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Glossary

Immune privilege Sites of tolerance in the body where no
immune response is elicited to otherwise highly
immunogenic antigens, for example, expressed by
placental tissue-male germ cells.

Immunity The capacity to elicit, regulate, and terminate an
immune response to eliminate foreign antigens,
pathogens, or inflammatory cells, while at the same time
maintaining tolerance to self-antigens.
Immunocompetence The ability of an individual to
produce immune responses which is determined by age,
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sex, gender, disease, reproductive state, genetic
predisposition, and environmental influences.

Maternal immune adaptation to pregnancy Alterations of
the maternal immune response that establish and maintain
tolerance to the semiallogeneic offspring, thereby ensuring
fetal growth and progression of pregnancy.

Sex disparity of immunity Differences in immunity
between female and male sex based on endocrine, genetic,
or environmental predisposition.

The immune system is highly receptive to endocrine signals due to the expression of hormone receptors on immune cells. The
impact of this immune-endocrine cross talk and related immune responses becomes clearly evident when assessing
immunity from a sex-specific perspective. We here describe the effect of hormones, primarily sex- and stress-related steroid
hormones, on cells of the innate and adaptive immune system in men and women. We specify how these effects are
operational throughout the life span and also during periods of dramatic hormonal changes, such as pregnancy.

Introduction

The immune system actively maintains immune homeostasis by
preventing immune reactions against self-antigens and elimi-
nating pathogens. Interestingly, the immune system is also highly
receptive to signals from other systems of the body, such as the
endocrine system. This immune-endocrine cross talk is possible
due to the expression of hormone receptors on a wealth of
immune cells. Vice versa, endocrine tissues have been shown to
be responsive to immune mediators, such as cytokines.

The significant impact of hormones on the immune system
becomes evident in the differential susceptibility to and
progression of diseases that can be observed in men and
women (Giefing-Kroll et al., 2015; Gubbels Bupp, 2015; Klein
et al.,, 2012, 2010a), mirrored by, for example, a higher inci-
dence of autoimmune diseases (Ackerman, 2006; Fairweather
et al, 2008) and sexually transmitted infections (STIs) in
females compared to males (Wira et al., 2015). These epidemi-
ological observations suggest that respective sex-specific
hormone concentrations account for the sex-specificity of
immunity especially in adult humans (Figure 1).

Further, senescence of the endocrine system in the aging
individual is paralleled by changes of the susceptibility to infec-
tious diseases and, again, occurs differently in females and
males (Giefing-Kroll et al., 2015; Gubbels Bupp, 2015). During
their waning years, men show, for example, an increased
mortality related to infections with human immunodeficiency

virus (HIV), toxoplasmosis, and measles (Giefing-Kroll et al.,
2015), while women experience a higher susceptibility and
mortality to, for example, hepatitis, tetanus, leptospirosis,
meningococcal, and pneumococcal infections, especially after
menopause (Guerra-Silveira and Abad-Franch, 2013; Lozano
etal., 2012).

Endocrine modulation of immunocompetence is not only
apparent between the sexes. Intrafemale hormone levels vary
tremendously throughout the reproductive cycle to ensure
ovulation, fertilization, and implantation, while endocrine
adaptations during pregnancy are necessary to promote
successful growth of the fetus and dampen the risk of rejecting
the semiallogeneic fetus. Hormonal changes occurring during
the stages of the menstrual cycle as well as during pregnancy
are associated with alterations in female immunocompetence.

In this article, the sex- and age-specific effects of endocrine—
immune cross talk on innate, antigen-presenting, and adaptive
immune cells will be highlighted. A focus is given on steroid
hormones (estrogens, progesterone, testosterone, glucocorti-
coids (GCs)), as the effect of these hormones is best understood
to date. It should be noted that immune modulation by
hormones responsible for growth and metabolism (e.g., insulin
(Shu et al, 2012), leptin (Procaccini et al., 2015), thyroid
hormones (De Vito et al., 2011)), fluid and electrolyte balance
(e.g., vasopressin and the steroid hormone aldosterone (Lastra
and Sowers, 2013)), as well as norepinephrine (noradrenaline),
and epinephrine (adrenaline) (Marino and Cosentino, 2013)
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Sex disparity of immunity in adult and aged humans. Disease susceptibility and immune function in adult (30-59 years of age) and elderly

(>60 years old) men and women.*, excluding sex-specific cancers; CID, chronic immune diseases, such as type 2 diabetes and atherosclerosis; ST,

sexually transmitted infections.

can also affect immunity. The interested reader is referred to
cited articles or related chapters in the present book.

Endocrine Modulation of Inmunocompetence

Release of sex and stress steroid hormones from endocrine
glands is controlled by pathways, so called axes, which origi-
nate in the brain and signal to peripheral endocrine organs of
the body (Figure 2).

Reproductive functions in females are regulated by key
female sex hormones, such as estrogens and progesterone.
The key male sex hormone is testosterone, which belongs to
the group of androgens. In both sexes, cortisol, a GC, is the
major hormone secreted in response to stress signals. The levels
of these hormones are altered significantly over a human life
span and differ between females and males in relation to age

(Figure 3).

Steroid hormones bind to specific hormone receptors
(which are either nuclear or membrane bound) and induce
both genomic and nongenomic actions in resident and circu-
lating immune cells (Bellavance and Rivest, 2014; Gilliver,
2010; Kovats et al., 2010). A summary of these effects on
distinct cell subsets of both the innate and adaptive immune
response, is depicted in Figure 4 and detailed below.

Estrogens

The effect of estrogens on immune cells depends on their
concentrations. Estrogen levels are considerably low during
the early secretory and early postovulatory phase of the
menstrual cycle as well as after menopause, whereas estrogen
levels elevate to high levels during the late follicular phase prior
to ovulation and further upsurge during pregnancy.

Low estrogen levels stimulate cells of the innate immune
response (Keller et al, 2001; Rettew et al., 2008; Straub,
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Figure 2 Steroid hormone secretion along the hypothalamic — anterior pituitary axes. The hypothalamus secretes releasing hormones that stimulate
endocrine cells of the anterior pituitary gland to secrete trophic hormones, which in turn induce peripheral glands to secrete the sex and stress
steroid hormones. Via binding to receptors expressed on immune cells, steroid hormones result in cell type—specific functional adaptations.
Negative-feedback loops inhibit upstream signaling of the axes. Immune cells themselves can modulate axis activity via cytokine-mediated actions on
brain glandular regions. Arrows indicate an influencing effect on downstream mediators. ACTH, adrenocorticotropic hormone; CRH,
corticotropin-releasing hormone; CTL, cytotoxic T lymphocyte; DC, dendritic cell; FSH, follicle-stimulating hormone; GnRH, gonadotropin-releasing
hormone; HPA, hypothalamic—pituitary—adrenal; HPG, hypothalamic—pituitary—gonadal; LH, luteinizing hormone; Mo M®, monocytes/macrophages;
NK, natural killer cell; PMN, polymorphonuclear leukocyte; Th, T helper cell; Treg, regulatory T cell.
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Figure 3 Sex-specific hormone levels during reproductive age and in aged individuals. With aging, women experience an abrupt reduction in
estrogen and progesterone levels as ovaries cease to produce these steroids at menopause around their 45-55th year of age (Davison et al., 2005;
Laughlin et al., 2000; Santoro et al., 1996). In males, the decline in total testosterone levels occurs progressively, with no distinct time-point of
andropause (Bhasin et al., 2011; Jasuja et al., 2013; Tancredi et al., 2005). Mean glucocorticoid levels of both men and women increase linear (Van
Cauter et al., 1996), while morning cortisol levels are higher in aged women than in age-matched men.
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Figure 4 Effect of steroid hormones on cells of the adaptive and innate immune response. Arrows indicate stimulation or repression of cytokine
secretion and immune cell function as well as increase or decrease of population size. CCR, CC chemokine receptor; CTL, cytotoxic T lymphocyte;
DC, dendritic cell; IFN, interferon; lg, immunoglobulin; IL, interleukin; Mo M®, monocytes/macrophages; NK, natural killer cell; NO, nitric oxide; NOS,
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2007). Conversely, high concentrations of estrogens contribute
to the repression of proinflammatory innate functions
(Garcia-Duran et al., 1999; Hao et al., 2007; Harkonen and
Vaananen, 2006; Miyagi et al., 1992; Molloy et al., 2003) and
suppress efficient dendritic cell (DC) antigen presentation
(Beagley and Gockel, 2003; Liu et al., 2002).

Estrogens also affect the adaptive immune response, for
example, at the primary site of T cell generation in the thymus.
Here, estrogens can induce thymic atrophy (Staples et al.,
1999), increase the generation of mature CD4" T cells
(Tanriverdi et al., 2003), and their emigration (Pido-Lopez
et al., 2001). One striking estrogen-mediated feature is the
concentration-dependent effect on CD4" T helper (Th) cell
polarization: low concentrations of estrogens are paralleled
by Th1 cell proliferation, cell-mediated immunity, and inter-
feron (IFN)-y as well as antibody production (Pennell et al.,
2012; Pernis, 2007). This response is of rather proinflamma-
tory nature and accompanied by increased cytotoxic CD8" T
lymphocyte (CTL) activity (White et al.,, 1997). Conversely,
high-estrogen concentrations increase interleukin (IL)-4
production by Th2 cells, which induce humoral immunity
and have an anti-inflammatory effect (Karpuzoglu and Zouali,
2011; Pennell et al., 2012; Pernis, 2007; Straub, 2007). High
levels furthermore expand regulatory T (Treg) cells (Arruvito
et al., 2007; Fish, 2008; Polanczyk et al., 2004), accompanied
by an increased expression of IL-10 and transforming growth
factor B (Luo et al., 2011), inhibitory costimulatory molecule
programmed cell death protein (PD)-1 (Wang et al,, 2009),
and cell death-mediating perforin (Valor et al., 2011).

Although estrogens decrease B cell progenitors in the bone
marrow (Masuzawa et al., 1994; Smithson et al,, 1995), they
increase the number of peripheral B cells (Hill et al., 2011),
their activation, maturation, and survival (Grimaldi et al,
2002; Sakiani et al., 2013; Subramanian et al., 2011; Venkatesh
et al, 2006), and production of antigen-specific antibodies
(Fairweather et al., 2008).

Overall, the effects on estrogens on the immune system can
be summarized as immunoenhancing due to the stimulation of
innate immune cell function, CTL activity, and Th1 responses
as well as antibody production and B cell maturation. This
effect is considered to contribute to the relative immunological
advantage of females in mounting an immune response toward
pathogens.

Progesterone

Progesterone downregulates innate immune responses exerted
by macrophages (Su et al, 2009), natural killer (NK) cells
(Arruvito et al, 2008), or DCs (Butts et al., 2007; Hughes
et al., 2008). Further, progesterone antagonizes the effect of
estrogens on T cell cycle progression and apoptosis (McMurray
etal,, 2001) and inhibits proliferation of T cells after DC stimu-
lation (Butts et al., 2007) and their differentiation into proin-
flammatory Th17 cells (Lee et al., 2011). Most importantly,
the high concentrations of progesterone present during
pregnancy inhibit a Th1 bias of the immune response by stimu-
lating the generation of Treg cells (Lee et al, 2011) and
anti-inflammatory, IL-4- and IL-10-secreting CD4" Th2 cells
(Correale et al, 1998, Miyaura and Iwata, 2002;
Szekeres-Bartho et al., 1996). Moreover, progesterone decreases

immunoglobulin-secreting B cell numbers (Lu et al., 2002)
and suppresses their maturation (Sakiani et al., 2013).

Hence, the overall effects of progesterone can be summa-
rized as immunosuppressive.

Testosterone

Testosterone supports the innate immune response by
enhancing neutrophils (Chuang et al., 2009). While testosterone
supports the production and function of actively patrolling
monocytes/macrophages (Chang et al., 2013; Corrales et al.,
2014), it suppresses macrophage function in chronic inflamma-
tion (Corcoran et al., 2010), dampens their sensitivity to recog-
nize pathogenic patterns (Rettew et al., 2008), and suppresses
NK cell proliferation (Page et al., 2006). DCs are suppressed
by testosterone via inhibition of costimulatory molecule expres-
sion (Koh et al., 2009), a reduced proinflammatory cytokine
production (Corrales et al.,, 2009; Meier et al., 2009) and
a diminished antigen-responsive capacity (Corrales et al., 2012).

The adaptive immune response is also suppressed by testos-
terone, mirrored by a reduced T cell proliferation and cytokine
production (Olsen and Kovacs, 1996), a lower proliferation of
immature thymocytes, and accelerated thymic apoptosis
(McMurray et al., 2001), thereby inducing thymic atrophy
(Chang et al., 2013; Olsen et al., 1991). Testosterone inhibits
Th1 differentiation (Kissick et al., 2014), IFN-y secretion in
NKT cells (Lotter et al, 2013), and parasite-induced Th2
responses (Hepworth et al., 2010). In turn, it enhances Th2
immunity to counteract overshooting Th1 responses in autoim-
munity (Dalal et al., 1997) and induces expansion of
suppressor CD8" cells (Olsen and Kovacs, 1996; Tanriverdi
et al.,, 2003) and Tregs (Fijak et al., 2011; Page et al., 2006).
B cell proliferation and immunoglobulin production are
reduced in response to androgens (Chang et al.,, 2013; Ellis
et al., 2001; Smithson et al., 1998).

Overall, testosterone exerts immune-suppressive effects on
the immune response, which has been suggested to protect
males from autoimmunity.

Glucocorticoids

Cortisol, along with the other endogenous GCs, have a dichot-
omous effect on the innate immune response, as they stimulate
macrophages (Ehrchen et al., 2007; Franchimont, 2004;
Giles et al., 2001; Liu et al., 1999), but repress NK cells (De
Lorenzo et al., 2015). Also, GCs inhibit DC maturation
and antigen-presenting function (Elftman et al., 2007;
Franchimont, 2004; Hunzeker et al., 2011), thereby locking
DGCs in a tolerogenic state (Bros et al., 2007; Luther et al.,
2009). With regard to the adaptive immune response, GCs
reduce the levels of circulating naive T cells (Besedovsky
et al.,, 2014; Fischer et al., 2013) and trigger T cell apoptosis
(Purton et al., 2004). They suppress CD8 T cell activation,
proliferation, and trafficking (Hunzeker et al., 2011) and
reduce NKT cell number and cytotoxic activity (De Lorenzo
et al., 2015). GCs suppress cellular (Th1) immunity by repres-
sing production and release of Th1 and Th17 proinflammatory
cytokines (Franchimont, 2004) and favor humoral (Th2)
immunity (Miyaura and Iwata, 2002; Van Den Brandt et al.,
2007). In turn, the differentiation of IL-10-producing Tregs is
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promoted (Chen et al., 2006). B cells are repressed by GCs
(Youinou and Pers, 2010; Zen et al., 2011).

To summarize, GCs are rather strong immune-suppressors,
an effect which is therapeutically utilized to dampen inflamma-
tory symptoms in many diseases by exogenous supplementa-
tion of synthetic GCs.

Noteworthy, besides the direct effects of hormones on the
immune system discussed so far, steroid hormones can also
indirectly affect immunity. For example, estrogens contribute
to recruitment of inflammatory cells via the upregulation of
adhesion molecules on endothelial cells (Murphy et al.,
2004). Testosterone strengthens tight junctions of the blood-
testis barrier (Meng et al., 2005), thereby supporting the
immune privilege of the testis.

We here refrain from discussing reciprocal effects of the
immune system on the endocrine system, such as the effect
of cytokines on key endocrine tissues, like the hypothalamus,
pituitary gland, or thyroid (Boutzios and Kaltsas, 2000).

Consequences of Endocrine-lImmune Cross Talk
Sex Disparity of Adult Inmune Responses

Most of the described immune-endocrine effects described
above and depicted in Figure 4 are compiled from observations
in different species, cell subsets from different organs, from
distinct disease models, or from in vitro experiments. Hence, it
is difficult to appreciate the biological consequences of these
cross talks between hormones and immune cells. Epidemiolog-
ical observations greatly facilitate understanding of the implica-
tions of immune-endocrine interaction for health and disease
(Figures 1 and 3). Here, the more readily initiated innate
immune response to pathogens and a more efficient antigen
presentation seen in females could be attributed to the predom-
inance of estrogens (Gubbels Bupp, 2015; Klein et al., 2010a),
which promotes the response to infections, vaccination, and
trauma with a stronger adaptive response of Th1 cell-mediated
immunity, along with Th2-triggered humoral immune responses
(Gubbels Bupp, 2015; Klein et al., 2010a). Females also exhibit
higher immunoglobulin levels both at baseline and following
infection or immunization, which promotes the elimination of
viral pathogens (Ackerman, 2006; Furman et al, 2014). This
health advantage related to immunity has significant collateral
disadvantages, mirrored by the increased risk for autoimmunity
in women. Here, the estrogen-induced promotion of T cell and B
cell lymphopoiesis has been proposed to promote the escape
from negative selection, hereby leading to the presence of autor-
eactive cells (Fish, 2008; Jeganathan et al., 2014; Okuyama et al.,
1992). The autoreactive cells can subsequently contribute to the
etiology of rheumatoid arthritis (RA) (Cutolo et al., 2003),
systemic lupus erythematosus (SLE) (Costenbader et al,
2007), Sjogren’s syndrome (Fish, 2008), or multiple sclerosis
(MS) (Voskuhl and Gold, 2012).

Conversely, the immunosuppressive effects of testosterone
have been proposed to be advantageous in protecting males
from autoimmunity. Indeed, testosterone has been shown to
decrease the number of autoantibodies (Tanriverdi et al.,
2003) by inhibiting the expansion of autoreactive B cell clones
(Altuwaijri et al., 2009). In accordance with this, declining

levels of testosterone increase the risk for autoimmune diseases
in males. Conversely, the testosterone-mediated immunosup-
pression also explains the increased viral persistence seen in
men (Klein et al., 2012). Chronic immune diseases including
atherosclerosis and metabolic diseases, such as type 2 diabetes,
are also more prevalent among men. This health disadvantage
has been attributed to the lack of estrogens, which can protect
against vascular injury and atherosclerosis and regulate meta-
bolic pathways (Gubbels Bupp, 2015). Another potential
disadvantage related to immune-endocrine interaction is the
overall higher risk of adult men to develop cancer, which has
been linked to the testosterone-related dampened immune
responses to neoplasms (Trigunaite et al., 2015).

Sex-Based Senescence of the Immune Response

Besides sex hormone-related differences in immunity, the
age-associated decrease of estrogens and progesterone in
women and testosterone in men can result in altered immune
responses and risk for diseases (Figures 1 and 3). Indeed,
female- and male-aged individuals show higher-serum levels
of a proinflammatory cytokines, which has been termed
inflammaging (Bartlett et al., 2012; Vural et al., 2006; Yasui
et al., 2007). Despite this inflammatory status, aging is charac-
terized by a less-efficient innate defense against pathogens
(Shaw et al.,, 2013; Solana et al., 2012) and a decreased func-
tionality of the adaptive immune response (Hirokawa et al.,
2013; Sasaki et al., 2011; Schenkein et al.,, 2008; Strindhall
et al., 2013). Treg cells and differentiated T cells with memory
and effector functions accumulate in the periphery (Haynes
and Maue, 2009; Yan et al., 2010), which has been proposed
to render the aged individual less flexible to fight novel patho-
gens and could explain the reduced vaccination efficacy in the
aged of both sexes (Giefing-Kroll et al., 2015). Studies on
sex-specific differences in immunosenescence are sparse, but
the reduced levels of testosterone could allow for the increased
occurrence of autoimmune diseases seen in aging males, while
the decrease in estrogens reduces autoantibody-driven autoim-
munity in females, while at the same time enhancing T cell-
mediated autoimmune diseases (Straub, 2007). Future studies
are needed to elucidate immune-endocrine mechanisms
modulating the course of infectious diseases and vaccination
efficacy in the elderly.

Steroid Hormones Affecting Immunity in Female
Reproduction

Immunocompetence of the Cycling Female and the Window of
Vulnerability

Besides the immune-endocrine interactions discussed so far
with regard to systemic immunity, fluctuations in hormone
concentrations that occur over the relative short-time period
of the menstrual cycle are associated with marked changes in
the local immune response in the reproductive tract (Figure 5;
Hafner et al., 2013; Wira et al., 2015).

Commencing in the late-secretory phase, immune cells in
the uterine endometrium begin to increase and surge during
the estrogen-rich proliferative phase. This cellular influx is
increasingly facilitated with progressive formation of new
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Figure 5 The female menstrual cycle influences local immunity. Alternating hormone levels regulate the functions of the female reproductive tract
to allow fertilization and implantation. In the proliferative phase, during which the endometrial lining is reconstituted, estrogens are predominant and
their levels rise, resulting in ovulation and the onset of progesterone synthesis. After ovulation, the corpus luteum produces both progesterone and
estrogens, both of which control local processes in preparation for a potential pregnancy. In the absence of fertilization, corpus luteum degrades,
inducing inflammatory degradation of the endometrium and the onset of menses. Local immunity changes with fluctuating hormone levels, resulting
in an increased susceptibility to viral and bacterial infectious diseases during the secretory phase. LRT, lower reproductive tract; CTL, cytotoxic T
lymphocyte; 1g, immunoglobulin; NK, natural killer cell; Th, T helper 1 or 2-mediated immune response; Treg, regulatory T cell.

vasculature and accumulation of chemokines and peaks at the
time of ovulation, possibly to provide a receptive environment
for blastocyst implantation (Wira et al., 2015). During ovula-
tion, estrogens induce immunoglobulin secretion to facilitate
removal of potential pathogens (Kutteh et al., 1996; Wira
et al., 2005; Beagley and Gockel, 2003). Moreover, the
increased number of Treg cells in the endometrium throughout
the proliferative phase until ovulation points toward their
possible role in promoting local immune tolerance to facilitate
blastocyst implantation (Arruvito et al., 2007; Berbic et al,,
2010).

During the secretory phase, both progesterone and estrogen
levels are high, which dampens immunosurveillance and
thereby minimizes the risk of an immune response against allo-
geneic sperm antigens and - if implantation occurs - the semi-
allogeneic blastocyst. This is accompanied by low-antibody
levels in cervical secretions (Schumacher, 1973). At the same
time, the endometrium prepares for a possible blastocyst
implantation via an increase of uterine NK cells. These NK cells
show a unique phenotype, as they exhibit low-cytotoxic activity
(Evans and Salamonsen, 2012). Additionally, endometrial
CD8" cytotoxic T lymphocyte activity is suppressed (Laskarin
et al., 1999). Surprisingly, after peaking around ovulation,
Treg cell numbers decrease at the beginning of the secretory

phase, which challenges their central role in contributing to
persisting immune tolerance during very early pregnancy
(Arruvito et al., 2007; Berbic et al., 2010).

The fluctuating levels of estrogens and progesterone during
the menstrual cycle and the associated changes in immune
function have been proposed to influence the response to
mucosal pathogens. Studies performed in mice reveal a reduced
protection from bacterial infection in the genital tract in
response to progesterone (Kaushic et al., 1998). Also, viral
infection appeared to be enhanced in dioestrus (corresponding
to the secretory phase with high progesterone levels in
humans), while viral replication was reduced during the
estrogen-dominated preovulatory phase (Gallichan and
Rosenthal, 1996). Hence, a window for increased susceptibility
to STIs, for example, HIV, has been proposed for the secretory
phase of the menstrual cycle due to the suppression of innate,
humoral, and cell-mediated immunity by progesterone and
high estrogens (Saba et al., 2013; Wira and Fahey, 2008; Hafner
et al., 2013). In conclusion, immunity in the female reproduc-
tive tract faces a contradictory demand by suppressing an
immune response against allogeneic sperm antigens and
promoting the implantation of a semiallogeneic blastocyst.
This is at the expense of immunity against local pathogen
challenges.
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Immune Privilege of the Pregnant Uterus: Adaptations of
Maternal Immunocompetence

Besides the endocrine changes occurring over the menstrual
cycle, pregnancy is accompanied by soaring hormone levels
(Figure 6). These pregnancy-related hormonal changes skew
the innate and adaptive immune response to contribute to a tol-
erogenic immune environment at the fetomaternal interface in
which the fetus develops (Szekeres-Bartho et al., 2005; Blois
et al., 2007; Arck and Hecher, 2013).

Human chorionic gonadotropin drives the corpus luteum
secretion of progesterone during early pregnancy and acts as
a chemoattractant for decidual tolerogenic Tregs (Schumacher
et al, 2009). The pregnancy-associated activation of the
hypothalamic-pituitary-adrenal ~ (HPA) axis increases
immune-suppressive GC secretion, which is even further
enhanced by placenta-derived  corticotropin-releasing
hormone, resulting in a protective hyporesponsiveness to stress
at term pregnancy due to massive negative feedback (Duthie
and Reynolds, 2013; Lindsay and Nieman, 2005). Levels of
estrogens are high, exerting immune-regulatory functions
(Figure 4). The essential role of progesterone in maintaining
a successful pregnancy becomes evident in observations in
humans and mice that its reduction or blockage can result in
fetal loss (Arck et al., 2008; Blois et al., 2004).

Autoimmunity

Infectious susceptibility

Adaptive response

hCG
0.2-210 (First trimester)

1.4-53 (Second trimester)
0.9-60 (Third trimester)
Progesterone

upto 95 (First trimester)
up to 210 (Second trimester)
up to 560 (Third trimester)

Estrogen nmol/L

up to 1.8 (First trimester)
upto75 (Second trimester)
up to 136 (Third trimester)
Prolactin

up t0 9.3 (First trimester)
upto14 (Second trimester)
upto16  (Third trimester)
Cortisol nmol/L

up to 524 (First trimester)

up to 1159 (Second trimester)
up to 1380 (Third trimester)

Relative hormone concentrations

Week of pregnancy

o

While the maternal immune changes establish an immune
privilege of the pregnant uterus to allow for fetal survival, the
occurring systemic alterations have been shown to impair
maternal immunity against pathogens and alter the activity of
autoimmune diseases. The constantly rising levels of proges-
terone and the enhanced GC production in response to
HPA-axis activation could increase the susceptibility to or
severity of infectious diseases due to the suppression of a proper
immune response necessary to control and eliminate pathogens
(Tait et al., 2008). In pregnant mice, infection with Leishmania
major, Salmonella enterica, and Toxoplasma gondii is more severe
due to the suppressed Th1 immunity that would usually mount
an antiparasitic response (Krishnan et al., 2013). Pregnant
women are at an increased risk to suffer from acute and chronic
viral infections such as rhinovirus, severe acute respiratory
syndrome, coronavirus, varicella zoster, hepatitis E/B, HIV,
and cytomegalovirus (Harger et al., 2002; McDonagh et al.,
2004; Wong et al., 2003). Moreover, pregnant women are
highly susceptible to influenza A virus infection, mirrored by
the high incidence, morbidity, and mortality, as last observed
by during the 2009 pandemic (Jamieson et al., 2009; Klein
etal., 2010b). This has been described to result from the contra-
dictory demand for the immune system to mount a virus-specific
immune response to clear the influenza infection, while

v Symptoms ASymptoms
of RA, MS of SLE

A Disease severity A Risk fok viral§ bacterial and parasitic ﬂﬂaﬁ .

Th2.biasfreductionlofilhiliresponses

Treg activity, antibody responses

Second trimester

Figure 6 Pregnancy-associated hormone levels establish maternal immune adaptation. Concentrations of estrogens and progesterone are substan-
tially higher during pregnancy than during the nonpregnant female menstrual cycle due to their placental secretion and stimulation of production via
the HPG-axis. Pituitary-derived prolactin and placenta-derived human chorionic gonadotropin (hCG) as well as GCs sustain pregnancy. Alterations of
the maternal immune response toward a Th2-biased phenotype results in an increased susceptibility to infections. Autoimmune disease progression
is either ameliorated or exacerbated depending on the underlying effector mechanisms involved in autoimmune reactions (B- or Th1-mediated auto-
immunity). hCG human chorionic gonadotropin; MS, multiple sclerosis; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; Th, T helper 1

or 2-mediated immune response.
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Table 1 Endocrine interventions and immunity

Intervention Aim

(Side-)effect on immunity

References

Oral contraceptives Prevent ovulation

Increased risk for genital tract infections
No effect on risk for MS, RA, SLE

Fichorova et al. (2015), Mohllajee et al.
(2006), Murphy et al. (2014), and Straub

In vitro fertilization Induce ovulation, maintain early Unknown
pregnancy
Estrogen replacement

therapy symptoms

Alleviate peri- and postmenopausal Partial restoration of immunological
function seen during reproductive age

(2007)

Huang and Rosenwaks (2012) and
Yanushpolsky (2015)

Holroyd and Edwards (2009), Giefing-Kroll
et al. (2015), and Straub (2007)

Increased symptoms of SLE

Deprive ER™ breast cancer from
estrogens

Reduction of inflammation in
hypogonadism

Aromatase inhibitors

Androgen replacement
therapy

Reduction of excessive
glucocorticoid release

CRH antagonists

Clinical signs of RA (e.g., joint pain)

Suppression of cellular and humoral
immune responses

Reduction of downstream
immune-suppression

Zhang et al. (2010)

Cutolo et al. (2002), Kocar et al. (2000),
Musabak et al. (2003), Ackerman (2006),
Malkin et al. (2004), and Fijak et al. (2011)

Elenkov et al. (1999) and Zoumakis et al.
(2006)

MS, multiple sclerosis; ER; estrogen receptor; RA; rheumatoid arthritis; SLE, systemic lupus erythematosus; CRH, corticotropin-releasing hormone.

simultaneously maintaining adaptation to pregnancy (Gabriel
and Arck, 2014). Furthermore, antibody-mediated disorders
such as SLE (Smyth et al., 2010), sclerodermia (Artlett et al.,
1998), and thyroiditis (Klintschar et al., 2001) are exacerbated
during pregnancy, possibly due to enhanced antibody produc-
tion in response to the high levels of estrogens.

In contrast to these adverse effects of pregnancy on immu-
nity, the immune-endocrine interaction during pregnancy
can also be beneficial for maternal health. In female patients
with MS or RA, both T cell-mediated inflammatory diseases,
clinical symptoms have been reported to improve during preg-
nancy. This is followed by vigorous disease relapses shortly
after parturition, when hormonal levels and immune adapta-
tion are being restored to nonpregnancy levels (Confavreux
et al, 1998; De Man et al, 2008; Hughes and Choubey,
2014). Strikingly, the amelioration of MS disease activity has
been shown to exceed the effect size of currently available ther-
apeutic strategies (Vukusic et al., 2004). Hence, a better under-
standing of underlying immune-endocrine pathways may
provide insights for developing new treatments for these condi-
tions (Patas et al., 2013).

Genetic Influence of Sex Chromosomes on Immune
Response

Noteworthy, the sex-specific endocrine response does not
suffice to fully explain sex-specific immune responses
(Giefing-Kroll et al., 2015). Investigations also aim to under-
stand the genetic influence of the sex chromosomes on
immune differences between the sexes. It has been proposed
that the escape from X chromosome silencing and X inactiva-
tion skewing may reactivate parts of the second X chromosome
in females, which could promote female immune function
due to enhanced expression of immune-regulatory genes.
Males, in contrast, have only one copy of the X chromosome
which encodes for many genes involved in immunity (Libert
et al, 2010). Also gender-related lifestyle factors may
contribute to differential immunity and disease susceptibility
(Oertelt-Prigione, 2012).

Conclusion

In this article, interactions of sex and stress steroid hormones
with the innate and adaptive immune response have been dis-
cussed from a sex- and age-specific perspective and in certain
settings, such as pregnancy. Additional evidence for the impact
of hormones on the immune system can be observed during
endocrine therapeutic interventions, which is listed in Table 1.
We highlight the biological consequences resulting from the
interaction between hormones and immune cells in the context
of health and diseases, as the current knowledge opens avenues
for therapeutic interventions targeting pathways involved in
the immune-endocrine cross talk, for example, during preg-
nancy complications or autoimmunity.

See also: Physiology of the Inmune System: Effect of Sex on
Cellular Immunity; Effect of Sex on Humoral and Innate
Immunity; Immunity and Aging; Immunology of the Female
Reproductive Mucosa; Immunology of the Testis and Privileged
Sites.
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