.05 and
*#p <0.01 vs DMSO (color figure online)
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Fig.7 Modulation by DEP, EE, and PFOS of CD4% cell subsets,
evaluated through t-SNE analysis. Male () and female (?) PBMC
were exposed to the EDs or DMSO (vehicle control) together with
anti-CD3/anti-CD28-coated magnetic beads for 4 days. After gating
CD4.% cells, subsets were identified based on staining with eleven
antibodies as reported in the Material and Methods section. Cell sub-
sets expressing high levels of IFN-y (A), IL-4 (B), IL-9 (C), FoxP3
(D), and GITR (E) are numbered. The cell percentage of each treated
donor was divided by the cell percentage of the same DMSO-treated

of IFN-y™ cells, reduced the percentage of IL-97" cells (#1, 3,
and 5), of FoxP3* cells (#5, 11, and 14), and of GITR™ cells
(#2, 3, 5, and 6). PFOS also reduced the percentage of IL-9*
cells (#3 and 4), #11 of FoxP3™ cells, and #3 and 5 of GITR™
cells. Even more interestingly, neither DEP, nor PFOS, nor
EE had the same effects in females and males in each subset.
In particular, looking at the subsets of cells positive to IL-9
and GITR (Fig. 7C and E) a general increase of the subsets
in males and a decrease in females can be observed, and
significant differences in the modulation in males vs females
were observed. Subsets #5, 9, 10, and 12 of IL-9" cells were
differently modulated by DEP based on the sex, and sub-
set #5 also by EE exposure (Fig. 7C). Also, several subsets
of FoxP3* cells were altered differently based on the sex;

@ Springer

donor (0, white) and expressed as log2 (modulation ratio). The mean
modulation ratio of male and female donors is reported in the dou-
ble gradient heatmap (red, increase; blue, decrease). White squares
with the cross indicate that the subset of cells is absent in at least
one DMSO-treated donor so the modulation ratio cannot be evalu-
ated. Statistical analysis was performed following unpaired ¢ test with
Welch’s correction, with *p<0.05 and **p <0.01 vs DMSO-treated
PBMCs. Differences between males and females were assessed
through unpaired 7 test (#p <0.05 and ##p <0.01) (color figure online)

#5 by DEP and PFOS exposure, and #13 by EE (Fig. 7D).
Regarding GITR™ cells, subsets #3 and 9 were differently
modulated based on the sex (Fig. 7E). Overall, a clear sex
bias in the effects induced by DEP, PFOS and EE exposure
is observed. For those populations statistically significantly
altered by EDs exposure, the log2 value of the modulation,
together with the abundance of the population within CD4*
cells is reported in Supplementary Table 1.

Regarding the analysis including solvent control and
treatment with ATR, CYP, and VIN in CD4" cells, the
t-SNE analysis revealed 55 subsets expressing high lev-
els of one marker: 8 IFN-y* subsets, 2 IL-4% subsets, 16
IL-97 subsets, 16 FoxP3™ subsets, and 13 GITR™ subsets
were retrieved. Some of these subsets express more than
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one marker, as can be observed in Supplementary Fig. 7.
The mean percentage of cells in each subset after treatment
is divided by that in the control for males and females and
the values are reported in Fig. 8. The mean cell percentage
of some subsets was modulated in males or females. Also,
the effects of ATR, CYP, and VIN showed sex-bias effects
but the tendency was less evident. In males, the percentage
of IFN-y* cells (#5) was increased following CYP exposure
and also subset #10 of FoxP3™ cells. VIN exposure to male
donors induced a slight increase of subset #10 of GITR*
cells. In females, ATR was able to increase the percentage of

cells positive to IFN-y present in subset #6, and to decrease
the percentage of cells present in subset #14 of FoxP3* cells.
VIN exposure to female donors, instead, statistically signifi-
cantly increased the percentage of IL-97 cells (#2) and of
GITR™ cells (#2). Differently, from the three highly persis-
tent EDs, the three pesticides here analyzed do not show a
strong difference between male and female donors. The only
statistical differences were observed on subset #5 of IFN-y*
cells following CYP exposure, which increased the percent-
age of cells in males and decreased it in females (Fig. 8A),
and on subset #14 of FoxP3" cells, where ATR decreased
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Fig.8 Modulation by ATR, CYP, and VIN of CD4% cell subsets,
evaluated through t-SNE analysis. Male () and female (9) PBMC
were exposed to the EDs or DMSO (vehicle control) together with
anti-CD3/anti-CD28-coated magnetic beads for 4 days. After gating
CD4.* cells, subsets were identified based on staining with eleven
antibodies as reported in the Material and Methods section. Cell sub-
sets expressing high levels of IFN-y (A), IL-4 (B), IL-9 (C), FoxP3
(D), and GITR (E) are numbered. The cell percentage of each treated
donor was divided by the cell percentage of the same DMSO-treated

donor (0, white) and expressed as log2 (modulation ratio). The mean
modulation ratio of male and female donors is reported in the dou-
ble gradient heatmap (red, increase; blue, decrease). White squares
with the cross indicate that the subset of cells is absent in at least
one DMSO-treated donor so the modulation ratio cannot be evalu-
ated. Statistical analysis was performed following unpaired ¢ test with
Welch'’s correction, with *p <0.05 vs DMSO-treated PBMCs. Differ-
ences between males and females were assessed through unpaired ¢
test (#p <0.05) (color figure online)
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the percentage of cells in both sexes but with a greater effect
on females (Fig. 8D). Similarly to the other EDs, the log2
values of the modulation relative to the populations statisti-
cally significantly altered by ATR, CYP, and VIN exposure
are reported in Supplementary Table 2.

By overlapping the different 2D t-SNE projection maps
obtained from the exposure to DEP, EE, and PFOS we real-
ized that the cells in subset #7 of IFN-y are the same as
subset #1 of IL-9, #5 of FoxP3, and #2 of GITR (Fig. 7

Fig.9 2D t-SNE maps repre- A
senting the most interesting

and Supplementary Fig. 6) and called the subset POP A
(Fig. 9A). Moreover, the cells in the subset #8 of IFN-y
are present also in subset #3 of IL-9, #11 of FoxP3, and
#5 of GITR (Fig. 7 and Supplementary Fig. 6) and
called the subset POP B (Fig. 9A). POP A and B are sig-
nificantly decreased by DEP exposure in female donors
only. POP B is significantly decreased also by PFOS
exposure in female donors only. POP A and B are both
CD4*FoxP3*GITR*IFN-y*IL-4*IL-9* with POP A

by the selected EDs, which

subsets of population modulated % GITR

share multiple markers (A, C). 1807

Population A and B are referred
to the t-SNE plot of DEP,

EE, and PFOS (A), whereas
Population C is referred to the
t-SNE plot of ATR, CYP, and
VIN (C). Population A (POP
A—red) is represented by cells
present in the subsets #7 of
IFN-y, #1 of IL-9, #5 of FoxP3,
and #2 of GITR (Supplementary
Fig. 6) and they are reduced in
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expressing more GITR than POP B (Fig. 9B, Suppl Fig. 8A).
The expression of GITR together with the cytokines may
indicate that the cells of the subset belong to activated con-
ventional CD4* T cells. However, the expression of FoxP3
may indicate that the cells of the subset act as regulatory T
cells.

Lastly, analyzing the 2D t-SNE maps obtained from ATR,
CYP, and DEP exposure, we discovered the subset POP C
(Fig. 9C) which cells are present in subset #2 of IL-9 and #2
of GITR (Fig. 8 and Supplementary Fig. 7). POP C is sig-
nificantly increased by VIN exposure in both sexes, but the
increase is significant only in woman donors. The phenotype
of this population is CD4*IL-22*IL-4*IFN-y*IL-9*GITR™,
with a very high expression of GITR compared to the not
affected population (Fig. 9D, Suppl Fig. 8B). Therefore,
the main cytokines characterizing this population, which
is increased by VIN exposure, mainly in women, are IFN-
v, IL-4, IL-9. The high level of expression of GITR may
indicate that the cells of the subset belong to activated con-
ventional CD4" T cells. The complete phenotypes can be
retrieved in Supplementary Fig. 8.

Discussion

In the last decades, an increase in several diseases, namely
tumors, obesity, psychiatric disorders, and autoimmunity,
has been observed, above all in developed countries. Within
the main causes, environmental factors, including EDs,
are considered the main responsible (Manley et al. 2018).
Exposure to EDs has been related to diseases that involve,
directly or indirectly, the immune system, such as inflam-
matory disorders, allergy, asthma, autoimmunity, obesity,
type 2 diabetes, and cancer (Schug et al. 2011; Teitelbaum
et al. 2012; Beko et al. 2013; Bertelsen et al. 2013; Trasande
et al. 2013; Buser et al. 2014; Schooling and Zhao 2015;
Benvenga et al. 2020; Predieri et al. 2020; Segovia-Mendoza
et al. 2020; Schjenken et al. 2021). The majority of these
disorders are characterized by a sex dimorphism, meaning
a different prevalence or susceptibility, different onset, pro-
gression, severity, survival, or response to therapy of the
two sexes (Ortona et al. 2016; Selmi and Gershwin 2019;
Di Florio et al. 2020; Klein and Morgan 2020; Massey et al.
2021). For example, autoimmune disorders usually affect
more women than men (Quintero et al. 2012; Angum et al.
2020). Steroid hormones, such as sex hormones and corti-
costeroids, are known to interact with the immune system,
leading to a sexual dimorphism that involves the endocrine,
nervous, and immune systems (Gaillard and Spinedi 1998;
Bhatia et al. 2014; Taneja 2018). Regarding the immune sys-
tem, women’s immune system is considered more reactive,
and therefore less susceptible to infections but more prone
to develop several immune disorders, like autoimmunity or

exaggerated immune responses (Butterworth et al. 1967,
Mangalam et al. 2013; Ngo et al. 2014). The interaction
between steroid hormones and environmental factors can
provoke different immune responses based on gender (Sugi-
yama et al. 2010; Ghosh and Klein 2017). When considering
the entire organisms, also the impact of microbiota must be
mentioned due to the strict interconnection with the endo-
crine system (Mayer et al. 2015; Park and Choi 2017; Qi
et al. 2021). Therefore, due to the wide variety of factors
that lead to a sex dimorphism in health and diseases, it is
important to study the adverse effects of substances in both
sexes, above all in the case of EDs.

In our study, we demonstrated that the selected EDs
exerted adverse immune effects in vitro in both male and
female PBMCs. Indeed, modulation of RACK1 was induced
by all the tested EDs at least in one sex at the tested concen-
trations. Some of them also resulted in the modulation of the
pro-inflammatory response, more specifically DEP, PFOS,
ATR, and CYP induced a reduction of the pro-inflammatory
response, which reflects the decreased RACK1 expression.
These results confirm previous evidence of the modulation
of immune parameters by EDs on cell lines (Maddalon et al.
2022; Masi et al. 2022). Regarding sex dimorphism, female
donors seem to be more susceptible to DEP reduction of pro-
inflammatory cytokines. Also EE induced different effects
on RACKI1 expression based on the sex, similar to what
is observed on the impact on NK cells’ lytic activity. On
these cells also PFOS show a different effect, resulting in
an increased lytic ability in males and a decreased one in
females. Previous evidence showed the ability of PFOS to
reduce NK activity in mice offspring following gestational
exposure (Keil et al. 2008). All the other tested chemicals,
with the exception of CYP, resulted in an impairment of NK
activity, indicating their ability to modulate the immune sys-
tem in vitro. NK activity decrease by VIN confirms what is
already present in the literature (White et al. 2004). Regard-
ing T-cell differentiation, EE and VIN exposure resulted
in a slightly increased percentage of IL-17-producing
cells (likely Th17), while DEP, EE, and PFOS exposure
decreased the percentage of IL-22-producing cells (likely
Th22), with DEP and EE evidencing a higher activity in
males vs females. Similarly, also Tc22 percentage resulted
decreased in males upon DEP exposure, highlighting also in
this case a higher men susceptibility. Finally, VIN increased
Tc9 in male donors, differently from what was observed in
women’s cells. Regarding the effects observed in women,
the percentage of CD8+FoxP3* cells resulted to be reduced
upon EE and mainly PFOS and ATR exposure, and DEP
slightly reduced CD8*GITR*CD25* cells.

The deeper analysis of T helper cells subpopulations
conducted by t-SNE evidenced other immunomodulation
by EDs, with sex bias in several results, above all in the gen-
eral modulation of Th1, Th2, Th9, and GITR* cells, mainly
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upon DEP and PFOS exposure. DEP’s ability to reduce IL-4
and IFN-y production was already demonstrated in vitro
but without considering the possible sex bias (Hansen et al.
2015). Also for PFOS, there are evidence of its ability to
perturb the balance between Thl and Th2 in mice (Dong
et al. 2011; Zheng et al. 2011; Yang et al. 2021).

We observed the most relevant sex bias in DEP-treated
samples with seven subpopulations demonstrating a sig-
nificant sex bias and other subpopulation showing different
DEP-dependent modulation in females and males, thought
non-significant. In particular, DEP determined decrease of
11 subpopulations in females and increase of 3 subpopu-
lations in males. The relevant DEP-dependent decrease of
POP A and B is of particular interest (Fig. 7) because these
subpopulations represent about 0.5% and 1.2% of CD4* T
cells (Fig. 9, panel A), respectively. They express FoxP3
at high levels, but, in our experimental setting, about half
of CD4™ cells express FoxP3 (Fig. 9, panel B), suggest-
ing that here, as in other experimental models, FoxP3 is
expressed more by activated T cells than regulatory T cells
(Wang et al. 2007). POP A and B are also characterized by
high expression of GITR. GITR (TNFRSF18), originally
described as induced by glucocorticoid in a T-cell line, is
mainly expressed in those active lymphocytes involved in
immune tolerance and also in conventional T lymphocytes
following activation (Placke et al. 2010; Ronchetti et al.
2015; Nocentini et al. 2017; Riccardi et al. 2018). Moreover,
POP A and B express quite high levels of IFN-y, IL-4 and
IL-9, suggesting that they represent activated conventional
T cells with a peculiar phenotype. Thus, the DEP-dependent
decrease of POP A and B in females (Fig. 7) would suggest
an immunosuppressive effects of DEP in females in agree-
ment with the DEP-dependent downmodulation of RACK1,
CD86, CD54, IL-8 and TNF-a expression (Figs. 1 and 2)
and the decrease of NK-cell activity.

Interestingly, t-SNE analysis suggests that the activity
of DEP and the other EDs is specific, having modulatory
effects in some subpopulations of lymphocytes, whose func-
tional meaning need to be investigated by dose—response
in vitro and in vivo studies. For example, the PFOS-depend-
ent decrease of POP B in males is somehow counteracted
by the PFOS-dependent increase of POP A, suggesting a
specific fine tuning of EDs on immune system of males
and females. POP C (Fig. 9, panels C-D), a subpopula-
tion very similar to POP A and B, is another example of
fine tuning. In fact, it is significantly increased by VIN
in females but not in males (Fig. 8). Finally, the relevant
decrease of FoxP3* cells following ATR treatment is rel-
evant in almost all subpopulations in females (significant
in #14) and irrelevant or absent in males (Fig. 8, panel D).
Interestingly, we previously demonstrated the ability of
DEP and PFOS to interact with the glucocorticoid recep-
tor as agonists (Masi et al. 2022). Regarding VIN, its M2
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metabolite (3',5'-dichloro-2-hydroxy-2-methylbut-3-enani-
lide) showed a weak antagonism toward the glucocorticoid
receptor (Molina-Molina et al. 2006). Therefore, there could
be a possible explanation of the relationship between DEP,
PFOS, and VIN with GITR expression.

POP A, B, and C are characterized also by high expres-
sion of IFN-y, IL-4, and IL-9. A population of T helper cells
co-expressing IL-9 and IL-4 was already reported in the lit-
erature, indicating that this population can activate eosino-
phils in colitis and is involved in the effector function of T
helper cells in this disease (Moshkovits et al. 2017; Stanko
et al. 2018). IFN-y"IL-4* double-positive cells have been
also described (Krawczyk et al. 2007). Furthermore, IL-9
can be also produced by Treg (Lu et al. 2006). Although
Th1, Th2, and Th9 exhibit different T-cell phenotypes, some
gene clusters are similarly regulated (Xue et al. 2019). More
in-depth investigation to discover the involvement of these
cell subsets in EDs immunomodulatory effects must be
performed.

The similar action between DEP and PFOS could be also
explained by their common involvement in the estrogenic
pathway (Du et al. 2013; Fiocchetti et al. 2021), and this
could also represent a possible explanation for the sex bias.
They both reduced RACKI1 expression in both sexes, with
a parallelism with immunological implications (reduced
pro-inflammatory markers). They also reduced the per-
centage of CD4*IL-22% cells and modulated CD4*IL-97,
CD4*FoxP3*, and CD4*GITR* similarly.

Glucocorticoids are considered immunosuppressors,
since they inhibit several immune cell activities (Van Lae-
them et al. 2001; Strehl et al. 2019). For example, they are
able to suppress T-cell activation and NK-cell activity (Mus-
cari et al. 2022), which is in line with the effects observed
with PFOS and DEP exposure, both substances able to acti-
vate glucocorticoid receptor. Regarding T helper cells differ-
entiation, glucocorticoids are able to suppress T helper cells,
together with their effector functions (Liberman et al. 2018;
Strehl et al. 2019; Taves and Ashwell 2021). In general, all
CD4* T cells are sensitive to glucocorticoid-induced inhibi-
tion, like Th1, Th2, Th9, and Th22 (Arya et al. 1984; Wu
et al. 1991; Holz et al. 2005; Cao et al. 2012), with the only
exception of Th17 and Treg (Banuelos and Lu 2016; Cari
et al. 2019). Also in this case, this is in line with the reduc-
tion of POP A and B exerted by DEP and PFOS in female
donors, populations characterized by highly expression of
cytokines representative of Th1, Th2, and Th9.

Due to the wide importance of the immune system and
sex dimorphism in diseases, it is important to study the
effect of EDs on the immune system, focusing on the pos-
sible sex difference. Our study provides an overview of the
effects of EDs on the immune system, mainly focusing on
PBMC:s and lymphocytes. To confirm these data, more sub-
jects should be tested, but since we already observed effects,
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it is presumable to find even more with more samples. We
have also tested only one concentration of each ED. This
allowed us to test and compare more substances at con-
centrations relevant to human exposure, but a wider range
of concentrations should also be tested for a broader view.
Therefore, with our in vitro study testing the effects of 6 EDs
on primary immune cells of both sexes, we can affirm the
ability of EDs to modulate the immune system, both innate
and adaptive response. In detail, they modulated pro-inflam-
matory activity, natural killer lytic ability, and lymphocyte
activation and differentiation with different effects. In par-
ticular, DEP and PFOS appeared to be the two high concern
EDs, within the ones selected in this study. Therefore, more
studies focusing on them should be performed.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00204-023-03592-3.

Author contributions AM: experiment performance and manuscript
writing. LC: experimental design and manuscript writing. MI, MNA:
experiment performance. VG, MM: reviewing. GN, EC: experimen-
tal design and reviewing. All authors contributed to the article and
approved the submitted version.

Funding Open access funding provided by Universita degli Studi di
Perugia within the CRUI-CARE Agreement. Research has been sup-
ported by Ministero dell’Istruzione, dell’Universita e della Ricerca
(PRIN 2017, Project number 2017MLC3NF).

Data availability All the data that support the findings of this study
are available from the corresponding author upon reasonable request.

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ahmed SA (2000) The immune system as a potential target for environ-
mental estrogens (endocrine disrupters): a new emerging field.
Toxicology 150(1-3):191-206. https://doi.org/10.1016/s0300-
483x(00)00259-6

Almberg KS, Turyk ME, Jones RM, Rankin K, Freels S, Stayner LT
(2018) Atrazine contamination of drinking water and adverse
birth outcomes in community water systems with elevated

Atrazine in Ohio, 2006-2008. Int J Environ Res Public Health
15(9):1889. https://doi.org/10.3390/ijerph15091889

Angum F, Khan T, Kaler J, Siddiqui L, Hussain A (2020) The preva-
lence of autoimmune disorders in women: a narrative review.
Cureus. 12(5):e8094. https://doi.org/10.7759/cureus.8094

Anway MD, Skinner MK (2008) Transgenerational effects of the
endocrine disruptor vinclozolin on the prostate transcriptome
and adult onset disease. Prostate 68(5):517-529. https://doi.org/
10.1002/pros.20724

Api AM (2001) Toxicological profile of diethyl phthalate: a vehicle
for fragrance and cosmetic ingredients. Food Chem Toxicol
39(2):97-108. https://doi.org/10.1016/s0278-6915(00)00124-1

Arya SK, Wong-Staal F, Gallo RC (1984) Dexamethasone-mediated
inhibition of human T cell growth factor and gamma-interferon
messenger RNA. J Immunol. 133(1):273-276

Bansal A, Henao-Mejia J, Simmons RA (2018) Immune system: an
emerging player in mediating effects of endocrine disruptors on
metabolic health. Endocrinology 159(1):32—-45. https://doi.org/
10.1210/en.2017-00882

Banuelos J, Lu NZ (2016) A gradient of glucocorticoid sensitivity
among helper T cell cytokines. Cytokine Growth Factor Rev
31:27-35. https://doi.org/10.1016/j.cytogfr.2016.05.002

Behnami F, Yousefinejad S, Jafari S, Neghab M, Soleimani E (2021)
Assessment of respiratory exposure to cypermethrin among
farmers and farm workers of Shiraz. Iran Environ Monit Assess
193(4):187. https://doi.org/10.1007/s10661-021-08964-9

Bekd G, Weschler CJ, Langer S, Callesen M, Toftum J, Clausen G
(2013) Children’s phthalate intakes and resultant cumulative
exposures estimated from urine compared with estimates from
dust ingestion, inhalation and dermal absorption in their homes
and daycare centers. PloS ONE 8(4):e62442. https://doi.org/10.
1371/journal.pone.0062442

Benvenga S, Elia G, Ragusa F, Paparo SR, Sturniolo MM, Ferrari SM,
Antonelli A, Fallahi P (2020) Endocrine disruptors and thyroid
autoimmunity. Best practice & research. Clin Endocrinol Metab.
34(1):101377. https://doi.org/10.1016/j.beem.2020.101377

Bertelsen RJ, Carlsen KC, Calafat AM, Hoppin JA, Héland G, Mow-
inckel P, Carlsen KH, Lgvik M (2013) Urinary biomarkers for
phthalates associated with asthma in Norwegian children. Envi-
ron Health Perspect 121(2):251-256. https://doi.org/10.1289/
ehp.1205256

Bhatia A, Sekhon HK, Kaur G (2014) Sex hormones and immune
dimorphism. Sci World J 2014:159150. https://doi.org/10.1155/
2014/159150

Bhatti P, Duhan A, Pal A, Monika Beniwal RK, Kumawat P, Yadav
DB (2022) Ultimate fate and possible ecological risks associated
with atrazine and its principal metabolites (DIA and DEA) in soil
and water environment. Ecotoxicol Environ Safety. 248:114299.
https://doi.org/10.1016/j.ecoenv.2022.114299

Buoso E, Galasso M, Ronfani M, Papale A, Galbiati V, Eberini I,
Marinovich M, Racchi M, Corsini E (2017) The scaffold protein
RACKI is a target of endocrine disrupting chemicals (EDCs)
with important implication in immunity. Toxicol Appl Pharmacol
325:37-47. https://doi.org/10.1016/j.taap.2017.04.011

Buoso E, Masi M, Galbiati V, Maddalon A, Iulini M, Kenda M, Sol-
InerDolenc M, Marinovich M, Racchi M, Corsini E (2020) Effect
of estrogen-active compounds on the expression of RACK1 and
immunological implications. Arch Toxicol 94(6):2081-2095.
https://doi.org/10.1007/s00204-020-02756-9

Buoso E, Kenda M, Masi M, Linciano P, Galbiati V, Racchi M, Dolenc
MS, Corsini E (2021) Effects of bisphenols on RACKI1 expres-
sion and their immunological implications in THP-1 cells. Front
Pharmacol. 12:743991. https://doi.org/10.3389/fphar.2021.
743991

Buser MC, Murray HE, Scinicariello F (2014) Age and sex differences
in childhood and adulthood obesity association with phthalates:

@ Springer


https://doi.org/10.1007/s00204-023-03592-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/s0300-483x(00)00259-6
https://doi.org/10.1016/s0300-483x(00)00259-6
https://doi.org/10.3390/ijerph15091889
https://doi.org/10.7759/cureus.8094
https://doi.org/10.1002/pros.20724
https://doi.org/10.1002/pros.20724
https://doi.org/10.1016/s0278-6915(00)00124-1
https://doi.org/10.1210/en.2017-00882
https://doi.org/10.1210/en.2017-00882
https://doi.org/10.1016/j.cytogfr.2016.05.002
https://doi.org/10.1007/s10661-021-08964-9
https://doi.org/10.1371/journal.pone.0062442
https://doi.org/10.1371/journal.pone.0062442
https://doi.org/10.1016/j.beem.2020.101377
https://doi.org/10.1289/ehp.1205256
https://doi.org/10.1289/ehp.1205256
https://doi.org/10.1155/2014/159150
https://doi.org/10.1155/2014/159150
https://doi.org/10.1016/j.ecoenv.2022.114299
https://doi.org/10.1016/j.taap.2017.04.011
https://doi.org/10.1007/s00204-020-02756-9
https://doi.org/10.3389/fphar.2021.743991
https://doi.org/10.3389/fphar.2021.743991

Archives of Toxicology

analyses of NHANES 2007-2010. Int J] Hyg Environ Health
217(6):687-694. https://doi.org/10.1016/j.ijheh.2014.02.005

Butterworth M, McClellan B, Allansmith M (1967) Influence of sex
in immunoglobulin levels. Nature 214(5094):1224-1225. https://
doi.org/10.1038/2141224a0

Cabas I, Liarte S, Garcia-Alcazar A, Meseguer J, Mulero V, Garcia-
Ayala A (2012) 17a-Ethynylestradiol alters the immune response
of the teleost gilthead seabream (Sparus aurata L.) both in vivo
and in vitro. Develop Compar Immunol 36(3):547-556. https://
doi.org/10.1016/j.dci.2011.09.011

Cao J, Chen C, Li L, Ling-yu Z, Zhen-yu L, Zhi-ling Y, Wei C, Hai C,
Sang W, Kai-lin X (2012) Effects of high-dose dexamethasone
on regulating interleukin-22 production and correcting Th1 and
Th22 polarization in immune thrombocytopenia. J Clin Immunol
32(3):523-529. https://doi.org/10.1007/s10875-012-9649-4

Cari L, De Rosa F, Nocentini G, Riccardi C (2019) Context-dependent
effect of glucocorticoids on the proliferation, differentiation, and
apoptosis of regulatory T cells: a review of the empirical evi-
dence and clinical applications. Int J Mol Sci 20(5):1142. https://
doi.org/10.3390/ijms20051142

Chalubinski M, Kowalski ML (2006) Endocrine disrupters—potential
modulators of the immune system and allergic response. Allergy
61(11):1326-1335. https://doi.org/10.1111/§.1398-9995.2006.
01135.x

Chang J, Liang C, Wang W, Yong L, Mao W, Yang H, Jia X, Liu Z,
Song Y (2021) Toxic effects of atrazine on immune function in
BALB/c mice. Environ Sci Pollut Res Int 28(28):37978-37994.
https://doi.org/10.1007/s11356-021-13360-4

Chevrier C, Limon G, Monfort C, Rouget F, Garlantézec R, Petit C,
Durand G, Cordier S (2011) Urinary biomarkers of prenatal atra-
zine exposure and adverse birth outcomes in the PELAGIE birth
cohort. Environ Health Perspect 119(7):1034-1041. https://doi.
org/10.1289/ehp.1002775

Churlaud G, Pitoiset F, Jebbawi F, Lorenzon R, Bellier B, Rosenzwajg
M, Klatzmann D (2015) Human and mouse CD8(+)CD25(+)
FOXP3(+) regulatory T cells at steady state and during inter-
leukin-2 therapy. Front Immunol 6:171. https://doi.org/10.3389/
fimmu.2015.00171

Coperchini F, Awwad O, Rotondi M, Santini F, Imbriani M, Chiovato L
(2017) Thyroid disruption by perfluorooctane sulfonate (PFOS)
and perfluorooctanoate (PFOA). J Endocrinol Invest 40(2):105—
121. https://doi.org/10.1007/s40618-016-0572-z

D’Amico R, Gugliandolo E, Cordaro M, Fusco R, Genovese T, Peri-
tore AF, Crupi R, Interdonato L, Di Paola D, Cuzzocrea S,
Impellizzeri D, Siracusa R, Di Paola R (2022a) Toxic effects
of endocrine disruptor exposure on collagen-induced arthritis.
Biomolecules 12(4):564. https://doi.org/10.3390/biom12040564

D’Amico R, Di Paola D, Impellizzeri D, Genovese T, Fusco R, Peritore
AF, Gugliandolo E, Crupi R, Interdonato L, Cuzzocrea S, Di
Paola R, Siracusa R, Cordaro M (2022b) Chronic exposure to
endocrine disruptor vinclozolin leads to lung damage via Nrf2-
Nf-kb pathway alterations. Int J Mol Sci 23(19):11320. https://
doi.org/10.3390/ijms231911320

Di Florio DN, Sin J, Coronado MJ, Atwal PS, Fairweather D (2020)
Sex differences in inflammation, redox biology, mitochondria
and autoimmunity. Redox Biol. 31:101482. https://doi.org/10.
1016/j.redox.2020.101482

Domingo JL, Nadal M (2019) Human exposure to per- and polyfluoro-
alkyl substances (PFAS) through drinking water: a review of the
recent scientific literature. Environ Res. 177:108648. https://doi.
org/10.1016/j.envres.2019.108648

Dong GH, Liu MM, Wang D, Zheng L, Liang ZF, Jin YH (2011)
Sub-chronic effect of perfluorooctanesulfonate (PFOS) on the
balance of type 1 and type 2 cytokine in adult C57BL6 mice.

@ Springer

Arch Toxicol 85(10):1235-1244. https://doi.org/10.1007/
$00204-011-0661-x

Du G, Hu J, Huang H, Qin Y, Han X, Wu D, Song L, Xia Y, Wang X
(2013) Perfluorooctane sulfonate (PFOS) affects hormone recep-
tor activity, steroidogenesis, and expression of endocrine-related
genes in vitro and in vivo. Environ Toxicol Chem 32(2):353-360.
https://doi.org/10.1002/etc.2034

EC, 2019. Commission implementing regulation (EU) 2019/1690 of
9 October 2019. Renewing the approval of the active substance
alpha-cypermethrin, as a candidate for substitution, in accordance
with Regulation (EC) No 1107/2009 of the European Parliament
and of the Council concerning the placing of plant protection
products on the market, and amending the Annex to Commis-
sion Implementing Regulation (EU) No 540/2011. https://eur-
lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32019
R1690&from=FR [Accessed date: 13 April 2023].

EFSA Panel on Contaminants in the Food Chain (CONTAM), Knut-
sen HK, Alexander J, Barregard L, Bignami M, Briischweiler
B, Ceccatelli S, Cottrill B, Dinovi M, Edler L, Grasl-Kraupp B,
Hogstrand C, Hoogenboom LR, Nebbia CS, Oswald IP, Petersen
A, Rose M, Roudot AC, Vleminckx C, Vollmer G, Schwerdtle
T (2018) Risk to human health related to the presence of per-
fluorooctane sulfonic acid and perfluorooctanoic acid in food.
EFSA J Eur Food Safety Auth. 16(12):e05194. https://doi.org/
10.2903/j.efsa.2018.5194

Eldridge JC, Stevens JT, Breckenridge CB (2008) Atrazine interaction
with estrogen expression systems. Rev Environ Contam Toxicol
196:147-160. https://doi.org/10.1007/978-0-387-78444-1_6

EU, 2019. Regulation (EU) 2019/1021 of the European parliament and
of the Council of 20 June 2019 on persistent organic pollutants.
Official Journal of the European Union L 169, 45-77. https://
eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A320
19R1021 [Accessed date: 30 January 2023].

Feijo M, Martins RVL, Socorro S, Pereira L, Correia S (2021) Effects
of the endocrine disruptor vinclozolin in male reproduction: a
systematic review and meta-analysis{. Biol Reprod 104(5):962—
975. https://doi.org/10.1093/biolre/ioab018

Filipov NM, Pinchuk LM, Boyd BL, Crittenden PL (2005) Immu-
notoxic effects of short-term atrazine exposure in young male
C57BL/6 mice. Toxicol Sci 86(2):324-332. https://doi.org/10.
1093/toxsci/kfi188

Fiocchetti M, Bastari G, Cipolletti M, Leone S, Acconcia F, Marino
M (2021) The peculiar estrogenicity of diethyl phthalate: mod-
ulation of estrogen receptor « activities in the proliferation of
breast cancer cells. Toxics 9(10):237. https://doi.org/10.3390/
toxics9100237

Gaillard RC, Spinedi E (1998) Sex- and stress-steroids interactions and
the immune system: evidence for a neuroendocrine-immunolog-
ical sexual dimorphism. Domest Anim Endocrinol 15(5):345-
352. https://doi.org/10.1016/s0739-7240(98)00028-9

Galbiati V, Buoso E, di Villa d’E, Bianca R, Paola RD, Morroni F,
Nocentini G, Racchi M, Viviani B, Corsini E (2021) Immune
and nervous systems interaction in endocrine disruptors toxicity:
the case of Atrazine. Front Toxicol. 3:649024. https://doi.org/10.
3389/ftox.2021.649024

Ghosh S, Klein RS (2017) Sex drives dimorphic immune responses to
viral infections. J Immunol 198(5):1782-1790. https://doi.org/
10.4049/jimmunol. 1601166

Goodman M, Mandel JS, DeSesso JM, Scialli AR (2014) Atrazine
and pregnancy outcomes: a systematic review of epidemiologic
evidence. Birth Defects Res Part B, Develop Reprod Toxicol.
101(3):215-236. https://doi.org/10.1002/bdrb.21101

Greives TJ, Dochtermann NA, Stewart EC (2017) Estimating herit-
able genetic contributions to innate immune and endocrine


https://doi.org/10.1016/j.ijheh.2014.02.005
https://doi.org/10.1038/2141224a0
https://doi.org/10.1038/2141224a0
https://doi.org/10.1016/j.dci.2011.09.011
https://doi.org/10.1016/j.dci.2011.09.011
https://doi.org/10.1007/s10875-012-9649-4
https://doi.org/10.3390/ijms20051142
https://doi.org/10.3390/ijms20051142
https://doi.org/10.1111/j.1398-9995.2006.01135.x
https://doi.org/10.1111/j.1398-9995.2006.01135.x
https://doi.org/10.1007/s11356-021-13360-4
https://doi.org/10.1289/ehp.1002775
https://doi.org/10.1289/ehp.1002775
https://doi.org/10.3389/fimmu.2015.00171
https://doi.org/10.3389/fimmu.2015.00171
https://doi.org/10.1007/s40618-016-0572-z
https://doi.org/10.3390/biom12040564
https://doi.org/10.3390/ijms231911320
https://doi.org/10.3390/ijms231911320
https://doi.org/10.1016/j.redox.2020.101482
https://doi.org/10.1016/j.redox.2020.101482
https://doi.org/10.1016/j.envres.2019.108648
https://doi.org/10.1016/j.envres.2019.108648
https://doi.org/10.1007/s00204-011-0661-x
https://doi.org/10.1007/s00204-011-0661-x
https://doi.org/10.1002/etc.2034
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32019R1690&from=FR
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32019R1690&from=FR
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32019R1690&from=FR
https://doi.org/10.2903/j.efsa.2018.5194
https://doi.org/10.2903/j.efsa.2018.5194
https://doi.org/10.1007/978-0-387-78444-1_6
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A32019R1021
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A32019R1021
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A32019R1021
https://doi.org/10.1093/biolre/ioab018
https://doi.org/10.1093/toxsci/kfi188
https://doi.org/10.1093/toxsci/kfi188
https://doi.org/10.3390/toxics9100237
https://doi.org/10.3390/toxics9100237
https://doi.org/10.1016/s0739-7240(98)00028-9
https://doi.org/10.3389/ftox.2021.649024
https://doi.org/10.3389/ftox.2021.649024
https://doi.org/10.4049/jimmunol.1601166
https://doi.org/10.4049/jimmunol.1601166
https://doi.org/10.1002/bdrb.21101

Archives of Toxicology

phenotypic correlations: a need to explore repeatability. Horm
Behav 88:106-111. https://doi.org/10.1016/j.yhbeh.2016.11.015

Griffiths MJ, Winship AL, Stringer JM, Swindells EO, Harper AP,
Finger BJ, Hutt KJ, Green MP (2022) Prolonged atrazine expo-
sure beginning in utero and adult uterine morphology in mice. J
Dev Orig Health Dis 13(1):39-48. https://doi.org/10.1017/52040
174421000106

Guo J, Wu P, Cao J, Luo Y, Chen J, Wang G, Guo W, Wang T, He X
(2019) The PFOS disturbed immunomodulatory functions via
nuclear Factor-kB signaling in liver of zebrafish (Danio rerio).
Fish Shellfish Immunol 91:87-98. https://doi.org/10.1016/j.fsi.
2019.05.018

Hansen JF, Nielsen CH, Brorson MM, Frederiksen H, Hartoft-Nielsen
ML, Rasmussen AK, Bendtzen K, Feldt-Rasmussen U (2015)
Influence of phthalates on in vitro innate and adaptive immune
responses. PloS ONE 10(6):0131168. https://doi.org/10.1371/
journal.pone.0131168

Hayes TB, Anderson LL, Beasley VR, de Solla SR, Iguchi T, Ingraham
H, Kestemont P, Kniewald J, Kniewald Z, Langlois VS, Luque
EH, McCoy KA, Muiloz-de-Toro M, Oka T, Oliveira CA, Orton
F, Ruby S, Suzawa M, Tavera-Mendoza LE, Trudeau VL, Will-
ingham E (2011) Demasculinization and feminization of male
gonads by atrazine: consistent effects across vertebrate classes.
J Steroid Biochem Mol Boil. 127(1-2):64—73. https://doi.org/10.
1016/j.jsbmb.2011.03.015

Hlisnikové H, Petroviové I, Kolena B, Sidlovsk4 M, Sirotkin A (2020)
Effects and mechanisms of phthalates’ action on reproductive
processes and reproductive health: a literature review. Int J Envi-
ron Res Public Health 17(18):6811. https://doi.org/10.3390/ijerp
h17186811

Holz LE, Jakobsen KP, Van Snick J, Cormont F, Sewell WA (2005)
Dexamethasone inhibits IL-9 production by human T cells. J
Inflamm 2:3. https://doi.org/10.1186/1476-9255-2-3

Hrelia P, Fimognari C, Maffei F, Vigagni F, Mesirca R, Pozzetti L, Pao-
lini M, Cantelli Forti G (1996) The genetic and non-genetic tox-
icity of the fungicide Vinclozolin. Mutagenesis 11(5):445-453.
https://doi.org/10.1093/mutage/11.5.445

Irani D, Borle S, Balasinor N, Singh D (2022) Maternal cypermethrin
exposure during perinatal period dysregulates gonadal steroido-
genesis, gametogenesis and sperm epigenome in F1 rat offspring.
Reprod Toxicol. 111:106-119. https://doi.org/10.1016/j.reprotox.
2022.05.010

Jiang H, Fu D, Bidgoli A, Paczesny S (2021) T cell subsets in graft
versus host disease and graft versus tumor. Front Immunol
12:761448. https://doi.org/10.3389/fimmu.2021.761448

Jin Y, Wang L, Ruan M, Liu J, Yang Y, Zhou C, Xu B, Fu Z (2011)
Cypermethrin exposure during puberty induces oxidative stress
and endocrine disruption in male mice. Chemosphere 84(1):124—
130. https://doi.org/10.1016/j.chemosphere.2011.02.034

Kamrin MA, Mayor GH (1991) Diethyl phthalate: a perspective. J Clin
Pharmacol 31(5):484-489. https://doi.org/10.1002/j.1552-4604.
1991.tb01908.x

Kanyika-Mbewe C, Thole B, Makwinja R, Kaonga CC (2020) Monitor-
ing of carbaryl and cypermethrin concentrations in water and soil
in Southern Malawi. Environ Monit Assess 192(9):595. https://
doi.org/10.1007/s10661-020-08557-y

Keil DE, Mehlmann T, Butterworth L, Peden-Adams MM (2008)
Gestational exposure to perfluorooctane sulfonate suppresses
immune function in B6C3F1 mice. Toxicol Sci 103(1):77-85.
https://doi.org/10.1093/toxsci/kfn015

Kernen L, Phan A, Bo J, Herzog EL, Huynh J, Segner H, Baumann
L (2022) Estrogens as immunotoxicants: 17a-ethinylestradiol
exposure retards thymus development in zebrafish (Danio rerio).

Aquatic Toxicol. 242:106025. https://doi.org/10.1016/j.aquatox.
2021.106025

Klein SL, Morgan R (2020) The impact of sex and gender on immuno-
therapy outcomes. Biol Sex Differ 11(1):24. https://doi.org/10.
1186/s13293-020-00301-y

Klinger G, Griser T, Mellinger U, Moore C, Vogelsang H, Groh A, Lat-
terman C, Klinger G (2000) A comparative study of the effects
of two oral contraceptives containing dienogest or desogestrel on
the human immune system. Gynecol Endocrinol 14(1):15-24.
https://doi.org/10.3109/09513590009167655

Krawczyk CM, Shen H, Pearce EJ (2007) Functional plasticity in
memory T helper cell responses. J Immunol. 178(7):4080—4088.
https://doi.org/10.4049/jimmunol.178.7.4080

Kuo CH, Yang SN, Kuo PL, Hung CH (2012) Immunomodulatory
effects of environmental endocrine disrupting chemicals. Kaoh-
siung J Med Sci 28(7 Suppl):S37-S42. https://doi.org/10.1016/j.
kjms.2012.05.008

Lee EJ, Jang Y, Kang K, Song DH, Kim R, Chang HW, Lee DE,
Song CK, Choi B, Kang MJ, Chang EJ (2016) Atrazine induces
endoplasmic reticulum stress-mediated apoptosis of T lympho-
cytes via the caspase-8-dependent pathway. Environ Toxicol
31(8):998-1008. https://doi.org/10.1002/tox.22109

Li Y, Liu Y, Shi G, Liu C, Hao Q, Wu L (2022a) Occurrence and
risk assessment of perfluorooctanoate (PFOA) and perfluorooc-
tane sulfonate (PFOS) in surface water, groundwater and sedi-
ments of the Jin river Basin, Southeastern China. Bull Environ
Contam Toxicol 108(6):1026—1032. https://doi.org/10.1007/
s00128-021-03435-w

Li S, Wang Y, Zou C, Zhu Q, Wang Y, Chen H, Yang W, Tu Y, Yan
H, Li X, Ge RS (2022b) Cypermethrin inhibits Leydig cell
development and function in pubertal rats. Environ Toxicol
37(5):1160-1172. https://doi.org/10.1002/tox.23473

Liang, L., Pan, Y., Bin, L., Liu, Y., Huang, W., Li, R., & Lai, K. P.
(2022). Immunotoxicity mechanisms of perfluorinated com-
pounds PFOA and PFOS. Chemosphere, 291(Pt 2), 132892.
https://doi.org/10.1016/j.chemosphere.2021.132892

Liberman AC, Budzifiski ML, Sokn C, Gobbini RP, Steininger A,
Arzt E (2018) Regulatory and mechanistic actions of glucocor-
ticoids on T and inflammatory cells. Front Endocrinol 9:235.
https://doi.org/10.3389/fendo.2018.00235

Liu P, Song X, Yuan W, Wen W, Wu X, Li J, Chen X (2006) Effects
of cypermethrin and methyl parathion mixtures on hormone
levels and immune functions in Wistar rats. Arch Toxicol
80(7):449-457. https://doi.org/10.1007/s00204-006-0071-7

Lu LF, Lind EF, Gondek DC, Bennett KA, Gleeson MW, Pino-Lagos
K, Scott ZA, Coyle AJ, Reed JL, Van Snick J, Strom TB, Zheng
XX, Noelle RJ (2006) Mast cells are essential intermediaries
in regulatory T-cell tolerance. Nature 442(7106):997-1002.
https://doi.org/10.1038/nature05010

Maddalon A, Masi M, Iulini M, Linciano P, Galbiati V, Marinovich
M, Racchi M, Buoso E, Corsini E (2022) Effects of endocrine
active contaminating pesticides on RACK1 expression and
immunological consequences in THP-1 cells. Environ Toxi-
col Pharmacol. 95:103971. https://doi.org/10.1016/j.etap.2022.
103971

Mandarapu R, Prakhya BM (2015) In vitro myelotoxic effects of cyper-
methrin and mancozeb on human hematopoietic progenitor cells.
J Immunotoxicol 12(1):48-55. https://doi.org/10.3109/15476
91X.2014.880535

Mangalam AK, Taneja V, David CS (2013) HLA class II mol-
ecules influence susceptibility versus protection in inflamma-
tory diseases by determining the cytokine profile. J Immunol
190(2):513-518. https://doi.org/10.4049/jimmunol. 1201891

@ Springer


https://doi.org/10.1016/j.yhbeh.2016.11.015
https://doi.org/10.1017/S2040174421000106
https://doi.org/10.1017/S2040174421000106
https://doi.org/10.1016/j.fsi.2019.05.018
https://doi.org/10.1016/j.fsi.2019.05.018
https://doi.org/10.1371/journal.pone.0131168
https://doi.org/10.1371/journal.pone.0131168
https://doi.org/10.1016/j.jsbmb.2011.03.015
https://doi.org/10.1016/j.jsbmb.2011.03.015
https://doi.org/10.3390/ijerph17186811
https://doi.org/10.3390/ijerph17186811
https://doi.org/10.1186/1476-9255-2-3
https://doi.org/10.1093/mutage/11.5.445
https://doi.org/10.1016/j.reprotox.2022.05.010
https://doi.org/10.1016/j.reprotox.2022.05.010
https://doi.org/10.3389/fimmu.2021.761448
https://doi.org/10.1016/j.chemosphere.2011.02.034
https://doi.org/10.1002/j.1552-4604.1991.tb01908.x
https://doi.org/10.1002/j.1552-4604.1991.tb01908.x
https://doi.org/10.1007/s10661-020-08557-y
https://doi.org/10.1007/s10661-020-08557-y
https://doi.org/10.1093/toxsci/kfn015
https://doi.org/10.1016/j.aquatox.2021.106025
https://doi.org/10.1016/j.aquatox.2021.106025
https://doi.org/10.1186/s13293-020-00301-y
https://doi.org/10.1186/s13293-020-00301-y
https://doi.org/10.3109/09513590009167655
https://doi.org/10.4049/jimmunol.178.7.4080
https://doi.org/10.1016/j.kjms.2012.05.008
https://doi.org/10.1016/j.kjms.2012.05.008
https://doi.org/10.1002/tox.22109
https://doi.org/10.1007/s00128-021-03435-w
https://doi.org/10.1007/s00128-021-03435-w
https://doi.org/10.1002/tox.23473
https://doi.org/10.1016/j.chemosphere.2021.132892
https://doi.org/10.3389/fendo.2018.00235
https://doi.org/10.1007/s00204-006-0071-7
https://doi.org/10.1038/nature05010
https://doi.org/10.1016/j.etap.2022.103971
https://doi.org/10.1016/j.etap.2022.103971
https://doi.org/10.3109/1547691X.2014.880535
https://doi.org/10.3109/1547691X.2014.880535
https://doi.org/10.4049/jimmunol.1201891

Archives of Toxicology

Manley K, Han W, Zelin G, Lawrence DA (2018) Crosstalk between
the immune, endocrine, and nervous systems in immunotoxi-
cology. Curr Opin Toxicol 10:37-45. https://doi.org/10.1016/j.
cotox.2017.12.003

Masi M, Racchi M, Travelli C, Corsini E, Buoso E (2021) Molecular
characterization of membrane steroid receptors in hormone-
sensitive cancers. Cells 10(11):2999. https://doi.org/10.3390/
cells10112999

Masi M, Maddalon A, Tulini M, Linciano P, Galbiati V, Marinovich M,
Racchi M, Corsini E, Buoso E (2022) Effects of endocrine dis-
rupting chemicals on the expression of RACK1 and LPS-induced
THP-1 cell activation. Toxicol. 480:153321. https://doi.org/10.
1016/j.tox.2022.153321

Massart S, Milla S, Redivo B, Flamion E, Mandiki SN, Falisse E,
Kestemont P (2014) Influence of short-term exposure to low
levels of 17a-ethynylestradiol on expression of genes involved
in immunity and on immune parameters in rainbow trout, Onco-
rhynchus mykiss. Aquat Toxicol 157:57-69. https://doi.org/10.
1016/j.aquatox.2014.10.003

Massey SC, Whitmire P, Doyle TE, Ippolito JE, Mrugala MM, Hu
LS, Canoll P, Anderson ARA, Wilson MA, Fitzpatrick SM,
McCarthy MM, Rubin JB, Swanson KR (2021) Sex differences
in health and disease: A review of biological sex differences
relevant to cancer with a spotlight on glioma. Cancer Lett
498:178-187. https://doi.org/10.1016/j.canlet.2020.07.030

Mayer EA, Tillisch K, Gupta A (2015) Gut/brain axis and the micro-
biota. J Clin Investig 125(3):926-938. https://doi.org/10.1172/
JC176304

Molina-Molina JM, Hillenweck A, Jouanin I, Zalko D, Cravedi
JP, Fernandez MF, Pillon A, Nicolas JC, Olea N, Balaguer P
(2006) Steroid receptor profiling of vinclozolin and its primary
metabolites. Toxicol Appl Pharmacol 216(1):44-54. https://
doi.org/10.1016/j.taap.2006.04.005

Moshkovits I, Reichman H, Karo-Atar D, Rozenberg P, Zigmond
E, Haberman Y, Ben Baruch-Morgenstern N, Lampinen M,
Carlson M, Itan M, Denson LA, Varol C, Munitz A (2017)
A key requirement for CD300f in innate immune responses
of eosinophils in colitis. Mucosal Immunol 10(1):172-183.
https://doi.org/10.1038/mi.2016.37

Muscari I, Fierabracci A, Adorisio S, Moretti M, Cannarile L,
ThiMinhHong V, Ayroldi E, Delfino DV (2022) Glucocorti-
coids and natural killer cells: a suppressive relationship. Bio-
chem Pharmacol. 198:114930. https://doi.org/10.1016/j.bcp.
2022.114930

Namulanda G, Taylor E, Maisonet M, Boyd Barr D, Flanders WD,
Olson D, Qualters JR, Vena J, Northstone K, Naeher L (2017)
In utero exposure to atrazine analytes and early menarche in the
Avon longitudinal study of parents and children cohort. Environ
Res 156:420—425. https://doi.org/10.1016/j.envres.2017.04.004

Net S, Sempéré R, Delmont A, Paluselli A, Ouddane B (2015) Occur-
rence, fate, behavior and ecotoxicological state of phthalates
in different environmental matrices. Environ Sci Technol
49(7):4019—-4035. https://doi.org/10.1021/es505233b

Ngo ST, Steyn FJ, McCombe PA (2014) Gender differences in autoim-
mune disease. Front Neuroendocrinol 35(3):347-369. https://doi.
org/10.1016/j.yfrne.2014.04.004

Niederlova V, Tsyklauri O, Chadimova T, Stepanek O (2021) CD8+
tregs revisited: a heterogeneous population with different phe-
notypes and properties. Eur J Immunol 51(3):512-530. https://
doi.org/10.1002/eji.202048614

Nocentini G, Cari L, Migliorati G, Riccardi C (2017) The role of GITR
single-positive cells in immune homeostasis. Immun Inflamm
Dis 5(1):4-6. https://doi.org/10.1002/iid3.148

@ Springer

Nowak K, Jabloriska E, Ratajczak-Wrona W (2019) Immunomodula-
tory effects of synthetic endocrine disrupting chemicals on the
development and functions of human immune cells. Environ Int
125:350-364. https://doi.org/10.1016/j.envint.2019.01.078

Ortona E, Pierdominici M, Maselli A, Veroni C, Aloisi F, Shoenfeld
Y (2016) Sex-based differences in autoimmune diseases. Annali
Dell’istituto Superiore Di Sanita 52(2):205-212. https://doi.org/
10.4415/ANN_16_02_12

Owagboriaye F, Oladunjoye R, Adekunle O, Adeleke M, Salisu T,
Adenekan A, Sulaimon A, Dedeke G, Lawal O (2022) First
report on atrazine monitoring in drinking water from Ijebu-
North, South-West Nigeria: human health risk evaluation and
reproductive toxicity studies. Front toxicol. 4:975636. https://
doi.org/10.3389/ft0x.2022.975636

Paoloni-Giacobino A (2014) Epigenetic effects of methoxychlor and
vinclozolin on male gametes. Vitam Horm 94:211-227. https://
doi.org/10.1016/B978-0-12-800095-3.00008-0

Park HJ, Choi JM (2017) Sex-specific regulation of immune responses
by PPARs. Exp Mol Med. 49(8):e364. https://doi.org/10.1038/
emm.2017.102

Patisaul HB (2021) Endocrine disrupting chemicals (EDCs) and the
neuroendocrine system: beyond estrogen, androgen, and thyroid.
Adv Pharmacol 92:101-150. https://doi.org/10.1016/bs.apha.
2021.03.007

Pinchuk LM, Lee SR, Filipov NM (2007) In vitro atrazine exposure
affects the phenotypic and functional maturation of dendritic
cells. Toxicol Appl Pharmacol 223(3):206-217. https://doi.org/
10.1016/j.taap.2007.06.004

Placke T, Kopp HG, Salih HR (2010) Glucocorticoid-induced TNFR-
related (GITR) protein and its ligand in antitumor immunity:
functional role and therapeutic modulation. Clin Develop Immu-
nol 2010:239083. https://doi.org/10.1155/2010/239083

Predieri B, Bruzzi P, Bigi E, Ciancia S, Madeo SF, Lucaccioni L,
Tughetti L (2020) Endocrine disrupting chemicals and type 1
diabetes. Int J Mol Sci 21(8):2937. https://doi.org/10.3390/ijms2
1082937

Qazi MR, Nelson BD, Depierre JW, Abedi-Valugerdi M (2010) 28-Day
dietary exposure of mice to a low total dose (7 mg/kg) of perfluo-
rooctanesulfonate (PFOS) alters neither the cellular compositions
of the thymus and spleen nor humoral immune responses: does
the route of administration play a pivotal role in PFOS-induced
immunotoxicity? Toxicology 267(1-3):132-139. https://doi.org/
10.1016/j.t0x.2009.10.035

Qi X, Yun C, Pang Y, Qiao J (2021) The impact of the gut micro-
biota on the reproductive and metabolic endocrine system. Gut
Microbes 13(1):1-21. https://doi.org/10.1080/19490976.2021.
1894070

Quintero OL, Amador-Patarroyo MJ, Montoya-Ortiz G, Rojas-Villar-
raga A, Anaya JM (2012) Autoimmune disease and gender: plau-
sible mechanisms for the female predominance of autoimmunity.
J Autoimmun 38(2-3):J109-J119. https://doi.org/10.1016/j.jaut.
2011.10.003

Riccardi C, Ronchetti S, Nocentini G (2018) Glucocorticoid-induced
TNFR-related gene (GITR) as a therapeutic target for immuno-
therapy. Expert Opin Ther Targets 22(9):783—797. https://doi.
org/10.1080/14728222.2018.1512588

Rogers JA, Metz L, Yong VW (2013) Review: Endocrine disrupting
chemicals and immune responses: a focus on bisphenol-A and
its potential mechanisms. Mol Immunol 53(4):421-430. https://
doi.org/10.1016/j.molimm.2012.09.013

Ronchetti S, Nocentini G, Petrillo MG, Riccardi C (2012) CD8+ T
cells: GITR matters. Sci World J. 2012:308265. https://doi.org/
10.1100/2012/308265


https://doi.org/10.1016/j.cotox.2017.12.003
https://doi.org/10.1016/j.cotox.2017.12.003
https://doi.org/10.3390/cells10112999
https://doi.org/10.3390/cells10112999
https://doi.org/10.1016/j.tox.2022.153321
https://doi.org/10.1016/j.tox.2022.153321
https://doi.org/10.1016/j.aquatox.2014.10.003
https://doi.org/10.1016/j.aquatox.2014.10.003
https://doi.org/10.1016/j.canlet.2020.07.030
https://doi.org/10.1172/JCI76304
https://doi.org/10.1172/JCI76304
https://doi.org/10.1016/j.taap.2006.04.005
https://doi.org/10.1016/j.taap.2006.04.005
https://doi.org/10.1038/mi.2016.37
https://doi.org/10.1016/j.bcp.2022.114930
https://doi.org/10.1016/j.bcp.2022.114930
https://doi.org/10.1016/j.envres.2017.04.004
https://doi.org/10.1021/es505233b
https://doi.org/10.1016/j.yfrne.2014.04.004
https://doi.org/10.1016/j.yfrne.2014.04.004
https://doi.org/10.1002/eji.202048614
https://doi.org/10.1002/eji.202048614
https://doi.org/10.1002/iid3.148
https://doi.org/10.1016/j.envint.2019.01.078
https://doi.org/10.4415/ANN_16_02_12
https://doi.org/10.4415/ANN_16_02_12
https://doi.org/10.3389/ftox.2022.975636
https://doi.org/10.3389/ftox.2022.975636
https://doi.org/10.1016/B978-0-12-800095-3.00008-0
https://doi.org/10.1016/B978-0-12-800095-3.00008-0
https://doi.org/10.1038/emm.2017.102
https://doi.org/10.1038/emm.2017.102
https://doi.org/10.1016/bs.apha.2021.03.007
https://doi.org/10.1016/bs.apha.2021.03.007
https://doi.org/10.1016/j.taap.2007.06.004
https://doi.org/10.1016/j.taap.2007.06.004
https://doi.org/10.1155/2010/239083
https://doi.org/10.3390/ijms21082937
https://doi.org/10.3390/ijms21082937
https://doi.org/10.1016/j.tox.2009.10.035
https://doi.org/10.1016/j.tox.2009.10.035
https://doi.org/10.1080/19490976.2021.1894070
https://doi.org/10.1080/19490976.2021.1894070
https://doi.org/10.1016/j.jaut.2011.10.003
https://doi.org/10.1016/j.jaut.2011.10.003
https://doi.org/10.1080/14728222.2018.1512588
https://doi.org/10.1080/14728222.2018.1512588
https://doi.org/10.1016/j.molimm.2012.09.013
https://doi.org/10.1016/j.molimm.2012.09.013
https://doi.org/10.1100/2012/308265
https://doi.org/10.1100/2012/308265

Archives of Toxicology

Ronchetti S, Ricci E, Petrillo MG, Cari L, Migliorati G, Nocentini G,
Riccardi C (2015) Glucocorticoid-induced tumour necrosis factor
receptor-related protein: a key marker of functional regulatory
T cells. J Immunol Res. 2015:171520. https://doi.org/10.1155/
2015/171520

Rowe AM, Brundage KM, Barnett JB (2008) Developmental immu-
notoxicity of atrazine in rodents. Basic Clin Pharmacol Toxi-
col 102(2):139-145. https://doi.org/10.1111/j.1742-7843.2007.
00175.x

SCHER (Scientific Committee on Health and Environmental Risks).
Opinion on “chemicals and the water framework directive: draft
environmental quality standards" Ethinylestradiol (EE2). 2011,
European Commission, Brussels, Belgium. https://ec.europa.eu/
health/scientific_committees/environmental_risks/docs/scher_o_
146.pdf [Accessed date: 11 January 2023].

Schjenken JE, Green ES, Overduin TS, Mah CY, Russell DL, Rob-
ertson SA (2021) Endocrine disruptor compounds-a cause of
impaired immune tolerance driving inflammatory disorders of
pregnancy? Front Endocrinol 12:607539. https://doi.org/10.
3389/fendo.2021.607539

Schooling CM, Zhao J (2015) Estrogenic endocrine disruptors and
autoimmune disease. Int J Epidemiol 44(1):363-364. https://doi.
org/10.1093/ije/dyu133

Schug TT, Janesick A, Blumberg B, Heindel JJ (2011) Endocrine dis-
rupting chemicals and disease susceptibility. J Steroid Biochem
Mol Biol 127(3-5):204-215. https://doi.org/10.1016/j.jsbmb.
2011.08.007

Segovia-Mendoza M, Nava-Castro KE, Palacios-Arreola MI, Garay-
Canales C, Morales-Montor J (2020) How microplastic com-
ponents influence the immune system and impact on children
health: Focus on cancer. Birth Defects Res 112(17):1341-1361.
https://doi.org/10.1002/bdr2.1779

Selmi C, Gershwin ME (2019) Sex and autoimmunity: proposed mech-
anisms of disease onset and severity. Expert Rev Clin Immunol
15(6):607-615. https://doi.org/10.1080/1744666X.2019.1606714

Singh D, Irani D, Bhagat S, Vanage G (2020) Cypermethrin exposure
during perinatal period affects fetal development and impairs
reproductive functions of F1 female rats. Sci Total Environ.
707:135945. https://doi.org/10.1016/j.scitotenv.2019.135945

St Paul M, Saibil SD, Han S, Israni-Winger K, Lien SC, Laister RC,
Sayad A, Penny S, Amaria RN, Haydu LE, Garcia-Batres CR,
Kates M, Mulder DT, Robert-Tissot C, Gold MJ, Tran CW,
Elford AR, Nguyen LT, Pugh TJ, Pinto DM, Ohashi PS (2021)
Coenzyme A fuels T cell anti-tumor immunity. Cell Metab.
33(12):2415-24276. https://doi.org/10.1016/j.cmet.2021.11.010

Stanko K, Iwert C, Appelt C, Vogt K, Schumann J, Strunk FJ, Ahrlich
S, Schlickeiser S, Romagnani C, Jiirchott K, Meisel C, Willimsky
G, Kiihl AA, Sawitzki B (2018) CD96 expression determines the
inflammatory potential of IL-9-producing Th9 cells. Proc Natl
Acad Sci USA 115(13):E2940-E2949. https://doi.org/10.1073/
pnas.1708329115

Strehl C, Ehlers L, Gaber T, Buttgereit F (2019) Glucocorticoids-all-
rounders tackling the versatile players of the immune system.
Front Immunol 10:1744. https://doi.org/10.3389/fimmu.2019.
01744

Sugiyama D, Nishimura K, Tamaki K, Tsuji G, Nakazawa T, Morinobu
A, Kumagai S (2010) Impact of smoking as a risk factor for
developing rheumatoid arthritis: a meta-analysis of observational
studies. Ann Rheum Dis 69(1):70-81. https://doi.org/10.1136/
ard.2008.096487

Taneja V (2018) Sex hormones determine immune response. Front
Immunol 9:1931. https://doi.org/10.3389/fimmu.2018.01931

Tang Z, Liu ZH, Wang H, Dang Z, Liu Y (2021) A review of
17a-ethynylestradiol (EE2) in surface water across 32 coun-
tries: sources, concentrations, and potential estrogenic effects.
J Environ Manag. 292:112804. https://doi.org/10.1016/j.jenvm
an.2021.112804

Tarapore P, Ouyang B (2021) perfluoroalkyl chemicals and male repro-
ductive health: do PFOA and PFOS increase risk for male infer-
tility? Int J Environ Res Public Health 18(7):3794. https://doi.
org/10.3390/ijerph18073794

Taves MD, Ashwell JD (2021) Glucocorticoids in T cell development,
differentiation and function. Nat Rev Immunol 21(4):233-243.
https://doi.org/10.1038/541577-020-00464-0

Teitelbaum SL, Mervish N, Moshier EL, Vangeepuram N, Galvez MP,
Calafat AM, Silva MJ, Brenner BL, Wolff MS (2012) Associa-
tions between phthalate metabolite urinary concentrations and
body size measures in New York City children. Environ Res
112:186-193. https://doi.org/10.1016/j.envres.2011.12.006

Torres L, Redko A, Limper C, Imbiakha B, Chang S, August A (2021)
Effect of perfluorooctanesulfonic acid (PFOS) on immune cell
development and function in mice. Immunol Lett 233:31-41.
https://doi.org/10.1016/j.imlet.2021.03.006

Trasande L, Spanier AJ, Sathyanarayana S, Attina TM, Blustein J
(2013) Urinary phthalates and increased insulin resistance in
adolescents. Pediatrics 132(3):e646—e655. https://doi.org/10.
1542/peds.2012-4022

Trentacoste SV, Friedmann AS, Youker RT, Breckenridge CB, Zirkin
BR (2001) Atrazine effects on testosterone levels and androgen-
dependent reproductive organs in peripubertal male rats. Journal
of Andrology 22(1):142-148. https://doi.org/10.1002/j.1939-
4640.2001.tb02164.x

Van Laethem F, Baus E, Smyth LA, Andris F, Bex F, Urbain J, Kious-
sis D, Leo O (2001) Glucocorticoids attenuate T cell receptor
signaling. J Exp Med 193(7):803-814. https://doi.org/10.1084/
jem.193.7.803

Wang J, Ioan-Facsinay A, van der Voort EI, Huizinga TW, Toes RE
(2007) Transient expression of FOXP3 in human activated non-
regulatory CD4+ T cells. Eur J Immunol 37(1):129-138. https://
doi.org/10.1002/eji.200636435

White KL Jr, Germolec DR, Musgrove DL, Delclos KB, Newbold RR,
Weis C, Guo TL (2004) Vinclozolin modulates splenic natural
killer cell activity, antibody-forming cell response and pheno-
typic marker expression in sprague dawley rats: a two-generation
feeding study. J Immunotoxicol 1(2):113-121. https://doi.org/10.
1080/15476910490518893

WHO (World Health Organization) (2002) Global assessment of the
state-of-the-science of endocrine disruptors. International Pro-
gram on Chemical Safety. https://apps.who.int/iris/handle/10665/
67357

Wu CY, Fargeas C, Nakajima T, Delespesse G (1991) Glucocorticoids
suppress the production of interleukin 4 by human lymphocytes.
Eur J Immunol 21(10):2645-2647. https://doi.org/10.1002/eji.
1830211053

Xu H, Shao X, Zhang Z, Zou Y, Wu X, Yang L (2013) Oxidative stress
and immune related gene expression following exposure to di-n-
butyl phthalate and diethyl phthalate in zebrafish embryos. Eco-
toxicol Environ Saf 93:39-44. https://doi.org/10.1016/j.ecoenv.
2013.03.038

Xue G, Jin G, Fang J, Lu Y (2019) IL-4 together with IL-1f induces
antitumor Th9 cell differentiation in the absence of TGF-f
signaling. Nat Commun 10(1):1376. https://doi.org/10.1038/
s41467-019-09401-9

@ Springer


https://doi.org/10.1155/2015/171520
https://doi.org/10.1155/2015/171520
https://doi.org/10.1111/j.1742-7843.2007.00175.x
https://doi.org/10.1111/j.1742-7843.2007.00175.x
https://ec.europa.eu/health/scientific_committees/environmental_risks/docs/scher_o_146.pdf
https://ec.europa.eu/health/scientific_committees/environmental_risks/docs/scher_o_146.pdf
https://ec.europa.eu/health/scientific_committees/environmental_risks/docs/scher_o_146.pdf
https://doi.org/10.3389/fendo.2021.607539
https://doi.org/10.3389/fendo.2021.607539
https://doi.org/10.1093/ije/dyu133
https://doi.org/10.1093/ije/dyu133
https://doi.org/10.1016/j.jsbmb.2011.08.007
https://doi.org/10.1016/j.jsbmb.2011.08.007
https://doi.org/10.1002/bdr2.1779
https://doi.org/10.1080/1744666X.2019.1606714
https://doi.org/10.1016/j.scitotenv.2019.135945
https://doi.org/10.1016/j.cmet.2021.11.010
https://doi.org/10.1073/pnas.1708329115
https://doi.org/10.1073/pnas.1708329115
https://doi.org/10.3389/fimmu.2019.01744
https://doi.org/10.3389/fimmu.2019.01744
https://doi.org/10.1136/ard.2008.096487
https://doi.org/10.1136/ard.2008.096487
https://doi.org/10.3389/fimmu.2018.01931
https://doi.org/10.1016/j.jenvman.2021.112804
https://doi.org/10.1016/j.jenvman.2021.112804
https://doi.org/10.3390/ijerph18073794
https://doi.org/10.3390/ijerph18073794
https://doi.org/10.1038/s41577-020-00464-0
https://doi.org/10.1016/j.envres.2011.12.006
https://doi.org/10.1016/j.imlet.2021.03.006
https://doi.org/10.1542/peds.2012-4022
https://doi.org/10.1542/peds.2012-4022
https://doi.org/10.1002/j.1939-4640.2001.tb02164.x
https://doi.org/10.1002/j.1939-4640.2001.tb02164.x
https://doi.org/10.1084/jem.193.7.803
https://doi.org/10.1084/jem.193.7.803
https://doi.org/10.1002/eji.200636435
https://doi.org/10.1002/eji.200636435
https://doi.org/10.1080/15476910490518893
https://doi.org/10.1080/15476910490518893
https://apps.who.int/iris/handle/10665/67357
https://apps.who.int/iris/handle/10665/67357
https://doi.org/10.1002/eji.1830211053
https://doi.org/10.1002/eji.1830211053
https://doi.org/10.1016/j.ecoenv.2013.03.038
https://doi.org/10.1016/j.ecoenv.2013.03.038
https://doi.org/10.1038/s41467-019-09401-9
https://doi.org/10.1038/s41467-019-09401-9

Archives of Toxicology

Yang M, Li LY, Qin XD, Ye XY, Yu S, Bao Q, Sun L, Wang ZB,
Bloom MS, Jalava P, Hu LW, Yu HY, Zeng XW, Yang BY, Dong
GH, Li CW (2021) Perfluorooctanesulfonate and perfluorooc-
tanoate exacerbate airway inflammation in asthmatic mice and
in vitro. Sci Total Environ 766:142365. https://doi.org/10.1016/].
scitotenv.2020.142365

Yilmaz B, Terekeci H, Sandal S, Kelestimur F (2020) Endocrine dis-
rupting chemicals: exposure, effects on human health, mecha-
nism of action, models for testing and strategies for prevention.
Rev Endocr Metab Disord 21(1):127-147. https://doi.org/10.
1007/s11154-019-09521-z

@ Springer

Zhao S, LiuJ, Zhao F, Liu W, Li N, Suo Q, Zhao J, Zhao L (2013) Sub-
acute exposure to the herbicide atrazine suppresses cell immune
functions in adolescent mice. Biosci Trends 7(4):193-201.
https://doi.org/10.5582/bst.2013.v7.4.193

Zheng L, Dong GH, Zhang YH, Liang ZF, Jin YH, He QC (2011)
Type 1 and Type 2 cytokines imbalance in adult male C57BL/6
mice following a 7-day oral exposure to perfluorooctanesulfonate
(PFOS). J Immunotoxicol 8(1):30-38. https://doi.org/10.3109/
1547691X.2010.537287

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.scitotenv.2020.142365
https://doi.org/10.1016/j.scitotenv.2020.142365
https://doi.org/10.1007/s11154-019-09521-z
https://doi.org/10.1007/s11154-019-09521-z
https://doi.org/10.5582/bst.2013.v7.4.193
https://doi.org/10.3109/1547691X.2010.537287
https://doi.org/10.3109/1547691X.2010.537287

	Impact of endocrine disruptors on peripheral blood mononuclear cells in vitro: role of gender
	Abstract
	Introduction
	Materials and methods
	Tested chemicals
	PBMC treatment with EDs
	Immunoblot analysis of RACK1 expression
	Flow cytometric analysis of CD86 and CD54 expression
	Cytokine production
	Assessment of the lytic activity of NK cells
	Flow cytometric analysis of T cells differentiation
	t-SNE analysis of T helper cell subpopulations
	Statistical analysis

	Results
	EDs modify RACK1 expression in human PBMC
	Effects of EDs on RACK1-related pro-inflammatory markers and cytokines production
	Effect of EDs on NK cells' lytic activity
	Effects of EDs on CD4+ and CD8+ cells differentiation
	Sex differences in EDs’ modulations of CD4+ subpopulations

	Discussion
	Anchor 21
	References


