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1. Introduction

The immune system must overcome daily challenges from pathogens to protect the body
from infection. The success of the immune response to infection relies on the ability to sense
and evaluate microbial threats and coordinate their elimination - all the while limiting
damage to host tissues. This delicate balance is achieved through coordinated action of
innate and adaptive arms of the immune system. The main distinguishing characteristic of
these two branches of the immune response is the way they recognize antigens. Whereas
innate immunity relies on germline-encoded receptors to sense the presence of pathogens,
adaptive immunity employs a highly diverse set of receptors generated through somatic
mutation and recombination that are tailored to specific pathogens. The second major
defining characteristic of the adaptive immune system is the development of immunological
memory that manifests with increased functionality and frequency of responding cells upon
re-exposure to the same antigen.

Several immune cell subsets play a critical role in mediating innate immune responses.
These include neutrophils, natural killer (NK) cells, dendritic cells (DC), and macrophages.
These cells are alerted to the presence of pathogens via recognition of microbial non-self,
missing self, or altered self (Medzhitov and Janeway 2002). Recognition of microbial entities
relies on the detection of conserved molecular patterns referred to as pathogen-associated
molecular patterns (PAMPs) by pattern recognition receptors (PRRs) of the innate immune
system. The three best-characterized families of PRRs are the toll-like receptors (TLR), the
NOD-Like Receptors (NLR) and the retinoic acid-inducible gene (RIG-I)-like RNA helicases
(RLHs). Following PAMP encounter, these receptors initiate signaling cascades that drive
production of several anti-microbial molecules that ultimately limit pathogen replication
and spread. Furthermore innate immune cells activate the adaptive arm of the immune
system through the action of soluble mediators and antigen processing and presentation
(Kabelitz and Medzhitov 2007; Medzhitov 2007).

DCs can be divided into myeloid (mDC) also known as conventional DCs and
plasmacytoid DCs (pDCs) (Sallusto and Lanzavecchia 1994; Olweus, BitMansour et al.
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1997). Myeloid DCs detect pathogens via TLR-3, -4, -7, and -8 and respond to infection by
upregulating surface expression of CD40 and CD86 and producing IL-12 (Ketloy,
Engering et al. 2008). Their main function is to process and present pathogen-derived
peptides to naive T cells (Siegal, Kadowaki et al. 1999). On the other hand, pDCs
recognize viral DNA and RNA via TLR-7 and TLR-9 and produce vast amounts of type I
interferons, which are potent antiviral cytokines, such as interferon a (IFNa) in response
to viral infection (Cella, Jarrossay et al. 1999; Teleshova, Kenney et al. 2004; Chung,
Amrute et al. 2005; Ketloy, Engering et al. 2008).

NK cells mediate the recognition of missing and altered self through the expression of
inhibitory and activation receptors (Christopher E. Andoniou 2008). These receptors are
member of either the immunoglobulin-like superfamily (IgSF) or the C-type lectin-like
receptor (CTLR) superfamily (Radaev and Sun 2003). Recognition of MHC class I molecules
is mediated by killer inhibitory receptors (KIR) such as CD94/NKG2
heterodimers/complexes, which deliver an inhibitory signal to NK cells (Biron, Nguyen et
al. 1999; Biassoni 2008). Some viruses down-regulate MHC class I molecules to evade
detection by CD8 T cells (discussed later). However, NK cells that do not receive a signal
through inhibitory receptors receive an activation signal and can eliminate the infected cells
(Biassoni 2008). Cell damage and some additional viral infections can also result in the
upregulation of stress-induced molecules such as MIC-A, MIC-B, and ULBPs (Radaev and
Sun 2003). These altered self-molecules function as ligands for NK cell activating receptors
such as NKG2D (Radaev and Sun 2003; Biassoni 2008). NK cells can be subdivided based on
the expression of CD16 (Lanier 2008). The majority of blood and spleen resident NK cells are
CD16ros (85-90%); they are highly cytotoxic and secrete moderate amounts of inflammatory
cytokines (Werner Held 2008). The CD16neg NK cells cannot kill target cells but they secrete
large amounts of inflammatory cytokines.

Neutrophils and macrophages play a critical role in the elimination of pathogens via
phagocytosis. Neutrophils are short-lived cells that are recruited by a chemotactic gradient
into infected/inflamed tissues where they then phagocytose bacteria (Svanborg, Godaly et
al. 1999). Neutrophils can also kill bacteria by respiratory burst, the release of reactive
oxygen species (Dahlgren and Karlsson 1999), or the release of antimicrobials (Medzhitov
2003). Neutrophils are required for the clearance of bacteria from mucosal sites (Svanborg,
Godaly et al. 1999). Macrophages also play a critical role in elimination of pathogens via
phagocytosis, pinocytosis, or receptor-mediated endocytosis (Aderem and Underhill 1999).
As described for DCs, macrophages express several PRRs, notably TLR 4 (Aderem and
Underhill 1999). Activation of PRRs on macrophages activates the release of intracellular
antimicrobial molecules (Linehan, Martinez-Pomares et al. 2000) as well as inflammatory
cytokines such as IL-6, IL-8, and TNFa (Larsson, Larsson et al. 1999; Beutler 2000). Like DCs,
macrophages can also stimulate lymphocytes and initiate the development of the adaptive
immune response (Beutler 2000).

The adaptive immune branch is composed of B and T lymphocytes, which unlike cells of the
innate immune system can generate a response tailored specifically to each pathogen. This
specificity is acquired through the expression of diverse, clonally distributed antigen
receptors on T and B cells. The initial diversity is produced in primary lymphoid organs (the
thymus in the case of T cells and the bone marrow in the case of B cells) through a series of
gene recombination events; further diversification occurs by somatic hypermutation of the
B-cell receptor (BCR, antibody) and by functional diversification of effector T cells.
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T cells are broadly divided into aff CD4 and CD8 T cells (90%) as well as v3 T cells (10%). T
cells recognize antigens in the form of small peptides bound to major histocompatibility
(MHC) class I or class II molecules. CD8 T cells, commonly known as cytotoxic T cells,
recognize foreign peptide bound to MHC-I molecules and have evolved to monitor for and
eliminate tumor cells and cells harboring intracellular pathogens. CD4 T cells, or helper T
cells, recognize foreign peptides bound to MHC-II and secrete a broad range of cytokines,
which play a crucial role in the maturation of the B cell response as well as the development
and establishment of the CD8 T cell response. Once activated, CD4 T cells can differentiate
into four major lineages, Th1l, Th2, Th17, and regulatory (Treg) cells. These subsets can be
distinguished by their unique cytokine production profiles and their functions: Thl cells
predominantly produce IFNy and mediate responses to intracellular viral and bacterial
pathogens; Th2 cells produce IL-4, IL-5, IL-9, IL-13, and IL-25 and are critical for expelling
extracellular parasites such as helminths; Th17 cells are responsible for controlling
extracellular bacteria and fungi through their production of IL-17a, IL-17f, and IL-22; Treg
cells are important in maintaining immune tolerance, as well as in regulating lymphocyte
homeostasis, activation and function and produce regulatory cytokines TGFfB and IL-10
(Zhu and Paul 2010).

The maintenance of a structurally and functionally diverse T cell repertoire is a dynamic
process governed by thymic output and the exposure to antigen and cytokines, which
modulate T cell survival, proliferation and death. A rigorous analysis developed over
several years has demonstrated that human CD4 and CD8 T cells can be subdivided into
naive, central memory (CM) and effector memory (EM) in addition to several transitional
subsets (Lanzavecchia and Sallusto 2005). Studies have identified IL-7 and IL-15 as key
players in T cell homeostasis (Surh and Sprent 2008). IL-7 and MHC contact are critical for
the survival of naive T cells (Jared F. Purton 2007). These signals do not induce
differentiation but rather a low level of homeostatic proliferation and promote the survival
of these cells. Memory T cells on the other hand, do not require MHC contact for survival
(Boyman, Purton et al. 2007), but do require both IL-7 and IL-15 (Purton, Tan et al. 2007).
Upon antigen encounter, naive antigen-specific B cells quickly differentiate into short-lived
plasma cells that can immediately produce antibodies while others travel to germinal
centers to undergo the longer process of becoming memory cells and long-lived plasma cells
(Tangye and Tarlinton 2009). B cells within the germinal centers undergo vigorous
proliferation, isotype class switching (from IgM to IgG, IgA or IgE) and somatic
hypermutation thereby differentiating into memory and plasma cells that produce high
affinity antibodies (Tarlinton 1998). Naive B cells express IgM and IgD and are induced to
class switch by T cell produced cytokines (Chaplin 2010). For example, IL-10 and possibly
IFN-y induces switching to IgG, while IL-4 and IL-13 induce switching to IgE, and TGF-f} to
IgA (Chaplin 2010). Different antibody classes target different pathogens as a result of the
activation of different Ty types. IgA are produced in response to infection of mucosal
surfaces (Tiwari, Agrawal et al. 2010), IgE are important for allergic responses (Johansson)
and IgG are critical for the anti-viral immune response. Long lived plasma cells continue to
secrete antibodies well after antigen clearance while memory B can rapidly proliferate and
differentiate into plasma cells upon antigen re-exposure (Tangye and Tarlinton 2009). B cells
are also capable of T cell independent activation by polymeric antigens with a repeating
structure such as LPS. However somatic mutation does not usually occur in this process and
immune response tends to be weak (Chaplin 2010).
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2. Gender and the immune response to infection/vaccination

The incidence and severity of several viral diseases is higher in men than women (Klein 2010).
For instance, coxsackie virus associated myocarditis occurs more often in men than women
(Woodruff 1980). These gender differences were recapitulated by a murine infection model,
where pro-inflammatory cytokines TNFo and IL-1p are induced more strongly in male mice,
resulting in the increased recruitment and accumulation of macrophages in the heart and the
subsequent development of myocarditis (Huber and Pfaeffle 1994; Huber, Kupperman et al.
1999; Huber 2005). Adult women also generate a more robust cell mediated response
following cytomegalovirus (CMV) infection with higher IFNy and IL-2 production (Villacres,
Longmate et al. 2004), a stronger humoral response to Epstein Barr virus (EBV) (Wagner,
Hornef et al. 1994), and a better immune response to herpes simplex virus (HSV)-1 and 2 than
men (Han, Lundberg et al. 2001). During human immune deficiency virus (HIV) infection pre-
menopausal women have higher CD4 lymphocyte counts throughout infection and lower viral
loads early during infection than men (van Benthem, Vernazza et al. 2002). Moreover, HIV+
women have higher levels of CD8+ T cell activation than men with equivalent viral loads
(Meier, Chang et al. 2009). Similarly, female mice generate more robust immune responses and
are better protected following infection with vesicular stomatitis virus and picornavirus
(Curiel, Miller et al. 1993; Barna, Komatsu et al. 1996)

It is now well recognized that men experience greater morbidity and mortality due to
bacterial infection and sepsis after trauma than women (reviewed by Marriott et al.
(Marriott and Huet-Hudson 2006)). Moreover, more men develop severe septic shock than
women (Schroder, Kahlke et al. 1998; Schroder, Kahlke et al. 2000; Wichmann, Inthorn et al.
2000). Similarly, male gender is a risk factor for major infections after surgery (Offner,
Moore et al. 1999). The notion that males are more vulnerable to bacterial infections than
females is supported by animal studies. Mycobacterium marinum infection in male mice
results in higher bacterial burden and worse disease outcome than females (Yamamoto,
Saito et al. 1991). Male rats also experience higher mortality than females following
intravenous injection of LPS (Merkel, Alexander et al. 2001). Similar findings were reported
in mice models of sepsis (Zellweger, Wichmann et al. 1997; Diodato, Knoferl et al. 2001).
This gender difference in survival is most likely mediated by a difference in cytokine
production. Whereas male patients produced higher levels of the inflammatory cytokines
TNFa and IL-6 during sepsis, females produced higher levels of the regulatory cytokine IL-
10 (Schroder, Kahlke et al. 1998; Offner, Moore et al. 1999).

Parasitic infections also show a strong sex bias with higher prevalence of infection and disease
severity in men compared to women (Klein 2004). This increased resistance seems to be
mediated by a gender difference in T cell polorization. Female mice generate a Thl response
following infection with Plasmodium brasiliensis whereas males produce a Th2 response
(Pinzan, Ruas et al. 2010). Moreover, when castrated male mice are treated with 173 estradiol
(E2), their spleen cells produced higher levels of IFNy and lower levels of IL-10 following
stimulation with P. brasiliensis compared to control males (Pinzan, Ruas et al. 2010). Similarly,
ovariectomized (OVX) mice treated with E2 produced higher levels of IFNy and IL-10
(associated with a protective response) as well as higher antibody responses after Plasmodium
chabaudi infection compared to OVX mice treated with placebo (Klein, Easterbrook et al. 2008).
OVX mice receiving E2 also experienced less weight and hematocrit loss, as well as less
hypothermia following malaria infection than OVX mice receiving placebo (Klein, Easterbrook
et al. 2008). Finally, E2 treatment induces resistance to Toxoplasma gondii infection in both
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female and male mice (Klein 2004). These data are consistent with the hypothesis that estrogen
promotes a protective Th1 response following parasitic infections.

As described for infections, women also generate a more robust response to most vaccines
as evidenced by higher rates of seroconversion and lower rates of disease after vaccination
than men (Cook 2008; Klein, Jedlicka et al. 2010) as well as higher plasma levels of
immunoglobulins than men (Ansar Ahmed, Penhale et al. 1985). In an influenza vaccine
trial, participants aged 18-49 were given either a full or half dose of vaccine. Women who
received a half dose developed an equivalent antibody response as men who received the
full dose of vaccine (Engler, Nelson et al. 2008). Similarly, vaccines against HSV-2 also show
sex differences in immunogenicity and efficacy. Early vaccine formulations showed some
protection in women (26%) and no protection in men (4%) (Corey, Langenberg et al. 1999).
More recent subunit vaccines expressing glycoprotein D resulted in 73 to 74% protection in
HSV negative women while protection in men remained negligible (11%) (Stanberry,
Spruance et al. 2002; Bernstein, Aoki et al. 2005).

2.1 Mechanisms of action of female sex hormomes

The mechanisms by which ovarian steroids modulate the immune response are beginning to
emerge. Several lines of evidence suggest that E2 enhances the immune response whereas
progesterone dampens it. For instance, prolonged exposure to progesterone in the form of the
contraceptive Depo-Provera (Depo) increases susceptibility of female mice to HSV-2 genital
infection (Gillgrass, Ashkar et al. 2003) and of female nonhuman primates to Chlamydia
trachomatis (Kaushic, Murdin et al. 1998), SIV (Marx, Spira et al. 1996) and SHIV (Trunova, Tsai
et al. 2006). Clinical studies also found associations between Depo use and increased
chlamydia, HSV-2, HIV and HPV incidence in adult women (Marx, Spira et al. 1996; Baeten,
Nyange et al. 2001; Brabin 2002; Morrison, Richardson et al. 2007). In contrast to Depo
treatment, E2 administration to ovariectomized (OVX) female mice protected them from HSV-
2 infection (Gillgrass, Fernandez et al. 2005). Similarly, female rhesus macaques treated with
estrogen were protected from SIV transmission (Smith, Baskin et al. 2000). Interestingly,
vaccination studies in humans indicate that vaginal immunizations might be more effective for
induction of genital tract antibodies if performed during the mid-follicular phase of the
menstrual cycle when estrogen levels are highest (Kozlowski, Williams et al. 2002).

Estrogen and progesterone can directly modulate T and B cell function or indirectly impact
their function by modifying the function of innate immune cells such as DCs, or a
combination of both. There are two types of nuclear estrogen receptors (ER): a and B, which
form homo and heterodimers (Kovats and Agrawal 2010). The expression of ERa has been
reported on lymphocytes, DCs, macrophages, monocytes, NK cells, and mast cells (Suenaga,
Evans et al. 1998; Komi and Lassila 2000; Curran, Berghaus et al. 2001; Grimaldi, Cleary et al.
2002; Mor, Sapi et al. 2003; Paharkova-Vatchkova, Maldonado et al. 2004; Phiel, Henderson
et al. 2005; Harkonen and Vaananen 2006). The level of expression differs between immune
cell types. For instance, CD4 T cells express higher amounts of ERa than ERB while the
inverse expression profile is observed in B cells (Phiel, Henderson et al. 2005). CD8 T cells
and monocytes express only low amounts of both receptor types (Phiel, Henderson et al.
2005). This difference in ER expression levels is likely to result in differential modulation of
the of these immune cells by estradiol.

Progesterone receptors (PR) are not as ubiquitous as ERs and no nuclear PR have been
detected in peripheral blood mononuclear cells (PBMC) (Kovats and Agrawal 2010). T cells
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do however express membrane bound progesterone receptors o and B (Dosiou, Hamilton et
al. 2008). The expression of PRa is also upregulated on CD8+ T cells during the luteal phase
of the menstrual cycle (Dosiou, Hamilton et al. 2008). Adding to the complexity of the effects
of sex steroids, PR are primarily induced by estrogen via ER, thus creating an intricate
interaction between these two hormones (Kovats and Agrawal 2010). NK cells and
monocytes are the only other immune cell types known to express PRs (Kovats and Agrawal
2010). Both ER and PR function as transcription factors by binding to estrogen and
progesterone responsive elements upon ligation or by binding to other transcription factors
(Kovats and Agrawal 2010).

Estrogen treatment of B cells increases the expression of the anti-apoptotic molecule Bcl-2
thereby potentially increasing the resistance of auto-reactive B cells to apoptosis (Evans,
MacLaughlin et al. 1997; Verthelyi and Ahmed 1998; Rider, Jones et al. 2001). Estrogen also
enhances B cell activation (Paavonen, Andersson et al. 1981), IgG production (Kanda and
Tamaki 1999), and upregulates activation-induced deaminase (AID), thereby enhancing
somatic hypermutation frequency and class-switch recombination, resulting in greater
antibody affinity-maturation (Karpuzoglu and Zouali 2011). In vitro studies examining the
effect of E2 on T cell proliferation and cytokine production have often yielded contradictory
results when using PBMC (Bouman, Heineman et al. 2005) although some observations do
suggest a potential bias towards Th2, Th17 (Polanczyk, Hopke et al. 2006) and Treg
polarization in E2 treated T cell cultures (Khan, Dai et al. 2010).

Several studies have demonstrated the modulation of innate immunity by estrogen. E2
regulates TLR2 expression on lipopolysaccharide (LPS) stimulated microglial cells in vivo
after both intracerebral and systemic LPS injection (Soucy, Boivin et al. 2005). A recent study
showed that presence of estrogen related receptor ERRa. on macrophages was required for
IFNy production and efficient clearance of Listeria monocytogenes (Sonoda, Laganiere et al.
2007). Moreover, E2 administration significantly increases mRNA for the inflammatory
cytokines IL-1f, IL-6, and TNFa as well as inducible NO synthase in thioglycate-elicited
macrophages from OVX mice(Calippe, Douin-Echinard et al. 2010). This mechanism was
ERa dependant (Calippe, Douin-Echinard et al. 2010). Human dendritic cells matured in the
presence of E2 and TNFa, but not TNFa alone, promote the differentiation of naive CD4 T
cells into Th2 cells (Uemura, Liu et al. 2008). However, E2 treatment may limit the capacity of
mature DC to stimulate T cell proliferation (Segerer, Muller et al. 2009). Mouse pDCs
stimulated with CpG in the presence of E2 have higher expression of the co-stimulatory
molecules CD40 and CD86 as well as higher IFN-a production (Li, Xu et al. 2009). When co-
cultured with B cells, these E2 treated pDCs increase B cell viability, but as described for T cells
above, not proliferative capacity (Li, Xu et al. 2009). Similarly, in vitro stimulation of PBMC
with HIV-1 antigens which stimulate pDC via binding to TLR-7 resulted in higher IFNa
production by women than by men (Meier, Chang et al. 2009). In contrast to these data,
progesterone treatment reduces the ability of dendritic cells to take up antigenic peptides,
stimulate T cell responses (Butts, Shukair et al. 2007), and secrete the potent antiviral cytokine
IFNoa (Hughes, Thomas et al. 2008).

3. Immune senescence

Increasing age results in a gradual erosion of immune function that is commonly referred as
“immune senescence” (Larbi, Franceschi et al. 2008). This age-related loss of immune fitness
is believed to result in greater morbidity and mortality from infection in this age group.
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Immuno-senescent changes have been described for both innate and adaptive immunity.
Specifically, circulating monocyte numbers are increased in the elderly, although circulating
neutrophil numbers remain unaltered (Chatta, Andrews et al. 1993; Born, Uthgenannt et al.
1995; Lord, Butcher et al. 2001; Della Bella, Bierti et al. 2007). This may reflect the skewing of
bone marrow hematopoietic stem cell (HSC) progenitors in the elderly towards the myeloid
lineage (Beerman, Bhattacharya et al. 2010). Nonetheless, age-related decreases in circulating
mDC numbers have been reported (Della Bella, Bierti et al. 2007). In addition, aged myeloid
cells exhibit hyporesponsiveness to several innate stimuli, which may reflect reduced
expression of PRR and their downstream signaling mediators, or increased negative
regulation of these pathways (Dunston and Griffiths 2010; Shaw, Joshi et al. 2010).
Furthermore, innate immune function may be compromised by diminished phagocytic
activity in the elderly (Wenisch, Patruta et al. 2000; Lloberas and Celada 2002), compounded
by reduced superoxide production and intracellular killing ability in the case of Gram-
positive bacteria (Lord, Butcher et al. 2001). Some reports have suggested that although NK
cell numbers are conserved with age (Tarazona 2009), there is a decrease in proliferation and
cytokine production (Mocchegiani and Malavolta 2004; Murasko and Jiang 2005; Zhang,
Wallace et al. 2007). Changes in NK cytotoxicity with age are somewhat controversial with
some studies showing a decrease while others show no change (Tarazona 2009). Preserved
NK cytotoxicity is associated with lower infection and mortality rates and better vaccine
response in the elderly (Ogata, Yokose et al. 1997, Mysliwska, Trzonkowski et al. 2004).
Moreover, aging is associated with an increase in CD564dim NK cells which are cytotoxic and
a decrease in CD56bright cells which are immuno-regulatory (Borrego, Alonso et al. 1999).
Age-related changes in frequency and function of innate immune cells impact the protective
immune response by decreasing anti-bacterial function as well as by impacting antigen
presentation and the generation of adaptive immunity in the elderly.

Although, it is clear that aging affects innate immune function, accumulating evidence
indicate that the adaptive arm of the immune system, and more specifically in the T cell
compartment, exhibits more profound and consistent changes than the innate arm (Pawelec,
Larbi et al. 2009). The hallmarks of T cell senescence include: 1) loss of naive T cells and
accumulation of memory T cells; 2) reduced CD4:CD8 T cell ratio; 3) increased T cell
production of inflammatory cytokines; and 4) reduced T cell proliferative ability. Several
phenomena are believed to contribute to these changes. Decreased production of
hematopoietic stem cells in the bone marrow leads to decreased migration of early T cell
progenitors to the thymus, which in turn leads to thymic atrophy and a decline in naive T
cell production (Chen 2004). Other factors that contribute to naive T cell loss include
accelerated conversion of naive T cells into memory T cells due to increased turnover
(Naylor, Li et al. 2005), and a life-long exposure to chronic/persistent viruses, notably CMV
(Pawelec, Derhovanessian et al. 2009). The loss of naive T cells is accompanied by a
concomitant increase in memory T cell number/frequency, especially terminally
differentiated T cells. These cells preferentially accumulate within the CD8 T cell subset
where they can reach significant proportions in the aged (Vallejo 2005; Sansoni, Vescovini et
al. 2008) and can often be oligoclonal (expressing a single T cell receptor) (Schwab, Szabo et
al. 1997). These T cell clonal expansions (TCE) are often CMV-specific and may play a role in
controlling CMV viral burden (Derhovanessian, Larbi et al. 2009), but high frequencies of
terminally differentiated T cells have also been associated with the poor responses to
influenza vaccines (Saurwein-Teissl, Lung et al. 2002; Trzonkowski, Mysliwska et al. 2003)
and increased inflammation (Vallejo, Weyand et al. 2004).
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Both quantitative and qualitative changes in the B cell compartment have been reported
with age. The frequency of B cells decreases with age (Huppert, Solomou et al. 1998;
Colonna-Romano, Bulati et al. 2003). More importantly, there is a consistent reduction in the
antibody response to infection and vaccination. For instance, 25% of persons over the age of 65
fail to develop a neutralizing antibody response following influenza vaccination, whereas 90%
of adults aged 25 to 45 successfully do so (Beyer, Palache et al. 1989). This decline was also
reported in response to other vaccines such as hepatitis B (Cook, Gualde et al. 1987) and A
(D'Acremont, Herzog et al. 2006; Genton, D'Acremont et al. 2006). It was initially proposed
that reduced B cell function is due to diminished CD4 T cell help. However, accumulating
evidence points to the fact that there are intrinsic defects within the B cell compartment
independent of the CD4 helper function. One of the possible intrinsic B cell deficiencies is that
isotype class switching and/affinity maturation is compromised in the elderly (Aydar, Balogh
et al. 2004; Frasca, Riley et al. 2004; Cancro, Hao et al. 2009). Another contributing factor to the
decreased B cell response in the elderly is the reduction in the B cell repertoire. As described
for T cells, B cell clonal expansions are detected with greater frequency in the elderly and
could potentially interfere in the development of a protective immune response by constricting
the proliferative burst, establishment of new memory B cell population or reducing naive B
cell output (LeMaoult, Delassus et al. 1997; LeMaoult, Szabo et al. 1997; LeMaoult, Manavalan
et al. 1999; Weksler and Szabo 2000; Szabo, Li et al. 2004).

Last but not least, immune senescence is associated with the upregulation of circulating pro-
inflammatory cytokines, notably IL-6 and TNFa and to a lesser extent IL-13 (De Martinis,
Franceschi et al. 2005; Wikby, Nilsson et al. 2006). Increased production of chemokines such
as RANTES, MIP-1a,a IL-8 and MCP-1 was also reported (Gerli, Monti et al. 2000; Pulsatelli,
Meliconi et al. 2000; Mariani, Pulsatelli et al. 2002). This chronic inflammatory state has been
correlated with overall mortality rate and is believed to significantly contribute to the
development of age-related diseases such as Alzheimer’s, atherosclerosis, sarcopenia,
diabetes, rheumatoid arthritis and certain types of cancer (Vasto, Candore et al. 2007).

4. Menopause and hormone therapy regimens

In women, aging is accompanied by a dramatic loss in ovarian function and subsequent
menopause around the age of 51. Thus, with the average life span of ~80 years, women can
expect to spend a significant portion of their lives in a post-menopausal state (Hall 2004).
The endocrine changes associated with entry into menopause appear to be driven by the
age-related depletion of follicular reserve, which leads to a failure to produce the hormonal
support necessary to maintain levels of inhibin B. The decrease in inhibin B production
results in deregulated production of follicular stimulating hormone (FSH), which in turn
results in altered estrogen production and eventually a decrease in the levels of circulating
estrogen (Wu, Zelinski et al. 2005; Burger, Hale et al. 2008). This diminished responsiveness
results in a cycle that culminates in menopause.

Menopause not only affects women'’s fertility, but also exacerbates several age-related
diseases such as osteoporosis, cardiovascular disease, loss of cognitive abilities and the
incidence of some cancers (Prior 1998; Grady 2006). Interestingly, some of these diseases,
notably osteoporosis and atherosclerosis correlate with increased inflammatory cytokine
production (Ginaldi, Di Benedetto et al. 2005), thereby establishing a complex interaction
between immune senescence and menopause. However, few studies have investigated the
impact of menopause and hormone therapy on immune senescence.
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There are three basic forms of hormone replacement therapy (HRT): 1) unopposed estrogen
therapy; 2) sequentially combined HRT (scHRT) where estrogens are taken daily and; 3)
progesterone or progestins are taken intermittently, and continuous combined HRT (ccHRT)
where both hormones are taken daily. Estrogen administration can be accomplished orally
via tablets, or transdermally through a variety of vehicles including patches, creams, and
vaginal inserts. Estrogen is most commonly prescribed as conjugated equine estrogens
(CEE) in the U.S. (Nelson HD 2007), but other forms such as synthetic conjugated estrogens,
estradiol estropipate, esterified estrogen, and ethinylestradiol are gaining in popularity. The
method of delivery is often determined by the target symptoms and patient preference.
Progesterones can be prescribed as progesterone or as a wide array of synthetic congeners or
progestins.

Treatment of postmenopausal symptoms with estrogen began in the 1940’s (Nelson HD
2007). In the 1970’s progesterone was added to regimens when a link was made between
unopposed estrogen treatment and endometrial cancer (Smith, Prentice et al. 1975; Ziel and
Finkle 1975). In the 1980’s estrogen began to be prescribed as a prophylactic against
osteoporosis when it was shown to reduce fractures (Weiss, Ure et al. 1980; Kiel, Felson et al.
1987) and was thought to be potentially beneficial against other chronic illnesses such as
heart disease and dementia (Bluming and Tavris 2009). A sharp decline in prescription of
HRT occurred after the termination of the combination estrogen-progestin therapy arm of
the Women’s Health Initiative (WHI) in 2002 (Hing and Brett 2006). Since 2002 the WHI has
made a number of updated reports warning of the dangers of HRT, however careful review
of the data reveals these dangers are largely unfounded in most women (Bluming and
Tavris 2009). The only conclusive danger is that of an increased cardiac risk in women over
the age 60 taking HRT for the first time, and only for the first year (Bluming and Tavris
2009). There is no conclusive evidence that exogenous estrogens increase the risk of breast
cancer (Bluming and Tavris 2009).

5. Impact of menopause on immune cell function

In contrast to the plethora of studies examining the effect of hormone therapy on
cardiovascular disease, bone metabolism and breast cancer, very few studies have examined
the effects of menopause and HRT on immunological parameters. Given that female sex
hormones modulate immune response to infection in young women and animal models, it
has been hypothesized that that the loss of ovarian steroids during menopause could
exacerbate immune senescence (Gameiro and Romao 2010; Gameiro, Romao et al. 2010;
Rehman and Masson 2005). This hypothesis is supported by the observation that rhinovirus
infection induces a higher IFNy and IL-13 response in women than men, however this sex
difference is no longer detected after the age of 50 (Carroll, Yerkovich et al. 2010). Similarly,
hepatitis vaccines induce higher antibody titers and seroconversion rates in adult women,
but this gender difference is no longer evident in vaccinees over the age of 60 (Klein,
Jedlicka et al. 2010). The incidence of herpes zoster is also higher in women 50 years of age
and older compared to males (Chapman, Cross et al. 2003; Fleming, Cross et al. 2004).

The mechanisms underlying these observations are being examined in rodent and nonhuman
primate models where menopause was induced surgically via bilateral removal of the ovaries
(ovariectomy). This approach allows the investigation of the impact of menopause without the
confounding factor of age. In adult female rats, ovariectomy resulted in decreased chemotaxis
(migration in response to chemokine gradients) and LPS-induced proliferation by leukocytes

www.intechopen.com



256 Sex Steroids

as well as decreased NK cell lysis, suggestive of premature immunosenescence (Baeza, De
Castro et al. 2011). More recently, studies from the same group showed that ovariectomy
results in increased oxidative damage and inflammatory cytokine production by peritoneal
macrophages (Baeza, De Castro et al. 2011).

Similarly, in a mouse model of HSV-2 challenge, ovariectomy resulted in a reduced response
to HSV vaccine and ovariectomized female mice experienced the same rate of vaginal
infection as unvaccinated controls following challenge (Pennock, Stegall et al. 2009). E2
treatment of control or OVX mice enhanced protection and decreased disease severity
(Pennock, Stegall et al. 2009). Interestingly, antibody titers in E2 treated mice were not
significantly higher than those observed in untreated mice, but the neutralization potential
was significantly improved (Pennock, Stegall et al. 2009).

We have also recently shown that ovariectomy results in several changes in T cell
homeostasis in the female rhesus macaque and that these changes were in part modulated
by the age at which ovariectomy was perfomed (Engelmann, Barron et al. 2010). Young
adult OVX rhesus macaques had a higher frequency of CD4 naive T cells, whereas OVX
aged female rhesus macaques had an increased frequency of terminally differentiated CD4
memory T cells. Moreover, in contrast to young adult females, OVX aged female rhesus
macaques showed increased inflammatory cytokine production by T cells compared to
intact aged animals. These data suggest that ovariectomy may accelerate some aspects of
immune senescence in aged but not young female rhesus macaques. More importantly, both
adult and aged OVX animals generated a reduced T and B cell response to vaccination
compared to ovary-intact females. Specifically, T and B cell proliferative bursts were
delayed and reduced in magnitude in OVX animals. Consequently IgG titers and frequency
of IENy+ T cells were significantly reduced in OVX animals (Engelmann, Barron et al. 2010).
Thus, as described in rodent models, loss of ovarian steroids results in diminished T cell
responses to vaccination/infection in nonhuman primates but the mechanisms underlying
this reduced immune response remain unclear. The exacerbation of immune senescence by
menopause is likely mediated by changes in immune cell frequencies as well as functions
discussed in the sections below.

6. Impact of menopause and hormone therapy on immune cell frequency

As reviewed earlier, aging leads to several perturbations in the frequency of several immune
cell subsets. However, the contribution of menopause to those changes is not entirely clear.
Some studies have reported a significant decline in total lymphocyte numbers (Giglio, Imro
et al. 1994), while others report no change (Kamada, Irahara et al. 2000). Women receiving
HRT were reported to have higher lymphocyte numbers than post-menopausal women not
using HRT within one to six months following treatment (Kamada, Irahara et al. 2000).
Peripheral blood monocytes increase after menopause (Ben-Hur, Mor et al. 1995) but the
number of tissue specific macrophages in the ovary diminish (Best, Pudney et al. 1996;
Katabuchi, Suenaga et al. 1997). HRT can restore the levels of circulating monocytes to levels
seen in cycling women (Ben-Hur, Mor et al. 1995).

One of the most conserved age-related changes is the decrease in the percentage of naive T
cells and the accumulation of memory T cells. There is a significant decrease in naive T cells
and an increase in memory and activated T cells between early and late menopause and the
use of HRT has no effect on these changes (Fahlman, Boardley et al. 2000; Kamada, Irahara
et al. 2000; Yang, Chen et al. 2000), suggesting that chronological age has a more significant
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impact on the loss of naive T cells than menopause. Another hallmark of T cell senescence is
a reduced CD4/CDS ratio (Larbi, Franceschi et al. 2008). Data from a few studies suggest
that menopause decreases the CD4/CDS8 ratio by reducing the frequency of CD4 T cells
(Gameiro and Romao 2010; Giglio, Imro et al. 1994). Since women of reproductive age have
more CD4 T cells and respond more vigorously to infection/vaccination than men
(Tollerud, Clark et al. 1989; Maini, Gilson et al. 1996), menopause-associated loss of CD4 T
cells could be one of the mechanisms by which ovarian senescence contributes to immune
senescence.

Total B cell numbers also decline with age and with menopause (Giglio, Imro et al. 1994). B
cells can be broadly divided into Bl and B2 cells and their frequency is altered with
increasing age (Weksler and Szabo 2000). Bl cells produce predominantly non-specific
binding IgM whereas B2 cells, or conventional B cells are involved in the adaptive humoral
immune response. The reduction in B cell numbers through menopause appears to be
isolated to the B2 cells, which are significantly lower in late menopause compared to early
and perimenopause (Kamada, Irahara et al. 2001). Furthermore, B2 cells are significantly
higher in HT users than non-users (Kamada, Irahara et al. 2001). These studies suggest that
menopause leads to a reduced humoral response and this change can potentially explain the
disappearance of sex differences in antibody responses following infection and vaccination
(Carroll, Yerkovich et al. 2010; Engler, Nelson et al. 2008; Klein, Jedlicka et al. 2010).
Similarly, oopherectomy results in a decrease in circulating B cells, CD4/CD8 ratio, and an
increase in the percentage of NK cells in adult women (Kumru, Godekmerdan et al. 2004).
Similarly, surgical menopause leads to increased NK cell frequencies (Giglio, Imro et al.
1994). All these changes are hallmarks of immune senescence and suggest that loss of
ovarian steroids exacerbates aging of the immune system. Estrogen therapy reverses the
decrease in CD4 and B cells and the increase in NK cells that is seen in patients who have
undergone a hysterectomy (Giglio, Imro et al. 1994; Kumru, Godekmerdan et al. 2004).
Similarly, combined hormone therapy reverses the age-related decrease in number of
circulating B cells and T cell proliferative potential in post-menopausal women (Porter,
Greendale et al. 2001) and leads to an increase in B2 B cells (Kamada, Irahara et al. 2001).
Furthermore, estrogen has been shown to decrease the number of CD8 T cells in post-
menopausal women thereby increasing the CD4/CDS8 ratio (Holl, Donat et al. 2001).

7. Inflammation and menopause

It is well accepted that aging is accompanied by the establishment of a chronic
proinflammatory state, notably via increased levels of IL-6 and TNFa (Krabbe, Pedersen et al.
2004; Vasto, Candore et al. 2007; Vasto, Carruba et al. 2009). This process is often referred to as
inflamm-aging (Franceschi, Bonafe et al. 2000), and is associated with the development of
several chronic diseases such as sarcopenia, Alzheimer’s, osteoporosis and certain types of
cancer (Kim, Chae et al. 2011; Giuliani, Sansoni et al. 2001; Yasui, Maegawa et al. 2007). The age
related increase in IL-6 levels could in part be explained by the decline in sex hormones. Both
IL-6 and soluble IL-6 receptor are significantly higher in postmenopausal than premenopausal
women (Giuliani, Sansoni et al. 2001). Similarly, IL-6 production after in vitro stimulation also
increases with age. More specifically, in vitro stimulation of PBMC with LPS results in higher
production of IL-6 ,TNFa and IL-1B in women aged 52 to 63 compared to young adult women
(Kim, Chae et al. 2011). Interestingly, IL-6 production by LPS stimulated PBMC is higher in
women taking combined hormone therapy compared to nonusers, but not in post-menopausal
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women receiving unopposed estrogen (Brooks-Asplund, Tupper et al. 2002). Similarly, women
receiving transdermal estrogen experienced a significant decrease in IL-6 serum levels three
months after treatment compared to post-menopausal women who did not receive estradiol
(Saucedo, Rico et al. 2002). Indeed, serum IL-6 levels show a negative correlation with serum
estrogen levels in users (Saucedo, Rico et al. 2002) and in women spanning the transitional
stages of menopause aged 40 to 65 years (Yasui, Maegawa et al. 2007).

A trend toward an increase in serum IFNy levels is seen during early menopause (< 5 years
post menopause) followed by a slight decrease in late menopause (Yasui, Maegawa et al.
2007). Similarly, IFNy production in whole blood or PBMC in response to either PHA or LPS
stimulation in vitro, begins to increase at around the age of 40 and peaks during early to mid
menopause before again decreasing during late menopause (Deguchi, Kamada et al. 2001;
Kamada, Irahara et al. 2001; Stopinska-Gluszak, Waligora et al. 2006). Previous in vitro
studies have shown that estrogen has a biphasic effect on IFNy production by LPS
stimulated whole blood samples, with low estrogen levels stimulating and high levels
inhibiting IFNy production (Matalka 2003). Therefore, it is possible that the initial decrease
in estrogen levels during early menopause stimulates an increase in IFNy production, but
during late menopause, estrogen levels become too low to have an effect (Goetzl, Huang et
al. 2010). In support of this hypothesis, IFNy serum levels decreased in women who have
had a bilateral oopherectomy and increase once estrogen treatment is initiated (Kumru,
Godekmerdan et al. 2004). On the other hand, combined hormone therapy is associated with
lower IFNy production possibly due to the opposing effect of progesterone (Deguchi,
Kamada et al. 2001; Stopinska-Gluszak, Waligora et al. 2006)

A transient increase in serum IL-2 was described in women within the first five years of
menopause and the data suggest a weak negative correlation with serum estrogen levels
(Yasui, Maegawa et al. 2007). Similarly, IL-2 production following LPS stimulation of whole
blood cultures increases with age, peaking during early menopause before declining
(Deguchi, Kamada et al. 2001). HRT reduces plasma IL-2 levels as well as IL-2 production by
T cells following stimulation of purified PBMC with PHA (Stopinska-Gluszak, Waligora et
al. 2006). In contrast, transdermal administration of estrogen does not change IL-2 levels,
probably because plasma levels achieved via this delivery route are too low to modulate T
cell functions (Saucedo, Rico et al. 2002). IL-4 plasma levels were reported to increase after
menopause and HT reverses this increase (Vural, Canbaz et al. 2006; Yasui, Maegawa et al.
2007). In PHA stimulated whole blood, IL-4 production increases in mid menopause and
then becomes significantly lower in late menopause (Deguchi, Kamada et al. 2001). In
contrast, oopherectomy decreases IL-4 levels and unopposed estrogen therapy does not
affect this decrease (Kumru, Godekmerdan et al. 2004).

Menopause-induced changes in circulating levels of additional cytokines are controversial.
Some studies reported an increase in TNFa and IL-1B after menopause that is reversed by
HRT (Kamada, Irahara et al. 2001; Vural, Canbaz et al. 2006), while other studies reported no
changes (Yasui, Maegawa et al. 2007). The impact of menopause on IL-10 and IL-12 is
equally controversial with some studies reporting an increase (Deguchi, Kamada et al. 2001;
Vural, Canbaz et al. 2006), while others report no change (Yasui, Maegawa et al. 2007) or a
decrease in these cytokines (Kamada, Irahara et al. 2001). HRT and transdermal estrogen do
not seem to have an impact on IL-10 levels (Saucedo, Rico et al. 2002; Vural, Canbaz et al.
2006). A negative correlation of IL-8 with estrogen level was reported in both humans and
mice (Yasui, Maegawa et al. 2007; Abu-Taha, Rius et al. 2009).
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8. Alternative approaches and their effect on immunity in post menopausal
women

Alternative approaches for dealing with menopausal symptoms have gained significant
interest in recent years. One of the most popular interventions is nutritional
supplementation with estrogen-like substances that might not have the undesirable side
effects of hormones. Dietary phyto-estrogens are organic compounds found in soy products,
fruits and legumes (Huntley and Ernst 2004). It has been proposed that the beneficial effects
of soybean compounds are mediated by isoflavones such as genistein since they show
structural similarities to estradiol (Bingham, Atkinson et al. 1998).

Some rodent studies support a beneficial effect of isoflavones on immune function in post-
menopausal animals. In mature ovariectomized female rats, nutritional supplementation
with soybean or soybean and green tea improved chemotaxis, phagocytic index as well as
the production of reactive oxygen species by peritoneal macrophages (Baeza, De Castro et
al. 2010). This nutritional supplementation also improved T and B cell proliferative potential
and NK cell killing (Baeza, De Castro et al. 2010). Similar results were reported for human
(Zhang, Song et al. 1999) and murine (Guo, McCay et al. 2001) NK cells after exposure to
another isoflavone, genistein. Genistein treatment of murine splenocytes in vitro increased
IL-10 production thereby tilting the cytokine balance towards a Th2 response (Rachon,
Rimoldi et al. 2006).

Post-menopausal women receiving a daily dose of 70mg of isoflavones either in the form of
soy milk (700ml) or oral supplements for 16 weeks experienced an increase in the frequency
of circulating B cells as well as a reduction in plasma concentrations of 8-hydroxy-2-deoxy-
guanosine (8-OHdg), an oxidative damage marker (Ryan-Borchers, Park et al. 2006). No
changes in the plasma levels of IL-2, IFNy or TNFo were observed in this and a second
study where women consumed comparable amount of soymilk (Beavers, Serra et al. 2009).
However in an earlier study where women consumed 1064 ml of soymilk for 16 weeks, a
decrease in plasma levels of TNFo and IL-1, but not IL-6, were detected (Huang, Cao et al.
2005). These data suggest that additional studies with a bigger range of doses in different
populations of post-menopausal women need to be conducted in order to define dynamic
ranges and individuals who stand to benefit the most from such nutritional interventions
(Genazzani and Pluchino 2011).

Dehydroepiandrosterone (DHEA) is produced by the adrenal cortex and is the most
abundant steroid in humans. Serum levels of DHEA and its sulfated conjugation product,
DHEA sulfate (DHEAS), peak in men and women in the third decade and decrease
progressively and profoundly with age. In the longitudinal Baltimore study, plasma levels
of DHEAS emerged at the most consistent aging biomarker and correlated with longevity.
In addition to its role as a precursor for androgens and estrogens, DHEA can exert a direct,
physiologically relevant, agonistic effect on ERp, a lesser antagonistic effect on androgen
receptor, and a modest effect on ERa (Chen, Knecht et al. 2005). Therefore, DHEA
supplementation has been explored as an alternative to classical hormone therapy. Early
studies in aged mice, showed that age-related upregulation of IL-6 production could be
effectively prevented and/or reversed by supplementing aging animals with DHEA
(Daynes, Araneo et al. 1993). More importantly, either DHEA or DHEA sulfate
supplementation promoted enhanced antibody responses against recombinant hepatitis B
surface antigen by aged mice when incorporated directly into the vaccine (Araneo, Woods et
al. 1993). In contrast to the rodent data, the effect of DHEA on the immune response to
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influenza vaccine in older humans is controversial. Earlier studies showed one oral dose of
DHEAS before influenza vaccination was associated with a demonstrable increase in the
number of individuals with a fourfold increase in hemagglutinin inhibition (HI) titers
following vaccination (Araneo, Dowell et al. 1995). Similarly, one dose of DHEAS
administered at the time of influenza vaccination appeared to enhance the HI titer in a small
group of older adults with lower prevaccination titers and lower DHEAS concentrations
(Degelau, Guay et al. 1997). In contrast, a 6-day course of DHEA treatment that began 2 days
before vaccination did not improve the age-related declined response to immunization
against influenza in human subjects (Danenberg, Ben-Yehuda et al. 1997). These results
suggest additional detailed immunologic investigations on the role of DHEAS in the aging
human immune response are warranted.

9. Conclusions and perspectives

A considerable body of data strongly suggests that sex hormones modulate immune
function with estrogen having an immune stimulatory effect whereas progesterone an
immune inhibitory effect. Aging results in several changes in both the immune and the
endocrine systems. However the interplay between these two organ systems remains poorly
understood. While it is clear that some changes (such as increased IL-6 levels) can be
strongly attributed to loss of ovarian steroids, other changes such as lymphocyte function
are not easily attributable to menopause. Moreover, the effects of hormone therapy on the
post-menopausal immune system are controversial. The discrepancies between studies are
in large part due to the variety of hormone replacement regimens available (conjugated
equine estrogens, 17 estradiol, progestin), but also reflect the lack of consensus over which
immune parameters are analyzed. As new safer hormone replacement therapies become
available such as transdermal low levels of estradiol, the immune modulatory capacities of
these treatments should be characterized. Future studies should also examine how changes
in additional sex hormones such as FSH, LH and increased androgen production by the
senescent ovary affect the immune system.
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