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1 | INTRODUCTION
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Abstract

Monocytes play a critical role in inflammation and immune response, their activity
being sex-dependent. However, the basis of sex differences is not well understood.
Therefore, we investigated the lipopolysaccharide (LPS) effects on tumor necrosis
factor-a (TNF-a) release, autophagy, and chemotaxis in freshly isolated monocytes
from healthy young men and women. In basal conditions, male and female mono-
cytes had similar TNF-a release, chemotaxis, and estrogen receptors (ER-a) and ER-B
expression, while the LC3II/I ratio was significantly higher in males. LPS treatment
induced qualitative and quantitative sex differences. It reduced autophagy and in-
creased TNF-a release only in male monocytes, while, chemotaxis was significantly
influenced only in female cells. Moreover, it reduced the expression of ER-a only in
female cells, while ER-f expression was reduced in both sexes, but more markedly in
female cells. Finally, the interplay between LPS treatment and 17-B-estradiol (E,)
was present only in female cells. Globally, these findings expand the concept that sex
plays a role in regulating monocytes' functions, being sex differences cell- and

parameter-specific.
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(Meidaninikjeh et al., 2021) through the production of cytokines such
as tumor necrosis factor-a (TNF-a) (Aldrich & Sevick-Muraca, 2013;

Sex can affect the risk factors, incidence, prevalence, diagnosis,
prognosis, and treatments of diseases, changing both genetic, hor-
monal, and environmental effects. Knowledge of the sex impact will
contribute to providing more appropriate prevention and care
(Khramtsova et al., 2019; Legato, 2017). One of the important ex-
amples of sex impact involves inflammatory and immune response
(Lotter & Altfeld, 2019), as also shown by the recent pandemic
Covid-19 (Takahashi et al., 2020). Among inflammatory cells, mono-
cytes and macrophages play a crucial role in innate immune response,

having a strong role in the battle against viral and bacterial infections

Campesi et al,, 2013, 2017; Franconi et al., 2017; Meidaninikjeh
et al,, 2021).

Interestingly, their responses strongly depend on sex (Campesi
et al., 2017; Franconi et al., 2017; Ruggieri et al., 2014). For example,
lipopolysaccharide (LPS)-induced TNF-a release is higher in human
monocyte-derived macrophages in nonsmoker women in comparison
with no-smoker men (Campesi et al., 2013). Estrogens contribute to
the sex differences of immune responses (Bhatia et al., 2014). In fact,
in human monocyte-derived macrophages, an interplay between es-
trogen receptors (ER) and LPS was reported. In both sexes, LPS
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upregulates the expression and the activity of ER-a, the effect being
more marked in male cells. By contrast, ER-f is downregulated by LPS
only in female cells (Campesi et al., 2017). This component of Gram-
negative bacteria binds the TLR4 receptor (Lu et al., 2008) being able,
for example, to affect monocyte chemotaxis (Teh et al., 2019). More
recently, it was shown that LPS is also able to modulate autophagy in
human monocyte-derived dendritic cells by increasing some proteins
including microtubule-associated protein 1A/1B-light chain 3B
(LC3B) (Monaci et al., 2020). In LPS-treated macrophages and
monocytes, the inhibition of autophagy is associated with increased
secretion of several cytokines (Lee et al., 2016; Saitoh et al., 2008).
Although autophagy is a fundamental process for monocytes' life
(Zhang et al., 2012), to the best of our knowledge, no data are
available regarding sex differences in monocytes' autophagy.
Autophagy appears sexually dimorphic in several cells such as human
umbilical vein endothelial cells (HUVEC), in human and rat vascular
smooth muscle cells and neurons (Addis et al., 2014; Campesi et al.,
2016; Du et al., 2009; Straface et al., 2009; Wang et al., 2015).

Only one study, to our knowledge, investigates the influence of
sex on chemotaxis in human monocytes. It shows that LPS is more
effective in inducing chemotaxis in female than in male cells (Ruggieri
et al, 2014). Previously, it was shown that 17-B-estradiol (E2;
1077-107° M) inhibits it in a monocyte-like cell line 1 (Okada et al.,
2010). E2 (107*?-10"*M) also inhibits the chemotaxis induced by
monocyte-chemoattractant protein 1 in human monocytes whereas
tamoxifen and clomiphene, two ER antagonists, restore it (Yamada
et al., 1996).

On this basis, we checked if LPS treatment had a sex-specific
effect on monocytes functions (TNF-a release, autophagy, and
chemotaxis) and if physiological doses of E, (10™? M and 1071° M)
were able to modify LPS influence on chemotaxis of monocytes

freshly isolated from healthy young men and women.
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2 | METHODS

2.1 | Population

Fourteen healthy adult men and 13 healthy adult women aged
between 18 and 37 years were enrolled. All women were fertile
and premenopausal, with regular menstrual cycles (28-30 days)
without reported precocious and/or surgically induced meno-
pause, and were free from hormonal contraceptives use for at
least 3 months to ensure an adequate wash-out period, and were
all analyzed during the follicular phase of their menstrual cycles.
This study was approved by the Independent Ethical Committee
of Azienda Ospedaliero Universitaria (AOU Cagliari; prot.
PG/2019/6280). Written informed consent was obtained for
each participant and all procedures were conducted following the

Declaration of Helsinki.

2.2 | Monocytes isolation

Monocytes of individual subjects were isolated from 15ml of blood,
withdrawn from healthy men and women according to Campesi et al.
(2012). Purified monocytes were obtained by adhesion; non-adherent
cells (mainly lymphocytes) were removed by gentle washes with phos-
phate buffer after 2 h of culture in a 5% CO, incubator at 37°C in RPMI-
1640 medium containing 20% fetal bovine serum, 2mM glutamine,
10mM HEPES, and antibiotics/antimycotics. The method used for
monocyte culture and purification is a well-recognized and widely and
currently used method, as evidenced by numerous recently published
papers (Antonelli et al., 2021; Chaudhary et al., 2021; Filipek et al., 2020;
Hummitzsch et al., 2020; Lappalainen et al., 2021; Marchini et al., 2020;
Nogie¢ et al., 2020).
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(a) Effect of LPS on TNF-a release; (b) effect of LPS on LC3II/I ratio. Data are expressed as the mean of experiments + SD of at

least 10 independent samples for each sex for TNF-a (performed in duplicate) and five independent samples for each sex for LC3II/I ratio.
Connectors represent the statistical differences. White bars, female monocytes; black bars, male monocytes. LPS, lipopolysaccharide; TNF-a,

tumor necrosis factor-a
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FIGURE 2 Schematic representation of

the different experimental conditions used for
chemotaxis assay and a summary of observed
sex differences. LPS, lipopolysaccharide; M,
males; F, females. Rows represent an increase
or a decrease. The simbol '=" indicate a lack of
effect.

(a) Bazal
MysF
Chemotaxis=
ERa=
culture medium—4—» ERB =
(b) LPS LPS
Chemotaxis= Chemo(axis‘
é ERa= é; FRa ¥
ERB ¢ ERB ¢
(c)
LPS J» —— Chemotaxiz= LPS —» — Chemoc:uij
(d)
E —4» — Chemotaxiz= E —J» — Chemo(nis‘
(e) LPS LPS
E _{» — Chemotaxis= E 1» — Chemotaxis ¥
)
E, ~LPS—|p — Chemotaxis= E, - LPS —}» —» Chemotaxis'

2.3 | TNF-a release quantification

Male and female monocytes (4 x 10%/cm?) were incubated in a
96-well plate for 24 h in the absence or presence of 100 ng/ml
LPS (Sigma-Aldrich). The supernatants were then collected and
stored at -80°C until analysis of the TNF-a release using a
commercial ELISA kit (human TNF-a/TNFSF1A DuoSet ELISA kit;
R&D Systems) following the manufacturer's instructions. All

samples were assayed in duplicate.

2.4 | Chemotaxis assay

For chemotaxis assay, monocytes (8.0 x 10* cells/well) were suspended in
RPMI-1640 medium only or suspended in RPMI-1640 medium +100
mg/ml LPS. The LPS dose was selected as previously described
(Monguid-Tortajada et al., 2018; Sinistro et al., 2007; Tucureanu et al,
2018; Watanabe et al., 2002). Monocytes were placed into the upper

chamber of a 24-well modified Boyden Chamber (8.0 um cell culture
inserts; BD Bioscience).

Cells inserts, with porous membranes, were placed over a
bottom chamber containing RPMI-1640 medium only, or E,
(1077 M, 107 M), or LPS (100 ng/ml) as chemoattractant agents.
After 5 h of incubation at 37°C, the cells that had migrated to the
lower side of the filter were stained with DAPI (0.2 mg/ml; Sigma-
Aldrich), and 5 unit fields per filter were counted using a fluor-
escence microscope (Motic AE31). The percentage of migrated
monocytes was calculated using the Imagel) software (NIH),
counting nuclei at each condition in comparison with the baseline.

Each sample was examined in duplicate.

2.5 | Western blot analysis

Monocytes were cultured for 24 h RPMI-1640 medium in the
absence or presence of 100 ng/ml LPS and then were lyzed (Cell
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FIGURE 3 Effect of LPS treatment (a) and the effect of LPS used as a chemoattractant (b) on female and male monocytes chemotaxis, and
representative photographs of chemotaxis assay at 5 h, taken at x20 magnification (bottom). Data are expressed as the mean + SD of at least 10
independent samples for each sex. Connectors represent the statistical differences. White bars, female monocytes; black bars, male monocytes

Lysis Buffer). The protein concentration was quantified using the
BCA protein assay kit (Thermo Fisher Scientific). For the western
blot analysis, 15ug of solubilized proteins were electro-
phoretically resolved by 4%-15% SDS-PAGE (100V, 2h, 24°C)
and then transferred to a PVDF membrane (250 mA, 65 min, 4°C)
using a mini-PROTEAN tetra cell system (Bio-Rad). The mem-
branes were blocked in 5% (w/v) skim-milk (Sigma-Aldrich) in
150 mM Tris buffer (Sigma-Aldrich) and 20 mM Tris-HCI, pH 7.2
(Sigma-Aldrich) at 24°C for 1 h. Then membranes were incubated
overnight at 4°C with the following antibodies: rabbit ER-a, ER-f8
(1:500; Thermo Fisher Scientific), or LC3 (LC3-I and LC3-II)
(1:1000; MBL), a reliable and worldwide used method for mon-
itoring autophagy (Klionsky et al., 2021). The LC3II/I ratio allows,
in fact, to understand the state of the process as an increase in
the ratio indicates increased autophagy and therefore greater
phagolysosome formation (Klionsky et al., 2021).

The rabbit polyclonal antibody anti-a-actin (1:1000; Sigma-Aldrich)
was used as a loading control to normalize protein levels; no difference in
a-actin levels was reported between sexes as demonstrated by western
blot images (2,594,221.4 + 2,335,420.7053 optical density [OD] for fe-
males, and 170,801.64 £ 2,604,547.38 OD for males; N =5 for each sex;
p = .48). After washing, the blots were incubated for 1 h with anti-rabbit
IgG horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell

Signaling Technology) (1:2000). Antibody binding was detected using a
chemiluminescence reaction (Cell Signalling Technology) with the Bio-Rad
Chemi Doc instrument (Berkeley). Band volume analysis was performed
using the Image Lab 4.0 software (Bio-Rad Laboratories).

2.6 | Statistical analysis

Data were reported as the mean + SD. Statistical analysis was performed
by t test to compare population characteristics and by two-way analysis
of variance (two-way ANOVA) followed by the pairwise multiple com-
parison procedures to analyze the effect of sex and treatment with LPS or
E2 using Sigma-Stat 3.1 software (Systat Software). The distribution of
samples was assessed by the Kolmogorov-Smirnov and Shapiro tests. A
p < 0.05 was considered statistically significant.

3 | RESULTS

3.1 | Basal characteristics of blood donors

Thirteen healthy women and 14 men were enrolled. They were well

matched for age (women 26.6+5.8 years, men 26.4+4.3 years,
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(a) Western blot (up) and densitometric analysis (bottom) for ER-a and ER-B expression; (b) percentage of variation of ER-a and

ER-B expression after 100 ng/ml LPS. The value of the percentages is indicated within the histograms. Data are expressed as the

mean + SD of at least five independent samples for each sex. Connectors represent the statistical difference. Black bars, male monocytes; white
bars, female monocytes. The white dividing line between the bands has been used for the purpose of presentation as there is splicing
between the basal and LPS lanes of ER-a and a-actin bands The bands relative to the basal expression are identical in panels (a) and (b) and have

been adapted to the images for representative purposes

p =0.45). As expected, men were taller (women 1.63 +0.06 m, men
1.77+0.07m, p<0.001), weighed significantly more (women
53.7+9.1kg, men 77.8+14.9 kg, p <0.001) and had a higher body

mass index (women 20.2+29kg/m? men 24.8+3.9kg/m?
p < 0.001).
3.2 | LPS effects on TNF-a release and autophagy

In basal conditions, the cytokine release was similar in both sexes
(Figure 1a). The LPS incubation increased the release of TNF-a of about
6,000% and 20,000% in female and male monocytes, respectively. Thus,
the LPS effect is much higher in male monocytes than in female ones
(Figure 1a).

In basal conditions, male monocytes were more autophagic than
female ones: the LC3II/I ratio was 2.2-fold significantly higher in male
monocytes than in female ones (Figure 1b). Only in male cells, exposure
to LPS significantly downregulated at 3.7-fold the LC3II/I ratio. The re-
duction observed in female monocytes did not reach statistical sig-

nificance (Figure 1b).

3.3 | LPS effects on monocytes chemotaxis

In basal conditions, male and female monocytes did not present any
significant difference in the number of migrated cells (4973 + 2491 cells
for females and 5286 + 2267 for males, n=12 for each sex; p=0.69;
Figure 2a). Treatment of monocytes with LPS (cells + LPS in the upper

chamber, Figure 2b) significantly reduced chemotaxis (of about 33%) only
in female cells, while no statistically significant effect was highlighted in
male monocytes (Figure 3a).

When LPS was used as a chemoattract agent (in the bottom of
migration chamber, Figure 2¢), a significantly higher percentage of female
monocytes migrated when compared to basal conditions (Figure 3b). In
male monocytes, the LPS exposure induced a non statistically significant
decrease in chemotaxis versus basal conditions and to LPS-treated female

cells.

3.4 | ER-a and ER-B expression in basal conditions
and after LPS stimulation

Basal expression of ER-a and ER-B was similar in female and male
monocytes (Figure 4a). LPS stimulation significantly downregulated ER-f
expression in female and male monocytes, the effect was more marked in
female cells (Figure 4b). However, LPS significantly decreased ER-a ex-

pression only in female cells.

3.5 | E, effects on chemotaxis
In basal female cells, both concentrations of E,, added in the bottom of
the migration chamber (Figure 2d), significantly decreased the chemotaxis
by about 30% and 35%, respectively (Figure 5a).

To understand the interplay between LPS and E,, the chemotaxis
assay was performed treating cells with LPS and using E; as the attracting
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(a) Effect of E; on chemotaxis and representative photographs at 5 h, taken at x20 magnification. (b) Effect of LPS treatment

(upper chamber) and E, used as chemoattractant on chemotaxis and representative photographs (right) at 5 h, taken at x20 magnification
(c) Effect of LPS and E, used both as chemoattractant on chemotaxis and representative photographs at 5 h, taken at x20 magnification
Data are expressed as the mean = SD of at least 10 independent samples for each sex. Connectors represent the statistical differences

Black bars, male monocytes; white bars, female monocytes

agent (Figure 2e). In this experimental condition, the inhibitory effect of
E, on female cell migration disappeared (Figure 5b). Finally, the chemo-
taxis assay was carried out using both LPS and E, as chemoattractant
agents at the same time (Figure 2f): the attractant effect of LPS prevailed
over the inhibitory effect E,, only in females and at the dose of 107°M
(Figure 5c). No effects were observed in male monocytes, in none of the
tested conditions (Figure 5b,c).

4 | DISCUSSION

In humans, the immune response is sexual divergent, with men ex-
hibiting larger infection rates than women for a variety of micro-
organisms, and women having a higher prevalence of autoimmune
diseases compared to men (Angum et al
2020; Ngo et al.,

., 2020; Chakravarty et al.,
2014; Ubeda & Jansen, 2016). However, the
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mechanisms of sex differences are not clearly understood. The sexual
hormones elicit direct effects on the function of immune cells
(Shepherd et al., 2021), including monocytes (Franconi et al., 2017).
Here, male and female monocytes express both ER-a and ER-( re-
ceptors without statistically significant differences in basal condi-
tions. No consensus exists in the literature on this point. Pelekanou
et al. (2016) found that human monocytes express only ER-a 36 kDa
independently from sex and without significant modifications of the
expression related to the menstrual phase. Others reported that
monocytes express low levels of both ER-a and ER-B messenger
RNA, ER-a being prevalent in male monocytes more than in female
ones (Murphy et al., 2009; Phiel et al., 2005). Villablanca et al. (2010)
reported that ER-B is the major receptor in monocytes. The dis-
crepant results can be attributed to differences in the monocyte
isolation procedures, the purity of the preparations, the specificity of
the antibodies used for the detection of ER.

In basal conditions, the only sex difference among tested para-
meters regards autophagy, which prevails in male monocytes, while
no sex differences were observed in the basal release of TNF-a. This
suggests that sex differences in monocytes are parameter specific as
occurs in other cells such as HUVEC, in vascular smooth muscle cells,
neurons, macrophages (Addis et al., 2014; Campesi et al., 2013, 2015,
2016, 2017; Du et al., 2009). This also indicates that sex differences
are also cell-specific: in basal conditions, male macrophages derived
from monocytes release significantly more TNF-a in comparison with
female ones (Campesi et al., 2013).

Interestingly, LPS stimulation increases sex differences. LPS-induced
TNF-a release is much higher in men as also reported in other experi-
mental conditions (Asai et al., 2001; Beenakker et al., 2020; Bouman et al.,
2004), but not in all (Campesi et al., 2013). The higher releases of TNF-a
in men after LPS stimulation may contribute to the higher mortality re-
ported in men with septic shock (Lefévre et al., 2012) and in COVID-19-
related deaths (Williamson et al, 2020). Furthermore, LPS reduces a
fundamental process: autophagy for monocytes life of unknown sex
(Zhang et al., 2012). Here, autophagy is reduced only in males, who also
release much more TNF-a than female ones. The interplay between TNF-
a release and inhibition of autophagy has already been described (Lee
et al., 2016; Saitoh et al., 2008). However, the previous findings did not
report the sex influence on this relationship, here, instead, the interplay is
present only when male cells are considered and to the best of our
knowledge, no data are available regarding sex differences in monocytes
autophagy.

LPS also affects the expression of ER in a sex-specific way. In par-
ticular, it reduces the expression of ER-a only in female cells, while ER-B
expression is reduced in both sexes although the reduction prevails in
females. However, in other experimental models (human macrophages
derived from monocytes), LPS upregulates the expression of ER-a in both
sexes, the effect being bigger in male cells and downregulates ER-B only
in females (Campesi et al., 2017). Globally, the impact of sex on ER
expression confirms that sex influence is cell-specific.

Besides this, LPS affects monocytes chemotaxis only in female cells
and the effect depends on experimental conditions: LPS significantly re-

duces or promotes chemotaxis when used as a treatment or as a

chemoattractant, respectively (Figure 2). Previously, it was showed that
treatment with LPS is more effective in inducing migration in female than
in male cells (Ruggieri et al., 2014). This last study involved an older
population in comparison to our cohort and did not include the hormonal
status of women in inclusion and exclusion criteria. Moreover, chemotaxis
has been performed in different experimental conditions (such as LPS
dose and incubation time).

Some of the sex-dependent activities of LPS could be ascribed to the
fact that LPS binds the Toll-like receptors TLR4 (Lu et al., 2008), which are
more expressed in male human monocytes and neutrophils (Aomatsu
et al., 2013; Bannister et al., 2013). In this regard, it is relevant to recall
that in human leukocytes, 1217 autosomal, 54 X-linked genes have sex-
specific responses to LPS, as well as 71 autosomal and one X-linked sex-
specific expression quantitative trait loci (Stein et al., 2021), suggesting
that LPS activity may occur through multiple pathways.

Importantly, when the monocytes' chemotaxis is considered, a
complex interplay between estrogens and LPS in female cells emerges. In
detail, LPS treatment decreases chemotaxis (33%) and reduces ER-a and
ER-B expression, whereas E, inhibits chemotaxis reducing it by about
30% and 35% (for 107 M and 1071° M, respectively) as also observed in
female rat vascular smooth muscle cells (Pellegrini et al., 2014). However,
when LPS and E, are simultaneously used as chemoattractants chemo-
taxis increase measured in the absence of estrogen is preserved. In male
monocytes, LPS does not modify chemotaxis but induces a small but
significant decrease of ER-B, and E, does not affect chemotaxis in any
experimental condition used. Globally, in female cells, the chemotaxis
seems to be modulated by estrogens probably through ER-a. This is in
line with results obtained in macrophages derived from monocytes
(Campesi et al.,, 2017).

Here, we expand the concept that sex plays a crucial role in reg-
ulating the activity of monocytes. However, the major novelty is the LPS
effect, which amplifies sex differences qualitatively and quantitatively,
including the interplay between E, and LPS observed in the female

cell chemotaxis.
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