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Foreword

In 1988 I was invited, as an immunologist working on parasites, by the then

Editor of Parasitology Today to debate with the epidemiologist, Don Bundy,

the reasons why males and females often display different incidences, prevalence,

and severities of certain parasite infections. The perceived wisdom at the time,

although acknowledging that physiological factors may play a role in these

observations, suggested that clear gender-related differences as a result of

sociocultural differences in behavior between the sexes were primarily involved.

However, the general consensus derived from the debate would suggest, as a

general rule of thumb, that while the prevalence and incidence of infection

could be largely attributed to relative gender differences in behavior leading

to differential exposure, the comparative severity of disease was a result of sex

biased immune responses. At the time of the debate, while there had been numerous

observations of age and sex-determined patterns of infection little had been

done to determine the functional basis of these observations. Estrogen receptors,

for example, were only demonstrated for the first time in macrophages in 1990

by my coauthor on the Parasitology Today article, Bill Stimson.

I would like to think that the debate in 1988 initiated significant interest

within the research community as to the potential of hormones to influence immune

activity and determine the outcome of infectious disease. Indeed it certainly

inspired a young graduate student in my lab at the time, Craig Roberts, who insisted

as part of his doctoral studies he compare the course of infection and immune

responses in male and female mice infected with Toxoplasma gondii. Little empha-

sis had been placed by workers in the field on sex differences at that time,

and indeed experimental and control groups in immunological studies often

comprised mixed groups of males and females despite the fact that sex differences

in laboratory models had been noted, but in large part ignored, some 10 years

previously. It reminded me of a criticism of our field of study by Hauschka

in 1947 that was perhaps equally pertinent in 1988; “while critical attention

has been paid to species, genetic strain, age, weight, and diet of experimental
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hosts, sex as an environmental factor has been treated with comparative neglect

throughout the literature in protozoan parasitology.” Craig demonstrated that

female mice were more susceptible than male mice to infection with T. gondii,
and this was related both to the differential kinetics as well as the magnitude of the

immune response between the sexes. Interestingly, and probably as a result of these

observations, the Roberts lab is generally now asked by reviewers to provide

information on both sexes when submitting manuscripts on T. gondii infectivity
for publication. I have always agreed that this is a perfectly valid request and if

feasible should always be complied with. Consequently, it is of major significance

that the National Institutes of Health (NIH) in the United States recognizes the

importance of gender and sex-mediated effects and is formulating guidelines that

will require in all future applications that balance and equality between male and

female cells and animals are maintained in all preclinical studies except in excep-

tional circumstances. From my experience with regulatory authorities at local and

national levels, the severe morbidity and high mortality rates following T. gondii
infection in the females of some mouse strains have significantly limited their use

for ethical reasons. It could, with some justification, be argued that this is an

exceptional circumstance and for ethical reasons females therefore be excluded

from studies. However, that acknowledged, their use in vaccine or therapeutic

studies should not be excluded as they also provide a potential “gold standard”

for therapeutic efficacy. The NIH directive will certainly focus minds as to appro-

priate and ethical gender-related experimentation and promote good research.

Since 1988, tremendous progress has been made in determining how hormones

influence immune cell function. Hormone receptors within immune cells have

been characterized, and the mechanisms by which these influence infectious and

noninfectious diseases have been scrutinized. Sabra Klein and Craig Roberts

edited their first book in 2010, “Sex hormones and immunity to infection,” which

summarized much of the progress that had been made to that date in a single

volume. Notably, most of this book dealt with the evolution of these differences,

potential reasons why these differences exist, and the mechanisms responsible, as

well as highlighting in which diseases their influences are most notably expressed.

The time is now appropriate and the knowledge base sufficient to begin to translate

these findings into finely tailored gender/sex-specific therapies. The era of

sex-specific medicine, if not truly personalized medicine, has begun and should

benefit both males and females equally.

The second book jointly edited by Klein and Roberts not only updates and

complements the previous tome but also extensively widens its remit to cover

potential practical applications of new and acknowledged gender and sex-related

influences. It comprises a series of up-to-date reviews by experts in their respective

fields that comprehensively covers the area of sex and gender differences and

control of infectious diseases. The book is well structured consisting of two

sections: the first underpins the genetic and physiological basis of sex differences
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and immunity and the second consists of a series of reviews that deal with how

these differences relate to specific diseases or groups of diseases. Given the new

directive coming from the NIH that gender and sex equality is imperative in

preclinical trials, this book is not only timely but should also be essential reading

for all biomedical scientists.

University of Strathclyde James Alexander

Glasgow, UK
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Chapter 1

Sex Differences in the Immune Response

Carole L. Galligan and Eleanor N. Fish

Abstract The distinct differences between males and females in the incidence of

infections, the severity of disease, and the likely outcome are a consequence of

sex-related differences in immune cell composition and activation following expo-

sure to a pathogen. Here, we review the effects of age, hormones, and genes on

shaping an immune response and how this affects disease pathogenesis differently

for males than females. Viewed altogether, the sex-dependent effects on the

immunophenotype should be considered for the optimum implementation of effec-

tive therapeutic interventions, whether these be related to treatment of pathogenic

infections or related to prevention, as in the case of vaccination.

1.1 Introduction

The role of sex differences in an immune response continues to receive little

attention. There is accumulating evidence that sex differences have profound

effects on the immune system, and the failure to take these into account, either by

blending data from both males and females or, worse yet, taking scientific findings

made in one sex and applying these to both sexes, will lead to erroneous conclu-

sions (Stanberry et al. 2002). There are inherent differences in the susceptibility of

males and females to a variety of different pathogens and to different autoimmune

diseases. This suggests fundamental differences in the immune system—the

immunophenotype—of males and females. These differences are multifactorial

and include differences in the number of specific immune cell types and their

activation response to immunological challenge following vaccination or exposure

to a pathogen. Sex bias might result from differences in hormone levels, might be

related to X- or Y-linked genes, or might be a consequence of environmental

factors. Here, we review the current literature that supports a role for sex-based

differences in the immune response.
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1.2 Sex Biases in Response to Infection

Notable differences continue to be reported between males and females in response

to infection by diverse pathogens. Generally, males are more susceptible and

females more resistant to bacterial, viral, and parasitic infections, which is espe-

cially prominent between puberty and menopause (Bouman et al. 2005; Dao and

Kazin 2007; Napravnik et al. 2002; Klein 2000). Conversely, females have a higher

prevalence of autoimmune diseases following puberty and prior to menopause. In

humans, accumulating data indicate that males are more likely than females to

contract viral infections (Klein et al. 2010a), regardless of viral genotype, e.g., HIV

(Farzadegan et al. 1998; Sterling et al. 2001), hepatitis B virus (HBV) (Shimizu

et al. 2007), West Nile virus (Jean et al. 2007), influenza (Klein 2012b), and

hantaviruses (Williams et al. 1997; Armien et al. 2004). Independent of initial

infection rates, disease progression and outcomes also exhibit a sex differential. For

example, females with similar HIV viral loads as males have a more rapid progres-

sion to AIDS (Farzadegan et al. 1998). Despite equal numbers of cases, infected

females of reproductive ages are 2–6 times more likely to die from H5N1 avian

influenza than males (Klein 2012a), underscoring a fundamental difference in the

pathophysiology of viral infections in males and females.

These differences in disease incidence are not restricted to viral infections:

worldwide there is almost a twofold increase in the proportion of adult males

with symptomatic Mycobacterium tuberculosis when compared to females, but

this is not observed in infants or young adults (Neyrolles and Quintana-Murci

2009) (see Chap. 8). Similarly, in mice, females are more resistant to Mycobacte-
rium intracellulare andMycobacterium marinum infection (Yamamoto et al. 1990,

1991). Males have a higher incidence of Helicobacter pylori (Valliani et al. 2013),
Coxiella burnetii (Leone et al. 2004), Pseudomonas aeruginosa (Sivanmaliappan

and Sevanan 2014), and Salmonella typhimurium (Afroz et al. 2011) infections.

Sepsis is a systemic inflammatory response to infection, most commonly occurring

in response to bacterial infection. Women are more likely to survive sepsis than

men (Schroder et al. 2000), perhaps due to having a lower initial bacterial burden

than men (see Chap. 9).

The male bias in the incidence of infection extends to parasitic and fungal

infections. In hypo-endemic regions of Asia, males have a higher incidence of

malaria than females (Pathak et al. 2012). Female mice are more resistant than

males to infections with Plasmodium chabaudi (Wunderlich et al. 1991; Cernetich

et al. 2006). Additionally, female mice exhibit a stronger inflammatory reaction to

Schistosoma mansoni infection than males (Boissier et al. 2003). Differences in

behavioral exposures, environmental factors, and cultural factors or a combination

may contribute to this male/female bias. Despite not knowing the precise causes,

the overwhelming trend for males to be more susceptible than females to infection

is suggestive of a fundamental difference in the pathogenesis of disease in males

and females. These fundamental differences will be discussed in more detail in the

later chapters of this book.
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1.3 Sex Differences in the Immune Response

1.3.1 Innate Immunity

In general, females generate stronger innate and adaptive immune responses com-

pared with males (Bouman et al. 2005; Ackerman 2006; Gleicher and Barad 2007;

Rubtsov et al. 2010). The innate immune system is critical in protecting the host

from the pathogens, since it is the first line of immunological defense. The immune

cells of the innate immune response include neutrophils, monocytes/macrophages,

dendritic cells, basophils, eosinophils, mast cells, and natural killer (NK) cells that

provide nonspecific protection. Monocytes and neutrophils can directly phagocy-

tize bacteria, viruses, and protozoa, which may aid in reducing pathogen load.

Additionally, innate immune cells produce oxygen radicals and release enzymes

that are cytotoxic and also are capable of processing pathogenic antigens for

presentation to naı̈ve T cells to invoke an adaptive immune response. There are

several reports that indicate that the profile of innate immune cells differs between

males and females. Monocytes normally comprise 5–10 % of the circulating white

blood cells. Human males are reported to have higher numbers of monocytes in

their circulation compared to females (Bouman et al. 2004). By contrast, female

macaques have significantly higher monocyte counts in their peripheral blood

compared to males (Xia et al. 2009). Male mice have higher circulating neutrophil

counts (Doeing et al. 2003; Peters and Barker 2014) than female mice, although this

difference is both age and strain dependent. Female mice have higher numbers of

resident cells in the pleural and peritoneal cavities than male mice (Scotland

et al. 2011). Male rats have higher numbers of peritoneal mast cells compared to

females, with almost twofold higher histamine content in the cell (Jaques and

Ruegg 1970).

NK T cells are unconventional T lymphocytes that recognize the

non-polymorphic CD1d molecule and recognize foreign glycolipids. While there

is some variability in the absolute numbers of circulating NK T cells, human

females have significantly higher numbers compared to males (Kee et al. 2012).

While these differences have not been consistently reported, this trend toward

higher numbers of NK T cells in human females is supported by accumulating

evidence (Sandberg et al. 2003; Montoya et al. 2007).

In addition to differences in absolute numbers of immune cells, several reports in

humans have indicated that there may be sex differences in the extent of activation

of innate immune cells. LPS stimulation of human monocytes from males invokes

higher levels of cytokine secretion (e.g., IL-1ß, TNF-α, and IL-12) compared with

female-derived monocytes (Bouman et al. 2004). Similarly, neutrophils from

human males express more TLR4 and respond to LPS stimulation with greater

TNF-α production than those derived from females (Aomatsu et al. 2013). This

hyperresponsiveness of male-derived neutrophils to LPS was suggested as a poten-

tial mechanism whereby males are more susceptible to sepsis than females

(Aomatsu et al. 2013). Human male-derived neutrophils also were more responsive

1 Sex Differences in the Immune Response 3



to IFN-γ stimulation than those from females, suggesting male neutrophil

hyperresponsiveness extends beyond TLR4 signaling (Aomatsu et al. 2013). In

another study using an airway inflammation model of asthma, there was evidence

that ovalbumin-immunized female mice had twice as many macrophages and

dendritic cells migrating to draining lymph nodes compared with males, suggesting

that females would trigger a stronger adaptive immune response (Melgert

et al. 2010). In this same study, female mice exhibited a higher percentage of

eosinophils and ovalbumin-specific IgE in their lungs than male mice (Melgert

et al. 2010).

1.3.2 Pathogen Detection

Inherent differences in the ability of the immune system of males and females to

detect invading pathogens may also contribute to sex differences in the outcome of

infection. For example, there is emerging evidence that sex-related differences in

HIV-1 detection exist (Meier et al. 2009). Viral detection is mediated by pathogen-

associated microbial pattern recognition (PAMP) receptors that include TLRs and

cytoplasmic helicases, which detect viral genetic material. Higher levels of the

single-stranded RNA microbial pattern recognition receptor, TLR7, have been

reported in female compared with male mice (Pisitkun et al. 2006). Indeed, the

activation of PBMCs from human females with TLR7 but not TLR9 agonists

induced higher levels of IFN-α compared with PBMCs isolated from males

(Berghofer et al. 2006). Plasmacytoid dendritic cells (pDCs) are specialized cells

that produce high levels of type I IFNs in response to TLR7 and TLR9 activation

and exert a critical role in an antiviral response (Gilliet et al. 2008). Human female-

derived pDCs generate more IFN-α production in response to HIV-1-induced TLR7

activation compared with those from males (Meier et al. 2009). Whole lung extracts

from female Norway rats infected with Seoul virus, a hantavirus, have higher levels

of TLR7-, RIG-I-, and IFN-induced gene expression compared with lung extracts

from similarly infected males (Hannah et al. 2008). Additionally, peritoneal and

pleural macrophages derived from female mice express higher levels of TLR2,

TLR3, and TLR4 and demonstrate enhanced phagocytosis and bacterial killing

compared with cells derived from males (Scotland et al. 2011). These data suggest

that females may be better positioned than males to mount an immune response to

specific pathogens, specifically as a consequence of their higher levels of expres-

sion of PAMP receptors than males.

1.3.3 Adaptive Immunity

The adaptive immune response involves both cellular and humoral effectors asso-

ciated with T and B lymphocytes. Sex-specific differences in the number of
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circulating human T cells have been reported, with females having higher levels of

circulating CD3 lymphocytes than males (Das et al. 2008; Bouman et al. 2004).

CD3 lymphocytes can be broadly subdivided into CD4+ and CD8+ T subsets. CD4

T cells are involved in cytokine release, B-cell class switching, and maximizing

bactericidal activity of the innate immune system. CD4+ T cells can be subdivided

into many effector subsets on the basis of their cytokine secretion. These include

IFN-γ- and IL-12-secreting T helper (Th) 1 cells; IL-4-, IL-5-, and IL-13-secreting

Th2 cells; IL-17-secreting Th17 cells; and IL-9-secreting Th9 cells. Additionally,

CD4+ cells originally defined as expressing the transcription factor, FoxP3, sup-

press T-cell proliferation, secrete IL-10, and are named T regulatory cells (Tregs).

Recently, another subset of CD4+ T cells expressing BCL-6 were identified and

named follicular B helper T cells (TFH). TFH are involved in stimulating B-cell-

derived antibody production. CD8+ T cells induce lysis of cells infected with

intracellular pathogens (including viruses), tumors, or autologously transplanted

tissues and are aptly named T cytotoxic cells (Tc). CD8+ cells can also be further

subdivided into Tc1, Tc2, and Tc17, based on their cytokine secretion. Tc1 cells

secrete IFN-γ, Tc2 cells secrete IL-4, and Tc17 cells secrete IL-17.

There is a dearth of information on sex differences in immune cell subsets.

Human females have higher levels of circulating CD4+ T cells and their CD4:CD8

ratios are higher (Das et al. 2008; Amadori et al. 1995). Similarly, female macaques

have higher numbers of circulating CD4+ and CD8+ T cells compared with males

(Xia et al. 2009). Certainly, an immune challenge can expand T-cell subsets. In

mice and humans, T-cell activation in females resulted in increased numbers of

CD4+ T cells in the lungs and peripheral blood, respectively (Melgert et al. 2010;

Zhang et al. 2012). Additionally, activated human peripheral blood CD4+ T cells

from females produced higher levels of the Th1 cytokine IFN-γ when compared

with males (Zhang et al. 2012). Similarly in human PBMCs, cytomegalovirus

(CMV) challenge of female PBMCs results in greater production of IFN-γ and

IL-2 compared with PBMCs from males. Given the association of IL-2 with T-cell

expansion, this may contribute to lower T-cell numbers in males (Bouman

et al. 2004). A microarray analysis of activated human CD4 and CD8 T cells

revealed differential expression patterns in cells derived from females compared

to males (Hewagama et al. 2009). Notably, elevated levels of the Th1 cytokine

IFN-γ and the cytotoxic T-cell enzyme granzyme A were observed in females

(Hewagama et al. 2009). These sex biases in T-cell subset numbers and activity

likely contribute to sex differences in infection, immunity, and autoimmunity.

B lymphocytes are primarily antibody-producing cells that comprise 5–15 % of

the circulating white blood cells. While human females have higher basal levels of

IgG than males (Butterworth et al. 1967), there is little evidence for a difference in

B-cell numbers in the circulation of females compared with males. However,

female nonhuman primates have higher levels of B cells (Xia et al. 2009), and

there is some evidence that human females have higher levels of the activated

B-cell subset, defined by the expression of CD23b (Rovati et al. 2013).

1 Sex Differences in the Immune Response 5



1.4 Potential Etiology of Sex Differences in Immune

Responses

1.4.1 Hormones

The female prevalence of many autoimmune diseases (Pennell et al. 2012) has

suggested a role for hormones in immune cell activation. Indeed, higher levels of

17β-estradiol are reported in patients with rheumatoid arthritis than age-matched

healthy controls (Straub et al. 2005), and autoantibodies against the intracellular

estrogen receptor alpha (ERα) are present in the serum of patients with systemic

lupus erythematosus (SLE). These antibodies behave in a similar manner to the

natural ligand and activate the receptor, which may augment the immune response

(Colasanti et al. 2012). There is an added complexity associated with fluctuations in

hormone levels in females that occur during the menstrual cycle and pregnancy as

well as during different stages in their life including pre- and postpuberty and after

menopause.

Certainly, estrogens influence the ability of cells to become infected. 17-

β-estradiol can regulate the expression of surface receptors mediating viral entry

into target cells. This has been observed for HIV-specific chemokine receptors and

for αVβ3 integrin, which determines adenovirus, coxsackievirus A9, and hantavirus

cell entry (Mo et al. 2005; Wickham et al. 1993; Roivainen et al. 1994;

Gavrilovskaya et al. 1998; Woodward et al. 2001). Estrogens also affect the

outcome of infections. For example, ovariectomized mice are more likely to

become infected with Coxiella burnetii than intact control mice, whereas 17-

β-estradiol treatment in female mice is protective (Leone et al. 2004). Testosterone

treatment of female mice or castrated male mice results in an enhanced rate of

infection with Mycobacterium avium, whereas 17β-estradiol treatment confers

resistance (Tsuyuguchi et al. 2001).

There are two functionally distinct intracellular ERs: ERα and ERβ. Estrogen
binding results in ER translocation to the nucleus where the hormone-receptor

complex can bind estrogen responsive elements in DNA and regulate gene tran-

scription (Cunningham and Gilkeson 2011). In addition to being expressed in the

female reproductive tract, ERs are expressed in many immune cells including the B

and T lymphocytes, neutrophils, macrophages, NK cells, thymic stromal cells, bone

marrow, and endothelial cells (Bouman et al. 2005; Ackerman 2006; Heldring

et al. 2007). There has been some speculation that different ER isoforms and

variable estrogen affinity for these contribute to cellular sensitivities to estrogens

(Ackerman 2006). A membrane-associated ER, called the G protein-coupled ER

(GPER), that modulates signal transduction cascades has been described (Revankar

et al. 2005). GPER has been detected in B-cell lymphoblasts (Owman et al. 1996)

and a neutrophil cell line (Blesson and Sahlin 2012); however, the functional

significance of this receptor on the immune response is not known.
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1.4.1.1 Estrogenic Effects on the Innate Immune Response

Estrogens affect the numbers and effector functions of cells involved in innate

immunity (Fig. 1.1). For example, 17β-estradiol treatment augments human neu-

trophil (Nekrasova and Shirshev 2013) and rat mast cell (Vliagoftis et al. 1992)

granule release. In mice and rats, the activation of macrophages varies with the

estrous cycle, with increasing estradiol enhancing macrophage phagocytosis

(Ahmed and Talal 1990; Vernon-Roberts 1969). Estrogen metabolites (e.g.,

Fig. 1.1 Sex-specific differences influence the immune response. Hormones, genes, and the

microbiome all influence the immune response. Estrogens have direct effects on immune cells.

Bacterial hydroxysteroid dehydrogenase (HSD), microRNAs (miRNA)
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16-hydroxyestrone, 16-hydroxyestradiol, 4-hydroxyestrone, 4-hydroxyestradiol,

2-hydroxyestrone, and 2-hydroxyestradiol) variably affect human monocyte cell

proliferation (Capellino et al. 2008) and 17β-estradiol may, under certain condi-

tions, induce cell cycle arrest (Thongngarm et al. 2003). During menopause, when

estrogen levels diminish, there is evidence for a significant increase in monocyte

numbers (Ben-Hur et al. 1995), whereas individuals on 17β-estradiol therapy

exhibit reduced monocyte numbers (Ben-Hur et al. 1995). There are conflicting

reports on the effects of 17β-estradiol on murine macrophage activation in response

to LPS, with evidence for higher levels of NFκB transcriptional activity and IL-1β,
IL-6, and TNF-α production in tissue macrophages (Calippe et al. 2008) as well as

evidence for reduced IL-1α, IL-6, and TNF-α production in splenic macrophages

(Deshpande et al. 1997). 17β-estradiol suppresses the expression of CD16

(FcγRIIIA, a receptor associated with IgG production and cytokine secretion) on

human monocytes and macrophages (Kramer et al. 2004). By contrast, 17-

β-estradiol enhances rat macrophage phagocytosis and oxygen radical production

(Chao et al. 1994).

There are many reports on the effects of estrogens on NK cells in mouse

experimental models of viral infection and tumor progression. In the majority of

these studies, a decrease in NK cell activity occurs in mice receiving 17β-estradiol
(Nilsson and Carlsten 1994). Yet there are reports that sustained 17β-estradiol
treatment in vivo can enhance murine NK cell activity (Screpanti et al. 1987) and

that 17β-estradiol enhances human NK cell proliferation in vitro (Sorachi

et al. 1993). Interestingly, high serum 17β-estradiol levels in humans correlate

with low NK cell cytotoxicity in some diseases (Roszkowski et al. 1993; Provinciali

et al. 1995).

Estrogens also influence pDCs. In a humanized mouse model, where the mice

express human bone marrow and circulating leukocytes, TLR7 ligation enhanced

pDC expression of IFN-α and TNF-α in females compared to males (Seillet

et al. 2012). These effects were mediated by estrogens, because deletion of ERα
in pDCs blocked these responses (Seillet et al. 2012). Indeed, postmenopausal

women treated with 17β-estradiol exhibit markedly enhanced TLR7- and TLR9-

dependent production of IFN-α compared with males (Seillet et al. 2012). Both

IFN-α and IFN-γ can upregulate the expression of ERs in murine breast cancer cells

and thereby initiate a positive regulatory loop (Panchanathan et al. 2010).

1.4.1.2 Estrogenic Effects on the Adaptive Immune Response

Mature lymphocytes express GPER that can trigger an increased calcium flux

following antigen presentation, reflective of activation (Benten et al. 1998). More-

over, estrogens influence the maturation of both T and B lymphocytes (Ackerman

2006) (Fig. 1.1).

CD4 and CD8 T-lymphocyte development occurs in the thymus. 17β-estradiol
treatment in rats promotes greater percentages of CD4 +CD8+ cells, whereas

ovariectomy results in an increased percentage of CD4-CD8+ cells in the thymus
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(Shames 2002; Tanriverdi et al. 2003; Leposavic et al. 2001). Estrogens decrease

CD4+/CD8+ T-cell development and promote T-cell lymphopoiesis in the liver,

which bypasses the negative selection process in the thymus and may promote

autoimmunity (Grimaldi et al. 2005; Verthelyi 2001). There is evidence that

treatment of human T cells with 17β-estradiol results in a dose-dependent decrease

in IL-2 production by T cells (Moulton et al. 2012). While both male and female T

cells express ERs, the effect of 17β-estradiol on IL-2 production was more prom-

inent in lymphocytes derived from human females than from males (Moulton

et al. 2012). By contrast, 17β-estradiol may also support T-cell survival by increas-

ing Bcl2 expression (Verthelyi 2001).

Estrogens exert immunomodulatory effects on CD4+ T cells (Fig. 1.1). Estro-

gens regulate Th1 and Th2 responses in a biphasic manner during the menstrual

cycle: low doses of estrogens during the luteal phase trigger Th1 cell-mediated

immune responses, whereas higher doses during the follicular phase trigger

Th2-mediated humoral responses (Pernis 2007). These data suggest that lower

levels of estrogens lead to increased expression of the master regulator of Th1

cell differentiation, T-bet (Karpuzoglu et al. 2007). Lower doses of estrogens are

associated with enhanced IFN-γ production. IFN-γ transcription may be modified

by ERs binding to an estrogen response element (ERE) in the 5’ flanking region of

this gene (Fox et al. 1991). Additionally, exposing T cells to estrogens can increase

responsiveness to IL-12 by increasing STAT4 activation. Notably, under circum-

stances of high doses of estrogens, such as during pregnancy, IFN-γ production is

reduced (Karpuzoglu and Zouali 2011). Higher doses of exogenous 17β-estradiol
promote Th2 responses, which increase IL-4, IL-5, and IL-10 levels (Bouman

et al. 2005; Ackerman 2006; Zandman-Goddard et al. 2007; Cai et al. 2012). Higher

levels of estrogens appear linked to the downregulation of the transcription factor,

IRF1, which contributes to Th2 polarization. Specifically, IRF1 regulates IFN-γ
production, which in turn suppresses IL-4 transcription (reviewed in (Fish 2008)).

Th17 cells are pro-inflammatory CD4+ lymphocytes that express the transcrip-

tion factor RORγt and secrete IL-17 (Korn et al. 2007). Recent evidence suggests

that estrogens may regulate Th17 lineage commitment. ERα signaling is required

for limiting Th1 and Th17 responses in experimental autoimmune encephalomy-

elitis (EAE), a murine model for multiple sclerosis (Lelu et al. 2011; Dunn

et al. 2007). One regulatory effect of 17β-estradiol treatment in murine EAE is an

increase in the expression of programmed death-1 (PD-1) on regulatory T (Treg)

cells and its ligand, PD-L1, on regulatory B cells (Wang et al. 2009; Subramanian

et al. 2011). PD-1-PD-L1 interactions occur to limit the proliferation of T cells,

thereby suppressing the Th17 pro-inflammatory response. Contradictory mouse

studies have suggested that 17β-estradiol treatment of mouse splenocytes increases

IL-17 levels (Khan et al. 2010). Estrogenic effects on Th17 cells may also be dose

dependent.

Treg cells have important immunoregulatory functions, including control of the

size of the peripheral T-cell pool, maintaining self-tolerance by controlling the

expansion of autoreactive T cells, and contributing to the tolerance of the semi-

allogeneic fetus during pregnancy. Human females have been reported to have

lower numbers of Tregs than males (Afshan et al. 2012). In mice, 17β-estradiol can
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drive expansion of the Treg in the spleens of mice with EAE (Polanczyk

et al. 2004). In humans, the Treg population increases in the peripheral blood

during the follicular phase of the menstrual cycle, when estrogen levels are high,

and decreases during the luteal phase, when estrogen levels are low (Arruvito

et al. 2007). In pregnant mice, Treg cell numbers in the blood, lymph nodes, spleen,

thymus, and decidua increase, to maintain tolerance of the fetus (Thuere

et al. 2007). In humans, estrogens induce proliferation of peripheral Tregs early

in pregnancy (Sasaki et al. 2004), but Treg numbers decline in the second trimester

in response to the increasing levels of progesterone (Mjosberg et al. 2009). Estro-

gens also modify the functional capacity of Tregs. Tregs stimulate inhibitory

receptors on other effector T cells and release granules that are cytotoxic. 17-

β-estradiol increases the expression of perforin in Tregs, a molecule that punctures

the target cell membrane to induce cell death (Valor et al. 2011). 17β-estradiol also
increases the suppressive effects of Tregs by inducing the production of the

regulatory cytokines IL-10 and TGF-β (Luo et al. 2011) and increasing the surface

expression of the inhibitory co-stimulatory molecule, PD-1 (Wang et al. 2009).

Estrogens also affect B cells. B-cell numbers are not affected by fluctuations in

estrogens during the menstrual cycle or following hormone replacement therapy

(Auerbach et al. 2002). However, the prolonged use of hormone replacement

therapy in humans significantly increased B-cell numbers (Porter et al. 2001).

Estrogens can reduce the number of bone marrow stromal cells and promote

extramedullary B-cell lymphopoiesis (Bouman et al. 2005; Ackerman 2006),

potentially bypassing developmental deletion. 17β-estradiol has been shown to

increase the percentage of B cells recognizing self-DNA (Grimaldi et al. 2001).

17β-estradiol and prolactin simulate B cells to increase antibody production

(Grimaldi et al. 2005; Orbach and Shoenfeld 2007). It has been suggested that

estrogens act on B-cell development in the periphery, subsequently increasing the

levels of immunoglobulins (Cohen-Solal et al. 2006). 17β-estradiol-mediated Th2

production of IL-4, IL-5, and IL-10 (Bouman et al. 2005; Ackerman 2006;

Zandman-Goddard et al. 2007) may be driving B-cell proliferation and maturation

to plasma cells (Grimaldi et al. 2005).

1.4.1.3 Progesterone Effects on the Immune System

Progesterone also plays a role in modulating the immune system, yet the evidence

for progesterone receptors on immune cells is inconsistent (reviewed in (Dressing

et al. 2011)). In contrast to estrogens, progesterone levels peak during the luteal

phase of the menstrual cycle and also during pregnancy (Sader et al. 2005; Bouman

et al. 2005). Progesterone receptor activation drives Th2 responses (Szekeres-

Bartho et al. 2001). Additionally, high progesterone levels during pregnancy reduce

NK cell cytotoxicity (Baley and Schacter 1985; Furukawa et al. 1984; Toder

et al. 1984a, b). Progesterone can bind to both surface and intracellular receptors

(Hughes 2012). Membrane progesterone receptors were identified on murine mac-

rophage cell line- and murine bone marrow-derived macrophages (Dressing
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et al. 2011). Intracellular progesterone receptors are found in subsets of NK cells

and tissue macrophages (Gilliver 2010). T lymphocytes express cell surface pro-

gesterone receptors (Gilliver 2010; Dosiou et al. 2008) and CD4+ T cells express

intracellular progesterone receptors (Hughes et al. 2011). Progesterone treatment

decreased nitric oxide production and cytokine secretion in murine macrophages

(Miller et al. 1996) and inhibited IFN-α production in murine pDCs (Hughes

et al. 2008). Progesterone suppresses superoxide release by cells, suppresses

perforin expression, and antagonizes chemotaxis induced by estrogens (Munoz-

Cruz et al. 2011; Bouman et al. 2005; Laskarin et al. 1999). However, in combina-

tion with 17β-estradiol, progesterone can enhance eosinophil degranulation

(Hamano et al. 1998). In other studies, progesterone decreases pro-inflammatory

cytokine secretion, MHC-II expression, and co-stimulatory markers in female

rodent DCs to a greater degree than in male-derived cells (Butts et al. 2008).

Progesterone also decreases antibody production by B cells (Lu et al. 2002). Inter-

estingly, progesterone can stimulate T cells derived from human fetal cord blood to

differentiate into Tregs but suppresses their differentiation into Th17 cells (Lee

et al. 2011).

1.4.1.4 Androgenic Effects on the Immune Cells

Androgens, including dihydrotestosterone and testosterone, exert their action by

binding to the intracellular androgen receptor. Once activated, the androgen recep-

tor can induce gene expression directly and modulate signal transduction cascades

(Koryakina et al. 2014). Interestingly, among humans, males with lower levels of

testosterone may be more prone to autoimmune diseases than those with higher

testosterone levels (Tengstrand et al. 2002; Spector et al. 1988; Masi et al. 1999).

Testosterone reduces lymphocyte proliferation in response to tuberculin purified

protein derivative (Ahmed et al. 1987). Peroxisome proliferator-activated receptor

α (PPARα) is a transcription factor that alters the expression of a large number of

target genes. PPARα levels are higher in CD4+ T cells from male than female mice

and are inducible by testosterone treatment in female mice. Higher PPARα levels

correlate with lower T-cell activation and higher Th2 cytokine production in male

mice (Dunn et al. 2007). Androgen receptors are expressed in B lymphocytes

(Sader et al. 2005) and testosterone therapy decreases antibody levels, which may

be linked to the lower prevalence of many autoimmune diseases in men (Bouman

et al. 2005; Ackerman 2006). Testosterone therapy in women has been associated

with modest clinical benefits in the treatment of autoimmune disease; however,

considerable undesirable side effects were reported (Booji et al. 1996). In a recent

human study, males with the highest testosterone levels were shown to have the

lowest antibody responses to trivalent seasonal influenza vaccine when compared

with either females or males with lower circulating testosterone levels (Furman

et al. 2013). It was suggested that testosterone-regulated lipid metabolism contrib-

uted to this outcome. Testosterone enhances a Th1 response and the activation of

CD8+ cells (Bouman et al. 2005; Ackerman 2006; Zandman-Goddard et al. 2007).
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Additionally, testosterone increases IL-2 production and clonal expansion of CD8+

cells (Ackerman 2006).

1.4.1.5 Prolactin Effects on the Immune Cells

Prolactin is also associated with regulating immune responses. Prolactin receptors

are found on T and B lymphocytes (McMurray 2001) and their activation induces

gene transcription, T-cell proliferation, and antibody secretion (Saha et al. 2011;

Orbach and Shoenfeld 2007; Bouman et al. 2005; McMurray 2001). Altered

prolactin expression has been reported in some SLE patients (Lahita 2000) and in

a subset of patients, elevated prolactin levels correlated with high antibody titers

and exacerbated disease (Lahita 2000). Prolactin may increase Bcl-2 and CD40

expression in B cells, enhancing their survival (Ackerman 2006; Grimaldi

et al. 2005; Saha et al. 2011).

1.4.2 Genomic Effects on Immune Function

While hormones contribute to many of the sex differences in an immune response,

the observed immunological differences between prepubertal boys and girls and

postmenopausal females compared to elderly males suggest that factors other than

hormones influence immune responses in males and females (Lefevre et al. 2012).

Certainly, chromosome composition influences immunity: male cells possess one

copy each of the X and Y chromosomes, whereas female cells possess two copies of

the X chromosome. X-linked genes are associated with disparate immune responses

between males and females.

1.4.2.1 Y Chromosome

The X and Y chromosomes were once identical pairs of chromosomes that freely

exchanged genetic materials. In mammals, the Y chromosome has evolved to

become unique from the X chromosome. It acquired sex-determining regions and

underwent many inversions that prevented recombination with the X chromosome

and resulted in gene degradation. The Y chromosome is approximately 23 Mb in

length and almost exclusively codes for male specific genes (Bachtrog 2013). Since

approximately half the population does not have a Y chromosome, it was assumed

than no biologically essential genes are present on the Y chromosome. The Y

chromosome contains 78 genes. There are several reports of Y-chromosome gene

regulation in autoimmunity; however, these were the result of chromosomal trans-

location of X-chromosome genes (Santiago-Raber et al. 2008; Murphy and Roths

1979). Genetic variation in the Y chromosome affects the susceptibility of male

mice to EAE (Teuscher et al. 2006; Spach et al. 2009) as well as contributing to
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mortality from coxsackievirus B3 infection (Case et al. 2012). Recently, a mouse

with a Y-chromosome-linked defect in NK and B cells has been described, yet the

mechanism linked to these defects is not known and sequencing of this Y chromo-

some has not been performed (Sun et al. 2013). A recent publication by Case

et al (Case et al. 2013) has suggested a novel role for the Y chromosome in exerting

gene regulatory properties (Case et al. 2013). The copy number of specific male

genes inversely correlated with the upregulation of genes in immune cells (Case

et al. 2013). These male gene-specific regions contain tandemly repeated DNA

elements that may sequester proteins involved in chromatin dynamics. This results

in less protein available for chromatin remodeling, reduced euchromatin, and

decreased transcriptional activity. Similar observations have been made in a Dro-
sophila (Lemos et al. 2013).

1.4.2.2 X Chromosome

In contrast to the Y chromosome, the X chromosome is much larger (150 Mb) and

contains 1,100 genes (reviewed in (Fish 2008)). Notably, genes important for

reproduction, brain function (Graves 2006), as well as immune regulation (Bianchi

et al. 2012) are overrepresented on the X chromosome. X-chromosome inactivation

(XCI) occurs in female somatic cells during embryonic development (Lee and

Bartolomei 2013)), to compensate for X-gene dosage differences between XX

females and XY males. This process is presumably random, is clonally maintained,

and results in mosaic expression of either the maternal (Xm) or paternal

(Xp) chromosome in different cell populations. In females, skewed XCI may

favor the elimination of mutant genes on a single X chromosome. Since male

cells express a single X chromosome, no such inactivation can occur; hence,

males are more susceptible to gene mutations. Many genes involved in the regula-

tion of the immune system are found on the X chromosome. These include

receptors and related proteins and immune response-related genes (reviewed in

(Fish 2008)). Consequently, X-linked gene mutations may have a profound impact

on immune responses. The most notable example of this is severe combined

immunodeficiency (X-SCID), resulting from a mutation in the IL2RG, encoding
the common gamma chain receptor subunit shared among a number of cytokine

receptors: IL-2R, IL-4R, IL-7R, IL-9R, IL-15R, and IL-21R. X-SCID patients lack

functional T and B cells and are highly susceptible to infection. X-linked agamma-

globulinemia, resulting from a mutation in the Btk gene encoded on the X chro-

mosome, is a consequence of an inability to generate mature B cells and antibodies.

Immune dysregulation, polyendocrinopathy, enteropathy, and X-linked (IPEX)

syndrome are caused by mutations in FOXP3, required for Treg lineage commit-

ment (Pinheiro et al. 2011). IPEX individuals suffer from overactive immune

responses, resulting in autoimmune conditions. All of these diseases have severe

phenotypes in males, with females being relatively unaffected. Specific gene poly-

morphisms lead to a high-activity X-linked IRAK-variant haplotype, which results

in individuals more prone to sepsis (Arcaroli et al. 2006; Toubiana et al. 2010).
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Additionally, mosaicism for NOX2 (Chandra et al. 2011) or IRAK protected

females from sepsis (Chandra et al. 2013).

The X chromosome contains 7–10 % of all microRNAs (miRNAs) in the

genome (Pinheiro et al. 2011; Hewagama et al. 2013), whereas only 2 miRNAs

are found on the Y chromosome (Hewagama et al. 2013). miRNAs are small

double-stranded noncoding RNAs, and it has been estimated that miRNAs regulate

30–50 % of all protein-coding genes and are involved in the regulation of many

cellular processes (Pinheiro et al. 2011). Specific X-chromosome-encoded miRNAs

can affect hematopoietic lineage differentiation and cellular activation, thereby

modulating the immune response (Lindsay 2008). For example, miR-223 is an

X-linked miRNA expressed in the bone marrow and regulates neutrophil differen-

tiation and is significantly reduced in patients with sepsis (Pinheiro et al. 2011). It

has been suggested that female mosaicism and different patterns of X-inactivation

of miRNAs could lead to sex-specific immune responses (Pinheiro et al. 2011).

Several X-linked miRNAs are found in the introns of protein-coding genes, includ-

ing genes that escape XCI (Pinheiro et al. 2011). It has been suggested that miRNAs

may also escape XCI and have aberrant expression patterns (Pinheiro et al. 2011),

although this has yet to be demonstrated.

Both XCI and X chromosome upregulation are responsible for regulating gene

dosage compensation. Dosage compensation for X-chromosome genes requires

upregulation to restore the X to autosome transcription ratio to one in males

(Ohno 1967). Many genes can escape XCI and it has been estimated that 10–

25 % of the X chromosome escapes inactivation (Lockshin 2010; Carrel and

Willard 2005; Prothero et al. 2009; Yang et al. 2010). Notably, in mice XCI occurs

in only 3 % of the X chromosome, suggesting that mouse models may not

recapitulate gene dosage compensation observed in humans. Additionally, XCI

differs in different tissues and among individuals. This may lead to the

overproduction of certain gene products in females. The process of XCI is thought

to be random; however, as mentioned above, there is evidence for skewed XCI:

PBMCs in scleroderma patients exhibit skewed XCI (Oliver and Silman 2009) and

XXY males with Klinefelter syndrome have an elevated risk for developing SLE

(Dillon et al. 2011).

Twelve genes on the X chromosome have a functional Y counterpart (Wilson

and Makova 2009). Most X-linked genes with Y homologues escape XCI (Ross

et al. 2005) and there is evidence that these genes have different expression levels as

well as different tissue distribution (Wilson and Makova 2009). One notable

example is the DDX3 gene, encoding the Dead-box RNA helicase DDX3, which

has a role in promoting IFN production and accordingly limits the pathogenesis of

HBV and HCV. Females have higher levels of this helicase (Chang et al. 2006),

perhaps contributing to their reduced incidence of certain virus infections (Park

et al. 2010).
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1.5 Microbiome: Sex Hormone Interactions Affect

Immune Responses

There is accumulating evidence that the microbiome has a major impact on

immunity (Markle and Fish 2013; Cho and Blaser 2012). Polysaccharide A pro-

duced by Bacteroides fragilis mediates polarization of murine CD4+ T cells into

Tregs (Round and Mazmanian 2010) and Th17 cell polarization in the mouse

lamina propria requires the presence of segmented filamentous bacteria (Ivanov

et al. 2008). Notably, the taxonomy or compositional profile of the microbiome

varies by anatomic site. Commensal microorganisms that colonize the gut contrib-

ute to the host defense against enteric pathogens (Nicholson et al. 2005). Interest-

ingly, the microbiome in human dizygotic twins of opposite sexes shows a profound

sex bias after puberty when compared to age-matched twins of the same sex

(Yatsunenko et al. 2012). The implications are that hormones influence the

microbiome profile in a sex-specific manner. Bacteria metabolize sex steroids,

mediated by hydroxysteroid dehydrogenase (HSD), affecting the balance between

active and inactive steroids. The genes for HSD are encoded in the genomes of

Actinobacteria, Proteobacteria, and Firmicutes, which colonize the human GI tract

(Kisiela et al. 2012). In mice, alteration of the microbiome by antibiotic treatment

affects microbial metabolism of sex hormones (Markle et al. 2013) and their

subsequent activity. Altering the microbiome in NOD mice affects the incidence

of spontaneous type I diabetes development (Markle et al. 2013). Moreover, the

female prevalence in this mouse model of autoimmunity is dramatically affected by

the microbiome, since in a germ-free environment it is lost. Further, adoptive

transfer of commensal bacteria from male mice into young females caused systemic

hormonal and metabolic changes and dramatic protection from type 1 diabetes.

These changes were not observed in mice lacking the androgen receptor,

confirming that protection is sex hormone dependent (Markle et al. 2013).

1.6 Implications for Vaccination and Therapy

Given that females generally mount a stronger humoral immune response to insult

compared with males, it is not surprising that human females generate higher

antibody titers to vaccines than their male counterparts (Engler et al. 2008; Cook

2008). Human females also consistently report more adverse effects in response to

immunization (Klein et al. 2010b). This sex bias is also seen in childhood (Fang

et al. 1994). Beyond differences in antibody titers following immunization, there

are reports of sex-based differences in innate immune responses following vacci-

nation in humans (Engler et al. 2008). Yellow fever virus vaccine generated IFN

production via TLR-activation in human females, but not in males (Klein

et al. 2010a). Notably, the HSV-2 vaccine is effective in human females but not

in males (Stephenson 2000). The specific mechanisms that contribute to sex
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differences in an immune response to pathogen/antigen exposure accompanying

immunization—more effective antibody titers and longer-lasting immunity in

females, more adverse effects in women—are unclear and will be considered in

Chaps. 6 and 10.

1.6.1 Sex Differences in Drug Efficacy
and Pharmacokinetics

Given the sex-specific effects on an immune response, it is also imperative that

consideration be given to therapeutic interventions—drug treatments—that may

also have sex-specific effects. There are notable differences in the levels of many

enzymes that affect drug metabolism and also drug bioavailability in males versus

females (Franconi et al. 2007) that are beyond the scope of this chapter but are

detailed in Chap. 4. Here, we limit the discussion to drugs affecting the immune

system. Human females have lower levels of the drug transporter P-glycoprotein,

which may contribute to elevated serum levels of certain drugs (Fletcher et al. 2004;

Pai et al. 2004). Sex differences in bioavailability have been reported for the

immunosuppressive drug, cyclosporine A. Although this was a small cohort and

ethnicity also contributed to observed differences, Caucasian women had higher

plasma levels of drug than Caucasian men (Min et al. 2000). Similarly, in a rat study

following skin grafts, females had higher plasma levels of cyclosporine A com-

pared with males (Enosawa and Hirasawa 1989). The mechanism responsible for

this sex disparity is unclear; however, in a rodent study, it was suggested that

estrogens did not contribute (Erben et al. 2003). The female sex has been associated

with more severe adverse reactions to anti-TNF antibody treatment in human

patients with inflammatory bowel disease (Zelinkova et al. 2012; Fidder

et al. 2009) and pediatric Crohn’s Disease (Crandall and Mackner 2003). Adverse

reactions to anti-TNF therapy occur in humans as a result of the development of

antibodies against the therapeutic anti-TNF antibodies, which is also associated

with loss of efficacy (Radstake et al. 2009; Vultaggio et al. 2010). This antibody

response is likely due to the stronger humoral response in females. Nonsteroidal

anti-inflammatory drugs have been reported to have reduced efficacy in women

compared with men (Kelton et al. 1978). In contrast to reports of the benefits of

prophylactic aspirin use in men, the data for women are contradictory, with reports

of equal or reduced effectiveness (Eidelman et al. 2003). Nevertheless, sex-based

differences in human salicylate metabolism have been identified (Montgomery

et al. 1986). Antiretroviral therapy is often more effective in women than men

(Gandhi et al. 2004). Females also report more frequent adverse events with

protease inhibitors and reverse transcriptase inhibitors (Gandhi et al. 2004). Under-

standing the differences in the effects of drugs on the immune response in males and

females is critical to effective therapy for both males and females and will be

considered further in Chap. 4.
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1.7 Summary

This chapter highlights the profound effects that sex has on shaping the immune

response to pathogen infection, in terms of influencing the incidence of infection

mediated by pathogen entry receptors and in terms of influencing disease progres-

sion in terms of how the male/female immunophenotype determines the magnitude

and quality of the immune response. Genetic, epigenetic, and hormonal influences

shape the complement and composition of immune cells and their effector or

regulatory functions. Sex-specific differences in the host microbiome also contrib-

ute to shaping an immune response. Sex differences in pharmacokinetics and

pharmacodynamics of drugs indicate that the same plasma level of a drug does

not necessarily result in the same pharmacological outcome. Viewed altogether,

accumulating evidence identifies the distinct influences of sex on immune

responses that prescribe the pathophysiology of wellness and disease.
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Chapter 2

Sex and Sex Hormones Mediate Wound

Healing

Helen A. Thomason, Helen Williams, and Matthew J. Hardman

Abstract In healthy individuals cutaneous wound repair occurs through a combi-

nation of overlapping, tightly regulated phases to ensure the skin heals effectively.

Disruption to these processes results in impaired healing and development of

nonhealing chronic wounds. The incidence of chronic wounds is escalating as

those populations most susceptible, the diabetic and elderly, continue to rise. One

of the major complications associated with chronic wounds is infection. The

amount and type of bacteria within a wound is linked to healing outcome. Current

therapies to promote healing of chronic wounds are surprisingly limited and

generally ineffective. Furthermore, the development of antibiotic-resistant bacteria

and prevalence of wounds infected with recalcitrant biofilm renders current anti-

microbial therapies ineffective. Treating this ever-growing problem puts financial

strain on the world’s health services. Thus, there is an urgent need to understand the
mechanisms which result in impaired healing and to understand the differences in

wound infections between males and females. Sex steroid hormones, in particular

estrogens, play a pivotal role in skin maintenance of homeostasis, and research has

shown that our ability to heal cutaneous wounds is modulated by host sex. A

plethora of data now indicate estrogens as a primary regulator of cutaneous healing

and systemic or topical oestradiol treatment promotes impaired healing. However,

it is still not understood what effects estrogen treatment has on microbial profiles

within a wound and how this differs between males and females. Future studies are

therefore required to determine sex and gender differences in wound infections and

whether hormone treatment to promote healing alters microbial profiles.
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2.1 Introduction

Wound healing involves a series of overlapping highly orchestrated processes to

ensure the skin heals effectively. If these processes are disrupted, healing is

hindered, resulting in a nonhealing chronic wound state. Chronic wounds, which

include diabetic foot ulcers, venous leg ulcers, and pressure ulcers, are globally a

significant problem. In developed countries approximately 1–2 % of the population

are affected by a chronic wound during their lifetime (Gottrup 2004). Furthermore,

the incidence of chronic wounds is set to rise as those most susceptible, the diabetic

and elderly populations, are rapidly expanding (Sen et al. 2009). In the last decade

there has been a sharp rise in the diabetic population worldwide and worryingly the

rate of increase continues to rise. If obesity levels remain constant, the diabetic

population is expected to double by 2030; however, if as expected obesity levels

increase, the global diabetic population is expected to soar. Foot ulcers are the most

common cause of hospitalization for diabetic patients and complications related to

foot ulcers are the major causative factor for lower limb amputations (Chow

et al. 2008). As with the diabetic population, the aging population is also rapidly

expanding. Life expectancy across the world is continuing to rise and as a result the

frailest populations are increasing in number at a significant rate. Elderly patients

display increased susceptibility to skin injury, and furthermore, once damaged, the

natural healing process is delayed leading to an increased risk of developing a

chronic nonhealing wound. These most susceptible populations are putting a huge

financial strain on health services worldwide. In the UK, over £3 billion of the

National Health System’s (NHS) expenditure is spent on treating chronic wounds

and their associated problems. The cost of treating chronic wounds is set to rise as

the expanding susceptible populations put more strain on world health services.

This chapter summarizes the differences in healing between males and females

and discusses the expanding body of literature relating to the effects of sex

hormones on healing. In addition, more recent insights into the effects of wound

infection on healing are discussed, particularly in the context of how gender and sex

hormones influence.

2.2 Structure of the Skin

The skin is the largest organ in our body and has a number of important functions

including acting as a barrier to the external environment, mediating immune

surveillance, regulating body temperature, preventing fluid loss, and providing

sensory perception. The skin is composed of two layers, the outer layer, a stratified,

keratinized epidermis overlying a supportive dermis. The epidermis is made up of

multilayered keratinocytes held together by strong adhesion complexes

including desmosomes, adherens, and tight junctions. Within the basal layer of

the epidermis resides a rich supply of stem cells, and these cells give rise to
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proliferative transient-amplifying cells which move progressively outwards

through the epidermis where they undergo terminal differentiation, a form of

programmed cell death. It is the epidermis which forms an impermeable barrier

protecting the skin from its external environment. The basal layer of the epidermis

is attached by hemidesmosomes to a basement membrane, a laminin and collagen

IV-rich extracellular matrix (ECM). This basement membrane separates the epi-

dermis from the underlying dermis. The underlying supportive dermis is composed

of fibroblasts embedded in a collagen-rich ECM and supplies nutrients to the

avascular epidermis while cushioning the underlying tissues from trauma. The

extracellular matrix in the adult dermis is complex, composed of collagen fibers

(for strength), elastic fibers (for resilience), and glycosaminoglycans (for hydra-

tion). The dermis is divided into two layers, papillary and reticular. The papillary

dermis lies immediately beneath the epidermis and is composed of loosely packed

collagen fibers, whereas the reticular dermis which resides beneath the papillary

dermis is composed of tightly packed collagen fibers and elastic fibers. Within the

dermis reside many of the skin appendages such as sweat glands, hair follicles,

lymph nodes, touch receptors, and vasculature system (Wysocki 1999).

2.3 Sex Differences in Skin Structure and Function

There are a number of sex differences in the structure of the skin. Male human skin

is thicker with greater collagen density than female skin (Seidenari et al. 1994),

although females have thicker subcutaneous tissue (Sjostrom et al. 1972). In both

male and female skin, there are a number of morphological changes which occur

during aging, including a decline in dermal thickness, a decrease in absolute cell

numbers, and flattening of the dermo-epidermal junction (Ashcroft et al. 2002).

However, after menopause, when estrogen and progesterone levels drop rapidly, the

skin alters dramatically; the epidermis and dermis thin, and there is a decrease in

collagen content (Brincat et al. 1987) and a reduction in elasticity (Sumino

et al. 2004); and the skin becomes dryer and more fragile and bruises easily

(Leveque et al. 1984; Brincat et al. 1985; Ya-Xian et al. 1999). Topical or systemic

administration of estrogens is able to reverse many of the adverse effects of skin

aging (Brincat et al. 1985; Punnonen 1971; Shuster et al. 1975; Varila et al. 1995).

Systemic hormone replacement therapy significantly increases the collagen content

of the skin (Brincat et al. 1987; Sauerbronn et al. 2000), increases epidermal

thickness (Hall and Phillips 2005), as well as improves skin hydration (Hall and

Phillips 2005). At a cellular level, estrogens stimulate keratinocyte proliferation,

inhibit apoptosis, and dampen skin protease levels (Brincat 2000). Topical estrogen

treatment maintains skin thickness (Shah and Maibach 2001) and increases skin

moisture content and barrier function. In addition, topical 17beta-estradiol treat-

ment induces dermal production of collagens I and III (Son et al. 2005), while

estradiol treatment increases the number and thickness of dermal elastin fibers and

improves their orientation (Punnonen et al. 1987). Furthermore, the macroscopic
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appearance is improved with a significant reduction in fine wrinkles (Brincat

et al. 1985).

Historic evidence indicates that sex steroids in females, primarily estrogens,

have an important function in the treatment of skin disorders. For example, topical

application of “follicular hormone,” now known to be 17β-estradiol, was shown to

locally improve acne and eczema (Loeser 1937). The symptoms of skin disorders

such as psoriasis improve during pregnancy when estrogen levels are high (Dunna

and Finlay 1989; Boyd et al. 1996) and oral contraceptive pills are often prescribed

for the treatment of severe acne (Arowojolu et al. 2009). Furthermore, an increasing

amount of data now indicates that estrogens are key modulators of wound repair,

with estrogenic treatment promoting healing.

2.4 Overview of Acute Wound Healing

If injured, it is essential that the skin repairs itself effectively and rapidly to ensure

the functions of the skin are not compromised. Wound healing involves a complex

series of tightly regulated, overlapping processes. Upon injury, blood vessels

constrict to prevent excessive blood loss and a fibrin clot forms which acts as a

temporary barrier (Clark 1990). Degranulation of platelets embedded within the

clot releases a cocktail of proinflammatory cytokines and growth factors which act

as chemotactic cues to recruit circulating inflammatory cells. These cytokines and

growth factors later stimulate proliferation of keratinocytes and fibroblasts to

promote re-epithelialization and wound closure (Anitua et al. 2004). Endothelial

cells lining the blood vessels undergo specific changes allowing macrophages and

neutrophils to adhere, roll, and undergo diapedesis to exit blood vessels and enter

the wounded tissue (Schober and Weber 2005). The infiltration of inflammatory

cells into the wounded tissue heightens the inflammatory response by releasing

additional cytokines and growth factors (Gillitzer and Goebeler 2001). Neutrophils

are the first inflammatory cells to arrive at the wound. Their main function is to

clear foreign debris and microbes which have entered the wound, by releasing

lysosomal enzymes and proteases that facilitate microbial destruction and removal

of damaged matrix. Following neutrophil infiltration, monocytes enter the wound

and differentiate into macrophages. Here, macrophages adhere to the ECM and

once activated secrete a range of matrix metalloproteinases (MMPs) that degrade

and remodel damaged ECM proteins in addition to releasing their own profile of

growth factors and cytokines to modulate the established inflammatory response.

Macrophages remain within the wound after neutrophil infiltration has subsided to

phagocytose any remaining pathogenic material, cell debris, and damaged ECM

(Martin et al. 1988; Fujiwara and Kobayashi 2005).

The release of cytokines and growth factors from platelets, neutrophils, and

macrophages initiates a burst of proliferation within the wound. Fibroblasts prolif-

erate and migrate into the newly formed granulation tissue where they secrete a

provisional collagen III-rich matrix. Concurrently, to degrade and remodel the
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existing ECM, fibroblasts secrete a mixture of MMPs, including collagenases,

stromelysins, and gelatinases (Salo et al. 1994). A subset of fibroblasts within the

wound, when stimulated by transforming growth factor beta 1 (TGF-β1), differen-
tiate into myofibroblasts, a specialized subset of fibroblasts which express smooth

muscle actin capable of generating a contractile force to close the wound through

contraction (Desmoulière et al. 1993; Vaughan et al. 2000; Hinz 2007).

Stimulated by a plethora of growth factors secreted by platelets, inflammatory

cells, fibroblasts, and keratinocytes, keratinocytes at the wound margin proliferate

and migrate through the granulation tissue to re-epithelialize the wound (Barrandon

and Green 1987; Décline et al. 2003; Iwamoto and Mekada 2000; Werner

et al. 1992; Raja et al. 2007; Haase et al. 2003). To aid migration, keratinocytes

release tissue-type-specific plasminogen activator (tPA) and urokinase plasmino-

gen activator (uPA) that convert plasminogen in the fibrin-rich clot to the enzyme

plasmin, which digests a pathway for the migrating cells (Grøndahl-Hansen

et al. 1988; Rømer et al. 1994; Ossowski and Aguirre-Ghiso 2000). Desmosomal

adhesion between keratinocytes is modified (Thomason et al. 2012) and

hemidesmosomes are downregulated to facilitate migration (Krawczyk and

Wilgram 1973; Litjens et al. 2006). Stem cells within the basal layer of the

epidermis and hair follicles repopulate the epidermis as keratinocytes migrate.

Once the epithelial edges have met, migration ceases and keratinocytes differentiate

into a newly stratified epidermis. In contrast to normal skin, newly formed tissue

lacks skin appendages such as hair follicles and sweat glands, and the

neo-epidermis lacks undulations and rete ridges observed in normal skin. While

the wound is undergoing re-epithelialization, growth factors such as fibroblast

growth factor 2 (FGF2), vascular endothelial growth factor (VEGF), tumor necrosis

factor alpha (TNF-α), and TGF-α stimulate proliferation and migration of endothe-

lial cells to form a new vascular system (Li et al. 2003). Upregulation of αvβ3
integrins at the tips of developing capillaries is vital for angiogenesis to occur

(Brooks et al. 1994).

The final stage of wound healing, the remodeling phase, is by far the longest

process. In this phase, collagen fibers are degraded, synthesized, reorganized, and

stabilized ultimately resulting in the formation of a connective tissue scar. Central

to the remodeling phase is the proteolytic activity of MMPs (Moses et al. 1996).

Newly formed collagen is laid down in a pattern very different from that of

unwounded skin, with collagen fibers deposited in characteristic parallel arrays.

As this phase progresses, the collagen content of the wound decreases and the

tensile strength increases through cross-linking of collagen fibers; however, the

tensile strength of unwounded skin is never achieved.
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2.5 Pathological Wound Healing

When healing fails to proceed in this orderly and timely manner, the wound is

classed as “chronic” (Lazarus et al. 1994) (Fig. 2.1). The three most common types

of chronic wounds are diabetic foot ulcers, venous leg ulcers, and pressure ulcers.

Chronic wounds normally present as a comorbid condition with other underlying

pathologies such as nutrient deficiency, alcoholism, advancing age, and chronic

diseases such as diabetes and renal disease. Local factors also influence the devel-

opment of chronic wounds including, neuropathy, ischemia, tissue maceration, and

infection.

The development of a chronic wound involves complex multifactorial molecular

mechanisms that prevent healing. At the cellular level chronic wounds show

excessive inflammation, with increased numbers of macrophage and neutrophils.

The destructive nature of these cell types on the ECM, endothelial, fibroblast, and

smooth muscle cells contributes to the pathology of chronic wounds (Loots

et al. 1998; Diegelmann 2003). The ECM within chronic wounds diminishes

through reduced synthesis and increased degradation (Blakytny and Jude 2009).

Reduced growth factors which stimulate the production of collagen and elastin

from fibroblasts and an increase in MMPs, such as MMP2 and MMP9, contribute to

the reduced ECM (Blakytny et al. 2000; Galkowska et al. 2006; Yager et al. 1996;

Fig. 2.1 Macroscopic image of a chronic wound. When the natural process of acute healing is

disrupted, a chronic nonhealing wound state ensues. The epidermis breaks down leaving the

wound at risk of infection
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Lobmann et al. 2002). Re-epithelialization in chronic wounds is often delayed.

Although keratinocytes within a chronic wound are highly proliferative, they fail to

migrate across the wound bed and express an abnormal keratin profile (Andriessen

et al. 1995). Growth factors which stimulate keratinocyte migration are

downregulated in chronic wounds (Blakytny and Jude 2009). Excessive proteolysis

of ECM components next to the wound edge also inhibits migration as

keratinocytes deposit and require basement membrane components in order to

migrate (Pastar et al. 2008). Angiogenesis within a wound is essential to supply a

new vasculature system to the damaged tissue providing nutrient and oxygen for

effective tissue repair. Diabetic foot ulcers and venous leg ulcers display an

abnormal microcirculation (Luetolf et al. 1993; Schramm et al. 2006). A number

of factors are thought to contribute to abnormal angiogenesis including reduced

levels of growth factors such as platelet-derived growth factor (PDGF), insulin-like

growth factor 1 (IGF-1), epidermal growth factor (EGF), and IL-8, which stimulate

endothelial cell proliferation and migration (Blakytny et al. 2000; Galkowska

et al. 2006). In addition, the degradation of the ECM, an essential scaffold for

endothelial cell migration, also hinders new blood vessel formation (Blakytny and

Jude 2009; Rundhaug 2005).

2.6 Sex Differences in Wound Healing

Age negatively influences the phases of tissue repair, where the natural progression

of acute wound healing is disrupted after skin injury and a chronic nonhealing

wound state ensues (Ashcroft et al. 1998). Yet research has indicated that specific

changes in the healing response are also modulated by host sex. This is not

surprising given that sex steroid hormones, in particular estrogens, play such a

pivotal role in skin maintenance of homeostasis. Being male is considered a risk

factor for abnormal wound healing in the elderly. Clinical studies have shown that

men have an altered inflammatory response and take longer to heal acute dermal

wounds compared to women, thus suggesting a female advantage in healing rates

(Herrick et al. 1997; Ashcroft et al. 1999). Conversely, when observing oral

mucosal wounds, a male advantage in healing rates has been reported (Engeland

et al. 2009). In addition, mucosal wound healing following oral surgical procedures

is also associated with greater complications and longer recovery times in women

(Conrad et al. 1999; Phillips et al. 2003; Benediktsdottir et al. 2004; Adeyemo

et al. 2006). This implies that the sex differences in healing rate are potentially

tissue dependent (Engeland et al. 2009). In humans, the production of dehydroepi-

androsterone sulfate (DHEAS), the common sex hormone precursor, and its metab-

olite dehydroepiandrosterone (DHEA) declines significantly with age (Labrie

et al. 1997). DHEA is locally converted into estrogens and androgens. When

considering cutaneous healing, reduced systemic DHEA levels positively correlate

with an increased risk of developing a chronic (nonhealing) venous leg ulcer (Mills

et al. 2005). In female mice, systemic DHEA treatment completely reverses the
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delayed wound healing phenotype exhibited by mice lacking systemic estrogen and

local DHEA treatment reverses impaired healing in aged male mice (Mills

et al. 2005). DHEA administration may therefore act as an effective therapy for

treatment of delayed healing wounds in older people.

Our microarray analysis of wounds from young and elderly men found that 78 %

of genes differentially expressed between the two groups were estrogen regulated,

while only 3 % were age associated, strongly implicating reduced estrogen, and not

known gerontogenes, as the primary regulator of delayed healing in aged subjects

(Hardman and Ashcroft 2008). Thus, it is not surprising that elderly females, with

dramatically lower levels of estradiol, have impaired healing responses (Ashcroft

et al. 1997a, 1999). An abrupt reduction in estradiol levels in these women

corresponds with a decrease in the stimulation of cutaneous estrogen receptors

(ERs), along with downstream impaired cytokine signal transduction, an altered

protein balance, and destructive levels of inflammation (Fimmel and Zouboulis

2005). When applied topically or given systemically, 17β-estradiol can reverse this

age-related impairment in healing in elderly females and is associated with a

dampening of excessive inflammation, preventing disproportionate elastase pro-

duction, enhancing matrix deposition, and accelerating re-epithelialization

(Ashcroft and Ashworth 2003; Mills et al. 2005) (Fig. 2.2). Strikingly, hormone

replacement therapy has been shown to protect postmenopausal women from

developing venous leg ulcers or pressure ulcers (Margolis et al. 2002).

Elderly males respond substantially less to estrogen treatment than females of

the same age (Fimmel and Zouboulis 2005), suggesting there are other factors

involved beyond the effects of reduced estrogens, namely, the antagonistic role of

the male sex hormone, testosterone. It is reported that comparatively high testos-

terone levels in elderly males are positively correlated with a delay in wound repair

(Fimmel and Zouboulis 2005). High testosterone levels are associated with

increased susceptibility to infection and impaired wound healing after trauma and

hemorrhage, along with increases in proinflammatory cytokine expression and local

inflammation (Ashcroft et al. 2002; Fimmel and Zouboulis 2005). Additional

reports indicate that being male is a risk factor for impaired healing of chronic

venous leg ulcers (Taylor et al. 2002), which are characterized by unresolved

inflammation and excessive proteolysis (Wysocki and Staiano-Cioco 1993). Unlike

the rapid decline in estradiol levels after the menopause in females, circulating

testosterone gradually declines in males during aging which may explain why

elderly men reportedly heal more slowly than elderly women even following

estrogen treatment (Ashcroft et al. 1999).

Animal models have provided key insight into the roles of estrogens and

androgens in wound healing. Surgical removal of ovaries in adult mice and rats

has been shown to significantly delay healing, increase inflammatory cell recruit-

ment, delay re-epithelialization, and reduce collagen deposition. This delay in

healing can be reversed by topical or systemic administration of estradiol or

phytoestrogens, including genistein at a level similar to an infant consuming

soy-based infant formula (Ashcroft et al. 1997a; Ashcroft and Ashworth 2003;
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Emmerson et al. 2010; Hardman and Ashcroft 2008). Estrogen acts as a keratinocyte

mitogen and is able to promote closure of confluent keratinocyte monolayer scratch

wounds in vitro and accelerate re-epithelialization in ovariectomized mice

(Emmerson et al. 2009, 2010; Campbell et al. 2010; Hardman and Ashcroft 2008).

Recently, studies have started to elucidate the mechanisms by which estrogen pro-

motes healing. Estrogens primarily signal through two nuclear hormone receptors,

estrogen receptor alpha and beta (ERα and ERβ), which are differentially expressed
throughout mammalian tissues. Both isoforms are expressed in the skin, although

there is some contention over relative levels of key skin cell types, primarily

keratinocytes, fibroblasts, and immune cells. Using isoform-specific knockout

mice, the beneficial effects of estradiol on healing are shown to be mediated through

ERβ, whereas signaling through ERα alone has a detrimental effect on healing

(Campbell et al. 2010). Strikingly, PPT (4,40,400-(4-propyl-[1H]-pyrazole-1,3,5-
triyl) and DPN (2,3-bis(4-hydroxyphenyl)-propionitrile), agonists to ERα or ERβ,
respectively, both dampen the heightened inflammation observed in delayed healing

ovariectomized adult mice. However, DPN alone promoted healing, suggesting a

complex situation where ERβ is predominant in estrogen beneficial effects on

healing but ERα-mediated anti-inflammatory actions could be important in certain

contexts (Campbell et al. 2010). In contrast to removing estrogen, eliminating

testosterone through castration of young male mice and rats accelerates cutaneous

healing. This is associated with increased matrix deposition and a dampened inflam-

matory response, in which macrophage and neutrophil influx are reduced and

the proinflammatory cytokines IL-6 and TNF-α are downregulated (Ashcroft and

Fig. 2.2 Estrogen treatment promotes healing. Topical or systemic estradiol treatment increases

keratinocyte proliferation and migration, stimulating re-epithelialization. In addition, estradiol

dampens excessive inflammation and stimulates fibroblast proliferation and migration increasing

extracellular matrix deposition

2 Sex and Sex Hormones Mediate Wound Healing 39



Mills 2002; Mills et al. 2005). In addition, in hairless mice, castration enhances

proliferation of hair follicles and also increases cutaneous wound healing. This has

been shown through a direct effect of testosterone on murine macrophage TNF-α
production via the androgen receptor, in parallel to downregulation of TNF-α
following castration (Ashcroft and Mills 2002). In humans, accumulating evidence

suggests significant gender differences following major infection, and several

studies indicate that immune functions in males are depressed following trauma

hemorrhage yet are enhanced in females. Furthermore, in a rodent model, when

subjected to artificially induced trauma (burns) and haemorrhagic shock, castrated

male mice have an increased survival rate associated with immune recovery,

identified through markedly reduced levels of systemic IL-6 and TNF-α compared

with intact male mice (Wichmann et al. 1996). Conversely, adult female mice with

intact ovaries showed enhanced immune function, but when administered testos-

terone led to a significant depression of cell-mediated immunity (decreased

splenocyte proliferation and proinflammatory cytokine IL-2 and IL-3 secretion

after traumatic injury; laparotomy and hemorrhagic shock) comparable to that

seen in intact male mice (Angele et al. 1998). Thus, high testosterone levels appear

to be responsible for immune depression in males after trauma hemorrhage, and in

relation to cutaneous healing, such agents that block testosterone receptors may

therefore be helpful in improving wound repair. Overall, androgens promote local

inflammatory responses and lengthen healing time, whereas estrogens exhibit anti-

inflammatory effects and shorten healing times (Ashcroft and Ashworth 2003;

Jarefors et al. 2006; Gilliver et al. 2007).

2.7 Wound Infection

Human skin is colonized by numerous commensal or mutualistic microbial

populations, which coexist peacefully with the host, with no or some benefit,

respectively. Recent technological advances in molecular profiling and subsequent

research efforts, including the US National Institutes of Health-funded Human

Microbiome Project, have allowed comprehensive investigation of the diversity

of healthy human skin microbiome under homeostatic conditions (Peterson

et al. 2009). These studies report that bacterial diversity in males and females

depends on the topographical location on the body and that the observed temporal

variability is dependent on the site sampled (Grice et al. 2008, 2009). This micro-

bial diversity is thought to be determined through a variety of factors including

transmission of nonresident microbes, genetic predisposition, lifestyle, and envi-

ronmental characteristics (Ehlers and Kaufmann 2010; Rosenthal et al. 2011). This

natural microbiome prevents pathogenic bacteria colonizing the skin by competing

for space and nutrients or secreting chemicals which inhibit their growth. Little is

known however about the role of sex steroid hormones in manipulating the skin

microbiome. It has been found that host gender shapes the skin environment,
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thereby influencing the colonizing bacterial profile. Women have been shown to

have significantly greater bacterial diversity on their hands in comparison to men

(Fierer et al. 2008). A recent study observed sex differences in the microbiota of the

stratum corneum of normal buttock skin before and after tape stripping (to create a

superficial wound with erythema and transepidermal water loss; Zeeuwen

et al. 2012). Possible explanations for these sex-related differences may include

hormone balance, sweat or sebum production, or skin pH variation. Differences in

the microbiota composition of the skin might also reflect gender differences

associated with host behavior or a combination of intrinsic and extrinsic factors.

The human immune system tolerates commensal or mutualistic microbial

populations without activating an immune response. When the skin is

compromised, the warm, moist, and highly nutritive environment of the subcuta-

neous tissue allows microbial populations to colonize the wound. This may occur

through resident microbiota becoming pathogenic or through new pathogenic

species colonizing the wound (Roth and James 1988). Thus, wounds which are

slow or fail to heal become increasingly susceptible to infection. Wounds are

defined as infected when pathogen colonization exceeds 106 organisms per gram

of tissue and when they show clinical signs of infection, principally heat, edema,

and odor (Robson 1997). Wound bioburden, which takes into account the microbial

load and diversity within a wound, is linked to healing outcome (Gardner and

Frantz 2008). The presence of four or more microbial species within a wound is

associated with poor healing (Trengove et al. 1996).

An additional complication associated with wound infections is the infection

which often manifests as a biofilm. Biofilms differ in a number of ways from “free

floating” planktonic bacteria; within a biofilm, bacteria aggregate and encase

themselves in a self-secreted extracellular polymeric substance (EPS). Bacteria

within a biofilm show a more sessile growth pattern, reduced metabolic rate, altered

nutritional requirement, and gene transcription when compared to planktonic bac-

teria (Joo and Otto 2012). Furthermore, mature biofilms develop specialized struc-

tures including channels to transfer water, nutrients, and waste products. The

growth of the biofilm is guided by self-secreted intracellular signaling molecules

to guide growth in response to nutrient availability, a phenomenon known as

quorum sensing. These differences provide the microbes with the optimal environ-

ment allowing microbes within a biofilm to avoid the host immune response and

display up to 1,000 times greater resistance to antimicrobial treatments when

compared to their planktonic counterparts.

Microbiological findings in chronic wounds vary depending on the sampling and

diagnostic methods, but generally speaking the most common bacterial findings in

human wounds are also present on normal skin and include Staphylococcus aureus,
coagulase-negative staphylococci, Enterococcus faecalis, Proteus species, anaero-
bic bacteria, and Pseudomonas aeruginosa (Gjødsbøl et al. 2006). The detrimental

effect of microbial infection on chronic nonhealing wounds has long been recog-

nized as a principle aspect of wound management. In addition, wound infections are

the most expensive complications following a surgical procedure and are thought to

drive hospital-acquired infections (Sen et al. 2009).
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2.8 Effects of Sex and Sex Hormones on Wound Infection

Accumulating evidence supports a role for sex and gender differences in the

incidence of and outcome following major infection and infectious diseases

(Klein 2000). In response to trauma, hemorrhage, and sepsis, women have been

found to have significant survival advantages over men (see Chap. 9) (George

et al. 2003; Oberholzer et al. 2000), and following surgical sepsis women have a

marked reduction in hospital mortality, with a rate of 26 % in women versus 70 % in

men (Schroder et al. 1998). These findings suggest in general males are at a greater

risk for post-injury infections, in line with their increased susceptibility to infec-

tious diseases such as cutaneous leishmaniases, pulmonary tuberculosis, leproma-

tous leprosy, typhoid fever, leptospirosis, meningococcal meningitis, and hepatitis

A (Guerra-Silveira and Abad-Franch 2013). Interestingly, this male bias in general

infectious disease susceptibility is also apparent in infancy, when sex steroid

hormone levels transiently rise. The physiology underlying these gender-specific

effects remains largely unclear, with particularly poor understanding of sex steroid

hormone regulation of relevant aspects of host defense.

It is well established that sex steroid hormones are known to have immunomod-

ulatory properties, and importantly a well-documented dichotomy exists in the

immune response to injury between the sexes. This is thought to be the result of

differences in inflammation, specifically immune cell activation, infiltration, and

cytokine production during and following injury (Ashcroft and Mills 2002; Gilliver

et al. 2007). Estrogen and androgen receptors are present on dendritic cells (Kovats

and Carreras 2008), macrophages (Lai et al. 2009), lymphocytes (Marriott and

Huet-Hudson 2006), neutrophils (Pergola et al. 2008), and mast cells (Narita

et al. 2007). Interestingly, estrogen improves neutrophil phagocytic ability,

suggesting that higher levels of estrogen can aid clearance of infection through

increased neutrophil function (Magnusson and Einarsson 1990). Estrogens and

androgens have complex interactions with immune cell function, and it is important

to note that they can either positively and/or negatively regulate the immune

response by aiding resolution or by compounding morbidity and mortality

depending on which immune responses are being observed (Bird et al. 2008).

Estrogens are generally thought to enhance the humoral immune response

(Nikolaevich et al. 1991), while androgens act to suppress both cell-mediated and

humoral responses (Kocar et al. 2000).

2.9 Summary

The structure and function of our skin alters with age as systemic estrogen levels

drop. These changes result in a more fragile skin which takes longer to heal.

Chronic wounds which fail to heal are a significant problem worldwide and as the

elderly population continues to grow the incidence of chronic nonhealing wounds is
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set to rise. One of the major complications associated with chronic wounds is

infection. The amount and type of bacteria within a wound is linked to healing

outcome; however, little is known about the differences in wound infections

between males and females. Estrogen treatment has been shown to promote healing

in vitro, in vivo, and in the clinic. However, it is still not understood what effects

estrogen treatment has on microbial profiles within a wound and how this differs

between males and females. Thus, future studies are needed to determine sex and

gender differences in wound infections and whether hormone treatment to promote

healing alters microbial profiles.
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Chapter 3

Immunology of Pregnancy and Systemic

Consequences

Fiona M. Menzies and Fiona L. Henriquez

Abstract The uterus is a site rich in immune cells and is subject to regulation by

the sex hormones progesterone and estrogens. Immune modulation within the

uterus is initiated during coitus and continues through to the delivery of the baby

and for some time postpartum. Several mechanisms to protect the semiallogeneic

fetus from maternal immune attack exist, with the carefully regulated recruitment

and function of immune cells, as well as the mediators they produce, now recog-

nized as crucial to the success of pregnancy. In the postpartum period, immune cells

are also vital to aid the repair and remodeling process, as well as ensure defense

against pathogens. Dysregulation of these maternal immune mechanisms can lead

to the development of conditions such as preeclampsia, preterm birth, and sponta-

neous abortion. This chapter will evaluate the immune environment within the

uterus and the systemic consequences from coitus to postpartum uterine involution.

The effect of pregnancy-associated immune modulation on the symptoms of the

autoimmune diseases such as arthritis and systemic lupus erythematosus (SLE)

pregnancy-associated infections is also reviewed.

3.1 Introduction

Sir Peter Brian Medawar is widely regarded as the founder of the reproductive

immunology field. In 1953, this pioneer of transplantation biology asked the

question of how the fetus is tolerated by the mother. In doing so, he was the first

to recognize that the fetus is essentially an antigenic foreign body within the womb

(Billington 2003). Although he did little research in this area, the complexity of the

maternal-fetal interface has since been the subject of intense investigation.

Within the female reproductive tract, there is an abundance of immune cells as

well as chemokines, small proteins involved in the trafficking of immune cells.
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From coitus to postpartum uterine involution, immune cells are present and func-

tion to provide an environment suitable for the establishment of a successful

pregnancy and ensure the return of the uterus to a prepregnancy state. During

pregnancy, the process of placentation also requires immune adaptation by the

mother. The uterus is therefore a unique environment that maintains a delicate

balance between protecting the host from infection and establishing tolerance of the

semiallogenic fetus. In addition, we must also consider immune involvement in

pregnancy complications, autoimmune diseases, and how the hormonal and

immunological changes that occur during pregnancy can influence the way the

body responds to infection.

For the first 8 weeks of pregnancy, progesterone, which is often described as the

pregnancy hormone, is produced by corpus luteum within the ovary. After this time,

progesterone production is taken over by the placenta and it continues to rise

dramatically until birth. Estrogens are produced primarily by developing follicles

and the corpus luteum. Estradiol is the main estrogen in women of fertile age and

estriol is produced by the placenta during pregnancy, whereas estrone is produced

in women of menopausal age (Kuijper et al. 2013). Levels of estrogens in maternal

serum and urine increase dramatically during pregnancy, falling dramatically after

delivery of the fetus (Kuijper et al. 2013). The elevated levels of progesterone and

estrogen during pregnancy have a profound influence on the immune environment

within the uterus by modulating immune cell function (Druckmann and Druckmann

2005; Menzies and Henriquez 2009; Oertelt-Prigione 2012; Pennell et al. 2012).

While these hormonal changes occur to support pregnancy, this can have conse-

quences for the pathogenesis of autoimmune diseases or infections.

3.2 The Female Immune Response to Coitus

The release of seminal plasma into the vagina after coitus stimulates an inflamma-

tory response within the female reproductive tract. While seminal plasma has

traditionally been considered as a transport medium for spermatozoa, it is now

appreciated that it has important roles in preparing the uterus, by inducing changes

in gene expression and cellular composition, for pregnancy (Robertson 2005). The

presence of immunomodulatory molecules within seminal plasma has huge impli-

cations for the success of pregnancy, whether it is via natural conception or assisted

reproduction. Indeed, the importance of the inflammatory response to mating is

demonstrated by studies showing that in vitro fertilization (IVF) is more successful

in women who are exposed to semen at the time of embryo transfer (Tremellen

et al. 2000; Bellinge et al. 1986).

Seminal plasma contains an array of biologically and immunologically active

compounds including hormones, such as estrogen and progesterone, as well as an

array of cytokines (Maegawa et al. 2002; Robertson 2005; Hampl et al. 2013). Of

particular interest is the cytokine TGF-β, which is abundant within seminal plasma

of both mice (Tremellen et al. 1998) and humans (Loras et al. 1999). Studies in
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humans show that all three isoforms of TGF-β (TGF-β1, TGF-β2, and TGF-β3) are
present within seminal plasma and can induce proinflammatory cytokine produc-

tion by cervical cells (Sharkey et al. 2012a).

In humans, deposition of seminal fluid results in the influx of macrophages,

dendritic cells (DCs), and T cells into the epithelial and stromal compartments of

the ectocervix (portion of cervix extending into the vagina), accompanied by an

increase in gene expression for the cytokines granulocyte-macrophage colony-

stimulating factor (GM-CSF), interleukin (IL)-1α and IL-6, and the chemokine

CXCL8 (Sharkey et al. 2012b). Macrophages and DCs remain within the stromal

region of the cervix, while increases in CD3+ T cells are found in both the

epithelium and stroma (Sharkey et al. 2012b). Furthermore, a greater proportion

of T cells are CD8+ than CD4+ (Sharkey et al. 2012b).

The first encounter between the maternal immune system and paternal antigens

occurs when seminal plasma is introduced during coitus. As well as preparing the

uterine epithelium for pregnancy, it has been found that seminal plasma also

functions to modulate the uterine immune environment to prevent fetal rejection

by reacting to antigens within seminal plasma and priming the maternal immune

system (Fig. 3.1). Studies using a TCR-transgenic mouse model, with ovalbumin

(OVA) as a model paternal antigen, show that seminal plasma drives the activation

and expansion of OVA-specific CD4+ and CD8+ T cells. Maternal antigen-

presenting cells uptake paternal antigens primarily by phagocytosis, before cross-

presentation to CD8+ T cells in a TAP-dependent manner (Moldenhauer

et al. 2009). After mating, there is a substantial increase in the cellularity of the

lymph nodes draining the uterus in mice (Johansson et al. 2004), mainly the para-

aortic lymph nodes (Johansson et al. 2004), the main site of cross-presentation of

paternal antigen (Moldenhauer et al. 2009). Recent studies in mice have demon-

strated that Th17 cells also respond to the presence of sperm in the female

reproductive tract, with their action modulated and controlled by estradiol (Lasarte
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et al. 2013). It has been suggested that the initial presentation of paternal alloanti-

gens to maternal T cells after ejaculation is crucial for tolerance of the conceptus,

which displays the same paternal antigens, during implantation a few days later

(Sharkey et al. 2012b).

Another way in which seminal plasma mediates fetal tolerance is through its

ability to induce expansion of T regulatory (Treg) cells (Aluvihare et al. 2004;

Robertson et al. 2009a). Mouse studies have demonstrated that Treg cells accumu-

late within the nonpregnant uterus as the female approaches estrus, the “fertile”

stage of the murine cycle, and this is accompanied with expression of T-cell-

specific chemokines CCL3, CCL4, CCL22, and CX3CL1 (Kallikourdis and Betz

2007). Through the production of CCL19 by glandular and luminal epithelial cells

of the uterus in response to both semen and spermatozoa, Treg cells are recruited

(Guerin et al. 2011). The importance of Treg cells in maintaining an environment

suitable for pregnancy will be discussed in later sections (Fig. 3.1).

3.3 The Peri-Implantation Period

After successful fertilization, several rounds of cleavage (the first step in embryo-

genesis) occur as the young embryo (still only a small collection of cells) moves

through the fallopian tube toward the uterine cavity. Implantation of the blastocyst

into the uterine wall presents a crucial step in the reproductive process and requires

coordination between the blastocyst and uterus under optimal conditions. Implant-

ation can only occur within a set time period, called the implantation window, and

in humans, this is approximately 8–10 days post-ovulation (Wilcox et al. 1999). In

humans, the chance of conception per cycle is approximately 30 % (Zinaman

et al. 1996), with around 75 % of early losses attributed to implantation failure

(Wilcox et al. 1988). Having a clear understanding of the molecular, biochemical,

and immunological mechanisms underlying implantation has obvious implications

for the ability to improve assisted conception practices. However, practical and

ethical restrictions in conducting human studies have meant that much of our

knowledge of implantation stems from the use of murine models.

The uterine wall undergoes a number of morphological and biochemical changes

in order to be receptive to the blastocyst. Implantation into the receptive uterine

wall requires apposition, attachment, and penetration of the blastocyst through the

uterine epithelium and requires adequate changes to the uterine endometrium

(Norwitz et al. 2001; Cha et al. 2012). The formation of the decidua is necessary

for successful implantation and is highly dependent upon sufficient levels of

progesterone (Cha et al. 2012). Estrogen also plays a key role in this process,

with murine studies showing that it is a key factor in determining the duration of

the implantation window (Ma et al. 2003). Within the implantation window in

humans, endometrial stromal cells undergo decidualisation to change from

fibroblast-like precursor cells to larger, more rounded decidual stromal cells

(DSCs) (Dunn et al. 2003). This is a critical point for the fate of the pregnancy.
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Either decidualisation continues in preparation for blastocyst implantation or it

breaks down to begin menstruation (King 2000). Furthermore, DSCs play an

important role in controlling the passage of leukocytes to the implantation area

(Dunn et al. 2003). Upon breach of the uterine epithelium by the blastocyst, a brief

inflammatory-type reaction occurs in response to invasion of the trophoblasts. Cells

such as macrophages are involved in the clearance of cellular debris as maternal

uterine cells apoptose to allow invasion of trophoblast cells (Abrahams et al. 2004).

3.3.1 Cytokines and Chemokines During the Implantation
Window

A number of key cytokines, growth factors, and chemokines (Fig. 3.2a) facilitate

the process of implantation, and these have been extensively reviewed within the

literature (Handwerger 1994; Simon et al. 1995, 1997; Dimitriadis et al. 2005; Robb

et al. 2002). Inflammation is a necessary component of implantation (Mor

et al. 2011), while excessive levels of inflammation within the decidua can lead

to implantation failure or miscarriage. Of particular note are the roles played by

leukemia inhibitory factor (LIF), IL-6 and IL-15, although more recently, work has

been done to look at the role of IL-33 and its receptor ST2 during implantation, in

which human endometrial stromal cells secrete IL-33 upon decidualisation. How-

ever, failure to control this production leads to pregnancy failure (Salker

et al. 2012).

To date, one of the most characterized factors involved in implantation is LIF,

and its role during pregnancy has been extensively reviewed in the literature

(Aghajanova 2004; Kimber 2005; Suman et al. 2013). LIF is pleiotropic in nature,

exhibiting multiple biological functions (Haines et al. 2000). Studies using

LIF-deficient mice have shown that this highly glycosylated 40–50 kDa glyco-

protein is essential for successful implantation (Stewart et al. 1992) through binding

the LIF-receptor (LIFR) and inducing STAT3 activation (Suman et al. 2013).

LIF-deficient mice exhibit no embryonic defects; however, implantation cannot

occur without the administration of exogenous LIF (Stewart et al. 1992). Further-

more, studies have demonstrated that women diagnosed with recurrent implantation

failure have significantly less LIF in their endometrial glandular epithelium than

normal pregnant women (Mariee et al. 2012). During the implantation window,

when LIF concentrations from the endometrium are at their peak, the blastocyst

expresses the LIFR (Charnock-Jones et al. 1994). It is also thought that LIF induces

both autocrine and paracrine signaling pathways in the endometrium to facilitate

implantation (Cullinan et al. 1996; Dominguez et al. 2002). Even after implantation

of the blastocyst LIF/STAT3 signaling is important in increasing the ability of

trophoblast cells to invade (Poehlmann et al. 2005), which is crucial for successful

placentation in the early stages of pregnancy.
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Fig. 3.2 Summary of immune involvement during pregnancy. (a) Chemokine receptor expression

by the endometrium at the time of implantation, as the developing placental villi extend into the

uterine wall, and the main chemokines and cytokines produced by cells of the endometrial stroma.

(b) Main mechanisms involved in preventing rejection of the fetus as pregnancy progresses.

Altered HLA expression by EVT cells promotes uNK cell phenotype and inhibits action of

cytotoxic CD8+ T cells and phagocytes. Progesterone promotes a Th2 environment, and this

along with the action of PIBF prevents the action of peripheral NK cells, and promotes the

protective uNK cell phenotype. (c) Labor as an inflammatory event. As pregnancy progresses,
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LIF is a member of the IL-6 family of cytokines. During the menstrual cycle,

endometrial expression of IL-6 peaks during the implantation window, with glan-

dular and surface epithelial cells showing greatest expression (Tabibzadeh

et al. 1995). Studies in mice have shown that IL-6 deficiency reduces fertility, as

well as significantly decrease the number of viable implantation sites (Robertson

et al. 2000). It has been suggested, however, that IL-6 may have a partially

redundant role during the implantation window (Dimitriadis et al. 2005).

IL-15 is a 14–15 kDa cytokine that is a member of the IL-2 family of cytokines.

IL-15 has the ability to influence both innate and adaptive arms of the immune

response, through its ability to stimulate natural killer (NK) cells, T cells, and NKT

cells. IL-15 transcripts are strongly expressed during the secretory, or luteal, phase

of the cycle in humans a time in which a large number of NK cells are present

within the uterus (Kitaya et al. 2000). As we will discuss later in some detail, the

regulation of NK cells and their phenotype within the uterus is critical for the

success of pregnancy. Indeed, a recent study found that significantly higher levels

of IL-15, which correlates with uterine NK (uNK) cell numbers, are found in the

endometrium of women with recurrent implantation failure compared with normal

women (Mariee et al. 2012).

The endometrium of nonpregnant humans also expresses several chemokine

receptors, including CXCR1, CXCR2, CCR5, CXCR4, CCR2, CCR3, CXCR3,

and CX3CR1 (Zhang et al. 2000; Dominguez et al. 2003a; Mulayim et al. 2003;

Hannan et al. 2004; Hirota et al. 2006; Laird et al. 2011), and produces a number of

chemokines (e.g., CCL2, CCL4, CCL5, CCL7, CCL11, CCL14, CCL16, CCL21,

CCL22, CXCL8, CX3CL1), with high levels generally observed during the implan-

tation window (Caballero-Campo et al. 2002; Hannan et al. 2004; Jones et al. 2004).

Many of these chemokines are involved in the trafficking of immune cells, includ-

ing Treg cells, macrophages, and uNK cells to the decidua. It has been suggested

that chemokines and their receptors may also play other significant roles during the

establishment of pregnancy, with receptors found on cells of the blastocyst and

extravillous trophoblasts (EVT) (Dominguez et al. 2003a, b; Dimitriadis et al. 2005;

Hannan and Salamonsen 2007).

3.3.2 Immune Cells Involved in Implantation

It has been estimated that in early pregnancy, 30–40 % of stromal cells within the

decidua are leukocytes (Bulmer et al. 1991). The profile of immune cell populations

within the nonpregnant endometrium and the distribution of cells between the

⁄�

Fig. 3.2 (continued) the uterine wall stretches, leading to the upregulation of leukocyte adhesion

molecules, and production of chemokines, leading to an influx of inflammatory immune cells. It is

suggested that this contributes to the promotion of contractions; however, this could also aid

postpartum repair and remodeling of the uterus
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stratum basalis and the stratum functionalis layer of the endometrium are subject to

change throughout the menstrual cycle (King 2000). In addition, the number and

purpose of immune cells in these regions adapt during the implantation window and

throughout pregnancy to support the developing placenta and fetus.

In the nonpregnant uterus, T and B cells are found in lymphoid aggregates,

which develop during the proliferative phase of the menstrual cycle, by the traf-

ficking of cells to the stratum basalis region of the endometrium (Yeaman

et al. 1997, 2001). These aggregates consist of a core of B cells, surrounded by T

cells, most of which are CD8+ in origin. These cells actively traffic to the endo-

metrium, rather than having been derived from the division of preexisting cells

within the uterus (Yeaman et al. 2001). Data on the purpose of these cells, their role

during the implantation period, and on their cytotoxic abilities at this early gesta-

tional period is limited. Many studies to date have focussed on the characterisation

and role of decidual CD8+ T cells during the latter stages of pregnancy. Indeed,

only 5–20 % of decidual leukocytes in early pregnancy are T cells, but this figure

rises to 40–80 % by term pregnancy (Tilburgs and Strominger 2013), suggesting

these cells play a more prominent role as pregnancy progresses. Indeed, studies

have demonstrated that by the end of the first trimester in humans (approximately

7–12 weeks), CD8+ T cells are important in the placentation process by regulating

the invasion of EVT (Scaife et al. 2006), and by term pregnancy (approximately

37–42 weeks) decidual CD8+ T cells have a very different phenotype to their

peripheral counterparts, expressing less perforin and granzyme B, thereby reducing

their ability to adversely affect the semiallogeneic fetus (Tilburgs et al. 2010).

Treg cells are a particularly interesting population of cells within the human

endometrium during the reproductive cycle and throughout pregnancy and have

been the subject of much study and review in both humans and mice over the past

10 years (Aluvihare et al. 2004; Guerin et al. 2009; Leber et al. 2010; Zenclussen

et al. 2010; Teles et al. 2013). As already discussed, Treg cells accumulate within

the endometrium during the preimplantation period (Kallikourdis and Betz 2007).

Normal pregnant mice expand their numbers of Treg cells immediately after

conception in a number of organs including the lymph nodes, spleen, blood, and

thymus, although mRNA for the Treg marker Foxp3 does not increase in uterine

tissues until day 5 of pregnancy (Thuere et al. 2007). This suggests that these cells

expand in the periphery and migrate to the uterus (Aluvihare et al. 2004; Thuere

et al. 2007) where they act to control maternal anti-fetal responses. The protective

role of Treg cells at the implantation site has recently been demonstrated in a

murine model of pregnancy, where Treg cells become activated against self-

antigens within a few days after embryo implantation in both allogeneic and

syngeneic matings and act to create an early tolerant immune environment (Chen

et al. 2013). Fetal-antigen-specific Treg cells are not present at embryo implant-

ation; however, their number increases as pregnancy progresses (Rowe et al. 2012).

Macrophages play an important role within the endometrium as it cycles with

changes in reproductive hormones. Progesterone and estrogen not only modulate

the inflammatory activities of macrophages (Jones et al. 2008; Menzies et al. 2011a;

Liu and Wang 2013), but have an influential role on the distribution of these cells
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within the nonpregnant uterus (De and Wood 1990). Macrophage numbers rapidly

increase around the time of implantation, firstly to contribute to the clearance of

cellular debris to aid in embryo implantation (Abrahams et al. 2004) but also to

degrade any semen or pathogens present within the uterus as a result of mating

(De et al. 1991). More recently, the necessity for macrophages during the process of

implantation has been investigated. Depletion of macrophages in mice during the

preimplantation period prevents successful implantation and therefore pregnancy,

by disrupting the ability of the corpus luteum to produce sufficient quantities of

progesterone (Care et al. 2013). The addition of exogenous progesterone to these

mice rescued their ability to have a successful pregnancy. This study is particularly

interesting as few reproductive studies consider the effect of immune cell function

on hormone production.

Uterine NK cells are the subject of much interest in studies of reproductive

immunology, including pregnancy and fertility studies, and as will be discussed

later, this is partly due to the differences in their phenotype when compared with

peripheral NK cells. The phenotype and regulation of NK cells within the pregnant

uterine environment are crucial for pregnancy success. However, little is known

about the role of uNK cells in the facilitation of embryo implantation in humans,

despite the fact that they constitute 50–70 % of immune cells within first trimester

decidua (Bulmer et al. 1991, 2010; Manaster and Mandelboim 2010) and they are

found in close proximity to the implantation site (Dosiou and Giudice 2005; Oh and

Croy 2008). Estrogen and progesterone act to recruit uNK cell precursors to the

uterus (Kuang et al. 2010). However, uNK cells are known to play vital roles in

regulating the invasion of trophoblasts as well as maternal immune responses to the

fetus.

3.4 Mechanisms Involved in Preventing Fetal Rejection

Upon implantation of the blastocyst into the receptive decidual lining, the process

of placentation begins. The invasion of placental EVT into the uterine wall has to be

carefully regulated in order to prevent attack and destruction by maternal leuko-

cytes. Dysregulated EVT invasion is associated with abnormal placentation, lead-

ing to defects in placenta function, compromising both the growth and survival of

the offspring (Rossant and Cross 2001; Smith et al. 2004; Bukowski 2011).

One of the most important factors in protection of EVT cells, the main fetally

derived cells in contact with maternal tissues, is the altered human leukocyte

antigen (HLA) expression by these cells. EVT cells do not display the MHC class

I molecules HLA-A and HLA-B, or the class II HLA-D molecules, but do display

the class I molecules HLA-C, HLA-E, HLA-F, and HLA-G. HLA-G is the most

studied of these HLA molecules in the placenta. Seven isoforms have been identi-

fied, with HLA-G1, HLA-G2, HLA-G3, and HLA-G4 being membrane bound and

HLA-G5, HLA-G6, and HLA-G7 being soluble (Hviid 2006; Hunt and Langat

2009). Table 3.1 summarizes key studies examining the expression of these
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molecules at the maternal-fetal interface. In general terms, the expression of these

molecules by placental cells promotes tolerance of the fetus. These trophoblast

HLA molecules act as inhibitory ligands (Fig. 3.2b), causing cytotoxic T cells to die

or reduce CD8 expression, and phagocytes and NK cells to obtain a suppressive

phenotype (King et al. 2000a; Hunt et al. 2005; Chazara et al. 2011).

NK cells are key cells in the early innate defense against various pathogens but

are particularly useful in the response to viral infection. Within the blood, two main

types of NK cells have been characterized based on expression of CD56 and are

referred to as CD56dim or CD56bright. CD56dim cells are the main peripheral NK cell

population, comprising approximately 90 % of NK cells within the blood and are

characterized by a high level of spontaneous lytic activity (Dosiou and Giudice

2005). By comparison, the CD56bright population have little lytic activity. uNK cells

differ from both of these NK phenotypes but have more in common with this latter

phenotype, including weak lytic activity (Ferry et al. 1990); however, uNK cells

show no expression of the NK marker CD16 (Saito 2000). Binding of IgG to CD16

results in activation of antibody-dependent cell-mediated cytotoxicity (ADCC) by

NK cells, and so the absence of CD16 on uNK cells demonstrates another

tolerogenic feature of these cells. Many comparisons between blood CD56dim,

CD56bright, and uNK cells have been reviewed within the literature (Moffett-King

2002; Dosiou and Giudice 2005; Vacca et al. 2013). Dysregulation between uNK

cells and peripheral NK cells during pregnancy has been investigated as a mecha-

nism to account for recurrent pregnancy loss (Tang et al. 2011).

Table 3.1 Trophoblast HLA expression

HLA molecule Expression pattern References

HLA-C Surface EVT expression King et al. (2000b)

EVT expression Apps et al. (2009)

HLA-E Expressed by trophoblasts, ligand for

CD94/NKG2 NK cell receptor

King et al. (2000a)

Found on all placental cells co-expressing HLA-G Ishitani et al. (2003)

EVT expression Apps et al. (2009)

HLA-F Surface EVT expression Ishitani et al. (2003)

EVT expression, mainly in cytoplasm during

first trimester, and then surface during second and

third trimester

Shobu et al. (2006)

HLA-G Surface EVT expression King et al. (2000b)

Membrane-bound HLA-G expressed on EVT

and sHLA-G on all placental trophoblasts

Ishitani et al. (2003)

EVT expression Apps et al. (2009)

Placental Hofbauer cells Yang et al. (1996)

Endothelial cells of chorionic villi Blaschitz et al. (1997)

Amniotic cells Hammer et al. (1997)

EVT Extravillous trophoblasts, HLA human leukocyte antigen, NK natural killer, sHLA soluble

human leukocyte antigen
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A number of protective and supportive functions of uNK cells during pregnancy

have been identified. Their close proximity to the implantation site, and site of EVT

invasion, suggests that they are important in regulation of trophoblast invasion and

the maternal immune response to this invasion (Moffett-King 2002). uNK are

greatly influenced in their trafficking and function by sex steroid hormones

(Fig. 3.2b) (Dosiou and Giudice 2005). Both estrogen and progesterone act to

promote the homing of CD56bright cells to the uterus (Chantakru et al. 2003), and

progesterone also promotes proliferation of uNK cells through production of IL-15

by endometrial stromal cells (Manaster et al. 2008; Vacca et al. 2011). Progesterone

can also influence NK cell activity in an indirect manner. Progesterone supports the

development of a helper T-cell type 2 (Th2)-type environment (Piccinni

et al. 1995), and many of the Th2-type cytokines (e.g., IL-4) have been shown to

limit the activity of peripheral NK cells (Loza et al. 2002). Many functions of

progesterone, including promotion of a Th2 environment, are exerted through

induction of the progesterone-induced blocking factor (PIBF) protein (Szekeres-

Bartho and Wegmann 1996), which can also influence NK cell activity. Murine

studies have demonstrated the ability of PIBF to inhibit the lytic activities of

peripheral NK cells (Szekeres-Bartho et al. 1997).

Regulation of the cytokine environment and abundance of Treg cells within the

uterus is another key mechanism of regulation of the uterine immune environment

during pregnancy. Traditionally, it was considered that the placental and uterine

environment should be skewed toward an abundance of Th2-type cytokines for the

successful continuation of pregnancy (Lin et al. 1993; Wegmann et al. 1993). This

was supported by data showing that women who suffer spontaneous recurrent

abortions had an abundance of Th1-type cytokines and/or a deficiency in the

production of LIF, IL-4, and IL-10 by decidual T cells (Piccinni et al. 1998; Ng

et al. 2002). This paradigm has now been revisited to include Th17 cells, Treg cells,

and their cytokines (Saito et al. 2010).

Experiments involving the culture of T cells in the presence of medium condi-

tioned by placental trophoblasts demonstrated a skewing toward the production of

Th2-associated transcription factors and cytokines and inhibition of those associ-

ated with Th1 an d Th17 (Liu et al. 2011). Progesterone can inhibit the differenti-

ation of CD4+ T cells into Th17 cells (Lee et al. 2011) and downregulates the

expression of the Th17-associated transcription factors RORγt (Maeda et al. 2013).

The number of circulating Th17 cells does not change throughout pregnancy

(Nakashima et al. 2010); however, an increased number of Th17 cells, and produc-

tion of IL-17, within the blood and decidua during pregnancy has been associated

with preterm labor and recurrent spontaneous abortion (Ito et al. 2010; Wang

et al. 2010).

The balance between Th17 cells and Treg cells is critical for the outcome of

pregnancy (Wang et al. 2010). During healthy pregnancy, the ratio of circulating

Treg cells to Th17 cells is increased significantly compared to nonpregnant con-

trols; however, in preeclamptic women, this skewing away from Th17 cells is not

observed (Santner-Nanan et al. 2009). Treg cells within the decidua have been

shown to increase with advancing gestation (Somerset et al. 2004; Tilburgs
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et al. 2006) but again are lower in decidua from preeclamptic women (Quinn

et al. 2011), suggesting a key role for these cells in regulating the maternal immune

environment at the maternal-fetal interface. There is a preferential recruitment of

fetus-specific Treg cells from the maternal blood to the decidua (Tilburgs

et al. 2008). As Treg cells are considered as pregnancy protective, it is of no

surprise that progesterone and estrogen, which are elevated during pregnancy, act

to support the expansion of these cells (Polanczyk et al. 2004; Mao et al. 2010).

3.5 Parturition as an Inflammatory Event

The initiation of labor, or parturition, in humans is a complex, multifactorial

process involving a mixture of endocrine and mechanical signals, which are

intrinsically linked to induce the synchronistic contractions of the myometrium

(Smith 2007). The underlying mechanisms of labor initiation in humans are not yet

fully understood; however, many pathways have been considered (Smith 2007). For

example, it is well known that activation of the hypothalamic-pituitary-adrenal

axis, prostaglandin production, an increase in the responsiveness to oxytocin, and

the functional withdrawal of progesterone are all key events prior to labor contrac-

tions. Indeed, the myometrium undergoes a series of phenotypic changes through-

out each stage of pregnancy (Shynlova et al. 2012), culminating in a contractile

phenotype, with an upregulation of contraction-associated proteins (e.g., connexin-

43, oxytocin, and prostaglandin receptors).

In addition to these mechanisms, the infiltration of inflammatory cells and their

mediators is now considered key in the initiation and propagation of normal labor at

term (Fig. 3.2c). Uterine inflammation, as a result of infection, is present in 30–

50 % of cases of preterm birth (Goldenberg et al. 2000) and was therefore consid-

ered a main driver of preterm labor. Preterm birth accounts for 5–10 % of all

deliveries in developed countries (Challis et al. 2001) and therefore represents a

significant obstetric problem (Goldenberg et al. 2000). In order to develop effective

ways to prevent preterm birth, a better understanding of the mechanisms underlying

normal labor is required.

As pregnancy proceeds, the uterus stretches to accommodate the growing fetus.

This process drives the production of proinflammatory chemokines such as CCL2

and CXCL8, as shown by in vitro studies where mechanical stretch was applied to

myometrial smooth muscle cells (Loudon et al. 2004; Shynlova et al. 2008; Hua

et al. 2012). Transcriptional profiling of myometrial and cervical biopsies from

women in spontaneous labor at term and not in labor (with no signs of clinical

infection) revealed that 138 genes in myometrium and 164 genes in cervical tissue

are upregulated, with 110 genes common to both tissues (Bollapragada et al. 2009).

Interestingly, genes for the chemokines CXCL8, CXCL5, CXCL3, CCL20,

CXCL1, CXCL2, CCL2, and CCL23 were among those genes commonly

upregulated in both the myometrium and cervix with labor onset. In addition,
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in vitro studies using a myometrial cell line have demonstrated that IL-1β
upregulates chemokine gene expression (Chevillard et al. 2007).

Studies at both the genetic and cellular level suggest that normal labor is

associated with an influx of inflammatory cells, concordant with this increase in

chemokine, and proinflammatory cytokine production. Histological analysis of

myometrial biopsies from nonpregnant and pregnant women at term, both not in

labor and in spontaneous labor, demonstrates an increase in the number of neutro-

phils, macrophages, and T cells within the myometrium after labor onset (Thomson

et al. 1999; Osman et al. 2003). Within the myometrium, the proinflammatory

cytokines IL-1β, TNF-α, and IL-6 have been localized to these leukocytes, whereas
in the cervix, these cytokines are found not only in leukocytes but also within the

glandular and surface epithelium (Young et al. 2002). Gene expression levels of

these cytokines are increased in the cervix and myometrium with labor onset and

levels correlate with the increase in leukocyte numbers (Osman et al. 2003).

Cell adhesion molecules are required for the binding and extravasation of cells

into tissues, and it has been shown that their expression is upregulated with labor

onset (Thomson et al. 1999; Ledingham et al. 2001; Winkler et al. 2003).

Intercellular adhesion molecule (ICAM)-1 mRNA expression increases approxi-

mately tenfold in both the cervix and myometrium upon labor initiation and is

localized to the vascular endothelium and leukocytes (Ledingham et al. 2001),

although immunohistochemical analysis for ICAM-1 does not show any change in

tissue expression levels (Thomson et al. 1999). Vascular cell adhesion molecule

(VCAM)-1 mRNA is upregulated within the cervix during pregnancy, although no

further increases are observed with labor onset (Ledingham et al. 2001). As with

ICAM-1, no changes are observed in VCAM-1 expression when analyzed histo-

logically (Thomson et al. 1999). Platelet-endothelial cell adhesion molecule

(PECAM)-1 mRNA expression increases ninefold in the myometrium with preg-

nancy; however, this molecule does not further increase with labor (Ledingham

et al. 2001). ICAM-1, VCAM-1, and PECAM-1 are found on various cell types,

including monocytes, lymphocytes, neutrophils, eosinophils, and endothelial cells.

Collectively, these studies further demonstrate the inflammatory response associ-

ated with labor onset in humans.

However, more recently, a number of studies have questioned the necessity for

inflammation in driving the initiation of contractions. Studies which utilize animal

models of pregnancy and labor have provided evidence that while inflammation

may promote the progression of labor, it may not be an absolute requirement for

normal term labor. For example, studies examining the inflammatory role of mast

cells and the chemokine receptor CCR2 during labor in mice have shown that the

pregnant uterus is a robust environment with potentially many compensatory

mechanisms to ensure successful delivery of fetuses (Menzies et al. 2011b, 2012).
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3.6 Immune Involvement in Postpartum Uterine

Involution

After birth, restoration of the uterus to the prepregnancy state is important for the

success of future pregnancies. Interestingly, transabdominal and transvaginal

sonographical examination of the human uterus has revealed that parity is irrelevant

in the progress of uterine involution (Mulic-Lutvica et al. 2001) indicating the

efficiency of the repair and remodeling mechanisms involved in uterine involution.

Little is known about the molecular and immunological processes involved in

postpartum uterine involution in humans due to the practical and ethical issues

involved in collecting appropriate tissue samples; therefore, much of the work

carried out to investigate this process has been done using mouse and rat models.

Studies in mice and rats show that repair of the uterine wall after birth requires a

vast amount of extracellular matrix remodeling, proliferation, and apoptosis.

In particular, the breakdown of collagen is required during uterine involution

(Salamonsen 2003). Mice resistant to the action of collagenase enzymes exhibit

defective postpartum uterine remodeling (Liu et al. 1995), which is usually com-

pleted by day 10 after delivery (Skurupiy et al. 2010) in normal mice. Matrix

metalloproteinases (MMPs) are a group of endopeptidase enzymes that break

down various components of the extracellular matrix. Several of these have been

implicated in the process of postpartum involution of the uterus, including mem-

brane type 1-MMP (MT1-MMP) (Manase et al. 2006), MMP-2 (Manase

et al. 2006), MMP-7 (Woessner 1996), MMP-8 (Balbin et al. 1998), and MMP-9

(Manase et al. 2006).

While it has been shown that inflammatory cytokines including IL-1β and

TNF-α can stimulate MMP production (Braundmeier and Nowak 2006), the role

that immune cells such as macrophages and neutrophils play in the postpartum

remodeling phase, whether it be contributing to MMP production or phagocytosis

of apoptotic cells, has yet to be studied in detail. Indeed, these cells are known to be

important in the remodeling of the cervix (Timmons et al. 2009), which is required

prior to labor.

3.7 Consequences of Pregnancy for the Immune System

In order for pregnancy maintenance, the female body significantly changes its

hormonal balance. As we have already discussed, sex hormones, namely, proges-

terone and estrogens, can have multiple influences on the cells of the immune

system (Bouman et al. 2005; Menzies and Henriquez 2009). Therefore, pregnancy

and the associated hormonal changes have wider implications of for the maternal

immune system. Specifically, pregnancy affects maternal autoimmune (discussed

below) diseases and the outcome of infectious diseases (see Chap. 13).
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3.7.1 Immune Adaptation to Pregnancy

As we have seen, during pregnancy, the immune system within the uterus adapts

significantly to accommodate implantation, fetal growth, parturition, and post-

partum involution. However, adaptations to the systemic immune system also occur.

Throughout normal pregnancy in humans, there is an increase in the number of

circulating monocytes and granulocytes (Matthiesen et al. 1995; Minagawa

et al. 1999; Luppi et al. 2002a, b; Belo et al. 2005) and a decrease in the number

of circulating lymphocytes (Minagawa et al. 1999). Monocytes are activated during

pregnancy compared with nonpregnant controls, with increased production of IL-1β
and IL-12 (Luppi et al. 2002b) and elevated serum levels of the inflammatory

marker C-reactive protein (CRP) (Belo et al. 2005). By comparison, while circu-

lating neutrophil numbers are elevated in pregnancy (Belo et al. 2005), there is a

substantial body of evidence to suggest that these cells have reduced effector

functions. Specifically there is a reduction in their chemotaxis, microbial killing,

and production of reactive oxygen species (El-Maallem and Fletcher 1980; Crouch

et al. 1995; Kindzelskii et al. 2004).

While the function of different T-cell subsets has been described in detail in this

chapter, the role of B cells during pregnancy has yet to be fully addressed. B cells

constitute 5–15 % of circulating lymphocytes and have been studied extensively for

their role in antibody production. Much research has been done to examine both the

protective functions of antibodies and harmful effects of autoantibodies during

pregnancy. Recent advances in our understanding of different B-cell subsets (Bao

and Cao 2014), namely, B1 and B2 B cells, have proved useful (Muzzio et al. 2013).

It has been hypothesized that B1 cells are responsible for the production of

autoantibodies, which are detrimental to pregnancy, whereas B2 cells are respon-

sible for production of asymmetric antibodies, which have been shown to be

beneficial for pregnancy (Muzzio et al. 2013). Asymmetric antibodies are IgG

molecules with a modified Fab region, rendering them ineffective at opsonization

(Labeta et al. 1986). Several studies have shown that these have a protective role in

pregnancy (Gutierrez et al. 2005; Zenclussen et al. 2001) and that low serum levels

of asymmetric antibodies can threaten the success of pregnancy (Barrientos

et al. 2009).

In general, women exhibit much more vigorous humoral responses than men,

with higher serum levels of IgG and total IgM (Eidinger and Garrett 1972; Giltay

et al. 2000), with several studies showing the ability of β-estradiol to influence

B-cell development (Medina and Kincade 1994). Many of the immune modifi-

cations that have been described can be attributed to the action of hormones, and the

importance of understanding these influences is highlighted by consideration of the

sex bias in the susceptibility to a number of diseases and infections.
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3.7.2 Autoimmune Disease During Pregnancy

Rheumatoid arthritis (RA) involves the destruction of the cartilage surrounding the

joints of the fingers, knees, and elbows, with women three times more likely to

develop this condition than men. 75 % of women with RA who become pregnant

exhibit improvement of their symptoms, with most improvement observed in the

latter stages of pregnancy (Nelson and Ostensen 1997); however, within 3 months

postpartum, this is reversed, and symptoms return (Adams Waldorf and Nelson

2008). The underlying mechanisms responsible for disease amelioration during

pregnancy are unclear. However, studies suggest that the elevated levels of sex

hormones during pregnancy are crucial to the improvement of RA symptoms. A

recent study using a mouse model of human RA has shown that ovariectomized

mice exhibit severe disease pathology and elevated serum TNF-α and IL-6, but

addition of either estrogen or progesterone to these mice dramatically improves

symptoms (Inoue et al. 2013). In addition, estrogen is also thought to be protective

against the development of osteoarthritis (Linn et al. 2012).

Systemic lupus erythematosus (SLE) is a multiorgan autoimmune disease

defined by the production of autoantibodies against nuclear antigens (Crispin

et al. 2010). Women are nine times more likely to develop this condition than

men. Although the underlying hormonal causes are not fully understood, 45 % of

SLE patients exhibit autoantibodies to the estrogen receptor, ER-α, which interferes
with T-cell homeostasis (Colasanti et al. 2012). By comparison with the arthritic

conditions, SLE symptoms are not reduced by pregnancy. In some instances,

symptoms are heightened during pregnancy, with SLE patients showing higher

rates of fetal loss (Foocharoen et al. 2009; Yan Yuen et al. 2008; Sadowska 2005).

Fifteen to sixty percent of SLE patients have reported exacerbations of the condi-

tion during pregnancy (Adams Waldorf and Nelson 2008).

Multiple sclerosis (MS) was first recognized in 1868 by Jean-Martin Charcot.

This condition becomes manifested through immune attack of the myelin sheath

surrounding nerves, with women three times as likely to be affected as men

(Disanto and Ramagopalan 2013). This is partly genetic, with women more likely

to carry the HLA DRB1 allele (Bove and Chitnis 2014). Despite this increased risk

in developing the condition, men with MS develop a much more progressive

disease with poor recovery after attacks. Similar to the other autoimmune diseases

discussed, it has been found that pregnancy is associated with a significant reduc-

tion in the rate of MS relapses and increases during the 3 months postdelivery

(Confavreux et al. 1998). Studies using the experimental allergic encephalomyelitis

(EAE) model of MS have shown that progesterone, estriol, and estradiol may play

an important role in the preventing relapses in sufferers of this condition (Kim

et al. 1999; El-Etr et al. 2005).

Sex and pregnancy-associated hormones have been shown to have a major

influence on both the incidence and progression of a number of autoimmune

diseases, raising the question as to the necessity for sex-specific treatments. With

global aging populations and increasing incidence of autoimmune disease, it may
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be necessary to explore new treatment options tailored to either men or women. The

overwhelming effect that pregnancy has on the symptoms of RA, for example,

suggests that there are significant pregnancy-associated alterations that could be

exploited as potential treatments.

3.8 Conclusions

In this chapter, the function of the immune system at each critical stage of

pregnancy has been considered. Although much has still to be investigated, devel-

oping an understanding of the way in which the immune system adapts during

pregnancy is vital, not just for diagnosis and treatment of pregnancy-related con-

ditions but for providing researchers with an insight into the wider capabilities of

the immune system, and how it can be manipulated. In doing so, we are arming

ourselves with greater knowledge that can be used in our understanding of infec-

tions and autoimmune diseases.

Seminal plasma contains a number of immunomodulatory molecules including

TGF-β, CXCL8, IFN-γ, and Prostaglandin E. The uterine epithelium responds by

producing a number of chemokines, allowing recruitment of modulatory T regu-

latory cells to the site of deposition. Paternal antigens are sampled by DCs, which

cross presents to CD8+ T cells within the lymph nodes draining the uterus. These

mechanisms serve to prepare the maternal immune system for the development of a

semiallogeneic fetus (Guerin et al. 2011; Robertson et al. 2009a, b; Kallikourdis

and Betz 2007; Aluvihare et al. 2004).
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Chapter 4

Sex Differences in Metabolism

and Pharmacokinetics

Anandi N. Sheth, Cecile D. Lahiri, and Ighovwerha Ofotokun

Abstract Men and women may differ in their therapeutic and/or adverse responses

to certain drugs. These differences can be due to sex- or sex hormone-related effects

on the drug disposition process, particularly those involving drug-metabolizing

enzymes and transporters. This chapter will review sex-associated differences in

drug pharmacokinetics in general, but also focus on the special circumstances of

pregnancy, menopause, and the use of hormonal contraceptives, highlighting evi-

dence demonstrating these differences for anti-infectives. Better characterization of

the impact of sex on drug dispositions would guide therapeutic choices and dosing

schedule for men and women and enhance treatment outcomes for many commonly

prescribed anti-infectives.

4.1 Overview: Sex and Drug Disposition

Previous evidence has shown that men and women may differ in their response to

certain drugs in terms of therapeutic effect and/or toxicity. This finding is likely to

be related to differences in drug absorption and disposition based on sex. Drug

disposition refers to what happens to the drug after it enters the body and is affected

by drug-metabolizing enzymes and membrane drug transporters. Increasingly, sex

hormones have been recognized as affecting drug pharmacokinetics and pharmaco-

dynamics, thereby explaining in part sex differences in response to drugs. Among

anti-infectives, such sex differences in drug disposition may be particularly relevant

for drugs that require long-term therapy, such as antiretroviral drugs used in HIV

therapy.

Recent efforts have focused on the inclusion of women in clinical trials of anti-

infectives to better understand sex-related differences in response to these drugs.

Clinical data suggest that sex-related pharmacological differences affect both the
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risk and the rate of adverse drug reactions as well as drug efficacy (Nicolson

et al. 2010). For example, with regard to drug toxicity, emerging evidence has

shown that women have an increased propensity for developing drug-induced long

QT syndrome, a cardiac electrophysiologic disorder (Hreiche et al. 2008). Further-

more, their susceptibility to developing this condition is more prominent during the

ovulatory phase of the menstrual cycle, supporting the hypothesis of hormonal

influence (Rodriguez et al. 2001). Some clinical trials have suggested that

sex-related differences exist in the safety and efficacy of antiretroviral drugs such

as those used to treat HIV. Women have higher rates of adverse drug reactions with

certain antiretroviral medications compared to men (Ofotokun 2005), such as

increased risk of developing a rash with the non-nucleoside reverse transcriptase

inhibitor (NNRTI) nevirapine (Mazhude et al. 2002) and increased rates of

dyslipidemia and nausea with protease inhibitors (PIs) (Pernerstorfer-Schoen

et al. 2001; Squires et al. 2011). There might also be a discrepancy in drug efficacy

of some antiretrovirals between men and women; in a prospective cohort of

HIV-infected individuals, women achieved virologic suppression at faster rates

than men using comparable antiretroviral regimens (Moore et al. 2001).

The antiretroviral data showing increased risk of drug toxicity and a faster rate of

virological suppression in women suggest that women may attain higher serum or

tissue concentrations of drugs than men due to inherent sex-related differences in

pharmacokinetics. Higher intracellular concentrations of the diphosphate and the

monophosphate active forms of zidovudine and lamivudine, two nucleoside reverse

transcriptase inhibitors (NRTIs), have been observed in women compared to men.

These increases in intracellular drug levels resulted in a matched effect in

pharmacodynamics as women suppressed their viral load twice as fast as men

(Anderson et al. 2003). Additionally, a population pharmacokinetic study on

nevirapine found that women had lower drug clearance rates than men (Zhou

et al. 1999), which could explain their increased risk of developing a rash.

Mechanisms of sex-related pharmacologic differences in antiretrovirals and

other antimicrobials remain incompletely understood and are likely to be multifac-

torial. Proposed mechanisms include physiologic differences between the sexes

(such as total body weight, fat distribution, degree of plasma protein binding, and

glomerular filtration rates), the influence of sex hormones on drug metabolism, and

sex-related variations of expression and activity of drug transporter genes and

proteins (Ofotokun et al. 2007b). Potential reasons for sex differences in adverse

events related to drug pharmacokinetics and pharmacodynamics are listed in

Table 4.1.

This chapter will review sex-associated differences in pharmacokinetics, includ-

ing their effects on drug transporters, and focus on the special circumstances of

pregnancy, menopause, and the use of hormonal contraceptives. While sex- or sex

hormone-based differences have been observed in pharmacokinetic parameters,

drug transporters, and clinical effect/toxicity for several classes of drugs, we will

focus on the evidence demonstrating these differences for anti-infectives.
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4.2 Impact of Sex on Pharmacokinetics

The term “pharmacokinetics” describes the interaction between a drug and the

human body in terms of four major factors—absorption, distribution, metabolism,

and elimination. The impact of sex on these four major factors has been the subject

of previous reviews (Gandhi et al. 2004; Soldin and Mattison 2009). We will first

summarize the main pharmacokinetic parameters that are used to describe absorp-

tion, distribution, metabolism, and elimination and then review the contribution of

these four factors to sex-related variations in pharmacokinetics (Table 4.2).

4.2.1 Summary of Pharmacokinetic Parameters

Oral Bioavailability (F): Oral bioavailability is the fraction of dose administered

that is absorbed into the systemic circulation. It is a function of the fraction of dose

absorbed by enterocytes and the fractions that pass the gut membranes and liver

intact (Shugarts and Benet 2009).

Absorption Half-Life (t1/2,abs): Absorption half-life is the time taken for absorp-

tion to be 50 % complete and is inversely proportional to Ka, the rate constant of

absorption.

Volume of Distribution (V): The volume of distribution is an apparent volume

that relates the total amount of drug in the body divided by the plasma concentra-

tion. For orally administered drugs, V cannot be separated from F and is denoted as

V/F.

Area Under the Concentration-Time Curve (AUC): The AUC is the integral of

the plot of concentration of a drug against time. It is proportional to the oral

bioavailability and is a measurement of drug exposure.

Table 4.1 Potential reasons for sex-related differences in drug adverse events

Reason for sex difference

Pharmacological

reason Pharmacological factors

Women are overdosed Pharmacokinetics Sex differences in volume of distribution

Sex differences in protein binding

Sex differences in transport, phase I, and

phase II metabolism

Women are more sensi-

tive to drug effects

Pharmacodynamics Sex differences in drug targets

(1) Receptor number

(2) Receptor binding

(3) Signal transduction following receptor

binding

Women are prescribed

multiple medications

Drug-drug

interactions

Drug-drug-induced alterations in pharmaco-

kinetics and/or pharmacodynamics

Adapted with permission Soldin et al. (2011)
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Table 4.2 Effect of sex or sex hormones on pharmacokinetic parameters

PK parameter Components Sex-based differences References

Bioavailability Passive component:

gastrointestinal tract

physiology

Gastric emptying time is

slower in females than

males, mainly secondary

to the effects of estrogen

Coskun et al. (1995),

Hutson et al. (1989)

Active component:

extrusion by intestinal

drug transporters

Intestinal p-gp levels do

not consistently seem to

vary by sex

Gut metabolism: gut

enzymes and intestinal

CYP3A4

Gastric levels of alcohol

dehydrogenase are

higher in males than

females; intestinal

CYP3A4 levels do not

consistently vary by sex

Distribution Body composition:

BMI, percent body fat,

plasma volume, and

organ blood flow

Women have lower body

weights and lower BMI

than men; women have a

higher proportion of

body fat than men;

plasma volume is greater

in men than women,

although volume varies

throughout the menstrual

cycle and during preg-

nancy; organ blood flow

is greater in women than

men

Gandhi et al. (2004),

Soldin et al. (2011)

Protein binding: extent

of tissue and protein

binding of the drug

Albumin concentrations

do not consistently vary

by sex, but endogenous

estrogens decrease levels

of AAG in the plasma, so

women have lower con-

centrations of AAG than

men. Exogenous estro-

gens increase levels of

the serum-binding

globulins

Kishino et al. (2002),

Succari et al. (1990),

Walle et al. (1994) and

Wiegratz

et al. (2003ab)

Metabolism Hepatic enzymes: phase

I metabolism reactions

in the liver mediated

through the cytochrome

P450 system

Data on varying levels of

CYP expression and

activity exist, but the

overall studies that

examine CYP (mainly

CYP3A4) substrates for

differences in pharma-

cokinetic parameters in

men and women are

inconsistent; general

trend suggests higher

rates of metabolism for

Waxman and

Holloway (2009), Aus-

tin et al. (1980)

(continued)
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Clearance (CL): Clearance is the volume of body fluid from which a drug is

completely removed per unit time. It relates the rate of drug elimination and the

drug’s concentration.
Elimination Half-Life (t1/2): Elimination half-life is the time taken for 50 % of

the absorbed dose of a drug to be removed or the time taken for the maximum

plasma drug concentration to decrease by 50 %. It is directly proportional to volume

of distribution (V) and inversely proportional to CL (Grover and Benet 2009).

4.2.2 Absorption

Drugs may be administered through several routes, including via oral, intradermal,

intramuscular, intravenous, rectal, vaginal, intrathecal, and intraperitoneal routes.

For orally administered drugs, the rate and extent of drug absorption from the

various sites along the gastrointestinal tract directly impact a drug’s bioavailability
and are affected by food interactions, gastric acid levels, gastric emptying, gut

motility, biliary secretion and composition, enteric flora, and drug-specific factors

(such as lipid solubility, molecular weight, pH, etc.). Despite sex-related differ-

ences in some of these factors discussed below, available studies have only

Table 4.2 (continued)

PK parameter Components Sex-based differences References

CYP3A4 substrates in

women versus men

Hepatic transporters:

hepatic p-gp or MDRI

Men seem to have higher

hepatic p-gp levels than

women, with higher rates

of drug clearance in

women versus men for

drugs that are p-gp

substrates

Schuetz et al. (1995)

Excretion Renal clearance: renal

excretion is depending

on filtration, secretion,

and reabsorption

Renal clearance of drugs

that are not actively

secreted or reabsorbed is

dependent on GFR,

which is proportional to

weight; sex differences

for these drugs are

attributable to weight

differences. Drugs that

are actively secreted by

the kidney may show sex

differences in excretion

Austin et al. (1980),

Gandhi et al. (2004),

Soldin and Mattison

(2009)

Adapted with permission Gandhi et al. (2004)

BMI body mass index, p-gp p-glycoprotein, CYP cytochrome P450, AAG alpha-1 acid glycopro-

tein, MDRI multi drug resistance transporter-1, GFR glomerular filtration rate
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demonstrated a few drugs that show differences in absorption based on sex (Gandhi

et al. 2004).

The impact of sex-related differences in drug absorption on bioavailability

remains unclear. The United States Food and Drug Administration (FDA) previ-

ously evaluated sex differences in bioequivalence among 26 small (�20 partici-

pants) studies involving participants of both sexes (none involving anti-infectives)

submitted between 1977 and 1995 and found that maximum concentration (Cmax)

and AUC were greater in women compared with men 87 and 71 % of the time,

respectively (Chen et al. 2000; Soldin et al. 2011). Among anti-infectives, the

antituberculous agent, rifampin, has been previously demonstrated to have a higher

plasma and urinary concentration in adult women than men after the same oral

dose, suggesting an increase in drug absorption and therefore higher bioavailability

in women (Iwainsky et al. 1976).

Gastrointestinal Physiology: Some reports suggest that women have less acidic

gastric fluid (Collen et al. 1994; Soldin and Mattison 2009), thereby affecting the

level of absorption of drugs that have pH-dependent gastric absorption. Despite

this, steady-state pharmacokinetic parameters do not differ between men and

women for the antiretroviral drug atazanavir (von Hentig et al. 2008), which is

known to have gastric acid-dependent absorption. In animal studies, estrogens and

high concentrations of progesterone inhibit gastric emptying (Coskun et al. 1995),

while low concentrations of progesterone increase gastric emptying (Liu

et al. 2002). Gastric emptying is slower in premenopausal women and postmeno-

pausal women receiving hormone replacement therapy compared with men (Hutson

et al. 1989). Animal studies also suggest that gut motility may be impacted by sex

hormones (Chen et al. 1995) and thus may vary depending on pregnancy, contra-

ception, phase of the reproductive cycle, or menopause. Longer gut transit times, on

average, have been demonstrated in women compared with men (Degen and

Phillips 1996). In spite of the implied hormonal influence of the above studies,

gut transit times do not vary over the menstrual cycle in women (Kamm et al. 1989).

Transporter Proteins: Sex-based variability in drug absorption may also be

impacted by sex- or sex hormone-related alterations in the expression of intestinal

drug transporters, which are involved in transport of drugs across the gut and are

discussed in detail in Sect. 4.3.

Gastrointestinal Enzymes that Metabolize Drugs: Gastric and intestinal expres-

sions of metabolic enzymes, such as gastric alcohol dehydrogenase and intestinal

cytochrome P450 (CYP) 3A4, affect first-pass metabolism of some oral drugs and

may vary by sex resulting in sex-related differences in plasma concentrations of

some drugs. Drug metabolism is discussed further in Sect. 4.2.4.

Drugs Administered via Other (Non-oral) Routes: Although clinical data are not
available, men and women might theoretically have different absorption of trans-

dermally administered drugs due to differences in body fat composition (Soldin and

Mattison 2009). One study that used modeling estimated less drug disposition of the

antiviral drug ribavirin in the respiratory tract by body weight after inhaled dosing

in adolescent and young adult women (age�25years) compared with similar-aged

males due to lower basal energy requirements resulting in lower respiratory gas

80 A.N. Sheth et al.



exchange (Knight et al. 1988). However, data are not available on whether this

phenomenon is of clinical significance for ribavirin or other inhaled drugs.

4.2.3 Distribution

Once a drug is absorbed, it is distributed into tissues including its target site. The

rate and extent of distribution is affected by multiple factors, including body

composition parameters, plasma and total blood volumes, organ blood flow, and

the levels of plasma and/or tissue protein capable of binding the drug. Sex-related

differences in any of these factors might result in varying drug concentrations at its

target site, thereby affecting the clinical effect and/or toxicity of the drug.

Body Composition Differences: On average, women have a higher body fat

percentage, lower body weight, lower plasma volume, and lower total body water

than men (Gandhi et al. 2004). Due to these differences in plasma volume and total

body water, the volume of distribution will be relatively lower in women for water-

soluble drugs, resulting in higher drug concentrations. On the other hand, due to

differences in body fat percentage, the volume of distribution may be relatively

higher in women for lipophilic drugs. With regard to anti-infectives, metronidazole,

a water-soluble drug used to treat infections due to anaerobic bacteria and certain

parasites, has been found to have a slightly (12 %) lower AUC in women than men

with a higher apparent volume of distribution (Carcas et al. 2001). Similarly,

ofloxacin and fleroxacin, members of the water-soluble fluoroquinolone class that

are commonly used broad-spectrum antibacterial drugs, both demonstrated a

smaller median volume of distribution in women than in men (Bertino and Nafziger

1996; Sowinski et al. 1999).

Studies have also demonstrated that, with correction of dose by body weight,

some sex-related differences in pharmacokinetic parameters are eliminated,

reinforcing the idea that body weight differences, rather than other sex-specific

differences, may result in variations in drug disposition. For example, women

exhibited higher plasma concentrations of the antibacterial drug clindamycin than

men in one study after an oral 600 mg dose, but these concentrations were similar

when normalized for body weight (del Carmen Carrasco-Portugal et al. 2008). A

similar study demonstrated that after a single oral 200 mg dose of fluconazole, a

commonly used antifungal drug, in healthy Chinese adults, sex-related differences

in AUC, Cmax, and volume of distribution which directly correlated with body

weight were observed (Guo et al. 2010).

Organ Blood Flow: Although cardiac output, when standardized by body surface
area as the cardiac index, does not differ between men and women, organ-specific

differences in blood flow as a percentage of cardiac output have been noted between

the sexes. For instance, men generally have greater blood flow to skeletal muscle,

while women have greater blood flow to adipose tissue, potentially related to sex

differences in the total body mass represented by each type of tissue (Soldin

et al. 2011). For some organs, such as adrenal glands, bone, brain, lungs, skin,
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and thyroid, regional blood flow does not differ by sex. However, for adipose tissue,

heart, and liver, regional blood flow is higher for women, while for skeletal muscle

and kidneys, regional blood flow is higher for men. This is likely to reflect sex

differences in body composition and the contribution of each tissue type to total

body mass (Soldin et al. 2011).

Protein Binding: Plasma- and tissue-binding proteins affect the levels of a drug’s
free (or active) form and may account for sex-related differences in drug distri-

bution. Plasma-binding proteins include albumin, alpha-1 acid glycoprotein

(AAG), and alpha globulins. Albumin generally binds acidic drugs with a high

capacity, while AAG generally binds basic or neutral drugs with a high affinity.

While albumin concentrations have not been found to vary by sex, plasma AAG

concentrations are lower in women compared to men as is the degree of AAG

glycosylation, which is inversely related to its binding capacity (Kishino

et al. 2002). Endogenous and exogenous sex steroid hormones also affect AAG

concentrations and the extent of glycosylation (Succari et al. 1990; Walle

et al. 1994), as does hormonal contraception, estrogen replacement therapy, and

pregnancy (see Sect. 4.4). Additionally, some exogenous sex steroid hormones also

increase the levels of the serum-binding globulins, such as sex hormone-binding

globulin, corticosteroid-binding globulin, and thyroxine-binding globulin

(Wiegratz et al. 2003a, b).

Most studies assessing sex-related differences in plasma and/or tissue concen-

trations of anti-infectives have measured only total rather than free drug levels and

thereby limit interpretation of potential sex-related differences on the concen-

trations of active drug. HIV PIs, for example, are generally highly, but variably,

bound to AAG, thereby affecting the unbound (or active) concentration of the drug

in plasma and tissues (Delille et al. 2014). Some studies have noted higher plasma

concentrations of certain PIs in women compared with men (Pai et al. 2004;

Fletcher et al. 2004), but not others (Ofotokun et al. 2007a). However, one study

noted that changes in plasma AAG levels altered total but not free concentrations or

the antiviral activity of the PI lopinavir (Ofotokun et al. 2011), suggesting that

sex-related changes in AAG may not affect a drug’s pharmacodynamics effect.

4.2.4 Metabolism

Sex-related differences in pharmacokinetics of drugs may predominantly result

from differences in drug metabolism. Drug metabolism occurs in hepatic and, to

a lesser degree, extrahepatic sites, and the rate of metabolism is affected by many

drug-specific factors, such as lipophilicity and protein binding. Metabolism (mostly

hepatic) occurs in two enzymatic reactions termed phase I and phase II. Phase I,

which includes oxidation, reduction, and hydrolysis, is mediated through the CYP

P450 system for 95 % of drugs (Wrighton and Stevens 1992). Phase II prepares

drugs and phase I metabolic products for excretion by conjugation reactions

including glucuronidation, sulfation, acetylation, methylation, and glutathione
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Table 4.3 Route of metabolism for various anti-infectives and sex differences in hepatic

clearance

Metabolic

enzyme

Select anti-infective

substrates, inhibitors, or

inducers of enzyme

Effect of sex

or sex

hormones on

enzymes

activity References

Phase I enzymes

CYP3A4 Substrates: clarithromycin,

clindamycin, dapsone,

erythromycin, fluconazole

(minor), itraconazole, keto-

conazole

Mefloquine, quinine,

voriconazole (minor), All

NNRTIs, All HIV protease

inhibitors, cobicistat

(major), dolutegravir

(minor), elvitegravir

Maraviroc, boceprevir,

simeprevir, sofosbuvir,

telaprevir

Inhibitors:
Azole antifungals,

boceprevir, clarithromycin,

efavirenz, erythromycin,

most HIV protease inhibi-

tors, ritonavir, telaprevir

Inducers: All NNRTIs,
rifampin,

tipranavir

F>Ma Austin et al. (1980),

Cummins et al. (2002),

Gorski et al. (1998, 2003),

Kang et al. (2003),

Kashuba et al. (1998),

Krecic-Shepard

et al. (2000a, b)

CYP2D6 Substrates: cobicistat
(minor), darunavir, ritonavir

Inhibitors: cobicistat,
darunavir, indinavir,

lopinavir/ritonavir, quini-

dine, ritonavir, terbinafine,

tipranavir

Inducers: rifampin

F>M Hagg et al. (2001)

CYP1A2 Substrates: rilpivirine
Inhibitors: ciprofloxacin
Inducers: nafcillin, rifampin,

rilpivirine, ritonavir,

tipranavir

M> F Ou-Yang et al. (2000),

Relling et al. (1992)

CYP2C9 Substrates: etravirine,
nelfinavir, rilpivirine

(minor), voriconazole

Inhibitors: efavirenz, flu-
conazole, isoniazid,

itraconazole, metronidazole,

ritonavir, sulfamethoxazole,

Unknown –

(continued)
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Table 4.3 (continued)

Metabolic

enzyme

Select anti-infective

substrates, inhibitors, or

inducers of enzyme

Effect of sex

or sex

hormones on

enzymes

activity References

trimethoprim, voriconazole

Inducers: darunavir,
elvitegravir, indinavir,

lopinavir/ritonavir,

nelfinavir, rifampin, ritona-

vir, tipranavir

CYP2C19 Substrates:
chloramphenicol, etravirine,

nelfinavir, rilpivirine,

voriconazole (major)

Inhibitors: chloramphenicol,

efavirenz, etravirine, isonia-

zid, ketoconazole, ritonavir,

voriconazole

Inducers: darunavir, indina-
vir, lopinavir/ritonavir,

nelfinavir, rifampin,

rilpivirine, ritonavir,

tipranavir

M¼ F Laine et al. (2000)

CYP2E1 Substrates:
clarithromycin

Inhibitors:
ritonavir

Inducers:
isoniazid

M> F Kim and O’Shea (1995),
Lucas et al. (1995)

Phase II enzymes

UDP-

glucuronosyl

transferases

Substrates: dolutegravir,
elvitegravir, raltegravir,

voriconazole

Inhibitors: atazanavir
Inducers: efavirenz, rifam-

pin, ritonavir, tipranavir

M> F Boudikova et al. (1990),

Court et al. (2001), Miners

et al. (1983), Morissette

et al. (2001)

Sulfotransferases M> F Brittelli et al. (1999)

N-acetyl-

transferases

Substrates:
sulfamethoxazole

Unknown –

Methyl-

transferases

M> F Szumlanski et al. (1992),

Boudikova et al. (1990)

CYP cytochrome P450 isoenzyme,M>F greater enzyme activity in males than females, M¼ F no

evidence of sex-related differences in enzyme activity, F>M greater enzyme activity in females

than males, UDP uridine 5-diphosphate glucuronosyltransferase
aData are conflicting (see text)
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conjugation. Intestinal cells also express phase I (CYP3A) and II enzymes, contri-

buting to first-pass metabolism for some orally administered drugs. The rate of

hepatic metabolism is affected by hepatic blood flow (which is lower for women)

and hepatic enzyme activity, but it is thought that sex differences in enzyme

activity, presumably mediated by the effect of endogenous sex hormones on

enzyme expression, account for related differences in pharmacokinetics (Waxman

and Holloway 2009). Table 4.3 summarizes known studies on sex-related differ-

ences in phase I and phase II enzymatic activity.

Phase I Enzymes: The CYP450 superfamily of enzymes consists of at least

11 different families, of which CYP 1, 2, and 3 are most important in humans. In

humans, CYP3A is the predominant CYP450 isoenzyme in the liver and is respon-

sible for the metabolism of nearly one half of all drugs that undergo phase I

metabolism, including many anti-infectives. Additionally, antimicrobials such as

azole antifungals, macrolide antibiotics, and rifampin may either induce or inhibit

activity of CYP450 enzymes, thereby impacting the exposure of drugs metabolized

by these enzymes (Table 4.3). Among antiretrovirals, NRTIs do not exhibit hepatic

metabolism, while NNRTIs, PIs, some integrase strand transfer inhibitors, and the

entry inhibitor maraviroc are CYP3A substrates. Ritonavir and cobicistat inhibit

CYP3A4, while some PIs and NNRTIs induce CYP3A.

Differences in CYP450 enzymes between the sexes have been noted in previous

studies and are affected by endogenous sex hormones (Kashuba and Nafziger 1998)

and hormonal changes associated with hormonal contraceptives, pregnancy, and

menopause (see Sect. 4.4). Studies of sex-related differences in CYP450 activity

have assessed CYP enzyme mRNA expression, CYP activity, or pharmacokinetic

parameters of CYP-metabolized drugs in vitro or in animal models and human

studies (reviewed, Gandhi et al. 2004). We will summarize below the data from

human studies assessing sex-related differences in CYP activity and related

pharmacokinetic parameters, focusing on the impact on anti-infective disposition.

Most studies demonstrate increased CYP3A4 activity in women versus men,

although data are conflicting and depend on the enzyme substrate used to assess

activity. For example, erythromycin, a CYP3A4 substrate, is cleared more rapidly

after intravenous dosing in women than in men (Austin et al. 1980), while metab-

olism of midazolam, another CYP3A4 substrate, has been shown not to be affected

by sex in some studies (Gorski et al. 1998; Kashuba et al. 1998), and the data for the

sex-related differences in the metabolism of the CYP3A4 substrate verapamil has

been mixed (Kang et al. 2003; Krecic-Shepard et al. 2000a, b). Several factors are

likely to contribute to these mixed results, including the variable impact of intes-

tinal versus hepatic enzyme induction, the impact of sex on pharmacokinetic

parameters impacting clearance via mechanisms other than drug metabolism, and

the extent to which a drug is also a substrate of the efflux transporter p-glycoprotein

which may concomitantly impact its pharmacokinetics (Cummins et al. 2002) (See

Sect. 4.3.3). Finally, sex-related differences exist in the extent of intestinal and

hepatic CYP3A induction by some drugs, such as rifampin. In one study, the extent

of induction of oral clearance of oral midazolam by rifampin was greater in men

than in women, while the extent of induction of systemic clearance was greater in
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women than in men, suggesting differential effect depending on hepatic versus

intestinal sites of metabolism (Gorski et al. 2003).

Sex-related differences have also been observed in the activities of other

CYP450 enzymes. CYP1A2 and CYP2E1 activities, measured by caffeine and

chlorzoxazone metabolism, respectively, were higher in men than in women

(Kim and O’Shea 1995; Lucas et al. 1995; Ou-Yang et al. 2000; Relling

et al. 1992). In contrast, in Swedish populations, CYP2D6 activity, measured by

dextromethorphan metabolism, was higher in women than men (Hagg et al. 2001),

while CYP2C19 activity, measured by mephenytoin metabolism, was the same in

women not taking contraceptives as in men (Laine et al. 2000).

Phase II Enzymes: The activities of some phase II metabolic enzymes also

exhibit sex differences. For instance, studies suggest lower activities of several

isoenzymes of the uridine 5-diphosphate glucuronosyltransferase (UGT) super-

family, responsible for the metabolism of the antiretroviral drug raltegravir, in

women versus men (Boudikova et al. 1990; Court et al. 2001; Miners et al. 1983;

Morissette et al. 2001). Similarly, thiopurine methyltransferase (TPMT) activities

were lower in hepatic tissues of women compared with men (Szumlanski

et al. 1992), and levels of catechol-O-methyltransferase activity were also lower

in women relative to men (Boudikova et al. 1990). Finally, phenol sulfotransferase

activity was more than 60% lower in Finnish women than men (Brittelli et al. 1999).

4.2.5 Elimination

Both drug metabolism (discussed in Sect. 4.2.4) and drug excretion are important

for drug elimination. The most common routes of drug excretion include through

feces and urine. Renal clearance depends on renal tubular secretion, glomerular

filtration, and renal blood flow, all of which are generally higher in men than

women (Soldin and Mattison 2009). Differences in glomerular filtration between

men and women are generally due to differences in weight. However, the excretion

of drugs that exhibit active renal secretion could theoretically be affected by

sex-related differences independent of weight, though further research is needed

to determine if this mechanism contributes to sex-related differences in the

pharmacokinetics of anti-infectives (Gandhi et al. 2004).

4.2.6 Summary

Overall, the clinical data suggest that sex differences in drug disposition are likely

to be due to multiple interacting mechanisms impacting drug pharmacokinetics,

such as lower body weight, increased gastrointestinal motility, variations in protein

binding, altered metabolic enzyme activity, and changes in renal clearance. Despite

these reported sex differences, only a few drugs, and even fewer anti-infectives,
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have exhibited variable plasma concentrations in men versus women. Furthermore,

data on the impact of sex on drug pharmacokinetics are limited. Nonetheless, based

on sex-related differences in reported adverse events of several drugs such as

antiretrovirals, it remains crucial to understand the potential effects of sex and

sex hormones on drug absorption, distribution, metabolism, and elimination, to

ensure appropriate drug selection and dosing for men and women. This is parti-

cularly important in the setting of drugs requiring long-term use and potential for

toxicity.

4.3 Effect of Sex Hormones on Membrane Drug

Transporters

4.3.1 Overview of Drug Transporters

For orally administered drugs, hepatic and gastrointestinal transporters influence

how much drug escapes first-pass metabolism and enters the body from the gut

lumen, controlling access of drug to the systemic circulation (Shugarts and Benet

2009). For drugs that escape first-pass metabolism, renal and hepatic transporters

can impact drug clearance. Two major types of transporters, uptake and efflux, exist

on intestinal, hepatic, and renal cell membranes and affect pharmacokinetic para-

meters of drugs that are substrates for these transporters. Uptake transporters

generally use chemiosmotic gradients caused by the translocation of ions to move

drugs across the membrane. The two major superfamilies of uptake transporters

include the SLC and SLCO families. Two members of the SLC family, organic

anion transporters (OATs) and organic cation transporters (OCTs), and one member

of the SLCO family, organic anion transporting polypeptides (OCTPs), have been

well studied. Efflux transporters expressed at these sites are part of the ATP-binding

cassette (ABC) superfamily that uses ATP to pump substrates in against an energy

source. The major ABC transporters include p-glycoprotein (p-gp), multidrug-

resistant proteins (MRPs), and breast cancer-resistant proteins (BCRPs) (Shugarts

and Benet 2009; Takano et al. 2006). Expression of drug transporter genes and

proteins may vary by sex and thus impact drug disposition differently for women

and men.

4.3.2 Effect of Drug Transporters on Pharmacokinetic
Parameters

Oral Bioavailability (F): Transporters modulate F by affecting the amount of drug

that crosses gut membranes and that is taken up into hepatocytes.
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Volume of Distribution (V): Transporters in the gut will not affect V since it

relates the amount of drug in the systemic circulation to the amount of drug in the

body. However, transporters influence V by mediating transport of drug in and out

of many different tissues and organs, such as the brain and liver. For example, for

drugs whose site of action is the liver, inhibition of uptake inhibitors results in less

drug in the liver and more drug in the plasma, decreasing V/F. In the kidney,

inhibition of efflux transporters causes an increase in V (Grover and Benet 2009).

Absorption Half-Life (t1/2,abs): Gut transporters can influence Ka and subse-

quently affect t1/2, abs. In example, for drugs dependent on gut uptake transporters,

inhibition decreases their absorption rate, driving Ka down and increasing t1/2,abs.

In contrast, induction of gut uptake transporters will decrease t1/2,abs.

Area Under the Concentration-Time Curve (AUC): Transporter effects on F will

have a corresponding effect on AUC.

Clearance (CL): Transporters on gut membranes affect F exclusively so CL will

not change with inhibition or induction of these transporters. For drugs that escape

first-pass metabolism, transporters in the liver and kidney can affect clearance of

the drug.

For example, both hepatic uptake and efflux transporters expressed on the

hepatocyte basolateral membranes affect drug clearance by impacting drug concen-

trations in hepatocytes (Shugarts and Benet 2009). For drugs metabolized by

enzymes within hepatocytes, inhibition of uptake transporters prevents drug meta-

bolism and decreases CL. Similarly, inhibiting uptake transporters decreases CL for

drugs eliminated by biliary excretion by preventing drug from entering bile via

hepatocytes. In contrast, inhibiting hepatocyte efflux transporters will increase CL.

Elimination Half-Life (t1/2): Elimination half-life will increase when transporters

predominantly cause an increase in V and will decrease when transporters cause an

increase in CL.

4.3.3 Impact of Sex on Drug Transporter Gene and Protein
Expression

One proposed mechanism for sex-associated differences in antimicrobial pharmaco-

logy is sex-related variation in expression and activity of drug transporter genes and

proteins (Ofotokun et al. 2007b). This section will focus on reviewing the current

knowledge of this mechanism. Table 4.4 summarizes our current knowledge on

known effects of sex or sex hormones on drug transporters and the impact on anti-

infectives.
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4.3.3.1 ABC Family

P-Glycoprotein (p-gp): P-Glycoprotein (p-gp) is an efflux membrane transporter

encoded by the MDR1 gene. Consistent with its role in facilitating excretion of drug

across the mucosa of the GI tract and into urine and bile, p-gp is found on the

mucosal surfaces of the lower GI tract, the brush borders of proximal tubule renal

cells, and the biliary face of hepatocytes (Ambudkar et al. 1999), as well as other

sites such as brain and peripheral blood mononuclear cells. P-gp’s effect on oral

absorption of antimicrobials is best characterized among HIV PIs. For example, in

an animal study using a mice model, p-gp was found to limit oral bioavailability of

the PIs nelfinavir, saquinavir, and indinavir (Kim et al. 1998).

P-Glycoprotein is the membrane transporter best characterized in the literature

regarding sex differences in expression. In a cross-sectional study examining

41 human liver tissue samples, Schuetz et al. found that the hepatic p-gp expression

was twofold lower in women compared to men (Schuetz et al. 1995). Similarly, in a

cross-sectional study of 61 patients examining chronic lymphocytic leukemia

(CLL) cells, 89 % (32/36) of men and only 48 % (12/25) of women were found

to be positive for MDR1 expression (Steiner et al. 1998). In an animal study using

rats, gut sac accumulation of the antiparasitic drug ivermectin, a substrate for

p-glycoprotein, was measured in male and female rats in the presence of a p-gp

inhibitor; increased ivermectin accumulation was noted in both groups but was

higher in males than females, consistent with lower intestinal expression of p-gp in

females (Lifschitz et al. 2006).

To our knowledge, there are no in vivo human data investigating the role of sex

hormones in the modulation of p-gp. However, p-gp inhibition by progestins was

seen in vitro using two p-gp overexpressing cell lines and ex vivo in human

peripheral blood mononuclear cells (Frohlich et al. 2004). In contrast, an in vitro

study found that both 17β-estradiol and progesterone caused induction of MDR1

RNA and subsequent p-gp function in both p-gp overexpressing cell lines and

placental cells, resulting in a 15–40 % decrease in saquinavir uptake (Coles

et al. 2009). Concentrations of progesterone in this in vitro study were comparable

to levels frequently attained by women during pregnancy, suggesting that these

changes may be clinically significant.

Multidrug-Resistant Protein Transporters (MRPs): Animal studies of MRP

transporter expression on liver and kidney have revealed differences mediated by

sex steroid hormones. For example, in rat livers, the presence of ethynylestradiol

resulted in upregulation of MRP3 expression and downregulation of MRP2 expres-

sion (Ruiz et al. 2013). In rat kidneys, estradiol stimulated MRP3 expression and

testosterone suppressed MRP3 and MRP4 expression (Yacovino and Aleksunes

2012); not surprisingly, pregnant mice showed upregulation of MRP3 and

downregulation of MRP2 and MRP4 expression in their kidneys (Yacovino

et al. 2013). While cephalosporin antibiotics and several HIV PIs are substrates

for MRP class of transporters, to our knowledge there are no studies examining the
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effect of sex hormones on antibiotic pharmacokinetics or drug efficacy, and trans-

porter expression may not correlate to different species.

Breast Cancer-Resistant Protein (BCRP) Transporters: Expression of the BCRP
transporter was found to be higher in male mice livers compared to females; after

administration of the antibiotic nitrofurantoin, the drug AUC was twofold higher in

female than male mice (Merino et al. 2005). Expression of the BCRP transporter

gene has also been found to be higher in the kidneys of mice; however, to our

knowledge, there are no studies examining the effect of this on antimicrobial

pharmacokinetics (Tanaka et al. 2005).

4.3.3.2 SLC and SLCO Families

Organic Anion Transporters (OATs) and Organic Cation Transporters (OCTs):
Hepatic OAT3 expression in mice was found to be higher in males than females

(Buist et al. 2003). Additionally, sex steroid hormones have been shown to affect

OAT expression in kidneys of rats and mice. OAT1 is the rodent male-predominant

transporter, while OAT2 and OAT5 are female predominant (Yacovino and

Aleksunes 2012). Kidneys of castrated males were found to have upregulation of

mRNA and protein expression of OAT2 and OAT5, and this expression was further

enhanced with the administration of estradiol. In addition, sex differences have

been found in OCT2 transporter expression rat kidneys, with higher expression in

male than female rats (Urakami et al. 1999).

Organic Anion Transporting Polypeptides: Expression of rat liver OATP1A4

(human protein OATP1A2) was found to be higher in male than female mice (Rost

et al. 2005). Similarly, rat and mouse kidney OATP1A1 (also human protein

OATP1A2) and mouse kidney OATP3A1 and OATP4C1 were found to be higher

in males than female (Yacovino and Aleksunes 2012).

For the SLC and SLCO families of transporters, evidence suggests that these

transporters, particularly those located on the kidneys, may play a pharmacological

role in the clearance of exogenous cations from the blood. However, these data are

limited to rodents and may not be applicable to other species, including humans.

Furthermore, it remains unknown whether the discrepancy in uptake transporter

expression between the sexes would result in clinically significant differences in

clearance of antimicrobials.

4.3.4 Summary

While clinical data suggest that sex steroid hormones can influence expression of

uptake and efflux transporters, the evidence predominantly involves rodent studies

and often lacks comparisons of drug pharmacokinetic measures or other clinically

significant outcomes. Thus, with most of these data, it is unclear whether these

discrepancies in transporter expression among the sexes would result in clinically
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relevant differences in drug pharmacokinetics or pharmacodynamics. Nonetheless,

it is important to understand the potential effects that sex steroid hormones can have

on drug transporters, particularly in vulnerable populations such as pregnant

HIV-infected women where attaining adequate concentrations of antiretroviral

medications is crucial for virologic suppression and the health of both mother and

fetus.

4.4 Special Considerations

4.4.1 Pregnancy

Pregnancy results in multiple physiologic changes that affect plasma drug concen-

trations and drug pharmacokinetics. Regarding drug absorption, pregnancy is

associated with prolonged gastrointestinal transit time (Singer and Brandt 1991).

Drug distribution is also affected due to increases in plasma volume and total body

water resulting in increased volume of distribution, increased cardiac output and

changes in regional blood flow, compensated respiratory alkalosis, and decreases in

plasma albumin (Haram et al. 1983) and possibly other binding proteins (Aquirre

et al. 1988; Chu et al. 1981; Haram et al. 1983; Hill and Abramson 1988; Notarianni

1990; Perucca and Crema 1982; Wood andWood 1981). Thus, drugs that are highly

protein bound may demonstrate higher free levels (and therefore higher activity)

due to decreased protein-binding availability during pregnancy (Costantine 2014).

Drug metabolism is altered during pregnancy due to increased hepatic blood flow

and hormonal effects on hepatic metabolic and transporter enzymes, and the

placental and fetal tissues may also contribute to drug metabolism. Finally, these

metabolic changes as well as increased renal blood flow, increased glomerular

filtration rate, and elimination of drugs by the fetus may contribute to increased

drug elimination during pregnancy.

These changes may affect requirements for drug dosing and potentially modify a

pregnant woman’s susceptibility to drug toxicity. For example, plasma concen-

trations of the HIV PIs ritonavir-boosted lopinavir, atazanavir, darunavir, and

nelfinavir are reduced during the second and/or third trimesters (Rakhmanina

et al. 2012; Roustit et al. 2008). Thus, HIV PIs without ritonavir boosting are not

recommended during pregnancy, and doses of ritonavir-boosted PIs may need to be

increased during the second and/or third trimesters, particularly in the setting of

concomitant medications that result in reduced plasma drug concentrations (Panel

on Treatment of HIV-Infected Pregnant Women and Prevention of Perinatal Trans-

mission 2014). Finally, treatment considerations for infectious diseases during

pregnancy should include avoidance of anti-infectives with potential teratogenicity

whenever possible. Details on treatment of infections during pregnancy will be

covered in subsequent chapters.
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4.4.2 Menopause

Menopause is associated with a cessation of estradiol and progesterone production

by the ovaries and an overt decline in circulating levels of these hormones and

signaling in target tissues. Most studies assessing the effect of menopause on drug

disposition have evaluated its impact on drug metabolism and demonstrate

conflicting data on whether the hormonal changes associated with menopause result

in alterations in hepatic drug metabolism. Data are conflicting regarding whether

the hormonal changes associated with menopause result in pharmacokinetic

changes. Studies of the CYP3A4 substrates midazolam (a sedative) and erythro-

mycin (an antibacterial drug) demonstrated no differences in drug metabolism

among women by menopausal status or hormone replacement therapy (Gorski

et al. 2000; Harris et al. 1996), although one study demonstrated lower midazolam

clearance in postmenopausal women that was not reversed by hormone replacement

therapy (Fleishaker et al. 1999). On the other hand, clearance of the CYP3A4

substrate alfentanil was higher in women above 50 years versus younger women,

a difference not noted in men (Lemmens et al. 1990).

4.4.3 Contraceptive Hormones

Increased levels of circulating estrogen and/or progesterone noted in women taking

contraceptive hormones may also affect protein-binding and hepatic metabolic

enzyme activity. Levels and glycosylation of plasma AAG and serum-binding

globulins may also be affected by exogenous estrogens, resulting in decreased

AAG, increased glycosylation, and increased serum-binding globulins (Wiegratz

et al. 2003a). The use of combined oral contraceptives was shown to reduce

CYP2C19 activity in two studies, presumably related to the ethinyl estradiol

component of the formulation (Hagg et al. 2001; Laine et al. 2000). Finally,

paracetamol clearance was higher in women using oral contraceptives compared

with women who were not, representing increased glucuronidation (Miners

et al. 1983).

Finally, the impact of anti-infectives on the disposition of contraceptive hor-

mones is also of paramount importance, particularly for anti-infectives that could

potentially impact contraceptive efficacy. Despite this concern, the concomitant

administration of most antibiotics and antifungals has not been shown to reduce

plasma levels of contraceptive hormones (Archer and Archer 2002; Dickinson

et al. 2001; Centers for Disease Control and Prevention (CDC) 2010). However,

the antimycobacterial drugs rifampin and, to a lesser degree, rifabutin induce

hepatic CYP450, thereby impacting hormone concentrations resulting from both

combined hormonal contraceptives and progestin-only pills and implants. Some

antiretroviral drugs may also affect the level of steroid hormones in the blood due to

inhibition or induction of CYP450 pathways, potentially resulting in increased side
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effects or decreased contraceptive efficacy. In particular, ritonavir-boosted HIV PIs

may decrease steroid hormone disposition in combined oral contraceptives, which

may lead to contraceptive failure (German et al. 2011; Carten et al. 2010). The

pharmacologic booster cobicistat may result in increased progestin levels through

CYP450 inhibition. Additionally, the NNRTI efavirenz can decrease in circulating

progestins through inhibition of metabolism (Leticee et al. 2012; Vogler

et al. 2010). The degree of reduction in method effectiveness with efavirenz use

may vary based on the level of circulating progestin resulting from the contra-

ceptive hormone. For instance, the use of efavirenz has also been associated with

increased risk of failure of progestin implants, which generally result in lower

levels of circulating progestins (Leticee et al. 2012).

4.5 Conclusions and Future Directions

Existing evidence suggests that women and men differ in their rates of disposition

of certain drugs; however, these sex-related differences are poorly characterized for

the majority of anti-infectives. Sex- and sex steroid-mediated effects influence

every phase of the drug disposition process including absorption, distribution,

metabolism, and excretion and alter to varying degrees the activities of drug-

metabolizing and transporter systems. The therapeutic implication of sex-related

differences in drugs for which data exist appear to be marginal, but many of these

studies are limited by the small number of women participants or the use of only

animal models. Comprehensive evaluation of the sex-related effect on anti-

infective drug activity is further limited by stringent eligibility criteria imposed

during early phase clinical studies that limit participation of women, particularly

pregnant women and those of childbearing age.

To enhance the effectiveness and reduce toxicities of anti-infective drugs among

women, further studies are needed to define the role of sex on the pharmacokinetics

and pharmacodynamics of commonly used anti-infectives. These studies should

elucidate the mechanisms underlying any observed differences, particularly for

those drugs with narrow therapeutic windows as well as those that require long-

term use. To accomplish this, it is imperative that future clinical studies prioritize

the recruitment of women representing the entire spectrum from their reproductive

years through menopause and beyond.
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Chapter 5

Sex Differences in the Manifestations

of HIV-1 Infection

Morgane Griesbeck and Marcus Altfeld

Abstract Sex differences have been reported for multiple aspects of human

immunodeficiency virus (HIV)-1 infection, including transmission, pathogenesis,

morbidity, mortality, and responses to antiretroviral treatment. Epidemiological

studies on sex differences in HIV-1 infection are numerous and in some instances

controversial. The intrinsic interplay between multilayered socioeconomic factors

and biological factors renders drawing definitive conclusions on sex differences in

HIV-1 infection challenging. Nevertheless, some findings such as the lower viremia

observed in women than in men have been consistently observed in multiple studies.

It is also generally acknowledged that women display a greater susceptibility to

HIV-1 acquisition. The simian immunodeficiency virus (SIV) model has been critical

for understanding the biological characteristics of the female genital tract responsible

for this greater susceptibility. Immune activation is another key factor in HIV-1

acquisition and pathogenesis that distinguishes men and women, with women

exhibiting higher levels of immune activation. Data to date have pointed toward an

important role of sex hormones in mediating these sex differences observed in the

manifestation of HIV-1 disease. This chapter will focus on the discussion of (1) sex

differences in HIV-1 acquisition and transmission, (2) sex differences in HIV-1

pathology, and (3) the impact of sex hormones including those exogenously delivered

during contraceptive use. Sex differences related to responses to antiretroviral treat-

ment go beyond the scope of this chapter and are reviewed in Chap. 4.
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AIDS Acquired immunodeficiency syndrome

ART Antiretroviral therapy

cART Combination antiretroviral therapy
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CDC Centers for Disease Controls and Prevention

CMV Cytomegalovirus

CTL Cytotoxic CD8+ T lymphocytes

DMPA Depot medroxyprogesterone acetate

ERα Estrogen receptor alpha

FDC Follicular dendritic cells

FSW Female sex workers

GM-CSF Granulocyte-macrophage colony-stimulating factor

HESN HIV-1-exposed seronegative

HHV-8 Human herpesvirus 8

HIV Human immunodeficiency virus

HPV Human papillomavirus (HPV)

HSV-2 Herpes simplex virus 2

IDO Indoleamine (2,3)-dioxygenase

IDU Intravenous drug users

IFI16 Gamma-interferon-inducible protein 16

IFNα Interferon-α
IHC Injectable hormonal contraception

IL-1β Interleukin-1β
IL-2 Interleukin 2

IL-6 Interleukin 6

IL-12 Interleukin 12

ISGs Interferon-stimulated genes

IUDs Intrauterine devices

KS Kaposi’s sarcoma

LCs Langerhans cells

LPS Lipopolysaccharide

MDR Multidrug resistant

MIP-3α Macrophage inflammatory protein 3α
MIP-1α Macrophage inflammatory protein 1α
MIP-1β Macrophage inflammatory protein 1β
MPA Medroxyprogesterone acetate

MSM Men who have sex with men

MTCT Mother-to-child transmission

MX-1 Myxovirus resistance 1

OCs Oral contraceptives

PrEP Pre-exposure prophylaxis

PRR Pathogen recognition receptors

SIV Simian immunodeficiency virus

STDs Sexually transmitted diseases

STIs Sexually transmitted infections

TB Tuberculosis

TNFα Tumor necrosis factor alpha

TLR Toll-like receptors

USA United States

WHO World Health Organization
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5.1 Introduction

5.1.1 Impact on Women and Men Throughout the History
of the HIV-1 Pandemic

The first cases of acquired immunodeficiency syndrome (AIDS) were reported by

the Centers for Disease Controls and Prevention (CDC) in the United States (USA)

in 1981 among men who have sex with men (MSM) (1981), followed soon after by

cases among intravenous drug users (IDU) and hemophiliacs. In 1983, the causative

agent of AIDS was identified with the isolation of HIV-1 particles (Barre-Sinoussi

et al. 1983). By 1983, AIDS cases were acknowledged among women. The pro-

portion of women with AIDS in the USA rapidly increased, doubling over less than

two decades (2001). In 1987, AIDS was the leading cause of death in women of

reproductive age (15–44) in the USA (Chu et al. 1990). However, research during

the earliest phases of the HIV-1 pandemic in the 1980s mainly focused on the most

affected populations at the time in industrialized countries, MSM, and later IDU. It

was only in the 1990s that it was slowly recognized that women were acquiring

HIV-1 heterosexually (Harris et al. 1983; Redfield et al. 1985; PA 1988). Despite

this, the specific needs of HIV-1-infected women were not addressed. Instead,

research rather focused on women as potential transmitter of the diseases by

emphasizing mother-to-child transmission or on commercial sex workers who

could pass on HIV-1 to their clients and, through these clients, to the general

population (Amaro 1995; Exner et al. 2003). In parallel, the HIV-1 pandemic

started to affect Africa with dramatic proportions. Interestingly, the characteristics

of the pandemic in Africa were contrasting with those of the pandemic in industrial-

ized world: cases of AIDS were equally distributed between men and women (Piot

et al. 1984; Quinn et al. 1986). In addition, heterosexual transmission was the main

route of transmission in both men and women (Piot et al. 1984; Quinn et al. 1986).

From that point forward, the most vulnerable victims of the HIV-1 epidemic were

women from the southern hemisphere.

A second virus, HIV-2, which was first reported in West Africa in 1986 (Clavel

et al. 1986) can cause AIDS. It remains largely confined to West Africa and to

cohorts in European countries with links to West Africa, such as Portugal (Quinn

1994; Chang et al. 2002; Diop et al. 2000; Semaille et al. 2007). Although HIV-1

and HIV-2 share the same modes of transmission through sexual contact and blood

(Adjorlolo-Johnson et al. 1994) and both result in AIDS, it is generally acknowl-

edge that HIV-2 is characterized by slower rate of disease progression than HIV-1

(Jaffar et al. 2004; Marlink et al. 1994; Rowland-Jones and Whittle 2007) and is

overall less transmissible (De Cock et al. 1993; Marlink et al. 1994; Adjorlolo-

Johnson et al. 1994; Nyamweya et al. 2013). Dual infection by HIV-1 and HIV-2

has been described (Alabi et al. 2003). HIV-2 prevalence in West Africa has been

declining in the past two decades (da Silva et al. 2008; Hamel et al. 2007; Larsen

et al. 1998; Tienen et al. 2010). Because of its sporadic distribution in the world,

excluding West Africa, and its less pathogenic nature, HIV-2 has been less studied,
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and particularly in regards of sex differences. A few studies have reported no

difference in mortality between HIV-2-infected men and HIV-2-infected women

(Norrgren et al. 1998; Poulsen et al. 1997; Ricard et al. 1994; Holmgren et al. 2007).

However, a higher incidence of HIV-2 infection and HIV-1/HIV-2 dual infection

has been reported in women, particularly older women, than in men (da Silva

et al. 2008; Holmgren et al. 2003). A higher incidence of HIV-1 in women than

in men has been reported and will be addressed later in this chapter. The mecha-

nisms responsible for this higher incidence, which may be common between HIV-1

and HIV-2, will be described later in this chapter. We will focus here on sex

differences specifically related to HIV-1 infection. Given that HIV-2 represents a

model of a naturally less pathogenic infection, further research describing sex

differences in HIV-2 infection may provide critical insights in our understanding

of the pathogenic consequences of sex differences in HIV-1 infection.

According to the UNAIDS REPORT 2013, there were worldwide about 35.3

million people living with HIV-1 in 2012. Women represent 52 % of all people

living with HIV-1 in low- and middle-income countries while they represent a

much lower proportion in high-income countries (2013). HIV-1 continues to

profoundly affect women and girls across all regions, but the main burden is

found in sub-Saharan Africa where 80 % of HIV-1-infected women live (2013).

The majority of new HIV-1 infections in women in 2010 were diagnosed in women

between 25 and 44 years of age. Furthermore, it is estimated that 25–30 % of all

deaths in women between the ages of 25 and 40 years old worldwide were due to

AIDS and tuberculosis (TB) in 2010 (Lozano et al. 2012). Heterosexual contact is

the major route of HIV-1 transmission in women in developing and industrialized

countries. Given the dramatic impact of the HIV-1/AIDS epidemic on women’s
health worldwide, it is critical to better understand the sex-specific differences in

the pathogenesis and manifestations of this infection (Clayton and Collins 2014).

5.1.2 HIV-1 and Progression to AIDS

5.1.2.1 HIV-1 Life Cycle

CD4+ T cells or “T-helper cells” represent the main target cells for HIV-1 repli-

cation. These cells orchestrate the immune responses, signaling other cells of the

immune system to perform their special functions. HIV-1 binds to its target cells

through interactions with CD4 and co-receptors such as CCR5 or CXCR4,

depending on the viral strains. HIV-1 can then fuse with the cell and release its

genetic material. HIV-1 is a single-stranded RNA virus. As such, it needs to convert

its RNA into DNA, which is then integrated into the host cell’s genome. HIV-1

reverse transcriptase is the enzyme allowing this conversion. Upon host cell

activation, the integrated DNA is transcribed into messenger RNA by the host
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cell’s transcription machinery in cooperation with viral genes such as tat, the gene
product of which accelerates transcription. Genomic RNA is also transcribed for

later incorporation into the budding virion. HIV-1 mRNA is then translated into a

long protein precursor. HIV-1 protease is required to cut HIV-1 protein precursors

that will subsequently assemble with HIV-1 RNA to form new viruses. The newly

formed viruses exit the cells by budding, using part of the membrane of the cells.

During different stages of the viral life cycle, host restriction factors, including

APOBEC3G/3 F, TRIM5α (Huthoff and Towers 2008; Chakrabarti and Simon

2010), and tetherin (BST-2/CD317/HM1.24), can interfere with the production of

new viruses (Douglas et al. 2010; Yan and Chen 2012).

5.1.2.2 Stages of HIV-1 Infection

The first phase of HIV-1 infection called “primary HIV-1 infection” or “acute
phase” is characterized by a drop in CD4+ T cell numbers in the blood, termed

“CD4+ T cell count” and massive production of virus that spreads throughout the

body, seeding a persisting viral reservoir in various organs, particularly the lym-

phoid organs such as the thymus, spleen, and lymph nodes. During this acute phase

of infection, up to 70 % of HIV-1-infected people suffer flu-like symptoms.

Transmission risk is very high during this early phase of infection, as viral load is

extremely high (Wawer et al. 2005). Within 2–4 weeks after initial HIV-1 infection,

adaptive immune responses consisting of cytotoxic CD8+ T lymphocytes (CTL)

and antibodies produced by B cells help reduce the levels of viral replication to a

so-called viral set point. The viral set point is highly predictive of the rate of HIV-1
disease progression, with individuals having high levels of viremia being more

likely to develop AIDS faster than those with low levels of virus. Following the

initial control of acute viremia, CD4+ T cell counts can begin to increase again, but

do not return to preinfection levels in most cases. The subsequent “asymptomatic”
or “chronic” phase of HIV-1 infection is characterized by low levels of HIV-1 virus

replication, persistent immune activation, and the absence of HIV-1-related symp-

toms. This phase can last for several years and even decades. The last stage of

the infection is called “acquired immunodeficiency syndrome" (AIDS) and is

characterized by a CD4+ T cell count below 200 cells per cubic millimeter of

blood (200 cells/mm3) or by the development of one or more opportunistic illnesses

regardless of CD4+ T cell count. Antiretroviral therapy (ART) can prevent disease

progression to AIDS and results in immune reconstitution and increases in the

CD4+ T cell count in treated individuals. While the time between HIV-1 infection

and the development of AIDS has been shown to be similar between women and

men, the manifestations of the infection differ between the sexes, with women

developing a lower viral set point during the initial phase of the infection. Figure 5.1

summarizes the different phases of HIV-1 infection and offers a quick snapshot of

sex differences across the different stages of infection.
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5.1.3 Do Gender Inequalities Drive HIV-1 Epidemic?
Socioeconomic Considerations

Vulnerability to HIV-1 acquisition is defined by the negative influence of factors

outside the control of the individual on their ability to protect themselves against

HIV-1 infection risk. Women often represent a more vulnerable population to

HIV-1 acquisition, especially in African nations and other resource-poor countries.

HIV-1-positive individuals are frequently exposed to stigmatization, notably for

being considered as socially marginalized (i.e., homosexual, hypersexual, prosti-

tute, or drug user). Some studies have suggested that discrimination can be stronger

against HIV-1-infected women as they might be seen as responsible for the spread

of the virus (Gray and Berger 2007). Furthermore, women in developing countries

often lack control over their sexuality and sexual relationships. Coercive sex
including cultural/economic obligations to have sex when it is not really wanted,

sexual assaults, as well as harmful cultural practices that include genital mutilation

and practices such as “dry” sex increases women’s risk of becoming infected with

Fig. 5.1 Sex differences have been reported throughout the course of HIV-1 infection. Male-to-

female transmission rate is higher than female-to-male transmission rate. Immunological and

virological characteristics also appear to differ between the sexes with women generally having

higher CD4+ T cell counts and lower viral set point than men. These differences may lead to

delayed initiation of antiretroviral therapy (ART) in women in regard to earlier guidelines. Women

also have increased immune activation compared to men, which could impact the occurrence of

AIDS- and non-AIDS-related events
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HIV-1 (Garcia-Moreno and Watts 2000; Krug et al. 2002; Gray and Berger 2007).

Two recent studies have demonstrated that women who have experienced intimate

partner violence were 50 % more likely to have acquired HIV-1 than women who

had not experienced violence (Jewkes et al. 2010; Kouyoumdjian et al. 2013). In a

study from Kenya, a country of high rates of HIV-1 prevalence, rape accounted for

4 % of HIV-1 infection in adolescents and over their lifetime, 24 % of women

(15 years and above) in Kenya reported to be raped at least once (Muntemba

et al. 2003). From a physiological perspective, sexual violence causes genital injury

and extragenital trauma in 87–92 % of victims (Slaughter et al. 1997), causing

systemic and local inflammation and increased presence of target cells for HIV-1 at

the site of exposure, which in turn can increase susceptibility to HIV-1 acquisition.

Sexual assault might furthermore increase the risk of HIV-1 due to forced anal

intercourse, concurrent transmission of other STIs, as well as inability to negotiate

condom use. Reducing violence against women therefore remains a major chal-

lenge identified by UNAIDS for HIV-1 prevention (UNAIDS 2013). In addition,

women are at higher risk for insufficient health management, as women often serve

as the main caregivers among their family. Therefore, they might neglect their own

health needs, having, for instance, less time to keep outpatient appointments, in

favor of those for their husband or children. Clinical management is also often

based on research performed on men and might therefore not meet women’s
specific needs (Sandelowski et al. 2009). Differences in education might further

increase women’s, and especially young girls’, risk of HIV-1 infection, due to their

lack of knowledge about prevention methods. In the early phases of the HIV-1

pandemic in Africa, higher educational degree was associated with a greater risk of

infection (Fylkesnes et al. 1997; Hargreaves and Glynn 2002; Smith et al. 1999).

The interplay of several factors including the higher wealth and increased mobility

associated with higher educational degrees could explain the aforementioned asso-

ciation (Kilian et al. 1999). It has now been shown in African countries that people

with a secondary education, especially young women, have a reduced risk of HIV-1

infection (Michelo et al. 2006; de Walque et al. 2005). However, societal factors are
not only relevant to HIV-1 infection for women but also for men. Men are subject to

social pressures that can negatively affect their response to treatment, including the

prevailing concepts of masculinity associated with a sexual risk-taking behavior.

Furthermore, men and boys are more rarely engaged in major international and

governmental efforts to reduce HIV-1 incidences in Africa (2012a).

Poverty has been considered an important driver of the HIV-1 pandemic and the

subsequent gender inequalities associated with HIV-1 infection. In the industrial-

ized world, women among the general population (HIV-1-seronegative and HIV-1-

seropositive) tend to have lower income, be underinsured for health care, and have

less access to health care including antiretroviral treatment (Chaisson et al. 1995;

Melnick et al. 1994; Fleishman et al. 2012; Althoff et al. 2014). It has been shown

that among the newly HIV-1-infected African American women in the USA in

2010, 84 % were living below the poverty line (Ivy et al. 2013). The association

between HIV-1 prevalence and economic status in Africa is controversial

(Hargreaves et al. 2007; Lopman et al. 2007; Mishra et al. 2007) due to the complex

interrelationships between wealth and urbanism (Hargreaves et al. 2007; Lopman
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et al. 2007; Mishra et al. 2007; Hajizadeh et al. 2014). In conditions of extreme

poverty, women might be more likely than men to use sex as a means to procure

food for themselves and their children (Zulu et al. 2002; Weiser et al. 2007).

In this chapter, we will summarize epidemiological studies that have assessed

sex differences in different aspects of HIV-1 infection, mainly HIV-1 transmission

and immunopathology, and highlight the potential biological mechanisms under-

lying these differences. While sex differences in socioeconomic factors are not the

focus of this chapter, they are very relevant to the HIV-1 epidemic and will be

emphasized where required.

5.2 Sex Differences in HIV-1 Acquisition and Transmission

5.2.1 Are Women More Vulnerable to HIV-1 Heterosexual
Transmission?

Heterosexual transmission was the major route of HIV-1 transmission in 2012

(2012a), with 30–40 % of annual HIV-1 infections worldwide occurring through

heterosexual transmission in the female reproductive tract (2008) (Hladik and

McElrath 2008). The female genital tract is composed of the vaginal, ectocervical,

and endocervical mucosa (cervicovaginal mucosa). Each of those sites can be

infected by HIV-1, but their relative contribution to the establishment of the initial

infection remains elusive (Hladik and Hope 2009). The male genital tract is the

second most frequent site of HIV-1 acquisition following the cervicovaginal

mucosa. Of the nearly 15 million HIV-1-infected men, an estimated 70–75 %

acquired HIV-1 through vaginal intercourse (Hladik and McElrath 2008). The

risk of HIV-1 acquisition depends on the number of sexual contacts with infected

persons and the probability of transmission during each sex act (Peterman and

Curran 1986). Epidemiological studies have estimated that the risk of HIV-1

transmission per act is relatively low, ranging from 5 in 10,000 to 26 in 10,000

per penile/vaginal act (Chakraborty et al. 2001). There is an increasing consensus

thatmale-to-female transmission is more efficient than female-to-male transmission
(Nicolosi et al. 1994, 2013). Here, we will review the data supporting women’s
greater physiological vulnerability to HIV-1.

5.2.1.1 Studies on Discordant Couples: Sex Differences in Heterosexual

Transmission Probabilities

The number of heterosexual transmissions in women exceeds the number of male

cases in industrialized countries. This could be attributed to the simple fact that in

industrialized countries, more men than women have been infected and therefore

can potentially infect their female partners. Studies in HIV-1-discordant couples,

defined as couples where one partner is HIV-1-infected and the other partner is
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HIV-1-uninfected, therefore helped in the investigation of potential differences in

transmission probabilities between men and women. Prospective studies on dis-

cordant couples are based on stable (preferably monogamous) HIV-1-discordant

couples followed longitudinally after diagnosis of the index partner (Fideli

et al. 2001; Gray et al. 2001; Hira et al. 1997; Wawer et al. 2005). Sexual history

and seroconversion of the partner are assessed prospectively. The probability of

HIV-1 transmission is associated to the infectiousness of infected person and the

susceptibility of the exposed and uninfected person, which are both influenced by

numerous factors including behavioral, biological, genetic, and immunological risk

factors of the host and the virus. Some of those potential HIV-1 cofactors might

vary over time. The duration of exposure to HIV-1 is rarely known precisely. It is

therefore difficult to accurately measure per-act transmission probabilities

(Shiboski and Padian 1996).

In 1992, the European Study Group on Heterosexual Transmission of HIV

compared female-to-male and male-to-female transmission rates of HIV-1 in

563 stable couples and identified a 1.9 times more effective male-to-female trans-

mission than female-to-male transmission rates (1992). Male-to-female hetero-

sexual transmission was influenced by the type of sexual act with HIV-1

transmission being more efficient through penile-anal contact than through

penile-vaginal contact (1992, Lazzarin et al. 1991; Seidlin et al. 1993). This

increased risk is believed to be linked to physical and immunological properties

of the rectal mucosa, which, for instance, lacks protective humoral immune barrier

present in cervicovaginal secretions (Belec et al. 1995). Female-to-male hetero-

sexual transmission was influenced by male circumcision, which is associated with

a reduced risk of HIV-1 acquisition (Auvert et al. 2005; Cameron et al. 1989;

Lavreys et al. 1999; Weiss et al. 2000; Baeten et al. 2005; Boily et al. 2009; Powers

et al. 2008). The impact of circumcision on male-to-female transmission, however,

remains controversial (Gray et al. 2000; Kapiga et al. 1998; Turner et al. 2007).

Plasma viral load (Quinn et al. 2000) and viral load in genital secretions
(Chakraborty et al. 2001) as well as the stage of infection (Pilcher et al. 2004;

Powers et al. 2008) and the proportions of people with advance HIV-1 disease

(de Vincenzi 1994) also influence HIV-1 transmission. Interestingly, a significant

interaction was found between the clinical and immunological status of the index

case and the direction of transmission. The transmission from asymptomatic men

was 5 times more efficient than from asymptomatic women (1992). In contrast, the

rate of transmission from index cases in advanced stages of HIV-1 infection did not

differ between sexes (1992).

Early studies on HIV-1-discordant couples performed in Western countries have

largely agreed that HIV-1 transmission risk was higher if the index case was male

(Mastro and de Vincenzi 1996; Fischl et al. 1987; Lusher et al. 1991; O’Brien

et al. 1994; Padian et al. 1991; Peterman et al. 1988; Seidlin et al. 1993, 1992;

Allain 1986; Johnson et al. 1989; Nicolosi et al. 1994). Results from the US and

European HIV-1-discordant studies are nevertheless counterbalanced by African

studies that found more variability in their results. While some studies similarly

found that male-to-female transmission rates were more efficient than female-to-
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male transmission rates (Carpenter et al. 1999; Senkoro et al. 2000), others found a

higher risk of HIV-1 transmission if the index case was female (Hira et al. 1990) or

no difference in the risk of HIV-1 transmission between sexes (Gray et al. 2001).

The recent meta-analysis of Boily and colleagues revealed contrasting differences

in the direction of transmission risk by segregating countries according to their

income (Boily et al. 2009). Female-to-male transmission estimates for high-income

countries, adjusted for HIV-1 prevalence, were about half the male-to-female rate,

although the difference failed to reach significance. By contrast, in the adjusted

low-income country, female-to-male and male-to-female transmission estimates

were very similar. Female-to-male estimate was larger in low-income country

than in high-income country. It has been suggested that the greater variability in

the results obtained from studies in African countries as compared to those obtained

from studies in Western countries might be linked to differences in the character-

istic between HIV-1 pandemic in Africa and in industrialized countries (O’Farrell

2001; Higgins et al. 2010). O’Farrell suggested that the higher female-to-male

HIV-1 transmission rates observed in developing countries could be attributed to

the higher prevalence of sexually transmitted infections (STIs), but might also be

linked to the lower proportions of men circumcised (O’Farrell 2001).

As mentioned above, the probability of transmission also depends on the infec-
tiousness of the HIV-1 infected person. Quinn and colleagues noticed from their

studies on HIV-1-discordant couples in Uganda that the mean serum HIV-1 RNA

level of the index partner in couples in which the HIV-1-negative partner

seroconverted was significantly higher than that of the index partner in couples in

which the HIV-1-negative partner remained seronegative (Quinn et al. 2000).

Plasma viral load correlates with viral load in seminal plasma (Gupta et al. 1997)

and cervical secretions (Hart et al. 1999; Iversen et al. 1998). HIV-1-infected

women have been shown to have lower viral loads than male subjects matched

for age and CD4+ T cell count (Farzadegan et al. 1998; Sterling et al. 2001). Quinn

and colleagues observed that these sex differences in plasma viral load were the

greatest among the subjects who transmitted the virus to their partners (Quinn

et al. 2000). It can therefore be hypothesized that the lower efficiency of female-

to-male transmission compared to male-to-female transmission observed in early

studies on HIV-1-discordant couples (pre-ART era) might be due to the lower

infectiousness of HIV-1-infected women who have lower viral loads. However,

male-to-female or female-to-male transmission rates within strata of viral load

appeared to be similar (Quinn et al. 2000). A large longitudinal study of 3,400

African HIV-1-discordant heterosexual couples by Hughes and colleagues was the

first to estimate HIV-1 infectivity after adjusting for time-varying plasma HIV-1

RNA (Hughes et al. 2012). This cofactor appears to be of great importance as each

log10 increase in plasma HIV-1 RNA increased the per-act risk of transmission by

2.9-fold. In a model that included only condom use and sex, the estimated risk of

unprotected male-to-female transmission was significantly higher than the risk of

female-to-male transmission. However, after adjustment for plasma HIV-1 RNA,

herpes simplex virus (HSV) 2 status, and age of the uninfected partner, similar risks

for transmission from male-to-female and female-to-male were observed.
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The authors concluded that the higher risk of male-to-female transmission was

largely due to higher viral loads in men. Therefore, sex differences in heterosexual

transmission probabilities might be linked to higher infectiousness of men. How-

ever, in the post-ART era, it is important to consider the minimal risk of horizontal

HIV-1 transmission in the context of full viral suppression (Porco et al. 2004).

While viral particles can be detected in the genital secretions of 5–48 % of patients

with undetectable plasma viremia (Marcelin et al. 2008; Sheth et al. 2009, 2012),

the risk of HIV-1 heterosexual transmission from an HIV-1-positive individual

under ART with full viral suppression is extremely low (Cohen et al. 2012;

Dieffenbach 2012; El-Sadr et al. 2011; Loutfy et al. 2013). The landmark HIV

Prevention Trials Network 052 Study, a multicenter, randomized controlled trial

monitoring 1,763 HIV-1-discordant couples showed that early initiation of combi-

nation ART (cART) was associated with a 96 % reduction in the number of linked

HIV-1 transmissions relative to delayed cART (i.e., waiting to initiate cART when

a clinical event occurred or CD4+ T cell count reduced 250 cells/mL) (Cohen

et al. 2011). But while HIV-1 transmission from fully suppressed index cases is

very low, it is important to highlight that HIV-1-infected individuals are particu-

larly at risk of transmitting the virus during primary HIV-1 infection when viremia

is high and HIV-1 status is frequently unknown.

In brief, epidemiological studies have highlighted that sex differences in viral

load represent an important biological factor and might contribute significantly to

sex differences in HIV-1 transmission. We will discuss below additional biological

mechanisms that could render women more susceptible to HIV-1 acquisition

(Fig. 5.2).

5.2.1.2 Biological Perspective of Sex Differences in HIV-1 Susceptibility

Mechanisms of HIV-1 transmission through women’s genital mucosa. HIV-1

virions must traverse the cervicovaginal epithelium to reach their target cells.

Several pathways, including transcytosis, endocytosis or productive infection, and

transmigration via infected donor cells might be involved [reviewed in (Hladik and

McElrath 2008; Tebit et al. 2012)]. Regardless of the mode, the penetration of virus

through the cervicovaginal epithelium in vivo occurs rapidly within 30–60 min of

exposure, as shown in SIV-infected macaques (Hu et al. 2000). Once within the

epithelium, HIV-1 encounters CD4+ T cells as well as Langerhans cells (LCs).

Epidermal LCs can capture HIV-1 virions and efficiently internalize them into their

cytoplasmic compartments (Hladik et al. 2007). The tropism of LCs has been

shown to influence the efficiency of heterosexual transmission of HIV-1 (Soto-

Ramirez et al. 1996). SIV virions can be detected in genital mucosal LCs within

24 h of intravaginal inoculation of macaques (Hu et al. 2000). As LCs exit the

epithelium and migrate to secondary lymphoid organs, they transport intact virions,

thereby enabling infection to spread beyond the site of viral entry (Hladik and

McElrath 2008; Hladik et al. 2007; Merad et al. 2008). Genital CD4+ T cells have a

central role in early infection and propagation of the virus as demonstrated by SIV
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challenge experiments in macaques (Hu et al. 1998; Veazey et al. 2003a; Zhang

et al. 1999). Within hours of infection, the founder population of infected cells is

established (Miller et al. 2005a). Li and colleagues’ work on SIV-infected macaque

model has highlighted the exploitation of innate immune responses by SIV to

overcome the limited availability of susceptible target cells to sustain and suffi-

ciently expand the initially infected founder cell populations to disseminate and

establish a self-propagating infection in secondary lymphoid organs. They demon-

strate that exposure of the endocervical epithelium to the viral inoculum increases

expression of macrophage inflammatory protein (MIP)-3α to recruit pDCs, which,

in turn, produce MIP-1α and MIP-1β and interferon (IFN)-α to recruit CCR5

+ target cells (Li et al. 2009). The founder cell populations, infected at the portal

of entry, then locally expand during the first week of infection before reaching the

lymphatic tissues where the spatial availability of target cells is much greater,

resulting in increased viremia. The peak of virus replication in blood and tissue is

thus observed during the second week after infection before declining to stable

levels around four weeks post-exposure (Haase 2010).

Fig. 5.2 Several mechanisms may participate in women’s biological greater susceptibility to

HIV-1 heterosexual transmission. The physical characteristics of the mucosa epithelium (1) includ-

ing the frequency of LCs, the epithelium thickness, and the presence of H2O2-producing

lactobacilli not only differ between men and women but are also influenced by sex hormones.

Men and women may also differ in the target cell availability (2) and immune activation (3).

Finally, men may be more infectious than women (4)
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The mucosa of the female and male genital tracts represents the site of initial

HIV-1 exposure during heterosexual vaginal intercourse. However, their anatomic

characteristics differ greatly. First, the overall surface area of mucosal HIV-1

exposure is an important physical characteristic to consider. Indeed, a direct

association between the foreskin surface area, site of most HIV-1 acquisition in

uncircumcised men, and the risk of HIV-1 acquisition has been demonstrated

(Kigozi et al. 2009), suggesting that mucosa surface area and risk of HIV-1

acquisition are linked. The surface area of the cervicovaginal mucosa is larger

than that of the penis and foreskin. HIV-1 virions might also have a greater access to

subepithelial target cells in women than in men. The keratinized skin epithelium on

the foreskin and penis is relatively impermeable (Iwasaki 2010) compared to the

simple columnar epithelium (in the endocervix) and the stratified squamous epi-

thelium (in the vagina and ectocervix), which lacks tight junctions (Blaskewicz

et al. 2011). In addition, the HIV-1 mucosal exposure time within the female genital

tract is longer than within the male genital tract during sexual intercourse (Bolan

et al. 1999). Semen can remain within the female genital tract for up to 3 days post-
coitus (Jain and Muralidhar 2011). Women also have an increased risk of tissue

injuries during intercourse (Bolan et al. 1999). Furthermore, higher expression of

the HIV-1 co-receptor CCR5 was observed on cervical CD4+ T cells from

endocervical cytobrushes derived from 27 HIV-1-uninfected Kenyan women

(McKinnon et al. 2011) compared to CD4+ T cells isolated from the foreskin of

46 HIV-1-uninfected Ugandan men (Prodger et al. 2012). Compared to hetero-

sexual men, women also have greater probability of virus exposure on the

rectal mucosa. In addition, factors in human semen, most notably amyloid fibrils

forming from naturally occurring fragments of seminal prostatic acidic phospha-

tase, can capture virions and promote attachment to epithelial cells and leukocytes,

thus increasing infectivity (Munch et al. 2007).

Immune activation is another feature distinguishing men and women that might

account for sex differences in HIV-1 acquisition. While some studies have con-

cluded that immune activation is protective against HIV-1 acquisition (Biasin

et al. 2000; Jennes et al. 2003; Suy et al. 2007; Tomescu et al. 2010), more recent

studies have shown that lower levels of immune activation in the blood correlated

with reduced HIV-1 incidence and concluded that a “quiescent immune” phenotype

is protective (Begaud et al. 2006; Jennes et al. 2006; McLaren et al. 2010; Pancino

et al. 2010). Our analysis of the results from the CAPRISA 004 phase IIb, random-

ized, placebo-controlled clinical trial assessing the safety and effectiveness of 1 %

tenofovir gel in preventing HIV-1 infection in women showed that women who

acquired HIV-1 had significantly higher systemic innate immune activation prior to

infection than women who remained uninfected, irrespective of microbicide use

(Naranbhai et al. 2012). Higher cervicovaginal cytokine concentrations were also

observed in women who acquired HIV-1 in the CAPRISA 004 trial (Roberts

et al. 2012). In addition, studies on HIV-1-exposed seronegative (HESN) cohorts

have also implicated elevated immune activation as a risk factor for acquiring

HIV-1 (Card et al. 2009; McLaren et al. 2010). The female genital tract in HESN

female sex workers (FSW) was characterized by immune quiescence at the mucosal
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level compared to non-FSW controls. Indeed, cervical mononuclear cells from

HESN had reduced expression of genes encoding proinflammatory cytokines com-

pared to low-risk HIV-1-negative non-FSW (Chege et al. 2012). Reduced T cell

activation is believed to limit the pool of activated CD4+ T target cells permissive

to HIV-1 infection. In addition, low levels of proinflammatory cytokines at the

infection site also prevent the recruitment of potential target cells to the site of

infection (Jaspan et al. 2011). Since HIV-1 preferentially replicates in activated

CD4+ T cells (Shapira-Nahor et al. 1998; Zhang et al. 1999, 2004), reduction in

activation can dampen the likelihood of establishing productive infection (Haase

2010). This is supported by data from monkey models of HIV-1 acquisition

demonstrating that inflammatory immune responses are exploited by the virus to

attract target cells at the mucosal sites, favoring HIV-1 transmission (Li et al. 2009;

Wang et al. 2005). Antiviral IFNα responses induced by intravaginal application of

Toll-like receptor (TLR) 7 or 9 agonists are overcome by the virus, and inflamma-

tory responses are used to fuel infiltration of activated CD4+ T cells and LCs at the

vaginal mucosa (Wang et al. 2005). Therefore, blockade of inflammatory responses

protected from infection by preventing attraction of target cells to the genital tract

mucosa (Li et al. 2009). It is well established that systemic innate immune activa-

tion is in general higher in women than men (Fish 2008). Although a sex difference

in immune activation at the genital mucosa has not been reported, it has been shown

that women have higher gut mucosa immune activation than men (Sankaran-

Walters et al. 2013). Women might therefore be more susceptible to HIV-1

acquisition due to higher numbers of activated target cells at the site of viral

transmission.

5.2.1.3 Sexually Transmitted Infections Facilitate HIV-1 Transmission

and Acquisition

The higher susceptibility to HIV-1 acquisition in people with pre-existing sexually

transmitted diseases (STDs) has long been noted (Fleming and Wasserheit 1999;

Gray et al. 1999; Grosskurth et al. 1995; Laga et al. 1993; Piot and Laga 1989;

Reynolds and Quinn 2005; Weber et al. 1986); it was not clear whether the

susceptibility was due to behavioral factors or to specific biological factors that

enhance susceptibility to HIV-1 (Fleming and Wasserheit 1999; Rottingen

et al. 2001; Sexton et al. 2005). Numerous STIs have been associated to increased

risk of HIV-1 acquisition and transmission [reviewed in Mayer and Venkatesh

(2011)], such as Trichomoniasis vaginalis (Cu-Uvin et al. 2002; Kissinger

et al. 2008; Magnus et al. 2003; Niccolai et al. 2000; Laga et al. 1994; Hughes

et al. 2012; Mavedzenge et al. 2010; McClelland et al. 2007; Quinn et al. 2000) or

HSV-2 which of all genital ulcer diseases shows the strongest association with

HIV-1 acquisition (Brown et al. 2007). As much as 50 % of new HIV-1 infections in

populations with a high prevalence of HSV-2 have been attributed to HSV-2-

mediated enhancement of susceptibility (Reynolds et al. 2003; Freeman

et al. 2006; Shepherd et al. 2003; Wald and Link 2002). Furthermore, HIV-1-
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infected individuals who are coinfected with STDs are more likely to transmit

HIV-1 to their sexual partners than mono-infected individuals (Cameron

et al. 1989). Indeed, perturbations of the vaginal microflora caused by STDs are

associated with increased HIV-1 expression in the genital tract (Cu-Uvin

et al. 2001; Rotchford et al. 2000), and HIV-1 RNA in semen of HIV-1-infected

men is increased in the context of urethritis, defined as the inflammation of the tube

connecting the urinary bladder to the genitals (Cohen et al. 1997). STDs appear to

increase HIV-1 transmission and acquisition by several different mechanisms. By

causing lesions in the mucosa, STDs might compromise mucosal integrity (Figue-

roa et al. 1994; Guimaraes et al. 1997; Padian et al. 1990). In addition, STDs

increase inflammation resulting in higher levels of target cells for HIV-1 at the

mucosal site (Kaul et al. 2008; Rebbapragada et al. 2007; Zhu et al. 2009; Pudney

et al. 2005). For instance, Neisseria gonorrhoeae activates TLR2 leading to the

activation of resting CD4+ T cells (Ding et al. 2010) but also enhances the ability of

activated dendritic cells to present HIV-1 to other susceptible cells (Zhang

et al. 2005). Ulcerative STDs such as syphilis, HSV-2, and chancroid might also

increase HIV-1 concentrations in genital lesions, semen, or both by favoring its

replication in vivo through the induction of proinflammatory cytokines (Cohen

et al. 1997; Ghys et al. 2007; Johnson and Lewis 2008; Kissinger et al. 2009; Wang

et al. 2001). The effect of STDs on HIV-1 transmission and acquisition seems to be

long lasting, as residual inflammation might slow the return of the normal genital

tract milieu to a pre-STD state. Higher HIV-1 concentration in genital tract secre-

tions compared to HIV-1-infected individuals without STDs can persist in HIV-1-

infected individuals with gonorrhea even two weeks after treatment for urethritis

(Cohen et al. 1997).

In addition, STI coinfections might have an important contribution to the

described sex-specific differences in HIV-1 susceptibility. First, the prevalence of

some STIs, such as Chlamydia trachomatis or HSV-2, is higher among women than

men in the USA and also in Africa (Quinn and Overbaugh 2005; Weiss et al. 2001;

2010b) and is substantially greater in younger women (14–19 years) than in women

aged 29 years or older (Datta et al. 2012; Weiss et al. 2001). Similar transmission

directions (increased male-to-female transmission rate as compared to female-to-

male transmission) have been observed for many sexually transmitted diseases such

as gonorrhea. The presence of genital ulceration has been shown to increase the

per-sex act probability of HIV-1 transmission 50–300 times for female-to-male

transmission (Fleming and Wasserheit 1999; Laga et al. 1993; Rottingen

et al. 2001; Hayes et al. 1995). Thus, in countries with high STI prevalence, the

higher effect of STDs on female-to-male transmission could counterbalance the

higher risk of transmission from men to women in the absence of STDs.

5.2.1.4 High Risk of HIV-1 Acquisition in Young Women (15–24 years)

Worldwide, 76 % of young people (aged 15–24 years) living with HIV-1 are

female, and vaginal intercourse remains the most prevalent route of infection
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(2008). Many young women are infected after just a few sexual experiences (Glynn

et al. 2001). It has been suggested that the risk of infection might be very high

during the first episode of sexual intercourse for women associated with loss of

virginity (Bouvet et al. 1989; Johnson et al. 1989). Furthermore, a number of

differences that might be very relevant for the risk of HIV-1 acquisition exist

between the genital mucosa of adolescent and women of reproductive age

postpuberty (Farage and Maibach 2006), including the nature of the cervicovaginal

epithelium (Critchlow et al. 1995; Gray-Swain and Peipert 2006). Cervical ectopy,

defined as the extension of the columnar epithelium beyond the endocervix to

include the ectocervix, is frequently present in young women (aged 15–24 years)

(Critchlow et al. 1995; Hwang et al. 2011) and has been associated with a greater

risk of HIV-1 acquisition (Mati et al. 1995; Moscicki et al. 2001; Moss et al. 1991;

Plourde et al. 1994). Adolescents (aged 15–19 years) have also been reported to be

more prone to genital microabrasions during sex, providing a portal for HIV-1 entry

(Stanley 2009). As described above, an inflamed genital milieu has been associated

with an increased risk of HIV-1 acquisition in several studies (Levinson et al. 2009;

Roberts et al. 2012). Genital secretions of young women (15–24 years) have

increased levels of proinflammatory cytokines, and young women also have more

inflammatory immune cells present in cervicovaginal lavage fluids (Ghanem

et al. 2005; Hwang et al. 2011). Taken together, these data suggest that the

physiological and immunological characteristics of the cervicovaginal epithelium

of young women might render them particularly at risk for HIV-1 acquisition.

5.2.2 Sex Differences in the Genomic Diversity
of Transmitted Viruses

During HIV-1 transmission, the transmitted virus is exposed to a significant bottle-

neck, and only a single virus or very few viruses of the highly diverse viral

population in the donor establishes an infection in the new recipient. Early studies

have reported that the virus population isolated from the blood of heterosexually

infected men during acute infection was very homogeneous, whereas the virus

population found early in infection in women was more heterogeneous (McNearney

et al. 1992; Wolfs et al. 1992; Zhang et al. 1993; Zhu et al. 1993; Kampinga

et al. 1997; Poss et al. 1995). Given that the studies on infected men were conducted

in North America and Europe and the ones on women in Africa, it has been

suggested that geographical differences in the nature of the circulating viruses

might have biased this observation. Long and colleagues compared HIV-1 envelope

gene sequences in recently infected men from Kenya to sequence data from an

earlier study in FSW from the same African cohort (Poss et al. 1995; Long

et al. 2000). Women, at least in that study, were found to be infected with more

genetically diverse viruses than men (Long et al. 2000). Follow-up reports have

shown that viral diversity was not restricted to male-to-female transmission (Sagar
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et al. 2004a; Ritola et al. 2004) and the percentages of men and women infected by a

heterogeneous virus population in North America appeared to be similar (Sagar

et al. 2004a). Chomont and colleagues noticed that viral sequences were similar in

the female genital compartment and in the plasma during primary infection, but

became distinct in chronic infection (Chomont et al. 2007), suggesting that reduc-

tion in genetic diversity must occur at the portal of entry before dissemination. The

group lead by Eric Hunter has highlighted the major restrictive role of the integrity

of the mucosal barrier on sexual transmission (Derdeyn and Hunter 2008). They

showed that in the presence of inflammatory STDs, more than one genetic variant

can establish infection. Therefore, in situations in which the mucosal barrier is

compromised, multiple variants can be transmitted and are capable of replicating in

the new host (Haaland et al. 2009; Salazar-Gonzalez et al. 2009).

Potential differences in the biology of sexual transmission between viral sub-

types (Derdeyn and Hunter 2008; Chohan et al. 2005; Derdeyn et al. 2004; Frost

et al. 2005) might also affect the sex differences in the diversity of the transmitted

viruses. A study from Njai and colleagues in Tanzania showed that compared with

men, women were less likely to have subtype D versus A (Njai et al. 2013). Women

with subtype C had higher genital tract viral load compared to women with subtype

B and men with subtype C or B. (Fiscus et al. 2013). A very recent study determined

equally low intraindividual genetic diversity in both sexes in clade B-infected

individuals in Brazil (Gouveia et al. 2014). Given that sex steroid hormones have

variable effect on replication or transmission of different subtypes (Ragupathy

et al. 2013), they might contribute to the sex differences observed in the diversity

of transmitted virus. Altogether, these data suggest that potential differences in the

diversity of transmitted virus exist between men and women and might be related to

factors linked to women’s overall increased susceptibility to HIV-1 infection

including physical characteristics of the mucosal barrier and susceptibility to STDs.

5.2.3 Sex Differences in Vertical Transmission

The risk of mother-to-child transmission (MTCT) of HIV-1 was about 10 % in low-

and middle-income countries in 2012, a percentage that has decreased significantly

in the past 5 years (2013). MTCT of HIV-1 can occur in utero (20–25 %),

intrapartum (65–70 %), or postnatally (10–15 %) through breastfeeding (De Cock

et al. 2000). Maternal viral load is a risk factor strongly associated with perinatal

infection (Jackson et al. 2003; Mock et al. 1999; Taha et al. 2003). Therefore,

antiretroviral therapy resulting in suppression of maternal viral loads greatly

improved prevention of MTCT. A number of studies have shown that significantly

more girls than boys are infected with HIV-1 at birth in Africa and Europe (Taha

et al. 2005; Thorne and Newell 2004; Temmerman et al. 1995), even after adjust-

ment for maternal levels of viremia and delivery factors. Data from the European

Collaborative Study suggest that there might also be a sex difference in the timing

of acquisition, with girls being more susceptible to HIV-1 acquisition in utero
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versus intrapartum than boys (Thorne and Newell 2004). Indeed, differences

according to the sex of the baby were observed only when infants were delivered

through elective cesarean section (i.e., before membrane rupture) and not when

born vaginally or by emergency cesarean (Thorne and Newell 2004). In the latter

case, infants would have on average one additional week of intrauterine exposure as

well as intrapartum exposure to infective maternal blood and genital secretions

after membrane rupture and maternal–fetal microtransfusions during uterine con-

tractions (Thorne and Newell 2004). It has been shown that the transmission rate

among women undergoing elective cesarean section is significantly lower than that

among women having either nonelective cesarean section or vaginal delivery

(1999). In addition, female infants continued to acquire HIV-1 infections postna-

tally through breast milk more frequently than boys until the age of 6 to 8 weeks,

but this difference did not reach statistical significance (Taha et al. 2005). Similarly,

HIV-1 seroprevalence at 15 months of age was shown to be significantly higher

among malnourished girls than boys (Beau and Imboua-Coulibaly 1999). Galli and

colleagues compared the male/female ratios of HIV-1-infected children born in

1985–1995 and in 1996–2001 in Italy. Interestingly, the effect of sex was present

only in children born after 1995 (Galli et al. 2005). They hypothesized that this

might be related to the introduction of preventive interventions, such as elective

cesarean section or maternal antiretroviral regimens in pregnancy. However, the

higher risk of infection observed in female infants compared to male infants was

independent of the type of delivery and administration of antiretroviral regimen to

the mother (Galli et al. 2005). Biggar and colleagues studied HIV-1 transmission

between sex-discordant twins and also found that female twin was more likely to be

infected than the boy (Biggar et al. 2006).

The higher HIV-1 infection rates of female infants can be explained either by a

higher susceptibility to HIV-1 infection in female than male infants or alternatively

by higher in utero mortality rates of HIV-1-infected male infants. The hypothesis of

higher in utero mortality in male infants is supported by the male-to-female sex

ratio of births from HIV-1-infected mothers of 0.98:1.00 observed (Taha

et al. 2005), which is lower than the typical male-to-female ratio of 1.03:1.00

expected in Africa and elsewhere (Garenne 2002). Generally in developed coun-

tries, male fetuses have a higher rate of spontaneous abortion (Byrne and

Warburton 1987), but more boys than girls are conceived as well, so that about

half of live births are boys (Biggar et al. 1999). In utero and delivery-related HIV-1

infections probably occur mainly because of microtransfusions of infected maternal

lymphocytes across the placenta. H-Y incompatibility cellular reactions occur when

maternal cells are microtransfused into boys and provide supporting arguments that

H-Y incompatibility reaction initiated by maternal cells could explain the excess

risk of mother-to-child HIV-1 transmission in girls. Transplantation studies have

revealed that female cells react to Y chromosome-derived antigens (Uphoff 1975;

Gratwohl et al. 2001; Spierings et al. 2003; Urbano-Ispizua et al. 2002), which

could result into some degree of protection against HIV-1 acquisition in boys.

Indeed, maternal lymphocyte reactions to Y chromosome-derived antigens could

reduce infection risk for boys by the release cytokines that either block HIV-1
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infection or inhibit HIV-1 replication or by shortening maternal lymphocyte sur-

vival in boys through maternal lymphocyte Y antigen-induced cell death.

However, other studies in the USA (Connor et al. 1994) and Africa (Guay

et al. 1999; Coutsoudis et al. 2004) failed to observe increased risk of HIV-1

among girls. Those studies had relatively few infected infants and did not differ-

entiate in utero versus perinatal risk. A meta-analysis based on African studies

reported that boys were at significantly greater risk of infection via breastfeeding

than girls at 4 weeks of age (Coutsoudis et al. 2004). Although the authors

controlled for similar duration of breastfeeding between boys and girls, they

could not account for potential cultural bias that would presume that boys may be

more (differences in the total daily volume of milk ingested) or more frequently

breast-fed. The authors were not able to control for the type of feeding either

(exclusive breastfeeding vs. mixed breastfeeding), with mixed breastfeeding having

been associated with a greater risk of transmission of HIV-1 (Coutsoudis

et al. 2001; Smith and Kuhn 2000). Piwoz and colleague did not observed an effect

of sex on postnatal transmission after adjustment for the type of breastfeeding

(Piwoz et al. 2006).

In conclusion, the HIV-1 infection rate in utero appears to be greater in girls than

boys and might be due to either protection in boys through immunological

responses to the Y chromosomes by maternal cells mother or to increased in

utero mortality rates of HIV-1-infected male infants.

5.3 Sex Differences in HIV-1 Pathology

5.3.1 Sex Differences in Viral Load and Immunopathology

5.3.1.1 Sex Differences in CD4+ T Cell Counts

HIV-1 infection is characterized by a continuous decline in CD4+ T cell counts,

eventually leading to immunodeficiency and AIDS. Results from studies assessing

sex differences in CD4+ T cell counts have been discrepant. While some studies

have reported higher CD4+ T cell counts in HIV-1-infected women than in men

(Collazos et al. 2007; Loupa et al. 2006; Moore et al. 2003; Nicastri et al. 2005;

Prins et al. 1999; Mocroft et al. 2000), others have not observed any difference

according to sex (Finkel et al. 2003; Saves et al. 1999; Sterling et al. 2001), and one

study reported lower CD4+ T cell counts in women than in men (Moore et al. 2002).

Differences in these studies are most likely due to differences in the stage of HIV-1

infection at which the CD4+ T cell counts were assessed. In the pre-ART era,

women have been reported to have higher CD4+ T cell counts at seroconversion

with a difference of about 100 x 106 cells/l between HIV-1-infected men and

women shortly after HIV-1 infection (1994; Delmas et al. 1997), but also at

AIDS and death (Prins et al. 1999). Of note, higher CD4+ T cell count in HIV-1-

uninfected women compared to HIV-1-uninfected men also has been noted (Maini
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et al. 1996; Tollerud et al. 1989, 1994, Reichert et al. 1991), suggesting that

baseline sex differences have to be taken into account when the significance of a

CD4+ T cell count is evaluated among infected individuals. Similarly, studies

evaluating changes in CD4+ T cell counts over time in women and men have

lead to conflicting results. Some studies have reported similar diminutions in CD4+

T cell counts following infection in men and women (Prins et al. 1999; 2003;

Delmas et al. 1997), while others observed a faster CD4+ T cell count decline in

women (Greenspan et al. 2000). Studies on sex differences in CD4+ T cell count

recovery after initiation of ART have also been controversial. While some studies

did not find differences according to sex (Thorsteinsson et al. 2012; Mocroft

et al. 2000; Nicastri et al. 2005; (Moore et al. 2003), many others have reported

better immunological outcome in women than in men (Barber et al. 2011; Collazos

et al. 2007; Currier et al. 2010; Zaragoza-Macias et al. 2010; Hunt et al. 2003a;

Finkel et al. 2003). Greater T cell recovery in women than men was also observed in

developing countries, with sex-based differences increasing with time on ART

(Blacker 2004; Nash et al. 2008). Bosch and colleagues showed a greater influence

of pretreatment viral RNA level on CD4+ T cell count increases in women than

men (Bosch et al. 2007). The factors responsible for these sex differences in CD4+

T cell count are insufficiently understood but might be related to differences in the

level of immune activation in HIV-1-infected women and men, as discussed further

below.

HIV-1-infected women have significantly higher CD4+/CD8+ T cell ratio than

HIV-1-infected men due to lower CD8+ T cell count (Ballesteros-Zebadua

et al. 2013). The CD4+/CD8+ T cell ratio has been shown to predict the risk of

both AIDS and non-AIDS-related morbidities (Serrano-Villar et al. 2013; Buggert

et al. 2014), with higher CD4+/CD8+ T cell ratio associated with better prognosis

(Krantz et al. 2011; Forbi and Agwale 2009). However, basal counts of CD8+ T

cells appeared to be lower in healthy women than in healthy men (Ray et al. 2006).

The lower CD4+/CD8+ T cell ratio observed in HIV-1-infected men might there-

fore only reflect baseline differences between men and women.

5.3.1.2 Sex Differences in HIV-1 Viral Load

The majority of studies assessing sex differences in viral loads have shown lower

viral loads in women compared to men despite some results arguing that there are

no sex differences (Bush et al. 1996; Richardson et al. 2003; Soon et al. 2012).

Several large studies have reported that women exhibit between 0.13 and 0.35 log10
(about 50 %) lower HIV-1 RNA levels early in the infection (Evans et al. 1997;

Farzadegan et al. 1998; Sterling et al. 1999; Prins et al. 1999; Bosch et al. 2007;

Gandhi et al. 2006; Anastos et al. 2000; Katzenstein et al. 1996; Ballesteros-

Zebadua et al. 2013). These differences in viral loads persisted for several years

after seroconversion (Sterling et al. 2001) before attenuating, resulting in no

detectable differences in viral loads at later stages of infection (Farzadegan

et al. 1998; Sterling et al. 1999, 2001). Furthermore, it is important to note that
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differences in HIV-1 RNA viral load between men and women have been shown to

be larger for HIV-1-infected individuals with higher CD4+ T cell counts (Gandhi

et al. 2002; Napravnik et al. 2002; Ballesteros-Zebadua et al. 2013; Donnelly

et al. 2005; Gilad et al. 2003). A recent study showed that viral load differences

between women and men were approximately 0.2 log10 among persons with CD4+

T cell counts up to 300 cells/mm3, but less than 0.1 log10 among subjects with a

CD4+ T cell counts below 50 cells/mm3 (Grinsztejn et al. 2011).

Viral load suppression serves as an important clinical tool as it predicts the

durability of responses to combination ART and decreases the risk for the devel-

opment of drug resistance (Katzenstein et al. 1996; Rachlis and Zarowny 1998).

Similarly, data relating sex differences in virological responses to ART have been

conflicting. While no sex differences in virological responses between men and

women were reported in some studies (Fardet et al. 2006; Mocroft et al. 2000;

Nicastri et al. 2005; Thorsteinsson et al. 2012), an improved viral suppression in

women than in men has been described by others (Kipp et al. 2010; Moore

et al. 2001; Raboud et al. 2010; 2006), even after correction for adherence (Collazos

et al. 2007; Cescon et al. 2013). Possible mechanisms for improved viral suppres-

sion in women might be increased drug levels of antiretroviral drugs following

standard doses in women particularly within the protease inhibitor class (Burger

et al. 2002; Ribera et al. 2004) or lower pretreatment RNA as slower viral suppres-

sion has generally been associated with higher pre-ART HIV-1 RNA (Moore

et al. 2003; Phillips et al. 2001).

The mechanisms underlying these sex differences in viral loads remain

unknown. It has been postulated that the effect of sex hormones on chemokine

receptor expression and cytokine production (Athreya et al. 1993) might influence

viral replication and disease progression (Farzadegan et al. 1998). Notably, it has

also been hypothesized that tumor necrosis factor-alpha (TNFα), which is associ-

ated with immune activation and increased viral replication, might be inhibited by

estrogen, resulting in a lower viral load in women (Shanker et al. 1994). However,

no sex differences in TNFα production upon TLR7 stimulation, which is activated

by single-stranded HIV-1 RNA, have been demonstrated (Berghofer et al. 2006;

Meier et al. 2009; Seillet et al. 2012). Finally, differences in IFNα production

between women and men, as discussed further below, might have a direct effect

on the observed sex differences in viral loads, as higher levels of IFNα production

in women might lead to enhanced expression of IFNα-stimulated antiviral host

restriction factors.

Lower viral load measured in plasma does not imply higher levels of CD4+ T cell

counts in infectedwomen. This inconsistencymight be linked to tissue redistribution

(Ballesteros-Zebadua et al. 2013). Throughout the course of the infection, follicular

dendritic cells (FDCs) trap and retain large quantities of viral particles in the

germinal centers of all secondary lymphoid tissues (Keele et al. 2008; Smith-

Franklin et al. 2002), which therefore represent a major viral reservoir in the body.

Levels of virus in this compartment exceed by two orders of magnitude the viral load

in peripheral blood (Haase 1999; Haase et al. 1996) so that the levels of virus

measured in the blood only partially reflect the complex HIV-1 dynamics in the
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lymphoid compartment. The lower viremia observed in females could therefore also

be explained by a higher viral clearance rates, which might arise from greater

immune reactivity observed in female patients (Meier et al. 2009; Shanker

et al. 1994; Verthelyi 2006), or a lower transfer rate of virus released from lymphoid

tissue into the blood. As virus trapping and retention on FDCs are mediated

primarily by specific antibodies and/or complement proteins coupled with immune

complex receptors on FDCs (Stoiber et al. 1997; Smith-Franklin et al. 2002; Kacani

et al. 2000; Heath et al. 1995), the more elevated titers of neutralizing antibodies

against HIV-1 observed in women compared to men (Gilbert et al. 2010; (Gilbert

et al. 2005) might at least partially be responsible for the lower viremia in women.

Besides, the destruction of lymphoid tissue architecture with release of large quan-

tities of virus at the latest stage of disease (Haase et al. 1996) might account for the

observation of high (and similar) viral loads in men and women at later stages of

HIV-1 disease when the CD4+ T cell count is below 50 cells/mm3. The mechanisms

responsible for the described sex differences in viral loads require further investi-

gation. A role of sex hormones in this process is supported by the observation that the

CD4+ T cell count does not differ between men and women over the age of

50 (Maini et al. 1996; Tollerud et al. 1989) and that viral load can vary during the

menstrual cycle (Greenblatt et al. 2000). However, given that lower viral loads are

also seen in girls compared to boys (2002), it appears that sex hormones alone cannot

account for all the sex differences in viremia and that more complex mechanisms,

including X-chromosomally encoded genes, are most likely involved.

5.3.2 Sex Differences in Immune Activation

HIV-1 infection is characterized by a persistent activation of the immune system,

with detrimental consequences. Immune activation contributes to the continuous

maintenance of a pool of activated target CD4+ T cells for HIV-1 replication and

spread. Immune activation might also contribute to the bystander apoptosis of

uninfected CD4+ T cells and an increased production of cytokines that not only

might increase HIV-1 replication but also have other deleterious effects, including

accelerated immune aging or increased cardiovascular morbidity in HIV-1 infected

individuals. Immune activation is strongly associated with the rate of disease

progression in HIV-1-infected individuals (Lawn et al. 2001). In some studies,

immune activation has been found to be a better correlate of clinical disease

progression than CD4+ T cell count or HIV-1 RNA levels (Hazenberg

et al. 2003; Giorgi et al. 1999). Furthermore, when compared with uninfected

controls, elevated immune activation persists in HIV-1-infected individuals on

ART even when HIV-1 viremia is fully suppressed (Hunt et al. 2003b; El-Sadr

et al. 2006). Elevated immune activation in HIV-1 infected individuals contributes

to increased risk of serious non-AIDS-related morbidity and mortality, such as

cardiovascular disease, kidney disease, liver disease, and non-AIDS-defining
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malignancies (El-Sadr et al. 2006; Lekakis and Ikonomidis 2010; Lichtenstein

et al. 2010; Ho et al. 2010; Baker and Duprez 2010). High immune activation

levels can be enhanced directly by HIV-1 replication and indirectly through

changes in the microbiome, microbial translocation, coinfection with pathogens

including cytomegalovirus (CMV), immune deregulation, and lymphoid tissue

fibrosis (Biancotto et al. 2007; Brenchley et al. 2006; Gonzalez et al. 2009; Jiang

et al. 2009). Chronic immune activation is characterized by the upregulation of

many inflammatory markers, including increased expression of HLADR, CD38,

and Ki67 on CD4+ and CD8+ T cells, caused in part by antigen-specific T cell

activation, but mostly by bystander activation resulting from the general activation

of innate immune responses.

5.3.2.1 Innate Sensing of HIV-1

Innate immunity is the first line of defense against invading pathogens and requires

recognition by pathogen recognition receptors (PRR) including the TLR family.

Excessive activation of these receptors and dysregulation of their signaling path-

ways might alter immune responses and contribute to chronic immune activation. It

has been shown that HIV-1 infection modulates the TLR responses by altering

levels of TLR expression and dysregulating responses of innate immune cells to

TLR stimulation (Bosinger et al. 2004; Heggelund et al. 2004; Lester et al. 2008;

Martinson et al. 2007; Mureith et al. 2010; Nordone et al. 2007). In the course of

HIV-1 life cycle, several intermediates including intermediates resulting from

abortive infection are generated, such as double-stranded DNA (Boasso and

Shearer 2008). Those oligonucleotides can engage various sensors (Lee

et al. 2013). HIV-1 also encodes for multiple TLR7/8 ligands (Beignon

et al. 2005). TLR7/8 detects single-stranded RNA in the endosomes. It has recently

been shown that the gamma-interferon-inducible protein 16 (IFI16) recognizes

HIV-1 intermediaries resulting from abortive infective in lymphoid quiescent

CD4+ T cells (Monroe et al. 2014). Levels of IFI16 in HIV-1-infected individuals

were also correlated to chronic immune activation (Nissen et al. 2014). Levels of

IFI202, the gene encoding for the murine homolog of IFI16, have been shown to be

higher in splenic cells derived from female mice than in cells derived from male

mice and to be regulated by sex hormones (Panchanathan et al. 2009). In addition,

stimulation of innate immune cells is not limited to HIV-1-encoded ligands. HIV-1-

mediated depletion of gut-associated CD4+ T cells in early in HIV-1 infection

contributes to an increase in microbial translocation through a compromised muco-

sal barrier. The resulting elevated systemic levels of microbial products such as

lipopolysaccharide (LPS) can stimulate a cascade of cytokine production via TLR4

(Brenchley et al. 2006; Jiang et al. 2009) and are associated with a general increase

in immune activation (Brenchley et al. 2006).
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5.3.2.2 Sex Differences in pDC IFNα Response

Persistent production of type I IFNs by pDCs has been shown to be a mechanism

contributing to chronic immune activation in HIV-1 infection (Mir et al. 2011;

Bosinger et al. 2011). Studies in SIV infection of rhesus macaques, the non-natural

host of SIV, have shown an association between high levels of IFNα production,

immune activation, and viral pathogenesis which is not observed in SIV infection of

sooty mangabeys, the natural host of SIV (Jacquelin et al. 2009; Bosinger

et al. 2009). Indeed, a key distinction between the two models is that innate immune

activation is rapidly resolved in SIV-infected natural hosts, whereas upregulation of

the type I IFN response and expression of ISGs persists in SIV-infected macaques,

highlighting the potential pathogenic role of the magnitude and longevity of the

IFNα response in SIV/HIV-1 disease (Harris et al. 2010; Campillo-Gimenez

et al. 2010; (Jacquelin et al. 2009; Bosinger et al. 2009; Estes et al. 2008). Classi-

cally, pDCs are described as being refractory to IFNα production upon repeated

stimulation with synthetic TLR7 or TLR9 agonists, which is thought to be a

protective mechanism against excessive immune activation (Bjorck 2004; Ito

et al. 2006). HIV-1 seems to uniquely allow for persistent stimulation of pDCs

(O’Brien et al. 2011). By skewing pDCs toward a partially matured and persistently

IFNα-secreting phenotype, HIV-1 might promote its replication by blunting adap-

tive immune responses and by inciting inflammatory responses to amplify activated

target cells for infection (O’Brien et al. 2011). Excessive IFNα production by pDCs

might promote HIV-1 pathogenesis through multiple distinct mechanisms, includ-

ing the chemoattraction of CCR5+ CD4+ T cells at the mucosal site, therefore

favoring systemic diffusion of the virus (Haase 2010), the upregulation of T cell

activation markers (Boasso et al. 2008), and the induction of the immunosuppres-

sive enzyme indoleamine (2,3)-dioxygenase (IDO), thus altering the Th17/regu-

latory T cell balance (Favre et al. 2010; Manches et al. 2008) [reviewed in O’Brien

et al. (2013)].

Importantly in the context of sex differences in the manifestations of HIV-1

disease, it has been shown that pDCs derived from females produced markedly

more IFNα in response to HIV-1-encoded TLR7/8 ligands than pDCs derived from

males, resulting in stronger secondary of CD8+ T cells (Meier et al. 2009). Higher

IFNα production by pDCs in response to TLR7 has also been observed for healthy

women as compared to healthy men (Berghofer et al. 2006). TLR7 is encoded on the
X chromosome; however, sex differences in pDC TLR7 response do not seem to be

linked to higher expression of TLR7 (Berghofer et al. 2006). Besides, the obser-

vation of a trend toward a lower frequency of IFNα-producing pDCs in post-

menopausal women compared women of childbearing age suggested a role for

sex hormones. The impact of sex hormones on the pDC IFNα response will be

discussed later in this chapter.

It has been suggested that women have a higher risk of developing AIDS

compared to men for the same level of viral replication (Farzadegan et al. 1998;

Gandhi et al. 2002). Higher activation of T cells has been reported in women

126 M. Griesbeck and M. Altfeld



compared to men after controlling for viral replication and was associated with

increased IFNα production by pDCs (Meier et al. 2009). Furthermore, increased

levels of a subset of interferon-stimulated genes (ISGs), including CCR5, the

myxovirus resistance 1 (MX-1), and ISG15, in CD4+ T cells and CD8+ T cells

from treatment-naı̈ve HIV-1-infected women have been observed during chronic

HIV-1 infection after controlling for HIV-1 viral load (Chang et al. 2013). The

upregulation of those ISGs was associated with higher levels of immune activation

in chronic HIV-1 infection (Chang et al. 2013). Altogether, these data suggest that

sex differences in the activity of TLRs might account for higher immune activation

in women compared to men at a given HIV-1 viral load and provide a mechanism

by which the same level of viral replication might result in faster HIV-1 disease

progression in women (Meier et al. 2009).

5.3.3 Sex Differences in Mortality and Disease Progression

5.3.3.1 Sex Differences in Disease Progression

Early studies observed a more rapid clinical progression to AIDS in infected

women (Bozzette et al. 1998; Moore et al. 1999). However, these differences in

disease progression were attributed to delays in starting ART, to the higher occur-

rence of gynecological disorders including invasive cervical cancer, and to other

conditions preferentially affecting women, such as discrimination, violence, and

stigma (Bozzette et al. 1998; Moore et al. 1999). Subsequent studies have found

similar rates of disease progression between men and women (Cozzi Lepri

et al. 1994; Junghans et al. 1999; Farzadegan et al. 1998; Sterling et al. 2001;

Chaisson et al. 1995; Melnick et al. 1994; 2000; Patterson et al. 2007; Sabine 2005;

Egger et al. 2002; Fardet et al. 2006; Hulgan et al. 2007; Moore et al. 2003; Murri

et al. 2003), including studies after the introduction of ART in 1996 (Perez-Hoyos

et al. 2003; Porter et al. 2003).

5.3.3.2 Sex Differences in Mortality

Between 1981 and 1990 in the USA, the median survival after diagnosis of AIDS

was only about 14 months for men and 11 months or less for women, the latter being

significantly shorter (Lemp et al. 1992; Rothenberg et al. 1987). Given that among

treated individuals, the survival did not differ by sex (Lemp et al. 1992; Chaisson

et al. 1995; Fabricatore et al. 2009; Friedland et al. 1991; Melnick et al. 1994), it

was suggested that sex differences in survival might come from differential access

to HIV-1 treatment (Lemp et al. 1992). Similarly, other studies reported that the

reduced survival observed for women compared with men was due to different

access to care (Melnick et al. 1994; Moore et al. 1991), differences in the utilization

of therapy, or problems with adherence to complex drug regimens (Junghans
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et al. 1999; Mocroft et al. 1999; Poundstone et al. 2001). These conclusions were

supported by the fact that no sex differences in disease progression or survival were

observed among HIV-1-infected individuals receiving medical care in the pre-ART

era (Chaisson et al. 1995). Hulgan and colleagues found that sex was not a

significant predictor of a new AIDS-defining illness (ADI) and death in a cohort

of patients who had initiated their first ART treatment between 1997 and 2004 in the

USA (Hulgan et al. 2007). However, their study only included 11 % of females.

Hall et al. did not observed substantial survival differences between sexes using

data from the CDC National HIV/AIDS Reporting System from 1996 to 2001.

Women with HIV-1 infection had slightly higher 1-year survival rates and slightly

lower rates at 3 years after AIDS diagnosis compared with men (Hall et al. 2006). In

contrast, differences in survival, reflected by women having lower survival rates,

were reported by Lemly et al. in the USA from 1998–2005, with the sexes having

equal access to care. This difference persisted even after adjustment for duration of

ART, suggesting that poorer treatment outcomes in women were not affected by

duration of therapy alone (Lemly et al. 2009). Another study found that women

survived longer and experienced a lower risk of both progression to AIDS and

non-AIDS mortality following the introduction of ART in 1996 in industrialized

countries (Jarrin et al. 2008). This appeared to be related to the longer survival of

women in the general population (including uninfected individuals) of Western

countries.

Higher mortality among men than women on ART in Africa has been observed

in many studies (Cornell et al. 2009; Hawkins et al. 2011; Mills et al. 2011; Nglazi

et al. 2011; Taylor-Smith et al. 2010; Wools-Kaloustian et al. 2006; Ferradini

et al. 2006). Differences in mortality have been attributed to later presentation to

ART programs by men (Stenehjem and Shlay 2008; Stringer et al. 2006; Hawkins

et al. 2011; Taylor-Smith et al. 2010; Klausner et al. 2011). A recent study

compared survival on ART between HIV-1-infected men and women in

South Africa. HIV-1-infected men appeared to have higher mortality on ART

than women (Cornell et al. 2012). This difference persisted after adjustment for

measures of HIV-1 disease stages at the time of ART initiation, in the subset of

patients who achieved virologic suppression, and among patients with good

immune responses to treatment. Interestingly, the authors compared sex differences

in mortality among HIV-1-infected patients on ART with mortality in an

age-matched HIV-1-negative population and found the sex differences in mortality

in HIV-1-infected individuals to be smaller than in the HIV-1-negative

South African population (Cornell et al. 2012). This was explained by better access

through ART services to other preventive and curative health services that reduce

non-HIV-1 mortality. Increased burden of mortality among younger men due to

traumatic causes and non-HIV-1 tuberculosis has been furthermore noted (Norman

et al. 2007). In brief, sex differences in mortality to ART in Africa do not seem to be

linked to HIV-1-specific sex differences.
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5.3.3.3 Causes of Death and Sex Differences in HIV-1-Related

Morbidity

The causes of death in HIV-1-infected individuals might differ according to sex

(Weber et al. 2013; Hessamfar-Bonarek et al. 2010). AIDS-related deaths seem to

be female-biased with women dying more frequently than men of AIDS-related

causes in 2005 in France and this independently of their age (Hessamfar-Bonarek

et al. 2010). In contrast, deaths related to respiratory malignancies, suicides, and

accidents and, for people aged over 50 years, deaths related to cardiovascular

diseases and cancers appear to be male-biased with more men dying from the

aforementioned causes in 2005 in France (Hessamfar-Bonarek et al. 2010). Non-

AIDS-related causes thus dominated in men (Hessamfar-Bonarek et al. 2010). Sex

difference in access to care, notably due to the high percentages of migrants among

HIV-1-infected women, and the more favorable risk factor profile for respiratory,

cardiovascular, and violent deaths in women in general seem to be responsible for

the higher proportion of deaths from AIDS in women. With ART, HIV-1-infected

patients live longer (Palella et al. 1998) and die less frequently from AIDS-related

diseases (Lewden et al. 2005, 2008; Palella et al. 2006; Sackoff et al. 2006). In

2010, more than half of the mortality in HIV-1-infected patients in industrialized

countries was due to non-AIDS-related illnesses, including non-AIDS malignan-

cies, non-AIDS infections, violence/drug-related causes, liver diseases, and cardio-

vascular diseases (2010a). With the ageing of the HIV-1-infected population,

complications related to ageing, long-term exposure to treatment, cardiovascular

risk factors, and chronic comorbidities are appearing (Lewden et al. 2005; Smit

et al. 2006). In addition, the proportion of women aged over 50 years or older

accounting for new HIV-1 cases rose from approximately 6–9 % between 2002 and

2006 in Western Europe (Clark 2005). The prevalence of comorbidities in those

with HIV-1 infection appears to be similar to that observed among persons in the

general population who are 10 years older.

Cancer is increasingly recognized as a complication of HIV-1 infection (Bonnet

et al. 2004). The incidence rate of AIDS-defining cancers such as Kaposi’s sarcoma

(KS), non-Hodgkin’s lymphoma, and cervical cancer is greater in HIV-1-infected

individuals than in the general population (Biggar et al. 2007). Compared to the

general population (Dauby et al. 2011; Goedert et al. 2006; Intra et al. 2005) of

similar age (Shiels et al. 2010), HIV-1-infected women are more likely to have

human papillomavirus (HPV), and the incidence of the cellular changes that

precede cervical cancer is 4 to 5 times higher in HIV-1-infected women than

HIV-1-negative women (Ahdieh-Grant et al. 2004; Palefsky 2009; Paramsothy

et al. 2009). HIV-1 is not believed to have any direct carcinogenic effect but rather

to affect cancer risk by lowering host immunity to carcinogenic infectious agents

such as human herpesvirus 8 (HHV-8), which is necessary but not sufficient for the

development of the KS (Clifford and Franceschi 2009; Sullivan et al. 2008). KS is

one of most common cancers worldwide in HIV-1-infected individuals (Lucia

et al. 2011). Its prevalence is elevated in MSM in the USA and Europe (La Ferla

et al. 2013) but also in the entire population of several sub-Saharan African
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countries where HHV-8 is highly endemic and not necessarily associated with

HIV-1 (Eltom et al. 2002). The risk of AIDS-related KS (AIDS-KS) has been

shown to be greater in HIV-1-infected men compared with HIV-1-infected

women, in North America and Europe, which might be related to sexual behaviors

associated with exposure to saliva (Martro et al. 2007; Casper et al. 2002, 2006). A

similar observation has been made in sub-Saharan Africa (Chokunonga et al. 2013;

Somdyala et al. 2010; Jie et al. 1997; McGarvey et al. 1998), where HHV-8

prevalence is equal between men and women (Maskew et al. 2011). Nevertheless,

several studies have reported more aggressive KS and lower survival from KS in

HIV-1-infected women than in HIV-1-infected men (Nasti et al. 1999; Mosam

et al. 2012; Bohlius et al. 2014; Meditz et al. 2007; Benedetti et al. 1991; Cooley

et al. 1996; Lassoued et al. 1991). Much less is known about the incidence of non-

AIDS-defining cancers including kidney cancer and leukemia, but it has been

suggested that their incidence was greater among HIV-1-infected men than

HIV-1-infected women (Shiels et al. 2009). Altogether, this suggests that further

analyses of the sex differences in both AIDS-related and non-AIDS-related

comorbidities are needed to improve our understanding of their burden of disease

and to develop targeted interventions.

5.3.4 Sex Differences in HIV-1 Coinfections

5.3.4.1 Hepatitis C Virus Coinfection

HCV coinfection is reported in about 30 % of HIV-1-infected individuals in the

USA (Sherman et al. 2002; Staples et al. 1999). It is well established that female sex

is a predictor of spontaneous clearance of acute HCV infection (van den Berg

et al. 2011; Grebely et al. 2007; Micallef et al. 2006). The mechanisms behind the

association of female sex and HCV spontaneous clearance might be linked to

sex-based differences in immunity. For instance, it has recently been shown that

the effect of the IL28B genotype on clearance was greater among women than

among men (Grebely et al. 2014). This sex-based differences in immunity might

also be partially responsible for the better control of HIV-1 replication in acute

infection leading to the lower viral set points observed in HIV-1-infected women

than in HIV-1-infected men. It has been postulated that HCV clearance in women

might be facilitated by estrogens (Alric et al. 2000; Hayashi et al. 1998). However,

HIV-1–HCV coinfection has been associated to HCV persistence (Grebely

et al. 2007). It is unknown whether HCV clearance rate are higher in HIV-1–

HCV-coinfected women as compared to HIV-1–HCV-coinfected men.

Liver-related mortality is the leading cause of death among HIV-1-infected

persons in the USA in the ART era (Bica et al. 2001). It is generally acknowledged

that chronic HIV-1–HCV coinfection is associated with increased mortality relative

to mono-infection with either virus (Bonacini et al. 2004; Piroth et al. 2000; Soto

et al. 1997) and accelerated hepatic fibrosis progression compared to patients with
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HCV mono-infection (Macias et al. 2009; Ly et al. 2012; Graham et al. 2001;

Sulkowski et al. 2007; Benhamou et al. 1999). In the HIV-1–HCV-coinfected

population, it has been reported that women have higher mortality rates than men

despite similar viral suppression and CD4+ T cell count, even when controlling for

IDU history, race, and baseline CD4+ T cell count (Emery et al. 2010). The higher

mortality rates in HIV-1–HCV-coinfected women were not due to sex differences

in virological and immunological responses to ART (Emery et al. 2010). Sex

differences in mortality could be due to more rapid HCV-related liver disease in

women as suggested by Rodriguez-Torres and colleagues. They showed that

HIV-1–HCV-coinfected women had a median survival time to cirrhosis of

16.0 years less than HCV-mono-infected women while there was no differences

in the risk for cirrhosis between HCV-mono-infected and HCV-coinfected men

(Rodriguez-Torres et al. 2006). However, those results might have been biased by

an increased use of alcohol by HCV-mono-infected men (Rodriguez-Torres

et al. 2006). In contrast, Collazos and colleagues have demonstrated that HIV-1–

HCV-coinfected women have more favorable HCV virological and clinical profiles

than men and, particularly, lower degrees of fibrosis (Collazos et al. 2011). In HCV

mono-infection, it is well recognized that men have higher rate of disease progres-

sion compared to women (Poynard et al. 1997). Differences in treatment dis-

continuation between HIV-1–HCV-coinfected women and HIV-1–HCV-

coinfected men might also potentially explain the observed sex differences in

mortality rates. In HIV-1–HCV coinfection, adverse events during HCV therapy

account for 12–39 % of treatment discontinuations and occur more frequently in

HIV-1-infected women during HCV therapy than HIV-1-infected men

(Bhattacharya et al. 2010). Generally, women including HCV-infected women

and HIV-1-infected women experience more adverse events in response to drug

therapies than men (Floridia et al. 2008). For instance, HCV-infected women are

more likely to experience anemia (Sulkowski et al. 2004) and develop depression

(Gohier et al. 2003; Koskinas et al. 2002) than HCV-infected men upon IFN and

ribavirin treatment, which was until very recently the standard for HCV therapy.

Depression is more frequent in HIV-1-infected women and women with viral

hepatitis than men (Lipsitz et al. 1994; Rabkin et al. 1997; Semple et al. 1996;

Zorrilla et al. 1996) and is an important reason for therapy interruption in women

(Emery et al. 2010). The combination of HCV therapy and some types of ART

regimen might specifically enhance the adverse event rates in HIV-1–HCV-

coinfected women compared to HIV-1–HCV-coinfected men (Bhattacharya

et al. 2010). Altogether, these data suggest that sex differences in disease progres-

sion in HIV-1–HCV coinfection require further investigation.

5.3.4.2 Tuberculosis Coinfection

Tuberculosis (TB) is an important cause of mortality and morbidity in HIV-1-

infected individuals in Africa (Habib 2009; Small 2009; Brinkhof et al. 2007).

In 2008, TB contributed to 26 % of the estimated deaths due to HIV-1 infection
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(2009). According to UNAIDS 2013 Report, in 2012, people living with HIV-1

accounted for 1.1 million (13 %) of the estimated 8.7 million people globally who

developed TB (2013). Individuals with latent TB are more likely to reactivate the

infection and to experience rapidly progressive TB, including the selection of

multidrug-resistant (MDR) TB when coinfected with HIV-1. HIV-1-infected

patients are more susceptible to TB infection and mortality due to their

compromised immune systems. It is generally accepted that in countries with a

high prevalence of HIV-1, more women than men are diagnosed with TB (Getahun

et al. 2010), which contrasts with the preponderance of adult men with TB being

detected globally (reviewed in Chap. 8). In addition, in the settings of high HIV-1

prevalence, young women aged 15–24 experience TB rates 1.5–2 times higher than

men in the same age group (Deluca et al. 2009). HIV-1-infected pregnant women

appeared particularly at risk (Kali et al. 2006; Pillay et al. 2004; Ahmed et al. 1999).

In contrast, Fenner and colleagues reported an association between male sex and a

higher risk of TB in HIV-1-infected individuals (Fenner et al. 2011). However,

they attributed this contrasting result to potential sex differences in ART utilization,

with more women using ART. Indeed, antiretroviral therapy reduces by 65 % the

risk that a person living with HIV-1 will develop TB and HIV-1 treatment lowers

the risk of death among people living with HIV-1 who have TB by about 50 %

(2013). Altogether, these data support a link between sex, HIV-1 infection, and

TB. Given the major health threat posed by HIV-1 and TB infections, this link

requires further investigation.

5.4 Sex Hormones and the Natural Course of HIV-1

Infection

Sex-specific differences can be attributable to the difference in anatomy, to X or Y

chromosome-linked factors such as X chromosome inactivation or regulatory genes

encoded on the Y chromosome, or to the effect of sex hormones. Although much of

our focus will be on sex hormones, to emphasize the effects of sex chromosome-

liked genes, Siddiqui and colleagues determined an association between an X

chromosomal single-nucleotide polymorphism (SNP) and HIV-1 disease progres-

sion in women, but not in men (Siddiqui et al. 2009).

5.4.1 Changes in Sex Hormone Levels During HIV-1
Infection

5.4.1.1 Effects of the Menstrual Cycle in Women

CD4+ T cell count, HIV-1 RNA levels, CD4 expression, and CCR5 expression

have been shown to fluctuate during the menstrual cycle in HIV-1-infected women
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(Greenblatt et al. 2000; Reichelderfer et al. 2000; Yeaman et al. 2003). Several

studies suggest that plasma HIV-1 load and HIV-1 shedding in the lower reproduc-

tive tract are lowest during the follicular stage and increase during the luteal stage

(i.e., when progesterone levels are high) (Al-Harthi et al. 2001; Benki et al. 2004;

Hanna 1999; Money et al. 2003). The menstrual cycle itself might be associated

with significant variation in mucosal immunity and HIV-1 susceptibility. Indeed,

macaques are more susceptible to SIV vaginal challenge during the luteal (i.e.,

when progesterone is dominant) phase of the menstrual cycle (Vishwanathan

et al. 2011) compared to the follicular phase (i.e., when estradiol is dominant)

(Sodora et al. 1998). This might be related to sex hormone-mediated alteration of

the thickness of the mucosa epithelium and will be further discussed below.

5.4.1.2 Pregnancy

It is generally acknowledged that pregnancy does not accelerate HIV-1 disease

progression (1997, Alliegro et al. 1997; Bessinger et al. 1998; Brettle et al. 1995;

Saada et al. 2000; Selwyn et al. 1989; Weisser et al. 1998; Prins et al. 2005).

Pregnancy also does not affect CD4+ T cell counts (van Benthem et al. 2002).

However, increased risk of HIV-1 seroconversion has been reported among both

antenatal and postnatal women (i.e., stages of pregnancy characterized by increased

progesterone production) and appeared to be linked to pregnancy-associated distur-

bance of the vaginal flora (Taha et al. 1998; Quinn and Overbaugh 2005; Gray

et al. 2005).

5.4.1.3 Menopause

CD4+ T cell count including those following ART initiation is similar between pre-

and postmenopausal women (van Benthem et al. 2002; Patterson et al. 2009).

Similarly, no significant differences in HIV-1 RNA levels after ART initiation

are observed between pre- and postmenopausal women (Patterson et al. 2009).

However, postmenopausal HIV-1-infected women have increased risk factors for

metabolic complications, including osteoporosis, as well as lipid and glucose

disturbances resulting from the impact of HIV-1 itself, ART, or due to the loss of

the protective effects of estrogens. More studies are needed to investigate the

impact of the natural changes in sex hormone levels associated with menopause

on HIV-1 infection given the aging of the HIV-1-infected population.

5.4.1.4 Effect of HIV-1 on Sex Hormone Levels

HIV-1/AIDS has been associated with gonadal dysfunction (Minkoff et al. 1999;

Kirkham and Lobb 1998; Chirgwin et al. 1996). Early menopause has been

observed in HIV-1-infected women (Cejtin et al. 2006; de Pommerol et al. 2011;
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Schoenbaum et al. 2005; Boonyanurak et al. 2012; Ferreira et al. 2007) with a

greater degree of symptoms and with a different reproductive hormone profile than

HIV-1-negative women (Ferreira et al. 2007; Miller et al. 2005b; Yin et al. 2012).

Advanced stage of HIV-1 disease was the main predictor of early menopause

(Csajka et al. 2004). Some menopausal characteristics are similar to symptoms of

HIV-1 infection or to side effects of HIV-1 medication, such as menstrual cycle

irregularities, skin and hair changes, emotional changes, or night sweats, and might

therefore be difficult to distinguish. Furthermore, children infected with HIV-1

perinatally demonstrated significant delays in pubertal onset, particularly among

those with more advanced HIV-1 disease (de Martino et al. 2001; Gertner

et al. 1994; Mahoney et al. 1999; Majaliwa et al. 2009; Ratner Kaufman

et al. 1997; Stagi et al. 2010; Williams et al. 2013). While ART appeared to reduce

those delays, the potency of this effect might be different between boys and girls

(Anderson et al. 2003; Herman-Giddens et al. 1997, 2001; Karpati et al. 2002;

Sorensen et al. 2012; Buchacz et al. 2003). HIV-1 infection might directly or

indirectly—through cytokine-induced inhibition of gonadotropin secretion (Zeitler

et al. 1999)—affect production or secretion of hormones that regulate or control

pubertal initiation and the pace of pubertal maturation (Buchacz et al. 2003).

Delayed pubertal development in HIV-1-infected children has furthermore been

attributed in part to reduced adrenal androgen secretion (Chantry et al. 2007; Ratner

Kaufman et al. 1997). Androgen deficiency is common among HIV-1-infected

women (Dolan et al. 2004; Grinspoon et al. 1997, 2001; Miller et al. 1998) and

associated with reduced lean body mass, functional status, and bone density.

Research on sex-specific treatment strategies for HIV-1-infected women has been

very limited. Some studies have tested the impact of testosterone treatment in

HIV-1-infected women to improve their quality of life indices (Choi et al. 2005;

Dolan et al. 2004; Miller et al. 1998; Dolan Looby et al. 2009). In HIV-1-infected

men, treatment of hypogonadism is routine and improves body composition, bone,

and depression (Grinspoon et al. 1998a, b). Altogether, these data suggest that

HIV-1 infection affects gonadal function, which can in turn influence HIV-1

pathogenesis as discussed below.

5.4.2 Role of Sex Hormones in HIV-1 Pathogenesis

5.4.2.1 Effect of Sex Hormones on Cytokine Production

Several studies have assessed the consequences of sex hormones on cytokine

production. Ex vivo treatment with E2 and progesterone inhibits the production

of Th1/inflammatory cytokines including interleukin (IL)-2, IFNγ, IL-12, IL-1β,
IL-6, and granulocyte-macrophage colony-stimulating factor (GM-CSF) secretion

from PBMCs from both HIV-1-uninfected and HIV-1-infected individuals, while

no effect was observed on Th2/anti-inflammatory cytokines (Enomoto et al. 2007).

Interestingly, E2- and progesterone-mediated inhibition of cytokine production was
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greater in HIV-1-infected subjects (35 % decrease for both hormones) compared

with uninfected subjects (12 % and 19 % for estrogen and progesterone, respec-

tively) whereas the effect on proliferation and PBMC phenotype did not differ by

HIV-1 status (Enomoto et al. 2007). IFNα production is also influenced by sex

hormones (Seillet et al. 2012). Seillet and colleagues have dissected the mecha-

nisms underlying hormonal regulation of IFNα production (Seillet et al. 2012).

They showed that short-term in vitro exposure to 17β-estradiol (E2) did not affect

the TLR-mediated responses of pDCs whereas in vivo treatment in postmenopausal

women decreased the threshold of TLR responsiveness in human pDCs (Seillet

et al. 2012), suggesting that the effect of E2 is independent of the presence of E2 at

the time of TLR triggering in vitro but has an effect in vivo. Using a conditional

mouse model, Seillet and colleagues further showed that the pDC IFNα response to

TLR7 is positively regulated by E2 through estrogen receptor alpha (ERα) during
pDC lineage differentiation from progenitors (Seillet et al. 2012). The impact of E2

on IFNα production was pDC specific, as no difference in cytokine production by

monocytes was observed (Seillet et al. 2012). Altogether, these data suggest that the

mechanisms underlying sex hormone regulation of cytokine production are very

complex and precise, as both timing and cell specificity matter.

5.4.3 Hormonal Contraception and HIV-1 Disease
Progression

For HIV-1-infected women, hormonal contraception prevents unintended preg-

nancy. For HIV-1-uninfected women, hormonal contraception should not increase

the risk of HIV-1 acquisition. Different contraception methods exist, including oral

contraceptives (OCs), contraceptive injections, and intrauterine devices (IUDs).

The use of contraception (sterilization, hormonal, or intrauterine contraception)

among HIV-1-infected women ranges from 4 to 30 % in France and the USA

(Heard et al. 2004; Massad et al. 2007) and about 70 % among postpartum African

women (Balkus et al. 2007). Increased use of hormonal contraception (up to 70 %)

has been observed among HIV-1-discordant couples (Heard et al. 2004). IUDs are

used at high rates globally but the proportion of women using IUDs in sub-Saharan

Africa is small.

While a variety of data is available on the impact of hormonal contraception on

HIV-1 acquisition, which will be discussed further below, studies on the impact of

sex hormones on disease progression remain limited. The use of hormonal contra-

ceptives has been associated with more rapid disease progression characterized by

accelerated loss of CD4+ T cells and increased death rate in HIV-1-infected women

(Stringer et al. 2007; Lavreys et al. 2006; Stringer and Antonsen 2008; Baeten

et al. 2007b). Specifically, the use of the injectable contraceptive depot

medroxyprogesterone acetate (DMPA; Depo-Provera) at the time of HIV-1 acqui-

sition in Kenyan women was associated with higher viral load set points, a marker
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for more rapid disease progression (Baeten et al. 2005). Although this association

was not confirmed in other studies (Cejtin et al. 2003; Richardson et al. 2007;

Stringer et al. 2009), it still raised the question of the safety of the use of hormonal

contraception in HIV-1-infected women. Hormonal contraception might accelerate

HIV-1-related disease progression by interfering with the body’s natural immune

responses. Progesterone and its derivatives have a broad immunosuppressive role.

However, due to the physiological role of progesterone in the regulation of men-

strual cycle and immune responsiveness in the female genital tract, progesterone

functions are likely more pronounced in the genital tract tissue compared with the

systemic compartment. Importantly, in contrast to progesterone, DMPA can also

exert its biological activity through the glucocorticoid receptor that is widely

expressed by various cells of the immune system (Kontula et al. 1983; Koubovec

et al. 2005). Therefore, DMPA might exert stronger immunoregulatory functions

than progesterone (Hel et al. 2010).

In particular, progesterone-based contraceptives might have an important role on

the detrimental immune activation in HIV-1 infection. HIV-1-mediated impairment

of mucosal barrier function associated with increased absorption of environmental

microbial antigens to the systemic compartment is a major contributor to the

deleterious chronic immune activation observed in HIV-1 infection (Brenchley

et al. 2006). IgA plays a critical role in the regulation of the immune response to

microbial community in the gut and in the reduction of inflammation induced by

bacterial products and proinflammatory agents (Fernandez et al. 2003; Macpherson

and Uhr 2004a, b). Progesterone and its derivatives mediate a strong effect on

humoral immune responses in the genital tract and other mucosal tissues including

the inhibition of IgG and IgA production and transepithelial transport (Franklin and

Kutteh 1999; Kutteh et al. 1996; Lu et al. 1999, 2002, 2003; Nardelli-Haefliger

et al. 2003; Patton et al. 2000; Shrier et al. 2003), decreased frequency of antibody-

secreting cells in women and female macaques (Lu et al. 2002, 2003), decreased

specific IgG and IgA responses after mucosal immunization with attenuated

HSV-2, induction of permissive conditions for intravaginal infection of mice with

HSV-2, and chlamydia trachomatis (Kaushic et al. 1998, 2003; Gillgrass

et al. 2003). Therefore, the administration of progesterone-based contraceptives

to HIV-1-infected women might further suppress antigen-specific IgA responses in

mucosal tissues, causing more detrimental microbial translocation across the muco-

sal barrier in the chronic phase of infection.

Globally, recent studies and reviews found that the use of contraceptive methods

is safe for HIV-1-infected women (Curtis et al. 2009; Stringer and Antonsen 2008;

Phillips et al. 2013; Heffron et al. 2012, 2013; Hubacher et al. 2013). WHO

recommend the use of any hormonal contraceptive method for women living with

HIV-1. The relative efficacy and safety between the different contraceptive

methods have only been poorly studied. Stringer and colleagues compared the

efficacy and safety of hormonal contraceptives (DMPA or oral contraceptives)

versus Cu-releasing intrauterine device (Cu-IUD) among 600 treatment-naı̈ve

HIV-1-infected Zairean women (Stringer et al. 2007). For unclear reasons, they

found that women randomized to hormonal contraception were at increased risks of
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HIV-1 progression and severe immunodeficiency or death compared to women

using Cu-IUD (Stringer et al. 2007). Nevertheless, a further study showed that

hormonal contraception was not associated with HIV-1 disease progression

(Stringer et al. 2009). Taken together, these data highlight that hormonal contra-

ceptive products and ART regimens might interact in unknown ways and hasten

disease progression. Concomitant use should be carefully monitored.

5.5 Effect of Sex Hormones on HIV-1 Acquisition

5.5.1 Hormonal Contraception and HIV-1 Acquisition

The impact of contraception on the risk of HIV-1 acquisition has been extensively

studied, mainly in developing countries. Epidemiological data obtained so far are

inconclusive. Some studies have shown a correlation between the use of hormonal

contraception and increased risk of HIV-1 infection (Guimaraes et al. 1995;

Lavreys et al. 2004b; Leclerc et al. 2008; Martin et al. 1998a; Plourde et al. 1992;

Plummer et al. 1991; Rehle et al. 1992; Sinei et al. 1996; Ungchusak et al. 1996;

Wang et al. 1999; Watson-Jones et al. 2009; Baeten et al. 2007a). In particular,

some studies have suggested an increased risk of HIV-1 acquisition linked to the

use of the DMPA. This highly effective injectable progesterone-based contra-

ceptive is used by more than 90 million women worldwide, and particularly

common in sub-Saharan Africa, as it is only required to be administered every

three months. A number of studies have found no increased risk of HIV-1 acqui-

sition associated with the use of DMPA (Bulterys et al. 1994; Kapiga et al. 1998;

Kiddugavu et al. 2003; Mati et al. 1995; Myer et al. 2007; Taneepanichskul

et al. 1997). However, it has been shown in a 10-year prospective study involving

more than 1,500 sex workers in Mombasa, Kenya, that women with DMPA had a

twice-higher risk of acquiring HIV-1 than women without DMPA (Baeten

et al. 2005; Lavreys et al. 2004a, b). Leclerc and colleagues observed similar

findings in young African women and estimated that 6 % of new HIV-1 cases are

attributable to DMPA use (Leclerc et al. 2008). The increased risk was specifically

linked to the use of DMPA, as the use of OCs did not significantly increase the risk

of HIV-1 seropositivity (Leclerc et al. 2008). Yet, it was shown elsewhere that the

use of OCs was a risk factor of HIV-1 acquisition among high-risk women

(Plummer et al. 1991) but not among women at low risk (Bulterys et al. 2007).

The influence of the use of hormonal contraceptives on the risk of HIV-1 acquisi-

tion might differ according to the population studied, with an associated increased

risk demonstrated only among high risk population and young women, even after

controlling for confounding factors (such as demographic, exposure, or biologic)

(Martin et al. 1998b; Baeten et al. 2007a). The conclusions of the recent report of

McCoy and colleagues summarize well the actual “consensus” in regard to hor-

monal contraception and HIV-1 acquisition: “while oral contraceptives do not seem
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to be associated with increased risk of HIV-1 acquisition, substantial uncertainty

regarding the effect of many injectable hormonal contraception persists” (McCoy

et al. 2013).

The elevated risks associated with the use of DMPA reported in multiple studies

(Heffron et al. 2012; Mor et al. 2003; Morrison et al. 2010, 2012; Blish and Baeten

2011; Gray 2012; Morrison and Nanda 2012) have been questioned by potential

methodological limitations and confounding behavioral factors (risk observed only

in high-risk population). For example, unsafe sharing and reuse of needles and

syringes used for delivering DMPA have been highlighted as a potential

confounding factor (Gisselquist 2008). Indeed, a correlation between DMPA use

and increased HCV infection rate has been demonstrated in Tanzania (Stark

et al. 2000). The complex balance of risks and benefits of reducing the availability

of effective contraceptive options for women has to be carefully considered, as it

might have dramatic consequences on unintended pregnancies, which will result in

an increase in maternal mortality related to pregnancy, child birth, or within 42 days

of termination of pregnancy (Butler et al. 2013). Unintended pregnancies may also

impact HIV-1 risk, even if the impact of pregnancy on HIV-1 acquisition remains

conflicting (Gray et al. 2005; Morrison et al. 2007b; Mugo et al. 2011; Reid

et al. 2010), and may increase levels of perinatal HIV-1 transmission among

HIV-1-infected women. Therefore, reducing DMPA use might either decrease or

increase the overall number of deaths depending on HIV-1 prevalence, birth rate,

and the maternal mortality ratio, in addition to the true effect size of DMPA as

exemplified in Fig. 5.3 (Butler et al. 2013). In countries with high HIV-1 prevalence

and high use of DMPA, such as South Africa, reducing DMPA use might however

be beneficial (Butler et al. 2013). Given the inconclusive nature of the body of

evidence and the analysis of risks and benefits to country programs, the WHO and

the CDC recommended that no changes in policy should be currently made. Official

recommendations continue to state no restrictions on the use of any hormonal

contraceptive method for women living with HIV-1 or at high risk of HIV-1

infection. Nevertheless, they correctly pointed out that more research is needed

and that women using progestin-only injectable contraception should be strongly

advised to also always use condom (2012b).

5.5.2 Effects of Sex Hormones on the Female Reproductive
Tract

5.5.2.1 Effect of Endogenous and Exogenous Sex Hormones

on Characteristics of the Genital Mucosa

As a general rule, progesterone increases susceptibility whereas estrogens protect

against viral STIs (e.g., HIV-1 and HSV-2) [reviewed in Kaushic et al. (2011)].

Estrogens and progesterone affect vulnerability to viral STIs by inducing structural

changes in the genital mucosa (Michael and Esfahani 1997; Jacobson et al. 2000;

Sonnex 1998). The effect of hormonal contraception, particularly DMPA, is also
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associated with an increased acquisition of cervical chlamydial, gonococcal infec-

tions, and candidiasis, which might increase the susceptibility to HIV-1 (Baeten

et al. 2001; Lavreys et al. 2004c; Morrison et al. 2004). While high doses of

progesterone can lead to thinning of the cervicovaginal epithelium and therefore

enhance vaginal SIV acquisition by facilitating the access to target Langerhans

cells, CD4+ T cells, and macrophages in the epithelium and subepithelial layers

(Marx et al. 1996; Hild-Petito et al. 1998), estrogen induces thickening of the

vaginal stratified squamous epithelium (Smith et al. 2000) and therefore might

block access to target cells. Studies on macaques showed that this effect starts after

24 h of treatment and could last for at least one week (Smith et al. 2004). Most

transmissions occur through damaged or atrophied vaginal epithelium which is

more prone to trauma during sexual intercourse (Nilsson and Heimer 1992).(Hladik

and McElrath 2008). Estrogen’s protective role might also be mediated by the

increase in cervical mucus production and decrease of cervical ectopy (Nicolosi

et al. 1994; Brabin 2002; Jacobson et al. 2000; Myer et al. 2006). In contrast, oral

contraceptives might increase cervical ectopy (Critchlow et al. 1995), which will

increase HIV-1 susceptibility.

Furthermore, sex hormones might affect HIV-1 acquisition through the changes

in the vaginal milieu and bacterial flora (Mingjia and Short 2002). Estradiol

treatment decreases cervicovaginal pH in women and female macaques, making

it hostile to the virus (Castelo-Branco et al. 2005; Smith 1993; Molander et al. 1990;

Smith et al. 2000). It has been demonstrated that women without lactobacillus or

Fig. 5.3 The number of net maternal and HIV-1-related deaths resulting from cessation of

injectable hormonal contraception (IHC) use is influenced by both HIV-1 prevalence and the

use of IHC. Countries may therefore benefit or suffer from the cessation of IHC use. Direction of

change. Countries are coloured according to the direction of change in the net number of maternal

and HIV-related deaths that result directly from stopping IHC use assuming the relative risk equal

to 1.2 (RR¼ 1.2) and RR¼ 2.19: red: expected increase in net maternal and HIV-related deaths

(>0.5 % under both RR assumptions); pink: change in net deaths is dependent on the effect size

(>0.5 % increase only when RR.1.2); cream: reductions in IHC use unlikely to provide public

health benefit in terms of deaths prevented (<0.5 % change with both estimates); yellow: change in
net deaths is dependent on the effect size (>0.5 % decrease only when RR¼ 2.19); green:
expected decrease in net deaths (>0.5 % under both RR assumptions); grey: data not available
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with abnormal vaginal microbiota have higher acquisition rates of HIV-1 compared

to those with H2O2-producing lactobacillus (Klebanoff and Coombs 1991; Martin

et al. 1999). Progesterone and DMPA treatment decreased colonization by H2O2-

positive lactobacillus (Miller et al. 2000; Mingjia and Short 2002). The production

of H2O2 by lactobacillus represents an important mechanism by which it maintains

dominance over other vaginal microbiota. Colonization with lactobacillus might

prevent bacterial vaginosis that is associated with increased risk of HIV-1 trans-

mission (Martin et al. 1998a; Atashili et al. 2008; Taha et al. 1998).

Sex hormones can also influence the frequency of available target cells for

HIV-1 infection. Exogenous estrogens decrease (Wira et al. 2010) whereas proges-

terone increases (Wieser et al. 2001) the frequency of LCs in the vaginal epithelial

and stromal tissue. Peak estrogen levels decrease the recruitment of inflammatory T

cells and macrophages through downregulation of intercellular adhesion molecule-

1 (ICAM-1), E-selectins, and vascular cell adhesion molecule-1 (VCAM-1) (Straub

2007). The expression of HIV-1 receptors CD4, CCR5, and CXCR4 on human

cervical CD4+ T cells is increased by progesterone (Dominguez et al. 2003; Shef-

field et al. 2009; Carias et al. 2013; Prakash et al. 2002). Sex steroids can further-

more upregulate HIV-1 gene expression (Furth et al. 1990). Progesterone-based

contraceptives also appear to increase the number of inflammatory cells in

cervicovaginal fluid (Ghanem et al. 2005). Taken together, these data suggest that

the vaginal epithelium undergoes major cyclical changes in its structure, which

might determine the risk for HIV-1 acquisition. Further research on the efficacy of

topical pre-exposure prophylaxis (PrEP) is required to carefully account for those

changes.

5.5.2.2 Effect of Sex Hormones on Immune Responses in the

Female Reproductive Tract

Sex hormones might also influence HIV-1 acquisition by their broad effect on the

regulation of innate and adaptive immune defenses in the female reproductive tract

[reviewed in Kaushic et al. (2010); Wira et al. 2010) (Beagley and Gockel 2003;

Paavonen 1994)]. Progesterone causes several immunoregulatory effects, including

inhibition of T cell responses and cytotoxic activity (Borel et al. 1999; Cherpes

et al. 2008; Laskarin et al. 1999; Wyle and Kent 1977), decreased frequency of

antibody-secreting cells in women and female macaques (Lu et al. 2002, 2003), and

inhibition of pDC TLR9-induced IFNα production (Hughes et al. 2008), which

might contribute to the increased shedding of HIV-1 in the genital tract of women

using contraception (Clemetson et al. 1993; Mostad et al. 1997; Wang et al. 2004;

Nag et al. 2004). Of note, CTL activity appeared to be distinctly regulated by sex

hormones in the genital tract mucosa and peripheral blood (White et al. 2001;

Wieser et al. 2001), which could be due to local inflammation or variations in viral

replication in the systemic versus mucosal compartments (Hel et al. 2010). High

estradiol levels decrease the frequency of LCs in vaginal epithelium (Wieser

et al. 2001) and the recruitment of inflammatory T cells and macrophages through
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downregulation of ICAM-1, VCAM-1, and E-selectins (Straub 2007; Harkonen and

Vaananen 2006; Ito et al. 2002; Salem et al. 2000; Zang et al. 2002). Progesterone

immunoregulatory function might be potentiated in HIV-1 infection as suggested

by recent findings of Enomoto and colleagues on stronger inhibitory effects of

progesterone on T cell proliferation and Th1-type cytokine production in HIV-1-

infected individuals as compared to uninfected individuals (Enomoto et al. 2007).

Huijbregts and colleagues recently demonstrated that MPA suppresses the produc-

tion of IFN-γ, IL-2, IL-4, IL-6, IL-12, TNFα, and MIP-1α by peripheral blood cells

and activated T cells and reduces the TLR7/9-mediated production of IFNα and

TNFα by pDCs (Huijbregts et al. 2013). Dose–response analysis suggest that

women would be particularly vulnerable to the immunosuppressive effects of

medroxyprogesterone acetate in PBMCs shortly after injection and that suscepti-

bility could vary greatly between individuals (Huijbregts et al. 2013). Overall, these

data suggest that endogenous and/or exogenous sex hormones have pleiotropic

effects on the mucosal immune environment. In the context of PrEP research,

further studies are needed to characterize the potential effect of sex hormones on

the expression of cellular transporters involved in the uptake of drugs.

5.5.2.3 Effect of Hormonal Contraception on Cervicovaginal Shedding

of HIV-1

The circulating HIV-1 load is a major determinant of cervicovaginal shedding of

HIV-1 RNA, even among women using antiretroviral medication (Benki

et al. 2004; Kovacs et al. 2001). Viral shedding refers to the successful reproduc-

tion, expulsion, and host–cell infection caused by virus progeny. The use of

hormonal contraception has been associated with increased cervicovaginal shed-

ding of HIV-1, with a significant dose dependency on progesterone levels

(Clemetson et al. 1993; Mostad et al. 1997; Wang et al. 2004), in which higher

progesterone levels favor HIV-1 production (Morrison et al. 2007a, 2010)

(Vishwanathan et al. 2011) or no increase in HIV-1 production at all (Kovacs

et al. 2001). Similarly, the use of intrauterine devices (Cu-releasing intrauterine

device/ Cu-IUDs or levonorgestrel intrauterine device/ LNG-IUDs) did not increase

cervical shedding of HIV-1 (Heikinheimo et al. 2006; Richardson et al. 1999).

Besides, it has been suggested that the use of hormonal contraception might

increase the risk of acquiring multiple variants of HIV-1 among Kenyan sex

workers (Sagar et al. 2004b). Given these somehow conflicting results, it seems

crucial to further characterize the effect of specific contraceptive methods including

the kinetics of the concentration of the exogenous sex hormones.
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5.5.2.4 SIV Model of Transmission to Study Effect of Hormonal

Contraception

The impact of hormonal contraceptives on HIV-1 acquisition was studied in the

SIV model, allowing for more controlled settings. The administration of DMPA

enhanced vaginal transmission of SIV by more than sevenfold (Trunova et al. 2006;

Veazey et al. 2003b) (Marx et al. 1996). This effect might have been mediated by

the thinning of the vaginal epithelium (Marx et al. 1996; Abel et al. 2004) (Hild-

Petito et al. 1998; Smith et al. 2000) but also possibly by the alteration of immune

responses (Trunova et al. 2006; Veazey et al. 2003b) (Genesca et al. 2007). Indeed,

the late appearance (i.e., 2–3 weeks postinfection) of differences in plasma viremia

in the DMPA-naı̈ve and DMPA-treated infected macaques suggests an immuno-

logical rather than transmission-dependent mechanism (Trunova et al. 2006). Simi-

larly to what has been observed in humans, progesterone-based hormone

replacements have been reported to inhibit cytokine production in nonhuman

primates (Attanasio et al. 2002; Keller et al. 2001; Lu et al. 2002). The immuno-

suppressive effect of DMPA might increase viral burden and facilitate the trans-

mission of multiple variants as a result of the absence of selective immune pressures

(Trunova et al. 2006). However, the increased susceptibility to SIV infection in

response to DMPA pretreatment is likely to be driven by its local effects on the

genital tract rather than to systemic effects. DMPA administration selectively

abrogated the protective effect of an attenuated lentivirus-induced protection

against intravaginal challenge with live-attenuated lentivirus (Abel et al. 2004;

Genesca et al. 2007) but did not alter protection after intravenous SIV challenge

in female macaques immunized with a live-attenuated lentivirus (Genesca

et al. 2010). Altogether, these results suggest that hormonal contraceptives such

as DMPA might alter immune responses differently according to the nature of SIV

challenges, which might have crucial implication for vaccine efficacy. Effects of

hormonal contraceptives on vaccine efficacy need to be considered while assessing

potential candidates for an AIDS vaccine.

Important differences between human and macaques might lead to discrepant

results between the two species. First the decrease in progesterone levels during the

3-monthly injection period might have different kinetics in blood and mucosal

tissues among women and female macaques. Progesterone treatment has been

historically used in SIV challenge models to increase transmission efficiency and

standardize vaginal SIV infection (Veazey et al. 2003b) (Poonia et al. 2006). The

higher doses of challenge virus generally used in primate studies might have biased

the results as not properly recapitulating the biological effects observed in women.

An appropriate model will require the identification of a physiologic DMPA dose

that suppresses ovulation and mimics other biological effects seen in women

(Radzio et al. 2014). The virus delivery medium differs between humans (semen)

and macaques (culture medium). Last but not least, the effect of progesterone on the

vaginal epithelium of humans might be less profound, with several studies actually

reporting increased epithelial thickness caused by hyperplasia (Ildgruben
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et al. 2003; Mauck et al. 1999; Miller et al. 2000) or no thinning at all in women

during the use of DMPA (Bahamondes et al. 2000; Mauck et al. 1999) contrary to

what observed in primates SIV model (Hild-Petito et al. 1998). Studies using larger

cohorts of animals as well as more physiologically relevant models are still needed

to fully elucidate the impact of DMPA on virus transmission. Radzio et al. recently

highlighted the advantages of the pigtail macaque model to study DMPA effects on

SIV transmission (Radzio et al. 2014). Pigtail macaques have normal menstrual

cycles and fluctuations in sex hormone levels that are similar to women as opposed

to rhesus macaques that have seasonal breeding (Mauck et al. 1999; Radzio

et al. 2012; Sodora et al. 1998; Steiner et al. 1977). Optimal DMPA dose was

determined to recapitulate in pigtail macaques the biological effect seen in women:

(1) ovulation suppression and (2) modest reductions in vaginal epithelium thickness

that are similar in magnitude to those seen in women. In this model, physiologic

DMPA dose did not increase mucosal virus shedding (Radzio et al. 2014).

Altogether, these data highlight the great potential of SIV model to study the

effect of hormonal contraception on HIV-1 transmission but also its limitations,

related to its intrinsic nature, that have to be carefully accounted for.

5.6 Conclusion

Numerous epidemiological studies have documented differences between men and

women in acquisition rates and manifestations of HIV-1 infection and have lead in

some instances to controversial reports, notably due to underlying socioeconomic

factors. One major and very consistent finding revealed by those studies is the lower

viremia observed in HIV-1-infected women compared to HIV-1-infected men, in

particular during early stages of infection. It is also generally acknowledged that

women display a greater susceptibility to HIV-1 acquisition. To date, considerably

fewer studies have addressed the mechanisms underlying those sex differences but

have led to some interesting observations. The use of the SIV rhesus macaque

model has been very helpful to elucidate the biological characteristics of the female

genital tract responsible for the greater susceptibility of females to HIV-1 acquisi-

tion. Similarly, advances have recently been made in the understanding of how sex

differences in primary innate immune responses can impact HIV-1 pathogenesis.

Higher IFNα production by pDCs from women than in men in response to HIV-1

might at least partially account for the higher immune activation and subsequent

faster disease progression observed in HIV-1-infected women for the same level of

viral replication as men. Recent data have pointed toward an important role of sex

hormones in mediating the sex differences observed in innate immune responses to

HIV-1 infection. Nevertheless, the role of genes encoded by the X chromosome,

such as TLR7, TLR8, and FoxP3, should be further investigated. Additional efforts

are needed to better dissect the molecular mechanisms responsible for observed

differences in the manifestations of HIV-1 disease between women and men. The

consequences of the well-described sex differences in HIV-1 viral loads on the
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establishment and maintenance of the viral reservoir have yet to be described, a

topic highly relevant to the ongoing research on HIV-1 cure. More large-scale

studies and clinical trials rigorously considering sex in the experimental design and

analysis should provide basis for strategic design of individualized treatment and

prevention methods.
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Chapter 6

Sex Differences in Influenza Virus Infection,

Vaccination, and Therapies

Jackye Peretz, Olivia J. Hall, and Sabra L. Klein

Abstract Males and females differ in the likely outcome of influenza virus infec-

tion and vaccination. Following infection with pandemic and outbreak strains of

influenza viruses, females of reproductive ages (15–49 years of age) experience a

worse outcome than their male counterparts. Among females of reproductive ages,

pregnancy is one factor linked to an increased risk of severe outcome of influenza,

although it is not the sole factor explaining the female preponderance of severe

disease. The sex bias in disease outcome is reversed in children under the age of

10 years and adults over the age of 65 years, where males appear to be more likely

to be hospitalized or die from influenza. Small animal models of influenza virus

infection illustrate that inflammatory immune responses also differ between the

sexes and impact the outcome of infection. Males and females also generally

respond differently to influenza vaccines and antiviral treatments, with females

on average initiating higher humoral immune responses following vaccination and

experiencing more adverse reactions to vaccines and drug treatments than males.

Small animal models further show that elevated immunity following vaccination in

females compared with males leads to greater cross protection against novel

influenza viruses. We hypothesize that sex steroid hormones, including estrogens,

progesterone, and androgens, as well as genetic differences between the sexes, may

play roles in modulating sex differences in immune responses to influenza virus

infection and vaccination.

6.1 Introduction

The prevalence of viral infections, including influenza, differs between male and

female humans (Klein 2012). Behavioral factors, including occupation, personal

hygiene (e.g., hand washing), and familial responsibilities (e.g., caring for children

or the elderly), can influence exposure to viruses. Several studies further illustrate
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that physiological differences between males and females can lead to differential

responses to infection and, therefore, outcomes. Females often display reduced

susceptibility to viral infections because they mount stronger immune responses

than males. The innate recognition and response to viruses as well as downstream

adaptive immune responses differ between males and females during viral infec-

tions (Markle and Fish 2014). As a result of heightened immunity to viruses, both

the intensity (i.e., viral load within an individual) and prevalence (i.e., number of

infected individuals within a population) of viral infections are often lower for

females than males (Klein 2012). Much of the disease attributed to viral infection

results from aberrant host inflammatory responses (Meier et al. 2009; Robinson

et al. 2011b). Consequently, heightened antiviral, inflammatory, and cellular

immune responses in females relative to males, though essential for virus clearance,

may underlie increased symptoms of disease among females as compared with

males following infection. Sex differences in immune responses to viral infections

may further depend on age-related factors and differ prior to puberty, after puberty,

during pregnancy, or after reproductive senescence.

Sex and gender differences also are apparent in the responses and efficacy of

prophylaxis and therapeutic treatments for viral diseases, including influenza.

Vaccines are the principal preventative treatment for viral diseases and have

successfully reduced many diseases in both males and females. The efficacy of

vaccines relies on their ability to induce protective immunity, at least in the short-

term for influenza viruses. There is growing evidence that both protective immune

responses and adverse reactions to viral vaccines, including FDA-approved influ-

enza vaccines, are higher in females than males (Klein et al. 2010a). Most antiviral

drugs are used as a therapeutic treatment for specific viral infections, with these

drugs typically inhibiting the replication of viruses in host cells. Only recently has it

been documented that the pharmacokinetics (i.e., absorption, distribution, metabo-

lism, and excretion of drugs) and pharmacodynamics (i.e., the effect of the drug on

physiological and biochemical processes, both therapeutic and adverse) differ

between the sexes (see Chapt. 4) (Klein 2012). Using data available for influenza

virus infection, vaccination, and antiviral treatments, we will: (1) address

age-specific sex differences in the outcome of influenza virus infections; (2) evalu-

ate how the efficacy of vaccines and antiviral treatments for influenza differ

between the sexes; (3) explore the female-specific state of pregnancy and the

impact of pregnancy on the outcome of influenza virus infection and vaccination;

and (4) identify possible hormonal and genetic mechanisms that contribute to

immunological differences between males and females in response to influenza

viruses and vaccines. The contribution of gender-related differences in exposure to

influenza viruses as well as access to, compliance with, and acceptance of treat-

ments for influenza will be addressed where data exist; the primary focus through-

out this chapter, however, will be on the biological differences between males and

females. All too often sex differences are either ignored or understudied in clinical

and basic biomedical research. As a result, significant gaps exist in our understand-

ing of how biological differences between males and females affect the efficacy of

treatments for influenza. We are encouraged by the recent recommendation by the

184 J. Peretz et al.



World Health Organization (WHO) indicating that information about sex and

gender should be provided when reporting influenza infections (WHO 2014b).

6.2 Basic Influenza Biology

Influenza is a perpetually reemerging disease because of the continual genetic

evolution of influenza A viruses (Subbarao et al. 2006). Typically, three strains of

influenza viruses, two influenza A viruses and one influenza B virus, circulate in a

given year and are largely responsible for influenza outbreaks, pandemics, and

epidemics. While there are no differing antigenic subtypes of influenza B, influenza

A viruses are a constant concern because they continually undergo antigenic drift

and, less frequently, antigenic shift. The WHO monitors these genetic changes in

influenza A viruses to keep seasonal influenza vaccines relevant to the current

circulating antigenic subtypes of influenza A (Subbarao et al. 2006). Antigenic

subtype is determined by the surface glycoproteins hemagglutinin (HA) and neur-

aminidase (NA). There are currently sixteen possible HA proteins and nine NA

proteins, forming the strain identification of each virus (e.g., H1N1, H3N2, and

H5N1) (Medina and Garcia-Sastre 2011). Currently, the A/H3N2 and A/H1N12009

pandemic (pdm) strain co-circulate with influenza B (CDC 2014c, d). These three

strains form the basis for the annual vaccines that induce protective antibody

responses against the HA proteins of an A/H1N1, A/H3N2, and influenza B virus.

In the event of an outbreak (e.g., H5N1) or pandemic due to antigenic shift, such as

with the 2009 H1N1pdm strain, a monovalent vaccine can be developed that

specifically targets a single HA protein on the new strain of influenza A virus.

Several laboratory animal models are used in preclinical influenza research.

Some animals, such as ferrets and guinea pigs, are naturally susceptible to human

influenza viruses and can readily transmit the viruses (Bouvier and Lowen 2010).

Mice are the most widely utilized animal model for influenza research. There are

numerous advantages and disadvantages to using mice as models of human dis-

eases. For our purposes, mouse models recapitulate the sex differences seen in

human populations in the pathogenesis of influenza virus infection and vaccination

and provide us with a system for identifying the underlying mechanisms. One

drawback is that mice are not naturally susceptible to human influenza viruses, so

the viruses must be adapted through serial passages in mice. The most widely used

models involve the use of BALB/c or C57BL/6 strains infected with mouse-adapted

(ma) influenza strains (e.g., A/Puerto Rico/8/1934) (Bouvier and Lowen 2010).
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6.3 Sex Differences in Influenza Virus Infection

6.3.1 Seasonal Influenza Epidemics

Seasonal influenza infection results in an acute, self-limiting infection and, as a

consequence, most cases are unreported. Available data on differences in the

number of cases of seasonal influenza between males and females worldwide are

limited, and, therefore, conclusions are difficult to draw. Most case reports of

seasonal influenza do not analyze data for male–female differences, or if they do,

then they often do not consider the interaction between sex and age. Examination of

the limited available reported seasonal influenza cases that required hospitalization

reveals that the severity of infection is higher in prepubertal and elderly males

compared with age-matched females (Quach et al. 2003; Crighton et al. 2004,

2008). Data from Denmark suggest that male–female differences in the risk of

hospitalization from seasonal influenza virus shift at puberty. Thus, males are more

likely to have severe seasonal influenza illness before puberty, whereas females are

more likely to have severe seasonal influenza illness after puberty and before

menopause (Jensen-Fangel et al. 2004).

6.3.2 Outbreaks of Avian H5N1 in Eurasia

Avian H5N1 is a highly pathogenic influenza virus that affects the lower respiratory

tract in humans and is primarily transmitted from diseased poultry to humans, with

rare person-to-person transmission (CDC 2014b; Ng and To 2007). From 2003

through January 2014, of the 739 cases of confirmed (650) and suspected

(89) H5N1 infections that have been reported worldwide, 592 of those cases

resulted in death (~80 % fatality) (WHO 2014d). Worldwide, the incidence and

severity of H5N1 infection and mortality induced by H5N1 infection is greater

among young adult females (10–39 years of age) than males (WHO 2013)

(Table 6.1). Between 2004 and 2006, there were no male–female differences

reported for any of these parameters in either Vietnam or China (Yu et al. 2008;

Liem et al. 2009; Hien et al. 2009). Conversely, in Indonesia, from 2005 to 2006,

the case fatality rate was significantly higher for females (90 %) compared with

males (67 %) (Sedyaningsih et al. 2007). Similarly, in Egypt from 2009 to 2010,

young adult females (>10 years old) comprised on average 60 % of H5N1 cases

and 90 % of associated fatalities. The incidence of H5N1 was found to be higher in

males than females among individuals<10 years of age (Kayali et al. 2011; Dudley

2009; Arima and Vong 2013). The annual, as well as country, variation in the male–

female differences suggest that gender-related factors, including occupational

exposure, play a significant role. For example, while men are more likely to

slaughter poultry, females have more direct exposure to poultry as they are more

likely to boil poultry, feed and care for backyard poultry, and purchase poultry in
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markets (Fasina et al. 2010). Two studies of poultry workers, however, suggest that

direct exposure to poultry does not fully explain the risk of H5N1 infection and that

other variables should be considered to explain the male–female differences, such

as coinfection with another virus (Fasina et al. 2010; Briand and Fukuda 2009).

Coinfection with other pathogens is hypothesized to be one factor mediating

increased susceptibility to avian influenza viruses. During the 2009–2010 influenza

season, young adult females were at a greater risk of 2009 H1N1pdm infection

compared with age-matched males which may have also placed them at a higher

risk of coinfection with H5N1 (Fasina et al. 2010). Further investigation into the

potential antibody-dependent enhancement of related influenza strains is warranted

to uncover possible biological explanations for the increased susceptibility to

H5N1infection among young adult females compared with males of similar age.

6.3.3 Outbreak of Avian H7N9 in China

In Spring 2013, an outbreak of avian H7N9 influenza was detected in humans,

primarily in China, with one confirmed case in Malaysia (CDC 2014a). Avian

H7N9 influenza virus originates from diseased poultry and migratory birds and is

Table 6.1 Sex differences in the outcome of influenza virus infection in humans

Classification

Influenza

A virus

Sex

difference

Age

(years)

Dependent

measure References

Outbreak H5N1 F>M Total Incidence Arima and Vong (2013),

Kayali et al. (2011), Dudley

and Mackay (2013), CDC

(2014b)

M> F <10 Incidence

F>M 10–39 Severitya/

Mortality

M> F >39 Severity/

Mortality

H7N9 M> F

M> F

Total

>45

Incidence,

Severity,

Mortality

WHO (2014c), Li

et al. (2014), Dudley and

Mackay (2013)

Pandemic 1918

H1N1pdm

M> F Total Incidence,

Severity,

Mortality

Noymer and Garenne (2000)

M> F 20–40

1957

H2N2pdm

M¼ F Total Mortality Serfling et al. (1967),

Kilbourne (2006)F>M 1–44

M> F >44

2009

H1N1pdm

F>M Total Incidence WHO (2014a, b), Ontario

(2009), CDC (2014c), Kumar

et al. (2009)
M> F <18 Incidence/

Severity

F>M 18–65 Incidence/

Severity

M> F >65 Severity
aSeverity¼ hospitalization with severe disease
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not currently transmissible from person to person (Yang et al. 2013). Since the

Spring of 2013, 136 cases of H7N9 have been reported throughout China, with

44 deaths from the infection (WHO 2014c). Overall, old males (>50 years of age)

are at the greatest risk for contracting H7N9 infection, comprising approximately

two-thirds of the cases of H7N9 infection (WHO 2014c; Skowronski et al. 2013)

(Table 6.1). Data from China indicate an overall case fatality rate of 32–34 %

(Li et al. 2014; Dudley and Mackay 2013; Arima and Vong 2013), with higher

fatality rates among old males than either age-matched females or young

(<50 years of age) males and females. Surveillance information gathered by the

Chinese Center for Disease Control as well as localized surveillance studies for

2013 through February 2014 indicate that 62–71 % of all H7N9 cases were male,

with 75 % of confirmed H7N9 cases being males over 45 years of age and 74 % of

all fatalities being males (Wang et al. 2014; Li et al. 2014; Dudley and Mackay

2013; Cowling et al. 2013; Arima and Vong 2013). Therefore, both male sex and

older age are risk factors for infection with and morality from H7N9 influenza virus.

Whether older males are more likely to come in contact with diseased poultry or

migratory birds has not been shown. There are few studies that provide mechanistic

explanations for the male–female differences. However, in one study, elevated

antibody responses against H7N9 were present in a majority of nonfatal cases of

H7N9 infection, but in only one-fourth of fatal cases, suggesting a failure of the

humoral immune response may contribute to severe outcome of disease (Yang

et al. 2014). Aging and male sex are independently associated with reduced

humoral immune responses (see below) and may account for the increased suscep-

tibility to and number of fatalities observed in old males with H7N9 infection.

6.3.4 Worldwide Influenza Pandemics

Historically, very little information exists to explain male–female differences in the

outcome of pandemic influenza virus infection. The 1918 H1N1 influenza pan-

demic was the most deadly influenza pandemic to date, causing 20–100 million

deaths worldwide (Noymer and Garenne 2000). This influenza pandemic was

disproportionately fatal in young adult males (20–40 years of age; median

28 years) and was exacerbated by coinfection with tuberculosis, which is also

considered to be a male-dominant disease (Morens et al. 2008; Kilbourne 2006;

Gagnon et al. 2013) (see Chap. 8).

Unlike the 1918 H1N1 pandemic, the 1957 H2N2 pandemic was the first

pandemic that was lethal without a secondary bacterial infection. The 1957 H2N2

pandemic resulted in higher fatality rates among females than males (<50 years of

age), despite the widespread use of vaccine therapy (Serfling et al. 1967; Kilbourne

2006) (Table 6.1). Most of the fatal cases of H2N2 pandemic had underlying

cardiac or pulmonary conditions. Cardiopulmonary diseases, in general, can be

more frequent and severe in both pregnant and nonpregnant females than males

(Klein et al. 2010b; Neuzil et al. 1998); thus, sex-biased comorbid conditions may
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have contributed to the increased rates of severe disease and mortality among young

adult females during the 1957 H2N2 pandemic (Kilbourne 2006).

During the 2009 H1N1 pandemic in the United States, while females were more

likely to develop severe disease than males (53.2 % female vs. 46.8 % male

hospitalizations), male–female differences in the incidence, severity of 2009

H1N1pdm infection, and mortality rates due to it were dependent on age at the

time of infection (CDC 2014c). Among individuals less than 19 years of age, males

were more likely to contract 2009 H1N1pdm virus and suffer more severe illness,

whereas in adults aged 19–64 years, the bias was reversed. Among adults, females

were at a higher risk of hospitalization and death from 2009 H1N1pdm infection

than males (Jacobs et al. 2012). Among older individuals (i.e., 75 years of age and

older), males were at a higher risk of hospitalization, but females were at a higher

risk of mortality (Jacobs et al. 2012) (Table 6.1).

In Canada, during the first wave of the pandemic (April–August 2009), there

were 168 critically ill patients with confirmed or probable 2009 H1N1 influenza, a

majority of which were young adult females (67.3 % with 7.7 % pregnant) (Kumar

et al. 2009). Additional data from Canada (April–May 2009) indicated that male–

female differences in the incidence of infection varied with age, such that the

incidence of infection with 2009 H1N1pdm was higher in males than females at

10–19 years of age, higher in females than males 20–39 years of age, and equivalent

between the sexes after 40 years of age (Ontario 2009). The reason for the greater

proportion of hospitalized adult females than males in Canada is not known, but

many cases involved comorbid conditions, including chronic lung disease (e.g.,

asthma), which is typically more severe in males prior to puberty and females

during young adulthood (Singh et al. 1999; Schatz et al. 2006; Schatz and Camargo

2003; Ontario 2009; Moorman and Rudd 2007).

In Brazil (April–August 2009), rates of hospitalization with severe acute respi-

ratory illness were higher among females (57.5 %) than males, with a majority of

the females being of reproductive age (15–49 years of age), of which 20.8 % were

pregnant (Ontario 2009; Oliveira et al. 2009). In Portugal, 82 % of deaths from the

2009 H1N1pdm virus were females over 75 years of age (Nogueira et al. 2009).

Finally, in Japan, data from the 2009 H1N1 pandemic as well as from 2005, which

was a particularly severe seasonal influenza year, revealed profound sex differences

in morbidity rates (Eshima et al. 2011). At younger (<20 year of age) and older

(>80 years of age) ages, the morbidity rates were higher for males than females.

Conversely, during the reproductive years (20–49 years of age), morbidity rates

were higher for females than males. Most countries, including the United States, did

not stratify and analyze the 2009 H1N1 pandemic data by age and sex. Analysis of

male–female differences in incidence data stratified by both sex and age group is

necessary to properly evaluate whether these differences are conserved across the

life span and in diverse regions of the world. The Canadian government has led the

way by requiring disaggregation and analysis of data by sex, which is the most

parsimonious explanation for why male–female differences were so widely

reported in Canada, and not in other countries, including the United States, during

the 2009 H1N1 pandemic.
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6.3.5 Animal Models

Small animal models have been instrumental in characterizing sex differences in

the outcome of influenza virus infection and in determining some of the mecha-

nisms mediating these differences (Robinson et al. 2011a, b; Larcombe et al. 2011).

We have established that male mice are more resistant to influenza viruses than

females. When adult male and female C57BL/6 mice are inoculated with ma H1N1

(i.e., A/Puerto Rico/8/1934 [A/PR8]) or H3N2 (i.e., A/Hong Kong/68 [A/HK68])

viruses using 5 log10 dilutions to determine the median lethal dose (LD50) for each

sex, the LD50 for females is 11-fold lower for A/PR8 and 4-fold lower for A/HK68

than the LD50 for males (Lorenzo et al. 2011). Sex differences in morbidity

following infection with H1N1 or H3N2 viruses are also dose-dependent with

females experiencing greater body mass loss and hypothermia than males after

infection with median doses. In contrast, at sublethal doses, both sexes experience

minor, transient morbidity, and at high, lethal doses, both sexes experience extreme

morbidity (Lorenzo et al. 2011). Thus, females can experience a worse outcome

following infection with A/PR8 and A/HK68 viruses, but this effect is dose

dependent.

Female mice consistently show greater reductions in body mass and body

temperature as well as survival as compared with males when infected with median

doses of A/PR8 (Robinson et al. 2011b). Titers of infectious virus in the lungs do

not differ between the sexes, suggesting that changes in virus load alone are not

responsible for the observed sex differences in morbidity and mortality. Highly

pathogenic influenza viruses cause severe disease by initiating profound

pro-inflammatory cytokine and chemokine responses (Guan et al. 2004; de Jong

et al. 2006). Consequently, within the first week after infection with A/PR8, females

show a greater induction of cytokines and chemokines, including CCL2, tumor

necrosis factor alpha (TNF-α), interferon gamma (IFN-γ), and interleukin-6 (IL-6,)
in their lungs than males. Similarly, female adult BALB/c mice infected with a

mouse-adapted H3N1 influenza virus develop greater lung hyperresponsiveness to

methacholine challenge and produce more CCL2 than male mice (Larcombe

et al. 2011). However, as no differences in virus titers are evident between the

sexes, host-mediated immunopathology rather than virus replication is hypothe-

sized to underlie sex differences in influenza pathogenesis.

6.4 Sex Differences in Responses to Influenza Vaccines

and Antiviral Treatments

6.4.1 Acceptance and Receipt of Vaccines

Acceptance of (i.e., the intention of receiving) influenza vaccines is passively

measured through questionnaires. The intention of receiving either pandemic or
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avian influenza vaccines is reportedly 2–3 times lower for females than males, even

among health care providers (e.g., nurses and general practitioners) in the United

States, France, and Hong Kong (Opstelten et al. 2008; Ailes et al. 2013; Chor

et al. 2009; Beau et al. 2014). Receipt of seasonal trivalent inactivated influenza

vaccines (TIV) in the United States and in several European countries is consis-

tently lower among both young and old adult females than their male counterparts

(Endrich et al. 2009; Merrill and Beard 2009; Bean-Mayberry et al. 2009; Jimenez-

Garcia et al. 2010). A systematic review revealed that during the 2009 H1N1

pandemic, receipt of the monovalent vaccine was consistently higher in males

than females worldwide (Furman et al. 2013). Because male-biased acceptance

and receipt of influenza vaccines is observed among old adults (i.e., postmeno-

pausal), as well as young adults, pregnant women refusing vaccination cannot

solely be responsible for the lack of acceptance and receipt of influenza vaccines

among females.

6.4.2 Antibody Responses to Vaccines

Among both young (18–64 years of age) and old (65+ years of age) adults, females

have higher hemagglutination inhibition (HAI) antibody titers than males following

TIV administration. Receipt of either a full or half dose of seasonal TIV in adults

18–49 years of age results in HAI antibody titers that are at least twice as high in

females than males (Engler et al. 2008). Following vaccination, adult females

develop higher HAI and neutralizing antibody titers than adult males against

H1N1, H3N2, and influenza B antigens (Engler et al. 2008; Furman et al. 2013).

Among old adults that received the standard intramuscular seasonal TIV, higher

HAI titers are associated with lower rates of hospitalization and mortality in

females than in males. This suggests that the efficacy of the TIV in old adults

may be higher for females (Wang et al. 2002; Chan et al. 2010). Among old adults,

antibody responses to high-dose TIV are consistently higher than responses to

standard-dose TIV for both males and females. Sex differences in HAI titers to

high-dose TIV are still apparent, with antibody responses against each of the three

influenza antigens being significantly higher in old females compared with

age-matched males (Falsey et al. 2009).

Whether sex differences occur in response to seasonal live attenuated influenza

vaccine (LAIV) has not been reported. Similar to seasonal TIV administration, old

females were reported to have higher HAI antibody titers against the monovalent

2009 H1N1pdm inactivated vaccine than males, resulting in a 2–3 times higher

seroprotection and seroconversion rate in females than males (Chudasama

et al. 2013). Although older females produced higher antibody responses to the

H1N1pdm vaccine, the avidity of their antibodies after H1N1pdm vaccination was

significantly lower than that of old males (Khurana et al. 2012). If higher avidity is a

measure of a superior antibody response in the elderly, then these data suggest that
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the quality of the antibody response may be better for males than females. Con-

versely, cross-reactivity of antibody may be higher for females than males.

Animal models often provide insights into differential efficacy of vaccines.

When immunized with a ma H1N1 (i.e., A/PR8) or H3N2 (i.e., A/HK68) influenza

virus, adult female mice of reproductive ages mount higher neutralizing and total

antibody responses than males (Lorenzo et al. 2011). Following vaccination, female

mice are better protected against lethal challenge with a novel influenza strain than

males (Lorenzo et al. 2011). Although elevated immunity afforded females greater

cross protection than males against lethal challenge with novel influenza viruses,

both sexes are equally protected against lethal challenge with homologous virus

(i.e., the strain of virus in the vaccine) (Lorenzo et al. 2011).

6.4.3 Adverse Reactions to Vaccines

Passive (i.e., voluntary) reporting of local reactions (e.g., muscle pain, redness, and

inflammation) to influenza vaccines is more frequent for females than males among

both young and old adults (Cook 2009). Measurements of local erythema and

induration, both of which are associated with inflammation, reveal that both

young and old adult females have larger (�6 mm) injection site reactions to TIV

than their male counterparts (Cate et al. 1983). Systemic reactions (e.g., fever,

chills, nausea, headaches, and body aches) to TIV also are more commonly reported

by females than males, with fatigue and headache being the most notable systemic

reactions that occur more frequently in adult females than males (Nichol

et al. 1996). Reports of local and systemic adverse reactions also are more frequent

among adult females than males following receipt of the inactivated monovalent

2009 H1N1pdm vaccine (Elenkov et al. 2001; Fofie et al. 2005). The types of

adverse reactions to the 2009 H1N1pdm vaccine that were reported, however, were

similar between the sexes (Elenkov et al. 2001). To date, whether altering the dose

or route of administration for the vaccine could reduce adverse reactions in females

has not been analyzed.

A higher frequency of adverse reactions following receipt of the MF59-

adjuvanted monovalent H5N1 vaccine was reported in females than males (Gao

et al. 2013). When administered alone either intramuscularly or intradermally, the

adjuvant aluminum hydroxide, which has been used as an adjuvant for influenza

vaccines, causes greater injection site reactions in adult females than males

(Pittman 2002). A recent analysis of passive reports to the Vaccine Adverse

Event Reporting System revealed that immediate hypersensitivity reactions were

higher in females than males (10–69 years of age) following receipt of either

inactivated or live attenuated monovalent H1N1pdm vaccines (Griffioen and Hal-

sey 2014).
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6.4.4 Responses to Antiviral Treatments

Following infection, neuraminidase inhibitors can be administered to alleviate

symptoms of disease and virus shedding (De Clercq 2006). Oseltamivir (Tamiflu)

is administered orally, absorbed in the gastrointestinal tract, and converted to the

active metabolite, oseltamivir carboxylate, by an esterase in the liver (De Clercq

2006). Zanamivir (Relenza) is an inhaled powder delivered as the active compound

directly into the respiratory tract (De Clercq 2006). In patients with confirmed

influenza A virus infection and treated with oseltamivir, alleviation of symptoms of

disease is faster, and the reduction of nasal virus load is greater among males than

females (Blanchon et al. 2011). In contrast, in influenza A virus-infected patients

treated with zanamivir, no sex differences in either alleviation of symptoms or virus

load are observed, suggesting that male–female differences in drug absorption or

metabolism may contribute to the dimorphic outcome of treatment with oseltamivir

but not zanamivir (Blanchon et al. 2011). Data also suggest that, at least in

newborns, females clear oseltamivir more rapidly than males (Maltezou

et al. 2011). Male–female differences in the outcome of oseltamivir treatment do

not appear to be due to differences in treatment compliance (Blanchon et al. 2011).

Future clinical studies must continue to partition and analyze antiviral drug out-

come data by sex and establish the biological mechanisms mediating how

oseltamivir is more effective in males than females.

6.5 Effects of Pregnancy on Influenza Pathogenesis

and Responses to Vaccine

6.5.1 Infection

Pregnancy is a female-specific risk factor for severe disease following infection with

seasonal influenza and was for the 1918 H1N1, 1957 H2N2, 1968 H3N2, and 2009

H1N1 pandemic viruses (Beigi 2012; Memoli et al. 2013; Liu et al. 2013) (Table 6.2).

Pregnant women are 3 to 10 timesmore likely to be hospitalized and are at greater risk

of intensive care unit (ICU) admission and secondary bacterial infections as compared

to age-matched nonpregnant females (Jamieson et al. 2009; Klein et al. 2010b; Pazos

et al. 2012a). These outcomes are less well characterized for avian influenza viruses,

but the few cases of infected pregnant women reported indicate an increased risk of a

severe disease outcome (Shu et al. 2006; Qi et al. 2014).

During the 1918 H1N1 pandemic, the fatality rate for pregnant women was over

50 % (vs. 33 % in the general population). Similar to young males, the increased

fatality rate from the 1918 H1N1pdm virus among pregnant women was associated

with secondary bacterial infections (Woolston and Conley 1918; Harris 1919)

(Table 6.2). During the 2009 H1N1 pandemic, pregnant women were also at greater

risk of a severe outcome, with approximately 80 % of maternal deaths occurring
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during the third trimester of pregnancy (WHO 2009; Jain et al. 2009; Vaillant

et al. 2009; Rojas-Suarez et al. 2014). Although the outcome of seasonal influenza

virus infection is less severe than the outcome of pandemic influenza viruses,

pregnant women have a longer length of hospitalization from infection with

seasonal influenza viruses (Cox et al. 2006) (Table 6.2). Moreover, the risk of

severe influenza increases during the course of pregnancy, with rates of hospitali-

zation being greatest during the third trimester (Griffiths et al. 1980; Neuzil

et al. 1998; Rogers et al. 2010) (Table 6.2).

Pregnant women may be more susceptible to influenza viruses due to changes in

their immune status (see Chap. 3). During the course of pregnancy, the local and

systemic immunological environment becomes less inflammatory in order to sus-

tain a healthy pregnancy and avoid rejection of the fetus. Pregnancy in both humans

as well as murine models is associated with a decrease in pro-inflammatory

responses and a shift toward regulatory and anti-inflammatory responses, charac-

terized by an increase in CD4+ T helper type 2 (Th2) cells and CD4+ T regulatory

(Treg) cells (Fofie et al. 2005; Elenkov et al. 2001; Rowe et al. 2012; Marzi

et al. 1996; Kraus et al. 2010). These changes in the immunological profile during

pregnancy parallel increases in estrogens and progesterone over the three trimesters

of pregnancy (Robinson and Klein 2012). Finally, anatomical and physiological

changes over the course of pregnancy increase cardiopulmonary demands (Louie

et al. 2010; Mosby et al. 2011; Klein et al. 2010b). The hormonal, immunological,

physiological, and anatomical changes that occur during pregnancy may all con-

tribute to an increased risk of a severe outcome from influenza virus infection.

Table 6.2 The effects of pregnancy on the outcome of influenza virus infection in humans

Influenza

virus

Pregnancy

effect

Dependent

measure References

1918

H1N1pdm

P>GP Mortality Woolston and Conley (1918), Harris (1919)

P>GP Secondary bac-

terial infection

1957

H2N2pdm

P>GP Incidence and

risk of abortion

Hardy et al. (1961)

2009

H1N1pdm

P3> P1
and

P>GP

Incidence Louie (2009), Jamieson et al. (2009), Jain

et al. (2009), Creanga et al. (2011) Doyle

et al. (2013) Rojas-Suarez et al. (2014)

P>NP Hospitalizations

P2-

P3>GP

ICU admissions

P3>NP Mortality

Seasonal

influenza

P>NP Incidence Griffiths et al. (1980), Neuzil et al. (1998), Cox

et al. (2006), Rogers et al. (2010)P>GP Hospitalizations

P3>NP ICU admissions

P3>NP Complications

P pregnant, P1 pregnant first trimester, P2 pregnant second trimester, P3 pregnant third trimester,

GP general population, NP nonpregnant women
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Very little is known about the immunological responses to influenza viruses

during pregnancy. Following 2009 H1N1pdm virus infection, pregnant women had

decreased numbers of plasmacytoid dendritic cells (pDCs). These cells expressed

an altered phenotype that lead to a downregulation of the activation of cytotoxic

CD8+ T cells and their production of the pro-inflammatory cytokine IFN-γ
(Vanders et al. 2013). These changes in CD8+ T cell activity during pregnancy

have also been demonstrated in a murine model of pregnant mice infected with an

maH1N1 strain (Pazos et al. 2012b). Pregnant mice infected with ma2009 H1N1

virus have an increase in numbers of pulmonary macrophages and Treg cells as

compared with nonpregnant female mice (Marcelin et al. 2011). Pregnant mice

infected with ma2009 H1N1 have greater mortality and production of

pro-inflammatory cytokine and chemokines in the lungs, including TNF-α, CCL2,
CCL3, and CXCL1, as compared with nonpregnant female mice (Chan et al. 2010;

Marcelin et al. 2011; Uchide et al. 2012). Whether control of virus replication is

diminished during pregnancy is not clear because data regarding differences in viral

loads are contradictory (Chan et al. 2010; Marcelin et al. 2011).

6.5.2 Vaccination

Infection of pregnant women with either seasonal or pandemic influenza viruses

can negatively affect the outcome of pregnancy by increasing the risk of spontane-

ous abortions, stillbirths, fetal weight loss, and fetal prematurity (Griffiths

et al. 1980; Harris 1919; Hardy et al. 1961; Jamieson et al. 2009; Doyle

et al. 2013; Creanga et al. 2011). Due to this, most countries recommend the use

of vaccines in pregnant women.

The TIV vaccine is safe, is highly efficacious, and has no reported adverse

effects on pregnancy outcomes (Tamma et al. 2009; Beau et al. 2014; Moro

et al. 2012). During the 2009 H1N1 pandemic, a monovalent vaccine was made

available, and there is no evidence of any risk to the mother or her fetus (Chambers

et al. 2013; Louik et al. 2013). Moreover, vaccination of pregnant women induces

the same amount of antibodies and similar pro-inflammatory response as in

nonpregnant women (Christian et al. 2013).
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6.6 Hypothesized Mechanisms Mediating Sex Differences

in Response to Influenza Virus Infection

and Vaccination

6.6.1 Estrogens

Estrogens, such as 17β-estradiol (E2), occur in high concentrations in nonpregnant

as well as pregnant females. E2 is responsible for the majority of the “classic”

estrogenic effects in reproductive and nonreproductive tissues. Estrogen receptors

(ERs), including genomic and non-genomic varieties, are expressed in lymphoid

tissue cells as well as in lymphocytes, macrophages, neutrophils, and dendritic cells

(DCs) (Kovats et al. 2010). As detailed in Chap. 1, E2 affects several aspects of

innate immunity, including the functional activity of DCs, macrophages, and

neutrophils, which influence downstream adaptive immune responses. E2 has

bipotential effects on monocytes and macrophages, with low doses enhancing

pro-inflammatory cytokine production (e.g., IL-1, IL-6, and TNF-α) and high

concentrations reducing production of these cytokines (Bouman et al. 2005). E2

has similar dose-dependent effects on cellular and humoral immune responses, with

low E2 concentrations promoting Th1 responses and cell-mediated immunity but

high concentrations of E2 augmenting Th2 responses and humoral immunity

(Straub 2007). E2 regulates pro-inflammatory responses that are transcriptionally

mediated by NF-κB through a negative feedback/transrepressive interaction with

NF-κB (Kalaitzidis and Gilmore 2005; Dai et al. 2007).

Murine models of influenza A virus pathogenesis demonstrate that E2 treatment

protects females against infection-induced morbidity and mortality (Robinson

et al. 2011b, 2014; Nguyen et al. 2011; Pazos et al. 2012b). Treatment of these

mice with E2 would appear to protect against influenza A virus infection by

dampening the inflammatory responses associated with tissue damage, including

excessive production of IFNγ, TNFα, and CCL2, and by promoting higher antibody

responses to influenza vaccination (Robinson et al. 2011b, 2014; Nguyen

et al. 2011; Pazos et al. 2012b). Some (Pazos et al. 2012b), but not all (Robinson

et al. 2011b, 2014), studies suggest that treatment of females with E2 affects type I

IFN responses and virus replication in the lungs. Treatment with E2 also increases

production of chemoattractants for neutrophils, including CCL3 and CXCL1,

pulmonary infiltration of neutrophils, and cytokine production by virus-specific

CD8+ T cells as compared with placebo-treated females (Robinson et al. 2014).

Neutrophils are critical regulators of inflammation, virus clearance, and tissue

repair during influenza infection (Tate et al. 2009, 2012). Depletion of neutrophils

in E2-treated females reverses the protective effects of E2 on the outcome of A/PR8

infection and increases inflammatory cytokine production (Robinson et al. 2014).

These data indicate that neutrophils play a fundamental role in the protective effects

of E2 against influenza A virus infection, at least in female mice.
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6.6.2 Progesterone

Progesterone (P4) is produced primarily by the corpus luteum during the menstrual

cycle in nonpregnant females and its production is sustained at high levels by the

placenta during pregnancy (Brisken 2013). P4 signals through the progesterone

receptor (PR) but also to a lesser extent through the glucocorticoid (GR) and

mineralocorticoid receptor (Hapgood et al. 2013). PRs are present on many differ-

ent immune cell types, including NK cells, macrophages, DCs, T cells, as well as

nonimmune cells such as epithelial cells, endothelial cells, and neuronal cells

(Teilmann et al. 2006; Jain et al. 2012).

In vitro studies show that P4 can alter the immune environment by promoting an

anti-inflammatory milieu. It does so by modulating innate immune cells as well as

skewing the cell-mediated immune response toward an anti-inflammatory, regula-

tory phenotype. In the presence of P4, macrophages and DCs have a lower state of

activation; produce higher levels of anti-inflammatory cytokines, such as IL-10;

and produce lower amounts of pro-inflammatory cytokines, such as IL-1β and

TNF-α, as compared with nonhormone-treated cells (Butts et al. 2007; Jones

et al. 2010; Kyurkchiev et al. 2007). When cord blood cells are treated with P4,

the percentages of Foxp3+ Tregs increase, whereas the percentages of Th17 cells

decrease (Lee et al. 2011). Similarly, in pregnant mice treated with P4, the pro-

portions of Tregs in the uterus are increased (Mao et al. 2010). In humans, Tregs are

also increased during pregnancy, mostly during the second and third trimester

(Mjosberg et al. 2009; Saito et al. 2010).

To date, no published studies have evaluated the effects of progesterone on the

outcome of influenza A virus infection. However, given the known actions of P4

described above, P4 might suppress or downregulate the inflammatory response

during influenza A virus infection and potentially contribute to the worse outcome

of influenza A virus during pregnancy. Alternatively, P4 may help to alleviate the

pathology caused by the inflammatory response triggered during influenza A virus

infection. Repair of the inflammatory damage induced in the lungs following

influenza A virus infection is generally orchestrated by Tregs and cytokines,

including IL-10 and TGF-β, along with remodeling by epithelial cells (Sun

et al. 2009). Although the role of P4 in the repair of lung epithelium has not yet

been demonstrated, P4 promotes repair of myelin fibers in the central nervous

system as well as in the endometrial epithelium (Khan et al. 2005; Schumacher

et al. 2012). Further, PRs are located in epithelial cells in the lungs (Jain et al. 2012).

Taken together, these data suggest that P4 may play a significant role in influenza

pathogenesis in both pregnant and nonpregnant females.
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6.6.3 Androgens

Androgens are produced and released from Leydig cells in the testes, and occur in

higher concentrations in postpubertal males than in females. Generally, androgens,

including dihydrotestosterone (DHT) and testosterone (T), suppress the activity of

immune cells (Roberts et al. 2001; Olsen and Kovacs 1996). Androgen receptors

are expressed on several immune cell types, including monocytes, macrophages,

DCs, NK cells, and lymphocytes (Lai et al. 2012). Exposure to T or DHT reduces

the production of pro-inflammatory products, including TNF-α (D’Agostino
et al. 1999), and increases the synthesis of anti-inflammatory cytokines, including

IL-10 and TGF-β, indicating that androgens impact inflammatory responses by

signaling through the androgen receptor (D’Agostino et al. 1999; Liva and Voskuhl
2001) (Gold et al. 2008). Hypogonadal men (i.e., androgen deficiency) have higher

inflammatory cytokine (e.g., IL-1β, IL-2, TNF-α, and CCL3) concentrations, leptin
levels, antibody titers, and CD4+:CD8+ T cell ratios than do healthy men (Kocar

et al. 2000; Musabak et al. 2003; Malkin et al. 2004; Kalinchenko et al. 2010;

Bobjer et al. 2013).

The anti-inflammatory effects of androgens may reflect the inhibitory effects of

androgen receptor signaling mechanisms on transcriptional factors that mediate the

production of pro-inflammatory and antiviral cytokines (McKay and Cidlowski

1999). Androgens also enhance the expression of peroxisome proliferator-activated

receptor-α (PPAR-α) in T cells by engagement with androgen response elements in

the promoter of the PPAR-α gene, which can repress the activity of NF-κB and cJun

to control inflammation in males (Dunn et al. 2007). Castration of male mice

reduces survival from influenza A virus infection relative to gonadally intact

controls suggesting that androgens may be protective against influenza A virus

infection (Robinson et al. 2011a, b). If men are stratified based on whether their

circulating testosterone concentrations are above (high) or below (low) the median,

those men with high testosterone concentrations have the lowest antibody responses

following TIV administration when compared with women, which appears to be

caused by androgen regulation of lipid biosynthesis (Furman et al. 2013). Addi-

tional studies must determine the mechanisms mediating how androgens alter

immune responses to influenza virus infection and vaccination in males.

6.6.4 Genetic Mechanisms

Although direct effects of sex steroids may cause sex differences in physiology,

another hypothesis is that genes on the X chromosome, the Y chromosome, or both

alter the expression of sexually dimorphic phenotypes directly in non-gonadal

tissues through mechanisms other than gonadal hormones (Lenz 1931; Purtilo

and Sullivan 1979; Arnold and Chen 2009). Many genes on the X chromosome

regulate immune function and play an important role in modulating sex differences
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in the development of immune-related diseases (Libert et al. 2010). These immune-

related genes code for proteins ranging from pathogen recognition receptors (PRRs)

(e.g., Tlr7 and Tlr8) to cytokine receptors (e.g., Il2rg and Il13ra2) and transcrip-

tional factors (e.g., Foxp3) (Fish 2008). There is higher expression levels of Tlr7 in
females than males (Pisitkun et al. 2006) and DCs isolated from women produce

twice as much IFN-α in response to TLR7 ligands than do DCs from men (Meier

et al. 2009). Polymorphisms in Y chromosome genes also affect sex-dependent

susceptibility to viral infection (Case et al. 2012). The expression of X-linked genes

may also be affected by X-linked miRNAs. MiRNAs are small noncoding RNAs

that regulate genes expression at a posttranscriptional level and play a critical role

in maintaining immunological homeostasis. Dysregulation of miRNA expression

may underlie development of immune-mediated diseases, ranging from cancers to

autoimmune diseases (Pinheiro et al. 2011). There are a disproportionately higher

number of miRNAs located on the X chromosome than on any autosomal chromo-

some, which is hypothesized to contribute to sex-specific development of immune-

mediated diseases (Pinheiro et al. 2011). Interpretation of sex differences in the

expression of X-linked genes, however, is challenging because sex hormones or sex

chromosome complement can still contribute to the observed differential gene

expression (Arnold and Lusis 2012).

The Sry gene on the Y chromosome causes testes formation and testosterone

synthesis leading to male-typic development of many phenotypes, whereas the

absence of Sry results in ovaries and female-typic development (Koopman

et al. 1991). The “four core genotypes” (FCG) mouse model has been developed

to investigate the impact of sex chromosomes (XX vs. XY) and gonadal type (testes

vs. ovaries) on phenotypes. In FCG mice, Sry is deleted from the Y chromosome

and an Sry transgene is inserted onto an autosome. Deletion of the Sry gene results
in XYminus (XY�) mice that are gonadal females (i.e., with ovaries), whereas

insertion of the Sry transgene onto an autosome in XX or XY� mice (XXSry and

XY�Sry) results in gonadal males (i.e., with testes). Depletion of gonadal steroids

by gonadectomy of FCG mice unmasks effects of sex chromosome complement on

behavior, brain function, renal function, and susceptibility to autoimmune disease

(Arnold and Chen 2009; Smith-Bouvier et al. 2008). We examined whether sex

chromosome complement affects susceptibility to influenza A virus infection and

found that sex chromosome complement did not affect influenza pathogenesis

(Robinson et al. 2011a). Among those FCG animals that died following inoculation

with A/PR8, the average day of death was later for gonadal male than gonadal

female mice, regardless of whether their sex chromosome complement was XX or

XY. These data support the hypothesis that sex differences in influenza virus

pathogenesis are predominately mediated by sex steroid hormones rather than by

sex chromosome complement.
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6.7 Conclusions and Future Directions

Males and females are biologically different. There are significant gaps in our

understanding of the precise mechanisms mediating sex-biased immune responses

and how this affects the outcome of influenza infection and vaccination. Future

research must continue to define the pathways mediating how hormones, genes, and

genetic polymorphisms alter the functioning of immune cells to change the path-

ogenesis of influenza as well as the outcome of vaccination. Future studies should

continue to consider the age and reproductive status of females as well as whether

females are using exogenous hormones (either through contraceptives or replace-

ment therapy) at the time of infection, drug treatment, or both. The observation that

sex differences in the outcome of infection and in responses to antiviral treatments

for hepatitis depend on the hormonal status, and not merely the age, of women

(Villa et al. 2011) is an important observation that should stimulate similar studies

for other diseases, including influenza. Additionally, whether the hormonal milieu

at the time of vaccination influences immune responses and long-term protection

against influenza should be examined.

The recommendation of funding agencies, universities, and journals should be

that clinicians, epidemiologists, and basic biomedical scientists design experiments

that include both males and females, develop a priori hypotheses that the sexes will

differ in their responses to and the outcome of infection and treatments, and

statistically analyze outcome data by sex. The end goal should be that clinicians

and researchers alike consider the sex of their patients or animals when designing

and administering treatments for viral diseases because the outcomes will likely

differ. Consideration of biological sex when formulating and administering thera-

pies or prophylaxis treatments for viral diseases, including influenza, may improve

the efficacy and long-term protection in both males and females.
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Chapter 7

Sex, Gender, and Hemorrhagic Fever Viruses

Jonas Klingstr€om and Clas Ahlm

Abstract It is estimated that more than 100 million individuals worldwide are

annually infected with viruses that can cause a viral hemorrhagic fever (VHF). The

pathogenesis behind various forms of VHF is generally not well understood,

hampering the development of vaccines and specific treatments. Despite their

importance for public health, there is with some exceptions currently a lack of

safe vaccines and effective drugs. Ribavirin, an antiviral compound, is used for

treatment of certain forms of VHFs, but unfortunately it has teratogenic effects and

is therefore not recommended for pregnant women. In general, little is currently

known regarding possible sex and/or gender differences in risk of exposure to VHFs

and if there are sex differences in severity of and/or mortality from VHF. Further,

little is known regarding possible sex differences in effects and side effects of the

vaccines and treatments currently in use. Where data exists, it is often contradic-

tory; for example, more cases of hantavirus infection are recognized among males

than females. Seroprevalence data, however, show a more equal sex distribution,

suggesting either a gender bias in case recognition, diagnoses, or both. Conversely,

there might also be a sex difference in biological susceptibility to hantavirus

infection. Strikingly, at present there are gaps of knowledge regarding possible

sex differences in susceptibility, disease presentation, severity, and outcome in

VHF. Additional clinical and epidemiological studies are needed to improve our

understanding of these often fatal infectious diseases.
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7.1 Introduction

Viral hemorrhagic fevers (VHFs) constitute a threat for public health worldwide.

This group of sometimes highly fatal infections is caused by zoonotic viruses

belonging to the viral families Arenaviridae, Bunyaviridae, Filoviridae, and

Flaviviridae (Table 7.1). All of these viruses are enveloped negative-stranded

RNA viruses. Several of the members are also recognized as potential bioterrorism

agents. The epidemiology varies, and in numerous countries these pathogens are

endemic, but there are also examples of VHFs that can create large unexpected

outbreaks with extensive consequences, especially in low-income countries. Com-

mon clinical features are high fever, myalgia, bleeding tendency, and sometimes

kidney and/or liver involvement. Laboratory findings are characterized by increase

of inflammation markers and thrombocytopenia. The pathogenesis is believed to be

due to affected endothelial functions, leading to increased vascular permeability.

However, the exact mechanism(s) underlying the pathogenesis in VHF in general,

and for the specific forms of VHF in particular, is unknown, which hampers the

development of specific treatments. Furthermore, the extent to which exposure,

pathogenesis, prognosis, and treatment of VHF differ between the sexes has been

grossly understudied.

7.2 Dengue Fever

Dengue virus (DENV) is a common and widely distributed virus affecting at least

100 countries. The virus is transmitted among humans through the bite of female

mosquitoes of the Aedes genus that act as vectors. DENV is efficiently spread in

cities in endemic areas as Aedes mosquitoes breed in small pools of water close to

human dwellings. Dengue fever has increased due to an increase in the geograph-

ical range of the vectors, increased urbanization, and an increase in human popu-

lation density. The World Health Organization (WHO) estimates that more than

50 million DENV infections occur yearly. Of those infected with DENV, approx-

imately 500,000 are hospitalized every year, particularly in Asia and South

America.

Dengue fever is characterized by raised temperature, headache, and muscle and

joint pains accompanied with a skin rash. The infection can be asymptomatic or

mild, but in a small proportion of cases, the more severe forms of dengue fever

develop, termed dengue hemorrhagic fever (DHF) and dengue shock syndrome

(DSS). Patients with DHF exhibit plasma leakage, bleeding, and thrombocytopenia,

and DSS is characterized by critically low blood pressure leading to shock and

severe organ impairment. There are no FDA-approved drugs for dengue fever, and

consequently treatment is supportive and consists of intravenous fluid replacement

(Guzmán and Kourı́ 2002).
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There are four serotypes of DENV, and an infection results in neutralizing

antibodies and a lifelong immunity specific to the serotype responsible for the

infection. Not only does this immunity not provide cross protection for subsequent

infection with another serotype, it increases the risk for the development of the

more severe aspects of disease including DHF or DSS. Children in highly endemic

countries are more likely than adults to be affected by these severe forms of dengue

fever. This is believed to be due to the presence of non-neutralizing maternal

antibodies in their circulation or a previous DENV infection during childhood

(Guzmán and Kourı́ 2002; Whitehorn and Simmons 2011). Therefore, young

children should be targeted in drug trials and dengue vaccine development.

As dengue fever is such an important emerging infection globally, it raises

concern regarding age, sex, and gender differences, which have been addressed

by the WHO (WHO 2007). Differences in health-seeking behavior could influence

the sex ratio in hospitalized children and their treatment and may also potentially

result in differences in disease outcomes in populations of male and female children

(WHO 2007). Incidence rates according to sex vary in different studies. In a

systematic literature search and analysis of data of dengue fever in Brazil during

2000–2010, the highest annual incidence was over 1 million cases. There were

regional differences, but overall females were more likely than males to be infected

by DENV, with the male/female ratio for dengue fever ranging from 0.5 to 1.1:1

(Teixeira et al. 2013).

There are also data supporting that sex differences exist in dengue fever path-

ogenesis. In a Vietnamese study comprising over 132,000 dengue cases, 55 % of

pediatric and adult dengue fever cases were in males. In the pediatric group, girls

had higher risk of developing DSS and a higher case-fatality rate than boys (Anders

et al. 2011). Similarly, a recent meta-analysis of 198 studies revealed that young

age (<12 years) and female sex were significantly associated with DSS (Huy

et al. 2013). The increased risk of severe dengue fever and death among young

girls emphasizes that further studies of possible sex differences in the pathogenesis

of dengue as well as in possible gender-based bias in health-seeking behavior and

clinical care are warranted.

Reports reveal an increased risk for severe dengue fever and fatal outcome

during pregnancy. Pregnant women have a 3.4 times increased risk of developing

severe dengue fever, DHF, and DSS than nonpregnant women, and this risk

increases further with gestational age (Machado et al. 2013). Moreover, DENV

also poses a risk to the fetus, as there is a risk of vertical transmission and neonatal

infection (Pouliot et al. 2010). Other consequences of DENV infection are prema-

ture labor, premature birth, hemorrhage during labor, fetal death in utero, and

miscarriage (Basurko et al. 2009; Adam et al. 2010). In a prospective study in

Malaysia, women presenting with miscarriage were more likely to test positive for a

recent DENV infection as compared with women whose pregnancies were viable

(Tan et al. 2012). There is a need for more studies to verify these findings.
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7.3 Yellow Fever

The disease yellow fever (YF) is caused by the yellow fever virus (YFV), present in

sub-Saharan Africa and tropical regions of South America. YFV is transmitted to

humans via infected female mosquitoes, mainly Aedes spp. in Africa and

Haemagogus spp. in South America. Aedes transmit the virus directly from

YFV-infected humans to humans, while Haemagogus mainly transmit the virus

from infected monkeys to humans (Barrett et al. 2007). In cities, Aedes aegypti
transfer YFV between humans. This mosquito is also the vector for DENV, but

although the same vector carries both these viruses, YFV has in contrast to DENV

not spread to Asia (Agampodi and Wickramage 2013).

The incubation period for YFV is only 3–6 days. In most cases YFV infection is

asymptomatic or causes mild YF. The infection/case ratio has been estimated to be

7:1 (Monath et al. 1980). However, during epidemics, 20–50 % of the population

can be infected, and around 15 % of infections result in more severe YF that

ultimately leads to a fulminant VHF with a significant case-fatality rate of 20–

50 %. Hence, YF causes substantial problems for the health-care systems in

affected areas (Barrett et al. 2007). In a study from Brazil, old age and male sex

were associated with increased risk for a lethal outcome during YF (Tuboi

et al. 2007).

No specific treatment is available, and only supportive care can be given to YF

patients. However, an effective live attenuated vaccine, the YF17D vaccine, exists

and has been in use since the late 1930s. While the vaccine is considered safe, there

can be severe side effects that sometimes are fatal (<1 case/1,000,000 vaccine

doses; Nordin et al. 2013; Biscayart et al. 2014). A rare consequence of YF

vaccination is YF17D vaccine-associated viscerotropic disease (YEL-AVD),

which is associated with high lethality. YEL-AVD is mainly found in young

females with innate immunity defects and elderly males with age-related immune

senescence (Monath 2012). Lethality is higher in the young females than in the

elderly males (Monath 2012). In particular women 19–34 years of age might be at

higher risk than males and other age groups for YFV vaccine-associated death

(Seligman 2011).

7.4 Lassa Fever

Lassa virus (LASV), a member of the Arenaviridae, causes Lassa fever in West

Africa. The natural host for LASV is the multimammate rat, Mastomys natalensis.
Humans are infected via inhalation and contact with virus-contaminated rodent

excreta and blood, but direct human-to-human transmission via body fluids also

occurs. The incubation period is normally 1–3 weeks. Lassa fever comes in a wide

spectrum of symptoms, which makes it difficult to diagnose.
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The estimated annual total number of Lassa fever cases ranges from 300,000 to

2,000,000, with an estimated case-fatality rate in the range of 0.25–2 % (McCor-

mick et al. 1987; Fichet-Calvet and Rogers 2009; Falzarano and Feldmann 2013;

McLay et al. 2014). It is currently not well known why certain individuals succumb

to the disease while others quickly recover after a mild disease. The only available

treatment is the antiviral ribavirin (McLay et al. 2014). No vaccine is available.

Viremia might predict the outcome as high concentrations of LASV are associated

with poor prognosis (Johnson et al. 1987; Oldstone and Campbell 2011). Lassa

fever is considered a mild hemorrhagic fever, as reflected by the relatively low

case-fatality rate. However, given the sheer number of annual cases, it poses a

severe public health problem. In addition, in pregnant women, spontaneous abor-

tion can occur (Jeffs 2006). In, e.g., Nigeria, nosocomial outbreaks are also a

serious concern for the health-care system (Ajayi et al. 2013; Fisher-Hoch

et al. 1995).

In areas where LASV is endemic, the seroprevalences in the populations are

high: around 20 % of the population in Nigeria, C€ote d’Ivoire, Benin, and Ghana

and over 50 % of the population in certain regions of Sierra Leone and Guinea are

estimated to have been infected with LASV (Tomori et al. 1988; Gire et al. 2012).

An unusual aspect of LASV infection is that patients generally become immune

suppressed (McLay et al. 2014). While macrophages and dendritic cells are infected

by LASV, this does not trigger activation of innate immune cells (Baize et al. 2004).

High titers of Lassa virus-specific IgG were detected in two individuals infected

more than 40 years previously, suggesting that infection activates a robust, long-

term antibody response (Bond et al. 2013). Deafness occurs in 15–30 % of Lassa

fever patients, and in many cases this results in a permanent loss of hearing

(Cummins et al. 1990). Studies on possible sex-specific patterns in the risk of

being infected with LASV or on severity/mortality of Lassa fever are lacking.

7.5 Ebola Hemorrhagic Fever and Marburg Hemorrhagic

Fever

Case-fatality rates can be as high as 90 % during local outbreaks of Ebola hemor-

rhagic fever and Marburg hemorrhagic fever. Ebolaviruses and Marburgviruses

belong to the Filoviridae family. Ebola hemorrhagic fever is endemic in Central

Africa, where three species of ebolaviruses, mainly Zaire virus (associated with

case-fatality rates of 60–90 %), Sudan virus (associated with case-fatality rates of

40–60 %), and also Bundibugyo virus (associated with a case-fatality rate of 25 %),

circulate and infect humans (Feldmann and Geisbert 2011). Reston virus, the

only Ebolavirus not associated with human disease, is found in the Philippines.

Marburg hemorrhagic fever is caused by Marburg virus (which is associated with
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case-fatality rates of 70–85 %) and Ravn virus (Towner et al. 2009; Johnson

et al. 1996). Ebola hemorrhagic fever and Marburg hemorrhagic fever are very

rare diseases; in total less than 2,500 clinical cases were reported from the first

known outbreak in 1967 and up to 2008 (Leroy et al. 2011). However, large

outbreaks have occurred, and the local effect of these on the areas where they

occur can be devastating (MacNeil and Rollin 2012). Importantly, in 2014 the so far

largest Ebola hemorrhagic fever outbreak reported struck west Africa (Baize

et al. 2014; Dixon and Schafer 2014), reaching for the first time a capital city

showing that Ebola virus outbreaks occur over larger areas than previously believed

and also that it can hit large cities.

Ebola hemorrhagic fever and Marburg hemorrhagic fever have incubation

periods of around 3–13 days followed by an abrupt onset of symptoms (Kortepeter

et al. 2011). Those that survive the first 2 weeks of the disease most often survive.

As these diseases, like VHF in general, present with nonspecific symptoms, there is

a high risk of person-to-person spread, including nosocomial transmission, before

Ebola hemorrhagic fever and Marburg hemorrhagic fever are suspected and

diagnosed.

It seems that women are at higher risk than men for Ebola hemorrhagic fever,

likely because women are more involved in caretaking and hence are at increased

risk of being exposed to Ebola virus from Ebola hemorrhagic fever patients

(McElroy et al. 2014). There is an increased risk for miscarriage, and it is suspected

that there is a high case-fatality rate for children of infected mothers (Feldmann and

Geisbert 2011). In contrast to common beliefs, hemorrhagic manifestations are

evident in less than half of the patients, and it is not associated with increased risk

for lethal outcome; instead it is believed that the systemic inflammation, especially

the production of pro-inflammatory cytokines, is an important factor for lethal

outcome (McElroy et al. 2014). Because females typically mount higher inflam-

matory responses than males (see Chap. 1), this might suggest that females would

suffer a worse outcome than males following infection with Ebola virus. No

treatment or vaccines are available against Ebola or Marburg hemorrhagic fever.

Ribavirin has no effect on filoviruses (Huggins 1989) and is therefore not

recommended as a treatment. The sex of individuals should be considered when

designing vaccines and treatments for these VHF viruses.

The very high case-fatality rates observed for Ebola and Marburg outbreaks in

Central Africa might partly depend on the lack of good health-care systems and

hospitals. An outbreak of Marburg virus in Europe in 1967, caused by imported

monkeys, had a case-fatality rate of 23 %, much lower than the case-fatality rates

for Marburg virus outbreaks in Central Africa, suggesting that state-of-the-art

intensive care provided by well-equipped hospitals can decrease the case-fatality

rate substantially (Clark et al. 2012; Feldmann and Geisbert 2011).
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7.6 Crimean-Congo Hemorrhagic Fever

Crimean-Congo hemorrhagic fever (CCHF) is a tick-borne disease caused by

CCHF virus (CCHFV), a member of the Nairovirus genus in the Bunyaviridae
family. CCHF is one of the most widespread tick-borne infectious diseases in the

world and has been reported in more than 30 countries in Africa, Asia, Europe, and

the Middle East (Ergonul 2006; Sargianou and Papa 2013). CCHFV is a zoonotic

virus, but unlike most other viruses that cause VHF, it infects a wide variety of

mammal species. The natural host is the tick that also serves as the vector,

transmitting the virus to humans and other mammals (Hoogstraal 1979; Bente

et al. 2013). In contrast to human infection, CCHFV infection in animals is

asymptomatic (Ergonul 2006). How CCHFV causes disease in humans is unknown,

and why specifically humans get CCHF after CCHFV infection is also not under-

stood (Swanepoel et al. 1989, Geisbert and Jahrling 2004). Humans are normally

infected via a tick bite from the main vectors, Hyalomma ticks. Infection can also

occur via close contact with CCHF-infected humans or via contact with infected

livestock, e.g., during slaughter (Ergonul 2006). Nosocomial outbreaks occur,

which is of specific concern for health-care workers (Ergonul 2006; Naderi

et al. 2011).

In most cases CCHF is a mild disease, but it can be very severe, and has been

associated with a case-fatality rate of up to 30 %. However, more recent studies

indicate that the case-fatality rate is lower. Turkey, which has had in total 6,864

recognized CCHF cases between 2002 and 2012, has an overall annual case-fatality

rate of 4–5 % (Yagci-Caglayik et al. 2014). CCHFV is classified into genetically

distinct clades based on a region of the genome termed the S segment (Ergonul

2012). It is likely that specific clades have specific pathogenic properties that might

be associated with the severity of infection they induce. A low- or even nonpatho-

genic strain of CCHFV was recently reported to circulate in Greece (Papa

et al. 2014), and different strains, which might differ in their ability to cause

human disease, have been reported to circulate also in Turkey (Yagci-Caglayik

et al. 2014).

More males than females have been reported (Yilmaz et al. 2008; Yilmaz

et al. 2009; Sisman 2013; Mofleh and Ahmad 2012; Yagci-Caglayik et al. 2014)

to be diagnosed with CCHFV, but comprehensive studies are lacking, and it

therefore remains to be shown if there are sex-dependent differences in the risk of

CCHFV infection. The disease seems to be milder in children than adults (Tezer

et al 2010; Tuygun et al. 2012; Belet et al. 2014). A total case-fatality rate of 1.1 %

(2 deaths out of 179 recorded cases in patients under the age of 18 years) in Turkey

(Belet et al. 2014) supports this notion. In contrast, in an Iranian study, the case-

fatality rate for patients under 18 years of age (with 13 males out of 14 total cases)

was 26 % (Sharifi-Mood et al. 2008), indicating that high case-fatality rates can

occur also in younger age groups. Importantly, the small number of cases studied

makes it difficult to draw conclusions regarding if the severity of CCHF might be

age dependent.
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There is no FDA-approved vaccine or treatment for CCHF. Currently CCHF

patients are given supportive therapy, often together with ribavirin (Keshtkar-

Jahromi et al. 2011). A vaccine, based on the CCHFV strain V42/81 propagated

in suckling mouse brain, is in use in Bulgaria (Papa et al. 2011). This vaccine can

induce a low level of neutralizing antibodies, but whether it protects against CCHF

has not been properly addressed (Mousavi-Jazi et al. 2012). Females often develop

higher neutralizing antibody responses against viral vaccines than their male

counterparts (Klein et al. 2010). Greater consideration as to whether the CCHFV

vaccine is more efficacious in females should be given. Although ribavirin is often

administrated to CCHF patients, it is unclear if it has a beneficial effect (Keshtkar-

Jahromi et al. 2011; Duygu et al. 2012). Anti-CCHFV immunoglobulin, from

convalescent CCHF patients, has also been used, but as for ribavirin, studies

addressing its efficacy for CCHF patients are lacking (Keshtkar-Jahromi

et al. 2011). There are strong side effects of ribavirin precluding its use in pregnant

women with suspected CCHF. Bradycardia was observed in ribavirin-treated chil-

dren diagnosed with CCHF, indicating that treatment might worsen the outcome of

the disease (Belet et al. 2014; Oflaz et al. 2013).

7.7 Hemorrhagic Fever with Renal Syndrome

and Hantavirus Pulmonary Syndrome

Hantaviruses (family Bunyaviridae) are rodent, insectivore, and bat-borne viruses

represented by more than 25 subtypes worldwide, each having a specific reservoir

(Jonsson et al. 2010). Only rodent-borne hantaviruses are known to cause disease in

humans. Hantavirus-infected host rodents are believed to be chronically infected

and excrete the virus through saliva, urine, and feces. Human disease manifests,

depending on the virus, as hemorrhagic fever with renal syndrome (HFRS) in

Eurasia caused by Hantaan, Puumala, Dobrava, and Seoul viruses or hantavirus

pulmonary syndrome (HPS; also called hantavirus cardiopulmonary syndrome

(HCPS)) in the Americas caused by Andes virus, Sin Nombre virus, and related

viruses. The incubation period in humans is long, lasting 2–3 weeks. Although

symptoms of HFRS and HPS can vary, the common features of both diseases are

increased vascular permeability and a vigorous immune response at the onset of the

disease. The pathogenesis of hantavirus is hypothesized to be mediated by exces-

sive pro-inflammatory and cytotoxic NK- and T-cell responses, rather than by virus

replication (Bj€orkstr€om et al. 2011; Lindgren et al. 2011).

The case-fatality rate depends on the syndrome and, at least partly, on the virus

responsible. For HFRS, case-fatality rates range from 0.4 % for Puumala virus

(Hjertqvist et al. 2010) to 3 % for Hantaan and Seoul viruses in China (Zhang

et al. 2010). Sin Nombre and Andes viruses have higher case-fatality rates, ranging

from 30 to 40 %.
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Hospital-based studies from various countries indicate that male sex is a risk

factor for HFRS. In the highly endemic countries Sweden and Finland, there is a

system of notification from laboratories and clinicians that makes the collection of

data on sex and age very reliable. Studies comprising large cohorts of patients

report the overall male/female ratio for HFRS diagnoses to be 1.52:1 in>5,000

Swedish patients (Hjertkvist et al. 2010) and 1.67:1 in>22,000 Finnish patients

(Makary et al. 2010). The higher incidence of HFRS in males might reflect

behavioral, cultural, and social differences that affect exposure to these viruses

(e.g., hazards in male-dominated recreational and occupational activities). Only a

minor proportion, around 15 % of Puumala infections, is diagnosed (Ahlm

et al. 1994; Makary et al. 2010), and there might be a gender bias in the recognition

of cases by the health-care system. Interestingly, seroprevalence studies have

revealed that there is no statistically significant difference in the prevalence of

specific IgG antibodies against HFRS-causing viruses between males and females

(Ahlm et al. 1994; Mertens et al. 2009). Females might be exposed in

nonoccupational peridomestic work, such as cleaning of summer cottages and

sheds. Females also perform much of the work in rural and farming families

which poses a risk for exposure to rodent excreta through handling of wood, hay,

grain, etc. One may speculate that there might be somewhat different clinical

presentations between male and female patients, with females less likely to get a

clinical diagnosis perhaps due to other, hitherto less known, symptomatic

presentation.

Notably, even if males had higher incidence of HFRS, the case-fatality rate was

significantly higher among female HFRS patients compared with males in a large

study comprising>80,000 verified cases in China (Klein et al. 2011). However, the

clinical disease severity did not seem to differ by sex or age when analyzing a

limited number of 221 HFRS patients (Klein et al. 2011). In Sweden, HFRS caused

by the milder Puumala virus led to an increased mortality for females the first year

after infection (Hjertqvist et al. 2010). Similarly, in Argentina, while males had a

much higher incidence of HPS, the case-fatality rate was significantly higher among

females (34 %) compared with males (21 %) (Martinez et al. 2010). Hence, it is

possible that males are more likely than females to be diagnosed with HFRS/HPS,

while females are more likely to succumb to the diseases than males. These

discrepancies are not easily explained. Sex differences have only been addressed

in a few studies. For example, in a study of German 108 HFRS patients, the male/

female ratio was 3.15:1. The authors interpreted their results as “no crucial differ-

ences in the symptoms, course or severity” according to sex (Krautkrämer

et al. 2013). However, females had significant lower level of plasma albumin

together with higher frequency of edema and myalgia compared with males

(Krautkrämer et al. 2013) which could indicate a higher level of vascular leakage,

the hallmark of VHF. In a recent study with a more even sex ratio in cases, there

were no differences in clinical severity according to sex (Pettersson et al. 2014).

Sex differences in cytokine profile were identified during the acute phase of the

disease, while no such differences were observed at follow-up during convales-

cence (Klingstr€om et al. 2008). In a study of peripheral blood mononuclear cells
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(PBMCs) from Puumala virus-infected patients, the clinical parameters of disease

as well as estrogen receptor (ER) expression differed during the acute infection, in

which PBMCs from infected males expressed elevated ERβ and PBMCs from

infected females predominantly expressed ERα (Brundin et al. 2012). Sex differ-

ences have also been consistently observed in studies of rodent reservoirs for

hantavirus infections, in which viral load and shedding are consistently higher in

males, whereas inflammatory and antiviral immune responses are higher in females

(Bagamian et al. 2013; Easterbrook and Klein 2008; Hannah et al. 2008). Animal

studies suggest that there are biological sex differences in the response to hantavirus

infection.

During and soon after HFRS, there is an increased risk of cardiovascular

complications, such as stroke and myocardial infarction (Connolly-Andersen

et al. 2014). Some people suffer from long-lasting fatigue. A possible explanation

could be impaired lung function (Rasmuson et al. 2013), but also endocrine

deficiencies have been noted in 18 and 56 % of Puumala patients, respectively

(Stojanovic et al. 2008; Makela et al. 2010). Some of these deficiencies have been

noted many years after recovery from HFRS. The physical and psychological

effects of a potential hypopituitarism after HFRS warrant increased awareness. It

is currently unknown if there are sex differences in long-term effects of hantavirus

infection.

Women are at an increased risk of severe disease during pregnancy. For HPS,

both maternal and fetal deaths may occur from 13 to 29 weeks gestation (Howard

et al. 1999), but transmission to the surviving children has not been observed. For

Puumala hantavirus-caused HFRS, there seems to be a risk of miscarriage when

infection occurs during early pregnancy, but vertical hantavirus transmission has

not been reported, at least between 14 and 38 weeks gestation (Pettersson

et al. 2008; Hofmann et al. 2012). In studies of rodent reservoirs for hantaviruses,

infected females do not vertically transmit virus but can transfer protective anti-

bodies in utero and in milk (Dohmae and Nishimune 1998; Borucki et al. 2000;

Kallio et al. 2006; Kallio et al. 2013).

7.8 Rift Valley Fever

Rift Valley fever virus (RVFV) is a mosquito-borne Phlebovirus of the

Bunyaviridae family that causes disease in both humans and animals in endemic

areas in Africa and the Arabian Peninsula. Outbreaks in East Africa have often been

preceded by flooding and an increase of mosquito populations that spread the virus

from infected animals to humans (Flick and Bouloy 2005). RVFV may cause large

epizootics among susceptible domestic animals, e.g., cattle, sheep, and goats.

Furthermore, RVFV causes abortions among infected animals, and the infection

has a very high mortality in young animals.

In addition to infection via mosquitoes, animal tissues, blood, or body fluids

from aborted fetuses and raw milk from infected animals may also be modes of
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transmission. Depending on gender-specific work with animals and at home,

women may be at an increased risk of exposure (LaBeaud et al. 2008).

Loss of animals and the ban of animal trade during outbreaks may cause

devastating effects for the local economy, thereby contributing to poverty in

many regions of the affected countries. The economic consequences of outbreaks

especially affect the rural communities and the most vulnerable groups, i.e., women

and children. Moreover, loss of livestock used for meat and dairy production may

pose a threat to the nutrition of children and pregnant women in affected areas. The

importance of surveillance of animals, vector control, and early case recognition

among animals and humans has been proposed as part of the concept of “one

health” which links approaches for animal and human health together.

In contrast to that observed for young animals and animal fetuses, human disease

is often mild, with symptoms that are influenza-like. However, a more severe

disease including encephalitis and retinitis may occur. In some cases, RVFV pre-

sents as a life-threatening VHF with a case-fatality rate of more than 30 % among

hospitalized patients (Al-Hazmi et al. 2003). In the large outbreaks of 2007 in East

Africa, more male than female cases were recognized (Nguku et al. 2010;

Mohamed et al. 2010; Hassan et al. 2011). Little is known about sex differences

in the clinical symptoms, complications, and outcome of RVF. There is a lack of

knowledge about the risk of abortions among pregnant women. There is an indica-

tion that RVF could lead to complications in pregnant women. A study of pregnant

women in Mozambique showed that RVFV-seropositive women reported a higher

risk of previous miscarriages (Niklasson et al. 1987), and transmission of RVFV has

been reported in a pregnant Sudanese woman (Adam and Karsany 2008). In

addition, fatal neonatal infection has been reported from Saudi Arabia (Arishi

et al. 2006).

7.9 Severe Fever with Thrombocytopenia Syndrome

A novel tick-borne Bunyavirus has recently been discovered in China

(Yu et al. 2011). To identify patients with severe fever with thrombocytopenia

syndrome (SFTS), a case definition was used: acute fever (temperatures of 38 �C or

more) and thrombocytopenia (platelet count, <100,000 per cubic millimeter) of

unknown cause (Yu et al. 2011). Of the 171 patients fulfilling the case definition of

SFTS, 154 were laboratory confirmed. Of these, 56 % were women. Most of the

patients were farmers, living in wooded and hilly areas, who had been working in

the fields before the onset of disease. The virus was also found in ticks collected

from domestic animals in the same area as the cases lived. Further studies show a

case-fatality rate of 12–30 % in China, but unfortunately, the laboratory and clinical

data were not analyzed separately for males and females (Deng et al. 2013; Liu

et al. 2013; Wen et al. 2014; Cui et al. 2014). Liu et al. (2013) did however show

that of 311 patients 55 % were females and that females might have higher case-

fatality rate (Liu et al. 2013).
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In a prospective study by Cui et al. 357 verified SFTSV patients were included

and 57 % were females (Cui et al. 2014). In this study the case-fatality rate was

higher among men in the univariate analysis, but the relation to sex was lost in a

multivariate analysis (Cui et al. 2014). Notably, epidemiological investigations

suggest possible person-to-person transmission with secondary cases among family

members (Bao et al. 2011). Such route of transmission, earlier reported for CCHF

and Andes hantaviruses (Celikbas et al. 2014; Martinez et al. 2010), is of concern

for health-care workers caring for SFTSV patients.

7.9.1 Vaccines Against VHF

Although VHFs are important diseases with a large impact on public health, there is

only a vaccine against YF available (Falzarano and Feldmann 2013). While the

YFV virus is highly efficacious, the adverse reactions are of considerable concern.

Adult females report more adverse side effects and also report more local inflam-

mation following YF vaccination than males (Lindsey et al. 2008). Although both

males and females generate equally robust antibody responses to the YF vaccina-

tion, induction of innate immune cell transcriptional responses is significantly

higher in females than males immediately following vaccination (Klein

et al. 2010). This live attenuated vaccine is not recommended for pregnant

women due to a risk of teratogenic complications. For RVF there is a vaccine for

animals, but a vaccine for humans is still lacking. Vaccines aimed against HFRS

and CCHFV are available, but the efficacy can be disputed (Schmaljohn 2009;

Mousavi-Jazi et al. 2012). There are no data regarding sex differences in relation to

efficacy or side effects of these latter vaccines, but this should be considered in

future clinical trials.

The development of human vaccines toward dengue fever, Lassa fever, CCHF,

HFRS, HPS, Rift Valley fever, and Ebola and Marburg hemorrhagic fevers is

ongoing, but lack of interest and resources and a lack of suitable animal models

challenge the progress on these vaccines. Safe and effective vaccines against the

most common VHFs, i.e., dengue fever and Lassa fever, are of highest importance

for the public health in endemic areas.

7.9.2 Treatment of VHF

There are very few options available regarding antiviral treatments for VHFs, and

knowledge about possible sex differences and sex bias in antiviral treatments is

lacking.

The usage of ribavirin is relatively common for several VHFs, but the efficacy is

not well studied. Moreover, the teratogenic effect of ribavirin is well known and

raises concern when this antiviral is used for women in fertile ages. Whether the
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side effects of ribavirin differ between the sexes has not been addressed. In general,

females often experience more adverse reactions to drug treatments for viral

infections than males, which requires more consideration in trials of antiviral

drugs (see Chap. 4) (Klein 2012).

7.10 Discussion/Concluding Remarks

There are major gaps of knowledge for VHFs regarding sex differences in epide-

miology, pathogenesis, clinical presentation, disease severity and outcome, and

also development of vaccines and antiviral treatments. Indeed, these infections are

neglected diseases in several aspects. There are both medical and economic con-

sequences of these diseases. VHFs infect more than 100 million persons each year;

but still they are seemingly neglected diseases endemic in low-income countries.

VHFs may be severe and only for dengue it is estimated that 500,000 persons are

hospitalized each year. The corresponding figures for other VHFs are unknown.

The more severe forms of VHFs have a high case-fatality rate and frequent

complications. Therefore, there is an urgent need for effective and safe treatments

against VHFs in general which warrants further attention from the international

community. The male predominance in some VHFs could be due to a selection bias

in exposure. Alternatively, it could also be that case definitions disfavor recognition

of females.

To investigate sex differences in infectious diseases in general and VHFs in

particular, a comprehensive approach for studies of acute ill patients is needed.

Analyses of clinical as well as pathogenic mechanisms are required to better

understand a possible gender bias in disease outcome.
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Chapter 8

Gender Issues in Tuberculosis

Anna Thorson

Abstract Tuberculosis (TB) is an infectious disease, caused by Mycobacterium
tuberculosis. When aggregated by sex, global TB notification rates show more male

cases of TB reported than female. Cases of smear-positive pulmonary TB also are

reportedly higher for males than females. Tuberculosis bacteria usually infect the

lungs, but infection can occur in any other organ. For reasons that are not

completely clear, a higher proportion of extra-pulmonary TB occur among females

than males. TB ranks as the second leading cause of death in humans from a single

infectious disease globally, after HIV, and thus remains a global health concern

although it is in fact a curable disease. Gender differences in health-seeking

behaviors, including male-dominant utilization of TB diagnostic and screening

services as well as the extent to which women have to negotiate their healthcare

seeking, likely impact male-female differences in TB. Differences in the sensitivity

of conventional molecular diagnostic tests as well as in the prevalence of multi

drug-resistant TB can result in sex- and gender-based differences in treatment of

TB. The role of co-infection with other pathogens, including HIV, as well as how

biological differences between the sexes affect the prevalence and outcome of TB

require additional consideration.

8.1 Introduction

Tuberculosis (TB) is an infectious disease, caused byMycobacterium tuberculosis.
Members of the Mycobacteriaceae group of organisms, which can cause human

disease, include M. tuberculosis, Mycobacterium africanum, Mycobacterium
avium,Mycobacterium bovis,Mycobacterium microti, andMycobacterium canettii.
M. bovis was responsible for about 6 % of all human tuberculosis deaths in Europe

before the introduction of milk pasteurization (Lawn and Zumla 2011). Tubercu-

losis bacteria usually infect the lungs, but infection can occur in any other organ.

The disease (i.e., active tuberculosis) occurs in a minority of those who are infected.
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In most cases, the bacterium enters a dormant state, termed latent tuberculosis

infection (LTBI), in which it remains for a period lasting from weeks to many years.

TB ranks as the second leading cause of death in humans from a single infectious

disease globally, after the human immunodeficiency virus (HIV) (WHO 2013), and

thus remains a global health concern although it is in fact a curable disease.

TB is spread via airborne droplets, produced during coughing or breathing. A

number of studies show that the risk of transmission is related to the infectivity of

the primary case, the duration and proximity of contact with the primary case, and

being in an enclosed space with the primary case (Fox et al. 2011). Consequently,

those who spend the most time with the patient during their period of infectivity

(usually weeks to months before diagnosis) are at the highest risk of infection (Fox

et al. 2011).

A study on social mixing conducted in South Africa showed that among persons

living in a township with a high incidence of TB, most contacts were generated by

sharing air in households (25 %), while in the workplace and community buildings,

sharing air generated 8 and 6 % contacts, respectively (Wood et al. 2012).

8.2 Epidemiology of Disease

Millions of people, especially those residing in the 22 TB high-burden countries

(HBCs) (Fig. 8.1a), get TB each year. In 2012, approximately 8.6 million new TB

cases were reported, while 1.3 million people died from the disease (including

320,000 people with HIV coinfections (WHO 2013)). Most of the reported TB

cases and deaths are among men (Borgdorff et al. 2000; Dye 2006); however, TB

is an enormous health problem also among women. Of the estimated 8.6 million new

TB cases worldwide in 2012, 2.9 millions were females (WHO 2013). Most of the

estimated number of cases reported for 2012 occurred in Asia (58 %) and the African

region (27 %). The five countries with the largest number of incident cases were India

(2.0–2.4 million), China (0.9–1.1 million), South Africa (0.4–0.6 million), Indonesia

(0.4–0.5 million), and Pakistan (0.3–0.5 million) (WHO 2013); see Fig. 8.1b.

Since 1990, mortality due to TB has decreased by 45 %, and incidence rates are

also declining in the six WHO regions (WHO 2013). Between 1995 and 2012,

56 million people in countries that adopted the directly observed treatment (DOT)/

Stop TB Strategy were successfully treated for TB, while 22 million lives were

saved (Glaziou et al. 2011).

The global epidemic trends of TB indicate that the United Nations (UN),

Millennium Development Goal (MDG) 6, Target 8 of reducing the incidence of

TB by 2015 has been achieved. However, the MDG framework “Stop TB Partner-

ship” that aims to halve TB prevalence and death rates globally remains a challenge

(Dye 2006; WHO 2013). This has led to increased prominence of the post-2015

agenda on the development framework to reduce the disease burden from

HIV/AIDS, TB, malaria, neglected tropical diseases, and noncommunicable dis-

eases (WHO 2013). TB is a disease closely associated with poverty and social
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inequities. To build on the goals of the 2015 agenda of eradicating TB in affluent

countries, together with reaching significant goals in low- and middle-resource

settings where the largest disease burden remains, will require significant efforts

to reduce inequities in access to prevention, care, and treatment of TB. Gender is a

structural cause of inequity, influencing the complexity and burden of TB to

individuals and families. Prevailing gender inequities globally highlight the need

Fig. 8.1 (a) Incidence (rate per 100,000 population) of TB in the 22 high-burden countries, 2012

(Source Kaiser Family Foundation, www.GlobalHealthFacts.org, based on WHO global report on

TB, 2013). (b) Incidence (in absolute numbers) of TB in the top ten burdened countries (Source
WHO, Global Tuberculosis Report, 2013)
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of addressing TB from a perspective that examines not only biological sex differ-

ences but also the variety of different situations and contexts faced by men and

women.

8.2.1 Consequences of Infection and TB Disease

M. tuberculosis has evolved elaborate survival mechanisms in human beings that

allow it to remain in a clinically latent state (Ottenhoff et al. 2005). Upon infection

with M. tuberculosis, individuals may develop either clinical disease (primary

progressive TB) or latent TB infection (LTBI), which may reactivate at a later

date and result in active TB disease anywhere in the body. Treatment of people with

LTBI can significantly reduce their risk of reactivation. The risk of developing an

active disease in the first 5 years following primary infection is greater than the risk

in subsequent years (Andrews et al. 2012; Musellim et al. 2005). The risk of

developing a clinical disease is determined by multiple microbiological, immuno-

logical, social, and cultural factors (Seddon et al. 2013), including sex-mediated

differences (Rhines 2013). HIV infection and its negative effects on the immune

response are the single most important cause of developing an active TB disease,

which also shows sex-specific patterns (see Chap. 5).

8.3 Sex and Gender Differences in TB Infection

and Progression to Active Disease

Tuberculin surveys carried out during the 1950s and early 1960s show a rather

uniform pattern, with an equal prevalence of infection among boys and girls until

the age of 15 years, after which the prevalence in males begins to exceed that in

females (Dolin 1998). Surveys of TB infection are dependent on the tuberculin

(purified protein derivative [PPD]) testing. There is evidence of differences in

tuberculin reactivity between men and women with active tuberculosis, related to

differences in immune responses to the bacterium. A study conducted in Japan in

the 1990s reported the tuberculin skin test to be less effective among women

(Diwan and Thorson 1999; Watkins and Plant 2006a, b). Hudelson (1996)

suggested that gender differences may contribute to the risk of infection due to

societal norms, for example, in settings where men work outside homes and are

exposed to social contacts (Hudelson 1996). However, these norms differ in

different settings and do not adequately explain why the PPD test would be less

effective in women than men.

To what extent and in what way tuberculin reactivity following latent infection

differs between men and women, how gender/sex characteristics interact with the

well-known limited tuberculin reaction following HIV infection and age-dependent

changes in sex hormones (e.g., testosterone levels in males or estrogen levels in
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females) are not well understood. Hence, there are inherent difficulties in drawing

conclusions about disease from tuberculin surveys of TB infection/latent TB, due to

several potential sources of misclassification of infection status.

The number of longitudinal studies analyzing the risk of tuberculin-positive

individuals progressing to active tuberculosis is very limited. Those that exist

show in turn a higher risk of progression among females of reproductive age

(Rieder 1999; UNAIDS 2007) and among men who smoke (Balasubramanian

et al. 2004). The male to female ratio in disease progression in a study population

in south India dropped from 2.7 to 1.2 after exclusion of men who were smokers or

abused alcohol. An ecological study indicated that one-third of the sex/gender

difference in tuberculosis is explainable by male smoking (Watkins and Plant

2006a, b).

8.4 Sex and Gender Differences in the Incidence of Disease

Manifestations

8.4.1 Pulmonary Tuberculosis: Notification Rates
and General Pattern of Pulmonary TB

When aggregated by sex, global TB notification rates show more male cases of TB

reported than female. Incidence estimates of pulmonary TB, produced annually by

the World Health Organization (WHO) global TB program, rely on notification

rates together with a combination of available (national) prevalence or the occa-

sional incidence survey. The earlier estimates based on annual risk of infection

studies have to some extent been abandoned by the global TB research community.

High-burden countries consistently report more male than female cases, while there

are large variations in magnitude, sex, age, and disease patterns (WHO 2013). The

HIV pandemic has had a profound impact on the epidemiology of tuberculosis,

which has become the most important cause of death among those infected with

HIV in sub-Saharan Africa. In this region, where HIV rates among young women

can be 3–6 times higher than among men of the same age group, the corresponding

high rate of coinfection with HIV andM. tuberculosis is having a significant impact

on the epidemiology of tuberculosis. TB is also among the top killers of women of

reproductive age, and 510,000 women died from TB in 2013. While the reported

case notification rates show a predominance of male cases globally, around half of

TB deaths among those coinfected with HIV were in women in 2013. Some 90 % of

these deaths occurred in Africa, where TB is estimated to have claimed more

female lives than male lives (WHO 2013).

By contrast, male–female differences in reported cases of TB in many of the

former Soviet Union countries are greater than expected, with the largest disease

burden by far occurring in men. There are gender discrepancies in well-known risk

behaviors associated with risk of developing active TB such as alcohol, substance
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and tobacco abuse, which may explain the high numbers of reported cases in males

in these settings.

Providing population-based estimates of TB prevalence or incidence is complex

and resource intensive, requiring large sample sizes and accurate laboratory ana-

lyses. Consequently, very few studies or national surveys have been able to address

or verify the observed gender differences in TB notification rates. The reported

gender differences have hence been debated, and hypotheses for the underlying

phenomenon have been proposed. Some have argued that the lower rates of

diagnosed and reported TB among women compared with men, in some contexts,

may be attributed to failure to diagnose suspected cases among women or might

reflect differences in access to adequate healthcare among women and men

(Hudelson 1996; Holmes et al. 1988, 1998; Diwan and Thorson 1999; Thorson

et al. 2000). Evidence from population-based studies in some contexts supports this

hypothesis (Thorson 2003).

Other researchers have argued that differences in TB prevalence between males

and females represent real epidemiology differences and not merely a product of

differences in healthcare. A meta-analysis of 29 surveys conducted in 14 countries

consistently found more TB cases among males than females. Since the findings of

this study indicated a strong male bias in both TB prevalence and notification rates,

the authors concluded that a difference in access to healthcare was ruled out as a

confounding factor (Borgdorff et al. 2000). Another review highlighted the exis-

tence of more cases among men also in settings where there were no significant

differences in health-seeking behavior between the sexes (Rhines 2013).

Additionally, empirical evidence suggests a complex situation, where context

seems to interplay with biological risks for differentiating risks of TB in men and

women. A large community randomized household survey with equal participation

between males and females in Bangladesh reported that the male to female ratio in

TB cases was 3:1 (Hamid Salim et al. 2004). In a multicenter case–control study in

West Africa, the male to female ratio was 2.03:1 despite approximately equal sex

ratios in household contacts and community controls (Lienhardt et al. 2005). Like-

wise, a national prevalence survey from Vietnam in 2006–2007 showed a ratio of

5:1 of PTB among men versus women (Hoa et al. 2010).

In a recent hospital-based study conducted among patients with suspected TB in

Southeast Ethiopia, there was no significant difference between men and women in

the prevalence of smear-positive pulmonary TB (PTB) among suspected cases

(Tulu et al. 2014), while another retrospective study, which included record reviews

from Ethiopia, indicated that more males than females had PTB (Mekonnen 2014).

Likewise in Mexico, a study using molecular epidemiological techniques found a

higher (58 %) incidence of PTB in males than in females, 32 cases per 100,000

person years and 20 cases per 100,000 person years, respectively. The reason for

more cases among males was attributed to both reactivation and latent infection and

recent TB transmission. Cases of reactivated TB were also higher in males than

females (24 vs. 15 cases per 100,000 person years, respectively). No significant sex

differences were observed on the median time interval between onset of symptoms

and diagnosis or between the median time interval between onset of symptoms and
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treatment (Jiménez-Corona et al. 2006). Other studies have found that PTB occurs

within the first 3 years of primary contact; thereafter, the risk decreases (Iseman

2000). Many studies from various settings globally have examined notification rates

or hospital data and showed a predominance of male cases (Muvunyi et al. 2010).

In conclusion, there is a consistent general pattern of a predominance of male

PTB cases, increasing with age. The evidence from population-based studies

challenging this finding in some contexts may, however, suggest that deeper gender

analyses are needed to assess local needs in most high-burden settings where

coverage goals are not met.

8.4.2 Extra-pulmonary Tuberculosis

In general, about 80 % of all cases of tuberculosis involve the lungs, but in

populations with a high prevalence of HIV infection, extra-pulmonary tuberculosis

is relatively more frequent (Rieder 1999; Haas 2000). Extra-pulmonary TB (EPTB)

refers to all forms of TB that are not pulmonary. In addition to a general spread that

may occur at primary sites of infection, miliary or disseminated TB involves sites of

reactivation for ETPB, including, but not limited to, lymph nodes, bones, joints, soft

tissue, and genitourinary system (Musellim et al. 2005; Sreeramareddy et al. 2008),

and may vary according to geographic location and population (Sreeramareddy

et al. 2008). A study on socio-demographic factors contributing to the development

of EPTB reported that females born in Asia or North Africa were at a higher risk of

developing EPTB than males (Calihol et al. 2005).

Findings from a study in Turkey with an approximately 1:1 ratio of females to

males demonstrated a significant difference in the sex ratio among EPTB and PTB

cases (Musellim et al. 2005). The presentation of EPTB versus PTB cases was

74 and 34 %, respectively, among females compared with males. Females had a

higher (3.69-fold) risk of developing EPTB, and the risk increased 5 years after the

primary contact with a known case of PTB (Musellim et al. 2005). In Nepal,

comparing PTB and EPTB showed that young age and female gender were asso-

ciated with EPTB relative to PTB. The likelihood of developing EPTB was 1.5

times higher among females than males (Sreeramareddy et al. 2008). The gender

differences observed in this study were consistent with studies conducted in other

settings (Holmes et al. 1998; Martinez et al. 2000; Chan-Yeung et al. 2002). Some

explanations of these findings have been suggested to be a result of gender differ-

ences in exposures to TB infection and prevalence of susceptibility risk factors.

In a retrospective review of EPTB cases in a hospital in Kabul, Afghanistan,

females were more likely to be diagnosed with EPTB than males at a ratio of 2.03:1.

The average duration of symptoms before presentation was 14.8 months for males

and 18.0 months for females. In this study, more females than males reported

symptoms lasting 1 year or longer prior to diagnosis. Overall, lymph nodes

followed by the central nervous system were the most common sites of EPTB

(Fader et al. 2010).
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Although several studies have revealed a higher proportion of EPTB among

women than men, the reason for this is unknown. In a WHO study in Bangladesh,

Columbia, India, and Malawi (WHO 2006), it was found that women presented to

the clinic with a greater diversity of nonspecific physical symptoms, and it was

concluded that “health care professionals should be trained to consider the possi-

bility of TB in females patients presenting with more atypical symptoms.”

8.4.3 Concurrency of EPTB and PTB

Concurrency with PTB and EPTB is another challenge in TB management and

treatment where gender differences have been observed. EPTB is a more common

manifestation among immune-compromised hosts, such as people living with HIV.

A recent population-based study in Taiwan investigated the association of gender

with concurrent PTB plus EPTB (Lin et al. 2013). In this study, women>45 years

had a higher likelihood of concurrent disease than men. However, in younger

patients there were no significant differences between the sexes. Three independent

factors that influenced concurrent PTB and EPTB infections in this population were

gender, HIV coinfection, and cough�3weeks. The authors suggested that because

male–female differences in the concurrency of PTB and EPTB are only evident in

patients 45 years and above, a possible explanation is that the immune systems of

older females are less able than females below 45 years of age to contain bacilli

locally in the lung parenchyma. In addition, hormonal factors may play a role in the

greater susceptibility of older females to EPTB (Lin et al. 2013). In conclusion, very

little is known about the underlying immunological mechanisms that shift TB

disease toward PTB versus ETB and its relation to gender, with or without the

presence of other infectious diseases, such as HIV.

8.4.4 Confounding Factors

There exists an increased risk of developing active TB following infection, from

7 to 10 % annually in individuals who concurrently have LTBI and untreated HIV

infection, as compared to a 10 % lifetime risk for those with LTBI who are not HIV

infected. This risk is reduced with antiretroviral therapy for HIV but is still higher

than that in HIV-negative persons with LTBI (CDC 2013). TB/HIV coinfection has

a significant social and economic impact, as young adults are the predominant age

group affected. In sub-Saharan Africa where HIV rates among young females can

be 3–6 times higher than among males of the same age group, the corresponding

high rate of coinfection with HIV andM. tuberculosis is having a significant impact

on the epidemiology of tuberculosis (Rhines 2013). In Malawi, for example,

females in the reproductive age range (i.e., 15–45) make up a major proportion of

those who are coinfected (Glynn et al. 2004). In addition, the stigma associated with
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TB is particularly evident in regions with a high prevalence of HIV infection. The

generally high prevalence of HIV among females and the relationship between HIV

infection and TB risk may render females vulnerable to resistant TB. To date, little

research has been done on the sex- and gender-related factors affecting risks of

coinfection (see Chap. 5).

Additional risk factors for TB have been studied and reported to include mal-

nutrition, smoking, alcoholism, overcrowding, silicosis, diabetes, and poverty

(Narasimhan et al. 2013). An ecological study indicated that one-third of the

sex/gender difference in tuberculosis is explainable by male smoking (Watkins

and Plant 2006a, b). Recent microbiological studies suggest that mechanisms

between the risk of TB and male sex are less clear and likely complex

(Nhamoyebonde and Leslie 2014). In the 20 HBCs for which data were available

for the WHO 2013 TB report, the median male to female ratio was 1.8:1 (WHO

2013).

There is also evidence suggesting that TB and parasitic diseases are more

prevalent in males than females, most likely reflecting differences in exposure to

the pathogen as well as susceptibility to infection (van Lunzen and Altfeld 2014).

Other studies have suggested that the disparities in TB prevalence between the

sexes are affected by sex hormones, genetic factors, and nutritional status that may

minimize the severity of TB in females (Neyrolles and Quintanna-Murci 2009;

Forssborhm et al. 2008).

8.4.5 Effects of Pregnancy

Diagnostic approaches to TB are similar for HIV-infected pregnant females and

HIV-uninfected and nonpregnant females. Major challenges in the diagnosis of TB

in HIV-infected pregnant females have been described and include nonspecific TB

symptoms, or absent symptoms, weight gain due to physiological changes as a

result of the pregnancy, and an overlap between TB and HIV symptoms (Loto and

Awowole 2012). Among pregnant women with TB disease, those infected with

HIV are less likely than those not infected with HIV to be sputum smear positive

(Gounder et al. 2011). Several studies that have examined the relation between TB

and pregnancy or the post-partum period leave more questions than answers, since

results are contradictory (Festenstein and Grange 1999). In South Africa, the high

burden of both HIV and TB contributes to high maternal mortality rates (Martin and

Black 2012). The prevalence of TB in HIV-infected pregnant females in

South Africa is similar to that in the general population, approximately

795/100,000 (WHO 2012). Whether pregnant women, in general, are at an

increased risk of severe TB has not been conclusively demonstrated to date.
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8.5 Differences in Health-Seeking Behavior Among Men

and Women

8.5.1 Health-Seeking Behavior and Gender

Studies from several settings show that significantly more men than women access

tuberculosis diagnostic and screening services (Boeree et al. 2004). A study carried

out in Eastern Nepal in the early 1980s showed that when cases were actively

sought by household visits, 46 % of the detected cases were females, compared to

only 28 % in the self-referral group. Factors such as stigma and discrimination may

play a role in these differences in case finding. In a study of the population-based

prevalence of sputum smear-positive TB in a rural district in Vietnam, a male to

female ratio of 0.7:1 was found suggesting an underdiagnosis of TB cases in women

(Thorson 2003; Thorson et al. 2004).

Health seeking has been defined using the following concepts: symptom recog-

nition (i.e., to recognize a symptom as a health problem), sick role (i.e., the patients

consider themselves as “sick” and are ready to take an action), lay referral

(i.e., discussions and guidance by people within their own social networks), and

treatment action (Ngamvithayapong et al. 2001).

Several gender and health studies in high-income countries have shown that

women use healthcare facilities more often than men (Kandrack et al. 1991;

Verbrugge 1989). This has been accredited to various factors, including a higher

actual morbidity among women, women of reproductive age having closer contact

with the healthcare system through antenatal and mother and child, care and the

female gender role allowing women to acknowledge ill health to a higher degree

than the male gender role (Verbrugge 1989; Kandrack et al. 1991; Doyal 1995). The

situation is quite different in low-income settings where women may face more

barriers to adequate healthcare because they have less access to financial resources

and less decision-making power of their own. Their workload is also often heavier

than that of men leaving less time to care for themselves. Being responsible for the

health of the family, women often have to put their own needs in the background,

with resources being spent on the children or husband (Vlassoff and Bonilla 1994;

AbouZahr et al. 1996).

A qualitative study in Ethiopia documented a case in which a woman’s husband
prevented her from seeking help (Cambanis et al. 2005). Access to adequate

healthcare cannot be taken for granted for either men or women and is also closely

related to socio-economic status for both sexes. In India, women are found to under-

report morbidity and are said to practize a “culture of silence” regarding their

illnesses (Rangan and Uplekar 1998; Fochsen et al. 2006). The causes for the delays

in TB diagnosis among women include poor economic status, and clinical disease

status, and complexities in referral and diagnostic procedure at different districts

(Wang et al. 2007).

A study of TB in Bangladesh showed that more men than women sought public

healthcare for respiratory complaints, which was interpreted as representing a
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possible barrier in access to healthcare for these women (Watkins and Plant 2006a,

b). A study in urban Vietnam showed that female TB patients were more likely than

males to use a private provider in their health-seeking process (Lonnroth

et al. 2001). A population-based study of women and men with prolonged cough

found that significantly more women than men had used low-quality providers of

care such as drug sellers or private practitioners, whereas men were more likely to

have used the national healthcare system with direct access to hospital care

(Thorson et al. 2000). In India, although women were more likely than men to

first consult a private provider, the median patient delay (the time from symptom

recognition to the patient seeks healthcare) was similar among male and female TB

patients (Balasubramanian et al. 2004). In a WHO study conducted in Bangladesh,

Columbia, India, and Malawi, fewer women than men were identified as suspected

TB cases in India and Bangladesh, with an equal number in Malawi and more

women than men in Columbia.

In a qualitative study of TB patients in Vietnam, stigma and fear of social

consequences were found to influence healthcare seeking by women to a greater

extent than by men (WHO 2006). These factors were considered to contribute to

symptom denial and a preference for private or other nonpublic providers

(Johansson et al. 2000). Similar findings emerged from a study based on in-depth

interviews with TB patients in Pakistan, where women were more likely than men

to report difficulty in obtaining adequate TB treatment because of restrictions of

their movements and a general unwillingness on the part of the household decision

makers to pay for their treatment (Khan et al. 2000). Tuberculosis-related stigma

was also reported as being greater for women than for men, and unmarried women,

in particular, were afraid to announce that they had the disease for fear of not being

able to get married. In India, a significantly higher proportion of women than men

faced social stigmatization or rejection because of their illness, with 21 % of

women and 14 % of men feeling inhibited to discuss their illness with friends or

family (WHO 2006). Women were also more likely to need someone to accompany

them to directly observed treatment (DOT) than men (WHO 2006; Khan

et al. 2000).

A study exploring cultural concepts of TB and gender among a general popula-

tion of individuals without tuberculosis in rural India found that emotional and

social symptoms were more frequently reported for females and included arranged

marriages, social isolation, and inability to care for children and family. In contrast,

job loss and reduced income were regarded as most troubling for the males (Atre

et al. 2004). In another study in Vietnam, women with cough were shown to have

less knowledge than men about the medical characteristics of TB, and this in turn

resulted in them seeking care from less qualified providers. Traditional beliefs

about TB seem to be strongly related to stigma and a lack of knowledge about

the characteristics of the disease, which could be related to disempowerment

regarding the perceived available choices for seeking healthcare.

In Zambia, there is conflicting evidence regarding factors associated with a long

patient delay in seeking healthcare among patients with cough; old age and severe

disease were linked to a long delay, whereas gender, stigma, and less knowledge
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about TB characteristics were not associated with delays in health-seeking behav-

iors (Godfrey-Fausett et al. 2002). This opposes earlier findings from the same

country where being female and having a low educational level were factors linked

to a longer delay among TB patients (Needham et al. 2001). In general, evidence in

relation to patient delay is conflicting from different parts of the world, but there is a

growing body of literature indicating that a longer provider delay (i.e., the time

from a patient seeks healthcare to that he/she gets an accurate diagnosis) for women

has been suggested in several studies (Haas 2000; WHO 2006; Needham

et al. 2001; Pronyk et al. 2001; Yamasaki-Nakagawa et al. 2001).

In some countries, the greater tendency for women to initially contact a tradi-

tional healer for TB may explain the longer doctor’s delay. In the other settings,

delays occurred after contact with the national healthcare system, and the patient

delay was not significantly different between women and men in these studies. In

Sarawak, Malaysia, being female was significantly associated with patient delay

(Chang and Esterman 2007), whereas no association was found with provider delay.

In Bangladesh, women who present with respiratory symptoms are less likely to

undergo sputum smear examination than men (Watkins and Plant 2006a, b). In

Malawi, more men than women submitted sputum specimens for diagnosis of TB,

although there were no data on the relative number of those seeking healthcare that

had symptoms suggestive of this disease. In the population-based study from

Vietnam, among those with cough, women had been asked to provide a sputum

sample at the hospital significantly less often than men, a difference which persisted

when corrections were made for the presence and duration of symptoms (Lonnroth

et al. 2001). In the WHO study in Bangladesh, Columbia, India, and Malawi (WHO

2006), more women than men dropped out during the process of diagnosis.

Little is known about the actual mechanisms involved in creating a longer

provider delay, including reasons for a lower access to diagnostic investigations

for female suspected TB cases. The patient–doctor encounter is likely to be of

importance not only for patient satisfaction and adherence but also for a successful

health outcome. In an interview study with healthcare providers in Vietnam, male

doctors expressed the opinion that female TB patients are more difficult to diagnose

due to communication problems, whereas female doctors did not perceive any

gender-related problems in this respect (Thorson and Johansson 2004).

The preference of patients with symptoms suggestive of TB, principally women

but also men, to opt for care within the private sector should be systematically

addressed in low-income countries. The use of unregulated providers needs to be

recognized as a gender issue, as has been shown in several low-income countries

(Uplekar et al. 2001; Rangan and Uplekar 1998; Fochsen et al. 2006; Thorson

et al. 2000). Special attention to gender-related issues is thus needed in order to

improve healthcare seeking and case detection of TB, especially among women. In

the WHO study in Bangladesh, Columbia, India, and Malawi, experiences with

semi-active case finding (i.e., targeted actions to increase diagnosis of TB, such as

screening contacts of diagnosed patients, or community outreach initiatives) in

Bangladesh had provided good results in terms of reducing patient delay to TB

diagnosis although it had no effects on provider delay (WHO 2006).
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In Peruvian shantytowns, the TB program was perceived not to be gender

discriminatory and provided equal diagnostic and treatment care to men and

women. This contrasted with stereotypical gender roles in the broader community

context and a commonly expressed belief among patients and healthcare workers

that female health inherently has a lower priority than male health. This belief was

principally associated with the dominant role of men in the household economy and

limited employment for women in this setting. However, women generally were

more likely than men to report adverse psychosocial and economic consequences of

TB diagnosis more. Of note in this study was a common perception that TB care of

women was of secondary importance to that of men. This reflected the influence of

societal gender values despite apparent gender equality in care provision. The study

concluded that the greatest opportunities for improving women’s access to TB care

involve improving social, political, and economic structures more than TB program

modification (Onifade et al. 2010).

Evidences from different countries therefore suggest that women have to nego-

tiate their healthcare seeking to a greater extent than men, often because of a

combination of sociocultural factors, such as responsibility for the household and

the children and more limited access to resources, whereas the concerns of men are

more straightforward and concern livelihood activities as the prime cause of

unnecessary patient delays (WHO 2006; Thorson 2003). While women are disad-

vantaged in terms of access in several settings, men also may face difficulties

accessing diagnosis and treatment for TB, and a better understanding of the barriers

they face is also necessary.

It is often suggested that women face less healthcare access barriers than men in

some settings, because women have access to health facilities through standardized

care targeted to pregnant women, mothers, and children. However, a study in India

found that women visited health facilities for immunizations and other reasons

associated with the wellbeing of their children, and not primarily for their own

health (Balasubramanian et al. 2000, 2004). In other studies conducted in different

settings, factors found to associate with low case detection among women were

sociocultural and low socio-economic status of women (Johansson et al. 2000;

Sanchez-Perez et al. 2002), poor knowledge of identifying and reporting TB

symptoms, and healthcare practitioners’ delay in making a TB diagnosis (Long

et al. 2002; Mfinanga et al. 2008). In contrast, a Mexican study found that there

were no differences in access to healthcare services between men and women as has

been suggested by some studies in developing countries. Further, lower socio-

economic status among women was not a barrier to PTB screening, diagnosis,

treatment, and access to healthcare; in fact, women used these services more

frequently than men (Jiménez-Corona et al. 2006). In a study to determine PTB

cases among women with a cough in Tanzania, risk factors associated with a smear-

positive result included attending more than one visit to any facility prior to

diagnosis. In this study, reasons for women’s prior visit to health facilities were

not reported (Ngadaya et al. 2009).

A systematic review of qualitative studies assessing gender-related barriers and

delays in accessing TB diagnostic and treatment services reported that men faced
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work-related financial and physical barriers and community stigma while women

experienced financial and physical dependence (Krishnan et al. 2014). Other

barriers such as those experienced at the level of care, low literacy levels, and

stigma affected both men and women much the same way. Also striking in this

review was the absence of clear differences between urban and rural contexts or

between types of health facilities.

8.5.2 Diagnosis of TB Among Men and Women

Conventional lab tests for the diagnosis of TB are sputum smear microscopy and

bacterial culture where the reference standard is usually based on cultured speci-

mens (WHO 2013). In 2008, WHO recommended rapid molecular tests (line probe

assays or LPAs) for detection of rifampicin-resistant TB (RR-TB) and MDR-TB

using positive sputum specimens. In 2010, WHO endorsed the first rapid molecular

test that can simultaneously test for pulmonary TB and rifampicin resistance,

making this a more sensitive and much better test than smear microscopy (WHO

2013).

In 2006, it was reported that existing diagnostic methods could detect up to 60 %

of TB cases and as such there was a call to strengthen laboratory networks to aid

detection of all forms of TB (Onyebujoh 2006). In 2004, countries reported 1.4

million smear-positive cases in men, but only 775,000 in women (Dye 2006). Also,

studies from Bulgaria, Bangladesh, and Malawi reported that proportionally more

men than women among those who submitted a sputum specimen were found to be

positive for acid-fast bacilli on microscopical examination (WHO 2006; Tsankova

et al. 2014). Differences in sensitivity of the diagnostic may reflect a difference in

prevalence of active TB, but these differences also may be due to sex-specific

differences in physiological characteristics of TB lesions or to gender-related

differences when seeking diagnosis. The latter includes sociocultural restrictions

for women against coughing and spitting, making it less likely that women will

produce good sputum samples. Studies in Vietnam have shown that men were given

sputum examinations more often than women. The same studies also found health

system factors to be a barrier to diagnosis, in which women with pulmonary TB

were diagnosed on average 2 weeks later than men because of delays from the

healthcare provider (Thorson and Diwan 2001; Thorson 2003). In Pakistan, lower

smear positivity in women than in men was mainly a function of poor-quality

specimen submission. Smear positivity in women was increased substantially by

provision of brief additional instructions (Khan et al. 2007). In some instances,

women have poorer access to diagnostic facilities (Dye 2006).

The use of DNA fingerprinting techniques to study clustering of pulmonary TB

cases in the Netherlands led to the conclusion that females with pulmonary TB

generated fewer new incident cases than males (Borgdorff et al. 2000). This study

also indicated that males with pulmonary TB were positive on sputum smear

examination more often than females. These findings imply that in this setting,
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sputum smear microscopy for diagnosing pulmonary TB has a lower sensitivity

among females than among males.

It has been suggested that chest radiology findings differ between males and

females with TB due to sex differences in their immune responses to the bacterium

(Bothamley 1998). In a study in Turkey, female TB patients had a higher frequency

of lower lung field involvement, a finding that is usually regarded as quite uncom-

mon in post-primary disease. In Vietnam, on the other hand, there were no differ-

ences in lung field involvement, but significantly more males than females had

pleurisy and miliary patterns of disease on chest radiology (Thorson et al. 2007).

Further, despite claims that females may be more difficult to diagnose due to

poorer-quality sputum samples (Khan et al. 2007), male bias was still observed in

studies that relied on radiographic diagnosis, a technique that excludes these

confounding factors (Nhamoyebonde and Leslie 2014; Kivihya-Ndugga

et al. 2005).

The overall contribution to the gender bias in tuberculosis case detection is

difficult to assess (Nhamoyebonde and Leslie 2014). There seems to be no consen-

sus on what possibly drives the differences between the sexes. Dye cites poorer

access to diagnostic facilities among women (Dye 2006); however, a meta-analysis

of 29 surveys conducted in 14 countries found a concordant strong male bias in both

notification rates and prevalence rates, suggesting that differences in notification

rates may be largely due to real epidemiological differences and not to differential

access to healthcare (Borgdorff et al. 2000).

More recently, biological mechanisms (e.g., involvement of sex hormones,

sex-related genetic background, and genetic regulations and metabolism, among

other factors) have also been cited as a possible explanation for TB susceptibility

differences between men and women (Neyrolles and Quintanna-Murci 2009). A

study conducted in South Africa suggested that taking into account biological

differences may help us gain a better understanding of the immune responses that

are necessary for control of TB (Nhamoyebonde and Leslie 2014). While others

suggest that sex and gender differences are linked to the real epidemiological

differences between the sexes, both in exposure to the bacterium and in suscepti-

bility to development of active disease, others believe that the nature of gender

studies in TB is conflicting and there is a need for more detailed epidemiology data

(references).

Long-term cough and sputum production are key features for suspecting TB. A

study of symptoms among 757 men and 270 women with smear-positive pulmonary

TB in Vietnam showed that at the time of diagnosis, fewer women than men

reported the symptoms of cough, sputum production, and hemoptysis (Long

et al. 2002; Haas 2000). At follow-up after 1 month of treatment, more women

than men had recovered from their symptoms of cough and sputum production.

Also observed was a delay in the diagnosis of PTB (by a medical practitioner),

which was significantly associated with the absence of a cough and sputum expec-

toration in the patient (Long et al. 2002). A Zambian study found that female sex,

lower education, more than six instances of health-seeking encounters, outpatient

diagnosis of tuberculosis, and visiting a private doctor or traditional healer were

8 Gender Issues in Tuberculosis 245



significantly associated with late diagnosis (Needham et al. 2001). In Bangladesh,

compared with males, females experienced longer delays at various stages of the

clinical process of help seeking for TB (Karim et al. 2007).

8.6 Differences in the Outcome of TB Treatment Among

Women and Men

A Ugandan study investigated gender-related differences in the presentation and

1 year outcomes of HIV-infected adults with PTB. The results showed that while

differences existed between men and women with HIV-associated PTB at presen-

tation, the outcomes at 1 year after the initiation of TB treatment were similar

(Nsubuga et al. 2002). Another study conducted in West Bengal, India, found that

among the new smear-positive patients, 89.4 % of females were cured compared to

85.8 % of males which was significant statistically (Mukherjee et al. 2012).

8.6.1 Treatment Adherence and Social Consequences
of Tuberculosis

Adherence to TB treatment has been reported and described as a complex behav-

ioral issue influenced by factors such as gender and the impact of HIV/AIDS

(Munro et al. 2007), but the specific impact of gender (Diwan and Thorson 1999)

still warrants more research and reporting. Gender diffences exist in rates of

adherence to treatment, with the fear and stigma associated with TB having a

greater impact on women than on men, often placing them in an economically or

socially precarious position. The health and welfare of children is closely linked to

that of their mothers, and TB in women can have serious repercussions for families

and households (Hudelson 1996).

The stigma associated with tuberculosis appears to be both substantial and

universal and is described in various cultural contexts, although the form that it

takes may vary from region to region, such as associations with HIV disease where

this is prevalent. The social consequences of stigma often persist even when

tuberculosis has been successfully cured: accounts from India, Bangladesh, and

Malawi show that despite their disease being cured, women experience problems

getting married. Women and men seem to experience the impact of stigma differ-

ently, though the psychological and social consequences are harsh for both genders

(WHO 2006; Johansson and Winkvist 2002).

Therefore, there is a growing realization of the need to assess gender-related and

other factors affecting adherence for both men and women. In the Hunan province

of China, for example, interventions have been implemented to improve health

disparities; however, the gender disparity remains (Chen et al. 2014). In the WHO

246 A. Thorson



four-country study, psychological and emotional symptoms of distress were

reported by a large majority of TB patients (WHO 2006), and these were related

to stigma, discrimination, and rejection by the family. It is essential that health

information and education draws a distinction between reasonable precautions to

minimize contagion and the creation of unnecessary fears of tuberculosis, thereby

endeavoring to reduce the stigma associated with the disease (WHO 2006).

Treatment adherence in the WHO four-country study showed a higher dropout

rate among males in all four countries, and the same was found in the south India

study. The financial impact of illness and hospitalization among males may be the

prime cause of their lower adherence rates, as well as difficulties in reaching clinics

during opening times (WHO 2006; Balasubramanian et al. 2004).

Studies in Mexico, India, and Taiwan also showed poorer treatment outcomes

among males (Jiménez-Corona et al. 2006; Uplekar et al. 2001; Feng et al. 2012).

The Taiwan prospective observational study suggests that male gender is associated

with older age, more comorbidities, and worse treatment outcomes.

Insufficient knowledge and individual cost during treatment were reported as

main obstacles to adherence among men, while sensitivity to interaction with health

staff and stigma in society were reported as the main obstacles among women

(Johansson et al. 1999). Fear of being associated with TB may also lead to

reluctance to receive treatment as it becomes more or less obvious to anyone in

the community that the patient is being treated for this disease, and this may in turn

lead to delays in following the referral chain. These factors seem important for

female TB patients as they may face particular constraints to daily healthcare

contacts, such as lack of access to child care, to transport or to accessing money

for transport (even when treatment may be free), or requiring permission from their

husbands to access healthcare (Johansson et al. 2000).

A systematic review of qualitative research identified four major factors that

interact to affect TB treatment as structural factors, including poverty and gender

discrimination, the social context, health service factors, and personal factors

(Munro et al. 2007). This review reported that adherence to TB treatment appeared

to be facilitated where patients understood the importance of completing treatment.

Patients’ beliefs about the efficacy of treatment and the validity of diagnostic tests

may impact on adherence. Other studies reviewed reported patients’ desire to be

cured as a motivator for adherence. Generally, female patients were perceived as

more motivated which is similar to most studies on health-seeking behaviors

between men and women; however, some studies reported a relationship between

pregnancy and nonadherence in women. Though the systematic reviews included

studies limited in terms of quality and foci, they are useful in providing a useful

synthesis of views from a broad range of stakeholders (patients, caregivers, and

healthcare providers) and are useful in taking forward the discussion of appropriate

interventions (Munro et al. 2007).
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8.6.2 Treatment Medications

The most common resistance mechanism to the first-line drugs byM. tuberculosis is
by alteration of the target leading to insufficient binding of the drug. This arises as a

result of chromosomal gene mutations. Second-line drugs, for example,

fluoroquinolones, are available for the treatment of resistant TB. However, there

has been reported development of drug resistance by the TB bacterial strains, which

results in inefficiency of most of these drugs (Walzl et al. 2005). A study conducted

in South Africa found MDR tuberculosis to be more prevalent than had been

previously realized in this setting. XDR tuberculosis had been transmitted to

HIV-coinfected patients and was associated with high mortality (Gandhi

et al. 2006) warranting priority attention for HIV and TB integrated activities. A

prospective study on prevalence of and risk factors for drug resistance among 1,278

patients in eight countries between 2005 and 2008 showed that in addition to being

resistant to isoniazid and rifampicin, 49 % of patient isolates were also resistant to

ethambutol and streptomycin. About 43, 13, and 7 % were resistant to, at least one

second-line drug, fluoroquinolones, and extensively drug-resistant (XDR) TB (Dal-

ton et al. 2012). The strongest risk factor for XDR-TB was previous treatment with

a second-line injectable drug. Female sex was another significant risk factor (Dalton

et al. 2012). Similarly a study from Ethiopia identified female sex as a significant

risk factor for MDR. MDR-TB and XDR-TB are currently the greatest causes of

ineffective TB therapy and have led to an increasing problem in many parts of the

world especially developing countries.

8.7 Future Directions

The impact of sex and gender on the diagnosis, prognosis, and treatment of TB is

still an emerging research field and presents an opportunity for continued lessons

and learning. Much of the research that is discussed above has contributed to some

understanding of the dynamics of managing TB; however, there is an opportunity to

advance the field further. There are still significant knowledge gaps in the complex

process of biological or immunological vulnerability to MTB, in relation to gender.

The unequal distribution of MDR and XDR as identified in a handful of studies

needs careful continued investigations to assess issues related to adherence as well

as sex-specific differences in host response.

TB continues to be a major public health urgency. The global arena needs a

holistic approach to research, where advancing research into improved point-of-

care diagnostics and new first- and second-line drugs should be paired with efforts

to reduce access barriers to diagnosis and treatment for men and women alike. Like

pointed out in the post-2015 agenda, support to patients with TB need not only

correct medical investigations but also schemes for social protection. From a gender

perspective, research into TB household’s as well as individual patient’s needs in
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relation to best practice provision of support will provide possibilities of further

disentangling the complexity of diminishing the disease burden of TB.
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Chapter 9

Sex Differences in Sepsis Following Trauma

and Injury

Huang-Ping Yu and Irshad H. Chaudry

Abstract The sex of a patient is increasingly recognized as a major factor deter-

mining the outcome of sepsis. Experimental findings indicate that female rodents in

the proestrus cycle (i.e., when the estrogen levels are at their highest) are more

tolerant than their male counterparts to major injuries. Several lines of evidence

indicate that male and female humans and rodents respond differently to shock. In

this regard, findings from clinical studies suggest that premenopausal women have

a lower incidence of infection, pneumonia, sepsis, and multiple organ failure than

men under those conditions. Sex differences have also been noted in organ function,

and the potential reasons for these differences have been the subject of extensive

research. This chapter deals with sepsis following trauma and injury and examines

the following: (1) the evidence for sex differences following trauma and sepsis and

(2) the mechanisms by which gender/sex hormones provide organ protection under

those conditions. The available information indicates that sex steroids modulate

organ function following injury. Thus, modulation of the prevailing hormone

milieu immediately following injury appears to be a novel therapeutic approach

for improving the outcome following those conditions.

9.1 Sepsis in Humans

Severe sepsis is known to produce many life-threatening sequelae. Numerous

advances in the past have improved short-term survival of patients in intensive

care units; however, despite these advances, sepsis and multiple organ failure still

remain the leading causes of morbidity and mortality in severely injured patients

who survive the initial trauma (Angele et al. 2000; Baue 2000; Bruhn et al. 2006;
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Choudhry et al. 2005; Cotton et al. 2006; Finnerty et al. 2007; Gauglitz et al. 2008;

Holcomb et al. 2007; Hsieh et al. 2005, 2006a; Kamoun et al. 2005; Kawasaki

et al. 2008; Kher et al. 2005; Kobbe et al. 2008; MacConmara et al. 2006; Moore

et al. 2005; Murakami et al. 2007; Purcell et al. 2006; Remick and Ward 2005;

Rossaint et al. 2006; Tsujimoto et al. 2008; Wheeler et al. 2008; Yu et al. 2006a, b,

c, d, e, f).

Sepsis is a common complication of traumatic injury, developing in up to

one-half of all trauma patients (Angus et al. 2001; Baue et al. 1998; Vincent

2000). Furthermore, the early, acute events of sepsis may trigger long-term conse-

quences such as lingering immunosuppression and pulmonary complications

(Benjamim et al. 2004; Reddy et al. 2001) and can lead to late mortality in a quarter

of survivors of severe sepsis (Benjamim et al. 2004). Prevention of sepsis and septic

complications has received much attention. Despite a substantial expenditure of

effort and resources, little headway has been made in reducing the frequency of

septic complications and trauma-associated mortality and morbidity in patients

(Deitch 1998; Esmon 2004).

9.2 Experimental Model of Sepsis

The purpose of using a reproducible animal model of sepsis is to have a controlled

setting that decreases the number of variables so that one can study in detail the

mechanisms responsible for the altered immunological, cardiovascular, and meta-

bolic changes under those conditions. Only by thoroughly understanding the mech-

anism of the pathophysiology of sepsis and septic shock can we devise better and

effective therapeutic modalities (Wichterman et al. 1980). Freise et al. (2001) make

the point that models that successfully replicate the conditions of clinical sepsis

tend to focus on infection rather than on systemic initiation. In addition, they point

out that a septic focus allows for further evaluation of treatments such as antibiotic

therapy, volume resuscitation, and surgery. The cecal ligation and puncture (CLP)

model for sepsis (Wichterman et al. 1980; Hubbard et al. 2005) may replicate the

nature and course of clinical sepsis in patients after trauma. Other putative models

of sepsis include intravenous infusion of endotoxin or live organisms, the admin-

istration of fecal material or live organisms into the peritoneal cavity, the placement

of infected foreign material into the soft tissue of the extremities to produce

abscesses, and surgical operations to partially destroy the normal barrier of the

gastrointestinal tract to simulate the conditions that occur, for instance, after bowel

infarction or cholecystitis (Wichterman et al. 1980; Hubbard et al. 2005).
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9.3 Sex Differential Response and Outcome After Injury

in Humans

Clinical studies have shown that women in the childbearing age have a lower

incidence of pneumonia, sepsis, and multiple organ failure than men after trauma

(Gannon et al. 2004; Mostafa et al. 2002; Offner et al. 1999). In a study by Frink

et al. (2007a) involving polytraumatized patients, women showed lower interleukin

(IL)-6, and IL-8 levels, which were associated with less multiple organ dysfunction

syndrome and sepsis. In another study, Wichmann et al. (2000) showed that adult

females developed sepsis less frequently than males during the clinical course in

surgical intensive care units, although once sepsis developed, the mortality rate was

the same for men and women. Consistent with these findings, Offner et al. (1999)

reported that being male is associated with an increased risk of major infection

following trauma. Some studies reported a benefit only in women >50 years of age

(George et al. 2003a), whereas others showed a benefit only in women<50 years of

age (Mostafa et al. 2002; Wohltmann et al. 2001). On the other hand, although

males have been reported to have a higher incidence of pneumonia, which is

described as the most common infection following severe trauma (Gannon

et al. 2004), an established diagnosis of pneumonia was associated with higher

mortality in females (Napolitano et al. 2001). In another study, being female

predicted increased mortality in critically ill surgical patients with documented

infection and after certain elective or emergency surgical procedures (Eachempati

et al. 1999). Some investigators suggest that there is no difference between the

sexes in mortality after trauma (Gannon et al. 2002; Napolitano et al. 2001), while

other studies demonstrated a higher mortality rate in women >80 years of age

compared with age-matched males (Eachempati et al. 1999). A recent study by

Deitch et al. involving over 4,000 patients showed that regularly cycling women

tolerate shock-trauma better than age-matched men (Deitch et al. 2007). Even

though most clinical studies demonstrated an advantage for females over males, a

definitive answer regarding the role of sex in the outcome following trauma and

sepsis remains controversial. The reasons for the differences in results are several

and include lack of knowledge of the hormonal status of the patient at the time of

injury.

Croce et al. (2002) found no sex difference in severity of penetrating or blunt

trauma patients. In addition, they separated blunt trauma patients into those �40

years or >50 years of age and found no sex-related mortality difference. Following

a similar analysis, the data from George et al. (2003b) showed a statistically

significant sex difference in the �50 age group, with male patients having a 2.5

times higher risk of death than females following trauma.

Another reason for the discrepant results may be that the hormonal status of the

patients was not accounted for, and thus, females were likely in different phases of

the menstrual cycle [i.e., with different circulating 17β-estradiol (E2) levels] at the
time of injury. This may explain why similar findings are not observed in different

studies. More precise patient grouping by cycle status would allow a clearer
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understanding of the hormone-related relationship to disease outcome. Future

clinical trials should partition and analyze data with respect to oral contraception,

hormone replacement therapy, or surgical history. Knowledge of menstrual cycle

stage as well as exogenous hormone use may provide a clearer understanding of the

association between hormone patterns and the outcome from trauma. Thus, more

clinical studies that include hormone measurement at the time of injury are needed

to understand the role of sex and sex steroids in post-trauma pathogenesis.

9.4 Sex Difference in Animal Models of Sepsis/Trauma

In contrast to findings in humans, animal studies have consistently found advan-

tages for proestrus females under stressful conditions. Ovariectomized female rats

have worse cardiac functional recovery following trauma-hemorrhage (T-H) than

intact control animals (Jarrar et al. 2000a). Their recovery is markedly improved by

the administration of 17β-estradiol (E2) (Jarrar et al. 2000a). Furthermore, female

rats in proestrus cycle (i.e., the stage of the estrous cycle in which E2 levels are the

highest) show normal cardiac and pulmonary function following T-H and resusci-

tation (Schneider et al. 2000; Yu et al. 2006a). In contrast, female rats in diestrus

(i.e., the stage of the estrous cycle when E2 levels are lowest) have depressed

cardiac and hepatic function that is similar to males following T-H (Jarrar

et al. 2000b). The beneficial effects of E2 are also evident in male rats treated

with E2 as a therapeutic modality following T-H induction (Angele et al. 1999,

2000; Hsieh et al. 2005). Moreover, E2 maintains cardiovascular and liver functions

under stress conditions (e.g., following T-H) (Hsieh et al. 2005; Szalay et al. 2006).

Studies have also shown that administration of progesterone following T-H in sex

steroid-deficient female rats improved cardiovascular functions (Kuebler

et al. 2003). A pivotal role for androgens has been suggested in producing the

depression in organ functions following T-H, because both castration (Angele

et al. 1999) and androgen receptor antagonism (Hsieh et al. 2006a; Wichmann

et al. 1997) improve/restore organ functions following T-H (Angele et al. 2000).

The rodent model of trauma and hemorrhage provides a basis for experimental

investigation of the immune and physiologic responses to a controlled insult.

However, the model may more closely resemble a clinical situation of penetrating

rather than blunt trauma because there is a lack of diffuse tissue injury. Accord-

ingly, it must be pointed out that the model yields only soft tissue injury without

direct organ injury. Although exceedingly useful for the study of a soft tissue injury

response (i.e., without internal organ damage) and potential therapeutic interven-

tions, the animal model utilized may not adequately represent the clinical picture of

either blunt or complex penetrating trauma. Similarly, differences in trauma

patients must be considered: blunt- and penetrating-injured patients may vary

with respect to comorbidities, injury patterns, and treatment protocols. Therefore,

a clear definition of the patient population to which laboratory findings can be
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applied is necessary in order to translate the laboratory findings into the clinical

arena in both a safe and efficient manner.

During menopause, luteinizing hormone and follicle-stimulating hormone levels

increase to those well above premenopausal levels; E2 and estrone levels decrease;

and to a lesser extent, as a function of age, androstenedione and testosterone levels

decline, characterizing adrenopause in men (Lobo 2000). In addition, human

postmenopausal prolactin pulsatile frequencies and levels resemble those of

males rather than those of premenopausal females (Katznelson et al. 1998). There-

fore, the beneficial effects of prolactin described by Zellweger et al. (1996) may

contribute to the mortality differences observed in blunt trauma patients, and the

presumed E2 effect may be a marker for premenopausal prolactin levels and

pulsatile frequencies. Unfortunately, a clinical determination of the importance of

prolactin is complicated by the pulsatile frequency and diurnal variations,

highlighting the importance of laboratory investigations.

It should be noted that similarities and differences exist between the clinical and

laboratory data, suggesting that the patient hormonal milieu may affect outcome.

Additional research is needed to clarify the patient subpopulations for which the sex

difference is most evident; however, prospective studies in which cycle status,

medical history, and surgical history are recorded will provide the basis for poten-

tial intervention should the hormonal status impart a clinically relevant effect on

outcome. Alternatively, it may be easier to administer E2 to patients in the emer-

gency room and determine if the incidence of organ dysfunction, complications,

and length of hospital stay decreases when E2 is used as an adjuvant to traditional

treatments.

9.5 Sex Hormone Receptors After Trauma

The functions of vital organs such as heart, liver, lung, and intestine are

compromised following T-H in males but not in proestrus females. Studies have

shown that cardiac function, as determined by cardiac output, stroke volume,

contractility, and total peripheral resistance, is markedly depressed after T-H in

males and females in estrus, metestrus, or diestrus phase, as well as in ovariecto-

mized females, despite fluid resuscitation (Choudhry et al. 2005; Yang et al. 2006).

In contrast, cardiac function is maintained in proestrus females following T-H

(Choudhry et al. 2005; Yang et al. 2006). Furthermore, administration of E2 in

either male or ovariectomized female rats protects cardiac function following T-H

(Choudhry et al. 2005). Similarly, T-H produces lung, liver, and intestinal tissue

edema within a few hours after injury, and like cardiac function, tissue edema is not

observed in proestrus female or in male rats treated with E2 following T-H (Frink

et al. 2007b; Yu et al. 2006c). Additional findings indicate that an increase in lung

myeloperoxidase (MPO) activity, neutrophil chemokines [e.g., cytokine-induced

neutrophil chemoattractant 1 (CINC-1), CINC-3], and intercellular adhesion

molecule-1 expression is elevated in females during diestrus and estrus as well as
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in ovariectomized female rats (Yu et al. 2006a). The highest level of E2 in proestrus

females was associated with the lack of lung inflammation following T-H, whereas

all other stages of the estrus cycle had significantly lower plasma E2 levels and

significant lung inflammation following T-H (Choudhry et al. 2005; Yang

et al. 2006; Yu et al. 2006a). Although E2 levels were relatively higher in female

rats in estrus and metestrus cycles compared to the levels seen in ovariectomized

females, the finding of increased lung injury markers in those animals suggests that

E2 levels in the estrus and metestrus cycles were not sufficient to attenuate lung

injury following T-H. Thus, sex steroids are, at least in part, responsible for

improving/maintaining organ functions following T-H. Estrogen appears to be

causative factor in the maintenance of organ function both in males and females

after T-H, and its administration in male rats and ovariectomized female rats

following T-H helps to prevent organ dysfunction under those conditions. Since

administration of a single dose of E2 following T-H produced salutary effects, it is

unlikely that such a dose E2 produces any potential ill effects of E2 that are

produced when E2 is used for long periods of time such as during hormone

replacement therapy. Thus, the beneficial effects of administration of a single

dose of E2 following T-H would not be expected to be associated with the

deleterious consequences of long-term E2 treatment such as increased risk of breast

cancer, endometrial cancer, and coagulation (Gruber et al. 2002).

Sex hormone-mediated effects are primarily mediated by their receptors.

Coadministration of E2 with ICI 182,780, a selective ER antagonist, abolished

the salutary effects of E2 on cardiac function following T-H in rats (Jarrar

et al. 2000a). Moreover, progesterone-mediated cardioprotection is associated

with increased progesterone receptor activity in the left ventricle and increased

circulating blood volume following T-H (Kuebler et al. 2003). Administration of

flutamide, an androgen receptor antagonist, restores cardiac and hepatic functions

and decreased intestinal neutrophil infiltration after T-H in male rats (Hsieh

et al. 2005, 2006a; Yu et al. 2006b). Flutamide administration following T-H also

increases cardiac E2 levels and ER expression through upregulation of aromatase

activity, which converts testosterone to E2 (Hsieh et al. 2006a).

9.5.1 ER-α Reduced Inflammatory Response in Liver
and Small Intestine and ER-β Attenuated Inflammatory
Response in Lung and Small Intestine

Action of E2 is mainly mediated by two intracellular ERs designated ER-α and

ER-β (Hsieh et al. 2006b, c). Previous studies have shown tissue-specific expression
of subtypes of ERs (Kuiper et al. 1997). For example, rat liver was found to be rich

in ER-α and lung in ER-β (Yu et al. 2006c). Alternatively, intestine is rich in both

ER-α and ER-β. Recent studies have shown the role of ERs in E2-mediated

protection of various organ functions following T-H in rats. These studies used
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ER-α- and ER-β-specific agonists, propylpyrazole triol (PPT) and diarylpro-

pionitrile (DPN), respectively. PPT is a selective agonist for the ER-α subtype

and is the most potent agonist for ER-α of a series of tetrasubstituted pyrazole

analogs (Yang et al. 2006). PPT binds to ER-α with high affinity, displaying

410-fold binding selectivity over ER-β (Yang et al. 2006). DPN, on the other

hand, acts as an agonist on both intracellular ER subtypes but has a 70-fold higher

relative binding affinity and 170-fold higher relative estrogenic potency in tran-

scription assays with ER-β than ER-α (Frink et al. 2007b). The liver, small intestine,

and lung are considered critical organs in the development of delayed organ

dysfunction in patients suffering from traumatic injuries and severe blood loss.

Multiple organ dysfunction or failure secondary to a systemic inflammatory

response remains the major cause of morbidity and mortality following trauma

(Wu et al. 2001). Neutrophils are the principal cells involved in host defense against

acute bacterial and fungal infections (Malech and Gallin 1987), and thus, these cells

have a protective effect. However, under shock conditions, the infiltration of these

cells may cause tissue damage (Angle et al. 1998). Neutrophil tissue migration is

mediated by multiple adhesion molecules on the neutrophil and endothelial cell

surfaces as well as chemotactic factors. Among adhesion molecules, ICAM-1 is an

important mediator of the adhesion of neutrophils to the vascular endothelium and

is markedly upregulated following T-H in rats (Dayal et al. 2002).

With regard to chemokines, rat CINC-1 and CINC-3 are members of the IL-8

family and are potent chemotactic factors for neutrophils. Recruitment and chemo-

taxis of neutrophils into tissue is a key event in inflammation. Using CINC

antibodies, studies have shown that CINC-1 and CINC-3 contribute significantly

to the influx of neutrophils in rat inflammation models including lung injury

(Shanley et al. 1997) and lipopolysaccharide-induced inflammation (Iida

et al. 1992). Additional studies indicate that CINC-1 levels correlated with tissue

MPO activity, a marker of neutrophil content, following T-H (Yu et al. 2006a; Yu

et al. 2006c). Studies have also indicated that E2-induced reduction of MPO activity

(an index of neutrophil infiltration), chemoattractants CINC-1 and CINC-3, and

intercellular adhesion molecule-1 following T-H are mediated via ER-α activation

in the liver, via ER-β activation in the lung, and via both ER-α and ER-β in the small

intestine (Yu et al. 2006c). These findings are consistent with ERmRNA expression

in the liver, small intestine, and lung (i.e., ER-α mRNA expression is highest in the

liver and ER-β mRNA expression is greatest in the lung) (Yu et al. 2006c). Thus,

such differences in distribution of ER subtypes in various tissues contribute to the

selective role of ER-α or ER-β in response to tissue injury (Kuiper et al. 1997).

Furthermore, administration of the ER-α agonist PPT attenuates hepatic injury and

decreases the expression of the nuclear factor-kappaB (NF-κB), activating protein

1 (AP-1) and inducible nitric oxide synthase (iNOS) in the liver following T-H

(Shimizu et al. 2007). The iNOS is significantly upregulated in the liver after

hemorrhagic shock and is thought to be one of the major contributors of hepatic

injury following hemorrhagic shock or sepsis (Menezes et al. 2002). Furthermore, a

positive correlation between hepatic injury and increased iNOS expression has been
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shown in rats (Shimizu et al. 2007). The production of proinflammatory mediators

is regulated by NF-κB and AP-1 (Meldrum et al. 1997). A recent study has

demonstrated cross talk between ERs and NF-κB at several levels (Kalaitzidis

and Gilmore 2005), for example, the inhibition of NF-κB target genes by ER-α
and ER-α inhibition of NF-κB-mediated transcriptional induction of IL-6 gene. ERs

also activate transcription at alternative sites, such as AP-1 (Kushner et al. 2000).

Furthermore, administration of DPN in male rats attenuated T-H-mediated increase

in protein concentration, LDH activity, nitrate/nitrite, and IL-6 levels in

bronchoalveolar fluid (Yu et al. 2006d). It also decreased iNOS expression,

nitrate/nitrite, and IL-6 levels in the lung (Yu et al. 2006d). In addition, it appears

that the salutary effects of E2 on attenuation of iNOS expression and NO production

in the lung are receptor dependent. Support for this suggestion comes from the

study which showed that administration of E2 with ER antagonist ICI 182,780

abolished the salutary effects of E2 in the lung in rats (Cuzzocrea et al. 2000).

Another study provides further evidence that following T-H, E2-induced attenua-

tion of lung injury is mediated via ER-β activation in male rats (Yu et al. 2006d).

iNOS can be overexpressed in rodent lungs following hemorrhagic shock (Kiang

et al. 2005). Hierholzer and colleagues have reported that iNOS inhibition results in

a marked reduction of lung injury produced by hemorrhagic shock (Hierholzer

et al. 1998). These findings support the view that an enhanced formation of NO

from iNOS plays an important role in producing lung injury following hemorrhagic

shock (Hierholzer et al. 1998), which can be altered by E2 signaling through ERs.

9.5.2 ER-β-Mediated Cardiac Protection by Upregulation
of Heat-Shock Proteins

Studies have also shown that DPN improve cardiac function and increase heat-

shock proteins (HSPs) 32, 60, 70, and 90 and heat-shock factor-1 (HSF-1)

DNA-binding activity in the heart following T-H in male rats (Yu et al. 2006e).

E2 has been reported to provide protection against vascular injury even in female

mice in which ER-α has been disrupted (Iafrati et al. 1997). Moreover, the expres-

sion of ER-β, but not of ER-α, is stimulated after vascular injury in male rats

(Lindner et al. 1998). Furthermore, studies utilizing ER-α or ER-β knockout mice

suggest that ER-β plays a role in cardioprotection following ischemia-reperfusion

(Gabel et al. 2005). The HSPs are an important family of endogenous, protective

proteins. HSP70 is induced by brief ischemia, and overexpression of HSP70 pro-

tects cells and tissues against various forms of stress, including heatstroke-induced

circulatory shock and cerebral ischemia (Wang et al. 2005). Conversely, reduced

expression of HSP70 resulting from treatment with antisense oligonucleotides to

HSP70 increases susceptibility to hypoxia and reoxygenation injury in adult feline

cardiocytes (Nakano et al. 1997). Overexpression of other HSPs including HSP32

and HSP60 is also reported to be protective against cardiac injury in rats (Szalay
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et al. 2005). HSP synthesis is controlled by a family of transcription factors, the

HSFs. Four HSFs have been identified in rats, but only HSF-1 has been shown to

regulate the expression of HSPs in response to ischemia, hypoxia, heat, stretch, or

injury (Nishizawa et al. 2002). Heat and hypoxia activate HSF-1, which is present

in the cytoplasm in an inactive, monomeric form. With stress, trimerization as well

as phosphorylation occurs following which HSF-1 migrates to the nucleus. In the

nucleus, HSF-1 binds to the heat-shock element, which is present in the promoter of

the stress response gene, and then initiates HSP transcription and synthesis. HSP90

is known to bind to intracellular steroid receptor, including the ERs (Knowlton and

Sun 2001). HSP90 might also complex with HSF-1 in cardiomyocytes (Knowlton

and Sun 2001). Interactions involving HSP90 and ERs, as well as the binding

between HSP90 and HSFs, represent an important element in the activation of

HSF-1 by E2 (Knowlton and Sun 2001). Several studies have examined the effects

of E2 and sex on cardiac HSP expression in rodents (Knowlton and Sun 2001; Voss

et al. 2003). These studies have shown that female rat hearts have twice as much

HSP70 as hearts from males (Voss et al. 2003). Ovariectomy of female rats reduced

the level of HSP70 in the heart, which can be reversed by E2 administration (Voss

et al. 2003). Additional studies show that 10 h of E2 treatment doubled the level of

HSP70 in adult cardiomyocytes from male rats (Knowlton and Sun 2001). Consis-

tent with these findings, treatment with E2 increases the expression of HSP32 in the

rat heart following T-H (Szalay et al. 2005). Upregulation of HSP synthesis is a

powerful physiological, endogenous route for protecting crucial cellular homeo-

static mechanisms against deleterious external factors. Physiological stresses rang-

ing from myocardial ischemia to genetic mutations produce a disease state in which

protein damage and misfolded protein structures are a common denominator

(Kumarapeli and Wang 2004). Multiple endogenous pathways are involved in

restoring cellular homeostasis, but one well-characterized mechanism that involves

protein folding is the heat-shock family of stress proteins, i.e., HSPs (Benjamin and

McMillan 1998; Menezes et al. 2002). There are several potential mechanisms by

which HSPs produce cardioprotective effects. HSPs are generally thought to be

useful in correcting the folding of many proteins and restore their functional

structures (Benjamin and McMillan 1998). Moreover, HSPs target denatured pro-

teins to the lysosome for degradation as molecular chaperones (Benjamin and

McMillan 1998). These functions of HSPs as molecular chaperones play important

roles in maintaining the normal cell functions and promoting cell survival. HSPs are

also known to regulate the process of programmed cell death/apoptosis. One major

pathway of apoptosis involves the release of cytochrome C from mitochondria.

Cytochrome C, in turn, binds to a protein known as apoptotic protease activating

factor1 (Apaf1) and triggers its oligomerization. This complex then attracts the

inactive unprocessed pro-form of the proteolytic enzyme caspase-9 which is then

cleaved to its active form, thereby initiating apoptosis. HSPs have been shown to

inhibit this process at various points. HSP90 binds to Apaf1 and prevents it binding

to cytochrome C (Pandey et al. 2000). Furthermore, HSP70 prevents oilgomerized

Apaf1 from recruiting pro-caspase-9 (Beere et al. 2000). Studies have also

suggested an antiapoptotic role of HSP60 (Kirchhoff et al. 2002; Lin et al.
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2001). Overexpression of HSP60 inhibits myocardial apoptosis in response to

ischemic injury in rat neonatal cardiac myocytes (Lin et al. 2001). Furthermore,

a recent study has shown that reducing HSP60 expression with antisense oligonu-

cleotides is associated with an increase in Bax and a reduction in Bcl-2, which

induces apoptosis of cardiomyocytes (Kirchhoff et al. 2002). These findings raise

the possibility that HSP60 may regulate apoptosis through modulation of the Bcl-2

family (Kirchhoff et al. 2002). In addition, HSP90 has been shown to bind to

endothelial NOS (eNOS) and stimulate its activity (Shi et al. 2005). Thus, the

HSPs protect cells via multiple mechanisms which target key cellular components

and regulatory processes. A previous study suggests that E2-mediated restoration of

cardiac function following T-H in rats is due in part to ER-dependent upregulation

of PGC-1α (Hsieh et al. 2006a). The nuclear coactivator PGC-1α, known for its role
in cellular metabolism, regulates a number of genes required for lipid metabolism

and ATP production by activating transcription factor PPAR-α and mitochondrial

transcription factor A (Tfam), respectively (Hsieh et al. 2005). It is well known that

lipids produce ATP through mitochondrial fatty acid β-oxidation. The PPAR-α
regulates genes involved in lipid transport and mitochondrial fatty acid β oxidation,
including FAT/CD36, and medium chain acyl-coenzyme A dehydrogenase

(MCAD) (Erol et al. 2004). The mitochondrial transcription factor, Tfam,

transactivates mitochondrial DNA-encoded gene cytochrome c oxidase subunit I

that is required for mitochondrial ATP production (Hsieh et al. 2005). Studies have

shown that DPN treatment also attenuated the decrease in cardiac mitochondrial

ATP, abrogated the T-H-induced lipid accumulation, and normalized peroxisome

proliferator-activated receptor gamma coactivator (PGC)-1α, mitochondrial tran-

scription factor A, and cytochrome c oxidase subunit I after T-H in rats (Hsieh

et al. 2006b). Likewise, it has been reported that PGC-1α expression can be induced

by transcription factor CREB (cyclic-AMP response element binding). PGC-1α
mRNA levels were reduced in the CREB knockout mice and sequence analysis of

the mouse PGC-1α promoter reveals a full consensus CREB binding site (Herzig

et al. 2001). Studies have also shown that E2 increased the enhancer activity of

CREB binding and CREB protein levels (Kanda and Watanabe 2004). Moreover,

the effects of E2 are through both ER-α and ER-β to increase CREB phosphoryla-

tion (Wade and Dorsa 2003). Furthermore, ER antagonist ICI 182,780 blocks the

increase in CREB phosphorylation induced by E2 in a hippocampal cell line (Wade

and Dorsa 2003). However, it remains to be determined whether ER-β-mediated

PGC-1α upregulation following T-H is through CREB phosphorylation. Further-

more, it has long been thought that sex hormone receptors, including ERs, are

localized in the cytoplasm and nucleus of the cell. However, there is evidence

indicating that ERs are also localized in mitochondria, which might enhance the

level of mitochondrial DNA (mtDNA)-encoded transcription directly (Chen

et al. 2004). A recent study has shown that E2 enhances the mitochondrial level

of ERs and increases the transcriptional levels of several mtDNA-encoded genes

required for mitochondrial respiratory complex (MRC) proteins and MRC activity

(Chen et al. 2004). These observations suggest that mtDNA-encoded MRC could be

a direct target for E2 action in the mitochondrial ERs. Studies have also examined
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the role of mitochondria in E2-mediated cardioprotection following T-H (Hsieh

et al. 2006c). Male rats received PPT, DPN, or E2 following T-H, and the effects of

these treatments were examined on mtER-α, mtER-β, mitochondrial estrogen

response element-binding activity, and mtDNA-encoded genes for MRC-I and

MRC-IV proteins (Hsieh et al. 2006c). To determine the role of MRC-IV in

DPN-mediated cardioprotection, a group of DPN-treated rats was co-treated with

MRC-IV inhibitor sodium cyanide. The results showed that DPN or E2 treatment

after T-H normalized cardiac mtER-β expression and increased mtER-β
DNA-binding activity. This was accompanied by an increase in MRC-IV gene

expression and activity; MRC-I gene expression remained unchanged. Inhibition of

MRC-IV in DPN-treated T-H rats by sodium cyanide abolished the DPN-mediated

cardioprotection, ATP production, mitochondrial cytochrome c release, caspase-3

cleavage, and apoptosis (Hsieh et al. 2006c). Thus, E2- and ER-β-mediated

cardioprotection following T-H appears, at least in part, to be mediated via

mtER-β-dependent MRC-IV activity and inhibition of mitochondrial apoptotic

signaling pathways.

9.6 Conclusion

A number of studies indicate that cardiovascular and immunological functions are

markedly depressed following T-H in young male rodents, but they are not

depressed in proestrus female rodents under those conditions. Furthermore, young

male rodents are extremely susceptible to sepsis following T-H, whereas proestrus

females are resistant to sepsis under those conditions. Thus, the hormonal milieu at

the time of injury dictates whether the host will be immunologically depressed and

susceptible to sepsis or they will be tolerant to sepsis under those conditions.

There is increasing evidence that sex hormones can have beneficial effects on

organ function following injury and sepsis in humans and experimental animals.

Studies have examined the role of E2 in post-shock pathogenesis (Fig. 9.1). The

findings indicate that trauma/sepsis impairs organ functions. Administration of E2

to either male or female rodents following injury attenuates organ injury. Although

clinical studies indicate that premenopausal females tolerate trauma and sepsis

better than age-matched males, there are some clinical studies which do not support

that contention. The reason for this discrepancy of results could be due to the fact

that the hormonal status of the females is usually not measured immediately after

injury and the cycle stops after that condition, and thus females may be in the

different phases of the estrus cycle at the time of injury. Determining the hormonal

status immediately following injury will therefore provide better information about

the role of hormones on tolerance and susceptibility to trauma and sepsis.

The findings also indicate that there are two major receptors, ER-α and ER-β,
which mediate E2 actions during T-H. Studies have shown that tissue-specific

expression of subtypes of ER mediate the protective effects of E2 on organ function

following trauma in rodents. Thus, alteration or modulation of the prevailing
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hormonal milieu at the time of injury appears to be a novel therapeutic option for

improving organ function under those conditions. However, this complex network

needs additional elucidation in future experimental studies and clinical trials so that

more effective therapies can be formulated.
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Chapter 10

Sex Differences in Outcomes of Infections

and Vaccinations in Under Five-Year-Old

Children

Katie Louise Flanagan and Kristoffer Jarlov Jensen

Abstract It is evident that human male and female children differ in their out-

comes following infectious challenge and vaccination. This chapter explores some

of the evidence for this in children <5 years of age, which is the age group that

suffers the greatest morbidity and mortality from infections, and the target age

group for many vaccinations. The sex-differential effects commence both pre-

implantation and in utero and continue throughout childhood. The mechanisms

include genetic influences, epigenetic differences, the influences of sexually di-

morphic hormones, sex differences in innate immunity, differences in thymic develop-

ment, and sex differences in the effect of diet and breastfeeding. There may also be

behavioral factors at play such as differential treatment of males and females.

Studies in this age group are limited, and yet understanding the factors that determine

key sex differences in immunity could lead to therapeutic strategies to improve

childhood survival.

10.1 Sex Differences in Outcomes of Infections

It is newborns and infants under the age of 5 years that continue to suffer the bulk of

infectious diseases in the world. In 2012, 6.6 million children under 5 years of age

died, with the highest death rates occurring in sub-Saharan Africa where 1 in

10 children die before 5 years of age (WHO 2012). Up to a quarter of these deaths

are caused by vaccine-preventable diseases including Streptococcus pneumoniae,
Haemophilus influenzae, Bordetella pertussis, rotavirus, and measles, while
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Escherichia coli and other gram-negative organisms, group B streptococcus, respi-

ratory syncytial virus, and herpes simplex virus also contribute a significant pro-

portion. The majority of these deaths continue to occur in resource poor settings,

while the developed world enjoys considerably better child health. The Millennium

Development Goal 4 aims to decrease under 5-year childhood mortality by two

thirds between 1990 and 2015 (UN 2013). Despite great progress in reaching this

goal, efforts to decrease neonatal mortality (deaths in first 4 weeks of life) have

proved more challenging, and the first 24 h of life continues to be the most

vulnerable period accounting for almost half (44 %) of under-five deaths

(UN 2013).

For decades, newborn males have anecdotally been considered more vulnerable

to infections and death than females. More recently, modern epidemiology has been

able to more systematically corroborate this observation in developing as well as

developed countries (Sawyer 2012). However, the degree of excess male infant

morbidity and mortality is subject to considerable geographical variation and may

also depend on the nature of the local endemic diseases. Overall, the female

advantage tends to become more evident as the mortality rate declines, in keeping

with the fact that the decline in child mortality due to improved sanitary conditions

and infectious diseases control in the industrialization era favored females more

than males (Sawyer 2012; Drevenstedt et al. 2008). Notable exceptions are East/

Southeast (E/SE) Asia and more developed countries (Fig. 10.1); possible expla-

nations include preferential treatment of males compared to females or that at low

child mortality rates in developed countries, the causes of death are less related to

factors that vary between sexes, for example, more recent improvement in obstetric

Fig. 10.1 Trends in the male-to-female ratio of infant mortality (ages 1–4 years) by level of

under-five mortality in different regions of the world. The dashed line in pink is the historical sex
ratio of infant mortality for selected developed countries [Reproduced from Sawyer (2012)]
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practice and neonatal care has particularly favored males (Drevenstedt et al. 2008).

The risk of contracting disease in childhood may often be age dependent in a

sex-differential manner for a number of pathogens, with the prevailingly excess

male case rate during early infancy shifting toward a higher female case rate later in

childhood or adolescence (see Chap. 6).

Green postulated that male excess morbidity depends on the symptomatic to

asymptomatic ratio for the specific disease, in the sense that severe infections such

as measles with a high ratio (i.e., few asymptomatic infected) would manifest more

equally in females and males, whereas diseases with a large proportion of asympto-

matic infected individuals would materialize as a higher morbidity in the more

vulnerable males (Green 1992). Birth defects are more frequently seen in males

(Lary and Paulozzi 2001), and this may partly account for the increased suscepti-

bility to some infections relative to females (Ulizzi and Zonta 2002).

10.1.1 Sex Differences in Susceptibility to Bacterial
Infections and Sepsis in Childhood

Most studies show a higher susceptibility among males in the developed world to

bacterial sepsis, including infants and preadolescent children (Watson et al. 2003),

preterm infants (Neubauer et al. 2012), and newborns undergoing elective surgery

for anomalies (Albers et al. 2002), while no sex difference was found in a cohort of

extremely low-birth-weight infants (Stevenson et al. 2000). By contrast, a Nigerian

study found a significantly higher incidence of bacterial sepsis among 1–5-year-old

females compared to males, but only in the dry season (Omoregie et al. 2009).

Similarly, among malaria-infected Kenyan children aged 1–3 years, bacteremia

was more prevalent among females than males (Were et al. 2011). Such regional

differences in the risk of septicemia for males and females may be due to differ-

ences in the endemic pathogenic bacteria species.

Several other murine and human studies show that prognosis during sepsis,

shock, and trauma is better for females than males (see Chap. 9) (Angele

et al. 2000; Marriott et al. 2006; Muller-Werdan et al. 2009). Watson and colleagues

found significantly more sepsis cases and sepsis-related mortality among male than

female infants in the USA (Hartman et al. 2013), with a persistently higher case rate

but not mortality persisting to adolescence. Conversely, a smaller Dutch study of

patients admitted to the pediatric intensive care unit for sepsis and purpura failed to

find a difference in the case fatality rate according to sex, although males did suffer

more severe disease (Maat et al. 2007). Low-birth-weight (LBW) males also had

higher hospital mortality than LBW females in this study (Watson et al. 2003). In a

prospective Austrian study of all infants born at<32 weeks gestational age, females

suffered less from early onset sepsis (<72 h from birth) and respiratory infections

than males, with a lower rate of hospitalization of females in the first year but no sex

difference in the second year (Neubauer et al. 2012).
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In a study of very low-birth-weight infants (i.e., 500–1,500 g) conducted in the

USA, males were more premature, had lower Apgar scores (medical evaluation

routinely performed at birth for appearance, pulse, grimace, activity, and respira-

tion), and had 50 % higher mortality than females. Males suffered more from

urinary tract infections than females and were more in need of intensive care and

medication, while rates of septicemia and meningitis were similar in males and

females (Stevenson et al. 2000). Similarly, Ghuman et al. found comparable

mortality and severity of sepsis in prepubertal male and female children (2–7

years old) admitted to hospitals in the USA with sepsis, while postpubertal males

had higher mortality due to more severe illness (Ghuman et al. 2013).

Males seem more susceptible to diarrheal diseases than females. In four geo-

graphically different highly industrialized nations (Canada, Scotland,

New Zealand, and Norway), campylobacter infection incidence was significantly

higher in male than female infants and 1–5-year-old children, and the excess male

case ratio reverted after adolescence (Strachan et al. 2008). A mouse study showed

that after inoculation with Campylobacter jejuni, male mice were more heavily

colonized, shed a larger number of bacteria in feces, and presented with a more

systemic infection that spread to tissues as compared with females (Strachan

et al. 2008). A community cohort study from West Africa further found that male

sex was a significant risk factor for diarrhea (all causes) among 0–3-year-old

children (Molbak et al. 1997). Sudanese <5-year-old males also had a slightly

(3 %) but significantly higher risk of having diarrhea than age-matched females

(Siziya et al. 2013).

The incidence of invasive pneumococcal infection was higher in Danish males

than females 2–6 years of age, and the incidence of otitis media (which can have

both bacterial and viral etiology) was higher among males than females in Finnish

under 2-year-old children (Seppala et al. 2011). A large registry-based study from

Japan found a male preponderance for group A streptococcal pharyngitis and

enterohemorrhagic E. coli infection among young children, with a female domi-

nance for Mycoplasma pneumoniae and Bordetella pertussis infections (Eshima

et al. 2012). Pulmonary tuberculosis (TB) is more prevalent in adult males of all

ages, whereas in children and early adolescents, there is no sex preponderance (see

Chap. 8) (Neyrolles and Quintana-Murci 2009).

10.1.2 Sex Differences in Viral Infections in Childhood

The aforementioned registry-based study from Japan showed that for most of the

investigated viral diseases, there was an excess male morbidity ratio in infancy

which reversed to an excess female ratio during adolescence, although not consis-

tently for all viral infections (Eshima et al. 2012). During an outbreak of measles in

Korea, more male than female children were hospitalized (Lee et al. 2007), and in

an outbreak in Ireland, slightly but nonsignificantly more male children were

hospitalized with measles (McBrien et al. 2003). However, a survey in India

276 K.L. Flanagan and K.J. Jensen

http://dx.doi.org/10.1007/978-3-319-16438-0_8


found that nearly 50 % more females than males aged 1–59 months succumbed to

measles (Morris et al. 2013). In a Zambian study, the total lymphocyte count in

children with measles was significantly higher in males, and the CD4:CD8 ratio was

higher in females during recovery, alongside a more pronounced and prolonged

lymphopenia in females than males (Ryon et al. 2002). Surface expression of Fas on

lymphocytes or soluble Fas was not different between males and females. Among

measles, mumps, and rubella (MMR)-vaccinated older children/young adults

(11–22 years), females responded with significantly stronger TNF-α, IL-6, and
IFN-α responses to measles antigen than males (Umlauf et al. 2012).

Danish female infants (relative risk (RR): 0.56 (0.45–0.69)) and female children

aged 1–14 years (RR: 0.45 (0.40–0.51)) had a lower risk of being hospitalized for

viral meningitis than males (Hviid and Melbye 2007). Another Danish registry

study of under 5-year-old children found that the relative risk of being hospitalized

for four categories of respiratory tract infection (i.e., influenza, middle ear infec-

tion, pneumonia, acute upper respiratory tract infection) was higher for males than

females for all four diagnoses (Jensen-Fangel et al. 2004). In a Canadian hospital

cohort, male sex was identified as a risk factor for being hospitalized with a

diagnosis of seasonal influenza (OR: 1.9 (1.0–3.7)) for children under 5 years of

age (Quach et al. 2003). In a very low-birth-weight cohort, sex was not a determi-

nant for the risk of human rhinovirus-associated respiratory infection (Miller

et al. 2012). In Japan, more male than female neonates were hospitalized with

RSV bronchiolitis, and more males than females under 6 months of age were

febrile, while the opposite was found for infants more than 6 months of age

(Nagayama et al. 2006).

According to a registry-based study among 0–14-year-olds from the UK, female

children seem to be more susceptible to recurrent herpes virus infections, including

shingles which is caused by recurrence of latent varicella zoster and herpes simplex

virus infection which remains latent and becomes reactivated from time to time

(Fleming et al. 2004). No sex difference was observed for chickenpox, the primary

herpes zoster infection.

10.1.3 Sex Differences in Parasitic Infections in Childhood

The prevalence and intensity of most parasitic infections is higher among male than

female children and adults (Klein 2004). Most human childhood studies have been

of school-age children, with few studies describing sex differences in parasite levels

in infants <5 years of age. Those infections shown to be higher in school-age male

children include the human protozoal infection Plasmodium falciparum, the trem-

atode Schistosoma mansoni, and the nematodes Necator americanus (hookworm),

Toxocara spp., andWuchereria bancrofti. Human males <15 years of age are more

susceptible to toxoplasma lymphadenopathy than females, whereas among sexually

mature adults >15 years, the females were the ones more susceptible, suggesting a

switching of the sex effect in puberty (Beverley et al. 1976). A study of imported
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malaria cases in Germany suggested that both preadolescent and adolescent males

experience higher malaria parasitemia than females (Weise 1979), and male Gha-

naian schoolchildren similarly had higher parasitemias than females (Landgraf

et al. 1994). By contrast, a study from an area with a low prevalence of malaria

found no sex bias for preadolescent children, while the incidence rate increased

relatively more among males than females after adolescence (Pathak et al. 2012).

Prepubertal males are more likely to develop visceral leishmaniasis than females

(Shiddo et al. 1995). Among under 2 years old West African children, infection

with Cryptosporidium parvum imposed a higher risk of diarrhea in males than

females (Valentiner-Branth et al. 2003), while the prevalence of Giardia lamblia
and Entamoeba histolytica was higher in under 5-year-old females from Guinea-

Bissau presenting with diarrhea compared to males in a study of almost 5,000 stool

samples (Perch et al. 2001). A higher relative fecal load of Schistosoma mansoni
eggs was found among Ethiopian male schoolchildren compared to females (Degu

et al. 2002) and Senegalese of all ages from 8 years to adulthood (Marguerite

et al. 1999). Thus, the human data of childhood susceptibility to parasitic infection

supports a male bias for most infections, as seen in adults. See also Chap. 13 for

more information on sex differences in parasitic diseases.

10.2 Sex Differences in Immune Responses to Vaccinations

in Childhood

Worldwide vaccination of infants has been a resounding success in the effort to

reduce mortality and morbidity from infections in infants and children. However,

recipients are not equal in how they respond to vaccines, and although often

disregarded in vaccination policy and vaccine trials, sex may partly determine

vaccine outcome.

10.2.1 Sex differences in Antibody Responses to Vaccines

In adults, sex differences in responses to vaccination have been reported for most

commercially available vaccines (Klein and Poland 2013), including live vaccines

such as measles vaccine, yellow fever vaccine, Venezuelan equine encephalitis

vaccine, and rubella vaccine and inactivated vaccines including those against

hepatitis A and B, influenza, tetanus, and rabies (Cook 2008). In children, male/

female differences in antibody responses seem to vary according to the vaccine,

most studies being of responses to routine childhood vaccines, particularly the

measles vaccine (MV).

In Guinea-Bissau, pre-vaccination anti-measles antibody levels at 4.5 months of

age were lower in females than males. However, at 9 months of age, non-vaccinated
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females were more likely to have protective anti-MV antibody levels than males.

The study suggested that females were more likely to have had a subclinical

measles infection during the first 9 months of life (Martins et al. 2009). Similarly,

a study in Pakistani infants found higher seropositivity rates and serum titers in

females prior to MV at 9 months of age (Hussain et al. 2013).

After standard MV administered at 9 months of age, antibody levels were higher

in females than males at 18 months of age in Guinea-Bissau, but only for the

Edmonston-Zagreb (EZ) strain vaccine, while there was no sex difference for the

Schwarz strain MV (Martins et al. 2013). In a study designed to explore sex

differences in MV immunization responses in infants, among those with

undetectable pre-immunization anti-MV titers, females responded with antibody

of lower specific antibody-dependent cell-mediated cytotoxicity (ADCC) activity

than males after EZ MV, but not after Schwarz MV (Atabani et al. 2000).

Indonesian females were found to have lower antibody responses than males

following MV at 9 months of age (Semba et al. 1995), and in Pakistan, 5-year-old

females also had lower measles seropositivity rates and serum titers than males

(Hussain et al. 2013). By contrast, Tanzanian<5-year-old females had higher mean

anti-measles antibody titers than males after standard MV (Lyamuya et al. 1999). In

a multiple logistic regression model, sex was not a factor influencing the risk of

having non-detectable measles antibody titers (Lyamuya et al. 1999), and there

were no sex differences in MV antibody levels to an MV booster at 36 months of

age in the Gambia (Njie-Jobe et al. 2012). Benn et al. found that in Guinea-Bissau,

simultaneous vitamin A supplementation increased antibody responses to MV in

males, but not in females. However, among infants not receiving vitamin A,

antibody titers after MV were higher in females (Benn et al. 1997).

Antibody levels after diphtheria vaccine were higher in Gambian female infants

than in male infants (Moore et al. 2006), while males had higher antibody responses

than females following a diphtheria booster in adolescence (Mark et al. 1999). In

Chinese children up to 12 years old, females responded with higher antibody levels

to hepatitis B vaccination than males (Fang et al. 1994). The lower titers in males

may be associated with the finding of a higher preponderance in hepatitis B cases

among hepatitis B-vaccinated Taiwanese infants (Chen et al. 2004). There were no

sex differences in antibody titer response to pertussis vaccination (whole cell or

acellular) in American infants (Christy et al. 1995) or in responses to polyvalent

meningococcal group A or group C vaccines in 4–8-year-old Nigerian children

(Mohammed and Damisah 1982). For hepatitis A-vaccinated children aged 3–6

years, antibody responses were higher in females than males but significantly so

only after the second dose (McMahon et al. 1995) suggesting that the number of

doses might play a role. The persistence of antibodies after primary vaccination

may be different in males and females, which in turn may influence the booster

response (Cook 2008), but further studies are needed to investigate this.

The sex effect for responses to a particular vaccine may be different in children

and adults. For example, Indonesian males had higher antibody responses following

measles vaccination at 9 months of age (Semba et al. 1995), while females mounted

higher antibody responses when vaccinated as adults (Green et al. 1994). In
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children aged 6–9 years, females had higher antibody levels than males to pneu-

mococcal vaccine and intramuscular (i.m.) rabies vaccination (Moore et al. 2003),

while adult males had a greater antibody response to i.m. rabies vaccine than adult

females (Siddiqui et al. 2001).

The above studies suggest that multiple factors may modulate antibody

responses to childhood vaccines in a sex-differential manner, including age, vac-

cine type, micronutrient supplementation, and factors related to geographic setting.

10.2.2 Sex Differences in Vaccine-Induced Cellular
Immunity

Few studies have investigated sex differences in cellular responses after vaccination

in children. With respect to BCG vaccination, the tuberculin skin test (TST)

response (Roth et al. 2005) and scar formation at the site of injection (Burl

et al. 2010), both which serve as crude immunological markers of vaccine efficacy,

have been shown to be larger in males, while other studies showed that the

likelihood of having a positive TST was not affected by sex (Okan et al. 2006). A

study of cytokine responses (IFN-γ, IL-5, and IL-13) following BCG vaccination in

236 Gambian infants found no evidence of sex differences in responses to several

mycobacterial antigens 2 months after vaccination at birth (Finan et al. 2008). The

authors did point out the striking interindividual variation in cytokine responses in

this study, and this would likely hamper the likelihood of detecting significant sex

differences. Similarly, there were no significant sex differences on type 1 and

2 cytokine responses to purified protein derivative from M. tuberculosis (PPD) in
infants receiving oral polio vaccine together with BCG at birth (Sartono

et al. 2010).

There were no sex differences in measles-specific IFN-γ or IL-4 responses after

measles, mumps, and rubella (MMR) vaccination (Dhiman et al. 2005), and the

immunosuppression characteristically seen after measles vaccine was similar in

male and female infants in another study (Hussey et al. 1996). Cellular responses as

measured by IFN-γ ELISpot assay following a booster measles vaccination at

36 months of age did not vary with sex (Njie-Jobe et al. 2012), and differential

expression of cellular activation markers after measles vaccine was also unaffected

by sex (Schnorr et al. 2001). A randomized trial of measles vaccine in 4.5-month-

old infants from Guinea-Bissau found that vaccination increased plasma levels of

IL-1 receptor agonist, IL-8, and MCP-1 in females but not in males, whereas there

was no sex difference in the MV effect on in vitro cytokine responses (Jensen

et al. 2014).

Overall, these studies do not support major sex differences in cell-mediated

immune responses to vaccines in infants, although given the paucity of data, this

needs to be confirmed by further studies. This contrasts to adults where cytokine

responses following influenza vaccination were higher in females than males
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(Furman et al. 2014), and vaccinia-specific IFN-γ ELISpot and IL-1β responses

were higher in smallpox-vaccinated males, while vaccinated females had higher

secretion of vaccinia-specific IL-2 and IL-10 (Haralambieva et al. 2013).

10.2.3 Sex Differences in Reactogenicity/Adverse Events
to Vaccination

Adverse reactions to vaccines include allergic reactions that can be local or

systemic and vaccine-induced autoimmune reactions. There have been a number

of reports showing that females suffer greater reactogenicity and adverse events to

vaccination than males. However, the sex bias may be age dependent. Females

experienced more adverse events to oral poliovirus vaccination during mass immuni-

zation of high-school and university students in the Democratic Republic of the

Congo at a ratio of 2 females for every male (Nzolo et al. 2013). A study in pediatric

hospital patients found that females had a higher risk than males of experiencing an

adverse drug reaction (ADR) to an unspecified group of drugs including, but not

exclusively, vaccines (Martinez-Mir et al. 1999). Another study found a preponder-

ance of male ADR reports among pediatric patients, in contrast to an excess female

ADR rate among the adult population, with vaccines and immunoglobulins (37 %)

being the largest drug group associated with the ADR reports (Ribeiro-Vaz

et al. 2013). A similar male predominance in adverse reaction ratio in infancy

declining over age and switching to a female predominance from adolescence has

also been described for non-vaccine-related adverse events (Star et al. 2011). In a

6-month follow-up telephone survey of 946 children aged 0–14 years receiving

vaccines, more adverse events were reported for males, although this was not

significant, and adverse events by vaccine type was not analyzed by sex (Carrasco-

Garrido et al. 2004). For yellow fever vaccine, a higher incidence of postvaccination

encephalitis has been described in infant males compared to females (Cook 2008).

Similarly, a higher serious adverse event rate in males compared with females after

yellow fever vaccination was also reported in adults in one study (Lindsey

et al. 2008), but not for smallpox vaccination (Reif et al. 2008). Israeli female

toddlers experienced significantly higher risk of fever and rash following MMR

vaccination (Shohat et al. 2000), whereas no sex differences in reactogenicity to

MMR were reported in a Finnish study (Virtanen et al. 2000). There was no sex

difference in rash after high-titer measles vaccine in Senegal, but there was an

association between rash and mortality after the vaccine, perhaps stronger in

females, but not significantly sex dependent (Seng et al. 1999).

The above studies suggest that infant males might fare worse than female infants

after vaccination, but this might then switch with an increase in adverse events

occurring in adolescent and adult females. This would suggest a hormonal influence

in adverse events to vaccines although this has not been investigated to date.
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10.2.4 Sex Differences in the Nontargeted Heterologous
Effects of Vaccines

It is now evident that in addition to inducing vaccine-specific immunological

memory, vaccines can also have more generalized effects on the immune system

which alter susceptibility to non-vaccine-related infections leading to altered morbi-

dity and mortality. The first descriptions of these effects, originally called

“nonspecific effects” of vaccines, came from observational studies mainly in

West Africa (Shann 2010). More recently the term “heterologous effects” has

been adopted to describe this phenomenon (Flanagan et al. 2013). Randomized

controlled trials are now being conducted which confirm these findings, and the

immunological mechanisms are beginning to emerge. Interestingly females are

generally more susceptible to the heterologous immunological effects of vaccines

than are males (Flanagan et al. 2011), and some of the potential mechanisms for this

sex difference will be explored in this section.

10.2.4.1 Sex Differences in the Heterologous Effects of Bacillus

Calmette–Guérin Vaccine

To date, the tuberculosis (TB) vaccine bacillus Calmette–Guérin (BCG) remains

the most commonly used vaccine in the world. It is recommended that BCG be

given to neonates or at the first possible opportunity in the first year of life in TB

endemic areas of the developing world. BCG is protective against disseminated TB

in childhood but has variable protective efficacy in adults.

Studies in the early 1960s in the UK and USA showed that BCG-vaccinated

children had lower mortality from non-TB causes than those that were BCG naı̈ve,

well beyond any effect on TB-related mortality (Roth et al. 2006). This led to the

design of several randomized controlled trials aimed at investigating the effect of

neonatal BCG vaccination on infection rates and non-TB-related mortality. BCG

vaccination at birth of low-birth-weight (LBW) neonates has been shown in a

randomized trial to reduce all-cause mortality in the vulnerable neonatal period

by 45 % in a high-disease-burden setting in West Africa (Aaby et al. 2011). This

study showed a sex-differential effect of neonatal BCG vaccination whereby males

experienced a very rapid improvement in survival within 3 days of BCG vacci-

nation, whereas the protective effects were only apparent in females after 1 week

(Biering-Sorensen et al. 2012). Furthermore, BCG was found to reduce acute lower

respiratory tract infections in female, but not male infants (Stensballe et al. 2005).

Therefore, BCG vaccination seems to modify the immune system in a beneficial

way, providing protection against nontuberculous infections and thereby reducing

all-cause mortality, sometimes in sex-specific ways.
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10.2.4.2 Sex Differences in the Heterologous Effects of Measles Vaccine

Measles vaccine (MV), which has been in wide use since the 1960s (Baker 2011),

has also been shown to have heterologous survival benefits against nontargeted

infections. It reduces the overall morbidity and mortality to an extent that exceeds

the morbidity and mortality possibly caused by measles infection (Aaby et al. 1995,

2010b). Several observational studies from different countries, including Guinea-

Bissau, Malawi, and India, have found that females benefit more than males from

this beneficial heterologous effect of MV (Aaby et al. 1995, 2006c, 2010a; Hirve

et al. 2012). The administration of MV at 4.5 months of age was found to reduce

mortality among females, but not males. Furthermore, males that had received

neonatal vitamin A supplementation had decreased survival after MV (Aaby

et al. 2010b). The MV efficacy against hospitalization was better for females than

males for those who had received MV as the last vaccine (Aaby et al. 2010a). A

study in rural Malawi showed that either BCG or MV as the last vaccine was

associated with a lower female to male mortality rate ratio (Aaby et al. 2006c).

10.2.4.3 Excess Female Mortality Following High Titer Measles

Vaccine

While the standard measles vaccine has beneficial effects on infant survival, the

high-titer measles vaccine (HTMV) introduced in 1989 was found in randomized

trials to be associated with increased mortality among vaccinated females (Aaby

et al. 1994; Holt et al. 1993), leading to the withdrawal of HTMV by WHO. The

rationale behind using this more immunogenic vaccine in high measles endemic

settings was to allow earlier vaccination in the presence of higher levels of

maternally acquired antibodies, believed to impair vaccine efficacy. This was the

first widely accepted evidence that vaccines could affect all-cause mortality in a

sex-dependent manner.

10.2.4.4 Heterologous Effects of Diphtheria, Tetanus, and Whole-Cell

Pertussis Vaccine

While BCG and measles vaccine (MV) seem to improve morbidity and mortality

rates, particularly among females, the opposite is true for the combined diphtheria,

tetanus, and whole-cell pertussis (DTwP) vaccine. DTwP vaccination is associated

with higher female morbidity and mortality, but this is not the case for males

(Agergaard et al. 2011; Aaby et al. 2007c, 2012a, b). Indeed, a re-analysis of the

data from the high-titer measles vaccine (HTMV) studies showed that the increased

mortality among female infants was more likely due to DTwP being given after

HTMV (Aaby et al. 2003, 2006a). A study in the Philippines did not find a negative

effect of DTwP on survival, but did find an indication of a sex-differential effect,
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with the largest positive effect on survival being in the males (Chan et al. 2007).

Recently, hepatitis B vaccine (HBV) andHaemophilus influenzae type b (Hib) were
added to the DTwP vaccine and are now given in a multidose schedule as a

pentavalent vaccine formulation to infants in many parts of the developing world.

The pentavalent vaccine has not been tested for deleterious heterologous effects.

It has become clear that the order in which vaccines are given is crucial in the

context of heterologous effects, with the last vaccine given determining the pre-

dominant effect. For example, the measles vaccine (MV) efficacy against hospital-

ization of 6–59-month-old children was lost among females if DTwP was given

after MV (Aaby et al. 2010a). An observational study in India showed that the

female–male mortality ratio up to 5 years of age differed according to the age group

in which different vaccines were given: with a reduced ratio when BCG or MV

were the latest vaccine and increased ratio when DTwP was the most recent vaccine

(Hirve et al. 2012). Similarly, a study from the Gambia showed that females had a

lower mortality rate than males throughout the age span from birth to 5 years of age,

except for 6–8 months of age coinciding with the period when DTwP was the last

vaccine given. In contrast, BCG and MV were usually the last vaccines received

before and after, respectively, the intermittent DTwP period (Aaby et al. 2006b). A

study of the hospital case fatality rates for male and female children 6–17 months of

age showed that DTwP after measles vaccination was associated with an increased

female–male fatality rate ratio, whereas DTwP followed by MV showed the

opposite trend, although it was not significant (Aaby et al. 2007b). The relative

risk for males and females of having rotavirus-associated diarrhea also depends on

whether DTwP or BCG is the last vaccine, with DTwP vaccination being associated

with an increased risk of rotavirus-associated diarrhea in females only (Rodrigues

et al. 2006). The same trend was found for diarrhea caused by other pathogens.

WHO commissioned a number of investigations of the effect of DTP on

all-cause mortality. None of the resulting reports found negative effects of DTP.

However, a controversy ensued over the methodology applied in these studies, as

the handling of missing vaccine information in the statistical models may have

inflicted a bias on the results (Fine and Smith 2007; Aaby et al. 2007a; Jensen

et al. 2007). The controversy remains unresolved.

10.2.4.5 Other Vaccines and Sex-Differential Heterologous Effects

A possible sex-differential effect of oral polio vaccine (OPV) was suggested in an

observational study (Benn et al. 2008b), although a later randomized trial of OPV at

birth did not support this (Lund et al. 2012). The female–male mortality ratio was

higher in HBV-vaccinated than HBV-non-vaccinated infants (7.5–12 months of

age), suggesting a deleterious effect among females, a beneficial effect for males, or

both (Garly et al. 2004).
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10.3 Mechanisms of Sex Differences in Infections

and Vaccine Responses in Children

The biological explanations for the epidemiological findings remain to be fully

elucidated. In general, studies of sex differences in immunity are lacking or

sporadic, largely due to the fact that animal studies are generally conducted in

either males or females, but not in both (Flanagan 2014). Furthermore, many adult

human studies are carried out in men only since women have the risk of becoming

pregnant and the monthly menstrual cycle might alter immune responses.

There are even less studies on the mechanisms of sex differences in immunity in

infants and children. This has been largely overlooked probably because it has

always been assumed that prepubertal children are not influenced by sex hormones.

Furthermore, infant blood volumes available are small and immunological studies

are more difficult to carry out. Herein we will review what is known regarding

potential mechanisms for sex differences in children<5 years old.

10.3.1 Sexually Dimorphic Hormones in Early Life
and Childhood

The immunological functions of individual sex hormones are described in detail in

Chap. 1. While the hormonal status of newborn infants is relatively immature, there

are key sex differences in early life that might contribute to sexual dimorphism in

immunity, although hormonal differences are unlikely to fully account for sex

differences in immunity in prepubertal children. Distinct sex differences in gonado-

trophin levels are observed in the first 4 years of life (Winter et al. 1975). Both

males and females have a postnatal rise in leutinizing hormone (LH) peaking at

1 month and follicle-stimulating hormone (FSH) peaking at 2–3 months. The

female FSH peak is higher and more sustained than in males, whereas the LH

peak is higher in males and declines to usual childhood levels by 4 months of age

(Winter et al. 1975). Males have an early testosterone surge which peaks at 2–3

months of age (Andersson et al. 1998; Forest et al. 1973), and during this time,

females generally have higher estrogen levels than males (Ikegami et al. 2001; Ji

et al. 2008) (Fig. 10.2). Almost all cells including cells of the immune system have

intracellular receptors for sex steroid hormones (Choudhry et al. 2007). Cord blood

mononuclear cells (CBMC) express higher levels of the estrogen and progesterone

receptors than adult peripheral blood cells, which is thought to make these cells

more sensitive to the estrogen- and progesterone-mediated inhibition of innate

inflammatory responses to bacterial stimuli (Giannoni et al. 2011).

Animal studies suggest that hormonal imprinting may occur early in life since

prepubertal gonadectomy led to a loss of female resistance to Brugia malayi
infection in mice, whereas adult gonadectomy has no such effect (Rajan

et al. 1994). The early hormonal differences in human male and female infants
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may therefore have a long-lasting impact on sex-differential disease susceptibility.

Casimir et al. examined for sex differences in inflammatory responses in normal

prepubertal children as young as 5 months old compared to Turner’s syndrome

(TS) children (genotype XO), primarily to assess for the relation to X chromosome

monosomy (Casimir et al. 2010a). Males had higher inflammatory responses than

females to lipopolysaccharide (LPS) and pokeweed mitogen (PWM), and TS

patients followed the male pattern providing evidence for the role of X inactivation

in females and absence in males in the lifelong sexual dimorphism in immunity.

10.3.2 Sex Differences in Immune Activation

Among infants hospitalized with respiratory syncytial virus (RSV) bronchiolitis,

more males than females <6 months of age were febrile, which was opposite for

infants >6 months old. Blood eosinophilia was more common in males than

females <4 months old, whereas total white blood cell counts and C reactive

protein (CRP) were higher in females (Nagayama et al. 2006). In a cohort of

482 children<10 years of age hospitalized for various conditions, CRP, erythrocyte

sedimentation rate (ESR), and neutrophil counts were all higher in females than

males (Casimir et al. 2010b). Furman and colleagues found higher levels of serum

leptin, IL-1 receptor antagonist, CRP, granulocyte macrophage colony-stimulating

factor (GM-CSF), and IL-5 in adult females compared to males, while CRP, IL-6,

and GM-CSF correlated with baseline levels of phosphorylated STAT3 proteins in

adult female peripheral monocytes, supporting higher baseline inflammation

among adult females (Furman et al. 2014). By contrast, another study in healthy

human adults found that the endotoxin-induced CRP response was higher in males

than females (Ferguson et al. 2013). The above evidence tends to suggest that

Fig. 10.2 Sex hormone levels in female and male infants. Figure showing the variations in

estradiol (a) (from Ji et al. 2008) and testosterone (b) (from Forest et al. 1973) in human infants

in the first 12 months of life. Estradiol levels are generally higher in females, while infant males

have a testosterone surge at 2–4 months of age
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females are more inflammatory during childhood and adulthood, but a systematic

analysis of this has not been carried out. African origin individuals had higher

baseline inflammation than those of European origin (Ferguson et al. 2013),

suggesting that children resident in high disease-endemic settings may start at

higher baseline immune activation levels than those in the developed world; thus,

the study area may influence the results in immune activation studies.

10.3.3 Sex Differences in Innate Immunity in Childhood

The innate immune system is required for the rapid defense against invading

microorganisms and is mediated by factors including complement activation, cell

lysis, and phagocytosis involving granulocytes, monocyte/macrophages, dendritic

cells, and NK cells. The newborn infant is highly reliant on innate defenses for

protection against infectious challenge since they have poorly developed adaptive

immunity with minimal immunological memory. However, the innate immune

system is not fully developed at birth either, and full capacity is not achieved

until teenage years for some functions. NK cells have less potent cytotoxic activity

(Guilmot et al. 2011); neonatal neutrophils are functionally suboptimal (Carr 2000);

and complement components are up to 70 % lower than in adults at birth, but

rapidly reach adult levels (Levy 2007). One of the few studies to describe sex

differences in innate cells in human infants reported higher monocyte counts in

males compared to females at 2 and 13 months of age and higher basophil counts in

males at 13 months of age (Bellamy et al. 2000); another study reported higher NK

cell frequencies in male children, although the differences were relatively small

(Lee et al. 1996).

Innate cells express pattern recognition receptors (PRRs), including Toll-like

receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-like receptors

(NLRs), and retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), which

detect highly conserved pattern-associated molecular patterns (PAMPS) expressed

by the invading pathogen or vaccine. Expression of PRRs on immune cells is fully

developed at birth, and yet reactivity to these sensors is generally low at birth and

progressively develops in the first few years of life (Levy et al. 2004; Burl et al. 2011;

Kollmann et al. 2009; Belderbos et al. 2009; Nguyen et al. 2010). Production of the

Th17-polarizing cytokines IL-6 and IL-23 dominates the innate response at birth

(Angelone et al. 2006) and declines in the first 2 years of life, while TNF-α and IL-1β
production rises (Burl et al. 2011; Kollmann et al. 2009; Belderbos et al. 2009;

Nguyen et al. 2010). Human neonatal antigen-presenting cells (APC) andmonocytes

are at lower than adult levels at birth and are functionally suboptimal (De Wit

et al. 2004; Aksoy et al. 2007), but mature to adult functional levels by 9 months

of age (Nguyen et al. 2010), while the diminished IL-12 expression (Goriely

et al. 2004) reached adult levels by 9 months of age in one study [188], but remained

below adult levels at 2 years of age in another study (Corbett et al. 2010). Several

innate signalling pathways show low activity at birth (Danis et al. 2008; Aksoy

et al. 2007; Yan et al. 2004). Few studies have investigated for sex differences in
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innate immunity in infants. In one study, infant males had more robust

proinflammatory responses to low concentrations of LPS compared to females, but

the effect narrowed at higher LPS concentrations (Casimir et al. 2010a). In the same

study, infant males produced more IL-1 and IL-6 to the monocyte stimulus poke-

weed mitogen than females (Casimir et al. 2010a). Overall, the studies support

robust innate immunity from shortly after birth that is different to the pattern

observed in adults, but adapted to the needs of early life. Innate cytokine responses

to PRR stimulation develop to adult level by 1 year of age for most, but not all,

cytokines, and infant males may have more robust innate immunity compared to

females, but further studies are required to confirm this.

10.3.4 Sex Differences in Thymic Development and
Adaptive Immunity in Childhood

Most of the observations regarding sex differences in adaptive immunity have been

made in animal studies or human adults, and may not apply to neonates and infants

who have quite different adaptive immune systems (Kollmann et al. 2012). One

study in Guinea-Bissau found that female children aged 3–13 years had higher rates

of skin test anergy than males to proteus, trichophyton, candida, tetanus, diphtheria,

streptococcus, and tuberculin, suggesting poorer cell-mediated immunity in female

children (Shaheen et al. 1996).

Sex hormones and their influence on adaptive immunity, for example, the

Th1/Th2 profile, have been described previously (Chap. 1). The thymus is critical

for maintaining the peripheral T-cell pool and thus plays a pivotal role in adaptive

immunity. The survival of infants in West Africa (Aaby et al. 2002; Garly

et al. 2008) and Bangladesh (Moore et al. 2014) correlates with thymus size, with

a small thymus being a predictor for death. In the latter study, this effect was

apparent at 8 weeks of age but not at birth suggesting postnatal influences; indeed

longer exclusive breastfeeding, season, and male sex have all been associated with

larger thymic size (228). Male rats have greater thymic weight and cellularity than

female rats and different distributions of CD4�CD8�, CD4+CD8�, and TCRαβ+ T
cells which are altered by gonadectomy suggesting sex steroid influences on

thymocyte composition (Leposavic et al. 1996).

Hypothalamo–pituitary–gonadal (HPG) axis signals (sex steroids and gonado-

trophins) play a role in programming the kinetics of thymic maturation/involution

partly accounting for early sexual immunologic dimorphism. Neonatal

androgenization experiments in rodents demonstrate that the neonatal steroid

milieu is important in programming sexual differences in thymopoietic efficiency,

leading to sex differences in the peripheral T-cell compartment (Leposavic

et al. 2009, 2012). Masculinized rodents have lower peripheral CD4/CD8 T-cell

ratios and higher natural killer (NK) and CD4+CD25+Foxp3+ regulatory T cells in

peripheral blood compared with control animals. In human studies, adult females
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have higher CD4+ T-cell counts and greater CD4/CD8 ratios than adult males,

while males may have higher CD8+ T-cell counts than females (Tollerud

et al. 1989; Maini et al. 1996; Uppal et al. 2003; Wong et al. 2013). This has

been described in children too (Lee et al. 1996; Lisse et al. 1997). By contrast, an

American study reported no sex differences in CD4+ and CD8+ T cells and B cells

in children in the first 2 years of life (Stern et al. 1992), and a Zambian study also

failed to find sex differences in CD4+ and CD8+ T cells in children, although a

higher CD4:CD8 ratio was found for females compared with males (Ndhlovu

et al. 2004).

10.3.5 Sex-Differential Effects of Breastfeeding

Multiple nutritional factors are known to influence the outcome of childhood

infections, including breast versus formula feeding, weaning practices, diet, mal-

nutrition, and micronutrient levels and supplementation. Infants that are exclusively

breastfed throughout the first 6 months of life have a 14 times lower pneumonia

mortality than non-breastfed infants (Lamberti et al. 2013). Human breast milk is

also a good source of protective maternal antibodies for the neonate. It contains a

high concentration of secretory IgA and IgG together with cytokines, antibacterial

peptides, and immune cells (Brandtzaeg 2010). Secretory IgG provides protection

to infants by binding pathogens and preventing them attaching to the infants’ cells.
Secretory IgG has the ability to survive in the respiratory and gastrointestinal

mucosal membranes of infants and is not affected by proteolytic enzymes

(Brandtzaeg 2010; Jackson and Nazar 2006). Breastfeeding has also been shown

to modulate innate immune responses (LeBouder et al. 2006; Belderbos

et al. 2012). Furthermore, exclusive breastfeeding is associated with improved

thymic function (Ngom et al. 2004), and formula-fed infants have a decreased

thymus size compared to breastfed infants (Hasselbalch et al. 1996).

A series of studies have addressed whether breastfeeding practices vary

according to the sex of the child. One such study in an urban Hindu society in

India, where a bias in infant rearing prevails toward males, showed a significantly

lower risk of early weaning among male compared to female infants (Nath and

Goswami 1997). Since resource abundance or scarcity are thought to effect male

reproductive success more than female, natural selection should select parents who

favor males when conditions are good and females when conditions are poor

(Cronk 2007). The Trivers–Willard hypothesis predicts that parents in good socio-

economic conditions will bias their investment toward sons and that those in poorer

condition will bias their investment toward daughters (Gaulin and Robbins 1991).

A study of 900 US mothers supported this theory (Gaulin and Robbins 1991), and a

Polish study found that first-born males were breastfed longer than females in

highly educated families, while the opposite is true in families with the lowest

education (Koziel and Ulijaszek 2001). A Kenyan study showed that while
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breastfeeding frequency was equivalent in rich and poor families, the better off

mothers produced richer milk (higher fat concentration) for sons than daughters

(2.8 vs. 1.74 g/dl), while poorer mothers produced richer milk for daughters than

sons (2.6 vs. 2.3 g/dl) (Fujita et al. 2012). Whether this phenomenon is more

generalizable to other parts of the world is not known, but could account for

some sex differences in immunity in early life.

Most have assumed that breast milk would confer equal protection to males and

females via the passive transfer of maternal antibodies and other anti-infective

factors. A case–control study conducted in Boston, USA, suggested that breastfed

and mixed-fed females were at lower risk of neonatal respiratory tract infection,

while for males there was no association between breastfeeding and risk (Sinha

et al. 2003). This was confirmed in a subsequent prospective study of 119 very low-

birth-weight infants, whereby breastfeeding protected female but not male infants

against severe acute lung disease (Klein et al. 2008). The protective effect of

breastfeeding persisted throughout the first year of life in females, with a decrease

in episode severity but not episodes per se, and formula-fed females suffered the

most severe disease. Furthermore, among breastfed children, male sex was a risk

factor for diarrhea, whereas this was not the case for weaned children (Molbak

et al. 1997). Together, these studies suggest an immunomodulatory effect of breast

milk benefiting infant females more than males.

10.3.6 Sex Differences in Effects of Nutrition
and Micronutrient Status

Micronutrient deficiency is commonplace in infancy and early childhood in many

of the poorer socioeconomic areas of the world. Numerous studies have shown the

benefits of multiple micronutrient supplements (MMS) such as sprinkles (Suchdev

et al. 2012) or lipid-based (Iannotti et al. 2014) supplements, to supplementation

with single agents such as vitamin A (Fawzi et al. 1993) and zinc (Brown

et al. 2013). However, other studies show that MMS may also be detrimental, as

observed in a Pakistani study in which daily supplementation of 6–18-month-old

children with micronutrient powder increased severe diarrhea and respiratory

infections (Soofi et al. 2013). Micronutrients are required for optimal immune

functioning, and an inadequate intake leads to immunosuppression. Vitamins C

and E, selenium, copper, and zinc all have antioxidant properties and thus help

control tissue damage caused by reactive oxygen molecules and modulate redox-

sensitive transcription factors (Wintergerst et al. 2007). Vitamins B6, folate,

B12, C, and E and selenium, zinc, copper, and iron all support Th1 proinflammatory

immune responses, while vitamins A and D may support a Th2 anti-inflammatory

profile and have roles in cell-mediated and humoral responses (Wintergerst

et al. 2007).
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There is accumulating evidence that micronutrients act differently in males and

females. A paper in 2009 showed that zinc, folic acid, and iron may not benefit

young females, possibly due to the fact that they had recently received diphtheria,

tetanus, whole-cell pertussis (DTwP) vaccine, although this is just a speculation

(Benn et al. 2009). In a randomized placebo-controlled trial conducted in Tanzania,

perinatal and postnatal vitamin B complex, C, and E supplementation of

HIV-infected mothers was associated with decreased risk of low birth weight in

neonatal females and a 32 % reduction in mortality among females, but no such

effect for males (Kawai et al. 2010). A number of other studies have also shown that

maternal micronutrient supplements benefit females more than males in Africa and

Asia (Osrin et al. 2005; Friis et al. 2004; Fawzi et al. 2007). This indicates that

sex-differential effects of nutrition commence during pregnancy. Sex differences in

responses to individual micronutrient agents will be discussed below.

10.3.6.1 Sex Differences in the Effects of Vitamin A

TheWorld Health Organization (WHO) recommends the administration of periodic

high-dose vitamin A supplements to children aged 6–59 months living in

low-income countries, since it has been shown to reduce all-cause mortality by

23–30 % in this age group (Glasziou and Mackerras 1993). Whether vitamin A

supplementation is beneficial prior to 6 months of age remains a matter of contro-

versy with possible benefits in Asian infants, but no benefit or even negative effects

in African infants (Gogia and Sachdev 2009). This is the subject of several ongoing

randomized controlled trials commissioned by the WHO. Vitamin A deficiency

causes decreased mucosal epithelial integrity, suppressed innate immunity, a reduc-

tion in B and T lymphocyte numbers and possibly function, enhanced induction of

FOXP3+ regulatory T cells, and enhanced Th2 immunity with inhibition of Th1

immunity (Savy et al. 2009). In 43 studies of the effect of vitamin A on vaccine

responses, it seemed that there was a small decrease in tuberculin skin test reacti-

vity, a possible enhancing effect on measles, hepatitis B, and rabies antibodies, but

no effect on antibodies to diphtheria, tetanus, cholera, influenza, Haemophilus
influenzae b, or pneumococcal vaccines (Savy et al. 2009).

Sex differences in the vitamin A enhancement of immunity to certain

coadministered vaccines have been described. For examples, vitamin A supple-

mentation (VAS) alongside measles vaccine at 6 months of age increases MV

antibody titers significantly in males, but not in females (Benn et al. 1997). In

another study, VAS decreased the prevalence of in vitro PPD responders 2 months

after supplementation of male but not female infants (Diness et al. 2007). VAS may

also have a sex-differential effect on adverse reactions to vaccination, because it

was associated with increased symptoms of raised intracranial pressure and

decreased prevalence of fever following live vaccines in males, but neither of

these effects in females (Fisker et al. 2013).

Sex-differential effects of VAS on all-cause mortality have also been described

in several studies. For example, males had reduced mortality following neonatal
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VAS, while females were not affected (Humphrey et al. 1996; Rahmathullah

et al. 2003; Benn et al. 2008a). This may in part depend on the vitamin A dose,

since a lower dose of VAS at 6 months of age reduced mortality in females but not

in males when compared to standard dose (Benn et al. 2005); although a subsequent

similar study of VAS at 6 months of age failed to find any overall or sex-differential

effect of a lower dose VAS on child mortality (Yakymenko et al. 2011). A

randomized trial of VAS at birth to low-birth-weight neonates in Guinea-Bissau

showed that VAS reduced mortality in males, but increased it in females (Benn

et al. 2010).

Vitamin A may also enhance the previously described heterologous effects of

vaccines on susceptibility to infections and death (Benn et al. 2003; Flanagan

et al. 2011, 2013). In a randomized trial of a standard dose measles vaccine

(MV) at 4.5 months of age, a slightly beneficial effect of MV was reversed to a

dramatic detrimental effect on all-cause mortality if the child had received VAS at

birth, but only for males (Aaby et al. 2010b).

Together the above studies suggest that males are more susceptible to the

immunomodulatory effects of vitamin A when administered to infants and children

<5 years of age. The precise nature of these effects and underlying immunological

mechanisms are currently being explored, but as yet remain unclear.

10.3.6.2 No Sex Differences in the Effects of Vitamin D

Vitamin D deficiency causes depressed innate immunity (macrophage activity),

decreased lymphocyte number and function, and a shift to Th1 immunity (Savy

et al. 2009). Several human studies have shown no effect of vitamin D supple-

mentation on influenza or hepatitis B vaccine responses (Savy et al. 2009). One

study found that BCG-vaccinated infants had higher vitamin D levels suggesting

that BCG vaccination can lead to increased vitamin D and also that IFN-γ responses
to PPD were inversely related to vitamin D levels suggesting that vitamin D may

play an immunoregulatory role following BCG vaccination (Lalor et al. 2011).

Sex was controlled for in this study, but no sex bias was found.

10.3.6.3 Sex Differences in the Effects of Iron

Iron deficiency causes decreased innate immunity (neutrophils, NK cells, macro-

phages) and decreased T lymphocyte numbers (Mullick et al. 2006). Iron supple-

mentation improves iron deficiency and may have beneficial effects on cell-

mediated immunity (Berger et al. 2000), although other studies report no benefit

(Thibault et al. 1993). Intermittent iron supplementation has been recommended for

preschool children up to 5 years of age in certain settings (2011). While iron

supplementation may decrease iron deficiency anemia, it may also increase the

risk of infection, particularly malaria, and thus the risks and benefits must be

carefully weighed up (Berglund and Domellof 2014). There are limited data for
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the effects of iron on vaccine responses, but of those studies available, there seemed

to be no effect of iron deficiency anemia on vaccine antibody responses in humans

(Savy et al. 2009). A study in Southeast Asia showed that males suffer more anemia

and iron deficiency than females, suggesting that male iron requirements are higher

than those of females (Wieringa et al. 2007), and this male propensity for iron

deficiency anemia has been described by others (Domellof et al. 2002). This could

lead to sex differences in susceptibility to infections and also in the benefits of iron

supplementation.

10.3.6.4 Sex Differences in the Effects of Zinc

Zinc deficiency is very common throughout the world and causes weight loss,

anorexia, poor growth, diarrhea, poor wound healing, and recurrent infections

(Khalid et al. 2014). Zinc deficiency decreases innate immunity (macrophages,

NK cells), causes thymic atrophy and decreased T and B lymphocyte numbers and

function alongside increased apoptosis, and shifts to Th2 immunity (Keen and

Gershwin 1990; Shankar and Prasad 1998). Studies of the benefits of zinc supple-

mentation remain inconclusive, but show a clear effect on the incidence of diarrhea,

and may reduce pneumonia deaths by 20 % (Penny 2013). In a zinc supple-

mentation trial of 6–30-month-old children in Burkina Faso, clear benefits for

males were observed, with protection against diarrhea, but increased ear infections

compared to control males, while supplemented females had fewer ear and eye

infections and better growth but more dysentery than non-supplemented females

(Garenne et al. 2007). A randomized double-blind trial examined the effects of zinc

supplementation on 27–50-month-old children. Supplemented males grew more

than the non-supplemented male control group, whereas zinc-supplemented

females did not have improved growth (Ruz et al. 1997). There were trends for

males to have improved tuberculin responses and reduced rates of parasite

re-infestation in this small study of 98 children, although these effects were not

statistically significant.

10.3.7 Sex-Differential In Utero Effects on Immunity
and Infectious Disease Susceptibility

Studies in animal models (rats, mice, sheep, and cows) and epidemiological studies

in humans suggest that developmental programming in utero is different in males

and females leading to differences in the local environment and sexually dimorphic

outcomes including altered immune development (Aiken and Ozanne 2013). In

rodents, shock, steroids, and famine have all been shown to increase blood pressure

in male offspring, and famine and steroids negatively affect male renal function.

Dietary effects in female animal models include an increased stress response

following ethanol exposure and high salt diet and enhanced placental gene
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expression and DNA hypomethylation in females as a result of a maternal high-fat

diet. Developmental insults studied in humans include smoking, famine, antenatal

steroid administration, asthma, and obesity. In females, famine, asthma, and steroid

administration cause increased obesity, altered glucocorticoid metabolism, and

increased blood pressure, respectively, while in males, smoking and alcohol intake

during pregnancy cause decreased weight/head circumference and increased corti-

sol, respectively (Aiken and Ozanne 2013). Overall, the studies suggest greater

adaptability among females in the intrauterine environment which may be an

evolutionary adaptation to preserve resources during times of stress and invest in

protecting females more than males and provide a reproductive advantage, since the

former have more vulnerable reproductive tracts. Furthermore, males grow more

quickly in utero than females (de Onis et al. 2009) and hence undergo more cell

cycles during any particular insult and are thus more susceptible to adverse effects.

In humans, premature males have a 20 % reduced survival compared to females

(Vatten and Skjaerven 2004), and sexual dimorphism in fetoplacental immune

function may play a key role in this survival difference. The placentas from

premature (<32 weeks) male neonates tend to be more chronically inflamed with

increased decidual lymphoplasmacytic cell infiltration compared with those from

females (Ghidini and Salafia 2005; Goldenberg et al. 2006). Furthermore, peri-

pheral vasodilatation of the microvasculature is markedly lower in female neonates

compared to males (Stark et al. 2008). This provides considerable survival benefit

to females due to better cardiovascular stability and lower levels of circulating

cytokines. Having said this, female fetuses were twice as likely compared with

male fetuses to be vertically infected with hepatitis C virus (European Paediatric

Hepatitis C Virus Network 2005).

Male fetuses are exposed to more androgens in utero than females (Barry

et al. 2010) since male testes can produce androgens from 10 weeks of gestation

(Carr et al. 1983), with all the subsequent immunological effects of androgen

exposure described previously. Cord blood IgE is a fetal product that may predict

the development of atopy, and a number of studies have shown that male neonates

have higher cord blood IgE levels than females (Bergmann et al. 1995; Liu

et al. 2003). Studies further suggest that women carrying a male fetus tend to

have higher total IgE levels (Loken et al. 2010). Whether cord blood IgE levels

have an effect on the immune response to infectious diseases or vaccination in early

life is not known.

Adverse fetal conditions may cause epigenetic adaptations leading to altered

gene activity that can persist throughout life (Gluckman et al. 2005; Bateson

et al. 2004; Ke et al. 2006). Humans experiencing prenatal exposure to famine

have clear sex differences in their DNA methylation status for a number of loci

(Tobi et al. 2009). Micronutrient deficiencies including zinc, selenium, folic acid,

and vitamins B6 and B12 can all lead to alterations in DNA and histone methylation

(Ulrey et al. 2005). A study of epigenetic differences in Gambian infants born to

mothers participating in a blinded pre- and periconception multiple micronutrient

supplementation trial found that males and females had different methylation of

CpG loci in both the supplemented and non-supplemented groups. This suggests
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that males and females have differential developmental trajectories commencing in

utero, most likely due to physiological differences at this stage (Khulan et al. 2012).

More loci underwent differential methylation in males than females, and there was

little overlap between the sexes in the loci that had methylation changes in the

supplemented groups. The sex-specific changes were predominantly decreases in

methylation. Genes involved in immunity and defense against infection were the

main category affected by micronutrient deficiency. Genes associated with suscepti-

bility to viral, bacterial, and mycobacterial infections were affected in male and

female groups, with different susceptibility genes being affected according to sex.

Several genes that alter susceptibility to Plasmodium species were also affected.

Half of the supplementation-related changes observed in cord blood were present in

infants at 9 months of age, indicting long-term epigenetic reprogramming in relation

to nutritional deficiency and supplementation during pregnancy.

Newborn infants acquire IgG antibodies transplacentally from their mothers

which provide protection against infections encountered in the first months of

life, while the other immunoglobulin subclasses are unable to cross the maternal–

placental interface. The maternally acquired antibodies wane over the first 6 months

of life and are usually gone by 1 year of age. IgG1 isotype is the most efficiently

transferred transplacentally followed by IgG4, IgG3, and IgG2 (Palmeira

et al. 2012) which effects the type of diseases to which a newborn is susceptible.

For example, the main antibody subclass that protects against encapsulated bacteria

is IgG2, yet it is rarely transported across the placenta to the fetus, contributing to

the increased early susceptibility to these pathogens.

Maternally acquired antibodies can inhibit humoral responses to infant vaccines,

including live measles vaccine (Albrecht et al. 1977) and oral poliomyelitis vaccine

and non-live vaccines including pertussis (Burstyn et al. 1983; Englund et al. 1995),

tetanus and diphtheria toxoids (Bjorkholm et al. 1995; Claesson et al. 1989),

Haemophilus influenzae b conjugate vaccine (Claesson et al. 1989; Daum

et al. 1991), and hepatitis A vaccine (Kanra et al. 2000). The titer of maternally

acquired antibodies present at the time of immunization is thought to determine the

extent of their inhibition of antibody responses in neonatal mice and humans (Gans

et al. 1998, 1999; Markowitz et al. 1996; Siegrist et al. 1998). However, other

studies report no influence of maternally acquired antibodies on responses to the

same vaccines (Gans et al. 1998, 1999; Siegrist et al. 1998), and responses may still

be protective even if some inhibition occurs (Jones et al. 2014). While maternally

acquired antibodies may interfere with the generation of a humoral response to

vaccination, T-cell responses do not seem to be similarly affected (Siegrist 2003).

Few studies have assessed for sex differences in passively transferred maternally

acquired antibodies, but one study of 500 Swiss children found no sex differences in

the transfer of antibodies against MMR (Nicoara et al. 1999). Another study

showed that female infants lost measles maternally acquired antibodies more

quickly than males and are thus more likely to contract measles infection than

males prior to vaccination (Martins et al. 2009). Thus, there may be sex differences

in the rate of maternally acquired antibody decay, which would in turn lead to sex

differences in infectious disease susceptibility in the first 6 months of life.
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10.3.8 Behavioral Differences Between Sexes and Disease
Susceptibility

The role of behavioral factors in the sex differences in disease susceptibility and

outcomes and responses to vaccines warrants consideration. However, many of the

sex divergent morbidities described in this chapter occur in age groups that have

little sex-determined behavioral differences (Guerra-Silveira and Abad-Franch

2013). Males have more aggressive behavior than females due to higher circulating

androgen levels, but this is unlikely to have an impact in infancy and early

childhood. Sex differences in exposure to infections and vectors due to behavioral

differences would likewise manifest later in childhood or adult life, and occu-

pational and recreational activities that can alter disease susceptibility are unlikely

to occur in the first 5 years of life. Certain disease vectors may preferentially feed

on one particular sex, for example, certain Mansonia mosquitos prefer female to

male human hosts (Gass et al. 1982).

In certain societies, males and females may be treated differently, and this could

cause sex biases in susceptibility. For example, in India a male infant might be more

valued than a female infant as discussed above for breastfeeding practices, and thus

males might be fed and protected better leading to improved survival among males.

It has also been postulated that female children are often more prone to contracting

infectious diseases outside the home (index case) and hence transmitting the disease

to siblings at home (secondary cases). As secondary cases experience a more

intense exposure to the pathogen, they are also more likely to succumb to the

infection compared to index cases. In some cultures, females are more likely to be

kept at home potentially decreasing their infectious disease exposure (Aaby 2007).

Increased early life father-to-son transmission and older-brother-to-younger-sibling

transmission of HBV in a Melanesian population leading to increased HBV in

males compared to females have been linked to cultural practices involving very

early exposure of males to HBV (Langendorfer et al. 1984). It is very difficult to

tease out the role that differential treatment of one sex might have in disease

susceptibility patterns within certain societies, but overall behavior differences

are unlikely to be a major contributor to the sex-differential effects described in

this chapter.

10.4 Concluding Remarks

Throughout this chapter, we have shown multiple ways in which male and female

children have different immune systems and different responses to infections and

vaccination (Table 10.1). Evidence suggests that these effects begin in the pre-

implantation embryo and in utero and that such early effects will set males and

females on different immunological trajectories. There is a paucity of data in

children <5 years of age, and more research is needed in this age group if we are
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to better understand the sexual dichotomy in human responses to immune chal-

lenge. However, it seems evident that there are multiple early life sex differences in

human immunity, which may one day lead to males and females being treated

differently in the context of preventing and treating infections and vaccination

programs.

Table 10.1 Summary of observed sex differences in immunology and infections during

childhood

Subject Sex differences in<5 years old children

Bacterial and viral

infections

For most infections, an excess male incidence and mortality. The

male preponderance may decrease in later childhood and for some

diseases revert to excess female incidence

Parasitic infections Male children more susceptible to most but not all parasitic infec-

tions compared to females

Immunological responses

to vaccines

Females may respond with higher vaccine-specific antibody titers.

No evidence of differences in cellular responses

Nontargeted effects of

vaccination

Heterologous effects of vaccines may be stronger in females

Adverse events (AE) of

vaccines

Although not unequivocally, males tend to experience more AE in

early life, although this may switch in later childhood

Testosterone Levels surge in males at 2–3 months of age but are equal in males

and females by 12 months of age

Estradiol Females have higher levels than males, whose levels decline more

rapidly from birth to a nadir around 4 months of age

Leutinizing hormone

(LH)

Follicle-stimulating hor-

mone (FSH)

Higher in males in the first 6 months, after which sex differences

are leveled out

Levels are higher in females throughout early childhood

Immune activation Females have higher inflammatory responses than males

(C reactive protein and erythrocyte sedimentation rate)

Innate immunity Infant males may have more robust innate immunity than females

Thymic function/adaptive

immunity

Smaller thymus size in females; higher CD4:CD8 ratio in females

Breastfeeding Breastfeeding more beneficial to female infants than male infants

with respect to protection from respiratory infections

Vitamin A supplementa-

tion (VAS)

VAS has been associated with improved survival in males but not

females, or even increased mortality in females. VAS may enhance

vaccine responses, heterologous effects, and AEs more in males

than females

Perinatal immunology Females generally have greater adaptability to stresses in utero. The

maternal–placental interface may be more inflamed in a pregnancy

with a male fetus. Male/female differences in epigenetic responses

to micronutrient supplements

Passive immunity Transfer of maternal antibodies to the fetus may be similar in both

sexes, but levels may decline faster in females after birth as seen for

measles antibodies

An overview of studies describing sex differences in infectious diseases and immunology in early

childhood as discussed in Chap. 10. Some of the listed observations have not been unequivocally

confirmed in all studies and should therefore be interpreted as tendencies
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Chapter 11

Reproductive Tract Infections in Women

Rebecca M. Brotman and Khalil G. Ghanem

Abstract Reproductive tract infections (RTIs) are of significant public health

concern. The bulk of their long-term morbidity disproportionately affects women.

Consequently, research and public health efforts have focused on trying to mini-

mize the burden of these infections in women. In this chapter, we focus on two

agents that cause RTIs: Neisseria gonorrhoeae, a curable bacterial infection, and

herpes simplex virus (HSV), a viral pathogen for which no cure exists. We have

chosen these pathogens to highlight intriguing differences in epidemiology, clinical

manifestations, and immunological responses noted between men and women. We

begin by summarizing what we know about these infections in women and any

existing differences between the sexes. Potential mechanisms that may explain the

sex-based differences observed for these and other RTIs are evaluated. Such

mechanisms consist of both behavioral (gender) and biological (sex) factors.

Consideration of the role of mucosal immune responses, sex hormones, and the

vaginal microbiome in mediating sex-based differences are suggested.

11.1 Introduction

Reproductive tract infections (RTIs) are of significant public health concern. The

bulk of their long-term morbidity disproportionately occurs in women. Two major

goals of targeting these infections are to decrease the reproductive sequelae in

women and to decrease the overall risk of HIV acquisition and transmission.

Several infections, including Neisseria gonorrhoeae (NG), Chlamydia trachomatis
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(CT), Mycoplasma genitalium, and bacterial vaginosis (BV), have been associated

with an increased risk of pelvic inflammatory disease (PID), an infection of the

upper reproductive tract of women (i.e., the uterus, fallopian tubes, and ovaries),

which leads to inflammation and scarring (Trent 2013). The sequelae of PID

include infertility, tubo-ovarian abscesses, and chronic debilitating pelvic pain.

The same RTIs are also associated with increased risk of HIV acquisition and

transmission (Cohen et al. 2012; Røttingen et al. 2001). Consequently, research and

public health efforts have focused on trying to minimize the burden of these

infections in women.

Beyond their impact on reproductive outcomes, some striking sex-based differ-

ences in epidemiology, clinical manifestations, and immunological responses to

infection exist. For example, disseminated gonococcal infection (DGI), a compli-

cation of NG infection associated with high mortality, is four times more common

in women than men (O’Brien et al. 1983). Herpes simplex virus (HSV), for which

no screening recommendations exist and which has been associated with a threefold

increased risk of HIV transmission, is twice as prevalent in women as in men

(Xu et al. 2006; Looker et al. 2008).

In this chapter, we will focus on several agents that cause RTIs: NG, a curable

bacterial infection, and HSV, a viral pathogen for which no cure exists. We have

chosen these pathogens to highlight intriguing differences in epidemiology, clinical

manifestations, and immunological responses noted between men and women. We

will begin by summarizing what we know about these infections in women and any

existing differences by sex. This will help set the stage to review potential mech-

anisms that may help to explain the sex-based differences observed for these and

other RTIs. Such mechanisms consist of both behavioral and biological factors,

including contributions from the vaginal microbiota, sex hormones, and local

mucosal immune responses.

11.2 Epidemiology, Clinical Manifestations, and Sex-Based

Differences for Select Bacterial and Viral

Reproductive Tract Infections

11.2.1 Neisseria gonorrhoeae

Despite significant declines in new cases of gonorrhea in the past 30 years, it

remains the second most commonly reported infectious disease in the United States

(Division of Std Prevention 2013). In 2012, 334,826 cases were reported. These

numbers most likely underestimate the true prevalence of gonorrhea. It is believed

that approximately twice as many new infections occur each year as are reported.

Estimates of disease burden are even less reliable in many developing countries.

Available data suggest, however, that gonorrhea remains relatively common in the

developing world. According to the World Health Organization, the global
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estimated incidence of gonorrhea is 106 million new infections annually (World

Health Organization 2009).

Young age is a risk factor for gonorrhea, as it is for most STDs; half of all new

sexually transmitted infections occur in young people 15–24 years of age (Division

of Std Prevention 2013). According to the 2012 CDC surveillance data derived

from clinicians and public health and commercial laboratories throughout the

United States, the highest rate of gonococcal infections occurred among individuals

20–24 years of age. Young women seem to be at particularly high risk for gonor-

rhea. In 2012, women aged 15–19 and 20–24 years had the highest reported rates of

gonococcal infection: 521.2 and 578.5 cases per 100,000, respectively. This is in

contrast to young men whose rates were 239 and 462.8 per 100,000, respectively.

These data are biased toward increased testing in symptomatic men and women.

Annual screening for gonorrhea is recommended for asymptomatic high-risk men

and women. Factors that increase risk include young age, a previous history of

gonorrhea or other sexually transmitted diseases, having new or multiple sex

partners, using condoms inconsistently, working in the commercial sex industry,

using drugs, or living in communities with a high prevalence of disease. In the

United States, fewer than 20 % of high-risk individuals who should be screened for

gonorrhea are tested.

Infections caused by NG are typically limited to superficial mucosal surfaces

lined by columnar or cuboidal, nonkeratinized epithelial cells. Infection of these

mucosal surfaces is usually accompanied by a marked inflammatory response. NG

can infect several anatomic sites, including the cervix, urethra, rectum, oropharynx,

and conjunctiva. An individual with gonorrhea may have no symptoms at all, may

have localized symptomatic disease, may have localized complicated disease, or

may be very ill with DGI and bacteremia. Of men and women who report sexual

exposure to partners with gonorrhea, urethral infection in men is asymptomatic up

to 60 % of the time and cervical infection in women is asymptomatic up to 80 % of

the time. Pharyngeal and rectal infections are typically asymptomatic in up to 90 %

of cases (Workowski 2013).

The most common form of uncomplicated gonorrhea in women is cervicitis. The

vagina is usually not infected because it is lined by a squamous epithelium. The

urethra is colonized in 70–90 % of infected women with NG infection. Symptoms,

should they occur, appear within 10 days of infection, although the incubation

period can vary. The symptoms associated with endocervical infection may include

vaginal discharge, genital itching, intermenstrual bleeding, unusually heavy men-

strual bleeding, or painful urination. An infected woman may have all, none, or any

combination of these symptoms; and symptoms may range from mild to severe.

Physical examination of an infected woman may be normal, but may reveal a

purulent discharge from the cervix, redness and swelling of the cervix, and easily

induced cervical bleeding. These signs and symptoms are not specific for

gonorrhea.

PID is one of the most serious complications of NG infection in women,

affecting approximately 10–20 % of infected women. Gonococcal PID results

from the spread of the organism into the upper genital tract. Symptoms of PID
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can include fever, unilateral or bilateral lower abdominal pain, pain associated with

sexual intercourse, abnormal menses or intermenstrual bleeding, or other com-

plaints associated with an intra-abdominal infection. These symptoms may be

severe or mild. Pregnant women with genital gonorrhea are at significant risk for

spontaneous abortion, premature rupture of membranes, premature delivery, and

acute chorioamnionitis, as well as for transmitting gonorrhea to their newborns

during delivery (Liu et al. 2013; Johnson et al. 2011). Neonates infected with

gonorrhea can suffer eye and pharyngeal involvement, as well as other

complications.

DGI occurs in approximately 1–2 % of individuals with untreated gonorrhea as a

result of the spread of the organism from typically asymptomatic mucosal infec-

tions of the pharynx, cervix, urethra, or rectum into the bloodstream (O’Brien
et al. 1983; Rice 2005; Handsfield 1975). Most DGI studies were conducted in

large urban areas in the United States and Western Europe and involved a case

series limited to a single hospital or clinic. There are limited population-based data.

Bacteremia probably begins 7–30 days after initial infection. DGI is more common

in women than in men. The sex ratio was 4:1 in most European and US studies

conducted in the second half of the twentieth century. Recently, a 3-year retrospec-

tive analysis of 21 DGI cases collected through two networks of microbiologists

and infectious disease specialists in France between 2009 and 2011 reported that

60 % of patients with DGI were men (Belkacem et al. 2013). This finding is in stark

contrast to the majority of published data that suggest that most infections occur in

women. Indeed, up to over 90 % of patients included in these series were women.

This is attributed to several factors: the greater likelihood that women with mucosal

infections are asymptomatic and thus do not present for treatment, menstrual blood

that may act as a growth promoter given the observation that women are more likely

to develop the first manifestations of DGI a few days after the onset of menstrua-

tion, sex hormones that may suppress immune responses around the time of

menstruation (Britigan et al. 1985), and the greater prevalence of certain immuno-

deficiencies such as terminal complement deficiencies among women that may

increase their risk for DGI (Petersen et al. 1979).

Up to 40 % of women in the DGI series were pregnant. Among pregnant women,

the risk of DGI increases with the progression of pregnancy (Phupong et al. 2005).

This has been hypothesized to be related to increased immunosuppression later in

the course of pregnancy, increased mucosal vascularity, the influence of sex

hormones, and selection of virulent gonococcal strains.

DGI is often referred to as an arthritis/dermatitis syndrome, given the usual

findings of an asymmetric polyarthritis and associated rash. The joint manifesta-

tions in DGI may begin with painful joints, which progress to frank arthritis later in

the course of disease. Approximately 30–40 % of patients with DGI will present

with overt arthritis, usually involving the wrist, metatarsophalangeal, ankle, or knee

joints, although any joint may be involved. Rarely, seeding of the meninges or the

heart valves can further complicate DGI, resulting in potentially life-threatening

gonococcal meningitis or endocarditis. DGI can also occur in newborns of infected

mothers, when exposed to secretions during vaginal delivery. The illness in
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neonates can be similar to that in adults, with associated meningitis and arthritis

(Wise et al. 1994; Rompalo et al. 1987).

11.2.2 Herpes Simplex Viruses

Genital herpes is one of the most prevalent sexually transmitted infections and is the

leading cause of genital ulcer diseases worldwide (Xu et al. 2006; Looker

et al. 2008). HSV-1 and HSV-2 both cause genital herpes. HSV-1 also causes

orolabial infections, so the detection of antibodies to HSV-1 in serum does not

distinguish between genital and orolabial infections. Consequently, population

rates of genital HSV-1 infections are not well established. Up to 70 % of HSV

infections are asymptomatic. Globally, the World Health Organization estimates

that 24 million people are newly infected annually with HSV-2 and that 536 million

15–49-year-olds are living with it. Herpes is not a reportable infection in the United

States. The estimated annual incidence of HSV-2 infection in the United States is

776,000 new infections and the total number of HSV-2 infected persons is esti-

mated to be 24 million. Recent studies suggest that the majority of incident genital

herpes infections among young people are due to HSV-1 (Looker and Garnett

2005). Among adult women enrolled in a vaccine study who were HSV-1

uninfected, 84 % of newly acquired HSV-1 infections were genital (Bernstein

et al. 2013). Acquisition of HSV-1 infections in persons with prior HSV-2 infec-

tions is rare. Previous HSV-1 infection does not reduce the rate of HSV-2 infection,

but it does increase the likelihood of asymptomatic HSV-2 seroconversion three-

fold. Viral shedding occurs even in the absence of lesions. In the first year following

HSV-2 infection, viral shedding occurs on about 30 % of days (Tronstein

et al. 2011). Viral shedding tends to decrease with time. HSV-2 infection is

estimated to triple the risk of HIV transmission (Freeman et al. 2006).

The best US population estimates are derived from the National Health and

Nutritional Examination Survey (NHANES) serosurvey (Xu et al. 2006). The

overall age-adjusted HSV-2 seroprevalence was 17.0 % in NHANES 1999–2004

and 21.0 % in 1988–1994, a relative decrease of 19.0 % between the two surveys.

Seroprevalence of HSV-1 decreased from 62.0 % in 1988–1994 to 57.7 % in 1999–

2004, a relative decrease of 6.9 % between the two surveys. Differences by sex are

striking and increased between NHANES 1988–1994 and NHANES 1999–2004.

Among men, 17 % and 11.2 % were infected in NHANES 1988–1994 and

NHANES 1999–2004, respectively. Among women, 25.2 % and 22.8 % were

infected, respectively. Similar sex differences have been demonstrated elsewhere

around the world. The reasons for the higher prevalence among women are unclear.

One possible reason is the anatomical differences between women and men ren-

dering women more susceptible to infection. Although there are no studies that

have tested this hypothesis, studies assessing other sexually transmitted infections

such as gonorrhea, chlamydia, and HIV have found that transmission from men to

women is more efficient than transmission from women to men. In one small study

assessing HSV-2 serodiscordant monogamous couples (i.e., where one member is
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seropositive and the other is not), seronegative women were much more likely to

acquire HSV-2 infection from their infected male partner compared to men (Bryson

et al. 1993). Alternatively, differences in the pattern of mixing between the genders

may expose women to a higher prevalence of infection at younger ages. Differences

in the distribution of sexual risk behaviors between men and women may also

contribute to this difference.

There is no cure for genital herpes. Antiviral drugs are available that decrease the

severity and duration of symptoms, decrease viral shedding, and help decrease the

risk of transmission from an infected partner to an uninfected one (Schiffer

et al. 2011). The use of antiviral drugs and condoms helps to decrease the risk of

heterosexual transmission by about 55 % (Corey et al. 2004).

Several vaccine candidates have been tested with limited success. Two phase III

trials of an adjuvanted recombinant glycoprotein D2 vaccine appeared to generate

protection against genital herpes disease and demonstrated a trend toward protec-

tion from infection with HSV-2, but only in HSV-1 seronegative women (Stanberry

et al. 2002). The vaccine provided no protection in men. Given these findings in

women, another trial was conducted to evaluate the efficacy of this vaccine among

8323 HSV-1 and HSV-2 uninfected women (Belshe et al. 2012). Overall the

vaccine was not found to be protective against HSV-2, but it did show modest

efficacy against HSV-1 infection and symptomatic HSV-1 genital disease. Partic-

ipants in this trial did not demonstrate evidence of neutralizing antibodies 16 months

following vaccination. It is unclear why the initial trial demonstrated a sex differ-

ence in protection against HSV-2 that was not replicated in the second trial.

11.3 Behavioral and Biological Bases for Sex Differences

in RTIs

11.3.1 Behavioral

Sexually transmitted infections spread through social networks. For many infec-

tions, individual-level risk factors such as the number of lifetime sexual partners or

condom use only partially explain why some populations are afflicted by these

infections. Consequently, network-level factors are likely responsible for

explaining some of the remaining differences. Social network theory posits that

an individual’s social network, including the number, type, and content of network

ties, affects an individual’s health-related behaviors and risk of negative health

outcomes (Black et al. 2013). For RTIs, sexual network-level factors, such as the

proportion of partnerships that run concurrently, may also provide a plausible

explanation. There have been differences noted in networks between the sexes. A

recent study found that gender differences in social networks may partially explain

gender differences in STI risk for homeless youths in San Francisco (Valente and

Auerswald 2013). Young women in that study were less likely to use condoms and
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were more likely to have an injection drug-using partner. Young women were also

less likely to have stably housed network contacts than young men. Concurrency of

partners has a major impact on enhancing STI transmission by increasing a sexual

network’s connectivity (Robinson et al. 2012). For example, an ecological study

found an association between prevalence of point concurrency and female HSV-2

prevalence between different countries (Kenyon et al. 2013).

11.3.2 Biological

There are several biological factors that may explain sex differences observed in the

susceptibility to and the pathophysiology of RTIs. Genetic differences between the

sexes may impact immune responses and other biological processes such as drug

absorption and metabolism (see Chap. 4). In this section, we will focus on three

biological factors: anatomical differences, differences in sex hormones, and the

unique role of the vaginal microbiome in health and disease states.

The female reproductive tract is a complex system where immune cells, hor-

mones, and microorganisms interact (Fig. 11.1). It may be divided into two parts:

the lower (vagina and ectocervix) and upper (endocervix, uterus, fallopian tubes)

tracts. Multiple layers of stratified squamous epithelial cells that lack tight junctions

Fig. 11.1 There are multiple potential interactions between the immune system, sex hormones,

the microbiome, and RTIs. Some of these interactions may be bidirectional
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line the lower tract. The upper tract epithelium consists of a single tightly bound

layer of columnar cells. The transition or transformation zone between the two is

highly immunologically active.

11.3.2.1 Anatomical

Female anatomy makes transmission of infections to women more efficient than to

males. The supine position allows secretions deposited during intercourse to pool in

the vaginal vault, where they bathe the uterine cervix. Although this is biologically

advantageous for procreation by providing spermatozoa prolonged access to the

female reproductive tract, it also increases the intensity and duration of exposure to

infection if the woman’s male sexual partner has an infection (Hook 2012).

Age- and hormone-related changes in the amount of endocervical columnar

epithelial cells exposed around the cervical transition zone (referred to as cervical

ectopy) are another anatomical factor that increases the risk of infection in women

(Harrison et al. 1985). Cervical ectopy results in a greater number of potential

“target” cells for infection if exposed to infectious agents such as NG. The preva-

lence of cervical ectopy ranges from 17 to 50 % (Goldacre et al. 1978). It is more

common among adolescents, pregnant women, and women using hormonal con-

traceptives. A recent study reported a higher concentration of inflammatory cells

and regulatory cytokines and chemokines in ectopic zones (Moscicki et al. 2001).

Observational studies have linked cervical ectopy to the increased acquisition of

some RTIs including chlamydia and human papillomavirus (HPV) (Jacobson

et al. 2000). Anatomic changes as a result of endogenous hormonal cycles in

women (i.e., menstrual cycles) are also associated with risk of infection. For

example, several reports beginning in the 1950s suggested that there was an

increased risk of diagnosing NG in women shortly after the beginning of menstru-

ation (Putkonen and Ebeling 1950) and an increased risk of DGI around that time.

Several hypotheses were suggested: menstrual blood providing nutritional supple-

mentation enhancing the growth of the organism, hormonally mediated increased

adherence of the organism, and favorable characteristics of the cervical mucus. In

monkeys, exogenous progesterone results in thinning of the epithelial layer

resulting in enhanced susceptibility to simian immunodeficiency virus (Poonia

et al. 2006). Studies in humans, however, have not reproduced these findings

(Mauck et al. 1999; Bahamondes et al. 2000).

11.3.2.2 Sex Hormones

Impact on Mucosal Immune Responses of the Reproductive Tract

Immune responses in the female genital tract are regulated by sex hormones

(Paavonen 1994). Antigen presentation, cytokine production, immunoglobulin

production and transport, and even induction of tolerance are influenced by

320 R.M. Brotman and K.G. Ghanem



variations in sex hormone levels (Prabhala and Wira 1995; Wira and Rossoll 1995;

Wira et al. 2000; Black et al. 2000). The interaction between sex hormones and the

immune system is complex, and the variation of hormonal effects between species

further complicates extrapolation of data from murine models to humans. In

autoimmune diseases, estrogens have been shown to have biphasic effects, with

low levels enhancing and high levels inhibiting relapses of autoimmune diseases,

including multiple sclerosis (Calabrese 2001). Testosterone is more consistently

anti-inflammatory (Paavonen 1994). Others have shown that low estrogen levels

favor the generation of a TH1 response, whereas high estrogen and testosterone

levels favor a TH2 response (Faas et al. 2000). Studies of cervicovaginal immune

responses in women suggest that there is a dampening in cervical immune

responses around the time of ovulation. This is consistent with the body’s attempt

to optimize the environment to promote successful fertilization and subsequent

embryo development. Some investigators have defined the term “window of vul-

nerability” that begins shortly before ovulation (i.e., around day 12 of a normal

menstrual cycle, the preovulatory follicular phase at the time of the estradiol peak)

and persists until around day 21 (i.e., mid-luteal phase around the time of the

progesterone peak) (Hel et al. 2010). The use of exogenous sex hormones, i.e.,

hormonal contraception, by hundreds of millions of women worldwide, further

complicates the picture and requires additional investigation.

Impact on Reproductive Tract Infections

Observational studies have suggested a relationship between menstrual cycle phase

and/or hormonal contraceptive use and risk of RTIs. The time elapsed from the

onset of menses was found to be an independent risk factor for Chlamydia
trachomatis infection of the cervix (Rosenthal and Landefeld 1990). PID caused

by both chlamydia and NG occurred more frequently within 1 week after the onset

of menses. A prospective study of Kenyan commercial sex workers showed an

increased risk for acquisition of cervicitis and vaginal candidiasis and a decreased

risk for trichomoniasis and PID in women using long-acting depot medroxypro-

gesterone acetate (DMPA) (Baeten et al. 2001). Another study revealed higher

prevalence of CT in the lower genital tract and increased incidence of silent

endometritis and salpingitis in oral contraceptive users (Wolner-Hanssen

et al. 1990).

Several prospective studies were conducted to evaluate the risk of gonococcal

cervicitis in hormonal contraceptive users. In a study of 818 women recruited from

sexually transmitted disease clinics in Birmingham, Alabama, hormonal contra-

ception increased the risk of gonococcal cervicitis by 70 % (Louv et al. 1989)

compared to age-matched women not taking hormonal contraceptives. In contrast,

another study of 948 Kenyan commercial sex workers did not reveal an increased

risk of gonococcal infection among hormonal contraceptive users (either depot

medroxyprogesterone acetate or combined oral contraceptive pills) (Baeten

et al. 2001). Finally, a prospective study of 819 women in Baltimore, MD, who
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were followed for 1 year revealed that only depot medroxyprogesterone acetate was

significantly associated with a nearly fourfold increased risk of both chlamydial and

gonococcal cervical infections (Morrison et al. 2004) compared to nonusers. There

are no convincing data that the risk of gonorrhea during pregnancy is altered. A

significant limitation of studies assessing hormonal contraception and the risk of

RTIs is the possible coexistence of behavioral confounding. Women who take

hormonal contraception may be less likely to use condoms with their male sexual

partners because they are using hormonal contraception to prevent unwanted

pregnancies. As most epidemiological studies assessing the role of hormonal

contraception have been observational studies, residual confounding cannot be

ruled out and the association between hormonal contraception and RTIs may not

be causative.

Sex hormones appear to play an important role in HSV pathogenesis. Most

studies evaluating the effects of sex hormones on HSV susceptibility and progres-

sion have focused on HSV-2. In a cross-sectional study of 273 women who were

seropositive for HSV-2, women using either DMPA or combined oral contracep-

tives were more likely to experience HSV-2 shedding (Mostad et al. 1997). A

longitudinal study of women initiating hormonal contraception, however, did not

confirm this association (Wang et al. 2004). One study demonstrated a nearly

eightfold increased odds of genital HSV-DNA shedding among pregnant women

(Mostad et al. 2000). Taken together these data suggest that sustained or elevated

concentrations of sex hormones may increase HSV-2 shedding, but additional

studies are required to confirm this association in both pregnant and nonpregnant

women.

The data on hormonal contraception and HSV-2 acquisition are much more

limited. In a study of 302 Kenyan commercial sex workers, hormonal contraception

increased the risk of genital ulcer disease acquisition, with HSV-2 responsible for

only 50 % of the genital ulcers (Baeten et al. 2007). In a prospective study of

948 Kenyan commercial sex workers, neither DMPA nor combined oral contra-

ceptive use increased incident genital ulcer disease acquisition (Baeten et al. 2001).

Additional prospective studies focusing on HSV are needed to assess whether an

association exists between hormonal contraceptives and HSV acquisition.

Significant data on the effect of sex hormones on susceptibility to and the course

of HSV-2 infection have been obtained from mouse models. In one study, ovari-

ectomized mice were administered estradiol, progesterone, a combination of both

hormones, or vehicle (Gillgrass et al. 2005b). The vehicle-treated and progesterone-

treated mice were more susceptible to HSV-2 infection with extensive infection of

the vaginal epithelium within 24 h after infection and significant induction of

inflammatory chemokine and chemokine receptors. In contrast, estradiol-treated

mice were protected from HSV-2 infection. A slower progression of genital pathol-

ogy was noted in the group receiving combination hormones as compared to the

vehicle-treated mice. The same investigators immunized mice with an attenuated

HSV-2 vaccine following either estradiol or progesterone injections and then

challenged them with a virulent HSV-2 strain (Gillgrass et al. 2005a). Mice injected

with progesterone were protected from subsequent rechallenge, whereas estradiol-
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treated mice were not. These findings suggested that protection against challenge

was dependent upon the ability of the attenuated strain to cause infection, which, in

turn, was dependent upon the hormonal environment. Finally, these investigators

showed that duration of exposure to hormones had a significant effect on responses,

in which mice that were exposed to progesterone for 5 days and immunized with an

attenuated HSV-2 vaccine were protected from rechallenge with a virulent strain,

but those exposed to progesterone for 15 days prior to immunization were not

(Gillgrass et al. 2005a). These data suggest that the hormonal milieu as well as

duration of exposure significantly affect the efficacy of vaccines and susceptibility

to HSV infection.

Perhaps the most intriguing association between sex hormones and HSV-2 was

the data from the glycoprotein-D-subunit vaccine which, overall, was not found to

be protective against acquisition of HSV infection (Stanberry et al. 2002). How-

ever, in subgroup analyses, women who were initially seronegative for both HSV-1

and HSV-2 were protected against incident herpes infection after receiving the

vaccine but no similar association was noted in men. It was hypothesized that

hormonal differences between men and women may be responsible for these

findings. A subsequent animal study confirmed the biological plausibility of this

hypothesis. Investigators used the vaccine in a mouse model and demonstrated that

estradiol improved vaccine-elicited protection against genital herpes infection and

resulted in an enhanced antibody response (Pennock et al. 2009).

11.3.2.3 Vaginal Microbiome

The bacterial communities that naturally colonize the vagina (termed the “vaginal

microbiota”) present another dramatic difference in how men and women vary in

their defenses against infection. The vaginal microbiota play an important role in

preventing colonization by pathogenic organisms, including sexually transmitted

infections and urinary tract infectious agents (Cohen et al. 2012; Brotman

et al. 2010; Martin 2012; Peipert et al. 2008; Cherpes et al. 2003a, b; Martin

et al. 1999; King et al. 2011; Myer et al. 2005a; Gallo et al. 2012; Balkus

et al. 2014; Ghartey et al. 2014; Phukan et al. 2013). The vaginal microbiome

provides protection in part through the influential action of Lactobacillus spp. Some

vaginal Lactobacillus spp. are known to provide broad-spectrum defense through

their production of copious amounts of lactic acid (Boskey et al. 2001), bacteriocins

(bactericidal proteinaceous molecules) (Aroutcheva et al. 2001; Martin et al. 1999;

Myer et al. 2005b; Ness et al. 2005; Peipert et al. 2008), antagonistic bacteriocin-

like substances (Ocana et al. 1999), and biosurfactants (Reid et al. 1999) and

through their ability to adhere to mucus, which enable them to form a barrier

against pathogens (Boris and Barbés 2000) and disrupt biofilms (McMillan

et al. 2011). Hydrogen peroxide is produced by many Lactobacillus species (but
notably not all L. iners (Vallor et al. 2001; Hillier et al. 1993; Hawes et al. 1996))
and has been thought to have wide-spectrum antimicrobial activity. However, a

recent study shows lactic acid, and not hydrogen peroxide, was the dominant
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antimicrobial agent (O’Hanlon et al. 2011). There is also evidence that lactic acid

possesses antimicrobial activity beyond acidity alone by controlling overgrowth of

bacteria and disrupting the integrity of some bacterial cell membranes (Aldunate

et al. 2013; Graver and Wade 2011; Lai et al. 2009; O’Hanlon et al. 2011;

Motevaseli et al. 2013; Alakomi et al. 2000). Further, recent work has demonstrated

that lactobacilli influence the ability of Trichomonas vaginalis to adhere to host

cells, thereby altering the virulence of this parasite (Phukan et al. 2013).

Disruptions of the vaginal microbiota can result in the clinical diagnosis of

BV. BV is the most cited cause of vaginal symptoms (primarily malodor and

discharge) prompting women to present to primary health care (Amsel

et al. 1983; Sobel 2005). BV is characterized by a relatively low abundance of

protective Lactobacillus spp. and overgrowth of diverse anaerobes including

Gardnerella vaginalis, Prevotella spp., Mobiluncus spp., Atopobium vaginae as

well as other taxa of the order Clostridiales (Fredricks et al. 2005). With prevalence

rates for BV ranging between 29 % of US women (Koumans et al. 2007) and 50 %

of women in rural Ugandan villages (Wawer et al. 1999), BV is a major population-

level risk factor for RTIs which has largely been overlooked (Brotman 2011).

Antibiotic treatment for BV results in high recurrence rates owing in part to our

deficiencies in understanding the etiologies involved with the disruptions in the

vaginal microbiome (Sobel et al. 2006).

The overwhelming majority of microbial species (>90 %) resist cultivation in

the laboratory (Bakken 1985), and as a result, we have had an incomplete under-

standing of the microbes which inhabit the human body. The recent development of

next-generation sequencing technologies has revolutionized how we characterize

the human microbiome, as it has enabled sequencing hundreds of thousands of

bacteria in a quantitative and affordable way (Hugenholtz et al. 1998; Torsvik and

Ovreas 2002). It is becoming the standard to perform massively parallel sequencing

of 16S rRNA gene amplicons to produce thousands of sequences per sample.

Cultivation-independent studies based on the analysis of 16S rRNA gene

sequences amplified from whole genomic DNA isolated from vaginal samples

have dramatically changed our understanding of vaginal microbial community

diversity and have identified bacteria that could not be observed by traditional

culture-based methods (Fredricks et al. 2005; Ferris et al. 2004; Ravel et al. 2011).

Overall, molecular studies have shown the diversity, composition, and relative

abundance of microbial species in the vagina vary dramatically between women.

In the first study of its kind, analyzing 394 women in the United States from four

different ethnicities, Ravel et al. used 16S rRNA gene analysis to identify five major

groupings (termed “community state types”) of vaginal microbiota in reproductive-

age women (Ravel et al. 2011). Four of these groups were dominated by a species of

Lactobacillus (L. crispatus, L. iners, L. gasseri, L. jensenni), while the fifth group

was depleted of Lactobacillus (Fig. 11.2). The latter group contained higher pro-

portions of anaerobic bacteria, resembling BV and work is ongoing to further refine

how this community state type is categorized and evaluated (Brotman et al. 2014a).

The frequencies of each bacterial state vary greatly by ethnicity, and African

American and Hispanic women are more likely to be Lactobacillus depleted
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(Ravel et al. 2011). The reasons for racial disparity in the vaginal microbiome are

unknown and likely play a role in the observation that African American women

and Hispanic women have higher prevalence of RTIs (Datta et al. 2007; Miller

et al. 2004).

Prospective longitudinal studies with frequent sampling add tremendous infor-

mation to what we currently understand about the dynamics of the vaginal

microbiota. Some women experience frequent and rapid fluctuations in the com-

position of the vaginal microbiota, while in others, the microbiota are remarkably

stable (Ravel et al. 2013; Gajer et al. 2012; Srinivasan et al. 2010). Epidemiologic

studies have demonstrated that fluctuations in the vaginal microbiota are mainly

Fig. 11.2 Heatmap showing the distribution of bacterial taxa found in the vaginal microbial

communities of 394 reproductive-age women [Adapted with permission from Proceedings of the
National Academy of Sciences of the United States of America (Ravel et al. 2011)]
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affected by time in the menstrual cycle and sexual activity (Gajer et al. 2012; Keane

et al. 1997; Bradshaw et al. 2013; Srinivasan et al. 2010). Figure 11.3 illustrates the

dynamics of the vaginal microbiota observed among reproductive-age women

(Ravel et al. 2013). The figure depicts six women who self-collected mid-vaginal

Fig. 11.3 Daily temporal dynamics of vaginal bacterial communities in 3 women over a 10-week

period. The relative abundance of each phylotype is depicted as interpolated bar graphs. Phlyotype

color codes are indicated on the right of each bar graph. Daily Nugent Gram stain scores (range 0-

10) and pH (range 4-7) are indicated below the graph. Red solid circles represent menstruation.

Missing pH values are indicated by red box; otherwise, pH is in line with a value of 4. Missing

Nugent scores are also indicated by the red box; otherwise, the score is in line with 0. The figures

shows that the top two participants (a, b) carried highly stable communities dominated by

L. crispatus (a) and non-Lactobacillus dominated communities (b). Woman (c) experienced

very low stability communities with both high Nugent scores and pH. [Adapted with permission

from Microbiome (Ravel et al. 2013).
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samples daily for 10 weeks and the change in relative abundance of the most

abundant bacterial taxa over time. The relative abundance of each bacterium is

color coded according to the key. Although only the top 10–20 bacterial taxa are

displayed in each panel, over 265 taxa have been identified in the vaginal

microbiome (Ravel et al. 2011). The woman displayed in panel a has a vaginal

microbiome that is dominated by L. crispatus except for brief transitions to a

L. iners-dominated state during the intervals of menstrual bleeding. Similarly, the

woman displayed in panel b is consistently stable in a L. iners-dominated profile

except for intervals during menstruation when Streptococcus spp. emerged.

The women in panels c and d are relatively stable over time in profiles with low

relative abundance of Lactobacillus spp., while the women displayed in panels e and

f also have low-Lactobacillus profiles but have rapid fluctuations in bacterial

communities.

Although the clinical relevance of the rapid fluctuation in vaginal microbiota is

still not completely understood, there are emerging data that link these fluctuations

to RTI susceptibility (Buvé et al. 2014; Brotman 2011; Martin et al. 2013). In a

longitudinal study of 32 women who self-collected samples twice weekly for

16 weeks (Brotman et al. 2014b), several vaginal microbiota community state

types were associated with changes in HPV status. L. gasseri-dominated commu-

nity state types had the fastest HPV remission rate and a low-Lactobacillus com-

munity with high proportions of the genera Atopobium (CST IV-B) had the slowest

rate compared to L. crispatus-dominated community state types (adjusted transition

rate ratio (aTRR), 4.43, 95 % CI, 1.11–17.7; aTRR, 0.33, 95 % CI, 0.12–1.19,

respectively). This data suggests the vaginal microbiome may play a significant role

in the control of latent HPV infection or increased clearance of HPV. Longitudinal

studies on the incidence and clearance of RTIs are now beginning to include

molecular assessments of the vaginal microbiome and will increase the understand-

ing of how the vaginal microbiome protects against RTIs.

Vaginal Microbiome, Sex Hormones, and Mucosal Immune Responses

A key influence on the vaginal microbiome is endogenous estrogens (Hillier and

Lau 1997; Hummelen et al. 2011). During a woman’s reproductive years, estrogens
stimulate the proliferation of vaginal epithelial cells, promoting a rich glycogen

environment that provides an affluent source for fermentative microbes to metab-

olize. The acidic vaginal environment is maintained by lactic acid and other organic

acids through colonized microorganisms (i.e., the protective Lactobacillus spp.)

metabolizing glycogen in the vaginal mucosa (Cruickshank 1934; Jakobsson and

Forsum 2008).

With menopause and declining concentrations of estrogens, studies have dem-

onstrated a lower relative abundance of vaginal Lactobacillus sp. (Hillier and Lau

1997; Pabich et al. 2003; Brotman et al. 2014a) and greater abundance of vaginal

Escherichia coli and enterococci (Pabich et al. 2003). The association between

estrogens and the vaginal microbiome is also supported by studies that demonstrate

11 Reproductive Tract Infections in Women 327



that hormone replacement therapy restores lactobacilli in vaginal microbiota of

menopausal women (Devillard et al. 2004; Heinemann and Reid 2005).

The immune system has also coevolved with microbes to maintain a homeostatic

host-microbial relationship (Hooper et al. 2012). The vaginal microbiota stimulate

the local innate immune system as part of its protective mechanisms in the female

genital tract (Mirmonsef et al. 2011; Witkin et al. 2007). A disrupted vaginal

microbiota may lead to clinical or subclinical mucosal inflammatory response,

changes in innate mucosal immunity, microtraumas to the vaginal epithelium, or

puncturing of the cervicovaginal mucosa. The low-Lactobacillus state of BV has

been associated with genital pro-inflammatory cytokine upregulation, although

some studies have found that downregulation of some cytokines also occurs

(Yudin et al. 2003; Sturm-Ramirez et al. 2000; Ryckman et al. 2008).

The local cytokine production associated with a disrupted vaginal microbiota

may facilitate the acquisition of RTIs. Inflammation is an immune process essential for

microbial control and clearance that is initiated and sustained by cytokine and chemo-

kine production in response to pathogen recognition (Svanborg et al. 1999). RTIs are

the major causes of inflammatory cytokine upregulation and immune cell recruitment

to the genital mucosa (Fichorova et al. 2001; Levine et al. 1998; Yudin et al. 2003;

Reddy et al. 2004). Although inflammation can play an important role in infection

clearance, it may also cause destruction of infected epithelial layers, allowing patho-

gens to access deeper tissues (Svanborg et al. 1999; McGee et al. 1999).

11.4 Conclusion

Because of greater biological susceptibilities due in part to differences in anatomy,

sex hormone concentrations, and the microbiome, women have a higher incidence

of several RTIs than men. Additionally, women are less frequently symptomatic

than men when infected. Consequently, RTIs may go undiagnosed and untreated in

women and lead to severe health consequences, such as PID, infertility, and

increased HIV risk. It is now recognized that the vaginal microbiome plays a

major role in women’s reproductive health, with between 30 and 50 % of women

lacking a microbiota that can provide optimal protection against pathogens. Further

research is needed to better define the interactions among the immune system, sex

hormones, and the vaginal microbiome with the goal of enhancing women’s
reproductive health.
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Chapter 12

Sex and Gender Impact Lyme Disease

Immunopathology, Diagnosis and Treatment

Alison W. Rebman, Mark J. Soloski, and John N. Aucott

Abstract Lyme disease is an emerging tick-borne disease that is increasingly

prevalent across temperate regions of North America and Eurasia. Investigators

from the Centers for Disease Control and Prevention (CDC) recently estimated that

there are approximately 300,000 cases annually in the United States. Lyme disease

presents with several different clinical phenotypes, largely dependent on the stage

of the infection and the presence or absence of prior antibiotic treatment. Compared

to other infectious and chronic diseases where sex differences are more pro-

nounced, differences in the number of CDC-reported cases of Lyme disease by

sex are unremarkable. Although the prevalence of early Lyme disease appears to be

relatively equal by sex, late Lyme disease with objective neurologic or rheumato-

logic findings appears to be more common in males than females. In contrast,

subjective syndromes of more tenuous and complex origin such as post-treatment

Lyme disease syndrome (PTLDS) and chronic Lyme disease (CLD) appear to be

more commonly reported in females than males. Several factors could contribute to

these observed differences in clinical presentation between the sexes. While social

and behavioral risk factors may play an important role, this chapter will focus on

underlying differences in the immune response between males and females follow-

ing infection, which could affect bacterial clearance, development of autoimmune-

like responses, and seroconversion on two-tier antibody tests. In the four decades of

research since the discovery of the Lyme spirochete, much remains unknown

regarding sex- and gender-based differences in the epidemiology, clinical presen-

tation, and immunologic response to this infection.
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12.1 Lyme Disease Overview

Lyme disease, also called Lyme borreliosis, is the most common human tick-borne

infection worldwide (Paddock and Telford 2010). This vector-borne disease is

transmitted by ticks of the Ixodes ricinus complex, the majority of which are

found in specific regions of North America, Europe, and Asia (Fig. 12.1). The

causative agents of Lyme disease are members of the Borrelia genus, which belong
to the Spirochaetes phylum of distinctively spiraled or corkscrew-shaped bacteria.

Over 30 different genospecies of Borrelia have been identified, of which at least

five are known to cause human disease in endemic areas. In the Northeast, Upper

Midwest, and Pacific Northwest of the United States, Borrelia burgdorferi sensu
stricto is responsible for most confirmed cases of Lyme disease, whereas in Europe,

Borrelia burgdorferi sensu lato, Borrelia garinii, and Borrelia afzelii cause most

human disease. Other, novel genospecies of Borrelia have recently been identified,

some of which carry the possibility for human disease. For example, Borrelia
miyamotoi was first identified in ticks in 1995, with human infection first described

in Russia in 2011 (Platonov et al. 2011) and in the United States in 2013 (Krause

et al. 2013).

Although it was only discovered in recent years, Lyme disease is an ancient

disease. In 2012, Borrelia burgdorferi genetic material was isolated from a bone

sample of a 5,300-year-old male preserved in the Italian Alps (Keller et al. 2012).

While specific neurologic and dermatologic syndromes due to Lyme disease were

recognized in Europe in the early twentieth century, they were not linked to an

infectious etiology at the time. In the United States, Lyme disease was first

identified in the mid-1970s during a focal outbreak of pediatric arthritis cases in

Lyme, Connecticut (Steere et al. 1977). The bacterial etiology was subsequently

Fig. 12.1 Global distribution of the vectors (Ixodes ricinus species complex) of Lyme Borrelia.
Reprinted from Stanek et al. (2012) with permission from Elsevier
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identified and linked conclusively to the tick vector and infected patients in the

early 1980s (Burgdorfer et al. 1982).

Over the last four decades, the number of Lyme disease cases has risen sharply,

and it is now the most common vector-borne disease in the United States and

Europe. This rapid emergence is linked to a complex interaction of human land use

patterns with both environmental and species-level biodiversity (Levy 2013). In

endemic areas, Lyme disease is often acquired in either peri-urban or rural areas

where individuals live or engage in recreational activities. The majority of acute

cases of Lyme disease occur between late May and late September, when the

infected tick vectors are actively feeding (Fig. 12.2).

Despite nearly four decades of scientific inquiry into the transmission dynamics,

immunopathology, and treatment outcomes of Lyme disease, much still remains

unknown. Further, there has been a general lack of research examining potential

sex- and gender-based differences in this infectious disease setting. This chapter

will present a summary of findings, clinical observations, and suggestions for future

research priorities across several areas of Lyme disease research including epidemio-

logic reporting, clinical disease presentation, immunologic response, treatment para-

digms, and serological testing.

Fig. 12.2 The 2-year life cycle of Ixodes scapularis ticks
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12.2 Epidemiologic Trends

In the United States, Lyme disease is reportable to the Centers for Disease Control

and Prevention (CDC), which recently began classifying cases as either “con-

firmed” or “probable” (Centers for Disease Control and Prevention 2013a). Over

22,000 confirmed cases were reported in 2012, with an additional 8,000 probable

cases reported (Centers for Disease Control and Prevention 2013b). Previous

research showed that Lyme disease was commonly underreported through standard

surveillance mechanisms (Meek et al. 1996). However, using results from large

commercial laboratories, the CDC recently revised this estimate to 300,000 cases

yearly in the United States (Kuehn 2013).

Among confirmed cases in the United States, males are a slight (53.1 %)

majority (Bacon et al. 2008). This trend may have varied somewhat over time;

however, as in previous years (1992–1995), reported cases were more equal by sex

(Fig. 12.3). The reason for such shifts are unknown but could include random

variation, a change in behavioral risk factors, or changes in state or national level

case reporting criteria. These data also appear to show an age effect among reported

cases (Fig. 12.4). As described in the 2008 report mentioned above (Bacon

et al. 2008), the number of reported cases among young males (age range: 5–19

years) had increased disproportionately compared to young females. Over the age

of 60, however, it appears that the number of reported cases evens out among males

and females, with a slightly higher number of cases reported among females over

age 70.

In contrast to the United States, publications from several areas of Scandinavia

and the European continent report that women often represent a slight majority of

Fig. 12.3 Rate of Lyme disease, by sex and year—United States, 1992–2006 [Reprinted from

Bacon et al. (2008)]
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cases of erythema migrans (EM, the diagnostic rash of early Lyme disease)

(Mehnert and Krause 2005; Lopes de Carvalho and Núncio 2006; Z€oldi
et al. 2013). Analysis of surveillance data across six eastern German states found

that females were more frequently diagnosed with early Lyme disease (Fül€op and

Poggensee 2008). Another study in southern Sweden also found that the annual

incidence of EM was significantly higher among women than men (Bennet

et al. 2007). The authors found that this difference was most pronounced among

women over age 40 and that this demographic group also had the highest risk of

attracting tick bites.

National-, regional-, or community-level variation in surveillance methods as

well as physician awareness and diagnosis patterns may contribute to epidemio-

logic trends in case reporting of Lyme disease. The complex ecological drivers that

govern prevalence, as well as variability across and within infecting genospecies,

likely add additional complexity. For example, Bacon et al. (2008) found that even

within the United States, cases of Lyme disease differed by age and sex between the

“Healthy People 2010 states” where the disease is endemic and all other states

where it is less common. Among endemic states, the modal age was much younger

(7 years old) and males accounted for 53 % of cases, whereas in all other states the

modal age was 44 years old and males accounted for 49 % of cases.

Compared to other infectious and chronic disease settings where sex differences

are pronounced (see Chaps. 5–6 and 13), sex differences in the reported number of

cases of confirmed or probable Lyme disease are relatively unremarkable. While

behavioral risk factors and the sociological context of exposure and diagnosis are

important and warrant further research, this chapter will largely focus on findings

concerning sex differences in the underlying biologic response to the infection,

Fig. 12.4 Confirmed Lyme disease cases by age and sex—United States, 2001–2010 [Reprinted

from Centers for Disease Control and Prevention (2013c)]
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specifically as it may relate to clinical presentation, immunologic response, treat-

ment paradigms, and serological testing.

12.3 Clinical Presentations

In the United States, Lyme disease presents with several different clinical pheno-

types which are thought to largely depend on the stage of the infection and the

presence or absence of prior antibiotic treatment. Figure 12.5 shows common

clinical phenotypes of untreated Lyme disease, the percentage of patients

presenting with each phenotype, and the typical number of months from infection

to presentation. The presence or absence of antibiotic therapy is important, as the

natural history of untreated Lyme disease is very different from that of treated

infection, after which a condition called post-treatment Lyme disease syndrome

(PTLDS) may occur.

12.3.1 Untreated Borrelia Infection

12.3.1.1 Early Lyme Disease

Early Lyme disease is characterized by the EM skin lesion, which is thought to

occur in approximately 80 % of cases (Steere 2001). This diagnostic rash is often

also accompanied by viral infection-like symptoms such as fever, fatigue, and

myalgia. The EM skin lesion can take on a variety of appearances, not all of

which correspond to a classic “bull’s eye” with concentric rings (Schutzer

Fig. 12.5 The natural history of untreated Lyme disease
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et al. 2013). Figure 12.6 shows examples of variation in the EM rash, including

dissemination of the original rash into multiple lesions, all among patients who had

a positive two-tier serological test for Lyme disease. While the diagnosis of most

cases of early Lyme disease is based on a physician-confirmed EM, a positive

serological test is required to confirm diagnosis of the viral-like presentation of

early Lyme disease in cases where the EM is absent or not observed. However, this

can be challenging as serological tests are often negative in the first few weeks of

infection and have a low sensitivity following early treatment (Aguero-Rosenfeld

et al. 1996; Rebman et al. 2014). More detail on the serological tests for Lyme

disease is included in Sect. 12.4.

Sex-based differences in the early symptoms of Lyme disease have not been

routinely examined or reported. It is not known if there are differences in rash size

or appearance between the sexes in the United States; however, one study from

Sweden found that women’s EM lesions were less likely to have the classic “bull’s
eye” appearance and took longer to disappear than men’s (Bennet et al. 2007). Our
data from a large prospective cohort study of early Lyme disease show few

differences in the clinical presentation of early Lyme disease by sex. Similar

Fig. 12.6 (a) A classic, bull’s eye target erythema migrans lesion in an IgM-positive early Lyme

disease patient. (b) A uniformly red erythema migrans lesion in an IgM-positive early Lyme

disease patient. (c) Disseminated erythema migrans lesions in an IgM- and IgG-positive early

Lyme disease patient. (d) An atypical erythema migrans lesion with a vesicular central component

in an IgM-positive early Lyme disease patient
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proportions of males and females were found to have multiple EM lesions, often a

marker of dissemination of disease and thus of increased severity of illness.

Furthermore, men and women typically self-reported a similar set of symptoms.

The exceptions were a significantly higher proportion of females than males

reported acute gastrointestinal symptoms, heart palpitations, and at least one ele-

vated liver function test prior to antibiotic treatment as part of their initial clinical

presentation (Schwarzwalder et al. 2010b).

Without early treatment, bacteremia may result in signs of dissemination in the

weeks or months that follow initial infection. Clinical manifestations of

noncutaneous disease can be protean and are usually of neurologic, cardiac, or

musculoskeletal origin (Steere 1989). It is not known if one sex is more likely to

develop organ involvement during the initial stages of dissemination, although one

large European case series of patients with early Lyme central nervous system

infection reported a greater percentage of men than women with positive tests for

central nervous system involvement (Ogrinc et al. 2013).

12.3.1.2 Late Lyme Disease

Late Lyme disease occurs in cases of untreated early infection and is characterized

by delayed manifestations that occur months to years later (Fig. 12.5). The diag-

nostic criteria for late Lyme arthritis or neurologic disease include physician-

documented signs of joint or neurologic pathology and a concurrent positive

two-tier serological test. More detail on the serological tests for Lyme disease is

included in Sect. 12.4.

In the United States, a significant sex-based difference in patients diagnosed

with late Lyme arthritis is observed, with approximately twice as many male as

female cases represented in study samples (Steere and Angelis 2006; Kannian

et al. 2007). Similarly, our retrospective chart review of patients in a community-

based setting also found a majority (61 %) of those presenting with neurologic

symptoms or arthritis were male (Aucott et al. 2012). In the European setting, a

male predominance for late-stage arthritis and neurologic complications has also

been noted in clinic or referral-based patient samples (Renaud et al. 2004; van

Burgel et al. 2011). For example, a recent analysis of chart reviews from a

university medical center in Slovenia from 1990 to 2012 found that there was a

male predominance among patients with Lyme arthritis and among those with

neuroborreliosis (Strle et al. 2013). The same study also found a female predom-

inance among patients with acrodermatitis chronica atrophicans, a late dermato-

logic manifestation that is specific to infection with the Borrelia afzelii genospecies
found in Europe. The fourfold higher rate of arthritis in men was present in both the

overall sample and in the subset of patients with culture or PCR-confirmed arthritis.

The basis for lower diagnosis rates of common objective findings of late Lyme

disease among women is unknown. Given approximately equal exposures of both

men and women to the early stages of acute infection, it would be expected that

rates of later stage clinical phenotypes would also be roughly equivalent. Several
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hypotheses could explain this pattern. Women could be less susceptible to more

virulent, disseminating strains that cause late objective manifestations and chronic

disease. Alternatively, women could have a host response that limits dissemination.

Behaviorally, women may be more likely to present to a physician earlier in the

infection, resulting in higher rates of prompt early diagnosis and treatment, which

would prevent progression to later disease states. Finally, atypical presentations of

late Lyme disease may be more common among women, resulting in a decreased

ability to diagnose the disease, particularly if such manifestations aren’t captured by
current case definitions and clinical guidelines.

12.3.2 Post-treatment Lyme Disease Syndrome

PTLDS is a symptom-defined condition that occurs after antibiotic treatment of

documented early or late Lyme disease. The Infectious Disease Society of America

(IDSA) published a proposed case definition for PTLDS in 2006 (Wormser

et al. 2006), but currently no biomarkers have been identified to aid diagnosis or

to monitor cure. PTLDS can be defined in patients from Lyme endemic regions with

a history of physician-diagnosed and antibiotic-treated Lyme disease. It is charac-

terized by associated symptoms of fatigue, musculoskeletal pain, and cognitive

complaints, which result in a measureable decline in health-related function (Aucott

et al. 2013).

Results from a variety of study designs show that women are more likely than

men to develop PTLDS and subjective symptoms following treatment of Lyme

disease. While the initial outcome and registry studies of early Lyme disease found

that up to 50 % of patients reported some degree of residual symptoms, the sex of

patients in this subset was rarely reported (Steere et al. 1983; Nadelman et al. 1992;

Asch et al. 1994; Luft et al. 1996). Two case series of referral patients seen in

separate Lyme disease clinics showed a female predominance among those diag-

nosed with persistent symptoms following treatment (Sigal 1990; Steere

et al. 1993). This female bias becomes more striking in studies such as Sigal’s
(1990) that specifically included a fibromyalgia syndrome in their definition of

PTLDS. In this instance, the female/male ratio was approximately 8:1 (Sigal 1990).

In contrast, a large population-based study found that female sex was not associated

with PTLDS (Shadick et al. 1994).

Few prospective, controlled studies have been performed to look at the impact of

patient sex on the risk or severity of PTLDS. Data from our prospective study of

patients with early Lyme disease show that women were more likely than men to

develop new subjective symptoms and meet a rigorous case definition for PTLDS

following treatment of Lyme disease (unpublished data). European studies of Lyme

disease with long-term follow-up of patients after treatment for neuroborreliosis

show that female sex may be a risk factor for persistent symptoms. One study

identified an odds ratio of 3:2 for women developing post-treatment symptoms

1 year after antibiotic treatment (Ljøstad and Mygland 2010). However, in another
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study, sex was not significant in predicting health-related quality of life or fatigue

after treatment of neuroborreliosis (Eikeland et al. 2013). Many of the above studies

suggest that women may be at a higher risk of developing PTLDS, especially when

fibromyalgia syndrome is considered as a broader subset of PTLDS phenotype.

Several hypotheses could explain why women may be overrepresented in the

PTLDS group following treatment. As previously mentioned, if women seek

treatment earlier in the course of Lyme disease, development of late objective

disease may largely be prevented. At the same time, however, earlier treatment

may place more women at risk for subjective, post-treatment sequelae. Recent

research on PTLDS has shifted from behavioral risk factors and characterization

of the disease toward potential immune-mediated mechanisms of the largely sub-

jective symptoms that characterize the syndrome. More detail on the immunologic

context is described in Sect. 12.6.

12.3.3 Chronic Lyme Disease

In the medical literature, chronic Lyme disease (CLD) is often considered a

nonspecific diagnosis which is distinct from both untreated infection and PTLDS

(Feder et al. 2007). While CLD and PTLDS share many similarities in the subjec-

tive symptoms of fatigue, pain, neurocognitive dysfunction, and others, patients

often seek care for or are given the diagnostic label of CLD when current or past

evidence of Borrelia infection cannot be determined. A review of antibiotic treat-

ment studies for CLD found female to male ratios which ranged from 1.8 to 2.8

(Wormser and Shapiro 2009). Similarly, in our retrospective chart review of

patients, we found that women represented 66 % of patients with medically

unexplained symptoms that could not be given a diagnosis using current CDC

and IDSA guidelines for early Lyme disease, late Lyme disease, or PTLDS (Aucott

et al. 2012).

It has been noted that this group of patients almost certainly represents a

heterogeneous subset, likely including those with PTLDS as well as cases with

medically unexplained symptoms. Several publications have asserted that the

female predominance in CLD is a result of misdiagnosed fibromyalgia, chronic

fatigue syndrome, or depression, all conditions with similarly high female to male

ratios (Sigal 1990; Hsu et al. 1993; Wormser and Shapiro 2009). There is consid-

erable symptom overlap between CLD, PTLDS, and these other symptom-based

syndromes, and it remains difficult if not impossible to separate them clinically.

Complicating diagnosis further is the observation that Lyme disease is one of the

recognized infectious triggers of fibromyalgia, which likely represents an end-stage

phenotype of many different illness processes (Dinerman and Steere 1992; Sigal

and Patella 1992; Hsu et al. 1993).

Other authors have suggested that CLD symptoms are often instead attributable

to psychiatric disorders or other underlying psychological issues. For example, in a

sample of largely female (83 %) CLD patients, higher rates of psychiatric disorders
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and a greater tendency toward catastrophizing were found when compared to those

with PTLDS, those who had recovered from Lyme disease, and those with an

alternate diagnosis (Hassett et al. 2008; Hassett and Radvanski 2009). However,

as acknowledged by the authors, these cross-sectional studies cannot account for

the effects of a medically unexplained, often long-standing illness on mental health

status.

It should also be noted that due to potential misdiagnosis in community settings

(Aucott et al. 2009), it is unknown what percentage of these patients may have the

sequelae of remote, unrecognized tick-borne disease (Aucott et al. 2012). Indeed,

patients who carry the diagnosis of CLD are often found to have little or no

serological evidence for prior infection. While this observation is often used as

additional evidence for lack of prior exposure to B. burgdorferi, the limitations of

currently available antibody tests in antibiotic exposed patients (described in more

detail in Sect. 12.4) (Aguero-Rosenfeld et al. 1996; Rebman et al. 2014) may argue

for a more detailed assessment of such patients. Above all, these observations

highlight the heterogeneity of these populations and the difficulty of identifying

etiology without a clinically available biomarker test of either direct infection

or cure.

12.3.4 Similarities to Other Bacterial Infections

Sex-based differences in clinical presentation have been documented in other

bacterial disease settings, including those mentioned in Chap. 11. Perhaps the

most relevant is that of syphilis, another spirochetal infection. Borrelia burgdorferi
shares both microbiological resemblance and clinical symptom similarities with its

spirochete cousin, Treponema pallidum, the infectious agent of syphilis.
Before the advent of penicillin in the 1940s, Joseph Earle Moore performed

several early studies at the Syphilis Clinic of the Johns Hopkins Hospital and

documented that while early neurosyphilis was equally common among men and

women, clinical neurosyphilis was three to four times as likely to occur among men,

adding to an even earlier literature and body of statistics showing the same trend

(Moore 1922a). While he found this discrepancy compelling, he found it even more

surprising that cerebrospinal fluid abnormalities, and thus nervous system invasion,

were equally common among men and women who had been infected. He specu-

lated that pregnancy, as the “most important point of difference in the ordinary life

history of the two sexes” (Moore 1922b), may play a mediating role in exempting

women from frank neurosyphilis despite cerebrospinal fluid abnormalities. Indeed,

his studies among patients in the same clinic showed that pregnancy was protective

in lowering the risk of neurosyphilis as well as grave syphilitic lesions. A lower rate

of these complications was found both in cases of infection acquired at the time of

conception, as well as among women who became pregnant during the early stage

of the disease (Moore 1922b). The protective effects of female sex and pregnancy

on development of objective neurologic findings in syphilis may be relevant to
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explore further in the context of Lyme disease and may inform hypothesis gener-

ation regarding hormonal effects on the inflammatory immune response.

12.4 Laboratory Testing

The current laboratory testing guidelines for clinical diagnosis of Lyme disease rely

on a two-tier strategy for antibody testing. An ELISA (enzyme-linked immunosor-

bent assay) measuring total anti-borrelia IgM and IgG antibodies is the first tier of

testing. If the resulting value is above previously determined cutoffs, the ELISA

screening test is considered positive, and a confirmatory Western blot test is

performed during the second tier of testing. The Western blot test detects the

presence of specific IgM (immunoglobulin M) and IgG (immunoglobulin G) anti-

borrelia antibodies (Centers for Disease Control and Prevention 1995).

CDC guidelines recommend that interpretation of the results of these tests

(ELISA and reflex Western blot) is guided by the duration of illness reported by

the patient at the time of evaluation (Centers for Disease Control and Prevention

2011). Those patients with signs and symptoms of less than thirty days are consid-

ered to have a positive test in the context of a positive ELISA and either a positive

IgM or IgG Western blot. However, in patients with greater than 30 days’ illness
duration, a positive ELISA and a positive IgG Western blot is required for sero-

logical confirmation of exposure to B. burgdorferi (Centers for Disease Control and
Prevention 2011). This two-tier strategy, an approach implemented to capture a

high degree of specificity for case surveillance, is limited by a low sensitivity in the

diagnosis of early Lyme disease and in convalescent testing after early treatment

(Aguero-Rosenfeld et al. 1996; Rebman et al. 2014).

A handful of studies have examined differences in sex-based serological reac-

tivity on commercially available tests in the diagnosis of Lyme disease. In our

retrospective chart review of patients with early Lyme disease in a community

setting (Schwarzwalder et al. 2010a), we found that women had a significantly

lower ELISA value and a significantly lower total number of reactive IgG Western

blot bands than men. Figure 12.7 shows enhanced box plots of the difference in

results by sex for these two tests. We found a similar trend using data from a

prospective cohort of patients with early Lyme disease diagnosed by physician-

confirmed EM. These results also suggested that men were more likely than women

to end up with a positive test from the entire clinical encounter when tested and

treated according to current guidelines (Rebman et al. 2014). Notably, both study

designs in separate sample populations found that while similar proportions of

males and females were positive during acute infection prior to antibiotic exposure,

men were more likely to have a positive Western blot (typically IgG) test on a

convalescent, post-treatment serology. Similarly, in one antibiotic treatment trial

among patients with PTLDS, women were found to be more commonly negative on

serological evaluation for Borrelia antibodies than men (Klempner et al. 2001). Not

all studies have agreed with these findings. A cross-sectional study of acute patients
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with early Lyme disease at a single time point showed that there were no differ-

ences on ELISA value alone nor on the standard two-tier serology in the first

4 weeks of disease (Wormser et al. 2008).
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Fig. 12.7 (a) Distribution of ELISA results among men and women with a positive or equivocal

value (>0.90) by sex. Median values were 3.4 for men and 2.0 for women ( p¼ 0.03) [Reprinted

from Schwarzwalder et al. (2010a) with permission from Elsevier]. (b) Distribution of number of

immunoglobulin G (IgG) bands present among men and women with a positive or equivocal

ELISA result (>0.90) by sex. Median number of bands were four for men and two for women

( p¼ 0.03) [Reprinted from Schwarzwalder et al. (2010a) with permission from Elsevier]
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Although there is little precedent for sex-based differences in serological anti-

body responses against Borrelia spp., it has been previously documented in other

infectious settings. In two hepatitis A outbreaks in Crete, women were found to

have a significantly higher cumulative probability of IgM anti-HAV antibodies

(Hatzakis and Hadziyannis 1984). Furthermore, elevated humoral immune

responses, cell-mediated immunity, and adverse reactions in females compared

with males have been documented in a range of vaccine studies (Green

et al. 1994; Klein et al. 2010).

12.5 Treatment Paradigms

There is significant evidence that sex-based differences in the pharmacokinetics and

pharmacodynamics of drugs may occur as a result of a range of biologic factors

(Gandhi et al. 2004; Nicolas et al. 2009; Franconi et al. 2012). Further, it has been

noted that the same plasma concentration of a drug in males and females does not

necessarily result in the same pharmacological outcome (Fish 2008). Antibiotic

treatment recommendations for previously untreated early and late Lyme disease

are not currently different for men and women. According to the most recent IDSA

guidelines (Wormser et al. 2006), oral therapy with either doxycycline, amoxicillin,

or cefuroxime axetil is recommended for most cases. In cases with early neurologic

disease, cardiac disease, or late cases of recurrent arthritis, parenteral therapy with

ceftriaxone is recommended instead (Wormser et al. 2006).

To our knowledge, the pharmacokinetics of the recommended therapies listed

above have not been evaluated for sex-based differences in the context of Borrelia
infection, and it is not known how this may affect bacterial clearance, risk of

relapse, or development of post-treatment symptoms. In one study among healthy

volunteers in Vietnam, women had a statistically longer time to maximum drug

concentration of doxycycline; however, all other pharmacokinetic markers were not

significantly different (Binh et al. 2009). This is similar to results of a study among

a small sample of geriatric patients (Saivin and Houin 1988), but different from an

earlier study which found higher peak plasma concentrations of doxycycline among

women, even after controlling for body weight (CollaGenex Pharmaceuticals

1998). Studies among small samples of healthy individuals have not found statis-

tically significant sex-based differences in plasma concentration-time curves for

cefuroxime axetil (Williams and Harding 1984) or ceftriaxone (Pletz et al. 2004).

We are not aware of any studies on the pharmacokinetics of amoxicillin which have

specifically focused on sex-based differences.

There are currently no FDA-approved treatments for PTLDS, as the underlying

pathophysiology of the symptoms remains unclear. The IDSA guidelines currently

do not recommend additional antibiotic therapy for cases where a recommended

course of antibiotics has already been given or for cases of CLD in which an

established link to past or current Borrelia infection is more tenuous (Wormser

et al. 2006). Previous controlled trials have failed to provide convincing evidence
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that additional antibiotics provide sustained improvements (Klempner et al. 2001;

Krupp et al. 2003; Fallon et al. 2008); however, these results still elicit current

methodological contestation in the literature (Klempner et al. 2013; Fallon

et al. 2014). Further, more recent findings have suggested a potential role for

antibiotic-tolerant persistent organisms in vitro and in animal models (Hodzic

et al. 2008; Embers et al. 2012; Feng et al. 2014), which may challenge existing

treatment paradigms and argue for the development of novel antimicrobial treat-

ment approaches.

In lieu of a proven biological approach to cure, symptom-based or supportive

management of pain, fatigue, or other subjective complaints is sometimes

recommended for PTLDS or CLD (Wormser et al. 2006). Similarly, psychological

or psychosocial modalities such as cognitive behavior therapy or other interven-

tions to strengthen mood, coping, and life functioning have been advocated for

these patients (Hassett et al. 2008). It has also been suggested that drug therapies

such as antidepressants or agents approved for fibromyalgia such as pregabalin may

alleviate symptoms (Lantos 2011). Although not recommended by current IDSA

guidelines, complementary and alternative medicine modalities are often utilized

by patients with PTLDS and CLD (Ali et al. 2014). All of these remain untested

however, as no studies have been performed to examine their effect and quantify

potential benefit to this patient population. Future research is needed which can

appropriately account for sex-based differences in outcome status as well as assess

the efficacy of all possible treatment approaches and consider how they may

differentially benefit men and women.

12.6 Immune Response

There is a large body of data from both animal models and in the human setting

showing that sex-specific factors clearly influence the host immune response.

Despite this, studies on the role of sex-based differences in the immune response

to B. burgdorferi are lacking. A broad search of PubMed using the terms gender/

sex, immunity, and Lyme revealed a total of five papers, two of which were

relevant. This represents a serious knowledge gap since region-specific sex-based

disparities have been reported in Lyme disease clinical manifestations (Bacon

et al. 2008; Schwarzwalder et al. 2010a; Strle et al. 2013). Importantly, PTLDS,

one of the confounding downstream outcomes of Lyme disease in which immune-

mediated processes are hypothesized to have a role, is clearly female biased

(Wormser and Shapiro 2009). Moreover, it has been observed with a related

Borrelia species (B. hermsii) that female mice control bacteria levels more effec-

tively than males (Benoit et al. 2010). This section will present an overview of our

current knowledge on the host immune response to B. burgdorferi, and when

applicable, sex-specific information will be highlighted.

Infection with B. burgdorferi leads to the early activation of a number of

components of the innate immune system, as demonstrated in murine models as
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well as in humans. For example, in the EM skin lesion during acute human Lyme

disease, monocytoid and CD11c- plasmacytoid dendritic cell (DC) activation is

seen, and blood plasmacytoid DCs display increases in CD80 expression (Salazar

et al. 2003). The activation and maturation of DCs following B. burgdorferi
exposure is mediated by toll-like receptor (TLR) signaling, as B. burgdorferi
lipoproteins are ligands for TLR1/2 heterodimers (Alexopoulou et al. 2002;

Hirschfeld et al. 1999). TLR7- and TLR9-mediated recognition of B. burgdorferi
drives a type I interferon response in plasmacytoid DCs and CD14+CD11c+ cells

(Petzke et al. 2009). The role of TLR1/2 is supported by mouse studies where

deficiencies in MyD88, TLR1, or TLR2 impair clearance of B. burgdorferi but the
development of downstream inflammatory events such as arthritis are unaffected

(Alexopoulou et al. 2002; Liu et al. 2004; Bolz et al. 2004). These studies did not

consider sex-specific influences. This may be an important issue since in humans

and mice, the TLR7 gene is located on the X chromosome, and sex differences in

TLR2 expression and signaling contribute toward survival from Coxsackie B

infection (Roberts et al. 2012, 2013).

Natural killer T cells (NKT), a thymus-derived T cell subset that also displays

innate-like functions, have been found to recognize B. burgdorferi glycolipid II

presented by the CD1d molecule (Kinjo et al. 2006; Bendelac et al. 2007). Mice

lacking NKT cells display diminished clearance of B. burgdorferi and increased

joint disease following tick-borne infection, indicating a critical role for this subset

(Kinjo et al. 2006; Tupin et al. 2008). Differences by sex were not addressed in

these studies, and this may also be a relevant area of study since sex-based

differences in NKT cell levels have been reported in normal adults (Kee

et al. 2012).

The humoral immune response plays a clear role in clearance of B. burgdorferi
(McKisic et al. 2000; McKisic and Barthold 2000; LaRocca and Benach 2008).

This is supported by the extensive pathology seen in B cell-deficient mice and the

ability of antibody or B cells to passively protect immune-deficient mice (Schaible

et al. 1990; McKisic and Barthold 2000; Barthold et al. 2006). In addition, T cell-

independent and T cell-dependent antibody responses have been described, indi-

cating the involvement of B1 and B2 subsets of B cells (McKisic and Barthold

2000). Interestingly, in the above antibody transfer studies, female mice were

utilized but no comparison was made with males (Schaible et al. 1990).

Animal models have also demonstrated a critical role for CD4+ T cells. CD4

deficient female mice were highly susceptible to infection with B. burgdorferi
(Keane-Myers and Nickell 1995). In studies using female mice, the polarization

of CD4+ Th1 vs. Th2 subsets was shown to influence the severity of arthritis and

susceptibility to infection (Matyniak and Reiner 1995; Kang et al. 1997). In

humans, CD4+ Th1 and Th17 cells have been found in Lyme arthritis joints (Yin

et al. 1997; Gross et al. 1998; Codolo et al. 2008, 2013). CD8+ T cells are also

activated following infection in mouse models as well as in EM lesions, but their

precise role is poorly understood (Busch et al. 1996; Dong et al. 1997).

The balance between Th1 (effector) versus Th2 (helper) CD4 T cell effector

function impacts the clinical outcome in many disease settings. In studies
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identifying Th1 and TH17 CD4 T cells in human Lyme arthritis, both males and

females were included in the small study groups but no overt differences were noted

(Yin et al. 1997; Gross et al. 1998; Codolo et al. 2008, 2013). In a study of Lyme

disease in Sweden, postmenopausal women with a history of Lyme disease were

reported to have Th2-directed immune responses with increased cytokine ratios of

IL-4/IFN-γ and IL-10/TNF-α compared to men (Jarefors et al. 2006). The authors

hypothesized that an increased Th2 response is related to increased risk of reinfec-

tion with Borrelia. The tendency toward a Th2 response in early infection may also

be related to the observation, also in a Swedish cohort, that women were found to

have slower resolution of their EM lesions compared with men (Bennet et al. 2007).

The elevated Th2 response would predict that females display a heightened anti-

body response. Surprisingly, in the study of a smaller cohort in the United States,

the opposite is observed with women displaying a lower magnitude antibody

response than men (Schwarzwalder et al. 2010a). There are numerous possibilities

that can account for this seemingly disparate outcome including differences in

study group, size of the cohorts, tick species involved in transmission, and the

Borrelia species that causes Lyme disease. Clearly, this speaks to the need for

further study in multiple large cohorts.

Recently the levels of immune mediators in serum were measured in patients

with acute Lyme disease (Strle et al. 2012; Soloski et al. 2014). These studies

identified two groups of patients, one displaying high levels of serum mediators

(chemokines, inflammatory cytokines) and a second with low levels. The elevated

mediators were typical of a Th1-type inflammatory response. In one study, com-

parison of the mediator high vs. mediator low groups did not reveal a sex-based

difference (Soloski et al. 2014). In the second study, a sex-based analysis was not

reported but an association of high mediator levels was associated with a polymor-

phism in the TLR1 gene (Strle et al. 2012). It is interesting to point out that females

have stronger proinflammatory (Th1) responses than males (reviewed in Klein

2012). Of note, the studies that led to this conclusion were largely generated

investigating responses to viruses or viral vaccines so the lack of a sex-based

differences in early Lyme may reflect the bacterial etiology of Lyme disease.

Alternatively, sex-based difference in the host immune response initiated in

Lyme disease may be revealed with more in-depth analysis of the innate and

adaptive cellular elements that are mobilized during early and late manifestations

of Lyme disease.

It is well documented that many autoimmune diseases show a female bias. There

are several lines of evidence that autoimmune processes are a component of Lyme

disease. A subset of patients that develop Lyme arthritis are antibiotic refractory,

implying an ongoing immune-mediated inflammatory process (Steere 2001). Anti-

bodies toward endothelial cell growth factor (ECGF) are a common feature of

Lyme disease, and ECGF is elevated in the synovial fluid of patients with antibiotic-

refractory arthritis (Drouin et al. 2013). Interestingly, elevated levels of anti-ECGF

and the Th17 associated cytokine IL-23 were associated with PTLDS in a European

patient cohort and have been hypothesized to contribute to the development of

PTLDS (Strle et al. 2014). Consistent with previous studies, patients with PTLDS
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from this cohort were biased 2:1 female/male, but it should be noted that the initial

Lyme cohort utilized in this study had a female/male ratio of 1.77:1. Nevertheless,

Th17 CD4 cells have been associated with tissue-mediated injury and are impli-

cated in a range of human autoimmune diseases (Peters et al. 2011). It is interesting

to point out that dysregulation of Th17 cells has been observed in systemic lupus

erythematosus, an autoimmune disease with a strong female bias (Shah et al. 2010).

Collectively, these studies indicate that autoimmune-mediated tissue injury may

contribute to diverse disease outcomes that follow infection with B. burgdorferi.

12.7 Conclusions

Research initiatives examining potential sex- and gender-based differences, as well

as the clinical implications of these findings, have been growing across many

diverse disease settings, from chronic diseases such as heart disease to infectious

diseases such as HIV (see Chap. 5) and tuberculosis (see Chap. 8). In many cases, it

has been demonstrated that such differences not only exist, but provide important

insights across levels of analysis from behavioral risk factors to the intricacies of

the immune response. Lyme disease, with a growing number of cases and signif-

icant clinical and geographic variation, is a notably complex infection of relatively

recent identification, and much still remains unknown.

This chapter has focused primarily on sex-based findings and observations

which relate to the clinical encounter: recognized disease presentations, laboratory

testing on commercially available tests, and treatment paradigms. Although early

untreated Lyme disease appears to be relatively equal by sex, late untreated Lyme

disease with objective neurologic or rheumatologic findings appears to be more

frequently found in males, whereas subjective syndromes of more tenuous and

complex origin such as PTLDS and CLD appear to be more frequently found in

females. Larger, population-based studies will be needed to directly address these

observations, as underlying biologic or sociologic explanations have not been

identified.

This chapter has also focused on sex-based differences in the innate and humoral

immune response to infection with Borrelia. This is of particular importance as

future research will also be needed to address current limitations in the antibody

tests for Lyme disease, as well as pursue development of sensitive biomarkers to

distinguish and differentiate all clinical stages of infection and treatment success.

Central to the sensitivity and specificity of novel biomarkers will be the perfor-

mance of such tests in both male and female patient populations. Until biomarkers

are developed to identify patients with PTLDS, the percentage of patients with

Lyme disease-triggered fibromyalgia, chronic fatigue syndrome, or depression will

remain unknown. While the lack of research specifically addressing sex- and

gender-based differences in the field of Lyme disease leaves many questions

unanswered, it also offers an opportunity to gain rich insight into overall disease

pathogenesis and effective treatments for patients across the clinical spectrum.
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Chapter 13

Effects of Sex and Maternal Immunity

on Protozoan and Helminth Infections

Craig W. Roberts and William G.C. Horsnell

Abstract Protozoan and helminth parasites infect billions of people throughout the

world and are responsible for significant morbidity and mortality of millions of

people annually. Gender and cultural differences account for some dichotomy in the

prevalence and intensity of infection between male and female humans. However,

intrinsic differences in the biology, including the endocrine and immune systems,

of male and female humans exert profound influence on disease pathogenesis.

Generally, females are more resistant than males to many parasitic diseases,

although exceptions exist, such as some cestode infections and Toxoplasma gondii.
However, during pregnancy when a number of hormones are significantly increased

and the immune system altered, females tend to be more susceptible than

nonpregnant females and males to a number of parasitic infections. This is most

notable for infections that rely on a helper T cell type 1 (Th1) response for

resolution that is antagonized by the Th2/regulatory T (Treg) environment induced

during pregnancy. As a corollary, infections that induce a strong Th1 response can

disrupt pregnancy through ablating pregnancy-induced immune alterations. Some

evidence is emerging that children born to mothers with parasitic infections can

have lesions in their immune systems leading to tolerance or allergy as well as

potential psycho-neurological changes leading to disease. There is increasing

evidence that pharmacokinetics of drugs including anti-infectives can vary between

the sexes. Many drugs used to treat parasitic infection (particularly protozoan

infections) are far from ideal and have associated side effects. Tailored optimiza-

tion of dosing regimens for men, women, and pregnant women for these drugs

might be especially beneficial. New interventions optimized for sex and endocrine

conditions could have greatest impact on the most disadvantaged groups in terms of

susceptibility of disease including men and pregnant women.
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13.1 Introduction

In 2003, Ashford and Crewe constructed a comprehensive checklist of human

parasites comprising 437 known species falling within 6 taxon (Protozoa,

Trematoda, Cestoda, Nematoda, Acanthocephala, and Arthropoda). 132 of these

species have been classified as “prevalent” (>5 % prevalence in at least 1 location

or widespread). 69 of these prevalent parasites (dispersed through these taxa with

the exception of Acanthocephala) are considered to contribute to human morbidity

as pragmatically defined as “causing sufficient disease to often require therapeu-

tics” (Ashford and Crewe 2003; Kuris 2012).

Protozoan diseases are the most prevalent with Giardia lamblia and Toxoplasma
gondii having an estimated prevalence of up to 2–3 and 1–2.5 billion, respectively.

However, the nematode parasites Ascaris lumbricoides and Necator americanus
follow closely with 1 billion and 0.8–0.9 billion people estimated to be infected

worldwide. Mortality for each of these parasites as well as Trichomonas vaginalis
that infects approximately 15 % of the women worldwide is considered to be very

low to low. However, Plasmodium species infect 200–300 million people and has

the highest mortality rate with an estimated 627,000 deaths in 2012 (WHO http://

www.who.int/mediacentre/factsheets/fs094/en/). Entamoeba histolytica infects

200–400 million people and accounts for 100,000 deaths each year. Schistosoma
mansoni infects 200–300 million people and schistosomiasis due to all species of

the parasite is responsible for 200,000 deaths per annum (WHO, http://www.who.

int/mediacentre/factsheets/fs115/en/). Trypanosoma species and Leishmania spe-

cies infect 15–20 million people and 10 million people, respectively. Leishmania
species are responsible for 20–30,000 deaths/annum (WHO). Thus, protozoan and

helminth parasites collectively are important human pathogens both in terms of

prevalence and their ability to inflict human disease.

Considerable available data demonstrate differences between males and females

in either or both the prevalence and severity of infection within examples of the

Protozoa, Trematoda, Cestoda, Nematoda, and Arthropoda (Alexander and Stimson

1988; Roberts et al. 1996, 2001; Klein 2004; Gulgun et al. 2013). Some of these

differences can be explained by differences in the behaviors between the sexes

including occupation and social and cultural practices. However, there is also

abundant evidence that disease pathogenesis is directly affected by the sex of the

host and this often correlates with differences in the quality and quantity of immune

responses. Reproduction of many of these differences in animal models under

controlled conditions reinforces that the observed differences are truly mediated

by the sex of the host. Furthermore, many of these differences are associated with or

experimentally proven to be linked with changes in sex hormone levels. For

example, some of these diseases are known to represent greater risks to pregnant

women than nonpregnant women. There are now emerging data demonstrating that

the pharmacokinetics of some drugs are different between males and females

raising the possibility that antiparasitic drugs might vary in efficacy and side effects

between the sexes (see Chap. 4). Similarly, differences between the immune
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systems of males and females could profoundly influence the efficacy and undesir-

able reactions to vaccinations. Together, this information suggests that both pro-

phylactic and treatment regimes might work best if they are optimized for sexes or

even take into account hormonal status of the host.

13.2 Sex Differences and the Pathogenesis of Protozoan

Infections and Disparity in the Success of Treatments

13.2.1 Toxoplasmosis

Toxoplasma gondii infection is acquired through ingestion of the oocyst stage,

which is released by acutely infected cats to contaminate food and water, or through

eating meat from chronically infected animals that harbor the tissue cyst stage. The

parasite is known to infect most, if not all, warm-blooded animal species as

intermediate hosts. Within these hosts, after an initial period of replication as the

fast-dividing tachyzoites form, T. gondii transform into slow-dividing bradyzoite

form that encysts in almost all tissues of the host. Most literature describes initial

infection of an immunocompetent host as being associated with a general sickness

response that resolves around 14 days postinfection. This is followed by a chronic,

lifelong phase where the vast majority of people are generally considered to be

asymptomatic (Henriquez et al. 2009). However, these broadly correct descriptions

are now being challenged. Firstly, these assertions are generally based on certain,

mostly clonal, genotypes of T. gondii present in Europe and the USA and do not

apply to other clonal types that predominate in South America which tend to invoke

different disease patterns. Notably, in South America with these “atypical” geno-

types, disease tends to be much more severe and commonly causes ocular disease

(Pfaff et al. 2014). Secondly, irrespective of the parasite genotype, the association

of chronic T. gondii infection with neuropsychiatric disease is gaining increased

attention especially in Europe and the USA (Henriquez et al. 2009). There is now

robust evidence that T. gondii infection is associated with an increased chance of

schizophrenia and emerging data on associations with memory impairment, depres-

sion, and other conditions (Henriquez et al. 2009; Arias et al. 1999; Yolken

et al. 2009).

Notwithstanding the potential differences in the pathogenesis of geographically

distributed T. gondii genotypes, infection is also known to have severe conse-

quences in immunocompromised people and when contracted during pregnancy.

Infection is universally known to be life-threatening in immunocompromised

individuals, including those with AIDS, and is characterized by encephalitis, but

in some cases, systemic involvement is also apparent (Torrey and Yolken 2013;

Torgerson and Mastroiacovo 2013). The effects of infection during pregnancy for

mother and fetus are both influenced by the stage in which infection occurs (see

Sect. 13.4.2.1).
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13.2.1.1 Toxoplasmosis in Male and Female

Humans

Most studies find that the incidence of infection in males and females is approxi-

mately the same. One study that examined seropositivity in France found no

difference in rates between men and women under 45 years, but increased preva-

lence in men over 45 years (Bellali et al. 2013). Another study found that non-HIV-

infected males were more likely than non-HIV-infected females to be admitted to

hospital due to toxoplasmosis (Jones and Roberts 2012). Many other studies have

found no difference in seropositivity in females compared with males (Daryani

et al. 2014; Chiang et al. 2012; Alvarado-Esquivel et al. 2008, 2011). An early study

of Scandinavian children in 1979 and a more recent study in Poland found that the

incidence of T. gondii infection was greater in female school children than male

school children. Furthermore, girls infected with T. gondii had poorer school

performance than infected boys (Huldt et al. 1979; Mizgajska-Wiktor

et al. 2013). More overt differences in disease manifestations have been reported

between the sexes during acute infection. For example, lymphadenopathy was more

frequently observed in males than in females under the age of 15. However,

lymphadenopathy was more frequently observed in females than males in those

over 25 years of age (Beverley, et al. 1976). These observations indicate that the

fundamental immune response to T. gondii differs between males and females at

different stages of their sexual maturity and implies a role for sex hormones in

mediating these differences.

Most studies have found similar levels of T. gondii infection in males and

females with HIV infection. However, toxoplasmic encephalitis was found in one

study to be an AIDS-defining disease more frequently in European heterosexual

females than in males (Phillips et al. 1994). Other more subtle differences between

males and females infected with T. gondii may be present. It has been reported that

in 3 cohorts of people examined from the Czech Republic, both males and females

infected with T. gondii have reduced novelty seeking as determined by Cloninger’s
Temperament and Character Inventory (Flegr 2007; Flegr et al. 2003; Skallová

et al. 2005; Hodková et al. 2007; Novotná et al. 2005). However, sex differences

were also noted in a number of aspects examined by Raymond Cattell’s 16 Person-
ality Factors questionnaire (Cattell et al. 1993). As originally defined by Cattell,

women infected with T. gondii had increased “warmth and rule consciousness”

compared with uninfected women and seropositive men had reduced “rule con-

sciousness,” but higher “vigilance” than seronegative men. “Apprehension” was

greater in all infected compared with noninfected people examined independent of

sex (Henriquez et al. 2009). These studies do not define cause and effect and rather

than indicating that T. gondii infection alters behavior, they might point to behavior

attributes being a risk factor for contracting T. gondii infection. However, that
T. gondii is capable of modulating aspects of mammalian behavior is well

established in rodent studies. More recent data also demonstrates that some of
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these behavioral changes are sex dependent in rodents. Thus, female mice but not

male mice lost their natural aversion to bobcat urine. Female mice became hyper-

active but male mice hypoactive. These differences between the sexes might be

linked to sex-dependent differences in T. gondii-mediated changes to brain tran-

scripts for a variety of genes (including some involved in olfaction and the

dopamine receptor D4) and changes to monoamine levels (Gatkowska

et al. 2013; Xiao et al. 2012; Flegr et al. 2011).

Together, these data suggest that the incidence of T. gondii infection is similar

between males and females and differences that have been noticed are likely to be

due to gender roles rather than sex differences. However, the immune response and

disease that may result from infection might be qualitatively different between the

sexes. There are no vaccines available for use in humans meaning that chemother-

apy is the only option for treatment and prevention of infection. Treatment is

normally a combination of anti-folates such as sulfadiazine in combination with

pyrimethamine or trimethoprim and sulfamethoxazole. These drugs can be

supplemented with folinic acid to rescue the host from the effects of pyrimethamine

or trimethoprim that target dihydrofolate reductase (DHFR). There is little literature

regarding the relative effectiveness or incidence of side effects of these drug

combinations in humans. However, a recent study has found that trimethoprim

and sulfamethoxazole are similarly effective in eliminating uveitis in Brazilian

male and female patient with a history of eye disease (Felix et al. 2014). Based on

what we know about sex differences in the pharmacokinetics and pharmacodynam-

ics of other drugs used in the treatment of infectious diseases (see Chap. 4), future

studies should more thoroughly consider whether the sexes differ in the efficacy of

toxoplasmosis treatments.

Rodent Models

There is now a large body of literature demonstrating that the pathogenesis of

T. gondii infection varies between male and female mice and is influenced by sex

hormones. Early studies found that female mice infected with T. gondii developed
more severe brain inflammation than male mice (Kittas et al. 1984; Kittas and

Henry 1980). More recently, increased susceptibility of females compared with

males to at least some strains of T. gondii has been noted in Calomys callosus
(Franco et al. 2014). That these differences could be attributed to sex hormones was

demonstrated by gonadectomy, which was found to ameliorate disease (Kittas and

Henry 1979a, b). Conversely, administration of estrogens to ovariectomized female

mice exacerbated disease as determined by an increase in tissue cysts in their brains

(Kittas and Henry 1980). In a similar manner, estrogen treatment of gonadecto-

mized guinea pigs made them more permissive to parasite growth relative to

non-manipulated control animals (Kittas and Henry 1979a, b).

It is now known that multiple differences between male and female mice

contribute to differences in disease outcome. The observation that female SCID

mice (i.e., mice that are deficient in both T and B cells) are more susceptible than
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male SCID mice to mortality and severe brain pathology following T. gondii
infection implied an important role for innate immunity. Studies found these

differences could be linked to the kinetics and magnitude of IL-12 and IFN-γ
responses in these mice. In immunologically competent BALB/K mice, however,

increased mortality in females relative to males is associated with reduced TNF-α
production and early production of IL-10 (Roberts et al. 1995). C57BL6 mice

infected by the oral route with T. gondii develop normally fatal intestinal necrosis.

This was found to be worse in female mice resulting in earlier mortality than

observed in male mice. In these studies, female mice had increased tachyzoite

numbers and more severe necrosis in their intestines than male mice. The admin-

istration of testosterone to female mice reduced intestinal parasite load and necrosis

(Liesenfeld et al. 2001). In vitro studies demonstrated that although progesterone is

able to down-modulate nitric oxide production by macrophages, it does not ablate

macrophage killing of T. gondii (Gay-Andrieu et al. 2002; Jones et al. 2008). This

would indicate that there are multiple redundant mechanisms that contribute to the

control of T. gondii in murine macrophages that are not all susceptible to modula-

tion by progesterone. In reality, these limited studies performed directly with

T. gondii do not give a full picture of the array of immune responses that are likely

to be influenced by sex and pregnancy-associated hormones and consequently

affect immunity to T. gondii. For example, sex and pregnancy-associated hormones

can affect NK cells, TLR signalling, and downstream events including not only

killing mechanisms but also costimulatory molecule expression. Th1 and Th2

balance, CD8 T cells, B cells, and many more aspects of immunity known to be

important during T. gondii infection are also known to be affected by these

hormones (Roberts et al. 2001; Chap. 1 of this book).

13.2.2 Leishmaniasis

13.2.2.1 Humans

Around 20 species of Leishmania are known to infect humans and can result in

3 main forms of disease. Visceral leishmaniasis (kala-azar) is associated with

hepatosplenomegaly, infection of the bone marrow, anemia, and fever. Unless

treated, it is generally fatal. Cutaneous leishmaniasis is characterized with cutane-

ous lesions that can heal to leave a scar. Mucocutaneous leishmaniasis is associated

with the destruction of the mucous membranes and therefore affects the nose,

mouth, and throat. The type of disease that develops is dependent on the parasite

species and host factors including their genetics and nutrition and, pertinent to this

text, their age and sex (Alexander and Stimson 1988; Alexander and McFarlane

2008; McMahon-Pratt and Alexander 2004).

The vast majority of literature reaches a consensus that in humans males are

more likely to be infected with Leishmania and to suffer more severe disease than

females (Alexander and Stimson 1988; Roberts et al. 1996, 2001; Klein 2004). This
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is further reinforced by recent literature. For example, a meta-analysis of the

epidemiology of visceral leishmaniasis in the Americas, attributed to L. infantum,
found that males were more likely to develop clinical disease and to be skin test

positive than females. Although children were generally found to have lower rates

of infection, disease tended to be more severe than in adults (Belo et al. 2013).

Cutaneous leishmaniasis in Central Amazonia has also been reported to have a

similar male bias with the incidence and severity of disease being more severe in

males within 2 populations of field workers and rural settlers (Soares et al. 2014).

Similarly, mucocutaneous leishmaniasis was found to be 1.7 times more likely to

occur in males than females (Machado-Coelho et al. 2005). In spite of this wealth of

epidemiological data, there is very little known about differences in the immune

responses of humans to Leishmania. One study demonstrated that in humans with

L. mexicana infection, males produce greater quantities of IgE but have reduced

delayed-type hypersensitivity (DTH) responses than females (Lynch et al. 1982).

This would suggest that males tend toward a Th2-biased response, but females tend

toward a Th1 response following infection with this parasite. However, murine

models of disease provide some insights and imply a much more complex situation

is at play.

13.2.2.2 Rodent Models

While some murine studies are consistent with the above observation in humans,

others would appear to contradict them. Thus, in some strains of mice, including

BALB/c and DBA/2 mice, males are more susceptible than females to systemic

infection with L. major. The role of both male and female sex hormones is evident

as BALB/c males could be rendered resistant by gonadectomy and females ren-

dered susceptible by administration of testosterone (Mock and Nacy 1988). Simi-

larly, male DBA/2 mice are more susceptible than female mice to L. mexicana-
induced cutaneous disease (Alexander 1988). Resistance of females is associated

with induction of a Th1 response as evident by the production of IFN-γ. Gonadec-
tomy increases the susceptibility of female DBA/2 mice to cutaneous infection but

increases the resistance of males (Alexander 1988; Alexander, and Stimson 1988;

Satoskar et al. 1998; Satoskar and Alexander 1995). More recent work in BALB/c

mice confirms that sex-mediated differences in Th1/Th2 balance are important as

female IL-4Rα-deficient mice (which are thus unable to respond to IL-4 or IL-13)

heal following infection with L. mexicana, but male mice do not (Bryson

et al. 2001). In vitro studies have demonstrated that progesterone inhibits macro-

phage nitric oxide production and reduces the killing of L. donovani (Jones

et al. 2008). The extent of the interaction of sex hormones with the immune system

and how this ultimately influences immunity to Leishmania is likely to be more

complex than these studies suggest and include many other general mechanisms

already reviewed in Chap. 1 of this book.
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13.2.3 Malaria

Malaria in humans can be caused by Plasmodium falciparum, Plasmodium vivax,
Plasmodium malariae, or Plasmodium ovale. Much of the historic epidemiological

data gathered for malaria was not sex disaggregated, but some of the literature

suggest that the incidence of infection is similar between male and female humans.

However, more recent data demonstrates the incidences of P. falciparum or

P. vivax, at least in some populations, are greater in males compared with females

(Venugopalan et al. 1997; Lin et al. 2009; Haque et al. 2011; Cucunubá et al. 2013;

Pathak et al. 2012; Tareen et al. 2012). In contrast, females appear to be at greater

risk than males of death due to P. falciparum (18.4 % versus 7.64 %) (Kochar

et al. 1999). These data are of course complicated and open to interpretation as

gender differences in work patterns; access to preventive measures, such as

insecticide-impregnated bed nets; and health care also vary.

A murine model of malaria that relies upon C57BL/10 mice infected with

Plasmodium chabaudi has robustly demonstrated that male mice are more suscep-

tible than females to infection (Benten et al. 1991, 1992a, b, 1993, 1997, 1998,

1999). This susceptible phenotype exhibited by male mice is reversed by castration

indicating a detrimental role for testosterone. This hypothesis was confirmed by

administration of testosterone to females which ablated their resistance to infection.

The effect of testosterone on females is profound and long-lasting as administration

prior to infection followed by an extended 9 weeks period without testosterone that

allowed testosterone levels to return to baseline still resulted in increased suscep-

tibility. This testosterone-mediated susceptibility to P. chabaudi infection was

found to be associated with upregulation of a novel transmembrane protein termed

IAP38 (Krucken et al. 1999). Testosterone was also found to upregulate the

expression of a number of miRNA (miR-22, miR-690, miR-122, let-7A,

miR-30D, and let-7D) and consequently downregulate a number of gene products

including ERalpha and aromatase. Further studies have demonstrated that testos-

terone has long-lasting and widespread, organ-specific effects on lincRNA,

miRNAs, and TLR expression that may account for some of the observed effects

it has on the susceptibility of mice to P. chabaudi (Krucken et al. 1997). Early
studies demonstrated that the effects of testosterone in this model are not dependent

on classical androgen receptors because androgen receptor antagonist was unable to

ablate the observed effects. Moreover, susceptibility can be transferred by T cells

that are known to lack classical androgen receptors, but instead express surface

androgen receptors (Benten et al. 1992a, b, 1997). Together, these data suggest that

testosterone acts on the surface receptors of T cells to modulate miRNA and

lincRNA, which regulate the expression of other gene products that modulate

immune function.
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13.2.4 Amoebiasis

Entamoeba histolytica is the causative agent of amoebiasis in humans. Although it

infects 200–400 million people, only about 40–50 million people develop colitis or

amoebic liver abscess (ALA) of which around 100,000 die as a result each year.

ALA is predominantly a disease of males, which comprise approximately 80 % of

all cases. The number of cases is low in males and females under 20 years of age,

but increases sharply thereafter in males, reaching their maximum in the 36–40-

year age group coinciding with peak testosterone levels (Blessmann et al. 2002;

Bernin and Lotter 2014). The number of cases in woman peaks post menopause, but

never approaches that of men (Blessmann et al. 2002).

A detrimental role for testosterone is also evident in murine studies as admin-

istration of this hormone can promote parasite replication and abscess development

in normally resistant female mice. The ability of female mice to control infection

appears to be due to NKT cell-mediated control of parasite numbers through the

production of IFN-γ, which is ablated in female mice by administration of testos-

terone. In contrast, gonadectomized male mice are resistant to abscess development

and have enhanced NKT cell production of IFN-γ relative to intact control mice

(Lotter et al. 2013). There is also evidence that tissue damage in male mice is

dependent on the production of TNF-α by Kupffer cells and monocytes (Helk

et al. 2013).

13.3 Sex Differences and the Pathogenesis of Helminth

Infections and Disparity in the Success of Treatments

Host gender or sex can strikingly influence immunity to and the prevalence of

helminth infections. Typically, males demonstrate increased susceptibility to and

prevalence to/of nematode infections (Klein 2004). However, this scenario may be

reversed for cestode/trematode infections, in which both murine and clinical studies

indicate that females may be more susceptible than males (Nava-Castro et al. 2012).

Heightened susceptibility of males to nematode infections is frequently, but not

always, associated with testosterone. Experimental mouse infections with Trichuris
muris have elegantly demonstrated that testosterone inhibits protective immunity to

the parasite (Hepworth et al. 2010; Hepworth and Grencis 2009). In response to

T. muris, raised testosterone reduced disease resolving TH2 cytokine responses,

especially IL-13, whereas removal of the primary source of testosterone via cas-

tration enhanced host immunity to T. muris (Hepworth et al. 2010). Treatment of

cells pulsed with T. muris antigen with 17-β oestradiol enhanced TH2 cytokine

(IL-13 and IL-4) secretion by these cells. However, removal of ovaries had no

effect on host ability to resolve infection but still enhanced goblet cell hyperplasia

in IL-4KO mice. In addition, these studies also demonstrate sex differences in NK

cell responses. In female mice, NK cells may be an important source of IL-13
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during T. muris infection (Hepworth et al. 2010; Hepworth and Grencis 2009).

Recent analysis of genetic differences underlying male susceptibility suggests an

autosomal quantitative trait locus on chromosome 5 of male mice may drive an

enhanced IFN-γ response that could impair induction of protective TH2 responses

(Hayes et al. 2014). This finding represents an initial step toward delineating

chromosomal characteristics that drive the differential gene expression patterns

that underlie sex differences in susceptibility to this nematode infection.

Levels of testosterone can vary by social rank, which can affect susceptibility to

nematode infection. Males with higher social rank and elevated corticosterone

concentrations have impaired immunity against infection with Heligmosomoides
polygyrus (Barnard et al. 1988). The likelihood of sex hormones influencing

enhanced resistance in females has been suggested by studies showing that both

progesterone and estradiol can inhibit the development of T. spiralis in vitro
(Hernández-Bello et al. 2011).

Increased susceptibility of males to nematode infections is also a feature of

filarial infections; testosterone, however, does not appear to be a major contributing

factor because neither castration of male mice (Rajan et al. 1994a, b) nor endoge-

nous elevations of testosterone influence worm burden (Ganley and Rajan 2001). It

also appears that neither T- nor B-cell responses are necessary for male suscepti-

bility to filarial nematode infections because Brugia malayi worm burdens are

comparable between wild-type and SCID male mice (Rajan et al. 1994a, b).

Differences in the kinetics of parasite progression through its life cycle and

demonstrated by the time when molting occurs suggest that the host environment

in male mice may be more permissive to the parasite (Rajan et al. 1994a, b). Precise

mechanisms driving sex-associated susceptibility to filarial nematodes are currently

incompletely understood.

Clinical studies support these experimental findings in murine models by

suggesting that the sex of the host affects the prevalence and outcome of parasitic

nematode infections. Hookworm infections, for example, appear to be more com-

mon in males (Behnke et al. 2000; Pullan et al. 2008) as is schistosomiasis (Pullan

et al. 2008). Filarial nematode infections show a higher prevalence in males

(22.9 %) than females (12.6 %) in both rural (Chesnais et al. 2014) and urban

endemic regions (Mwakitalu et al. 2014). Whether differences in the prevalence of

nematode infections between men and women reflect differential host immunity,

hormone levels, behavior, or a combination of factors must be empirically evalu-

ated. When it comes to treating helminth infections, sex-specific host responses to

anti-helminthic drugs do not appear to occur (Vercruysse et al. 2011).

For cestode infections, females show a reduced ability to control infection as

compared with males. This has been modeled using the murine parasite Taenia
crassiceps. Female mice show higher rates of parasitism than males and chronic

infection can actually feminize male mice (Larralde et al. 1995). Experimental

removal of gonads can reverse female susceptibility to T. crassiceps (Huerta

et al. 1992). Enhanced parasite growth in females may result in part from parasite

utilization of host estrogens, which are in higher concentrations in females, to

enable cystircerci development (Huerta et al. 1992). Although females produce a
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stronger antiparasitic macrophage response than males to T. crassiceps, whether
this mediates protection is not known (Togno-Peirce et al. 2013). These findings are

supported by some clinical and veterinary studies of Taenia solium, which also

demonstrate higher rates of cysticercosis in female compared with male hosts

(Morales-Montor et al. 2004).

For schistosome infections, elevated testosterone levels in male mice appear to

drive resistance to experimental infections. While testosterone is related to reduced

worm burdens, it has no major effects on egg deposition in the liver (Nakazawa

et al. 1997). Clinically, human males show higher rates of infection with schisto-

somes (Pullan et al. 2008). For filarial infection, data suggest that gender-associated

behavior (e.g., men are more likely to hunt and fish and therefore enter areas with

higher risk of transmission) as opposed to sex differences in immunity may be the

key contributor to increased levels of infection in males (Pinot de Moira

et al. 2010).

13.4 Pregnancy and Infection

13.4.1 The Effect of Maternal Helminth Infection
on Pregnancy and Health of the Infant

High helminth infection rates among pregnant women in areas of helminth ende-

micity are widely reported (Hotez and Kamath 2009; Labeaud et al. 2009;

Adegnika et al. 2007). This exposure to helminth infections will have both local

and systemic effects on the health of the mother, ranging from anemia to hepatic

damage, depending on the parasites to which the pregnant woman is exposed. How

significant this maternal pathology and/or changes in maternal immunity may be on

the newborn child is unclear.

Anemic effects, which would most likely result from heavy hookworm infection,

could exacerbate underlying maternal nutritional stress, which can be common in

endemic areas (Hotez et al. 2008). The end result of this may be reduced birth

weight in infants. A number of studies have addressed this question in endemic

areas, but findings are mixed (Fairley et al. 2013; Larocque et al. 2006). Difficulty

in establishing how maternal infections influence birth weight is principally due to

the high levels of coinfection, making identifying helminth-specific influences

difficult (McClure et al. 2014). It should, however, be appreciated that maternal

hookworm infections could cause increased infant anemia at birth. The long-term

consequences of this are not known but may contribute to purported effects on, for

example, cognitive development.

The more acute host pathologies of patent Schistosoma spp. infections would be
expected to have more striking effects on infant health. However, maternal expo-

sure can also confer protection of offspring against a subsequent infection, at least

in mouse models (Montesano et al. 1999a, b). Current clinical studies in the
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Philippines indicate that maternal schistosome infections can lead to reduced birth

weight and this may be associated with placental inflammation and the onset of

parasite-associated fibrotic responses in the mother (Kurtis et al. 2011; McDonald

et al. 2013, 2014).

Should maternal helminth infections negatively affect the outcome of preg-

nancy, it is important that we understand the safety of treating mothers with anti-

helminthic drugs because such treatment is not routinely recommended (Haider

et al. 2009). Maternal anti-helminthic treatments with mebendazole and

praziquantel can be given during pregnancy and may lead to some increase in

newborn weight (Larocque et al. 2006). However, studies also show that maternal

deworming strongly associates with an increased prevalence of allergy (e.g., eczema)

in children (Mpairwe et al. 2011; Ndibazza et al. 2012). This would be in line with

many recent studies showing that the helminthic “macro-biome” can be strikingly

protective against autoimmune/allergic disease (McSorley and Maizels 2012).

Current data on maternal helminth infection influencing allergy is limited but

ongoing research efforts in Africa, South America, and South East Asia will

advance our clinical understanding of this potential influence on infant health.

A research need therefore exists to add clarity to our understanding of how

maternal helminth infection impacts on fundamental markers of a successful

pregnancy, such as birth weight, subsequent growth, and cognitive development.

A comprehensive understanding of the safety of antenatal anti-helminthic treatment

also needs to be addressed. The potential for maternal helminth infection reducing

the risk of infants developing allergy is an important research question, which may

have far-reaching consequences for understanding the high rates of autoimmune

disease in areas no longer endemic for helminth infections.

13.4.2 Infection with Protozoans Can Have Profound
Adverse Effects on Pregnancy

The immunology of healthy pregnancy and how this can influence systemic immu-

nity is discussed in Chap. 3. Overall, successful pregnancy is dependent on control

of immunological conditions in fetoplacental tissues. This includes expansion of

Treg and Th2 cells in the uterus and placenta and production of their signature

cytokines, including IL-4, IL-5, and IL-10. NK cell function is also tightly regulated

through production of progesterone-induced inhibitory factor (PIBF) by CD8 T

cells. In contrast, Th1 and Th17 expansion have been associated with fetal loss. In

murine models, administration of Th1 products such as IFN-γ and IL-2 has proven

abortogenic (Druckmann and Druckmann 2005). In addition, inflammatory medi-

ators including TNF-α or nitric oxide, associated with innate immune cell stimula-

tion or Th1 cell activation, also have adverse effects on pregnancy (Athanassakis

et al. 1999) These observations provide a framework to test and understand the
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potential of infections to affect pregnancy and indeed for pregnancy to influence the

course of infection.

A number of protozoans are known to be congenitally transmitted and include

Toxoplasma gondii, Trypanosoma cruzi, Plasmodium species, African trypano-

somes, and Leishmania species. Notably, each of these parasites is associated

with the induction of innate immune mediators including TNF-α and NO by

interaction with TLRs. Protective immunity to all these parasites is at least in part

dependent on the induction of a Th1 response. As such, these parasites have the

ability to disrupt pregnancy indirectly through modulating the immune system.

Some can also cause damage to the placenta providing another route to disrupt

pregnancy. Congenital infection can cause low birth weight and long-term, possibly

lifelong illness. Congenital infection or in utero exposure can also cause imprinting

of the neonate immune system and affect their ability to respond to the parasite later

in life. Congenital exposure to Trypanosoma cruzi has been demonstrated to affect

the immune response to heterologous pathogens (Dauby et al. 2009). How wide-

spread such heterologous effects could be, or if similar effects for different con-

genital infections are common, remains to be determined. Certainly, the effects of

maternal helminth infections are known to affect the immunity of the infant (see

below). Below, we provide some examples with toxoplasmosis, malaria, and

leishmaniases. The subject of congenital transmission of parasitic infections has

been reviewed (Carlier et al. 2012).

13.4.2.1 Toxoplasmosis

Murine studies have demonstrated that the ability of T. gondii to stimulate a robust

innate immune response with NK cell activation, Th1 cell expansion, and inflam-

matory cytokines has detrimental effects on gestation. Furthermore, pregnancy-

induced immunomodulation would appear to increase the susceptibility of mice to

T. gondii infection. How the interplay of each of these scenarios impacts pregnancy

depends on the timing of infection during pregnancy. Murine studies also demon-

strate that T. gondii infection acquired during the first trimester generally induces

abortion (Roberts and Alexander 1992). Immunological mechanisms including the

production of TNF-α and nitric oxide and ablation of Th2 bias in favor of Th1 bias,

all induced by T. gondii infection, are likely to play a role in this abortion (Roberts

et al. 1996, 2001). Recent studies report an increase in Th17 cells and a decrease in

Treg cells in the placenta of T. gondii infected relative to control placenta from

noninfected mice (Saito et al. 2010, 2011). In contrast, infection acquired in the

second or third trimester, when a strong Th2/Treg bias is established, normally goes

to term but might result in congenital transmission (Roberts and Alexander 1992).

The pregnancy-induced modulation of the immune system might actually facilitate

parasite survival and thus transmission. Notably, pregnant mice are also more

susceptible to T. gondii-induced mortality and have depressed IFN-γ production

compared with nonpregnant control mice (Shirahata et al. 1992).
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In humans, epidemiological observations are consistent with murine studies. The

risk of abortion following T. gondii infection is greater in the first trimester than the

second trimester, which is greater than the third trimester. In contrast, the risk of

congenital transmission is high (65 %) in third trimester, intermediate in the second

trimester (54 %), and low in the first trimester (24 %) (Boyer and McLeod 1998;

Roberts et al. 1996, 2001). These observations are consistent with the hypothesis

that control of T. gondii and successful pregnancy are antagonistic and incompat-

ible (Fig. 13.1).

The dogma of historical literature is that humans harboring a chronic infection

do not transmit parasites to their offspring. However, increasing numbers of studies

now demonstrate that this is not entirely true and parasite transmission occurs in a

small number of cases sometimes, but not always, associated with other underlying

immunosuppression conditions (Vogel et al. 1996; Kodjikian et al. 2004;

Bachmeyer et al. 2006 ; Boyer et al. 2005; Silveira et al. 2003; Andrade

et al. 2010). A retrospective study that examined 18 females with chronic
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Fig. 13.1 Development of protective immunity and successful pregnancy are mutually antago-

nistic. (a) Immunity to T. gondii is dependent on a robust innate immune response induced by a

number of T. gondii PAMPs (Pathogen-Associated Molecular Patterns), resulting in the production

of IL-12 and TNF-α and the activation of NK cells and production of IFN-γ. Together, this
immunological environment induces the expansion of Th1 cells and cytotoxic CD8 T cells. (b)

The success of pregnancy is dependent on endocrine changes including increased estrogen and

progesterone levels that influence immunity. This leads to alternative macrophage activation;

inhibition of NK cells, Th2 cells, and Treg cells; and suppression of cytotoxic CD8 T cells

(diagram expands and adapts some concepts previously used in Henriquez et al. 2009)
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T. gondii infection through 35 pregnancies reported seven cases of ocular toxoplas-
mosis due to disease reactivation (Garweg et al. 2005). Collectively, these studies

indicate that pregnancy-induced alteration to systemic immunity can cause

reactivation of chronic disease in at least some individuals.

13.4.2.2 Malaria

In most, but not all, studies, pregnant women have been found to have an increased

risk of malaria infection and development of more severe symptoms than

nonpregnant women (Menendez 1995; Kochar et al. 1999; Eisele et al. 2012;

Barcus et al. 2007; Steketee 2014). Generally, primigravidae women and their

fetuses are at greater risk of increased complications than multigravidae women

(Menendez 1995). Pregnant women tend to suffer from increased anemia and in

most studies have been found to be more likely to die. P. falciparum alone has been

estimated to be responsible for around 10,000 maternal deaths/annum (Steketee

et al. 2001).

Malaria also has an adverse effect on pregnancy and is associated with abortion,

preterm birth, and low birth weight (Menendez 1995; Eisele et al. 2012). It is now

known that a unique population of infected erythrocytes sequester in that placenta.

These “placental-type” parasites bind chondroitin sulfate A in the placenta through

a variant of the Plasmodium falciparum erythrocyte membrane 1 protein

1 (PfEMP1), termed variant surface antigen 2-CSA (VAR2CSA) (Ataı́de

et al. 2013). Their sequestration and subsequent monocyte infiltration into the

placental intervillous spaces are likely to be responsible for many of these adverse

effects on the fetus. However, there are also immunological changes in the placenta

that are known to have adverse effects on pregnancy. Adverse outcomes have been

associated with increased Th1 responses; IL-1β, IFN-γ, and IL-2 production; and

high levels of placental levels of TNF-α (reviewed, Rogerson et al. 2007). It would

seem reasonable that these immunological effects would be accentuated by seques-

tration of infected erythrocytes and monocyte infiltration. Antibodies develop

against VAR2CSA during pregnancies and would appear to account for the better

prognosis of pregnancies in multigravida women (Ataı́de et al. 2013).

In a meta-analysis of 32 studies, it was found that full treatment of women during

their first or second trimester of pregnancy with antimalarial intermittent preventive

therapy during pregnancy (IPTp) or insecticide-treated mosquito nets (ITNs) sig-

nificantly reduced the risk of neonatal mortality compared with nontreated women

(Eisele et al. 2012). In another meta-analysis, treatment had clear benefits for

maternal and neonatal health as demonstrated by a reduction in maternal anemia

by 38 %, low birth weight by 43 %, and perinatal mortality by 27 % (Desai

et al. 2007).
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13.4.2.3 Leishmaniasis

In mice, Leishmania major infection can adversely affect pregnancy and pregnancy
can alter immunity and the progression of Leishmaniasis in adult mice. Thus,

lymphocytes from pregnant mice produce increased amounts of IL-4, IL-5, and

IL-10 and are more permissive to parasite growth, as measured in their footpads,

compared with nonpregnant mice. This apparent skewing of the immune response

to a Th2 phenotype in pregnant mice is reinforced by the increase in IgG2a and

decrease in IgG1 in these mice compared with nonpregnant mice. Furthermore,

pregnant C57BL/6 females had fewer implantations and increased numbers of

resorptions compared with pregnant females that were not infected. In contrast,

BALB/c mice that typically mount a strong Th2 response to L. major infection and

are therefore susceptible to severe disease did not exhibit reduced numbers of

implantations (Krishnan et al. 1996a, b). These results have clear implications for

the success of conception and pregnancy in humans and would support that host

genetics play an important role.

The extent to which leishmaniases affect conception and pregnancy in humans is

not well studied. A review of 26 cases of cutaneous leishmaniases in pregnant

woman in Brazil found that lesions in pregnant women were much larger than those

in nonpregnant age-matched women (Morgan et al. 2007). The mechanisms

accounting for this observation was not explored. However, a recent report docu-

ments 2 cases in a short period where the cutaneous lesions of woman with

Leishmania braziliensis became enlarged. Immunological measurements were con-

sistent with a pregnancy-induced bias of the immune response toward Th2. Thus,

lymphocytes from pregnant woman produced less IFN-γ than those from

nonpregnant infected controls. The frequency of IL-10 producing lymphocytes

upon stimulation with parasite antigen was increased in samples from pregnant

but not nonpregnant woman. Arginase levels were also increased in pregnant

woman, which the authors hypothesized might affect T-cell proliferation.

Postpartum, many of these apparently pregnancy-altered parameters were reversed

or even augmented relative to nonpregnant controls. Furthermore, iNOS was raised

and parasite numbers decreased postpartum relative to during pregnancy

(Conceição-Silva et al. 2013).

13.5 Influence of Maternal Infection or Congenital

Transmission on Immunity in Infants Born to Infected

Mothers

13.5.1 Helminth Infection

Helminth infections are rarely transmitted congenitally (reviewed Carlier

et al. 2012), but maternal infection may influence a child’s ability to respond to
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an unrelated infection and, by association, may alter the efficacy of childhood

vaccines. A relatively large number of studies have addressed the impact of

maternal helminth infections on immunity in children.

Studies in the 1980s demonstrated the presence of parasite-specific IgE and IgM

in cord blood, immunoglobulin isotypes that do not normally cross the placenta,

demonstrating what may be considered an important mechanism of prenatal sensi-

tization from mothers with chronic schistosome (Eloi-Santos et al. 1989) and filarial

(Agarwal et al. 1986; Weil et al. 1983) infections.

The immunological ramifications of such in utero stimulation have been dem-

onstrated in studies showing helminth-specific responses in young children who are

unlikely to have experienced a patent helminth infection. For example, helminth-

specific B-cell responses and helminth antigen-specific IgG titres have been shown

in children whose mothers had chronic helminth infections during pregnancy (King

et al. 1998). Additionally, maternal infection with Ascaris lumbricoides has also
been associated with cord blood A. lumbricoides-specific T-cell cytokine produc-

tion (Guadalupe et al. 2009). Of interest is that this maternal helminth exposure may

increase a child’s susceptibility to Ascaris infection (Mehta et al. 2012). However,

experimental studies also demonstrate a striking antibody-dependent transfer of

protective immunity against helminths in offspring (Harris et al. 2006).

Chronic maternal helminthiasis may also affect immune responses to unrelated

antigens. Hypothetically, helminth promotion of Th2 cytokine production and

induction of Treg cell responses should impair inflammatory cytokines (Elias

et al. 2008; Figueiredo et al. 2010; van Riet et al. 2007). Such changes have been

suggested to diminish childhood vaccine efficacy and lead to more rapid progres-

sion of and increased susceptibility to unrelated infections (reviewed here (van Riet

et al. 2007)). For example, helminth-specific immunity acquired in utero by infants
born to infected mothers can persist into childhood and lead to an impaired

protection-associated IFN-γ immune responses to BCG vaccination (Malhotra

et al. 1999). However, no clinical studies have demonstrated that maternal helminth

exposure results in increased susceptibility to mycobacterial infection or disease.

Perhaps surprisingly, the most compelling evidence to date may indicate that

potential routine treatment (i.e., albendazole) in endemic areas of pregnant mothers

for helminth infection may need to be reconsidered. Findings in Uganda have

indicated that albendazole treatment has no effect on childhood vaccine efficacy

(Webb et al. 2011) but increases the likelihood of eczema (Mpairwe et al. 2011;

Ndibazza et al. 2012).

These findings are in agreement with data demonstrating that experimental

helminth infections protect against a range of autoimmune diseases including

allergic disorders (Fallon and Mangan 2007; Hewitson et al. 2009). This protection

is dependent on helminth-induced regulatory immune cell populations, especially

Treg cell populations (Grainger et al. 2010). Clinical studies demonstrating

enhanced cord blood IL-10 relating to increased childhood susceptibility to

A. lumbricoides may also indicate possible protection against allergy. However,

to date, no studies have shown that maternal exposure to helminths can protect

offspring from allergy.
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It may be that maternal exposure to helminths is an important contributor to our

immune education and protection against the onset of autoimmune disease, allergy,

and even infection. However, we should be cautious in making these assumptions.

Many helminthic infections occur in areas of high population density and poor

sanitation. This leads to high parasite burdens and host pathology. This may well

lead to negative influence on pregnancy and child health. Currently, our under-

standing is poor and a combined effort by clinical and experimental researchers to

dissect how maternal infections influence mother and child health is needed.

13.5.2 Toxoplasmosis

Humans congenitally infected with T. gondii can be born with a range of disease

manifestations from severe life-threatening hydrocephalus to apparently asymp-

tomatic at birth. However, even those with mild-to-asymptomatic disease are likely

to be plagued with chronically recurring ocular disease for their lifetime. This is

presumably due to congenitally infected humans having altered immune responses

to T. gondii relative to the vast majority of those that acquire disease postpartum or

as adults and for the most part develop protective immunity and do not suffer

recurring disease (Roberts et al. 2014). Peripheral blood lymphocyte blastogenic

responses as well as IFN-γ and IL-2 production to Toxoplasma lysate antigen have

been noted to be reduced in congenitally infected infants compared with recently or

chronically infected adults (McLeod et al. 1985: McLeod et al. 1990). αβT cells

would appear to exhibit a degree of anergy to T. gondii antigen or T. gondii-infected
cells for an extended period of time. In contrast, γδT cells although anergic soon

after birth overcame this when the infant is approximately 1-year-old and were able

to respond to T. gondii as normal with proliferation and production of IFN-γ (Hara
et al. 1996). A degree of immunological unresponsiveness and, as a consequence,

disease reactivation would appear to persist for life in congenitally infected people

and illustrate the need for more work in this area.

13.6 Conclusion and Areas of Future Research Required

After accounting for gender-influenced, cultural and behavioral differences, there is

clear evidence that the pathogenesis including severity of many parasitic infections

varies between the sexes. The role of hormones in regulating certain aspects of the

immune response and thus disease progression is convincing especially through

animal models. Two disadvantaged groups emerge in terms of susceptibility to

parasitic diseases, men and pregnant women who share a disproportionate burden

of disease severity. There are no approved vaccines for the parasites discussed in

this chapter, but vaccines used to prevent at least some bacterial or viral pathogen

infections have been demonstrated to vary in their efficacy when used in males and
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females. This highlights the need to test putative vaccines under development for

parasitic infections in both sexes.

Studies have demonstrated that the pharmacokinetics of drugs can vary consid-

erably between males and females (see Chap. 4). However, very few studies have

tested whether the relative efficacy of antiparasitic drugs differs between males and

females. Such testing could not only increase the potential efficacy of currently

used drugs but also limit adverse reactions. This could have a significant impact as

many drugs used for treatment of parasitic infections have significant side effects

and can themselves be dangerous.

The ability of infections in general but particularly parasitic infections that are so

widespread to affect maternal and neonatal health and potentially have long-lasting

effects on people born to affected mothers is a significant concern and an important

area of future research. The importance of tackling the issue of maternal infections

effectively is emphasized with recent studies that demonstrate potentially lifelong

changes to progeny of infected mothers even in the absence of congenital infection.

Thus, there is robust evidence of an association between maternal infections and the

development of schizophrenia and autism. Animal models have demonstrated that

maternal immune activation is associated with behavioral changes in the progeny

and evidence is growing in humans that maternal immune activation might be

associated with an array of behavioral syndromes and diseases later in life including

Alzheimer’s and Parkinson’s diseases (Knuesel et al. 2014).
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Hodková H, Kolbeková P, Skallová A, Lindová J, Flegr J (2007) Higher perceived dominance in

Toxoplasma infected men – A new evidence for role of increased level of testosterone in

toxoplasmosis-associated changes in human behavior. Neuro Endocrinol Lett 28:110–114

Hotez PJ, Kamath A (2009) Neglected tropical diseases in sub-Saharan Africa: review of their

prevalence, distribution, and disease burden. PLoS Negl Trop Dis. doi:10.1371/journal.pntd.

0000412

Hotez PJ, Brindley PJ, Bethony JM, King CH, Pearce EJ, Jacobson J (2008) Helminth infections:

the great neglected tropical diseases. J Clin Invest 118:1311–1321. doi:10.1172/JCI34261

Huerta L, Terrazas LI, Sciutto E, Larralde C (1992) Immunological mediation of gonadal effects

on experimental murine cysticercosis caused by Taenia crassiceps metacestodes. J Parasitol

78:471–476

Huldt G, Lagercrantz R, Sheehe PR (1979) On the epidemiology of human toxoplasmosis in

Scandinavia especially in children. Acta Paediatr Scand 68(5):745–749

Jones JL, Roberts JM (2012) Toxoplasmosis hospitalizations in the United States, 2008, and

trends, 1993–2008. Clin Infect Dis 254:e58–e61

Jones LA, Anthony JP, Henriquez FL, Lyons RE, Nickdel MB, Carter KC, Alexander J, Roberts

CW (2008) Toll-like receptor-4-mediated macrophage activation is differentially regulated by

progesterone via the glucocorticoid and progesterone receptors. Immunology 125:59–69

King CL, MalhotraI MP, Wamachi A, Kioko J, Ouma JH, Kazura JW (1998) B cell sensitization to

helminthic infection develops in utero in humans. J Immunol (Baltimore, MD: 1950) 160

(7):3578–3584

Kittas C, Henry L (1979a) Effect of gonadectomy and oestrogen administration on the response of

lymph-node post-capillary venules to infection with Toxoplasma gondii. J Pathol 127:129–136

Kittas C, Henry L (1979b) Effect of sex hormones on the immune system of guinea-pigs and on the

development of toxoplasmic lesions in non-lymphoid organs. Clin Exp Immunol 36:16–23

Kittas C, Henry L (1980) Effect of sex hormones on the response of mice to infection with

Toxoplasma gondii. Br J Exp Pathol 61:590–600

Kittas S, Kittas C, Paizi-Biza P, Henry L (1984) A histological and immunohistochemical study of

the changes induced in the brains of white mice by infection with Toxoplasma gondii. Br J Exp
Pathol 65:67–74

Klein SL (2004) Hormonal and immunological mechanisms mediating sex differences in parasite

infection. Parasite Immunol 26:247–264

Knuesel I, Chicha L, Britschgi M, Schobel SA, Bodmer M, Hellings JA, Toovey S, Prinssen EP

(2014) Maternal immune activation and abnormal brain development across CNS disorders.

Nat Rev Neurol. doi:10.1038/nrneurol.2014.187

13 Effects of Sex and Maternal Immunity on Protozoan and Helminth Infections 383

http://dx.doi.org/10.1371/journal.ppat.1003096
http://dx.doi.org/10.1155/2011/625380
http://dx.doi.org/10.1155/2011/625380
http://dx.doi.org/10.1016/j.molbiopara.2009.04.008
http://dx.doi.org/10.1016/j.molbiopara.2009.04.008
http://dx.doi.org/10.1371/journal.pntd.0000412
http://dx.doi.org/10.1371/journal.pntd.0000412
http://dx.doi.org/10.1172/JCI34261
http://dx.doi.org/10.1038/nrneurol.2014.187


Kochar DK, Thanvi I, Joshi A, Shubhakaran, Agarwal N, Jain N (1999) Mortality trends in

falciparum malaria–effect of gender difference and pregnancy. J Assoc Physicians India

47(8):774–778

Kodjikian L, Hoigne I, Adam O, Jacquier P, Aebi-Ochsner C, Aebi C, Garweg JG (2004) Vertical

transmission of toxoplasmosis from a chronically infected immunocompetent woman. Pediatr

Infect Dis J 23(3):272–274

Krishnan L, Guilbert LJ, Russell AS, Wegmann TG, Mosmann TR, Belosevic M (1996a) Preg-

nancy impairs resistance of C57BL/6 mice to Leishmania major infection and causes decreased
antigen-specific IFN-gamma response and increased production of T helper 2 cytokines. J

Immunol 156:644–652

Krishnan L, Guilbert LJ, Wegmann TG, Belosevic M, Mosmann TR (1996b) T helper 1 response

against Leishmania major in pregnant C57BL/6 mice increases implantation failure and fetal

resorptions: correlation with increased IFN-gamma and TNF and reduced IL-10 production by

placental cells. J Immunol 156:653–662

Krucken J, SchmittWrede HP, MarkmannMulisch U, Wunderlich F (1997) Novel gene expressed

in spleen cells mediating acquired testosterone-resistant immunity to Plasmodium chabaudi
malaria. Biochem Biophys Res Commun 230:167–170

Krucken J, Stamm O, Schmitt-Wrede H-P, Mincheva A, Lichter P, Wunderlich F (1999) Spleen-

specific expression of the malaria-inducible intronless mouse gene imap38. J Biol Chem

274:24383–24391

Kuris AM (2012) The global burden of human parasites: who and where are they? How are they

transmitted? J Parasitol 98:1056–1064

Kurtis JD, Higashi A, Wu HW, Gundogan F, McDonald EA, Sharma S, PondTor S, Jarilla B,

Sagliba MJ, Gonzal A, Olveda R, Acosta L, Friedman JF (2011) Maternal Schistosomiasis

japonica is associated with maternal, placental, and fetal inflammation. Infect Immun

79:1254–1261. doi:10.1128/IAI. 01072-10

Labeaud AD, Malhotra I, King MJ, King CL, King CH (2009) Do antenatal parasite infections

devalue childhood vaccination? PLoS Negl Trop Dis 3(5):e442

Larocque R, Casapia M, Gotuzzo E, MacLean JD, Soto JC, Rahme E, Gyorkos TW (2006) A

double-blind randomized controlled trial of antenatal mebendazole to reduce low birthweight

in a hookworm-endemic area of Peru. Trop Med Int Health 11:1485–1495

Larralde C, Morales J, Terrazas I, Govezensky T, Romano MC (1995) Sex hormone changes

induced by the parasite lead to feminization of the male host in murine Taenia crassiceps
cysticercosis. J Steroid Biochem Mol Biol 52:575–580

Liesenfeld O, Nguyen TA, Pharke C, Suzuki Y (2001) Importance of gender and sex hormones in

regulation of susceptibility of the small intestine to peroral infection with Toxoplasma gondii
tissue cysts. J Parasitol 87:1491–1493

Lin H, Lu L, Tian L, Zhou S, Wu H, Bi Y, Ho SC, Liu Q (2009) Spatial and temporal distribution

of falciparum malaria in China. Malar J 8:130

Lotter H, Helk E, Bernin H, Jacobs T, Prehn C, Adamski J, González-Roldán N, Holst O, Tannich
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Chapter 14

Epilogue: Future of Sex and Gender-Based
Studies in Infectious Diseases

Sabra L. Klein and Craig W. Roberts

The topic of male–female differences in disease outcomes continues to receive

attention in both the scientific literature and lay press. There is little debate about

whether the sexes are behaviorally and biologically different, but how this impacts

disease processes and the pipeline for developing drugs, vaccines, medical devices,

and policy decisions is highly debated. The current book as well as a previous book

(Klein and Roberts 2010) that we published in 2010 illustrates that the sexes differ

in their exposure, immune responses, and outcome of diverse infectious diseases

and inflammatory conditions. While the intensity and prevalence of infections are

often higher for males, the outcome of diseases, including those caused by HIV,

influenza, hemorrhagic fever viruses, Toxoplasma gondii, and Borrelia burgdorferi
to name a few, can be worse for females. As detailed in Chapter 1 of this book,

females tend to mount higher innate and adaptive immune responses, which can

result in faster clearance of pathogens, but also may contribute to increased

development of immunopathology and inflammatory conditions. Responses to

prophylaxis and therapeutic treatments for infectious diseases also differ between

the sexes, with females typically experiencing greater adverse reactions than males

(Chapter 4). These sex differences can vary by age and reproductive status (Chap-

ters 3 and 10), illustrating that these differences are not fixed, but are variable across

the life course. Despite sex being the most evolutionarily well conserved and easily

disaggregated variable by which to compare the outcome of diseases and their

treatments, it is often ignored in the biomedical sciences. The challenges of
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including women in clinical trials are in some cases obvious and include the

potential of hormonal variations during menstrual cycles and their cessation at

menopause. These factors are further complicated due to pregnancy (when hormone

levels change and the fetus could be at risk during a trial) or artificial administration

of hormones as contraceptives or for hormone replacement therapy. However, the

scientific, medical, and ethical cases for including males and females in preclinical

and clinical trials are too profound to ignore.

14.1 Regulators Push for Disaggregation of Data by Sex or
Gender

In an effort to protect vulnerable populations from adverse drug and treatment

effects, the Food and Drug Administration (FDA) in the United States published

guidelines in 1977 advising that women of childbearing potential be excluded from

drug development studies (Guidelines 1977), which was interpreted to mean that

women should be excluded from most clinical trials. Similar policies and practices

have excluded women from clinical trials in other geographical regions. Over time,

this resulted in inadequate representation of women in many clinical trials, and in

the 1990s, both the FDA and the National Institutes of Health (NIH) began

recommending that clinical trials include women as subjects (Parekh et al. 2011;

Pinn 1994). Although women are now included in clinical trials for drugs and

vaccines, there is still inadequate analysis of outcome data by sex (Beery and

Zucker 2011). It is often not considered whether adverse reactions, dosages, or

the efficacy of drugs or vaccines are different between the sexes. Yet in an analysis

of drugs withdrawn from the US market in 2005, it was reported that 8 out of every

10 drugs were taken off the market because of greater adverse side effects in women

compared with men (Simon 2005). Almost 20 years after requesting inclusion of

women in clinical trials, it was recognized that most preclinical biomedical research

has been conducted with inadequate consideration of sex (Yoon et al. 2014). Male

sex bias is most extreme in pharmacology, where as female sex bias is most

pervasive in immunology and infectious diseases (Beery and Zucker 2011). In

response to the prevalent biases in preclinical research, NIH announced plans to

require sex inclusion in preclinical research using animal or primary cell culture

models (Clayton and Collins 2014). While Canadian funding agencies led the way

and have been requesting sex inclusion in preclinical and clinical studies, European,

South American, and Asian funding agencies lag behind with no clear instructions

for investigators about sex inclusion. We hope that collaborative projects, such as

the current volume, will raise awareness and provide necessary evidence to inform

policy decisions in other countries.
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14.2 Studying Sex Differences Saves Lives and Money

In 2013, the United States FDA recommended lower doses of insomnia drugs for

women than men (FDA 2013). Drugs containing zolpidem, in particular, remain in

circulation longer, take longer to metabolize, and result in a longer duration of

impairment of mental alertness in women compared with men. The FDA cut the

recommended dose of sleep medications that contain zolpidem in half for women

(FDA2013).Media outlets extensively reported this story as novel and newsworthy—

primarily on the basis that drugsmay need to be administeredwith sex-specific dosage

recommendations. This is however the very basis of personalized medicine. While

personalized medicine has begun to be applied to drugs (see Chapter 4), more novel

has been its application to biologics such as vaccines. To date, there are no examples of

sex-specific doses of vaccines. As one example, which is discussed in Chapter 11, in

clinical trials of a herpes simplex virus (HSV) vaccine, no overall protection from

infection was observed in phase 1 or 2 trials (Stanberry et al. 2002). When data were

analyzed by sex, the efficacy of the vaccinewas 73% inwomen and only 11% inmen,

indicating that the vaccine was able to provide protection against development of

symptoms associated with genital herpes in women, but not in men. There currently is

no approved HSV vaccine. Harnessing these clinical observations and combining this

with extensive, rigorously controlled preclinical studies in animals and cells will be

necessary to demonstrate that consideration of the variable “sex” could save both lives

and money and contribute to better and more efficacious treatments for infectious

diseases.

14.3 Limitations of Current Knowledge

As we experience broader acceptance of the effects of sex on disease pathogenesis,

prevention, and treatment, it will be important to identify and address the limita-

tions of our knowledge. For example, it will require considerable work to translate

empirical observations of sex differences into studies of the proximal mechanisms

responsible. This might allow these mechanisms to be mitigated, augmented, as

appropriate. Logically, sex differences can derive from sex chromosomes and thus

genes, hormone levels (i.e., sex steroids and others), or physiological differences

(i.e., percentage and distribution of body fat and muscle, relative size of liver, blood

volume, or relative expression of enzymes). Deconvolution of some of these factors

might prove a challenge as many of these parameters vary within one sex, with

other parameters showing some overlap between the sexes. Gender differences,

such as behavior and social circumstances that vary between societies and therefore

study populations, need to be taken into account as well. Any of the above

parameters could have important secondary effects on males and females, such as

influencing the microbiome (see Chapter 1).
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The role of the gut microbiome in human health and disease has been increas-

ingly acknowledged and differences between the microbiomes of male and female

fish, mice, and humans are now known to exist (Bolnick et al., 2014), suggesting

that these differences are evolutionarily well conserved. Differences in the vaginal

microbiome are known to exist between women, and although the microbiome

would appear to be relatively stable in humans throughout the menstrual cycle,

changes are evident following the menopause (Chaban et al. 2014). These data

suggest that there may be long-term but not short-term hormonal influences on the

microbiomes of humans. These data provide a conceptual route from hormonal

status to microbiome to disease, but establishing this experimentally will be

challenging.

14.4 Recommendations

Moving forward, the scientific community should address previous shortcomings in

experimental design and reporting of sex-based differences. A recent report which

examined the quality of sex-specific reporting in animal trypanosomiasis experi-

ments found that despite known sex differences in mice with trypanosomiasis, only

70 % of the studies reported the sex of animals used in the experimental infection,

and fewer (25 %) of the studies reported the sex of animals used to maintain their

parasite stocks (Fl�orez-Vargas et al., 2014). Similar omissions in other diseases are

evident in the literature (Beery and Zucker 2011). While regulatory agencies are

tightening the rules that govern clinical trials and preclinical research studies,

scientific publishers and reviewers should be educated about sex differences to

increase the quality of reporting of animal and cell-based experiments to

include sex.

14.5 Conclusions

Our goal in editing this book was to consolidate the literature on sex differences in

infection and treatments for infectious diseases to illustrate common patterns,

unique outcomes, gaps in the literature, and directions for future research. From

this volume, it is apparent that disease pathogenesis differs between males and

females. There are significant gaps in our understanding of the precise mechanisms

mediating sex-biased immune responses. Future research must continue to define

the pathways mediating how hormones, genes, and the microbiome alter the

functioning of cells and tissues to cause profound differences in the pathogenesis

of infectious disease and efficacy of treatments for these diseases. The ability to

gather and analyze large data sets such as genomes, transcriptomes, proteomes,

metabolomes, and microbiomes is important in most areas of biology, including the

study of sex differences. We believe that consideration of sex-based differences
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will lead to optimization of medical interventions for individuals. Making sure that

these data are stored and made publically accessible will be of critical importance.

Many of our biological differences are hardwired in our genome, but our biotic and

abiotic environment may affect the kinetics, magnitude, and skewing of these

differential responses when faced with immunological challenges. We also cannot

ignore the profound effects that gender (i.e., the constellation of sociocultural

factors) can have on the outcome of infectious diseases and how this interacts

with our biology. The concept of personalized medicine is not novel; what is novel

is that sex may be a fundamental factor to consider when designing and adminis-

tering treatments for infectious diseases. We will only achieve this end result if

journals and funding agencies continue to require that investigators report the sex of

their cells, animals, and subjects and disaggregate and analyze data by sex/gender.
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