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Abstract Sexual dimorphisms account for differences in clin-
ical manifestations or incidence of infectious or autoimmune
diseases and malignancy between females and males. Females
develop enhanced innate and adaptive immune responses than
males and are less susceptible to many infections of bacterial,
viral, parasitic, and fungal origin and malignancies but in con-
trast, they are more prone to develop autoimmune diseases.
The higher susceptibility to infections in males is observed
from birth to adulthood, suggesting that sex chromosomes
and not sex hormones have a major role in sexual dimorphism
in innate immunity. Sex-based regulation of immune re-
sponses ultimately contributes to age-related disease develop-
ment and life expectancy. Differences between males and fe-
males have been described in the expression of pattern recog-
nition receptors of the innate immune response and in the
functional responses of phagocytes and antigen presenting
cells. Different factors have been shown to account for the
sex-based disparity in immune responses, including genetic
factors and hormonal mediators, which contribute indepen-
dently to dimorphism in the innate immune response. For
instance, several genes encoding for innate immunemolecules
are located on the X chromosome. In addition, estrogen and/or
testosterone have been reported to modulate the differentia-
tion, maturation, lifespan, and effector functions of innate

immune cells, including neutrophils, macrophages, natural
killer cells, and dendritic cells. In this review, we will focus
on differences between males and females in innate immunity,
which represents the first line of defense against pathogens
and plays a fundamental role in the activation, regulation,
and orientation of the adaptive immune response.
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Introduction

Sexual dimorphisms have been documented in immunity and
indeed, clinical manifestations of infectious or autoimmune
diseases and malignancy differ between females and males
[1, 2]. Today, the general hypothesis is that females develop
stronger innate and adaptive immune responses than males [1,
2]. Importantly, females respond better to various types of
vaccination and are less susceptible to many infections caused
by bacteria, viruses, parasites, and fungi, such as
Staphylococus spp. , Mycbacterium tuberculosis ,
parainfluenza virus, respiratory syncytial virus, hepatitis B
virus, Entomoeba histolytica, and Aspergillosis fumigatus [3,
4]. Accordingly, epidemiological studies revealed that males
had a higher mortality rates to various infection diseases [5].
The higher susceptibility to infections in males is observed
from birth to adulthood. For instance, the incidence of sepsis
or meningitis is more frequent in male newborns and the sus-
ceptibility to tuberculosis is greater in males from infancy to
childhood, suggesting that sex chromosomes and not sex hor-
mones have an important role during this period of life [3]. In
addition, these sex-based differences in immune responses are
associated with a higher incidence of autoimmune diseases
and malignancies in females compared with males (Fig. 1) [1].
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Sex differences in immune responses between males and
females are not restricted to mammals and disparities have
been reported from insects to lizards and birds. In all these
species, males present lower immune responses than females
[1]. For instance, in Drosophila melanogaster, X-linked ge-
netic variation in genes involved in the immune response was
associated with differences in gene expression and in defense
against bacterial infections between males and females [6].

Therefore, a general rule is that a greater susceptibility to
infection is observed in males with diverse underlying causes.
Indeed, different factors were showed to account for the sex-
based disparity in immune responses, including genetic fac-
tors and hormonal mediators [1, 3] (Fig. 2, Table 1).

In this review, we will focus on differences between males
and females in innate immunity, which represents the first line
of defense against pathogens and plays a fundamental role in
the activation, regulation, and orientation of the adaptive im-
mune response.

Sex-Based Differences in Innate Immunity

The activation of innate immune responses is initiated by
the recognition of pathogens and damaged tissues by a set
of germline-encoded molecules called pattern recognition
molecules (PRMs) expressed or released by innate immu-
nity cells and other cell types, that discriminate self versus
non-self and modified self. PRMs recognize motifs found
in microorganisms or in damaged tissues, which are called
pathogen-associated molecular patterns (PAMPs) [7] or
danger-associated molecular patterns (DAMPs), respec-
tively. Similarly to adaptive immune responses, also in-
nate defense mechanisms consist of a cellular and a hu-
moral arm. Thus, based on their localization, these PRMs
are divided in cell-associated molecules and humoral mol-
ecules. Cellular PRMs belong to different functional and
structural groups, which include the toll-like receptors
(TLRs), scavenger receptors, lectin receptors, and G
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Fig. 1 Changes in immune responses and susceptibility to diseases in
males and females. Males are more prone to infections and malignancies,
whereas females are more susceptible to autoimmune diseases. Several
immunological factors vary between women and men. For instance, (1)
pDCs from females produce higher amounts of IFN-α after stimulation
with TLR7 ligands, resulting in stronger secondary activation of CD8+ T

cells, (2) monocytes from males produce higher level of pro-
inflammatory cytokines after LPS stimulation, (3) female hormones
delay neutrophil apoptosis, (4) macrophages polarization may differ
between males and females, and (5) decidual NK cells are involved in
tissue remodeling during the development of the placenta



protein-coupled receptors for formyl peptides [8]. These
molecules are mainly responsible of activating signaling
pathways leading to activation of gene expression associ-
ated with the activation of local and systemic inflamma-
tory responses, leukocyte recruitment, activation and sur-
vival, or to microbe phagocytosis and killing. The humor-
al arm of innate immunity is also diverse; it includes

collectins (e.g., mannose-binding lectin, surfactant protein
A and D, C1q), ficolins, and pentraxins and mainly acts
by activating the complement system and the opsonization
of microbes [8]. The cellular and humoral arms of innate
immunity cooperate and synergize in the primary defense
against pathogens leading to the activation, regulation,
and orientation of the adaptive immune response [8].

Table 1 Effects of the sex
hormones estrogen and
testosterone on innate immunity
and inflammation

Hormone Role References

Estrogen • Dampens the expression of IL-6 [75, 76, 116]

• Dampens the signaling of IL-1β in hepatocytes [117]

• Modulates the apoptosis of neutrophils [41]

• Modulates the chemotaxis and recruitment of neutrophils [80–82]

• Increases the expression of TLR4 and CD14 on macrophages [86]

• Increases the production of IFN-α by pDCs after stimulation
with TLR7 ligands

[13–15, 17]

• Increases the differentiation of DCs from myeloid precursors [91]

• Increases the activation of DCs and their capability to
activate CD4+ T cells

[91–93]

• Beneficial effects on the immune system during hormone
replacement therapy in women

[5, 95, 96]

Testosterone • Immunosuppressive effects (dampens the production of
cytokines and the proliferation of lymphocyte)

[78, 79]

• Increases neutrophil activation during non-infectious inflammatory states [83]

• Neutropenia is observed in mice lacking androgen receptor [42]

• Reduces the expression of TLR4 in macrophages [85]
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Fig. 2 X-linked genes involved in innate immunity. Several genes
involved in the innate immune response are located on the X
chromosome, including genes involved in the process of macrophage
differentiation from hematopoietic stem cell (i.e., IL3RA, GATA1) and
macrophage polarization (i.e., IL13RA), genes required for the
activation of the intracellular oxidative burst in phagocytes (i.e., CYBB),

a regulator of the actin cytoskeleton (i.e., WAS), genes involved in virus
recognition (i.e., TLR7, TLR8), and a gene involved in the TLR/IL-1R
signaling pathways (i.e., IRAK1). In addition, X chromosome carries also
different genes involved in adaptive immunity such as IL2RG, FOXP3,
and CD40L



Differences in Response to TLR Agonists and Sepsis

The activity of the innate immune response was reported to
vary between males and females [1]. For instance, the expres-
sion of PRMs and signaling pathways activated after detection
of PAMPs differs between males and females [1, 9, 10]. These
observations were mostly related to sex hormones and to ge-
netic mediators (see below) [7]. For instance, estrogen and/or
testosterone can modulate the differentiation, maturation, and
effector functions of innate immune cells and some genes
encoding for innate immune molecules are located on the X
chromosome [1] (Fig. 2). For instance, genes encoding for
TLR7 or TLR8 that sense single stranded RNAs as their nat-
ural ligand and also small synthetic molecules such as
imidazoquinolines and nucleoside analogs and IRAK1, a
key molecule of the TLR-dependent signaling pathway, are
located on the X chromosome. An increasing number of stud-
ies has suggested that the production of IFN-α induced by
TLR7 agonist was higher in female plasmacytoid dendritic
cells (pDCs) compared with male cells [11–15]. Importantly,
pDCs from human and mouse females displayed higher basal
levels of IFN regulatory factor (IRF) 5, which has been shown
to be a central mediator of TLR7 signaling (see below) [15,
16]. However, further studies showed that both sex hormones
and the X chromosome could independently contribute in this
inequality between males and females (see below) [17].

Peripheral blood mononuclear cells (PBMC) from human
males produced lower amounts of IFN-α after stimulation
with TLR7 ligands and greater amounts of the immunosup-
pressive cytokine IL-10 in response to TLR7 ligands [9]. In
addition to TLR7, several studies report differential respon-
siveness to TLR4 in female compared with male macro-
phages, however, with contrasting results. It has been reported
that male macrophages had higher expression of cell surface
TLR4 and responded to lipopolysaccharide (LPS), a TLR4
ligand, with a higher production of both IL-1β and CXCL10
and with a lower production of the prostaglandin PGE(2) than
female-derived macrophages [18]. In contrast, more recently,
others found that the tissue-resident leukocyte populations in
female mice and rats are more numerous and have a greater
density of pathogen/injury-sensing TLRs compared with
those in males [19].

Different clinical studies in patients with sepsis have dem-
onstrated that females had a better outcome compared with
males [20–25]. For instance, a study revealed that in patients
with surgical septic shock, hospital-mortality rate was 70% in
male patients (23 out of 33 patients) and 26% in female pa-
tients (5 out of 19) [24].More recently, a retrospective analysis
of 373,370 patients from the US National Trauma Data Bank
reported that male gender was independently associated with
post-traumatic sepsis [25]. In addition, the male gender was
identified as an independent risk factor for the development of
major infections in surgical patients [26].

The disparities in the innate immune response between
males and females, such as a distinctive expression of pro-
inflammatory and anti-inflammatory cytokines between male
and female patients after surgery, have been suspected to play
a role in these clinical outcome differences [27, 28]. In a pre-
clinical model of polymicrobial infection induced by cecal
ligation and puncture (CLP) in mice, the administration of
β-glucan, a structural component of the fungal cell wall, after
the onset of CLP enhanced survival in female mice over a 10-
day period and only for 24 h in males [29]. This protection
observed in females was associated with decreased IL-10 and
IL-6 levels and reduced bacterial burden in the liver compared
with male mice [29]. As discussed below, sex hormones were
involved in the difference of outcome between genders in
sepsis [24, 30]. For instance, an enhanced level of female
hormone estrogens associated with a reduced level of the male
hormone testosterone was associated with increased patients’
death in men [30]. The survival rate may be influenced by
gender also in the course of septic complications after trauma.
For instance, in a mouse model of trauma/hemorrhage and
CLP, females survived better than males [31]. These data sug-
gest that unbalanced production of pro-inflammatory media-
tors during early hyper-responsive or late hypo-responsive
phases of sepsis depending on the sex may be crucial for
patients’ outcome in sepsis.

Differences in Innate Immune Cells

Neutrophils

Neutrophils are the predominant leukocyte subset in the human
peripheral blood and play a major role in defense against mi-
crobial pathogens through their phagocytic activity [32, 33].
Accordingly, primary immunodeficiencies associated with neu-
tropenia or neutrophil dysfunction lead to recurrent infections
and life-threatening conditions (see below) [32, 34]. A number
of studies have shown that neutrophils are engaged into com-
plex bidirectional cross-talks with other leukocytes [35]. For
instance, neutrophils can shape the inflammatory and immune
responses through the production of cytokines and chemokines
[35] and are a major source of humoral fluid phase PRM, thus
contributing to the humoral arm of innate immunity [7]. More
recently, evidences for the existence of neutrophil subsets with
functional and phenotypic heterogeneity have emerged in both
humans and mice [33, 35–37]. Therefore, in addition to their
involvement in the elimination of pathogens, neutrophils play a
fundamental role in the activation, orientation, and regulation
of both the innate and adaptive immune responses and are key
players in the resolution or exacerbation of diverse pathologic
conditions such as infections, chronic inflammation, autoim-
munity, and cancer [32, 33].

In addition to primary immunodeficiencies, different stud-
ies have suggested that sex hormones can induce disparities in
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the biology and/or effector functions of neutrophils between
males and females [38]. For instance, hormones control the
granulopoiesis and/or the lifespan of neutrophils (see below)
[38]. Interestingly, the number of circulating neutrophils in
women is increased during pregnancy and during the luteal
phase of the menstrual cycle, compared with non-pregnant
women and with women in the follicular phase of the normal
ovarian cycle, respectively [38]. Circulating neutrophils have
a short lifespan and become rapidly apoptotic, leading to their
clearance by phagocytes. A rapid and efficient elimination of
apoptotic neutrophils by macrophages participates in the
maintenance of the tissue homeostasis [39]. For instance, in-
creased levels of apoptotic neutrophils associated with a de-
fective elimination of apoptotic bodies have been observed in
patients with systemic lupus erythematous and associatedwith
disease activity [40]. As described below, female sex hor-
mones can affect neutrophil lifespan and the spontaneous ap-
optosis of neutrophils after in vitro incubation was significant-
ly delayed in women compared with age-matched men [41].
In addition to female hormones, neutropenia associated with
impaired immune response against infections was observed in
mice deficient for the androgen receptor, because it is essential
for the G-CSF signaling [42].

Monocytes and Macrophages

Monocytes, which account for about 5 to 10% of the circulat-
ing white blood cells, are an important source of cytokines and
key players of innate immune responses. Monocyte-released
cytokines, IL-6 in particular, are involved in the acute phase
systemic response and the recruitment of other inflammatory
cells of adaptive immunity. IL-6 is one of the main cytokines
involved in chronic inflammation-related monocyte functions.
After entering the blood from the bone marrow, they remain a
few hours in the blood and migrate to tissues, where they
mature into macrophages. Tissue resident macrophages pro-
tect tissues and maintain homeostasis, whereas inflammatory
macrophages are recruited at inflammatory sites and contrib-
ute to the inflammatory response. It has recently been shown
that in the mouse, macrophage progenitors colonize peripheral
tissues during embryogenesis and differentiate into tissue res-
ident macrophages (Kupffer cells in liver, microglia in brain,
Langerhans cells in the skin, and alveolar macrophages in
lung), which will self-maintain throughout life [43, 44]. In
contrast, adult bone marrow-derived monocytes are the source
of inflammatory macrophages and only in part contribute to
replenish resident macrophages in the gut, heart, and dermis
[45–48].

The number and function of innate cells have been reported
to differ between males and females in both rodents and
humans, but with contrasting results [18, 19]. Innate cells
isolated from females generally show a more intense response
to inflammatory stimuli. A higher number of pleural and

peritoneal macrophages, a more efficient phagocytosis and
higher levels of TLR2, TLR3, and TLR4 have been observed
in female than in male mice [19]. However, as reported above,
male macrophages have been shown to better respond to
TLR4 ligands [18]. In a recent study from the Human
Functional Genomics Project, a major project that assessed
the variability of human cytokine responses to a large panel
of microbial and metabolic stimuli in a group of 500 healthy
volunteers; female sex was associated with higher circulating
levels of IL-1Ra, lower IL-18 binding protein (IL-18BP), and
unaffected IL-6 [49]. Regarding myelomonocytic cells, the
production of pro-inflammatory cytokines released from
monocytes (IL-1β, TNF-α, IL-6, IFN-γ) was higher in men
after stimulation with several stimuli (e.g., LPS or Candida
albicans conidia) and although the use of oral contraceptives
did not have strong effects on cytokine production capacity
in vitro, women using oral contraceptives showed a further
decreased IFN-γ and TNF-α response after LPS stimulation
[49]. Interestingly, the majority of the cytokines and mediators
that differed between men and women did not correlate with
progesterone and testosterone concentrations, excluding a po-
tential role of hormones in explaining the gender differences
[49].

Plasticity and diversity are key properties of cells of the
monocyte-macrophage lineage [50–52].Macrophages can un-
dergo polarized classical M1 activation in response to
interferon-γ (IFN-γ) and LPS, or alternative M2 activation
driven by IL-4 or IL-13. In addition, they are involved in
complex bidirectional interactions with other cell types, such
as fibroblasts, mesenchymal stem cells, endothelial cells, and
T, B, and NK cells, which contribute to their diversity. Indeed,
M1- and M2- polarized macrophages are extremes of a con-
tinuum in a universe of functional states [53, 54]. A study has
reported a differential polarization of macrophages in male
and female mice infected with Coxsackievirus B3, which
causes severe myocarditis in male but not female mice [55].
Macrophages infiltrating the myocardium from infected male
mice expressed high levels of classically activated M1
markers and female macrophages were associated with M2
phenotype [55]. Adoptive-transfer experiments revealed that
the excessive presence of M1 macrophages may cause dam-
age to the host and that M2 macrophages were protected
against infection-induced myocarditis, suggesting a role for
macrophage polarization in defining the sex-related suscepti-
bility to viral myocarditis. Moreover, the higher incidence of
asthma observed in female mice was also associated with
higher polarization of macrophages to a M2 phenotype when
compared to male mice [56, 57].

Female antigen presenting cells (APCs) appear more effi-
cient possibly because they express higher concentrations of
MHC Class II and co-stimulatory molecules in some contexts
[58]. In agreement, a gene expression analysis study demon-
strated that women overexpressed several TLR-associated
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genes that activate the interferon pathway in response to im-
munization with a yellow fever virus vaccine [59].

Natural Killer Cells

Natural killer (NK) cells are a population of circulating and
tissue-resident lymphocytes involved in the early phases of
immune responses against microbial pathogens by exhibiting
cytotoxic functions against virally infected or neoplastic cells
and by secreting several cytokines and chemokines. NK cells
develop from a lymphoid precursor resident in the bone mar-
row, but the final maturation of NK cell precursors can occur
in the periphery. During development and activation, NK cells
acquire multiple cell surface activating and inhibitory recep-
tors that finely control their functional activation [60].

The most relevant difference among sexes for NK cell
number and function relates to the role of NK cells during
pregnancy. NK cells are the most abundant class of lym-
phocytes found in the maternal uterus where their number
reaches 70 to 80% of the total leukocytes in the first
trimester of pregnancy, then start to decline, and return
to basal levels at the end of pregnancy. Numeric varia-
tions of uterine NK cells have been also described during
the menstrual cycle, with their number increasing in the
proliferative phase and reaching the maximal level in the
late secretory phase, in response to hormone-induced
decidualization [61]. Decidual NK cells are poorly cyto-
toxic, but they play a crucial role for normal development
of placenta and/or its vasculature and uterine tissue re-
modeling, by producing cytokines, chemokines, and an-
giogenic factors. It has been shown that peripheral blood
NK cell recruitment to the uterus contributes to the accu-
mulation of NK cells during early pregnancy and proges-
terone plays a crucial role in this event by reprogramming
the chemokine receptor profile of peripheral blood NK
cells, once exposed to uterine microenvironment [62].

Plasmacytoid Dendritic Cells

Plasmacytoid dendritic cells are innate immune cells pres-
ent in primary and secondary lymphoid organs and are able
to sense a variety of PAMPs, such as the viral single strain
RNA via the expression of TLR7 and bacterial CpG nucle-
otide DNA sequences via the expression of TLR9 [63].
Therefore, pDCs represent the principal source of IFN-α
in human blood and play an important role in the defense
against infections [63]. Analyses of the production of
IFN-α by peripheral blood leukocytes in three independent
cohorts of healthy donors revealed that TLR7 stimulation
induced higher production of IFN-α in females compared
to males [11]. Interestingly, this difference was not ob-
served after TLR9 stimulation and the production of
TNF-α after TLR7 stimulation was not altered, suggesting

a sex-specific induction of IFN-α in female pDCs via
TLR7 [11]. Accordingly, stimulation of purified pDCs with
TLR7 ligand revealed higher production of IFN-α in fe-
male pDCs compared to male cells [11]. These findings
may have direct implications with respect to the pathogen-
esis of systemic lupus erythematosus (SLE), in which ac-
tivation of pDCs and IFN-α has been suggested to play a
critical role [64, 65]. Accordingly, a strong sex bias was
reported in SLE, whose incidence is approximately nine
times higher in women relative to men [66].

Studies comparing the course of HIV-1 infection between
women and men have demonstrated considerable sex differ-
ences in the manifestations of the disease [12, 67, 68]. Indeed,
untreated HIV-1-infected women presented 40% less circulat-
ing viral RNA than men and, when adjusted for viral load, the
response observed in women was associated with a greater
activation of CD8+ T cell compared to men [12, 67, 68].
However, the viral load found in women gradually increased
after chronic infection to a higher load compared with males
and it has been suggested that women have a higher risk of
developing the acquired immune deficiency syndrome com-
pared to men for the same level of viral load [1, 67].
Interestingly, the expression of TLR7 in pDCs plays a central
role in the activation of the immune system during infection
by single-stranded RNA viruses, such as HIV-1, and the ele-
vated expression of IFN-α by pDCs was considered as a ma-
jor prognostic indicator for the clinical progression [69]. pDCs
derived from women produced significantly more IFN-α in
response to HIV-1 encoded TLR7 ligands than pDCs derived
from men, resulting in stronger secondary activation of CD8+
T cells [12]. However, because of its chronic nature, HIV
infection results in prolonged continuous stimulation of
pDCs and expression of IFN-α, leading to chronic T cell ac-
tivation with CCR5 expression, providing more targets for
HIV-1 [67, 70]. Therefore, higher expression of IFN-α in
infected women leads to a strong initial response that limits
the viral infection but, in turn, enhances the disease progres-
sion during chronic infection.

Mediators of Sex-Based Differences in Immunity

Genetic Mediators

The major genetic changes involved in the differences
existing between males and females innate immune re-
sponse reside in the X chromosome [3]. In fact, the X chro-
mosome carries different genes involved in innate and adap-
tive immunity (e.g., TLR7, TLR8, IRAK1, IL2RG, FOXP3,
CD40L) and various genetic factors have been suspected to
be responsible for the hyper-responsiveness of the female
immune system, such as genes escaping X chromosome
inactivation and cellular mosaicism [3].
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Genetic Mediators in Response to TLR7 Agonists

The mechanism responsible for the higher production of
IFN-α in female pDCs has been the object of several investi-
gations. The number of pDCswas not different between wom-
en and men and a defective X-inactivation leading to unequal
expression of the TLR7 gene in males and females has been
suspected [1]. However, initial investigations did not support
evidence for significant X-inactivation escape of the human
TLR7 gene in female pDCs [11]. The frequencies of described
polymorphisms within the genes encoding TLR7, interferon
regulatory factor-7 (IRF7), and myeloid differentiation factor-
88 (MyD88) were not altered between women and men, sug-
gesting that the difference in IFN-α production between male
and female pDCs was mediated by a signaling event down-
stream of TLR7 [12]. In addition to genetic mediators, the
hypothesis that female estrogens could regulate the production
of IFN-α by pDCs after engagement of TLR7 has been tested
(see below) [13, 14]. Moreover, the basal level of IRF5, which
has been shown to be a central mediator of TLR7 signaling,
was found higher in pDCs from human and mouse females
compared with males [15]. Interestingly, a recent study has
revealed that both X-linked factors and sex hormones (see
below) contribute to the enhanced expression of IFN-α in
female pDCs response to TLR7-ligand by female pDCs
[17]. In favor of a role of genetic mediators, the authors used
a model of humanized mouse and showed that the frequency
of IFN-α-producing pDCs from female human donors was
higher compared with male pDCs and was not dependent on
the sex of the recipient mice, suggesting that X chromosome
dosage contributes to the enhanced production of IFN-α by
pDCs [17].

Primary Immunodeficiency

X-linked primary immunodeficiencies are inherited disorders
of the immune system affecting almost exclusively males.
These diseases can affect both the adaptive and innate arms
of immunity and affected individuals are highly susceptible to
recurrent bacterial, fungal, and viral infections [71].
Regarding the innate immune system, a mutation in the
CYBB gene (also known as NOX2), which is required for
the activation of the intracellular oxidative burst and subse-
quent killing of microorganisms by phagocytes, is responsible
of X-linked chronic granulomatous disease (CGD) [71] (Fig.
2). The bactericidal activity of cells from CGD patients is
defective and patients are susceptible to catalase-positive bac-
teria. In addition to CGD, X-linked Wiskott-Aldrich syn-
drome (WAS), which is due to a mutation in an important
regulator of the actin cytoskeleton (i.e., the WAS protein),
results in impaired innate and adaptive immune responses
[71]. Regarding the cells of the innate immune response, neu-
trophils, monocytes, macrophages, and DCs isolated from

WAS patients displayed defective migration in response to
chemotactic stimuli [72]. In addition, the formation of the
phagocytic cup was impaired leading to reduced phagocytosis
[72] (Fig. 2).

Hormonal Mediators

Steroid hormones bound to their receptors interact with
specific hormone response elements found in the promot-
er regions of hormone-responsive gene. This binding di-
rectly influences the expression of genes. Interestingly,
putative hormone response elements are present in the
promoters of some innate immune genes, such as TLR7,
MyD88, IRF7, and TLR3 [1, 73]. In addition, hormone
receptors can also regulate gene expression without di-
rectly binding to DNA but through protein-protein inter-
actions with other DNA-binding transcription factors,
such as nuclear factor-κB (NF-κB), specific protein 1
(Sp1), CCAAT/enhancer binding protein β (C/EBPβ),
or activator protein 1 (AP-1), which are all involved in
the production of pro-inflammatory molecules by innate
immune cells [59, 74]. For instance, the repression of IL-
6 gene expression is induced through the interaction of
estrogen receptor with NF-κB and C/EBPβ [75, 76].
Therefore, it is now accepted that sex hormones such as
testosterone and estrogens play an important role in the
regulation of the innate immune response [1] (Table 1).
Importantly, the effects of sex chromosomes (see above)
and sex hormones on immunity and inflammation cannot
be considered totally independent since the Sry gene on
the chromosome Y induces the development of testis dur-
ing the embryonic life and the consequent production of
testosterone. In particular, sex chromosome complement,
by determining whether an ovary or testis develops, ex-
erts indirect hormone-mediated effects on the develop-
ment of sex-specific traits. However, this does not pre-
clude more direct effects that are independent of gonadal
hormones [3]. It has been suggested that sex chromosome
complement and sex hormones have a compensatory
Ying-Yang effect on the immune responses [77]. For in-
stance, the immune response to an autoantigen was
higher in ovariectomized XYSry- mice (mice lacking ex-
pression of Sry on the Y chromosome), compared with
ovariectomized XX mice, demonstrating that male sex
chromosome complement was stimulatory [77]. In con-
trast, the immune response was reduced after administra-
tion of testosterone, suggesting a compensatory effect be-
tween male sex chromosome complement and the male
hormone testosterone [77]. Moreover, androgens have
been shown to have suppressive effects on immune func-
tions, such as on cytokine production and lymphocyte
proliferation, following trauma or trauma-hemorrhage
and subsequent sepsis [78, 79] (Table 1).
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Hormonal Mediators in Neutrophils and Macrophages

As mentioned above, sex hormones have been involved in the
control of neutrophil functions and survival [38]. For instance,
the addition of progesterone and estradiol in vitro delayed the
apoptosis of both female and male neutrophils in a dose-
dependent manner [41]. In contrast, the addition of dihydro-
testosterone had no significant effect on male and female neu-
trophil apoptosis, suggesting that only female sex hormones,
specifically estradiol and progesterone, can delay the apopto-
sis of neutrophils [41]. However, further study has demon-
strated that androgen receptor knockout (ARKO) mice were
neutropenic with reduction of neutrophils and neutrophil pre-
cursors in the bone marrow because androgen receptor is es-
sential for G-CSF signaling [42]. Accordingly, ARKO mice
presented an increased susceptibility to microbial infection. In
normal mice and in patients with prostate cancer, androgen
ablation induced by surgical castration did not result in neu-
tropenia but in a moderate reduction of neutrophils, suggest-
ing that androgen receptor is more important than testosterone
in neutrophil homeostasis [42].

Estrogen and progesterone have been shown to modulate
the chemotactic activity of neutrophils; chemotaxis of neutro-
phils toward fMLP was enhanced by progesterone and re-
duced by estradiol [80]. In a model of influenza A virus-
infected female mice, the treatment with E2 increased the
recruitment of pulmonary neutrophils [81]. In turn, neutro-
phils enhanced the proportion of influenza virus-specific
CD8+ T cells producing both IFN-γ and TNF-α [81]. In con-
trast, testosterone had no measurable direct effect on neutro-
phil chemotaxis [80]. However, neutrophils fromARKOmice
displayed a reduced production of chemokines (e.g., Ccl2,
Ccl3, Ccl4, Cxcl1, Cxcl4, Cxcl7) and cytokines (e.g., IL-6,
IL-1β) and a reduced chemotactic response toward Cxcl1 and
Cxcl2 [42].

Estradiol-based contraceptives, which are known to in-
crease the susceptibility of women to Candida albicans
infections, disrupt the gradient of CXCL1 in the vagina,
leading to the blockade of neutrophil migration in the
stroma and to subsequent increased risk of vaginal candi-
diasis [82]. In contrast, progesterone increased the migra-
tion of neutrophils. The authors suggest that this regula-
tion of neutrophil chemotaxis in the vaginal lumen may
favor reproduction during ovulation (high estrogen level),
by sparing sperm from immune attack, and immunity dur-
ing the luteal phase (high progesterone level) [82].

In addition to the chemotactic activity of neutrophils, it has
been proposed that sex hormones modulated the production of
reactive oxygen intermediate by neutrophils [38]. In two dif-
ferent trauma models (i.e., thermal injury and trauma-
haemorrhagic shock), activation of neutrophils was stronger
in male rats compared with proestrus females and castration
abrogated neutrophil activation [83]. The authors proposed

that increased neutrophil activation in male during non-
infectious inflammatory states, such as burn injury, trauma,
or haemorrhagic shock, may lead to exacerbated tissue injury
[83]. Accordingly, data in literature have reported a sexual
dimorphism in the response to injury or illness, with the fe-
male sex hormone estradiol conferring protection and the male
sex hormone testosterone increasing susceptibility to injury
[84].

As discussed above, male and female innate immune cells
differ in their response to TLR ligands and hormones may
play an important role in this difference. For instance,
in vitro treatment of macrophages with the male hormone
testosterone reduced the expression of TLR4 in cells and the
sensitivity to a TLR4-specific ligand [85]. Moreover, in vivo
removal of testosterone through orchidectomy increased mac-
rophage surface expression of TLR4 and enhanced the sus-
ceptibility of mice to endotoxic shock [85]. In contrast with
testosterone, the female hormone estradiol (E2) has a pro-
inflammatory role [59]. E2 enhanced the expression of both
TLR4 and CD14 on macrophages and in vivo administration
of 17β-estradiol resulted in a marked increase in endotoxin
susceptibility [86]. However, data have suggested that high
doses of E2 may inhibit the production of inflammatory cyto-
kines (e.g., IL-1β, TNF-α) whereas stimulation with E2 at
physiological level enhanced the production [1]. In addition,
estrogens have been shown to decrease the number of mono-
cytes, possibly by inducing their apoptosis [87].

Hormonal Mediators in pDCs

Regarding the role of sex hormones in the production of
IFN-α by pDCs after engagement of TLR7, progesterone
has been shown to inhibit it [88]. Furthermore, the frequency
of pDCs producing IFN-α in response to TLR7/8 ligands was
reduced in postmenopausal women compared to premeno-
pausal women and treatment of postmenopausal women with
estrogen restored the production [12, 13]. However, proges-
terone plasma level in premenopausal women was positively
correlated with the percentage of pDCs producing IFN-α in
response to stimulation with a HIV-1-derived TLR7/8 ligand
[12]. Interestingly, the adoptive transfer of human progenitor
cells in humanized mice (i.e., NOD-SCID-B2m−/− mice were
transplanted with CD34+ human progenitor cells) showed that
the production of IFN-α by pDCs from either sex was en-
hanced in female mice [17]. Collectively, these data suggested
that sex hormone abundance modulates the ability of pDCs to
produce IFN-α in response to TLR7/8 ligands. The cellular
mechanisms involved depend on the expression of two estro-
gen receptors (ER), ERα and ERβ [13, 17]. In mice, ERα-
deficient mice revealed that estrogens target directly pDCs to
increase the expression of IFN-α [13]. The full activation of
ERα requires an interaction between two domains (i.e.,
activation-function (AF) domains, AF-1 and AF-2), which
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reside in the N-terminal domain and C-terminal domain of the
molecule, respectively [89]. Lack of AF-1 in vivo decreased
the activation of pDCs after TLR7 triggering [14]. In addition,
the transcriptional regulation of IRF5 was suggested to be
under the control of ERα [15]. Therefore, the regulation of
IRF5 by estrogen has been proposed as mechanism responsi-
ble for the stronger expression of IFN-α in female pDCs [15].

Hormonal Mediators in Conventional DCs

E2 can also modify the differentiation, maturation, and effec-
tor functions of conventional DCs, which are potent antigen-
presenting cells with an important role in activation and po-
larization of the adaptive immune response [90]. In vitro ad-
dition of E2 was effective in promoting the differentiation of
DCs from myeloid precursors [91]. In a murine system, E2
treatment enhanced the differentiation of precursor cells into
CD11c+ CD11bint DCs that displayed high cell surface expres-
sion of MHC class II and of the costimulatory molecules
CD40 and CD86, suggesting that E2 may enhance the func-
tional capability of DCs to mediate the presentation of anti-
gens and to induce the activation of CD4+ T cells [91, 92].
Despite that DCs express both ER subtypes, the activity of E2
on the differentiation of bone marrow-derived DCs acts pri-
marily through ERα [91]. In addition, the treatment of ovari-
ectomized mice with physiological amounts of E2 increased
the production of IFN-γ by splenic CD11c+ cells stimulated
with IL-12 and IL-18 [92]. Interestingly, E2 can also modulate
the activity of human DCs [93]. Indeed, a treatment with E2
increased the secretion of IL-8, CCL2, and IL-6 by human
immature monocyte-derived DCs and enhanced the secretion
of CCL17, CCL19, and CCL2 by LPS-stimulated human
DCs, suggesting that E2 may play a role in the induction
and sustenance of inf lammatory responses [93] .
Accordingly, E2 increased the capacity of mature DCs to stim-
ulate allogenic T cells and enhanced the chemotactic response
of mature DCs toward CCL19 [93].

Effects of Menopause and Pregnancy on Innate Immunity

Aging women lose their immunological advantage and show
increased susceptibility and mortality to specific infections
such as hepatitis, meningococcal, or pneumococcal infections.
Estrogens are thought to protect premenopausal women from
hepatitis C virus and indeed after menopause, sex differences
in hepatitis C infection are lost. Indeed, postmenopausal wom-
en have increased rates of fibrosis compared with women of
reproductive age because they have lost the protective effects
of estrogen [94]. However, immune-pathological effects asso-
ciated with severe forms of dengue and influenza decrease
after menopause [5].

Hormone replacement therapy in women has beneficial
effects on the immune system and partly reverts menopause-

related immunological changes. Estrogens revert the increased
pro-inflammatory cytokine production observed in meno-
pause [95] or postmenopausal increase in NK-cell activity.
In particular, plasma IL-6, TNF-α, and IL-1β levels were
reduced by the therapy [5, 96].

During healthy pregnancy, the immune system has a dual
role: preventing immune mediated rejection of the semi-
allogenic fetus and at the same time, protecting the mother
and fetus from external pathogens. To achieve these goals,
complex molecular cross-talks take place among the maternal
endometrium, the fetus, and the placenta. Several factors are
involved in these processes, including hormones, growth fac-
tors, cytokines, chemokines, adhesion molecules, extracellu-
lar matrix components, and matrix-degrading enzymes [97].
In particular, IL-1β and TNF-α have emerged as candidate
genes responsible for the activation of the pro-inflammatory
cascade at the feto-maternal interface [98]. This complex
cross-talk results in the induction of a local inflammatory re-
sponse and a state of systemic inflammation, as revealed by
leukocytosis, endothelium activation, increased activity of in-
nate immune cells, and increased levels of inflammatory cy-
tokines and chemokines, as well as their regulators (e.g.,
sTNF-RI, sTNF-RII, and IL-1Ra) [99–102]. This local in-
flammatory environment regulates trophoblast migration and
differentiation, leukocyte influx and activation, complement
activation, and angiogenesis in the implantation site. In each
reproductive cycle, leukocytes heavily infiltrate the
periovulatory follicles, corpus luteum, and endometrium,
and contribute to endometrium remodeling and repair. If preg-
nancy occurs, leukocytes are also involved in embryo implan-
tation and placenta development and in setting the balance
between protecting the developing embryo and tolerating its
hemiallogeneic tissues [103]. The predominant infiltrating
leukocytes in first trimester gestational endometrium are
monocyte/macrophages (20–25%) and uterine natural killer
(uNK) cells (65–70%) [99]. Chemokines are key mediators
for their recruitment, and regulation of their activity through
the atipical chemokine receptor 2 (ACKR2/D6) was shown to
be involved in protecting the fetus from fetal loss in inflam-
matory or infectious conditions [104]. In this context, we
showed that the long pentraxin PTX3, a humoral component
of innate immunity, is involved in pregnancy, in processes
which range from ECM assembly, angiogenesis, control of
complement activation, and inflammation, to removal of apo-
ptotic cells. PTX3 also emerged as potential biomarker in
various pregnancy disorders, namely in pre-eclampsia [98,
105–107].

Gender Disparity in Cancer Incidence

Gender disparity in cancer incidence is one consistent finding
in epidemiological studies [108]. Males are more prone to
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develop several cancer types, such as larynx cancer, hypo-
pharynx cancer, Kaposi sarcoma, lip cancer, hepatocellular
carcinoma (HCC), bladder cancer, lung cancer, and colon can-
cer, whereas only few cancers are more common in females,
such as breast cancer, thyroid cancer, and anus cancer [108].
Gender differences in cancer incidence are also observed in
childhood, suggesting that a genetic mediator plays an impor-
tant role. Accordingly, in male childhood acute lymphoblastic
leukemia, small nucleotide polymorphisms (SNPs) in IFN-γ
and IRF4 were associated with protection or increased risk of
cancer, respectively [109, 110]. Regarding IRF4, the wild type
variant of the SNP showed a repressive effect on the transcrip-
tion level of IRF4 and aberrant expression of IRF4 was asso-
ciated with increased risk to develop leukemia in childhood
[110, 111]. Based on high-throughput molecular data avail-
able through The Cancer Genome Atlas (TCGA) project, a
recent study revealed a sex-biased signature of immune gene
expression in adult cancer patients [112]. For instance, expres-
sion of IL-2 and STAT5 signaling in patients with liver hepa-
tocellular carcinoma were higher in women, suggesting that
male and female mount different immune responses in cancer
[112].

Environmental factors and lifestyle factors play also an
important role in cancer development and may contribute to
the gender disparity in cancer incidence, such as smoking-
related cancers, which are more common in males [108].
However, after comparable exposure to tobacco smoke, a
study had reported that the risk of developing lung cancer
was comparable in women and men [113]. Other studies in-
dicated that males have higher morbidity and mortality rates
for lung cancer, whereas women present higher risk to develop
it [108].

Regarding hormonal mediators, it has been shown that fe-
male hormone estrogen receptors are expressed by lung can-
cer cell lines and are involved in lung carcinogenesis [114].
ER is also expressed by colonocytes, but in contrast with lung,
E2 was shown to play a protective role in colorectal cancer
through cell growth inhibition [115]. In a mouse model of
hepatocellular carcinoma induced by a chemical carcinogen,
cancer was observed in 100% of male mice but only in 10 to
30% of female littermates [116]. The pro-inflammatory cyto-
kine IL-6 is part of the hepatic response to systemic inflam-
mation and is a major contributing factor for the development
of hepatocellular carcinoma. In this model, the gender dispar-
ity was mediated by the inhibition of IL-6 production from
Kupffer cells by estrogens [116]. More recently, a study
showed that female hormones act via the gonadal-
hypophyseal axis to limit hepatocellular carcinoma develop-
ment [117]. Indeed, a sex-independent production of IL-6 by
IL-1β-stimulated Kupffer cells is known to exist and the
estrogen-responsive pituitary hormone prolactin acts on hepa-
tocytes to interrupt IL-1β signaling [117]. Therefore, these
data may explain why females are less prone to liver cancer

than males and why liver incidence increases in postmeno-
pausal women [116, 117]. Finally, in a zebrafish model of liver
cancer, increased cortisol expression and a high infiltration
level of neutrophils and macrophages in tumor were associat-
ed with increased susceptibility to hepatocellular carcinoma
and gender disparity [118].

General Conclusions

Immunological advantages of females of several species in
resistance to infections are well known since several years
(Fig. 1). Generally, females better resist to infections of viral,
bacterial, fungal, and parasitic origin, suggesting a more vig-
orous immune response to pathogens. Males are also more
prone to develop several cancer subtypes both in adult and
pediatric patients. In contrast, females suffer from autoim-
mune diseases more than men, possibly because of over-
reactive immune responses. However, the cellular and molec-
ular mechanisms regulating sex differences in innate immune
responses are still largely unknown.

Better innate resistance to infection of females is observed
early in life, indicating that sex chromosomes more than sex
hormones have a major role in sex differences in immunity.
Indeed, several genes related to immune responses are located
on the X chromosome (Fig. 2). In contrast, conflicting results
on the effects of sex hormones in sex-dependent differences in
innate immune and inflammatory responses have been report-
ed in the literature, possibly because of technical differences in
the studies. In particular, the study of the effects of hormonal
mediators is hampered by the complexity of the responses
depending on the hormonal concentrations and duration of
exposure, or immune cell isolation and stimulation tech-
niques, or finally by small sample population studies.
However, it is now clearly demonstrated that both sex hor-
mones and X chromosome complement contribute indepen-
dently to the innate immune response and even if the molec-
ular mechanisms are still only in part defined, the differential
responses of innate immunity cells to inflammatory stimuli in
the presence of hormones contribute in explaining age and sex
differences in innate immune responses and in diseases.
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