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Foreword

Why Sex Matters

In the biological sciences, we tend to measure comparative differences rather than
absolute values. We customarily compare treated versus untreated, exposed versus
unexposed, susceptible versus resistant. Yet biologists too often neglect one of the
most fundamental differences, male versus female. This distinction is clearly
important; the mere fact that it has been adopted by so many species and preserved
over so long a time testifies to its evolutionary advantage. By providing a powerful
mechanism of diversity, sexual recombination forms a broadened substitute upon
which selection pressure can act.

Surely, the careful study of sexual dimorphism will help to answer many of the
questions that biologists ask. How are sex-based differences produced and how are
they preserved? How do they affect survival and behavior? Most important, how
can they help us to better understand astonishing and ever-changing mosaic of life
on this planet?

This book proposes to dig deeply into one aspect of the question of why sex
matters. Nothing has proven to be more informative than exploring the determining
role that sex plays in host resistance to infection.

Among human and nonhuman animals, the prevalence (i.e., the proportion of
individual infected) and intensity (i.e., severity of infection) of infection typically is
higher in males than in females. Of course, this reflects differences in exposure as
well as inherited differences in susceptibility to pathogens (Klein 2000, 2004;
Roberts et al. 2001; Zuk and McKean 1996). Heightened susceptibility to infection
is one of the leading explanations of the greater death rates among men than among
women reported in several locations around the world. In general, females have
more intense immune responses than males (Klein 2000, 2004; Zuk and McKean
1996). The greater immunity among females creates a double-edge sword; it is
beneficial as a defense against infectious diseases, but is detrimental in the
increased occurrence of autoimmune diseases (Wizemann and Pardue 2001). Sex-
based differences typically become apparent after puberty (Klein 2000; Roberts
et al. 2001) and several field and laboratory studies link sex differences in immune
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function with circulating steroid hormones (Klein 2000, 2004; Roberts et al. 2001;
Zuk and McKean 1996). Sex hormones change profoundly during pregnancy where
they must modulate the immune system to facilitate a successful pregnancy among
viviparous animals (Roberts et al. 1996). This task must be accomplished without
increasing the general vulnerability of the mother to infection.

This book is especially timely, given the recent scientific report (Simon et al.
2005) by the Society of Women’s Health Research showing that less than 3% of the
funded research grants at the National Institutes of Health (NIH) in the US are
awarded for the study of biological differences between males and females. This
report followed the publication of an Institute of Medicine report (Wizemann and
Pardue 2001) entitled Exploring the Biological Contributions to Human Health:
Does Sex Matter? The IOM report concluded that sex differences in susceptibility,
prevalence, and severity are apparent for many diseases, including cancers, heart
disease, autoimmunity, and infectious diseases. These reports emphasize the need
for greater research on women’s health issues. Although the inclusion of women
and minorities in clinical research has increased, examination of the biological
differences between the sexes and how they affect health and disease has lagged
(GAO 2000). By focusing on the need for including sex-based studies of infectious
diseases, this book emphasizes the value of examining responses in both males and
females to improve our understanding about host-pathogen interactions in both
sexes. These are issues relevant to the entire scientific community.

The contributors are selected from a variety of disciplines, including microbiol-
ogy, immunology, genetics, pathology, and evolutionary biology all of them have
made important contributions to our knowledge of sex differences and the effects of
pregnancy on susceptibility to infection. They then chronic six broad themes to
represent the current trends of this diverse body of literature. The book begins with
a chapter on the evolution of sex differences in susceptibility to infection. Males
and females differ in the selection pressures acting on each sex; therefore, in
addition to the genetic and hormonal mechanisms that underlie sex differences in
immune function, evolutionary factors must also be considered (Chap.1). Then
follow two chapters dedicated to the direct effects of steroid hormones on the
functioning of the immune system. The prevailing hypothesis to explain immuno-
logic differences between the sexes is that sex hormones, in particular, testosterone,
17B-estradiol, and progesterone, influence the immune system (Chap.2). Circulat-
ing concentrations of hormones may not be the only index of steroid hormone
effects on immune function. Generally, the effects of hormones depend not only on
circulating concentrations but also on the availability and affinity of target-tissue
receptors. Accordingly, sex steroid hormone receptors have been identified on
several classes of immune cells (Chap. 3).

As noted above, the prevalence and intensity of infectious diseases is generally
higher in males than in females (Roberts et al. 2001; Simon et al. 2005; Zuk and
McKean 1996). The interactions that exist between the endocrine and immune
systems are important in considering why males and females differ in susceptibility
to infectious agents. The editors have allotted several chapters to review evidence
for sex differences in response to viruses, bacteria, and parasites, with emphasis on
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the role of sex steroids (Chaps.4-6). Chapter 7 explores the often expressed belief
of “female immunological supremacy”. Specifically, although males are more
susceptible than females to many infectious agents, males are not more susceptible
to all parasites. This phenomenon as well as the underlying mechanisms is fully
addressed.

Pregnancy is a reproductive condition during which profound hormonal and
immunological changes occur. How pregnancy and the associated rise in sex
hormones modulate maternal immune responses and the severity of infections is
discussed in Chaps.8 and 9.

The functional significance of sex differences in immune responses to infectious
agents is considered in Chaps. 10 and 11. They provide an epidemiological perspec-
tive and raise the possibility that if males and females differ in their immunological
responses to pathogens, they may differ in their responses to treatments as well.

In summary, this timely volume critically reviews, in a single publication, the
evolutionary origin and the functional mechanisms responsible for sexual differ-
ences in response to infection. Surely, it will become a standard reference course for
those in this growing field. It brings fresh insight into the management of infectious
diseases, delineates areas where knowledge is lacking, and highlights the future
avenues of research. It brings us closer to an answer to the question of why sex
matters.

Noel R. Rose
Sabra L. Klein
Craig W. Roberts
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Chapter 1
Sex Differences in Susceptibility to Infection:
An Evolutionary Perspective

Marlene Zuk and Andrew M. Stoehr

Abstract Patterns of sex differences in parasite infection and immune responses
have been noted for many decades. Although numerous explanations for such
differences have been proposed, including hormonal patterns and sex-biased
exposure to infective stages of pathogens, these have largely been proximate
explanations that address the mechanisms immediately responsible for the find-
ings but do not take a more integrative or ultimate approach. Here, we present an
evolutionary framework for understanding the origin and maintenance of sex
differences in the incidence and susceptibility to infectious disease, using life
history theory and sexual selection to make predictions about when males or
females in a particular species are expected to be more or less susceptible to
parasites.

1.1 Introduction

Sex differences in incidence and pathogenesis of parasite infections have been
of interest to parasitologists for a long time, indeed almost since the systematic
study of animal parasites became established near the beginning of the twentieth
century. Parasitologists examining animals collected in the field found it natural
to note differences in infestations between the host sexes, and their interest
was continued in laboratory experiments (Addis 1946, Solomon 1966, Alexander
and Stimson 1988). Most of these studies focused on mammals, and during the
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mid-twentieth century a virtual cottage industry developed in which investigators
experimentally infected laboratory rodents with identical doses of parasites and
documented any resulting sex differences in the prevalence or intensity of the
infection that developed (reviewed in Zuk and McKean 1998). Although excep-
tions could be found, the majority of research found that males were more likely
to harbor parasites or to suffer more intensely from their effects than were
females. Furthermore, the persistence of these patterns after experimental infes-
tations of animals in the laboratory suggested that the sex difference was not
merely due to differences in exposure to parasites, but also due to males and
females behaving differently in the field and hence incurring different risks of
infection.

The medical community has also known about sex differences in infectious
disease susceptibility for many years. In his 1958 paper, Biological Sex Differ-
ences with Special Reference to Disease, Resistance and Longevity, the influ-
ential physician and medical researcher Landrum Shettles listed ways in which
males suffered more from illnesses or were otherwise more fragile than women,
concluding, “Females are more resistant to disease, the stress, and strain of
life. In general, their biological existence is more efficient, preeminent than of
males. In brief, the human male with beard and functioning testes pays the higher
price.”

More recently, interest and research in sex differences in parasite infections
have been expanded in several ways. Firstly, researchers have extended docu-
mentation of the parasites themselves to an examination of sex differences in
immune response. Here too, at least in most mammals, males tended to be more
susceptible to infection, with numerous immune measures suggesting reduced
responses in males (Zuk and McKean 1998). Secondly, sex differences in para-
site prevalence or intensity were connected to endocrine differences, with a
variety of hormones, particularly testosterone and estrogen, implicated in the
observed patterns. In particular, testosterone is associated with a suppressed
immune system in many mammals, although its action is likely to be mediated
by other hormones (see Chaps.2 and 3 for a much more detailed discussion of
this topic). Thirdly, the role of immunity in free-living animals began to attract
a great deal of attention, as scientists began to realize that susceptibility to
disease was important in an ecological and evolutionary context (Sheldon and
Verhulst 1996).

Finally, these observations also were seen to dovetail with another set of
findings: males from a variety of mammalian species, including our own, tend
to die earlier than females, regardless of the cause. A survey of 227 countries
showed that women outlive men in all but a handful of places, whether their
lifespan is short, as in Sierra Leone (49 years for women, nearly 44 for men),
or long, as in Norway (82 years for women, 76 for men) (Kinsella and Gist
1998). The few countries where men outlive women are almost all in a state of
HIV- or conflict-churned crisis, such as Zimbabwe, where women live a
scant 35 years to men’s 38. The gap between male and female longevity
actually increases the longer that both sexes live. Kruger and Nesse compared
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men’s and women’s mortality rates for 11 causes of death in men and women
from 20 countries, including accidents and homicide as well as infectious and
noninfectious diseases (Kruger and Nesse 2006). Men virtually always died
earlier than women. They concluded, “Being male is now the single largest
demographic risk factor for early mortality in developed countries.”

Is there a common thread linking sex differences in parasite prevalence and
susceptibility to the higher male mortality that results from all causes? We suggest
that an evolutionary approach can unify explanations of sex differences in disease
and provide a framework for the research being conducted in this area. Current
thinking on the underlying theory behind the evolution of sex differences in many
traits, including development of disease, is discussed below. This begins by distin-
guishing between proximate and ultimate explanations for such differences, as well
as for other biological characteristics.

1.2 Levels of Analysis: Proximate and Ultimate
Explanations in Biology

Before one can understand why sex differences in parasite susceptibility or im-
mune responses exist, it is important to distinguish between two levels of analysis
used for understanding phenomena such as “proximate” and “ultimate”. Both
are equally valid, but scientists often talk at cross-purposes when they conflate
the two.

Proximate explanations are dissections of the mechanism behind a trait, the steps
that allow the organism to behave in a particular way or exhibit a characteristic.
Proximate causes occur during an individual organism’s lifetime, and consist of
internal developmental and physiological processes that lead, in the short term, to
the phenomenon under consideration.

In contrast, ultimate explanations rely on events that occurred over evolution-
ary time. Understanding the selection pressures that led to the evolution of certain
forms of a trait and not others can help us to understand the adaptive signifi-
cance of the trait, regardless of the mechanism that makes it happen. Information
about the historical sequence of events that took place over the long term, often
obtained through a phylogeny of species or other taxa related to the organism
in question, can sometimes yield even more information about the evolution of
the trait.

Consider, for example, the question of why males of many bird species sing to
attract a mate in the springtime rather than at some other time of year. A proximate
explanation might invoke hormonal changes triggered by lengthening days that then
alter neurochemicals in the vocal center of the bird’s brain and prompt it to sing.
An ultimate explanation, on the other hand, would seek the benefit that birds
confining their singing to such a period would obtain. Presumably, more insects
are available in the spring and summer, when the chicks require feeding by their
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parents, than at other times of year. Individuals that sing, and breed, in the spring are
thus more likely to successfully rear their offspring and pass on the genes associated
with their responsiveness to the increasing hours of daylight. Both explanations are
valid and important to a full understanding of the problem, but they operate at
different levels of analysis. Some refer to proximate-level questions as “how”
questions and ultimate-level questions as “why”” questions, but we think they can
both be placed in either format and do not see such a dichotomy as particularly
helpful.

With respect to sex differences in susceptibility to parasites, explanations about
different hormone levels or the differential exposure of the sexes to the infectious
stages of parasites are all proximate explanations. Understanding the interactions
among, for instance, testosterone, estrogen, or corticosteroids, and various immune
system parameters is important in deciphering the mechanism behind observations
or experimental demonstrations of such sex differences, but it does not speak to the
selective forces that produced these interactions in the first place. For that, an
ultimate explanation is required. Furthermore, focusing at an ultimate level of
analysis helps to put “exceptions to the rule” in perspective. If females of a particular
species happen to be more susceptible to parasites than are males (as discussed in
Chap.7 of this book), while most other species in the group show the opposite
pattern, we can attempt to understand how natural and sexual selection in that
species might have produced such a contrary pattern. Discovering that testosterone
is not always associated with a suppressed immune system, thus, does not negate the
ultimate explanation that males are generally expected to be more susceptible to
parasites, though it might call into question the mechanism behind the observation.

1.3 Sexual Selection and Sex Differences in Infection

What, then, is an appropriate framework for addressing the ultimate explanation for
sex differences in infection? Here, we briefly review sexual selection theory and
current thinking on the evolution of reproductive strategies.

Sexual selection is the counterpart to natural selection, and refers to the differ-
ential reproduction of individuals due to competition over mates, as opposed to
differential reproduction due to the ability to survive. Like natural selection, sexual
selection was originated by Charles Darwin, who distinguished between traits
used for survival and those used in acquiring mates. He devoted an entire book,
published in 1871, The Descent of Man and Selection in Relation to Sex, to the
latter. He pointed out that many apparently unusual-appearing traits are actually
used in daily life, like the long curved bill on a bird, for example, which may help in
feeding. But certain other traits are not so clearly functional, and they are frequently
confined to one sex. In some birds of paradise, for instance, the male has a pair of
ornamental feathers so long they actually impede his flying ability. Traits such as
these are common in the animal kingdom, and include vocal signals like bird and
frog song as well as visual signals like elaborate plumage or displays.



1 Sex Differences in Susceptibility to Infection: An Evolutionary Perspective 5

Darwin further noted that traits occurring in only one sex could be of two types.
First are the primary sexual characters, the basic morphology such as the gonads
that enable males to produce sperm and females to produce and nurture eggs. The
evolution of these traits is fairly obvious, and requires little special explanation.
Other traits, such as the bright colors of many birds or the structures like antlers on
male deer, were not so simply understood. Darwin called such traits as secondary
sexual characters, and in many cases they are actually detrimental to survival, via an
enhanced conspicuousness to predators or other natural enemies or via the energetic
cost of producing them.

Darwin proposed that secondary sexual characters could evolve in one of two
ways. First, they could be useful to one sex, usually males, in fighting for access to
members of the other sex. Hence, the antlers and horns on male ungulates or beetles
of some species. These are weapons, and they are advantageous because better
fighters get more mates and have more offspring. The second way was more
problematic. Darwin noted that females often pay attention to traits like long tails
and elaborate plumage during courtship, and he concluded that the traits evolved
because the females preferred them. Peahens, thus, were expected to find peacocks
with long tails more attractive than those with shorter tails. The sexual selection
process, then, consisted of two components: male-male competition, which results
in weapons, and female choice, which results in ornaments.

Although the scientific community did not accept sexual selection as readily as
natural selection, the theory was finally embraced by the middle of the twentieth
century, and research into the evolution of sex differences accelerated. Rather than
assuming that females would always be the choosy sex and males the competitive
one, however, scientists focused on the ways in which each sex is limited in
achieving higher reproductive success.

Evolutionary biologist Robert Trivers (1972) pointed out that females and males
usually inherently differ because of how they put resources and effort into the next
generation, which he termed parental investment. Female reproductive success is
limited by the number of offspring a female can successfully produce and rear.
Because they are the sex that supplies the nutrient-rich egg, and often the sex that
cares for the young, females will usually leave the most genes in the next generation
by having the highest quality young they can; the upper limit to the quantity is
usually rather low. Which male they mate with could be very important, because a
mistake in the form of poor genes or no help with the young could mean that they
have lost their whole breeding effort for an entire year. Ornaments could evolve as
indicators of this high quality. Males, on the other hand, can leave the most genes in
the next generation by fertilizing as many females as possible. Because each mating
requires relatively little investment from him, a male who mates with many females
sires many more young than a male mating with only one female.

Variance in male reproductive success is thus expected to be higher, on average,
than variance in female reproductive success, which in turn selects for what might
be termed a “live hard, die young” overall strategy for males, at least with respect to
mating behavior. In elephant seals, for example, a single male may sire more than
90% of the pups in a colony, leaving the vast majority of males with no offspring,
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while females will virtually always give birth to a single pup. Males battle
ferociously among themselves for dominance on the breeding grounds.

With regard to susceptibility to infection, these sex differences in reproductive
strategy may provide the ultimate selective force behind increased male vulnerabi-
lity to infections. If males require, for example, testosterone for aggressive behavior
and the development of male secondary sexual characters, selection for winning at
the high-stake game that the males play may override the cost in terms of any
immunosuppressive effects of the hormone. Sex differences in infection may, thus,
simply reflect the larger pattern of differential selection on the sexes.

1.4 The Role of Life History Theory

Testosterone alone, however, is not the sole means by which males and females
differ in their physiology. A more general approach to the question of which sex is
expected to have evolved greater disease susceptibility comes from life history
theory, which examines the evolution of such life “decisions” as how many offspring
a species is expected to reproduce and how large those offspring should be at birth or
hatching. The underlying assumption is that organisms have a finite pool of energy
or resources to draw from, and therefore must allocate that energy to different tasks.
Because the resources used for one function are unavailable to another, trade-offs
between traits such as growth rate and body size, or between the size and number of
offspring, are expected. Life history theory explains many of the apparently mal-
adaptive features of life; animals cannot be good at everything. Along these lines,
despite the obvious advantage of being resistant to disease, susceptibility is of course
rampant. As with other life history traits, it has seemed logical to conclude that
resistance is traded off against the need for investment in other important characters,
such as competitive ability or development time (Roff 1992). We assume that
animals remain vulnerable to pathogens because being resistant is costly. Evolution
has, therefore, not perfected the ability to fend off parasites — i.e., produced organ-
isms that are completely parasite-free — because for most if not all individuals,
resources are better expended on other physiological activities or processes.

This view of an animal’s reaction to infection as simply another drain on a limited
pool of resources provides another kind of ultimate explanation for sex differences
in susceptibility to parasites. Combined with sexual selection theory it means that we
can begin to ask why we see the patterns that we do, not from the standpoint of an
individual species’ quirks of immunology, but by examining the way natural and
sexual selection are expected to act on life history, including disease resistance.

1.5 Empirical Approaches

One of the earliest discussions of sex differences in disease outcome, from an
evolutionary-theoretical perspective was that of Zuk (1990), who emphasized the



1 Sex Differences in Susceptibility to Infection: An Evolutionary Perspective 7

inherently different means by which males and females maximize reproductive
success in many species. In those species where male fitness is heavily dependent
upon maximizing mating success (i.e., polygynous species, in which a single male
may mate with multiple females), males may benefit from sacrificing immune
defense if those resources can, instead, be devoted towards mating efforts. In
monogamous species, males typically maximize fitness by assisting in the rearing
of offspring, as do the females. Thus, this hypothesis predicts that in monogamous
species, males and females will have similarly effective immune defenses, but as
the mating system departs further from monogamy towards polygyny (meaning that
the strength of sexual selection on males increases), the sex differences in immune
defenses, with males showing the less effective defenses, increase (Zuk 1990).
Since Zuk (1990), this basic hypothesis and associated predictions have been
developed in several other papers (Zuk and McKean 1996; Rolff 2002; Zuk and
Stoehr 2002). One of the strengths of this hypothesis, as an “ultimate explanation,”
is that the predictions apply to taxa other than mammals, including those, such as
insects, that lack the hormone testosterone.

A proper test of the hypothesis’ primary prediction requires sufficient knowledge
of (and variation in) both mating system (or some measure of the strength of sexual
selection) and immune defense in a number of species-data that are lacking for
many systems, although increasing all the time. Measures of parasitic infections,
such as prevalence (proportion of hosts infected) or intensity (number of parasites
per host) are typically easier to acquire than more direct measures of immune
defense. Nevertheless, the available data on infection levels do highlight interesting
patterns, and, not surprisingly, raise more questions. A study examining infection
levels across arthropods found no consistent evidence for sex biases in infection
prevalence or intensity (Sheridan et al 2000). However, a consistent pattern was
lacking not because there were no host taxa for which males were more heavily
parasitized, but rather because there were similar numbers of taxa in which females
were more heavily parasitized.

Even in vertebrates, where we might expect consistent male-biased infection
with parasites because of the immunosuppressive effects of testosterone, things are
not so simple. For example, Poulin (1996) found evidence for male-biased parasitic
infections in birds when the prevalence of helminth infections was considered, but
not when the intensity of infection was considered. McCurdy et al. (1998) found no
evidence for an overall sex bias in parasitic infections, but when considered by
parasite taxon, the prevalence of Haemoproteus infections was female-, not male-
biased; this was true even in polygynous species, where the male-biased infections
would be most expected. Moore and Wilson (2002) examined the relationship
between sexual selection and parasitic infection across mammals. Using methods
that controlled for correlations between traits due to shared ancestry, Moore and
Wilson (2002) used two measures of the strength of sexual selection — mating
system and sexual size dimorphism — to determine if sexual selection was
associated with sex differences in infection with parasites. As predicted, increases
in polygyny or greater male size were associated with greater sex differences in
parasitic infection. One of the most interesting findings of the study was
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that in those species where females are the larger sex, parasitic infection was
female-biased (i.e., females had more parasites). However, in these species, larger
female size is not thought to be due to sexual selection on females — thus, the
cause and effect relationships among sexual selection, sex differences in parasitic
infection, and body size appear complex indeed.

To the best of our knowledge, no large comparative (i.e., multiple species,
phylogenetic controls, and sexual selection measures) study utilizing more direct
measures of immune defense to address sex differences in immune defenses, rather
than parasites themselves, has been conducted. However, an alternative and increas-
ingly popular approach to empirically testing the hypothesis that sexual selection
influences sex differences in immune defenses is to experimentally manipulate, in a
single species, factors such as the strength of sexual selection, mating history and
resource abundance. These studies, too, are revealing that the relationship between
sexual selection and immune defense is complex. Indeed, in both invertebrates and
vertebrates, the direction or presence of sex differences in immune function may
depend upon not only the factors manipulated in the experiment, but also which
component(s) of immunity were assessed (Klein 2000; Adamo et al. 2001; Hosken
2001; Fedorka et al. 2005; McGraw and Ardia 2005; McKean and Nunney 2005;
Rolff et al. 2005; McKean and Nunney 2008). For example, in crickets, sex differ-
ences with phenoloxidase activity, one measure of potential immune defense, were
apparent in later stages, but not in earlier stages of development. However, no sex
differences were found at any stage for hemocyte number (a count of one of the cell
types involved in arthropod immune defense) (Adamo et al. 2001).

1.6 Theoretical Approaches

Given these complex patterns, what are we to make of the underlying evolution-
ary, i.e., ultimate, reasons for sex differences in immune defense? Were the
original formulations of the hypothesis, such as those by Zuk (1990) or Rolff
(2002) incorrect? Here, we briefly discuss some of the more recent theoretical
investigations into the problem of how sex differences in immune defense might
have evolved.

All models, verbal or quantitative, make assumptions. Often, these assumptions
are less than obvious; this is particularly true in the case of verbal models. The
model as articulated by Zuk 1990, Rolff 2002, and others makes two assumptions
that may be important for understanding variation in the magnitude and direction of
sex differences in susceptibility to parasitic infection. The first assumption is that
female fitness is more dependent upon longevity than is male fitness. The second
assumption, which is probably the more important of the two, is that the most
important benefit of immunocompetence is to increase survival, or, if one likes, that
the primary cost of parasitic infection is death. From the perspective of a resource
allocation problem, the model with these assumptions in place can be represented
graphically, as in Fig. 1.1a. It is clear that with these assumptions in place, the sex
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Fig. 1.1 (a) Resource allocation to immunity and reproductive effort, assuming that the benefits of
immunity only affect survival. In this case, it is clear that the sex that invests the most in survival
must necessarily invest more in immunity (solid arrows represent resource allocations; dashed
arrows are causal relationships) (b) Resource allocation when immunity can affect both survival
and mating effort, due to the benefits of immunity for “condition”. Shown here is the male case; in
females, reproductive effort is simply fecundity

that values survival (typically argued to be females) will be the sex that invests in
immune defense.

However, it is not clear how broadly these assumptions apply. For polygynous
mammals, it appears that, indeed, longevity is more important for male fitness
than for female fitness. But long-term studies in several bird species show
that longevity accounts for approximately 60% of the variation in fitness for
both females and males, and ranges from about 30 to 80% for both sexes
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(summarized in Newton, 1989). Longevity may account for a considerable
proportion of variation in fitness for both sexes in many insects, as well (Clut-
ton-Brock 1988).

Even in species where longevity is of less importance to males than to females,
should we always expect males to invest less in immune defense? Parasites may kill
their male hosts, but many infections may reduce the general health or condition of
their hosts, which, in turn, may affect traits important for mating success such as
bright coloration or energetically expensive courtship behavior, without being
lethal. It could be argued such a cost of parasitic infection could be even more
detrimental to males than to females, because while a sublethal infection may
reduce female fecundity, it may not necessarily prevent her from being mated and
rearing some offspring. In some mating systems, however, a parasitized, unhealthy
(and therefore less attractive) male may have zero fitness. Thus, the (second)
assumption that the primary cost of parasite infection is death, and its implicit
accompanying assumption — that the sublethal effects of parasitic infection (e.g.,
development of disease) are the same for each sex — may not always be true. (This is
addressed later — see the reference Blanco et al. 2001 and Tseng 2004)

Stoehr and Kokko (2006) examined the importance of these assumptions by
constructing a model of resource allocation to various fitness components, includ-
ing disease resistance, that would not only allow survival to play an important role
in the fitness of both sexes, but more importantly, acknowledge that parasites have
sublethal effects, and that these may not be the same for the sexes. In addition, the
model incorporates these ideas by also allowing the effects of parasitic infection
(and therefore the benefits of immunity) to be realized through the effects of
“condition,” on the traits that are important to fitness. For the purposes of the
model, condition can be defined as that attribute of an organism that is not only
affected by resource allocation to it, but also in turn affects other traits such as
survival and fecundity; that is, in this model “condition” is what we might generally
refer to as the “health” of the organism.

The graphical representation of this model is shown for males in Fig. 1.1b. (The
female case is basically the same, except that instead of the male trait and mating
success, these are collapsed into female reproductive effort, or fecundity). In the
model, resources are allocated to immune defense, reproductive effort
(e.g., a male’s extravagant plumage or courtship song), and other forms of basic
self-maintenance. Immunity, along with other forms of self-maintenance, has
positive effects on “condition,” and condition in turn has positive effects on
survival and on male reproductive effort (i.e., the male “trait”). In this scenario,
immunity does have costs, in that immunity and male reproduction compete for
limited resources. However, we do not necessarily expect males to simply maxi-
mize fitness by investing all resources into reproductive effort, because if immunity
is sacrificed entirely, condition, and therefore both survival and reproductive effort,
are compromised (the mathematical details of the model, which are explained in
Stoehr and Kokko (2006), insure that if no resources are invested in immune
defense, then condition, and therefore survival, is zero). Thus, this formulation
more realistically represents what we know to be the more general effects of
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resistance to infection on survival and reproductive effort — i.e., it does not assume
that immune defense only evolved in the context of increasing survival.

Stoehr and Kokko (2006) then explored the implications of this model by first
constructing a series of mathematical equations that expressed the relationships
between these different components of the model and allowed these relationships to
take varying shapes. Of primary interest to us for understanding sex differences in
immune function are three particular relationships. One is the relationship between
the male “trait” and his mating success; this is a measure of the strength of sexual
selection. Also of interest is the relationship between immunity and condition.
While this could reflect details of the immune system, in the model of Stoehr and
Kokko (2006) this is constructed more generally and can be thought of as the impact
of parasites and disease outcome on condition. In this manner, it incorporates not
only details of immune defense but also variation in parasite combinations, parasite
virulence, and behavior that leads to differences in host exposure to parasites, etc.
Such a broad approach is important, because the impact of parasites may differ
between the sexes; for example, males may be exposed to more (or fewer) parasites
because of their courtship behaviors (Tinsley 1989, Zuk and Kolluru 1998). Finally,
there is the relationship between condition and reproductive effort. This is, for
males, the condition-dependence of traits such as bright coloration, elaborate
courtship dances, or loud or complex calls and dances: males in better condition
produce more vigorous displays. For females, this is the condition-dependence of
fecundity: females in better condition produce more or healthier offspring. Given
how different the forms of reproductive effort take for males and females, it would
seem highly unlikely that condition would have identical effects on reproductive
effort for both sexes. Thus, by varying the shapes of the relationships between
immune defense and condition, and condition and reproductive effort, the potential
importance of the assumption that the nonlethal effects of parasites are similar (and
negligible) for the sexes can be assessed.

Stoehr and Kokko (2006) examined these assumptions numerically, through an
evolutionarily stable strategy (ESS) approach. An evolutionarily stable strategy is
one that would persist in a population even if a mutant form pursuing an alternative
strategy were to enter the population. Stoehr and Kokko (2006) began with an
arbitrary resource allocation strategy for a population, given certain parameter
values for the strength of sexual selection, the impact of parasites on condition,
and the condition-dependence of reproductive effort. Then new resource allocation
strategies were explored, and any that resulted in higher fitness could “invade” and
replace the old strategy; when the best strategy to adopt is the existing strategy, the
evolutionarily stable (i.e., “best”) strategy has been achieved.

Recall that the primary prediction of the hypothesis for sexual dimorphism of
immune defense is that as the strength of sexual selection increases, the magnitude
of the difference between sexes, with males showing an inferior immune response,
is expected to increase. Stoehr and Kokko (2006) found that, indeed, this prediction
is supported provided that (a) the impact of parasites on condition is the same for
the sexes; (b) the condition-dependence of reproductive effort is the same for the
sexes; and (c) neither of these effects is particularly strong. If instead parasites are
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highly detrimental to condition and/or reproductive effort is highly dependent on
condition, then males cannot afford to sacrifice immune defense to improve
mating success, even in the face of very strong sexual selection. As a result,
both sexes invest in immune defense equally. More importantly, the model shows
that if the impact of parasites on condition is greater for males than for females,
males should invest more of their resources into immune defense than
should females, even in the face of strong sexual selection (Fig. 1.2). A similar,
though not quite as dramatic, effect is found if male reproductive effort is more
condition-dependent than is female reproductive effort. In other words, even if the
effects of sexual selection are to diminish male investment in immunity below
that which would occur in the absence of sexual selection altogether, this dimin-
ishment may still not be sufficient to cause males to invest less in immunity than
do females (Fig. 1.2; upper thin solid line).

M>F

Sex differences in immunity

M<F

!

——————— Increasing sexual selection ————

\Y

Fig. 1.2 Sex differences in immunity as a function of sexual selection. The thick solid line
represents the case when the condition-dependence of reproduction and the effect of immunity
on condition are equal for the sexes; when sexual selection is absent or weak males should invest
more in immune defense than should females (i.e., thick, solid black line is above the dashed line,
in the region of M>F investment in immunity). As the strength of sexual selection increases, the
female bias in investment in immunity increases. However, if parasites have particularly strong
negative effects on condition in males, and/or if male reproductive success is highly dependent on
condition, relative to those same effects in females, males should invest more in immunity than
should females, even when sexual selection is strong (thin solid line raised above the thick solid
line, and never crossing dashed line). Of course, the converse situation may mean that males never
invest more in immunity than do females (lower thin solid line)
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The results of the simulation by Stoehr and Kokko (2006) suggest that the
validity of the assumptions implicit in the verbal models arguing for inferior male
immune defenses when sexual selection is strong may be very important. We not
only know that in many cases male secondary sexual traits are condition-dependent,
but, in fact, theory suggests that we should expect these traits to be condition-
dependent (Andersson 1994). Of course, we also expect female fecundity to be
condition-dependent, so the question, for our purposes, becomes “When do we
expect male fitness to be more condition-dependent than female fitness?” because
these are the cases where we might (given certain other assumptions) expect males
to invest more in their immune defense than do females. Unfortunately, as any
biologist who has ever tried to quantify (or even define!) condition will realize
immediately, comparing condition and condition-dependence between the sexes is
hardly trivial. It would not simply be enough to examine the correlation between
some measure of condition and secondary sexual trait (for males) and fecundity (for
females) because ultimately, we would also need to know something about how that
male secondary sex trait expression translates into fitness. However, there may be
some well-studied systems where such a comparison might be possible.

Perhaps, a slightly more tractable question is whether similar parasitic infections
affect the condition of the sexes equally. This question is not free from the inherent
difficulties of measuring condition, but there is at least some evidence to suggest
that, when such a comparison can be made, the answer is that parasites do not
always have the same effects on male and female condition (Blanco et al. 2001;
Tseng 2004). For example, in magpies, there is a negative correlation between lice
infestation and nutritional condition (in this case, body mass adjusted for skeletal
size) in both sexes, but the relationship is stronger for males (Blanco et al. 2001).
And in mosquitoes, infection with parasites reduces male body size more than it
does female body size when the mosquito larvae are reared at high density, but at
low larval densities, parasites have a greater impact on female body size (Tseng
2004). Furthermore, because the model of Stoehr and Kokko (2006) includes
potential exposure differences as part of “parasitic impact,” behaviors that bias
exposure in one sex may also be important, and such behaviors have been found
(Tinsley 1989; Zuk and Kolluru 1998; Riemchen and Nosil 2001). Finally, it must
be remembered that these two important effects — i.e., the impact of parasites on
condition and the condition-dependence of reproductive effort — may interact in
concert, to increase the magnitude of sex differences in immunity, or in opposition,
to diminish or erase sex differences in immunity.

Like all models, Stoehr and Kokko’s (2006) make its own assumptions and has
its own limitations. The primary purpose of this model was to examine the logic of
the basic arguments (or, put another way, the importance of the implicit assump-
tions) put forth in earlier less quantitative treatments of the sexual selection versus
male immune defense hypothesis. As such, the model is successful as it reveals that
these assumptions may be crucial in understanding how sexual selection and
immune defense interact to produce or eliminate sexual dimorphism in immune
defense. However, it is not a detailed model of immune defense. For example,
Stoehr and Kokko (2006) ignore potentially important factors such as the complex
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and multifaceted nature of immune defenses, host—parasite coevolution, and the
genetics of resistance. In addition, the model ignores the possibility that individuals
(or the sexes) may differ in the amount of resources they acquire.

Although it seems unlikely that incorporating any of these factors will reveal
that things are more simple than they appear, these are certainly factors that
should be incorporated, in as much as is possible, in future theoretical and
empirical approaches to understanding sexual dimorphism in immune function.
Indeed, several recent models addressing optimal allocation of resources to
immune defense raise several interesting points. None of these models addressed
sex differences in immunity, but their findings should be incorporated into future
theoretical treatments of this problem. For example, one of the underlying
assumptions of earlier treatments of sex differences in susceptibility to infection
and the manifestation of disease was that females would invest more in immune
defense because they are often the longer-lived sex; that is, it was assumed that
inherently long-lived organisms would favor immune defense greater than short-
lived organisms. This assumption is challenged in models by van Boven and
Weissing (2004) and Miller et al. (2007). Both of these studies found that, under
some conditions, optimal investment in immune defense is maximal at interme-
diate lifespans, not at the longest lifespans. One of the reasons this appears to be
so is because of demographic processes: long-lived species do not have high
demographic turnover, and therefore do not supply the “fuel,” i.e., susceptible
individuals, necessary to support some species of parasites (van Boven and
Weissing 2004; Miller et al. 2007). As a result, there is less benefit to investing
in costly immune defenses in these species. Not surprisingly, however, these
conclusions depended on certain assumptions as well; for example, if immunity
was innate, instead of acquired, then optimal investment increased with lifespan
(Miller et al. 2007).

As mentioned above, Stoehr and Kokko’s (2006) model did not consider that
males and females might start with differently sized resource pools. Sex differences
in resource acquisition might occur, however, if one sex is forced, to a greater
degree than the other, to sacrifice, say, foraging effort in order to invest in repro-
duction. In a model of optimal resource allocation to immune defense, Medley
(2002) found that optimal allocation of resources to immune defense calls for little
to no allocation in starved individuals, peaks in those individuals with intermediate
levels of resources, but then falls again in “well-fed” individuals. Hosts with more
resources, i.e., “in better condition,” may be better able to tolerate some level of
infection, such that the relationship between parasite loads and condition or “quality”
may be complex (Medley 2002). A similar problem was addressed by Houston et al.
(2007), who modeled optimal allocation of efforts to foraging versus immune
defense. In addition, Houston et al. (2007) show that whether individuals of a
given state invest primarily in foraging or immune defense is not simply a matter
of current nutritional state, but of environmental predictability. In more stable
environments, food availability and allocation to immune defense tend to be
positively related, but as the environment becomes more unpredictable, this rela-
tionship no longer holds.



1 Sex Differences in Susceptibility to Infection: An Evolutionary Perspective 15

1.7 Future Directions

Comparative studies of parasite infections in many different kinds of animals, as
well as experimental studies of immune defense in single species and theoretical
explorations of the role of resource allocation in the evolution of immunity, all
suggest that it is simplistic to expect one sex to routinely have an inferior immune
ability, even in species in which sexual selection has been intense. The original
hypothesis that males were likely to have evolved a greater susceptibility to
parasites was on the right track, in that it identified a useful way of thinking
about the evolution of such sex differences. A more general perspective on the
problem of resource allocation to defense against parasites as well as other outlets
should prove even more valuable. The collective findings, both empirical and
theoretical, clearly support the idea that life history differences between the sexes
matter in understanding sex differences in disease, and that these differences can be
most profitably understood in an evolutionary framework. The challenge now is to
understand exactly how the differences matter; when we understand the details and
mechanisms, we will be able to see why sex differences in immunity are sometimes
male-biased and at other times female-biased.

To achieve this understanding, we suggest that a number of issues should be
addressed. More large-scale comparative studies, conducted in a phylogenetic
context, which examine immunity across species in a variety of taxa to uncover
important correlates of sex differences in immunity, will be invaluable. These types
of studies can reveal broad, consistent patterns and identify potentially important
causal factors that can then be addressed experimentally. However, note that the
evidence to date suggests that sex differences in immunity are dynamic, and may
change over the course of the life history of an organism, due to changes in external
factors such as resource abundance, and may vary with different components of
immune defense or different parasites. For example, in Drosophila melanogaster,
female larvae are more resistant than male larvae to a larval parasite, there are no
sex differences in resistance to a pupal parasite, whereas in adult flies, there are
sex differences in resistance to a microsporidian, but not to a fungal, infection
(Kraaijeveld et al. 2008). Furthermore, sex differences in resistance to bacterial
infection in adult Drosophila are highly labile: sexual activity reduces male but not
female resistance, whereas resource deprivation reduces female but not male
resistance, resulting in variation in the direction of sex differences in immunity
depending upon how these factors are manipulated (McKean and Nunney 2005).

A relatively unexplored but potentially fruitful area of research is the intersec-
tion between population dynamics and sex differences in parasite resistance. For
example, in free-living yellow-necked mice, antihelminthic treatment of a domi-
nant parasitic helminth in males reduces infections in females in the population as
well, but removal of the same parasite from females has no effect on infections in
males (Ferrari et al. 2004). There is also ample evidence from a variety of species
that immunity varies seasonally (Nelson and Demas 1996; Altizer et al. 2006;
Martin et al. 2008). In the future, we hope to see these kinds of ecological factors
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considered alongside the life history perspective we have outlined here, and these,
in turn, combined with approaches that consider the multifaceted nature of the
immune system (Lee 2006). The result should be a much greater, integrative
understanding of sex differences in immunity than could be achieved by any single
approach alone.
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Chapter 2
Effects of Sex Steroids on Innate
and Adaptive Immunity

S. Ansar Ahmed, Ebru Karpuzoglu, and Deena Khan

Abstract Estrogens and androgens are classically recognized as reproductive sex
steroid hormones because of their well-documented effects on reproductive tissues.
However, extensive research in diverse biological disciplines have clearly estab-
lished that reproductive hormones have broad physiological effects on nonrepro-
ductive tissues, including the immune, central nervous, cardiovascular, and skeletal
systems. Thus, the term “sex/reproductive hormones” describes only a narrow
(albeit important) aspect of biological effects of sex steroids. In this chapter, the
effects of sex hormones on the innate and adaptive immune system are highlighted.
Generally, estrogens upregulate proinflammatory cytokines (e.g., IFNy) and IFNy-
inducible molecules (nitric oxide, NOS2, and COX2), whereas androgens suppress
proinflammatory responses. Immunomodulation by sex steroids may have
both physiological and pathological implications (e.g., sex differences in immune
capabilities and in inflammatory diseases, respectively).

2.1 Sources of Sex Steroids: Physiological and Exogenous

Estrogens are produced in gonadal and extra-gonadal tissues. 17B-estradiol, is
principally produced by theca and granulosa cells in the ovaries of premenopausal
women (Simpson 2003). In theca cells, androstenedione is converted into testoster-
one by aromatase. Testosterone and androstenedione are then taken up by granulosa
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cells and converted by the aromatase enzyme to 17B-estradiol in premenopausal
women (Williams et al. 1998). The levels of estrogen in women vary physiologi-
cally during menstrual cycle stages, pregnancy, and with age. In premenopausal
women, the physiological range of estrogen during the menstrual cycle is between
40 and 400 pg ml~' (Ruggiero and Likis 2002). Estrogen levels are markedly
increased during pregnancy. In the postmenopausal stage, estrogen levels drop
significantly (Akhmedkhanov et al. 2001). In mice, the physiological levels of
17p-estradiol found in the serum are as follows: diestrus 20-30 pg ml ™', estrus
100-200 pg ml~", and during pregnancy 5,000-10,000 pg ml~" (Bebo et al. 2001).
Extragonadal estrogen synthesis occurs in mesenchymal cells of adipose tissue,
breast, osteoblasts and chondrocytes of bone, vascular endothelium, aortic smooth
muscle cells, and several sites in the brain (Simpson 2003). These sites are
important sources of estrogen in men and postmenopausal women. Estrogens
produced at these sites, unlike that secreted by ovaries, tend to act locally at high
concentrations (Labrie et al. 1998).

In addition to natural estrogens, synthetic estrogens (e.g., 17a-ethinyl estradiol)
are extensively prescribed as oral contraceptives to premenopausal women and as
estrogen replacement therapy for postmenopausal women (Yin et al. 2002). Addi-
tionally, a third category of estrogenic compounds, referred to as environmental
estrogens, is now recognized. Environmental estrogens account for a large compo-
nent of endocrine disrupting chemicals (EDC). A number of EDC, including
estrogens also have been shown to affect the immune system (Ansar Ahmed
2000). These estrogens can mimic or block natural hormones. Due to their ability
to accumulate in adipose tissue and the fact that they are biologically active at very
low concentrations, EDCs can accumulate and act cumulatively to alter the immune
and reproductive systems (Soto et al. 1995). In this chapter, we detail the effects of
estrogens (in particular, 17f-estradiol or E2) and androgens (in particular, testos-
terone) on the immune system; progesterone, another sex steroid that has profound
effects on the functioning of immune cells, is discussed in detail in Chaps.9 and 10
pertaining to pregnancy.

Testosterone is the principal androgen secreted from Leydig cells in testes of
males and in small quantities from theca cells in ovaries of females. Importantly,
testosterone is essential not only in sexual development and other reproductive
processes but also for modulating immune responses. Males are, in general, more
prone to infectious diseases, both in terms of prevalence and intensity, over females
partly because of the suppressive effects of testosterone and its metabolite dihydro-
testosterone (DHT) on the immune system (Choudhry et al. 2006; Easterbrook et al.
2007; Schuurs and Verheul 1990), Castration has beneficial effects on the immune
system following trauma and hemorrhage (Yokoyama et al. 2002). Consistent
correlations have been observed between endogenous testosterone levels and the
burden of parasites, such as Babesia microti and Plasmodium vivax (Barnard et al.
1996; Muehlenbein et al. 2005), which is detailed in Chap.6 of this book. In
addition to affecting responses to parasites, androgens affect the development of
the immune system as castration results in increased thymus size in mice (Olsen
et al. 1991).
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2.2 Sex Steroid Regulation of Innate Immune Cells

Antigen invasion into the body is largely prevented by physical barriers that act as a
first line of defense. These physical barriers (such as skin, mucosal tissue of
gastrointestinal, respiratory, reproductive, and urogenital tracts) are usually forti-
fied by chemical barriers (e.g., mucus, saliva, and tears which contain protease
enzymes). Cellular innate immune cells such as neutrophils, macrophages, natural
killer (NK) cells, and dendritic cells (DCs) act as the second line of defense. The
nature of this response enables effector cells to recognize a number of molecules
widely expressed by groups of microbes and to clear or curtail their multiplication
by various mechanisms such as phagocytosis and lysis of infected cells. Innate
immune cells, predominantly macrophages and DCs, produce cytokines that aid in
the activation and influence the nature of the adaptive immune system.

2.2.1 Neutrophils

Neutrophils or polymorphonuclear cells (PMNs) are the “first cellular responders”
to counter antigenic invasion. These cells kill pathogens by two complementary
effective mechanisms (1) phagocytosis, and (2) release of potent toxic oxygen-free
radicals generated by a respiratory burst. Neutrophils contain a population of
primary and secondary granules. Primary granules are composed of enzymes,
including myeloperoxidase, acid hydrolases (i.e., cathepsins), lysozymes, and
neutral proteases. Secondary granules consist of lactoferrin, lysozymes, and col-
lagenases. Neutrophils migrate to sites of injury or inflammation in response to
chemoattractants released by damaged tissues where they trap antigen in a vacuole
called a phagosome. Phagosomes fuse with primary granules to form phagolyso-
somes (Faurschou and Borregaard 2003). The phagolysosome is a hostile environ-
ment capable of destroying many, but not all, pathogens. Concurrently, neutrophils
aid in destroying microbial pathogens by another mechanism called respiratory
burst by sequential conversion of oxygen to toxic superoxide anion, hydrogen
peroxide, and hypochloride ion in the presence of NADPH oxidase, superoxide
dismutase, and myeloperoxidase, respectively (Hampton et al. 1998).

Estrogen regulates both the number and function of neutrophils. For example,
estrogen has been shown to suppress bone marrow production of leukocytes
including PMNs (Josefsson et al. 1992; Wessendorf et al. 1998). This possibly is
in part due to estrogen effects on the bone (osteopetrosis), which tends to occlude
the bone marrow cavity. 17B-estradiol, ethinyl estradiol, and idoxifene, a selective
estrogen receptor modulator (SERM), but not 17a-estradiol, significantly reduce
neutrophil chemotaxis (Delyani et al. 1996; Ito et al. 1995) as well as adherence to
the vascular endothelium (Delyani et al. 1996). Although 17-estradiol prevents
neutrophil infiltration and organ damage following trauma-hemorrhage, the mech-
anism by which it inhibits neutrophil transmigration remains unknown. Estrogens
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can alter neutrophil chemotaxis and function by modulating the release of chemoat-
tractants such as CXCL8 from monocytes (Pioli et al. 2007), and CXCLS,
CXCL10, CCL5 from keratinocytes (Kanda and Watanabe 2005). Furthermore,
estrogens decrease chemotaxis of neutrophils by altering the expression of adhesive
proteins, such as intracellular adhesion molecule-1 (ICAM-1) and therefore, protect
against myocardial ischemia-reperfusion injury and myeloperoxidase activity
(Squadrito et al. 1997).

17B-estradiol and weak estrogenic analogs (e.g., estrone and estriol) significantly
reduce neutrophil function as indicated by decreased superoxide anion produc-
tion (Abrahams et al. 2003; Bekesi et al. 2007). Interestingly, neutrophils in females
have increased resistance to activation by burn or trauma hemorrhage compared
with those in males (Deitch et al. 2006). 17B-estradiol is capable of limiting
neutrophil activation, as reflected by decreased CD11b expression and respiratory
burst activity in response to trauma-hemorrhagic shock or burn injury (Deitch et al.
2006). The salutary effects of estrogen on attenuation of inflammatory responses
are mediated by decreased neutrophil infiltration at sites of injury/inflammation,
improved injury markers (e.g., myleoperoxidase activity), decreased cytokine pro-
duction (e.g., TNF-a, IL-6, and IL-1p), reduced chemokine levels (e.g., cytokine
induced neutrophil chemo-attractants (CINC1, CINC2, and CINC3), reduced
monocyte chemoattractant protein-1 (MCP1 or CCL2)) and decreased expression
of inflammatory mediators (e.g., P-selectin and intercellular adhesion molecule
(ICAM1)) (Cuzzocrea et al. 2008; Hsu et al. 2007; Yu et al. 2007).

Despite the fact that estrogens can affect neutrophil-mediated immune
responses, some reports suggest that estrogen does not reduce neutrophil infiltration
into cardiac muscle (Cavasin et al. 2006; Tiidus et al. 2002), myeloperoxidase
activity (Tiidus et al. 2002), or neutrophil degranulation and oxidation (Cave et al.
2007; Chiang et al. 2004). However, during endometriosis, an estrogen-dependent
autoimmune disorder affecting women of reproductive age, estrogen enhances the
responsiveness of cells to IL-1P, which acts directly to upregulate CXCLS8 (i.e.,
IL-8), a chemokine involved in active angiogenesis and recruitment of neutrophils
(Akoum et al. 2001). This suggests that estrogen may not attenuate inflammation in
all cases, and a number of variables such as the dose of estrogen, tissue, and type of
injury/inflammation may influence the immunomodulatory effect of estrogen.

2.2.2 Macrophages

The term macrophage is derived from the Greek words: macros: large, great, and
phagein: eat; “large eating cell.” Macrophages tend to follow neutrophils to sites of
injury/inflammation. These cells, unlike neutrophils, are capable of repeated phago-
cytosis and have the ability to secrete copious amounts of inflammatory proteins,
including cytokines. Selected macrophages also have the ability to process and
present antigens. Macrophages are key innate immune cells and are one of the
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important targets of estrogen within the immune system (Ansar Ahmed et al. 1999).
Estrogen increases murine and human macrophage phagocytic activity (Baranao
et al. 1992). Further, in mice, the percentage of macrophages in the endometrial
stromal and myometrial connective tissues of the cycling uterus changes relative to
the stages of the estrus cycle (De and Wood 1990).

Generally, androgens inhibit the function of macrophages in vivo and in vitro
(Miller and Hunt 1996). Androgen receptors (AR) have been identified in primary
cultured macrophages (Cutolo et al. 1996). Stimulation of murine macrophages
with testosterone in vitro reduces the synthesis of proinflammatory products,
including TNF-o and nitric oxide synthase (D’Agostino et al. 1999). Testosterone
also reduces toll-like receptor (TLR) 4 expression on macrophages (Rettew et al.
2008). Testosterone attenuates Leishmania donovani-mediated p38MAPK activa-
tion of macrophages, which is considered to be the cause of testosterone-enhanced
L. donovani survival in macrophages (Liu et al. 2006). Furthermore, androgens
such as testosterone, DHT, mesterolone, and danazol modulate the clearance of
IgG-sensitized erythocytes by decreasing macrophage FcyR expression (Gomez
et al. 2000).

2.2.3 Dendritic Cells

DCs are highly potent APCs, which activate naive T lymphocytes and assist in
regulation of Th1 and Th2 development. As also discussed in Chap.3 of this book,
17B-estradiol promotes differentiation of functional DCs from precursor cells. In
vitro estrogen exposure of splenic DCs from rats with experimental allergic
encephalomyelitis (EAE) (Zhang et al. 2004), neural DCs from mice with EAE
(Liu et al. 2002) or murine bone marrow-derived DCs (Siracusa et al. 2008)
increases the expression of markers of DC activation, including major histocom-
patibility complex II (MHCII), CD80 (B7.1), CD86 (B7.2), and CD40. Estrogen
receptor (ER) antagonists, ICI 182 780 and tamoxifen, inhibit DC differentiation
(Paharkova-Vatchkova et al. 2004), which is restored by the addition of physiolog-
ical concentrations of estrogen (Paharkova-Vatchkova et al. 2004). The activity of
IFN-producing killer DCs (IKDCs) is increased in spleens from estrogen-treated as
compared with ovariectomized C57BL/6 female mice (Siracusa et al. 2008). Estro-
gen-treated DCs induce IKDCs and increase nitric oxide (Zhang et al. 2004).
Treatment of murine splenic DCs with estrogen increases intracellular IL-6 and
IL-10 expression, but not IL-12 or TNF-a (Yang et al. 2006). Human monocyte-
derived immature DCs have increased IL-6, CXCLS8, and CCL2 secretion after
short-term in vitro estrogen treatment (Bengtsson et al. 2004). In contrast to
estrogen, testosterone decreases the production of inflammatory cytokines (includ-
ing IL-1B, IL-6, and TNFa) from DCs (Corrales et al. 2006).

During pregnancy, when high levels of estrogen are evident, maturation
of monocytes to mature DCs as determined by expression of CD80, CDS6,
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HLA-DR, and IL-12p70 is diminished. However, the levels of IL-10 are increased
from pregnant women when compared with nonpregnant women (i.e., in women
with lower physiological levels of estrogen) (Bachy et al. 2008). Splenic DCs
stimulated with GM-CSF and IL-4 and exposed to high pregnancy levels of
estrogen (500-2,000 pg ml~') have decreased secretion of IFN-y, IL-12, and
TNF-a (Liu et al. 2002).

2.2.4 Natural Killer Cells

NK cells (CD3 CD16TCD56" or CD3 CD16 CD56" in humans and
CD3"CD49b" in mice) are large granular lymphocytes with the ability to lyze
pathogen-infected cells and certain tumor cells. Estrogen decreases NK cell activity
both in vivo and in vitro (Baral et al. 1995; Ferguson and McDonald 1985;
Screpanti et al. 1987). In vivo 17B-estradiol treatment upregulates the number of
NK cells and expression of CD69, NKp46, NKG2DL, and 2B4 (CD244), NK cell-
activating receptors, granzyme B, and soluble FasL (Hao et al. 2007). Estrogen
induces the granzyme B inhibitor, SerpinB9/proteinase inhibitor 9 (P19) in NK cell
lines (Jiang et al. 2007). Although 17f-estradiol increases the number of NK cells
(Hao et al. 2007), exposure to 17B-estradiol reduces their cytotoxicity in a dose-
dependent manner. This effect can be observed in many mouse strains, but to
varying degrees. While estrogen suppresses (>50%) NK cell cytotoxicity in C3H/
N, DBA/1, and NZB/W strains of mice, this effect is less pronounced (<30%) in
C57BL/6 and MRL Ipr/lpr mice (Nilsson and Carlsten 1994). The duration of
estrogen treatment also differentially affects NK cell activity. Short-term in vivo
treatment with estrogen enhances NK cell activity, whereas prolonged exposure to
estrogen decreases NK activity (Screpanti et al. 1987). Decreased NK cell activity
occurs in the presence of 17f-estradiol in both WT and ERa knockout mice,
suggesting that the effects on NK cells are through the ERP (Curran et al. 2001).
In postmenopausal women, NK cell cytotoxic activity is increased compared with
premenopausal women (Albrecht et al. 1996). Oral and transcutaneous 17-estra-
diol treatment of postmenopausal women decreases NK cell cytotoxicity (Albrecht
et al. 1996). Although 17f-estradiol diminished NK cell activity, 17f-estradiol
exposure of activated NK cells, and invariant NKT (iNKT) cells from in vivo
a-galactosylceramide (a-GalCer)-stimulated female mice increases IFN-v produc-
tion (Gourdy et al. 2005; Nakaya et al. 2006). On the other hand, decreased IFN-y
secretion is observed, from phorbol 12-myristate 13-acetate and ionomycin stimu-
lated NK cells, in pregnant women compared with nonpregnant women. This could
be mediated by the high levels of 17B-estradiol present during pregnancy (Bouman
et al. 2001).

Testosterone administration to TA3 (Tianjin Albino 3) mice for 2 weeks causes
substantial reduction in NK cell activity (Hou and Zheng 1988). In humans,
however, dihydroepiandrosterone supplementation in postmenopausal women
decreases CD4 ™ T cells, but increased CD8/CD56" NK cells (Casson et al. 1993).
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2.3 Sex Steroid Regulation of Proinflammatory Cytokines
and Chemokines

2.3.1 TLR Signaling

Innate immune cells, predominantly macrophages, express toll-like receptors
(TLRs) which recognize specific sequences on microbes called pathogen-asso-
ciated molecular patterns (PAMPs) (Miyake 2007). Therefore, these molecules
serve as pattern recognition receptors that sense and initiate an innate immune
response to pathogens or other antigenic stimuli. So far, 13 TLRs have been
identified in mammals (Roach et al. 2005), of which from TLR1 to TLRY are
conserved among both humans and mice. Some of the TLRs are located on the cell
membrane (e.g., TLR1, TLR2, TLR4, TLRS, and TLR6), while others are found
intracellularly in endosomes (e.g., TLR3, TLR7, TLRS, TLR9) (Krishnan et al.
2007). TLR1, found on the plasma membrane, can form a heterodimeric complex
with TLR2, a receptor that recognizes a wide variety of fungal and protozoal
products, including peptidoglycans (Wang et al. 2001a), mycobacterial lipoarabi-
nomannan (Tapping and Tobias 2003) as well as a structurally different LPS from
Bacteroides fragilis, Chlamydia trachomatis, and Pseudomonas aeruginosa
(Erridge et al. 2004). TLR2, in addition to endogenous ligands such as heat shock
protein 70 (Hsp70) (Vabulas et al. 2002), can recognize diacylated lipopeptides in
combination with TLR6 (Nakao et al. 2005). TLRS is basolaterally expressed on the
surface of intestinal epithelial cells and activated by bacterial flagellin (Tallant et al.
2004). The intracellular TLRs are important for recognition of intracellular patho-
gens such as viruses and include TLR3 (recognizes double-stranded (ds) RNA),
TLR7/TLRS8 (recognizes single-stranded (ss) RNA) (Takeshita et al. 2004), and
TLRY (recognizes unmethylated bacterial and viral CpG DNA motifs) (Hemmi
et al. 2000).

TLR4 is the best characterized TLR (Rock et al. 1998), which is activated by
PAMPs such as lipopolysaccharide (LPS) on Gram negative bacteria (Beutler et al.
2001), taxol (which mimics LPS) (Kawasaki et al. 2003), and endogenous ligands
(Beg 2002). LPS activation of TLR4 requires the association of three different
proteins, CD14, LPS binding protein (LBP), and MD-2 (Shin et al. 2007). LBP, a
soluble protein, binds directly to LPS and initiates the binding between LPS and
CD14 (Finberg et al. 2004). CD14, a glycosylphosphatidylinositol-anchored protein,
is critical in modulating specific recognition of LPS (Muta and Takeshige 2001).
MD-2, a secreted soluble glycoprotein, acts as an extracellular adaptor by binding
to TLR4 and helps TLR4 in ligand recognition (Miyake 2004). Activation of TLR4
can result in initiation of two distinct signaling mechanisms: a myeloid differentiation
factor 88 (MyD88)-dependent and MyD88-independent pathway. MyD88-dependent
pathway-induced genes are mostly proinflammatory molecules such as IL-1p,
IL-1a, COX2, CXCL1, TNF-a,, CCL3 (MIP-1), IL-6, and IL-12 (Bjorkbacka et al.
2004) (Fig. 2.1). Among the genes induced through the MyD88-independent
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Fig. 2.1 In the MyD88-dependent pathway, upon LPS recognition, TLR4 homodimers recruit
MyD88 and MyD88-adaptor-like protein (Mal, also known as TIRAP). MyD88 cooperates with
IL-1 receptor-associated kinase-4 (IRAK4), which phosphorylates IRAKI1. Phosphorylated
IRAKI1 then binds with TRAF6 (tumor necrosis factor (TNF) receptor-associated factor-6),
followed by the phosphorylation and activation of the kinase, TAK1. TAKI can activate the
inhibitory kB (IxB) kinase (IKK) complex, which then results in the activation of NFxB (Kawai
and Akira 2007). Phospho-TAKI1 can also induce MAP kinases, p38 through MKK3/6 (Mitogen-
activated protein Kinase Kinase3/6) (Wang et al. 2001b) or c-Jun N-terminal kinase (JNK) through
MKK?7 inducing AP-1 and AP-1-induced genes (Tournier et al. 2001). The TLR4-stimulated
MyDS88-independent pathway is regulated by TRAM (TRIF-related adapter molecule, also
known as TICAM-2) and TRIF (TIR-containing adapter molecule, also known as TICAM-1)
(O’Neill and Bowie, 2007). TRAM recruits TRIF to the plasma membrane, which associates with
LPS-induced TLR4 (Tanimura et al. 2008). The MyD88-independent TLR4 signaling pathway
through TRAM was shown to activate IRF-3 and NFkB (Fitzgerald et al. 2003). In addition, the
MyD88-independent pathway can also stimulate NFxB through the association of TRIF with
TRAF6 (Palsson-McDermott and O’Neill 2004). LPS induction of the MyD88-independent
pathway results in the increased expression of IFN-B, IRF-1, RANTES, TRAFI, and IP-10
(Bjorkbacka et al. 2004). Even though the MyD88-dependent and MyD88-independent pathways
regulate the expression of different molecules through different adaptor molecules, both pathways
are involved in the modulation of innate immunity.
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pathway are Irfl, Cxcll0, TNF receptor-associated factor 1 (Trafl), and Ccl5
(RANTES) (Bjorkbacka et al. 2004)

There is some evidence that estrogen can alter TLR4-related proteins. In vitro
17B-estradiol-pretreated (10~° M) and then LPS-stimulated macrophage cell line,
RAW 264.7 cells have decreased Tir4 and Cdl4 mRNA expression (Vegeto et al.
2004). LPS-stimulated rat microglial cells treated with 10 nM 17-estradiol do not
demonstrate a marked change in 7/r4 and Cdl/4 mRNA expression compared with
controls (Vegeto et al. 2004). On the other hand, in vivo estrogen and LPS exposure
of mice increases CD14 and LBP expression in Kupffer cells (Ikejima et al. 1998).
Treatment of DCs with estrogen antagonists (e.g., toremifene or tamoxifen)
decreases expression of CDI14 (Komi and Lassila 2000). In postmenopausal
women (65-80 year), the expression of TLR4 and CD14 from PBMC is lower
than in younger women (18-30 year), which might explain the reduction in LPS-
stimulated IL-6, IL-1P, and TNF-o expression in postmenopausal women (Flynn
et al. 2003; Teranishi et al. 2001). Estrogens and androgens can alter adaptor
molecules downstream of TLR4 activation. The precise molecular mechanism of
how estrogen modulates TLR4-mediated signaling is reviewed in detail in Chap.5
of this book.

2.3.2 Proinflammatory Cytokines

The innate immune system has profound effects on adaptive immunity, primarily
through cytokine production. These cytokines include tumor necrosis factor-o
(TNF-a), Interleukin-1 (IL-1), Interleukin-12 (IL-12), Interleukin-18 (IL-18), and
Interleukin-27 (IL-27). In addition, other inflammatory biomolecules, such as nitric
oxide (NO) produced as a consequence of nitric oxide synthase 2 (NOS2) expres-
sion, provide further connections between innate and adaptive immunity.

2.3.2.1 TNF-a and IL-10/B

TNF-o is produced by macrophages, monocytes, B- and T-lymphocytes, NK cells,
Langerhans cells, and Kupffer cells in response to bacterial and inflammatory
stimulants (Tracey and Cerami 1993). Increased levels of TNF-o have been impli-
cated in septic shock (Lin and Yeh 2005) and systemic lupus erythematosus (SLE)
(Aringer and Smolen 2008). Although estrogen regulates TNF-a, the effects (i.e.,
either enhanced or decreased) depend upon whether the studies are in vivo or
in vitro, the dose of estrogen used, the species or tissue type examined, and the
stimuli used (Mori et al. 1992; Ralston et al. 1990; Shanker et al. 1994; Straub
2007). For example, in vitro estrogen pretreatment of LPS-stimulated murine bone
marrow-derived macrophages (BMM) decreases TNF-oo protein (Zhang et al.
2001), while in vitro incubation of phorbol-myristate-acetate (PMA)-stimulated
human monoblastic U937 cells with 17B-estradiol increases TNF-a production
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(Carruba et al. 2003). Furthermore, exposure of mice to estrogen downregulates
secretion of TNF-o from splenic macrophages (Hildebrand et al. 2006).

IL-10/B, produced by monocytes and macrophages, regulates a broad range of
immune responses. Similar to TNF-a, estrogen-related differences in IL-1 expres-
sion have been observed. In vitro 17B-estradiol-cultured and LPS-stimulated HL-60
promyelocytic leukemia cells demonstrate elevated expression of IL-1p compared
with cells stimulated only with LPS (Mori et al. 1992). 17B-estradiol induces
mRNA in rheumatoid fibroblast-like cell line and in primary synovial cells from
patients with rtheumatoid arthritis (RA) (Itoh et al. 2007). LPS-stimulated splenic
lymphoid cells from 17-estradiol-treated mice have increased IL-1o and IL-1f3
levels compared with control animals. These levels are markedly decreased when
cultures are exposed to an NFxB inhibitor, suggesting that NFkB regulates
17B-estradiol-induced IL-1 expression (Dai et al. 2007). Conversely, estrogen-
treated ovariectomized rats with acute endoluminal arterial injury have lowered
expression of IL-1p as compared with control-ovariectomised rats (Miller et al.
2004). Similarly, LPS-induced IL-1B production by PBMC from postmenopausal
women given estrogen implants for 6 months is reduced by estrogen treatment
(Rogers et al. 2007).

The androgen, DHT, inhibits LPS and TNFo-mediated mRNA expression of Ccl2,
Cd40, Tlr4, Pail, and Cox2 (Norata et al. 2006). Furthermore, DHT also suppresses
the LPS and TNFa-mediated release of cytokines and chemokines such as GM-CSF,
VCAMI, and ICAMI1 protein expression from human endothelial cells (Norata et al.
2006).

2.3.2.2 1IL-12

IL-12 is an immunomodulatory cytokine that is critical in linking innate immunity
and protective cell-mediated immune responses. IL-12p70 (formed of p40 and p35
subunits) is produced by activated monocytes, macrophages, neutrophils, and DCs
in response to bacteria, fungi, or by LPS stimulation (Bekeredjian-Ding et al. 2006;
Fernandez-Lago et al. 1999; Hermann et al. 1998). IL-12 is a major inducer of
IFN-y and stimulates the differentiation/activation of helper T cell type 1 (Thl)
cells (Trinchieri 2003).

Modulation of IL-12 by estrogen has been shown to fluctuate with reproductive
phases, dose of estrogen, and stimuli utilized. During the third trimester of human
pregnancy, IL-12 production from LPS-stimulated monocytes (Elenkov et al. 2001)
and peripheral blood mononuclear cells (PBMCs) (Sakai et al. 2002) is lower
compared with cells from nonpregnant women. IL-12 also is decreased in super-
natants of PHA-activated lymphocytes from the third trimester of pregnancy in
women with RA compared with healthy pregnant women (Tchorzewski et al.
2000). Increased IL-12 is observed from LPS and IFNy-stimulated PMBCs from
pregnant women in their first and second trimester compared with similarly treated
PBMC obtained from nonpregnant women (Germain et al. 2007; Sacks et al. 2003).
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PBMC from women with preeclampsia spontaneously produce more IL-12 when
cultured in vitro compared with healthy pregnant women (Sakai et al. 2002).

Sex differences in IL-12 levels are evident in peritoneal exudate cells from Swiss
Jim Lambert (SJL) mice (Wilcoxen et al. 2000). Macrophages from female SJL
mice produce more IL-12 protein compared with male SJL mice in response to LPS
(Wilcoxen et al. 2000). Expression of IL-12 is decreased in splenic lymphocytes
from males compared with females (Bao et al. 2002) and in lymphocytes from
DHT-treated female mice compared with placebo-treated female mice (Liva and
Voskuhl 2001). Physiological sex hormone concentrations may regulate IL-12
production. However, there are only limited studies that directly examine the
effects of estrogens and androgens on IL-12.

2.3.2.3 1IL-18

IL-18 is produced by activated murine splenic macrophages, peritoneal exudate
cells, and alveolar macrophages (Puren et al. 1999). This cytokine plays an impor-
tant role in induction of innate immunity (Nakanishi et al. 2001). IL-18, in concert
with IL-12, stimulates macrophages and DCs to augment levels of IFN-y and
differentation of Th1 cells (Dinarello 1999).

In humans, PBMCs from women in the first trimester of pregnancy produce
more IL-18 following IFNy-pretreatment or costimulation with IFN-y and LPS
compared with PBMC from nonpregnant women (Germain et al. 2007). Mice given
17B-estradiol implants for 7 days (providing 1,500-2,000 pg ml~" in serum, 20—
50% of pregnancy levels) before the induction of experimental autoimmune en-
cephalomyelitis (EAE) have increased expression of ///8 mRNA in their spleno-
cytes (Matejuk et al. 2002). The expression of ///8 in the uteri of mice is regulated
by estrogen. ///8 mRNA levels are upregulated during sexual maturation and
upregulation of ///8 mRNA expression is noted in stromal cells from uteri of
estrogen-treated mice (Kusumoto et al. 2005). During estrus, female mice have
more ///8 mRNA expressed in endometrial epithelial and stromal cells compared
with females in diestrus (Murakami et al. 2005). A higher level of 17f-estradiol
treatment of ovariectomized mice markedly reduces uterine ///8 expression (Mur-
akami et al. 2005). To date, data on IL-18 and 17f-estradiol are insufficient to
determine the immunoregulatory effects of estrogen. A recent study demonstrated
decreased IL-18 levels in sexually mature male mice when compared with sexually
immature male mice (Abu Elhija et al. 2008). Existing studies imply that sex
hormones may modify IL-18 expression and production and further work in this
area is warranted.

2.3.24 1IL-27

In addition to IL-12, which is thought to be the principle inducer of Thl polariza-
tion, the newly discovered cytokine, IL-27, is important in the initiation of Thl
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responses through the induction of the Thl transcriptional factor, T-bet (Hibbert
et al. 2003). IL-27 can initiate the mRNA expression of T-bet and (currently
considered a Thl-specific marker) in the presence of IL-12 (Hibbert et al. 2003).
IL-27 is a heterodimer composed of a p40 protein that is called Epstein—Barr virus
(EBV)-induced gene 3 (EBI3) and p28, an IL-12p35-related protein. LPS-activated
APCs, and monocyte-derived DCs secrete IL-27 through a TLR/MyD88-dependent
pathway (Liu et al. 2007; Pirhonen et al. 2007). Additional immunomodulatory
roles of IL-27 have become apparent. IL-27 can suppress Th17-type cells (Neufert
et al. 2007), induce Th2 cytokines (e.g., [L-10) (Batten et al. 2008), downregulate
development of regulatory T cells (Huber et al. 2008), and exert protective effects
against autoimmunity (i.e., EAE (Batten et al. 2006)).

There are very limited data on the regulatory role of estrogen on IL-27. Incuba-
tion of mature DCs (stimulated with GM-CSF and IL-4) with 17f-estradiol
increases IL-27 production compared with nonestrogen-treated control cells
(Kyurkchiev et al. 2007). The primary role of IL-27 is to prepare T lymphocytes
for early Thl commitment, to induce the expression of Thl transcription factors
such as T-bet, and to increase responsiveness to IL-12 through upregulation of
IL-12RP2. The addition of recombinant IL-27 augments T-bet protein levels in
splenocytes from estrogen-treated mice when compared with placebo-treated con-
trol mice (Karpuzoglu et al. 2007). These findings suggest that in vivo estrogen
exposure has a stimulatory effect on IL-27, which might modulate the estrogen-
regulated induction of IFN-y. Future work is needed to decipher estrogen regulation
of IL-27 and the molecular pathways involved in IL-27-induced responses.
Currently, there is no data pertaining to potential effects of androgens on IL-27.

2.32.5 IFN-y

Although IFN-y production is a hallmark of Th1 cells, it is also released from other
immune cells such as NK cells, NKT cells, and CDS8 T cells. IFN-y was considered
a proinflammatory cytokine, but now it is evident that IFN-y has antiinflammatory
action as well (Cabantous et al. 2005). The immunomodulatory effect of estrogen
on IFN-vy production is implied when comparing males and females. IFN-y protein
is increased in cultures of spleen or lymph nodes from female BALB/c, C57BL/6],
(NZBxNZW)F1, and CBA/Ca mice in response to various stimulants such as
mycobacteria and viruses (Huygen and Palfliet 1984; McMurray et al. 1997,
Satoskar and Alexander 1995). Sex differences in IFN-y production also are
observed in a murine lupus model in which female B/W mice have increased
concentrations of IFN-y compared with male mice (Haas et al. 1998; McMurray
et al. 1997). In vitro estrogen treatment upregulates Ifny expression from antigen-
specific T cell clones of patients with multiple sclerosis (Gilmore et al. 1997).
Treatment with physiological levels of 17B-estradiol can alter the mRNA expression
as well as protein production of IFN-y in humans and mice (Fox et al. 1991; Grasso
and Muscettola, 1990; Karpuzoglu-Sahin et al. 2001a,b). Estrogen-treated female
mice have enhanced antigen-specific CD4" T cell responses as well as increased
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numbers of IFNy-producing cells from lymph nodes (Maret et al. 2003). In vivo
estrogen treatment of mice significantly upregulates IFN-y protein and mRNA
expression from ConA or antiCD3-stimulated splenocytes as well as purified T
cells (Karpuzoglu et al. 2006; Karpuzoglu-Sahin et al. 2005; Karpuzoglu-Sahin
et al. 2001). In mice, estrogen can modulate the transcription of IFN-y through
the direct interaction of the ER with an estrogen response element (ERE) in the
5'-prime flanking region of the Ifny gene (Fox et al. 1991), suggesting that estrogen
can directly induce synthesis of IFN-vy. In vitro exposure of PHA and LPS-stimulated
PMBC:s to preovulatory (physiological) levels of estrogen increases IFN-y, whereas
exposure to pregnancy levels of estrogen downregulates IFN-v secretion (Matalka
2003). Leishmania-infected pregnant C57BL/6 mice secrete less IFN-y from
splenocytes, when stimulated with Leishmania antigens compared with infected
and nonpregnant C57BL/6 mice (Krishnan et al. 1996). In humans, decreased IFN-y
expression is observed during the third trimester of pregnant women with RA
compared with healthy pregnant women (Tchorzewski et al. 2000).

2.3.3 Proinflammatory Chemokines

Chemokines (chemotactic cytokines) are proinflammatory cytokines with the ability
to induce inflammatory-site-directed chemotaxis of specific immune cells (Rollins
1997). Chemokines such as CCL2 (MCP1), CCL12 (MCP5), and CCL5 (RANTES)
activate several lymphocyte populations such as monocytes, eosinophils, basophils,
and NK cells (Kopydlowski et al. 1999). In vitro estrogen exposure of splenic
endothelial cells increases CCL2 expression, which is downregulated when cultured
with the ER antagonists, tamoxifen or ICI182780, indicating that this effect is
mediated through the ER (Murphy et al. 2004). CCL2 and CCLS, which are
expressed in the uterus during early pregnancy in mice, are involved in macrophage
recruitment (Wood et al. 1997). Estrogen and progesterone induce mRNA expres-
sion of Ccl2, Ccl3, Ccl5, and Cxcll from uterine tissue (Mackay et al. 1999; Wood
et al. 1997). ConA-activated splenic lymphocytes from 17B-estradiol-treated mice
produce higher levels of CCL2 and CCL12 than do lymphocytes from placebo-
treated mice (Lengi et al. 2006). Estrogen upregulation of CCL2 and CCL12 is
mediated through IFNvy because estrogen treatment of [FNy-knockout mice does not
increase production of these chemokines (Lengi et al. 2006). These data suggest that
IFNY is a notable contributor in the upregulation of estrogen-modulated CCL2 and
CCL12. While estrogen demonstrates a stimulatory role in induction of CCL2 and
CCL12, the CCL5 protein from splenocytes is unaltered by in vivo estrogen treat-
ment. CCL5 protein levels are diminished in estrogen-treated TNFo and IL-
I-induced keratinocytes as compared with nonestrogen treated cells (Kanda and
Watanabe 2003) and in mononuclear cells isolated from spinal cords of mice treated
toinduce EAE (Matejuk et al. 2001). Finally, there is no effect of estrogen on mRNA
expression in preovulatory rat ovary tissue (Wong et al. 2002).
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2.3.4 NOS2-Derived Nitric Oxide

Nitric oxide is produced by the action of NOS on L-arginine in the presence of
NADPH-derived electrons and O,. Direct in vitro exposure of various cell types,
such as peritoneal macrophages (Hong and Zhu, 2004), the macrophage cell line
RAW 264.7 (Azenabor et al. 2004), and rat peritoneal macrophages (You et al.
2003), to estrogen increases Nos2 expression and/or NOS2-derived nitric oxide
levels following LPS stimulation. Previous studies have demonstrated that in vivo
estrogen treatment of C57BL/6 mice upregulates NOS2 protein and mRNA expres-
sion as well as NOS2-derived nitric oxide levels from ConA and antiCD3-stimu-
lated whole splenocytes (Karpuzoglu et al. 2006). Estrogen-upregulation of NOS2
and nitric oxide is dependent on IFN-y because ConA activated cells from
IFNvy-knockout mice (unlike wild-type (WT) mice) do not upregulate production
of NOS2 or nitric oxide in response to estrogen treatment (Karpuzoglu et al. 2006).
However, direct addition of rIFNy markedly upregulates NOS2 and nitric oxide in
cells from estrogen-treated mice only (Karpuzoglu et al. 2006). Short-term and
relatively low doses of subcutaneous estrogen treatment can induce NOS2-derived
nitric oxide from splenocytes of CD1 outbred mice (Karpuzoglu-Sahin et al. 2005).

2.3.5 NFkB

Nuclear factor of kB (NFxB) family members plays a key role in the immunomo-
dulation of proinflammatory responses. The NFxB family consists of NFkB1 (p50,
its precursor p105), NFkB2 (p52, its precursor p100), p65 (RelA), cRel, and RelB.
All of the members of the NF-kB family have a Rel homology domain (RHD),
which is important for dimer formation, nuclear translocation, and DNA binding
(Ghosh et al. 1998; Hayden and Ghosh, 2004). NFkB can be found as homo or
heterodimers. In nonstimulated cells, heterodimers (or homodimers) are retained in
the cytoplasm by an inhibitory protein family known as the IxB, which diminishes
the DNA binding activity of the RHD (Ghosh et al. 1998; Yamamoto and Gaynor,
2004). When lymphocytes are stimulated, kB becomes phosphorylated, ubiquiti-
nated, and subsequently degraded by the 26S proteosome, which results in the
release of NFkB. Free NFkB dimers translocate to the nucleus and activate tran-
scription of target genes (Hayden and Ghosh 2004; Yamamoto and Gaynor 2004).
The most commonly studied form of NFkB is a heterodimer that consists of two
proteins, pSO (NFxB1) and p65 (RelA), which activate NFkB-dependent genes.
The p50 and p52 lack transactivation domains and hence NFxB homodimers such
as pS0—p50 or p52—p52 are known to inhibit rather than activate NFxB-induced
genes. However, when p50 binds to another IxB family member, B cell lymphoma
3 (Bcl3) activation is conferred (Watanabe et al. 1997).

Estrogen downregulates p65 NFxB expression from murine CD11c™ splenic
DCs (Yang et al. 2006), macrophages (Ghisletti et al. 2005), and neurons
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(Bethea et al. 2006), as well as NFkB DNA-binding activity in human retinal
pigment epithelial cells (Paimela et al. 2007). Estrogen markedly inhibits the
nuclear translocation of the classical NFxB protein, p65 and RelB, as well as
cRel. In addition, estrogen preferentially allows p50 and p52 translocation into
nuclei of splenocytes (Dai et al. 2007). Furthermore, estrogen treatment increases
Bcl3 expression as well as Bcl3 binding to the Nos2 promoter with p5S0 NFkB
protein, when compared with control samples (Dai et al. 2007). The activation of
NF«xB p50-p50 homodimer/Bcl3 complexes may explain the estrogen upregulation
of proinflammatory NFkB target genes even in the absence of the classical NFxB
pathway (p65/p50).

In mammalian testis, spermatogenesis requires testosterone-mediated activation
of AR expressed on cells. The expression of AR depends on p50-p65 NFxB
proteins (Zhang et al. 2005). TNF-a further promotes NFkB-mediated AR expres-
sion (Delfino et al. 2003). Increasing evidence suggests that androgen signaling
modulates canonical p65—-p50 and noncanonical p52 activity in androgen-sensitive
cells such as in prostrate cancer cell (Lessard et al. 2007). Androgens have been
reported to enhance prostrate carcinogenesis by increasing oxidative stress and by
prolonging AP1 and NFxB DNA binding activity (Ripple et al. 1999). Other studies
have shown that androgens have opposite effects on NFxB. For example, testoster-
one blocks IL-1B-induced promatrilysin expression by inhibiting NFkB transacti-
vation activity in prostrate carcinoma cells (Stratton et al. 2002). Increased
apoptosis in AR-expressing prostrate tumors, in vivo, has been reported to be due
to suppression of nuclear localization and transcriptional activity of RelA, accom-
panied with diminished expression of antiapoptotic targets, Bcl2 and IL-6 (Nelius
et al. 2007). In addition, exposure of a human monocytic/macrophage cell line to
testosterone increases apoptosis and decreases cell growth accompanied with an
increase of IkBa and a decrease of the IkBa phosphorylated form (ser32) (Cutolo
et al. 2005). DHT decreases TNF-o and LPS-induced VCAM1 and ICAMI protein
expression, and 116, Mcpl, Cd40, Tir4, Pail, Cox2, Gro, and Gmcsf mRNA
expression mediated by NF«xB in human endothelial cells (Norata et al. 2006).

2.4 Sex Steroid Regulation of T Cell Responses

CD4" T cells are currently categorized into four distinct subtypes based on tran-
scriptional factors, cytokine production, and function. These include (1) Th1, which
primarily secretes IFN-v; (2) Th2, which primarily secretes IL-4; (3) Th17, which
secretes a potent inflammatory cytokine IL-17, and (4) regulatory T cells,
which secrete antiinflammatory cytokines (e.g., IL-10 and TGF-) that downregu-
late immune responses. IFNy-secreting Th1 cells are known to promote cellular
immune responses, especially, in defense against viral and bacterial intracellular
pathogens. Overexpression of Thl-type cytokines can be observed in many proin-
flammatory conditions including several autoimmune diseases. Th17 cells secrete
IL-17, which plays a key role in inflammatory and autoimmune conditions. Hence,
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it is critical to understand how estrogen can modulate CD4" T cells. Conversely,
testosterone reduces functions of CD4™ T cells (Maurer et al. 2001; Olsen and
Kovacs 1996; Wunderlich et al. 2002). Androgens generally reduce Thl cytokine
release (Angele et al. 2001) and induce Th2 profile (Dalal et al. 1997).

2.4.1 Thl Cells and T-Bet

A noteworthy discovery in the field of molecular immunology is the identification
of IFNy-inducing specific transcription factor, T-bet (Tbx-21) (Szabo et al. 2000).
The expression of T-bet is limited to immune cells, where it is expressed at very low
levels in unstimulated naive CD4 " T cells but upregulated upon activation of T and
splenic NK cells (Szabo et al. 2000, 2002). The induction of T-bet is regulated by
several cytokines including, IL-27, IL-15, and IFN-y through activating signal
transducers and activators of transcription (STATSs), in particular STATI1 and
STAT4 (Lighvani et al. 2001; Strengell et al. 2003; Szabo et al. 2000). IL-27
induces Thet expression, which in turn induces chromatin remodeling of the Ifny
gene (Hibbert et al. 2003; Takeda et al. 2003), which takes place prior to stimulation
of naive T cells by IL-12 and STAT4 activation to differentiate into Thl cells
(Mullen et al. 2001). Elevated T-bet upregulates IL-12R[2 on lymphocytes making
them more responsive to IL-12 and STAT4 activation (Mullen et al. 2001). The
IL-12/STAT#4 signaling induces IFN-y production and Th1 differentiation (Afkar-
ian et al. 2002; Matsuoka et al. 2004; Mullen et al. 2001).

Splenic lymphocytes and purified T cells from 17-estradiol-treated mice have
upregulated T-bet expression compared with control mice (Karpuzoglu et al. 2007).
Estrogen-induced T-bet protein expression is augmented in the presence of IL-27,
but not in the presence of IL-12. Thus, estrogen may be able to prime splenic
lymphocytes for Thl differentiation via increasing T-bet expression and inducing
responsiveness of the splenocytes to immediate Th1-inducing cytokines, i.e., IL-27
(Karpuzoglu et al. 2007). In summary, estrogen-induced T-bet can influence the
generation of Thl and proinflammatory cytokines through regulating the commit-
ment of Thl cells to produce IFN-y and maintaining immune homeostasis via
activation of several molecular pathways. To date, there are no data on the effects
of testosterone on T-bet.

2.4.2 Th2 Cells and IL-4

Although the influence of sex and estrogen on of Thl-type cytokines is evident, the
role of sex and/or sex hormones on Th-2 cytokine production, particularly IL-4, is
unclear. 17B-estradiol has no marked effect on either IL.-4 mRNA or protein from
ConA-activated splenic lymphocytes (Karpuzoglu-Sahin et al. 2001a,b) and
does not induce //4 mRNA expression from spinal cords of mice with EAE
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(Matejuk et al. 2001). Estrogen treatment also has no effect on the mRNA expres-
sion of //4 in auricles of uteri after allergy induction in mice (Sakazaki et al. 2008).
mRNA and protein levels are not changed in chondroblasts from the mandibular
condyles cultured with different concentrations of 17B-estradiol compared with
untreated control cultures (Yun et al. 2008). There are, however, studies using
different experimental models and/or cell types, that illustrate that estrogen mod-
ulates IL-4 levels. For example, estrogen has a stimulatory effect on IL-4 secretion
from bone marrow cells from in vivo ovalbumin-challenged ovarectomized allergic
rats compared with control rats (de Oliveira et al. 2007). The increase in IL-4
production from CD4" T cells positively correlates with cyclical variations in
estrogen levels in humans (Verthelyi and Klinman 2000). Similar results also are
evident from murine CD4" T cells exposed to 17B-estradiol and antiCD3/CD28
in vitro (Lambert et al. 2005). With regards to IL-4 levels in studies employing
delayed-type hypersensitivity (DTH) response to C. albicans, although there is no
sex difference in cytokine concentrations, estrogen treatment increased the IL-4
levels (Ma et al. 2007).

Other studies have shown that increased levels of estrogen, such as during
pregnancy as well as administration of estrogen at levels higher than physiological
dose may skew the cytokine profile towards Th2 (Matalka 2003; Sababhi et al. 1995;
Shimaoka et al. 2000). Increased IL-4 secretion as well as impaired resistance to
Leishmania major infection is observed in pregnant C57BL/6 mice (Arinola et al.
2005). It is not, however, clear whether this is due to increased levels of estrogen or
other hormones that also are elevated during pregnancy. PHA-stimulated PBMCs
from pregnant women are biased towards a Th2 phenotype, with increased IL-4
protein or mRNA expression and decreased IFN-y production when compared with
PBMC in nonpregnant controls (Marzi et al. 1996; Matthiesen et al. 2003). Inter-
estingly, antiCD3 antibody-stimulated splenic lymphocytes from male mice
produce more IL-4 than that of female mice, but treatment of female mice with
DHT does not alter IL-4 production when compared with IL-4 production in
placebo-treated female mice (Liva et al. 2001). In vitro testosterone exposure of
ConA-activated human PBMC decreases IL-4 secretion in the presence of cortisol
(Janele et al. 2006). The discrepancies in these reports on the effects of estrogen and
testosterone on IL-4 may partly be due to in vivo versus in vitro treatment, duration
of exposure, species as well as differential stimulation and incubation procedures.

2.4.3 Thl7 Cells and IL-17

IL-17 acts on target cells to activate key signaling molecules associated with
inflammation that include: PI3K, NFxB, p38MAPK, and JNK1/INK2 pathways
(Huang et al. 2007). It promotes inflammation by several mechanisms including;
(1) recruiting inflammatory cells neutrophils, monocytes, and macrophages to the
site of inflammation; (2) acting on target cells (such as fibroblasts, epithelial cells,
and lymphocytes) to stimulate a broad host of strong inflammatory molecules such
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as CXCL1, CXCL2, CXCL3, CXCL5, CXCL6 (Huang et al. 2007), IL-6, CXCLS,
MCPI1 (Hata et al. 2002), CCL1, CCL2, CCL17, CCL20, epithelial cell-derived
neutrophils-activating protein 78 (ENA78) (Kawaguchi et al. 2003), and (3) cosy-
nergizing with TLR ligands, IFN-y, IL-1p, and TNF-o (Yu and Gaffen 2008). IL-
17A induces NOS2 and nitric oxide production, which may augment development
of autoimmune and inflammatory disorders. Expression of human Bdefensin2 and
CCL20 (MIP3) are stimulated by IL-17A, conferring its antimicrobial activity and
chemotactic effects on immature DCs and memory T cells. Infection of mice with
Klebsiella pneumoniae (Ye et al. 2001), Porphyromonas gingivalis (Oda et al.
2003), and Toxoplasma gondii (Kelly et al. 2005) upregulates production of IL-
17. In addition to bacterial and viral infections, IL-17 plays an important role in
autoimmune diseases such as multiple sclerosis (Lock et al. 2002), EAE (Aranami
and Yamamura 2008), and RA (Yamada et al. 2007). Though IL-17 is protective in
infection, overproduction of IL-17 may aggravate disease conditions and contribute
to tissue injury. Our recent preliminary data show that exposure of IL-6 and TGF-f3
to splenocytes from estrogen-treated mice markedly induce IL-17 compared with
placebo-treated mice (Ahmed, et al. unpublished data).

2.4.4 Regulatory T Cells

T regulatory (Treg) cells are a population of T cells, which suppress T cell-
mediated immune responses and self-reactive T cells in autoimmune diseases
(Itoh et al. 1999; Sakaguchi et al. 2001; Shevach 2002). There are two forms of
Treg cells. Naturally occurring CD4"CD25™ T cells, termed nTreg cells, which
acquire their regulatory capacity during thymopoesis constitute around 1-10% of
total CD4" T cells in thymus, peripheral blood, and lymphoid tissues (Itoh et al.
1999; Sakaguchi et al. 2001; Shevach 2002). Induced Tregs (iTregs) are derived
from the activation and differentiation of naive CD4" T cells in the periphery under
unique stimulatory condition such as antigenic stimulation, exposure to cytokines
like IL-10, or by blockage of Thl- (i.e., IFN-v, [L-12p70) and Th2- (i.e., IL-4) type
responses (Levings et al. 2001; O’Garra and Barrat 2003). Treg cells express CD25,
cytotoxic T-lymphocyte antigen 4 (CTLA4), programmed death-1 (PD-1), and
glucocorticoid-induced TNF receptor family-related protein (GITR) on their sur-
face. A forkhead winged helix family transcriptional regulator (Foxp3) is essential
for the genetic programming of nTreg cell development and function (Itoh et al.
1999; Sakaguchi et al. 2001; Shevach 2002). The induction of Foxp3 can convert
naive CD4TCD25~ T cells to Tregs cells (Fontenot et al. 2003; Hori et al. 2003;
Marie et al. 2005). Tregs utlilize a broad range of suppressive mechanism, includ-
ing the release of the immunosuppressive cytokines, TGF-f§ and IL-10 (Chen and
Wahl 2003; Gorelik and Flavell 2002; Joosten and Ottenhoff 2008; Kingsley et al.
2002; Nakamura et al. 2001). Tregs also suppress in an antigen-specific manner by
utilizing cell—cell contact mechanism (Nishioka et al. 2008; O’Garra et al. 2003;
Sakaguchi et al. 2006; Salomon et al. 2000; Shimizu et al. 2002). Interestingly,
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stimulation of naive cells with TGF-B and IL-6 promotes Th17 cell differentiation
(Bettelli et al. 2006). However, inhibition of IL-6-driven Th17 induction (e.g., by
IL-2 and retinoic acid), but exposure to TGF-f§ promotes the differentiation of
CD4 " Foxp3™ Treg cells from naive CD4 T cell precursors (Benson et al. 2007;
Laurence et al. 2007). IL-10 and TGF-p secreted by Tregs are critical in dampening
immune responses in allergy by skewing production of IgE towards the noninflam-
matory isotypes, IgG4 and IgA, respectively (Akdis et al. 2006). Furthermore,
Tregs are essential in suppressing effector cells in burns (Ni Choileain et al.
2006), cancer (Liyanage et al. 2006), viral diseases (Jiao et al. 2008), and autoim-
mune diseases (i.e., type 1 diabetes, RA, and multiple sclerosis) (Chatenoud et al.
2001; Kukreja et al. 2002; Leipe et al. 2005). Excessive activity of Tregs can inhibit
normal immune response against tumor and pathogen.

Increasing evidence suggests that estrogen is a potential regulatory factor in
expansion of CD4"CD25" T cells at both physiological and pharmacological
range. Exogenous estrogen exposure of mice as well as pregnancy results in
increased frequency of CD47CD25" T cells in the spleen, lymph nodes, and
blood compared with nonestrogen or nonpregnant controls (Aluvihare et al. 2004;
Polanczyk et al. 2005; Tai et al. 2008). Estrogen upregulates expression of Foxp3
1110, and Pdl (Polanczyk et al. 2007; Tai et al. 2008). Interestingly, estrogen-
mediated upregulation of PdI, and Ctla4 expression involves ERa. It has been
shown that in ERe /™ mice or in mice treated with the ER antagonist, ICI 182 780,
the frequency and suppressive activity of CD4"CD25" Treg cells as well as Foxp3
mRNA expression is reduced (Offner 2004; Polanczyk et al. 2004, 2005). The
combined effect of estrogen-mediated Treg expansion and activation plays an
important role in suppression of effector cells, concomitantly preventing autoreac-
tive responses in EAE and RA (Ito et al. 2001; Offner and Polanczyk 2006;
Polanczyk et al. 2003, 2004). The medical castration of men downregulates the
frequency of CD4"CD25% T cells, whereas androgen therapy replenishes the
number of Treg cells to controls levels (Page et al. 2006). The molecular mechan-
isms in the maintenance of Treg cells by both estrogens and androgens merit further
attention and indepth analysis.

2.5 Conclusions

The foregoing studies demonstrate that sex steroid hormones markedly regulate
various facets of immune cells. It is not uncommon to notice that sex steroid
hormones may have contradictory effects. Several factors are known to influence
the outcome of sex hormone-mediated immune responses. These include: age, sex,
immune status, states of estrus cycle, genetic background, dose of the hormone,
pregnancy, duration and route of exposure, type of cells, and activation status of the
cells. Even within a single species, sex hormones may have differential effects
based on tissue sites. Thus, it is possible that estrogens and androgens may have
dissimilar consequences in various autoimmune diseases that may markedly differ
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in initiating and pathogenic mechanisms. The cell signaling pathways in response to
sex steroids may vary with the type of disease or immune status. Another very
important variable is that the effects of sex steroid hormones on purified cells may
be quite different compared with mixed whole-cell populations. In the body, the
outcome of immune responses is dependent on the close interactions and cross
regulation of various subsets of cells of innate and adaptive immune system
(e.g., cross regulation through costimulatory molecules and cytokines on APC
with lymphocytes). Studying sex steroid effects on isolated and purified cells may
yield different results than that of natural mixed populations of cells. The complex-
ity of sex hormone effects on biological tissues needs to be recognized. One aspect
is unequivocal, that sex hormones can regulate the immune system. It is important,
however, not to generalize the effects of sex hormones, but rather each situation or
disease needs to be explored independently.
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Chapter 3
Sex Steroid Receptors in Immune Cells

Susan Kovats, Esther Carreras, and Hemant Agrawal

Abstract Lymphocytes and myeloid cells express estrogen, progesterone, and
androgen receptors, and studies show that sex steroid hormones directly modulate
their activation, lifespan, and functional response during innate and adaptive
immunity. Hematopoietic progenitors also express estrogen and androgen recep-
tors, and profound effects of sex hormones on development of lymphoid and
myeloid cells have been reported. The sex steroid receptors act as nuclear transcrip-
tion factors, via multiple ligand-dependent or ligand-independent mechanisms. Sex
steroid receptors also mediate rapid signaling events that synergize with membrane
receptor signaling. The basis of sex-based differences in immunity will be clarified
by determination of the potentially diverse molecular mechanisms by which sex
steroid receptor signaling regulates immune cell development and function.

3.1 Introduction

Immune cells express estrogens receptors (ER), androgen receptors (AR) and
progesterone receptors (PR), suggesting that endogenous sex hormones and ectopic
ER, AR, or PR ligands directly modulate their function (reviewed in Whitacre et al.
1999). In nonimmune cell types, sex steroid receptor signaling regulates many
normal cellular processes including proliferation, survival, and fate determining
gene expression. Thus, sex steroid receptor mediated responses to circulating sex
hormones or exogenous ligands may have an important role in the normal immu-
nology of both males and females (Heldring et al. 2007). Studies of mammalian
immune responses in the normal state, during autoimmunity, or after infection or
trauma provide evidence that ER, AR, and PR ligands also modulate innate and
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adaptive immunity and hematopoiesis (Dorner et al. 1980; Medina et al. 2001;
Olsen and Kovacs 2001; Klein 2004; Kovacs 2005; Nalbandian and Kovats 2005;
Grimaldi et al. 2006; Marriott and Huet-Hudson 2006). Although there are pro-
found differences in immunity to infection and autoimmunity between males and
females, during pregnancy or upon systemic treatment with sex hormones (Ahmed
et al. 1985; Grossman 1985; Schuurs and Verheul 1990; Cutolo et al. 2004;
McClain et al. 2007), studies are just beginning to link many of these differences
to specific immune cell types that express sex steroid receptors.

3.2 Estrogen Receptors

3.2.1 Estrogen Receptor Expression and Ligands

3.2.1.1 ER Expression in Immune Cells

Two subtypes of ER, o and 3, form homodimers and heterodimers. In many cell
types, ERa and ERP have nonredundant functions, and their relative roles in the
immune system are beginning to be defined. ER expression in immune cells has
been determined primarily by polymerase chain reaction (PCR) or by use of specific
antibodies with immunoblotting or intracellular flow cytometry. Immune cells in
human and murine blood, lymphoid organs, and bone marrow all express ERa, and
in some cases ER[} (Whitacre et al. 1999). ERa expression by B and T lymphocytes,
dendritic cells (DC), macrophages, monocytes, natural killer (NK) cells, and mast
cells has been reported (Komi and Lassila 2000; Curran et al. 2001; Grimaldi et al.
2002; Mor et al. 2003; Paharkova-Vatchkova et al. 2004; Phiel et al. 2005;
Harkonen and Vaananen 2006). ERp is not as ubiquitously expressed by immune
cells. Within human peripheral blood mononuclear cells (PBMCs), CD4" T cells
express higher amounts of ERa than ERB, CD8" T cells and monocytes express
low amounts of both ER, and B cells express more ER[P than ERa (Phiel
et al. 2005). ERa and ER are also expressed in murine splenic B lymphocytes
(Grimaldi et al. 2002). Murine splenic DC and peritoneal macrophages express
ERa, but not ER (Lambert et al. 2004) although murine DC generated during GM-
CSF-dependent differentiation of bone marrow precursors express both ERa and
ERp (Paharkova-Vatchkova et al. 2004; Mao et al. 2005). ER expression is auto-
regulated (Castles et al. 1997); however, whether changes in concentration of ER
ligands alter ER expression in immune cells has not been well studied.

ERs are expressed on hematopoietic progenitors. CD34" hematopoietic pro-
genitors in human adult bone marrow express both ERo. and ERB, whereas CD34"
hematopoietic progenitors in cord blood do not express ER (Igarashi et al. 2001).
Murine fetal liver progenitors express no detectable ER, whereas adult murine
bone marrow progenitors express ERa by 3 weeks of age and ERP by 8 weeks
(Igarashi et al. 2001). ERa but not ERB mRNA can be detected in bone marrow
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myeloid progenitors that give rise to DC (Carreras et al. 2008). This suggests that
ER expression by hematopoietic progenitors is developmentally regulated, with
expression being suppressed during fetal life and activated during neonatal life,
synchronous with ontogenetic formation of the immune system.

Most studies assessing estrogen modulation of immunity have not separated the
relative expression from the functional roles of ERa and ERP in immune cells.
However, selective agonists for ERa and ER (Harrington et al. 2003; Cvoro et al.
2008; Kawasaki et al. 2008), and mice lacking ERa or ERP (Islander et al. 2003;
Shim et al. 2003; Polanczyk et al. 2004; Shim et al. 2004), are now being used to
delineate the roles of the individual ERs in immunity. ERo and ER deficient mice
develop immune systems that appear normal. However, their immune systems may
become dysregulated as they age (>1 year). Thus ERo.™/~ mice develop systemic
autoimmunity (Shim et al. 2004) and aged ERB /™ mice develop myeloprolifera-
tive disease resembling chronic myeloid leukemia (Shim et al. 2003). Studies of
immunity in ERa or ERP deficient mice indicate that each contributes distinctly to
immune responses, sometimes by expression in nonimmune cells; most studies,
however, indicate that ERa plays a more pronounced role in immunity than does
ERP (Liu et al. 2003; Maret et al. 2003; Polanczyk et al. 2003). For example,
17B-estradiol (E2) acting via ERa is required for an appropriate innate immune
response to bacterial lipopolysaccharide (LPS) or viral infections in brains of
female mice (Soucy et al. 2005). ERa, but not ERP, expression is required
in hematopoietic cells to achieve enhanced primary helper T cell type 1 (Thl)
responses to low doses of E2 in vivo (Maret et al. 2003)

In sum, hematopoietic progenitors and terminally differentiated immune cells
express ER, implying that ER ligands may regulate both the development (see
below) and mature function of lymphocytes and myeloid cells.

3.2.1.2 Endogenous, Pharmacological or Environmental ER Ligands

Throughout life, the body is exposed to variable levels of endogenous and exoge-
nous ER ligands, which influence both differentiation and function of immune cells.
Endogenous estrogens include estrone (E1), 17B-estradiol (E2), and estriol (E3)
with E2 being the major form in adults. E3 may also be detected at high levels, but
only during pregnancy. E2 levels, generally, occur within or near the Kp of the
E2-receptor interaction (0.1-1.0 nM equivalent to 27-272 pg ml~") (Askanase and
Buyon 2002). An exception occurs in humans at term of pregnancy, when levels
reach 16,000-30,000 pg ml~'. Serum E2 in humans peaks at 200-500 pg ml "
during the menstrual cycle; estrogen replacement therapy produces serum levels of
~100 pg ml~" (Askanase and Buyon 2002). Reported serum levels of E2 in female
mice cycle between ~25-35 pg ml ™' during diestrus and ~70-200 pg ml~" during
estrus/proestrus/ovulation; levels in male mice are ~8—15 pg ml~' (Foster et al.
1983; Walmer et al. 1992; Couse and Korach 1999). Differences in serum E2 levels
between inbred mouse strains also have been reported (Foster et al. 1983).
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Sex steroids can enter cells by at least two mechanisms. Unbound hormones may
traverse the plasma membrane by virtue of their lipid solubility and small size by
the “free” hormone mode of entry. Most hormones, however, are present in serum
as part of a bound complex with sex hormone binding globulin (SHBG). Recently,
it was reported that sex steroids bound to SHBG may be internalized via megalin, a
member of the low-density lipoprotein receptor-related protein family (Hammes
et al. 2005). Megalin-mediated endocytosis is followed by release of hormone
inside endocytic vesicles; how the steroid then enters the cytosol and contacts
cognate receptors is unknown. Both pathways may operate in vivo because the
phenotype of megalin-deficient mice is not identical to that of AR- or ER-deficient
mice (Hammes et al. 2005). The current practice for measuring serum concentra-
tions of sex hormones is to measure the free steroids; however, the finding that
SHBG-bound steroids also are biologically active has caused a reconsideration of
this method (Adams 2005).

Pharmacological ER ligands termed selective ER modulators (SERMs), such as
tamoxifen, toremifene, and raloxifene, are used to prevent and treat breast cancer
and osteoporosis (Dutertre and Smith 2000). Women taking daily oral tamoxifen
have plasma levels of 200 nM (Physicians’ Desk Reference). Studies in murine
models show that systemic tamoxifen exposure modulates immune cell function
(Dayan et al. 1997; Sthoeger et al. 2003). Other exogenous ER ligands include
dietary phytoestrogens such as soy isoflavones (Ren et al. 2001), and environmental
estrogens termed “endocrine disruptors,” such as organochlorine pesticides and the
industrial chemical bisphenol A used in plastics (Ahmed 2000). Murine models of
“endocrine disruptor” exposure are beginning to be used to study the effects of
these molecules on immune function (Ahmed 2000; Klein et al. 2002; Sobel et al.
2005). The phytoestrogen genistein provides an example. Studies based on data
derived from murine models indicate that genistein has a ninefold greater affinity
for ER than ERa (Barkhem et al. 1998) and suggest that its effect may be based on
different affinities for the two receptors.

3.2.1.3 Choosing Appropriate Model Systems for ER Studies

Current models used to study estrogenic effects on immune cells, generally, involve
in vitro or in vivo exposure to physiological, supraphysiological, or pregnancy
levels of E2. In addition to imposing a distinct elevated hormone environment (in
most cases), it also abolishes cycling of E2 levels that are potentially important to
immune cell biology. A second approach uses genetically engineered mice that lack
ERa or ERP in all tissues. Global disruption of ERa, however, creates gross
hormonal imbalances. For example, in female ERo '~ mice, serum E2 levels are
ten times higher than in wild-type mice, progesterone levels are decreased, and
androgen synthesis and serum testosterone levels are increased (Couse et al. 1995;
Taniguchi et al. 2007). These changes in hormone levels might alter the physiologi-
cal role of ERP, AR, or PR. Furthermore, lack of cross talk between the ERa and
ERp signaling pathways in single ER knockouts could be anticipated to influence
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the experimental outcome and the derived conclusions regarding normal function of
the two ER.

One additional confounding issue with these two widely used approaches is that
elevated systemic levels of E2 profoundly deplete populations of hematopoietic
progenitors (see below), and this in turn leads to alterations in number and pheno-
type of lymphocytes and DC in bone marrow and spleen (Medina et al. 2001;
Harman et al. 2006; Welner et al. 2007; Carreras et al. 2008). Elevated androgens
also modulate lymphocyte development (Smithson et al. 1998; Olsen and Kovacs
2001). A second issue is that studies in vitro have demonstrated low concentrations
of E2, as is found in diestrus, ovariectomized, or postmenopausal females, are
proinflammatory, and high concentrations of E2, such as during an ovulatory/
proestrus phase or pregnancy, are antiinflammatory (Straub 2007). Therefore, a
normal female has both diestrus and ovulatory levels of E2 within a narrow time
window, and a uniform in vitro or in vivo exposure to E2 may not yield physiologi-
cally representative information. New approaches are, therefore, needed to distin-
guish the role of ER signaling in specific immune cell types and their progenitors in
a physiologically relevant hormone environment characteristic of adult mice.

The wide range of E2 or other ER ligand concentrations used in published
studies has made it difficult to reach a consensus regarding the effects of these
ligands on immune responses (Straub 2007). In future studies, interpretation of the
biological significance of data will be greatly aided by documentation of several
relevant factors. These include the duration of ER ligand exposure, the concentra-
tion of the ER ligands achieved in vivo or in vitro, ERa or ERf} expression by
specific cell types under study, the age and sex of the animal, and whether it has
been ovariectomized or placed on a phytoestrogen-free diet.

3.2.2 Mechanisms of Estrogen Receptor Signaling

3.2.2.1 ER Structure and Functional Domains

ER proteins are members of the nuclear receptor super family. These proteins share
modular functional domains that control transcription (reviewed in Heldring et al.
2007) (Fig. 3.1). The C region contains two zinc fingers that allow ER to dimerize
and bind DNA at specific estrogen response elements (ERE) (see below). The D
region is a hinge domain that facilitates ER dimerization and binding to heat shock
proteins (HSP) that act as chaperones when ER is not bound to ligands. The
C-terminal E/F region contains the ligand-binding domain. The N-terminal A/B
region contains the activation function (AF) 1 domain, and the E/F region contains
the AF-2 domain. These regions are both important for ligand-dependent transcrip-
tional activity. The AF domains interact with transcriptional coactivators and
corepressors. The AF-1 domain may also be activated in a ligand-independent
manner through phosphorylation by MAPK at specific serine residues; however,
it must be noted that human ERf lacks this region. Splice variants such as ERa46,
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Fig. 3.1 Domain structure of nuclear hormone receptors. (a, b) The amino (NH,)-terminal
transactivation domain is of variable length, has multiple phosphorylation sites, and contains the
activation function 1 (AF-1) region required for complete ligand-activated transcriptional activity.
PR also has a unique AF-3 region. (¢) The DNA-binding domain (DBD) is composed of two zinc
fingers that bind specifically to short DNA sequences in the major groove, e.g., hormone response
elements. (d) The hinge region is a small flexible region located between the DBD and LBD that
contains a nuclear localization signal (NLS). (e, f) The carboxy (C)-terminal ligand-binding
domain (LBD) also contains the AF-2 region, important for ligand-dependent transcriptional
activity

which lacks the A/B (AF-1 bearing) domain, are often coexpressed with full-length
ERo mRNA and may perform independent functions (Marino et al. 2006b). ERa46
has been postulated to act as a dominant negative inhibitor of ERa function when
expressed with full-length ERot.

3.2.2.2 ERs Function as Nuclear Transcription Factors

Prior to ligand binding, ERs are retained in the cytosol by complexing with HSP.
Ligand binding releases HSP and the ligand-bound ER dimers move to the nucleus.
Nuclear ER control transcription by directly binding estrogen response sequences
or by forming complexes with other transcription factors that bind to DNA (O’Lone
et al. 2004) (Fig. 3.2). Each structurally distinct ligand imparts a unique conforma-
tion to ER dimers, which then dictates recruitment of distinct profiles of coregula-
tors into multiprotein transcription complexes (Heldring et al. 2007). Ligation of
ER may lead to various patterns of gene expression in different cell types, depend-
ing on the ligand form and concentration, the relative expression of the two ERs,
and the availability of cell-specific coactivators or corepressors (Frasor et al. 2003;
McDonnell 2004).

The development of SERMs as therapeutics is based on the idea that synthetic
ligands can be used to specifically modulate ER conformation, and therefore
transcriptional specificity, to yield the desired combination of tissue-specific ago-
nist or antagonist activity (Jordan et al. 2001). For example, the SERM tamoxifen is
an antagonist for mammary cells, but an agonist for endometrial cells, while
raloxifene is an antagonist for both. In mammary cells, tamoxifen and raloxifene
induce the recruitment of corepressors to target promoters; however, in endometrial
cells, tamoxifen, but not raloxifene induces the recruitment of coactivators to target
promoters (Shang and Brown 2002). Cellular responses to SERMs are, therefore,
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Fig. 3.2 Sex steroid receptor signaling pathways. AR, ER, and PR mediate their effects in
ligand dependent (1-3) and ligand-independent (4) pathways. (1) Upon ligand binding, cytosolic
hormone receptors move to the nucleus where they complex with coregulatory proteins and bind to
specific hormone response elements (HRE) proximal to genes. (2) Ligand-bound hormone recep-
tors may complex with and enhance binding of other transcription factors to their cognate
sequence elements near promoters. (3) Hormone receptors, often in conjunction with membrane
receptors, transduce rapid signals by activation of second messengers, leading to phosphorylation
of kinases and changes in ion flux across membranes. This pathway may be mediated by a
membrane associated hormone receptor or via ion channels, G-protein-coupled receptors, or a
SHBG-R. (4) In the ligand-independent pathway, hormone receptors are phosphorylated after
membrane receptor signaling, after which they translocate to the nucleus and bind to HRE
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determined by the cell type and promoter-specific differences in coregulator
recruitment.

Estrogen response elements consist of palindrome sequences proximal to genes
and function in an orientation- and position-independent manner similar to a
transcriptional enhancer (Marino et al. 2006b). ERE do not always contain a perfect
consensus sequence and slight variations may alter ER affinity for DNA, with
consequent effects on binding of coactivators. A recent study mapped approximately
1,000 ERa binding sites in MCF-7 breast cancer cells (Lin et al. 2007). Interesting-
ly, only 5% of the binding sites were located within 5 kb upstream of transcription
initiation sites, while the majority mapped to introns or locations far from the gene
coding region, with transcriptional regulatory mechanisms operative over regions
of up to 100 kb. Of the ERa binding sites identified, 71% contained a full consensus
ERE, 25% contained an ERE half site and 4% had no recognizable ERE sequence.
The ERa binding sites were often adjacent to Specificity protein 1 (Sp-1) binding
sites, suggesting cooperative regulation of these promoters by ERa and Sp-1.

Other studies estimate that roughly 35% of human E2-responsive genes do not
contain consensus ERE (O’Lone et al. 2004). The ER regulates these genes by
complexing with and enhancing the DNA binding of other transcription factors.
Sp-1 is the predominant mediator of indirect ER-DNA binding, but the ER also
binds ATF-2/c-jun, ATF-1/CREB, NF-Y, and activator protein 1 (AP-1) complexes
(reviewed in Marino et al. 2006b).

Transcriptional coregulators bind to multiple members of the nuclear receptor
super family as coactivators or corepressors (or both) (reviewed in Marino et al.
2006b; Heldring et al. 2007). Coregulators function through multiple mechanisms,
including chromatin remodeling, histone modification (acetylation or methylation),
recruitment of RNA polymerase II, regulation of splicing, and coordinated degra-
dation. One study using chromatin immunoprecipitation assays showed that ER
binding to a target promoter stimulated the assembly of coactivators in a specific
functional order (Shang et al. 2000). In the continuous presence of estrogens, the
ER transcription complex cycles on and off the promoter, providing a mechanism to
sense the changes in estrogen or coregulator levels. One mechanism to silence
transcription exploits covalent posttranslational modifications (lysine acetylation
and arginine methylation) of ERs and coactivators to inhibit their interactions
(Smith and O’Malley 2004). Although cell type-specific responses to ER ligands
are dictated by the cellular complement of coregulators, little is known about
coregulator expression in immune cells.

Tissue-specific responses to ER ligands depend on ER-mediated regulation of
discrete sets of genes, and on the relative expression of ERaa or ERBf homodimers
and ERof heterodimers. It will, therefore, be important to define which ER subtype
is involved in an immune response. ERa and ERf have distinct as well as shared
target genes (Kian Tee et al. 2004; Stossi et al. 2004). Exclusive ligation of ERa or
ERp causes distinct molecular outcomes in several model systems, with ERp often
opposing gene expression networks regulated by ERa, (Chang et al. 2006; Williams
et al. 2008). For example, ERa and ER3 work in opposition at AP-1 sites; ERo—E2
dimers increase transcription of the cyclin D1 gene whereas ERB-E2 dimers
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decrease it (Liu et al. 2002). ERP may antagonize ERa-dependent transcription by
altering the recruitment of regulatory factors or increasing ERo degradation (Mat-
thews et al. 20006).

In a ligand-independent mechanism, ERs can act as transcription factors after
being phosphorylated by kinases (such as MAPK) (Heldring et al. 2007) (Fig. 3.2).
One instructive example is in the autoregulation of the Tnfx gene in osteoblasts.
Here, ligand-free and E2-bound ERa oppose each other in transcription of the Tnfx
gene (Cvoro et al. 2006). Using chromatin immunoprecipitation assays of cells
stimulated with TNF-a, ligand-free phosphorylated ER was found in complex with
c-jun, p50-NF-xB, p65-NF-xB, CBP, and HSP90 on the Tnfx promoter. Binding
of E2 by ER in this complex stimulated recruitment of the coregulator GRIP1 and
led to the release of ER and repression of Tnfu transcription. This mechanism is
specific to the Tnfo gene because E2-ER—GRIP1 complexes activated transcription
of a keratin gene in the same cells. These data highlight the complexity of
ER-mediated gene regulation. Because the cellular concentration of E2 directly
affects the balance of ligand-bound and ligand-free ER, it may account for reported
biphasic effects of E2 on specific cellular responses. For example, human T cell
production of TNF-a is stimulated by low amounts of E2 and inhibited by higher
concentrations of E2 (Gilmore et al. 1997).

Ligand-independent ERa signaling may be an important regulator of cell func-
tion in vivo. Using novel mice bearing a mutant ERa allele that cannot bind
endogenous estrogens, but retains the capacity for ligand-independent activation,
it was shown that ligand-free ERa could regulate growth-factor-mediated uterine
epithelial cell proliferation (Sinkevicius et al. 2008). These reports of distinct
functions of ligand-free and ligand-bound ER suggest that studies may yield
different conclusions based on the experimental approach, such as using
ER-deficient cells versus manipulating ER ligand concentrations.

3.2.2.3 ERs are Signal Transduction Molecules

Estrogens also elicit rapid (within seconds or minutes) changes in cells such as
Ca'™ fluxes across membranes, activation of G proteins, or generation of inositol
phosphate (Fig. 3.2) (reviewed in Levin 2002; Marino et al. 2006b). In most cases,
ligand-bound ER stimulates surface receptors such as IGF-1 or EGFR, leading to
activation of ERK/MAPK, phospholipase C/protein kinase C, PI3K/AKT, or
cAMP/protein kinase A signaling pathways. Palmitoylation of ER at a specific
motif in the E domain facilitates its association with caveolin-1 on the cytoplasmic
surface of the plasma membrane (PM) (Acconcia et al. 2005; Marino et al. 2006a).
This motif is highly conserved in human and murine ERa, ERf, AR, and PR A and
PR B (Pedram et al. 2007), but despite various lines of evidence there is no
consensus on whether these rapid signaling responses involve the classical ER
proteins or whether they act via an undefined PM-associated estrogen binding
protein (Warner and Gustafsson 2006; Heldring et al. 2007).
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A G-protein-coupled receptor located in the endoplasmic reticulum, GPR30,
binds E2 at an EC50 of 0.5 nM, an affinity similar to that of ER for E2 (Prossnitz
et al. 2008). GPR30 binding by E2 leads to intracellular Ca*™ mobilization, PI3K
activation, and synthesis of phosphatidylinositol 3,4,5-triphosphate in COS7 cells.
Thus, some estrogen responses may not be mediated by classical ERs, reinforcing
the need to consider effects of estrogens and the classical ER independently.

3.2.2.4 ER Signaling Regulates Pathways Important for Inmune Responses

Known genomic targets of ligated ER include a variety of genes involved in cell
differentiation, growth, and survival (O’Lone et al. 2004). ER regulation in signal-
ing pathways and its control of transcription factors is derived largely from studies
of nonimmune cell types. Some of these mechanisms operate in immune cells and
are discussed here.

NF-xB

Many signaling pathways in immune cells culminate in activation of NF-kB, a
transcription factor necessary to express genes important for innate and adaptive
immunity and immune cell development. NF-kB activation is an important conse-
quence of toll-like receptor signaling after ligation with pathogen-associated mo-
lecular patterns and leads to production of proinflammatory cytokines. E2 is often
considered to have antiinflammatory effects, because in many cell types, including
monocytes and macrophages, ER signaling inhibits some proinflammatory func-
tions of NF-kB; reduction of IL-6 transcription is a frequently cited example
(McKay and Cidlowski 1999; Ghisletti et al. 2005; Harkonen and Vaananen
2006). However, E2 can also increase expression of other NF-kB-regulated proteins
including IFN-y, MCP-1, IL-12p40, and inducible nitric oxide (NO) synthase
(Gourdy et al. 2005; Karpuzoglu et al. 2006; Calippe et al. 2008). Therefore, it is
important to realize that ERa and f proteins can either antagonize or synergize with
NF-kB to regulate genes during inflammation (reviewed in Kalaitzidis and Gilmore
2005; De Bosscher et al. 2006).

Mechanistically, ER proteins can inhibit the NF-xB pathway in multiple ways,
including (1) inhibition of IKK activity important for phosphorylation and
subsequent degradation of the inhibitory subunit IkB, (2) inhibition of IxB degra-
dation, (3) blockade of DNA binding to NF-kB, (4) competitive binding of tran-
scriptional coactivators shared with NF-kB, and (5) direct inhibitory binding to
DNA-bound NF-«B (Kalaitzidis and Gilmore 2005). However, recent work shows
that in murine splenocytes, E2 inhibits the nuclear translocation of a subset of NF-k
B subunits, yet increases NF-kB signaling via a novel mechanism involving the NF-kB
pS0 subunit and the coactivator Bcl-3 (Dai et al. 2007). Inhibition of NF-xB activity
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at the 716 gene by ERa requires the ligand- and DNA-binding domains, but not AF-
1. Interestingly, the synergistic positive effect of ERa on NF-kB activity at the
serotonin 1-A receptor gene requires the AF-1 region, indicating that differential
interaction of the ER AF domains with transcriptional coregulators may determine
the effects of ER on NF-kB function at specific promoters (Kalaitzidis and Gilmore
2005). The complexity of this regulation is also exemplified by the fact that ERo
can selectivity inhibit NF-kB target genes in the same cell. For example, ERa
signaling decreases IL-6, but not TRAF1 transcription in breast cancer cells (Bhat-
Nakshatri et al. 2004).

STAT Proteins

ER ligands have been reported to regulate phosphorylation, nuclear translocation,
and transcriptional activity of STAT3 and STATS in endothelial and epithelial
cells, implying rapid ER-mediated signaling events. Depending on the cell type and
costimulus, ER ligands can enhance or decrease STAT activity, in some cases
through a physical interaction between ER and STATS or STAT3 (Yamamoto et al.
2000; Faulds et al. 2001; Bjornstrom and Sjoberg 2002). In other models, E2 was
shown to increase expression of inhibitors of cytokine signaling including suppres-
sor of cytokine signaling (SOCS) 2 (Leung et al. 2003) and protein inhibitor of
activated STAT (PIAS3) (Wang et al. 2001). E2 acting via ER can suppress IL-6
and regulate myeloma growth by inducing PIAS3 mRNA and increasing the
physical association of PIAS3 with STAT3, which results in repression of STAT3
DNA binding (Wang et al. 2001). As STAT3 and STATS are involved in cytokine
receptor signaling in immune cells, it is likely that ER signaling regulates cytokines
in multiple immune cell types.

TGE-B

A connection between ER and the TGF-3 pathway has been made in nonimmune
cell types, raising the possibility that ER signaling modulates intracellular pathways
involving immune cell production of, or responses to, TGF-f. ER ligands induce
production of active TGF-f in several model systems (Takahashi et al. 1994; Gao
et al. 2004; Dhandapani et al. 2005). ER signaling also modulates expression of
genes in the TGF-f receptor signaling pathway in human breast cancer cells (Chang
et al. 2006), and ER physically interacts with SMAD3, a downstream mediator of
TGF-B receptor signaling (Matsuda et al. 2001a). It is notable that PIAS family
members interact with SMAD family members to positively or negatively regulate
their transcriptional activity, suggesting that ER regulation of PIAS might influence
TGF-B/SMAD-regulated pathways (Shuai and Liu 2005).
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Survival and Proliferation Pathways

Estradiol can upregulate expression of the antiapoptotic Bcl2 gene and downregu-
late the proapoptotic Bim gene (Bynoe et al. 2000; Subramanian and Shaha 2007;
Wang et al. 2007; Yao et al. 2007). Indeed, ER signaling regulates apoptosis and
survival of immune cells, but a uniform effect of estrogens on survival is not
evident based on published studies. Estrogen can increase FasL on monocytes,
and depending on the differentiation state of the monocyte/macrophage, it can
induce apoptosis (Mor et al. 2003). Estrogen acting via ERa also induces FasL
and apoptosis in bone marrow-derived osteoclasts, providing an explanation for the
prevention of bone loss by estrogen (Nakamura et al. 2007). E2 administration
immediately after trauma-hemorrhage prevents splenic DC apoptosis and the
decrease in other DC functions that normally occur in this model, suggesting that
E2 promotes DC survival (Kawasaki et al. 2008). Ectopic exposure to E2 in vivo
regulates survival pathways in B lymphocytes by increasing the levels of Bcl-
2 (Bynoe et al. 2000). Constitutive Bcl-2 expression, however, prevents depletion
of hematopoietic progenitors imposed by ectopic E2 (see below) (Medina et al.
2000; Grimaldi et al. 2002).

Estrogens promote cell proliferation by regulating DNA synthesis and cell cycle
progression and survival. Mechanisms by which estrogens regulate these processes
may involve rapid signaling events. ERo—E2-mediated activation of ERK/MAPK
and PI3K/AKT causes increased expression of the antiapoptotic Bcl-2, decreased
activation of the proapoptotic caspase-3, and increased expression of cyclin D1,
thus promoting G1 to S phase transition (reviewed in Marino et al. 2006b). ERa.
binds in a ligand-dependent manner to the p85a regulatory subunit of PI3K, which
stimulates PI3K-dependent activation of Akt, an important mediator of cell survival
(Simoncini et al. 2000).

3.2.3 ER Signaling and ER Ligands in Immune Cell
Development

3.2.3.1 Hematopoietic Progenitors

Variations in systemic estrogen levels have led to profound effects on
hematopoietic progenitor populations in pregnant, ovariectomized, and E2-treated
mice (Kincade et al. 2000). Hematopoietic progenitors are found within a popula-
tion of lineage marker negative cells that lack surface proteins normally associated
with myeloid, lymphoid, or erythroid cells (Pelayo et al. 2005). Progenitor popula-
tions, defined by specific surface proteins, include common myeloid progenitors,
common lymphoid progenitors, and early lymphoid progenitors. These progenitor
populations express ERs, and their numbers are regulated by estrogens in vivo.
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Early lymphoid progenitors and lymphoid-restricted progenitors are selectively
depleted by in vivo treatment with supraphysiological amounts of E2 (Medina et al.
2001). Elevated systemic E2 may decrease progenitor survival, since B cell pro-
genitors in transgenic mice bearing the antiapoptotic gene Bc/2 are resistant to E2-
mediated depletion (Medina et al. 2000). Reduction in early lymphoid progenitors
in E2-treated mice also reduces numbers of B lineage precursors and plasmacytoid
DC in bone marrow (Medina et al. 2000; Welner et al. 2007). Plasmacytoid DC
derived from myeloid progenitors also have been shown to be reduced, but not
depleted by E2 treatment in vivo (Harman et al. 2006). The studies of mice
subjected to a constant supraphysiological level of E2 suggest differential sensitivi-
ty of myeloid and lymphoid progenitors to negative regulation by ER agonists.
Studies in a FIt3 ligand (FIt3L)-driven DC culture model show that E2 and ERa
signaling decreases DC differentiation, probably by reducing the survival of mye-
loid progenitors (Carreras et al. 2008). In sum, ER signaling regulates hematopoie-
tic progenitor homeostasis, with agonist ER ligands such as E2 serving to limit the
number of myeloid and lymphoid progenitors in the steady state.

3.2.3.2 Dendritic Cells

Bone marrow progenitor cells can be driven to differentiate into DC by GM-CSF or
Flt3 ligand, the two cytokines that direct DC differentiation in vivo (Shortman and
Naik 2007). Several groups have demonstrated that E2 acting via ERa promotes
the GM-CSF mediated differentiation of langerin-expressing DC (Paharkova-
Vatchkova et al. 2004; Mao et al. 2005; Douin-Echinard et al. 2008; Siracusa
et al. 2008). The SERMs tamoxifen, raloxifene, and toremifene also regulate
GM-CSF-mediated human and murine DC differentiation from human monocytes
and synovial macrophages or murine bone marrow precursors, respectively (Komi
and Lassila 2000; Komi et al. 2001; Nalbandian et al. 2005).

Contrasting with results from the GM-CSF model, E2 acting via ERa inhibits
Flt3L-mediated DC differentiation in part by decreasing myeloid progenitor sur-
vival (Carreras et al. 2008). E2 acts via ERa on the same highly purified myeloid
progenitors to promote GM-CSF-mediated DC differentiation and inhibit Flt3L-
mediated DC differentiation (Carreras et al. 2008). Thus, the same myeloid pro-
genitor population responds differentially to ER ligands depending on the external
cytokine milieu (Carreras et al. 2008). This suggests that ER and cytokine receptor
signaling pathways interact to regulate cellular differentiation.

The relatively short lifespan of DCs in lymphoid organs is 3—12 days (Kamath
et al. 2002), which means that in vivo exposures to agonist or antagonist ER ligands
even for limited periods of time might alter de novo DC differentiation mediated by
GM-CSF or FIt3L, with a downstream effect on DC numbers and intrinsic func-
tional capacity. Thus, in studies of DC function after modulation of ER ligands or
ER expression in vivo, it will be important to take into account effects of sex
steroids on DC functional responses as well as potentially distinct and separate
effects on new DC differentiation.
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3.2.3.3 Lymphocytes

Profound depletion of lymphoid progenitors due to elevated systemic E2, as men-
tioned above, leads to decreased numbers of selected B cell subsets in bone marrow
and spleen (Kincade et al. 2000). This has physiological correlates as well; B lym-
phopoiesis is significantly reduced in pregnant mice (Medina and Kincade 1994), but
elevated in hypogonadal mice (Smithson et al. 1994). Studies in which bone marrow
was transplanted from ERa-deficient into wild-type mice to make bone marrow
“chimeras” concluded that ERa expression in hematopoietic cells is required for
the effects of estrogen on hematopoiesis and B cell numbers (Thurmond et al. 2000).

Estrogens also affect T cell development (reviewed in Pernis 2007). Supraphy-
siological or pregnancy levels of estrogen induce thymic atrophy by multiple
mechanisms. Depletion of bone marrow thymic homing progenitors and early
thymic progenitors in the thymus, and reduced proliferation of developing
CD4~CD8~ thymocytes to pre-TCR signals both lead to a paucity of CD4"CD8"
thymocytes (Zoller and Kersh 2006; Zoller et al. 2007). Thymic involution requires
both ERa and ERP, with ERa required in both hematopoietic and stromal cells
(Staples et al. 1999; Erlandsson et al. 2001).

Another aspect of development influenced by estrogens is the acquisition of
lymphocyte self-tolerance. Estrogen-mediated breaches in transitional B cell toler-
ance were observed in a murine lupus model using mice transgenic for an anti-DNA
B cell receptor heavy chain (Bynoe et al. 2000). Exogenous estrogen-mediated loss
of tolerance is associated with changes in the proportions of immature transitional B
cells (recent bone marrow emigrants) and marginal zone B cells (Grimaldi et al.
2001). B cell autoreactivity measurements revealed increased fractions of high-
affinity anti-DNA antibody clones in estrogen-treated animals compared with con-
trols (Grimaldi et al. 2006). Elevated expression of Cd22, Shpl, and Bcl2 in B cells
isolated from estrogen-treated BALB/c mice suggests that protection from apoptosis
or downregulation of B cell receptor signaling could explain estrogen-mediated B
cell effects (Grimaldi et al. 2002). Increased expression of these same genes in B cell
transfectants expressing constitutively active ERa provides evidence that estrogen
acts directly on B cells to alter transitional B cell tolerance (Grimaldi et al. 2002).

3.3 Androgen Receptors

3.3.1 Androgen Receptor Expression and Ligands

3.3.1.1 AR Expression in Immune Cells

Receptors for androgens have been detected in immune cells (Angele et al. 2000;
Nalbandian and Kovats 2005; Sader et al. 2005). This suggests a direct effect of
androgens on development or function; however, the mechanisms by which this
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might occur are not well understood. Expression of AR on immune cells has been
well documented using a variety of methods including ligand binding assays, flow
cytometry, immunoblotting, fluorescent microscopy, and reverse transcription
(RT)-PCR (Kovacs and Olsen 1987; Takeda et al. 1990; Viselli et al. 1995; Benten
et al. 2002a; Benten et al. 2004; Sader et al. 2005). Variable expression of classical
intracellular AR (iAR) has been documented in different immune cell types. PM
testosterone-binding sites, suggestive of surface receptors for androgens, have also
been reported. It is currently unclear whether surface AR is encoded by the gene that
encodes iAR because to date a specific surface AR has not been cloned or purified.

CD45™ rat leukocytes from spleen, liver, and thymus express iAR as determined
by intracellular flow cytometry analyzes (Butts et al. 2007b). Functionally, active
iAR, but not surface AR, was detected by flow cytometry analysis of thymic T cells.
CD4 CD8 ™ and CD8™" thymocytes have been shown to express the highest levels of
iAR, with CD4" thymocytes expressing intermediate levels and CD4*"CD8"
thymocytes expressing the lowest levels (Viselli et al. 1995). In peripheral lymphoid
organs, classical iARs are present in CD4 " and CD8™ splenic T cells and testoster-
one-binding sites can be detected on T cell surfaces (Benten et al. 1999a; Liva and
Voskuhl 2001). This suggests that during development the presence or absence of
iARs and surface ARs can vary within a single cell type (Benten et al. 2002a).

ARs have also been found in macrophages and B cells. Mouse macrophage cell
lines IC-21 and RAW264.7 and bone marrow-derived macrophages display func-
tional surface AR. Macrophages respond to PM-impermeable testosterone by
increasing intracellular Ca>" mobilization. These macrophages are devoid of clas-
sical iARs as measured by RT-PCR, flow cytometry, and immunoblotting techni-
ques (Benten et al. 1999b; Guo et al. 2002; Liu et al. 2005), and respond to
testosterone via G-protein-coupled receptors for testosterone (Wunderlich et al.
2002). Recently, it was determined that macrophages express the iAR and a surface
AR (Wunderlich et al. 2002; Benten et al. 2004; Ahmadi and McCruden 2006). By
contrast, B cells express iAR, but not surface AR, as measured by RT-PCR, flow
cytometry, and binding of plasma membrane-impermeable testosterone (Benten
et al. 2002b). DC expression of the AR is not well studied. In our studies with bone
marrow-derived DCs (BMDCs) in GM-CSF supplemented cultures, BMDCs
express ERs but not ARs (Paharkova-Vatchkova et al. 2004).

In addition to fully differentiated immune cells, ARs are also present in hematopoie-
tic progenitors of humans and mice (Igarashi et al. 2001). They are expressed in mice at
an earlier age than ERs, suggesting differential effects of sex hormones on hematopoie-
tic progenitors during postnatal development of the animal (Igarashi et al. 2001).

3.3.1.2 AR Ligands

AR function is regulated by ligand binding. AR ligands are classified according to
their structure as steroidal or nonsteroidal, and are further pharmacologically
classified as androgens (agonists) or antiandrogens (antagonists), depending on
whether they activate or downregulate the expression of AR target genes.
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The endogenous steroidal androgen testosterone is synthesized primarily from
cholesterol in interstitial (Leydig) cells of testes in men and in the adrenal cortex,
liver, and ovary in women. Testosterone is irreversibly converted in target tissues
into a physiologically active metabolite dihydrotestosterone (DHT) by Sa-reduc-
tase in the presence of NADPH (Russell et al. 1994). DHT is a more potent AR
ligand and binds to ARs with higher affinity compared with testosterone (Oettel
2003). Testosterone production is estimated to be 3—10 mg day ' in healthy young
men and 100-300 day ' in young women. It is normally present in serum at
5-15 ng ml~' in males and 0.1-0.8 ng ml~' in females (Burger 2002; Davison
and Bell 2006). Ninety-eight to ninety-nine percent of testosterone in the blood is
bound with high affinity to sex hormone-binding globulin (SHBG) and low affinity
to albumin, leaving 1-2% circulating in a free, unbound state (Dunn et al. 1981).
DHT levels are even lower as DHT has a higher binding affinity to SHBG.
Endogenous testosterone levels decrease in aging men and women (Schulman
and Lunenfeld 2002; Davison et al. 2005).

Exogenous AR ligands function as agonists or antagonists. These are either
steroidal (e.g., nandrolone, fluoxymestrone, oxendolone, cyproterone), in which
the structure of naturally occurring hormones is modified, or nonsteroidal (e.g.,
flutamide, R-bicalutamide LG120907) (Gao et al. 2005). Selective androgen recep-
tor modulators (SARMs) can act as full agonists in anabolic tissues such as muscle
and bone, or antagonists or weak agonists in androgenic tissues such as prostate and
seminal vesicles. Examples of SARM include S-1, S-4, THQ-1, THQ-60, and BMS
564929 (Gao and Dalton, 2007).

3.3.2 Mechanisms of Androgen Receptor Signaling

3.3.2.1 AR Structure and Functional Domains

AR is a member of the steroid hormone receptor family of nuclear transcription
factors. The gene was initially cloned, in 1988, by Chang et al. (1988a, 1988b and
Lubahn et al. (1988), and soon after by others (Trapman et al. 1988; Brinkmann
et al. 1989; Tilley et al. 1989). The AR gene is located at Xql1-12 (Kuiper et al.
1989) and encodes a protein with a molecular mass of about 110 kDa (Brinkmann
and Trapman 2000). In humans, two isoforms of AR encoded by a single gene have
been identified and are referred to as forms A and B. AR-A has a mass of 87 kDa
and was identified as an amino (NH,)-terminally truncated form of the 110 kDa
AR-B protein. AR-A constitutes approximately 20% of the immunoreactive recep-
tor population and AR-B approximately 80% (Wilson and McPhaul 1994). AR-A is
thought to be produced by translation initiation at the first internal methionine
codon (Met-188) of AR-B (Gao and McPhaul 1998). AR isoforms are expressed
in many human tissues (especially, in reproductive tissues), and AR isoforms have
been found in other species (Ikeuchi et al. 1999; Sperry and Thomas 1999; Takeo
and Yamashita 1999). Whether AR isoforms may have distinct functions is unclear.
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For example, AR-A in cultured human bone cells and skin fibroblasts can antagonize
AR-B function (Liegibel et al. 2003). The AR gene has eight exons, which code for
functionally distinct regions of the protein. Like other nuclear hormone receptors,
AR has a modular structure, and the four functional domains of AR are referred to
as A through F (Fig. 3.1) (Zhou et al. 1994; Jenster et al. 1995; McEwan 2004).

3.3.2.2 Nuclear AR Signaling Pathways

Androgens are hydrophobic and are found in blood bound to albumin or SHBG.
According to the classical model of androgen action, unbound androgens freely
cross the PM of target cells and activate iARs by binding (Mendel 1989). It was
recently shown that SHBG-bound androgen can be internalized by endocytosis
after binding to the cell surface low-density lipoprotein receptor megalin (Hammes
et al. 2005). The androgen—-SHBG-megalin complex then releases the androgen
within endocytic vesicles in a process that may be dependent on vesicle acidifica-
tion. The iAR that is not bound to androgen is present in the cytoplasm in a complex
with HSP (Pratt and Toft 1997). Binding of cytoplasmic androgens to iARs induces
a series of conformational changes that includes dissociation of HSPs, dimerization,
phosphorylation, and translocation of the iAR—androgen complex to the nucleus.
The receptor—-hormone complex then binds to androgen response elements (ARE)
in the promoter/enhancer of AR target genes and recruits coregulators and the
transcriptional machinery (Heinlein and Chang 2002a; Shang et al. 2002). This is
known as the “genomic pathway” of androgen function (Fig. 3.2) and it elicits a
response within hours or days.

There is also evidence for a ligand-independent activity for AR (Fig. 3.2).
Ligand-free ARs function in this pathway as transcription factors after their phos-
phorylation by kinases that are activated during growth factor receptor signaling
(Cenni and Picard, 1999). In the absence of androgens, ARs can be activated during
cellular responses to growth factors such as epidermal growth factor (EGF),
keratinocyte growth factor (KGF), insulin-like growth factor I (IGF-I) (Culig
et al. 1994) or via activation of PKA or protein kinase C (PKC) signaling pathways
(Nazareth and Weigel 1996; Darne et al. 1998). This type of receptor activation is
also documented for other steroid hormone receptors such as ER and PR (Cenni and
Picard, 1999). However, the precise mechanism for ligand-independent activation
of the AR is not understood.

3.3.2.3 Functions of AR in Nongenomic Signal Transducing Pathways

As is the case for ERs and PRs, the nongenomic or nonclassical pathway for
androgen action has been documented in the reproductive, cardiovascular, immune,
and musculoskeletal systems (Benten et al. 1997; Benten et al. 1999a; Guo et al.
2002; Estrada et al. 2003; Walker and Cheng 2005; Vicencio et al. 2006).
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Compared to genomic effects, nongenomic effects of androgens occur very rapidly
within seconds or minutes and incorporate components of some well-studied
PM-associated signaling pathways (Fig. 3.2) (Heinlein and Chang 2002b). The
nongenomic pathway of androgen action is associated with rapid changes in the
concentration of membrane ion-channels, activation or repression of cytoplasmic
kinase-signaling cascades, or changes in cytoplasmic Ca®>" levels. Rapid mem-
brane-associated changes may be due to direct effects of androgens on ion-channels
or transporters, e.g., Ca>" or Na™-K ™" ATPase, or arise from alteration of signaling
pathways due to stimulation of kinases or phosphatases (Michels and Hoppe 2008).
Initiation of these indirect changes not only modulates ion-channels but can
also mediate transcription (Peterziel et al. 1999; Er et al. 2004). However, the bio-
logical relevance of these observations is not clear, because in some experiments
nonphysiological amounts of androgens have been used.

The nongenomic action of androgens can be explained by three different
mechanisms. Firstly, androgen—AR complexes may interact with the tyrosine
kinase c-Src (Src) and may stimulate c-Src kinase activity and activate the mito-
gen-activated protein kinase pathway (Kousteni et al. 2001). Secondly, androgens
may bind to SHBG attached to the SHBG-receptor (SHBG-R) and increase intra-
cellular levels of cCAMP and protein kinase A (PKA) activity, which would then
activate 1AR transcriptional activity (Rosner et al. 1999; Nakhla et al. 1999).
Thirdly, androgens may bind to a membrane-associated iAR or an as yet unidenti-
fied surface AR (Foradori et al. 2008).

Studies with different cell types document the binding of androgens to the PM
(Benten et al. 1999a, b; Liva and Voskuhl 2001; Kampa et al. 2002; Ahmadi and
McCruden 2006), but to date a specific membrane receptor used by androgens to
mediate nongenomic actions has not been identified. Classical AR association with
plasma membranes has been shown in studies of cells such as Xenopus oocytes, Steroli
cells, and T cells (Konoplya and Popoff 1992; Benten et al. 1999a; Lutz et al. 2003;
Cheng et al. 2007), and this association may be facilitated by other membrane proteins
since the classical AR lacks a transmembrane or hydrophobic domain. Recently,
an association of ARs with lipid rafts was shown in the human prostate cancer cell
line LNCaP. Androgens in these cells signal via the plasma membrane protein
caveolin-1 and activate the PI3K/AKT signaling pathway (Li et al. 2003; Freeman
et al. 2005). Studies with Chinese Hamster Ovary (CHO) cells revealed a highly
conserved nine amino acid membrane localization motif in the ligand-binding domain
(LBD) of steroid receptors including ARs. This conserved motif is palmitoylated,
which facilitates membrane association of the iAR and enables interaction with
caveolin-1. Both of these events are required for rapid signaling (Pedram et al. 2007).

3.3.2.4 AR Cross-Talk with Other Cellular Signaling Pathways

Ligated ARs regulate transcription of genes necessary for cell differentiation,
growth, and survival. AR signaling also overlaps with a number of other signaling
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pathways important for immune function (Matsuda et al. 2001b; Ueda et al. 2002;
Culig 2004). These include the NF-«xB and JAK/STAT signaling pathways
(De Bosscher et al. 2006; Kaarbo et al. 2007). Cross-talk of ARs with these pathways
is not well studied in immune cells, but information from experiments with prostate
cancer cells is available (Matsuda et al. 2001b; Kaarbo et al. 2007). Because NF-xB
and JAK/STAT are involved in cytokine receptor signaling in immune cells, it is
likely that AR signaling regulates these molecules in different immune cell types.

Many signaling pathways in immune cells lead to the activation of NF-xB,
which in turn is required for increased expression of many crucial inflammatory
and immune response genes (Gilmore 2006). There is a reciprocal negative cross-
talk between NF-kB and AR signaling. Specifically, activated ARs keep NF-xB in
an inactive form by suppressing the phosphorylation and subsequent degradation of
inhibitor of NF-xB (IxkB) (Palvimo et al. 1996). NF-kB can also repress the AR
gene promoter (Supakar et al. 1995; Nakajima et al. 1996). Activation of NF-xB
blocks proliferation of AR-dependent prostate cancer cells with no effect on cancer
cells that lack AR (Nakajima et al. 1996). In contrast, constitutive activation of NF-
kB is observed in AR-negative prostate cancer cell lines (Suh et al. 2002). TNF-o
signaling can also induce growth arrest and apoptosis of androgen-responsive
human prostate cancer LNCaP cells by inhibiting the phosphorylation of IkB
(Chopra et al. 2004).

Direct interactions between members of the JAK/STAT signaling pathway
family and ARs have been reported (Matsuda et al. 2001b; Ueda et al. 2002;
Yamamoto et al. 2003). Several studies have shown that IL-6 activates
AR-mediated gene expression via STAT3 (Hobisch et al. 1998; Chen et al. 2000).
In prostate cancer cells, IL-6-induced activation of STAT3 is enhanced upon AR
signaling induced by DHT (Matsuda et al. 2001b). This activation is inhibited
by flutamide, an AR antagonist, suggesting direct physical interactions between
STAT3 and ARs.

3.3.3 Effects of Androgens and ARs on Immune Function

Androgens exert suppressive effects on both humoral and cellular immune
responses (Cutolo et al. 2004; Klein 2004). Their role in immune system function
has been extensively studied in various species using four experimental approaches:
(a) comparison of males and females (Da Silva 1995; Olsen and Kovacs 2001;
Moore and Wilson 2002), (b) finding relationships between immune function and
endogenous testosterone levels in males (Saino et al. 1997; Granger et al. 2000;
Kurtis et al. 2001; Roubenoff et al. 2002), (c) assessment of immune function
following castration or testosterone supplementation (Olsen et al. 1991; Benten
etal. 1993; Angele et al. 1998; Bhasin et al. 2000; Singh et al. 2002), and (d) in vitro
analyzes of testosterone effects on immune function (Chao et al. 1995; Smithson
et al. 1998; Wunderlich et al. 2002). Studies using these approaches are discussed in
Chaps. 2, 4-6. How androgens regulate immunity in vivo can be addressed in mouse
models with defective AR signaling such as testicular feminization (7fm) male mice
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or conditional AR knockout mice (Yeh et al. 2002; Matsumoto et al. 2005;
Matsumoto et al. 2008).

3.3.4 Androgens and AR in Immune Cell Development

Several lines of evidence suggest that androgens can exert suppressive effects on
the development of B and T lymphocytes (Frey-Wettstein and Craddock 1970;
Viselli et al. 1997; Olsen and Kovacs 2001; Heng et al. 2005). Castrated mice or
mice lacking a functional AR (7fm male mice), exhibit increased bone marrow B
cell and thymic T cell populations as well as increased numbers of splenic lym-
phocytes (Aboudkhil et al. 1991; Olsen et al. 1991; Wilson et al. 1995; Smithson
etal. 1998; Ellis et al. 2001; Sutherland et al. 2005; Goldberg et al. 2007; Radojevic
et al. 2007). In addition, castration of male mice results in expansion of pre-B cells
and newly formed B cells in bone marrow and a dramatic increase in surface IgM
expressing naive B cells in spleen (Wilson et al. 1995). Androgen replacement with
either testosterone or DHT reverses this effect (Windmill et al. 1993; Viselli et al.
1997). One mechanism for androgen-induced suppression of lymphocyte develop-
ment is suggested by the finding that testosterone administered to intact female and
castrated male mice accelerates thymocyte apoptosis and decreases thymopoiesis
(Olsen et al. 1998).

Expression of ARs has been documented in hematopoietic progenitors and
lymphoid and nonlymphoid cells in the thymus and bone marrow of mice and
humans (Kovacs and Olsen 1987; Takeda et al. 1990; Mantalaris et al. 2001). This
suggests that androgens and ARs regulate B and T cell development. Bone marrow
chimeric mice bearing AR-positive hematopoietic and AR-negative stromal/epithe-
lial cellular compartments have been used to address whether androgens regulate
lymphocyte development by acting directly on developing lymphoid precursors or
by influencing supporting cells, such as thymic epithelial cells and bone marrow
stromal cells. Androgenic hormone manipulation in these mice suggests that AR
expressing thymic epithelial cells and bone marrow stromal cells are mediators of
androgenic effects on immature lymphocytes (Olsen et al. 2001a; Olsen et al.
2001b). Furthermore, bone marrow stromal cells can produce TGF-f in response
to DHT in vitro, and B cell precursors do not respond to suppressive effects of
androgens unless they are cocultured with TGF-f producing stromal cells or grown
in media that has been conditioned by androgen-treated stromal cells (Olsen et al.
2001a). This suggests that stromal cells mediate some of the observed effects of
androgen on B cell development in bone marrow.

Androgens also influence DC development. For example, the density of epider-
mal Langerhan cells (LC) varies by sex, with male mice having fewer LC than do
female mice. Gonadectomy, but not ovariectomy, elevates LC density, suggesting
that androgens negatively regulate the density of these cells in male mice (Koyama
et al. 1987). Systemic and topical application of testosterone or its metabolite to
gonadectomized males and intact females results in a significant decrease in LC
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density (Koyama et al. 1989). However, in GM-CSF-driven DC differentiation
cultures, addition of testosterone or DHT does not promote DC differentiation
(Paharkova-Vatchkova et al. 2004). Taken together with studies showing hemato-
poietic progenitor expression of ARs, the studies outlined above indicate that
androgens can exert profound effects on immune cell development.

3.4 Progesterone Receptors

3.4.1 Progesterone Receptor Expression and Receptor Ligands

34.1.1 PR Expression in Immune Cells

There is clear evidence that the immune system is modulated by progesterone (see
Chaps.9 and 10); however, the immune cell types that express PR, and the condi-
tions under which they express PR remain under investigation. Blood lymphocytes
of pregnant women have been shown to react with a specific monoclonal antibody
to the nuclear PR (nPR), which does not react with lymphocytes in nonpregnant
women (Szekeres-Bartho et al. 1990). Other studies, however, find very little or no
expression of nPR in lymphocytes from pregnant or nonpregnant women (Mansour
et al. 1994). RT-PCR and western blot have not detected any nPR expression in
normal human blood lymphocytes (Bamberger et al. 1999). Examination of recep-
tors by flow cytometry, western blotting, and confocal microcopy indicate that
isolated peripheral blood NK cells from males and females express nPR but purified
T and B cells do not express nPR (Arruvito et al. 2008). Interestingly, T lympho-
cytes and immortalized T cells (Jurkat cells) express membrane progesterone
receptors (mPRa) and (mPRp) (Dosiou et al. 2008). Rat leukocytes from spleen,
thymus, and liver, and rat BMDCs express nPRs as measured by flow cytometry
(Butts et al. 2007a,b). Macrophages also express PR (Khan et al. 2005; Jones et al.
2008).

3.4.1.2 PR Ligands

Progesterone (P4) is a steroid hormone secreted primarily by the gonads and
adrenal cortex in nonpregnant women. In many species, including humans and
rodents, the placenta assumes the role of synthesizing P4 during pregnancy (Stites
and Siiteri 1983). Human P4 levels rise from 1-2 nM during the follicular phase of
the menstrual cycle to 20—40 nM in the late luteal phase. P4 levels during pregnancy
increase to 100500 nM in serum and can reach 1-10 pM in placenta (Stites and
Siiteri 1983). Although progesterone is considered a female sex hormone, P4 serum
levels in males can reach 1-2 nM and are known to play a role in male reproduction
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(Oettel and Mukhopadhyay 2004). Progesterone in blood is generally found bound
to transcortin (corticosteroid-binding globulin).

P4 analogs have evolved in the past 50 years because of their clinical applica-
tion. PR ligands are currently used in contraception and in postmenopausal hor-
mone therapy. They are also undergoing clinical evaluation as treatments for a
variety of gynecologic disorders (Cadepond et al. 1997; Spitz 2003). PR ligands are
characterized as PR agonists, PR antagonists, or selective PR modulators with
mixed agonistic and antagonistic effect depending on the cell type (Winneker
et al. 2005; Spitz, 2006). At physiological concentrations, P4 and P4 analogs can
also bind to the glutocorticoid receptor and induce effects similar to glucocorticoids
(Kontula et al. 1983; Selman et al. 1994; Bamberger et al. 1999).

3.4.2 Mechanism of Progesterone Receptor Signaling

3.4.2.1 PR Structure and Functional Domains

The biological actions of human progesterone P4 are mediated by nPRs, members
of the superfamily of nuclear receptors that includes steroid receptors, vitamin D,
and thyroid hormone (Evans 1988; Carson-Jurica et al. 1990), Two isoforms of
nPR, nPR-A and nPR-B, are transcribed from different promoters on the same gene
and are responsible for the majority of nPR function (Graham and Clarke 1997).
PR-A (94 kDa) is a truncated form of PR-B (116 kDa) and contains a 164 amino
acid N-terminal deletion.

As are all the members of the nuclear receptor superfamily, PR is organized into
structural-functional domains that are conserved at different degrees between
species (Fig. 3.1) (Carson-Jurica et al. 1990). Progestins bind to the moderately
conserved carboxy-terminal LBD, which also is necessary for receptor dimerization
and gene transactivation (AF-2). The centrally-located DNA-binding domain
(DBD) is the most conserved region and encodes two type II zinc fingers (Evans
1988). The hinge region between DBD and LBD contains other transactivation
domains. The amino-terminal domain is the most variable and also contains trans-
activation functions (AF-1) (Meyer et al. 1990). PR-B has a unique activation
function site (AF-3) in the first 164 amino acids, which is absent in PR-A (Sartorius
et al. 1994). Most progesterone target tissues express both PR isoforms in varying
ratios. In most cells, hPR-A inhibits transcription at progesterone-responsive pro-
moters while hPR-B activates transcription at these promoters (Edwards 2005).

3.4.2.2 PRs Function as Nuclear Transcription Factors
In the absence of P4, nPR is stabilized in the cytoplasm by complexing to HSPs.

Following ligation with P4, PRs dissociate from HSPs and form homo- or hetero-
dimers that act as transcription factors by binding to P4 responsive elements (PRE)
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in target promoters (Fig. 3.2). Ligated PR can also regulate genes that do not
contain PRE by interacting with other transcription factors that directly bind
DNA (Tseng et al. 2003).

PR expression is induced primarily by estrogen via the ER although the PR
promoter does not contain consensus palindromic EREs. Therefore, it is not always
clear which physiological responses are mediated by P4, estrogen, or the combina-
tion of the two hormones. Mouse models with null mutations for nPR-A, nPR-B, or
null mutations in both isoforms have been useful for discriminating physiological
functions specifically attributable to P4 (Lydon et al. 1995; Mulac-Jericevic et al.
2000; Mulac-Jericevic et al. 2003).

Mice lacking both nPR-A and nPR-B isoforms (PRKO) have pleiotropic defects
in the reproductive system (Lydon et al. 1995). In addition, treatment of PRKO
mice with E2 and P4 produces an acute inflammatory response in the uterus that is
not seen in wild-type (WT) mice (Lydon et al. 1995). Treatment of WT mice with
E2 but not E2 in combination with P4 results in the recruitment of macrophages and
neutrophils to the uterus. P4 does not antagonize the inflammatory effect of E2 in
PRKO mice (Tibbetts et al. 1999). These studies indicate that P4, acting via PRs,
ablates the inflammatory response induced by E2 treatment.

Thymic involution during pregnancy depends on expression of nPR in thymic
stromal cells (Tibbetts et al. 1999). Mice deficient in nPR-A show thymic involu-
tion after treatment with E2 and P4 (Mulac-Jericevic et al. 2000) suggesting that
involution is mediated by nPR-B.

3.4.2.3 PR Ligand-Independent Signaling

PRs are substrates for kinase phosphorylation, adding an additional level of regula-
tion to PR action (Rao et al. 1987). Phosphorylation of nPR-A or nPR-B at specific
sites affects nuclear translocation/transcriptional activity and stability of the PR
(Lange et al. 2000; Qiu and Lange, 2003). Ligation of nPR-A or nPR-B with P4
increases the overall phosphorylation of the receptor (Zhang et al. 1995).

MAPK can mediate cross-talk between nPRs and growth-factor-signaling path-
ways. Phosphorylation activates PRs for binding to PRE (Denner et al. 1990;
Vegeto et al. 1999; Gonzalez-Flores et al. 2004). Treatment with EGF, which
stimulates MAPK, results in phosphorylation of the PR and nuclear translocation
in the absence of P4 (Qiu et al. 2003).

3.4.2.4 PR as Signal Transducing Molecules

Rapid “nongenomic” P4 actions have been described in cancer cells, reproductive
tissues, and immune cells. The identity of the PR responsible for nongenomic
effects and the biological significance of these mechanisms of P4 action, however,
are controversial. The nongenomic mechanism starts at or near the cell surface by
binding of P4 to membrane-associated receptors and activation of intracellular
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signaling pathways. Diverse proteins, including the classical nPRs, other steroid
nuclear receptors, and a new membrane PR unrelated to nuclear receptors, have
been proposed as mediators of rapid P4 actions (reviewed in Losel et al. 2003). Both
isoforms of the nPR contain motifs that can interact with the SH3 domain of Src, but
only PR-B, which is distributed in the nucleus and cytoplasm, mediates rapid
activation of Src/MAPK (Erk-1/2) in breast cancer cells. This contrasts with PR-
A, which is found primarily in the nucleus (Boonyaratanakornkit et al. 2007).

Progesterone-specific membrane-binding sites were first detected in amphibian
oocytes (Kostellow et al. 1982; Blondeau and Baulieu, 1984). The specific receptor
was later identified and characterized in sea trout (Zhu et al. 2003). This mPR (Mw
~40 kDa), which has three subtypes mPR o, B, and 7y, belongs to the seven-
transmembrane P4 adiponectin Q receptor (PAQR) family that is closely related
to G proteins. In sea trout, mPR are expressed at high levels in reproductive tissue,
brain, and pituitary (Zhu et al. 2003; Kazeto et al. 2005). Low expression in a
variety of nonreproductive organs, including spleen, has been detected by real-time
RT-PCR in channel catfish (Kazeto et al. 2005). In humans, mPRa is expressed
mainly in reproductive tissues, kidney, and adrenals (Zhu et al. 2003), but it is also
found in lymphocytes and other cells (Dosiou et al. 2008).

P4 membrane receptor component 1 (PGMRC1) (Mw ~26 kDa) is a single
transmembrane protein expressed in reproductive and nonreproductive organs,
and has a high affinity for P4 with low affinity for other steroids (Meyer et al.
1996; Thomas, 2008). No information is available regarding expression of this
protein in immune cells.

Some of the physiological effects of P4 on immune cells are mediated by
nongenomic mechanisms. P4 directly blocks K™ channels in activated T lympho-
cytes, which produces a depolarization of the membrane potential and subsequent
reduction in Ca®" entry. Low intracellular Ca>" concentration interferes with IL-2
transcription in response to T cell receptor ligation and leads to immunosuppression
(Ehring et al. 1998). Progesterone also suppresses T cell proliferation by inducing
acidification of the cytosol through inhibition of Na*/H" exchange (Chien et al.
2007).

3.4.3 PR Signaling and PR Ligands in Immune
Cell Development

The immunomodulatory function of P4 has been studied primarily within the
context of pregnancy (see Chap.9) and in susceptibility to parasites (see Chaps.6
and 10). Nevertheless, there are some studies on the role of low (nonpregnancy) P4
levels in immune cell differentiation and function. Low concentrations (1-10 nM)
of P4 suppress rat BMDC secretion of proinflammatory cytokines in response to
LPS stimulation (Butts et al. 2007a) and induce apoptosis of peripheral blood NK
cells (Arruvito et al. 2008). In response to viral infection, plasmacytoid DCs secrete
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IFN-o, which has potent antiviral effects. P4 and the hormonal contraceptive depot
medroxyprogesterone acetate (DMPA) inhibit IFN-a production by plasmacytoid
DCs (Hughes et al. 2008). This may explain the high risk of viral infection in
women using DMPA (Kaushic et al. 2003). P4 prevents TNF-a-induced apoptosis
of undifferentiated and PMA-differentiated monoblastoid U937 cells (Vegeto et al.
1999). In mice, B-lymphopoiesis is reduced by treatment with E2 but not by
treatment with P4. The treatment of P4 together with E2 has a synergistic effect,
reducing the dose of E2 needed to inhibit B-lymphopoiesis (Medina and Kincade,
1994). These data suggest that dampening of inflammatory responses is an impor-
tant role of P4.

3.5 Conclusions

Immune cells express ERs, PRs, and ARs, implying that endogenous sex hormones
and other ligands for these receptors directly regulate their activation, lifespan, or
functional responses during innate and adaptive immunity. Immune function is being
studied after manipulation of sex hormone receptor ligands or receptor expression
in vitro and in vivo, and due to the ligand-independent activity of these receptors,
different conclusions may be reached using these two approaches. Because hemato-
poietic progenitors express ERs and ARs and possibly PRs, it will be important
to distinguish between the potentially distinct effects of sex steroids on lymphoid
and myeloid cell differentiation versus pathways of immune cell activation.
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Chapter 4
Sex Differences in Susceptibility
to Viral Infection

Sabra L. Klein and Sally Huber

Abstract Males and females differ in their susceptibility to a variety of viral
pathogens. Although behavioral factors can influence exposure to viruses, several
studies illustrate that physiological differences between males and females cause
dimorphic responses to infection. Females often exhibit reduced susceptibility to
viral infections because they typically mount stronger immune responses than
males. Innate recognition and response to viruses as well as downstream adaptive
immune responses differ between males and females during viral infections. This
often results in sex differences in cytokine responses to infection that play a critical
role in determining susceptibility to viruses. Immune responses to viruses can vary
with changes in hormone concentrations naturally observed over the menstrual or
estrous cycle, from contraception use, and during pregnancy.

4.1 Basic Virology

4.1.1 What are Viruses?

Viruses are obligate intracellular parasites. They contain little more than nucleic
acid and virus-coded proteins with or without a lipid bilayer (envelope) and are
inert except when present in cells. Plants, animals, and bacteria are all capable of
acting as hosts to viruses. Viruses are categorized by the type of nucleic acid used as
its genome, whether the virus particles are “enveloped” or “nonenveloped,” and by
the symmetry of the virus particle. The envelope is always of host cellular origin. A
virus, which can infect different cell types, such as the mouse coronovirus that can
infect hepatocytes and fibroblasts, will have identical proteins as these are coded by
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the viral genes, but the lipid composition may differ according to the content of the
plasma membrane from which the virus buds. The composition of the lipid might,
in some instances, affect the ability of the virus to infect new cells (discussed
below). Nearly all viruses have a capsid, consisting of a protective shell of viral
structural proteins, which prevents degradation of the viral genome by RNases or
DNases in the environment. The most common structural styles for the structural
proteins are helical, spherical, and icosahedral.

4.1.2 DNA and RNA Viruses

Viruses have evolved either RNA or DNA genomes. Those with RNA genomes,
referred to as “RNA viruses” are designated as having either “positive” or “nega-
tive” sense. The RNA genome of positive sense viruses can directly bind to
ribosomes and translate viral proteins whereas the RNA genome of negative
sense viruses must first be copied using a virus RNA-dependent-RNA polymerase
before viral proteins can be synthesized. Replication of the genomic RNA results in
a transient double-stranded RNA (dsRNA) or replicative intermediate which can
activate cellular defense mechanisms through toll-like receptor (TLR) 3 or RNA
helicases (Gitlin et al. 2006; Hardarson et al. 2007).

Viral RNA-dependent-RNA polymerases lack adequate proof-reading and RNA
viruses have high mutation rates (Domingo and Holland 1997; Domingo 2000).
High mutation rates permit rapid antigenic shift of viral proteins and hamper the
ability of the host immune response to clear the infection, but also limits the
potential size of the viral genome (Eigen 1993; Tolou et al. 2002). Production of
new progeny genomes requires complementary RNA viral infection which usually
shuts down host cell RNA and protein synthesis resulting in the infected cell
becoming a “viral factory” with nearly all protein and nucleic acid synthesis
directed to making new virus particles.

Viruses with DNA genomes, referred to as “DNA viruses” usually require cell
replication for successful completion of their life cycle. Most DNA viruses directly
cause the cell to enter the replicative cycle. This is accomplished by one of several
different mechanisms. Viral proteins can bind and inhibit cellular tumor suppressor
proteins of the Rb family such as p53, p105%®, p107, and p130 (Chellappan et al.
1992) leading to release of E2F transcription factors needed for S-phase DNA
synthesis; act as cyclin or growth factor homologues; bind to and neutralize cellular
proteins inhibiting cyclin-dependent kinases (Jung et al. 1994; Dobner et al. 1996);
or activate signal transduction pathways such as NF-kB, RAS, and c-src (DiMaio
et al. 1998). Initiation of viral DNA replication occurs at specific origin sites and,
unlike cellular origin sites, multiple DNA replicative initiations can occur from the
origin. The retroviruses (HIV) and hepadnaviruses (Hepatitis B) have distinctive
replication methods.

Retroviruses are RNA viruses which have a reverse transcriptase that makes a
DNA copy of the RNA viral genome. The DNA copy is integrated into the nucleus



4 Sex Differences in Susceptibility to Viral Infection 95

of the host cell. In contrast, hepadnaviruses are DNA viruses, but a linear RNA copy
is made and the progeny (termed “virions”) DNA genomes are produced using a
reverse transcriptase from this RNA copy (Nassal 2008). Why hepadnaviruses have
evolved this method for replication of their genomes is unclear.

4.1.3 Replication and Utilization of Host Cell Machinery
Jor Survival

The basic replication cycle for all viruses involves virus attachment, penetration
into the cell, uncoating of the viral genome, production of virus proteins and
progeny genomes, packaging of the progeny virions, and release of the progeny
viruses to begin the replication cycle all over again. Viruses bind to one or more
cellular molecules called virus receptors to initiate the virus replication cycle
(Maddon et al. 1986; Choe et al. 1996; Feng et al. 1996). Virus receptors, generally,
are either proteins or carbohydrates and are major determinants of the tissue tropism
and species specificity of the virus (Munk et al. 2007). In addition to entry through
virus receptor binding, viruses can gain entry into host cells as virus—antibody
complexes that infect cells through Fc immunoglobulin receptors (Daughaday et al.
1981). Subsequent to attachment, virus entry proceeds through either receptor-
mediated endocytosis and trafficking of virus—receptor complexes to vesicles or
direct virus entry through the plasma membrane by fusion of viral envelop and
cellular membrane (Nieva and Agirre 2003). Generally, RNA viruses replicate in
the cell cytoplasm while DNA viruses replicate in the host cell nucleus. Most DNA
viruses uncoat their genome prior to trafficking along microtubules, binding to
the nuclear envelop and inserting the viral genome (Leopold and Crystal 2007).
Nonenveloped viruses usually store progeny virions in crystalline structures in the
cytoplasm until virus-directed lysis of the cell releases them. Enveloped viruses bud
from cellular membranes. Viral glycoproteins insert into the plasma membrane and
their cytoplasmic tails associate with viral matrix proteins and the viral nucleocapsid
consisting of the viral genome and associated nucleoproteins. This association both
excludes cellular proteins from the lipid bilayer and causes the budding of the
progeny virus from the cell surface. As viruses are dependent on host cell machinery
for survival and replication, the host hormonal and immunological milieu may
directly affect the virus life-cycle. Concurrently, replication of viruses inside host
cells may directly modify host hormonal and immunological responses; thus, this
represents a coevolved arms race between viruses and hosts.

4.1.4 Virus Receptors

Most virus receptors belong to the immunoglobulin, integrin, or other superfamilies
with important biological functions. Virus cross-linking the receptor may in many
cases mimic the natural ligation of these molecules and result in highly effective
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transduction of signals in cells. Examples include: (1) HIV, which uses CD4 and
coreceptors CCR5 and CXCR4, and activates MAPK pathways leading to increased
CCL2 (MCP-1), CCL3 (MIP-1o) and MMP9 induction (Collman et al. 2000; Liu
et al. 2000b; Del Corno et al. 2001; Misse et al. 2001); (2) Epstein—Barr virus gp350
which cross-links CD21 and results in B cell proliferation and NF-kB, protein kinase
C and IL-6 activation (D’Addario et al. 1999; D’Addario et al. 2000; D’Addario
et al. 2001); (3) herpesvirus which uses herpesvirus entry mediator protein, a
member of the TNF receptor superfamily, which can suppress T cell proliferation
and activation (Cheung et al. 2005); and (4) coxsackieviruses which use decay
accelerating factor (DAF) (Bergelson et al. 1995), a complement regulatory mole-
cule which also suppresses T cell responses (Sun et al. 1999; Liu et al. 2005).
Signaling through the viral receptor can be beneficial for the virus by stimulating
cell replication and making cells more susceptible to virus replication (Liu et al.
2000a), but also initiates antigen-independent, polyclonal inflammatory responses
which promote virus clearance. Sex-associated hormones can affect the expression
of host cell surface proteins that function as receptors for viral entry. Most notable
are the chemokine receptors which act as receptors/coreceptors for HIV-1 (Mo et al.
2005; Kubarek and Jagodzinski 2007). Estrogen also enhances expression of av[33,
an integrin that acts as a viral receptor/coreceptor for adenovirus, coxsackievirus A9,
and hantaviruses (Wickham et al. 1993; Roivainen et al. 1994; Wickham et al. 1994;
Li et al. 1995; Gavrilovskaya et al. 1998; Woodward et al. 2001), and DAF, a
receptor for coxsackieviruses (Song et al. 1996). Increased expression of DAF on
human B lymphocytes correlates with increased susceptibility of cells to virus
replication (Sartini et al. 2004).

4.2 Host Inmune Responses Against Viruses

4.2.1 Detection of Viruses by Host Cells

The innate immune system recognizes viruses using a limited number pattern
recognition receptors (PRRs) that distinguish conserved molecular patterns (called
pathogen-associated molecular patterns (PAMPs)), including nucleic acids (Medz-
hitov and Janeway 2002). Viral nucleic acids are recognized by host cells via TLRs
and RNA helicases in a cell-specific manner (Melchjorsen et al. 2005). TLR3
recognizes dsRNA, which is a common feature of both DNA and RNA viruses,
and is expressed in several cells, including macrophages and dendritic cells (DCs).
TLR7 recognizes single-stranded RNA (ssRNA) and viruses that contain ssSRNA
genomes and is expressed in plasmacytoid DCs (pDCs) and B cells. TLR9Y is
primarily expressed in pDCs and recognizes unmethylated 2’-deoxyribo (cytidine-
phosphate-guanosine) (CpG) DNA motifs that are characteristic of viral DNA.
TLRs contain N-terminal extracellular leucine-rich repeats that recognize
PAMPs. TLR3, TLR7, and TLR9 signal from within an endosomal compartment,
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and all TLRs, except TLR3, initiate intracellular signaling by recruiting the adaptor
protein myeloid differentiation factor 88 (Myd88), which activates transcriptional
factors, such as NF-kB, cJun, and interferon regulatory factors (IRFs). Conversely,
TLR3 activates NF-xB, cJun, and IRFs via the adaptor molecule called Toll/IL-1
receptor domain-containing adaptor inducing IFN-B (TRIF). In each case, activity
along these TLR pathways leads to increased production of type I interferons (IFN-a/f)
by infected as well as by bystander cells (Seth et al. 2006).

In addition to TLRs, two cytoplasmic DExD/H box RNA helicases, retinoic acid-
inducible gene-I (RIG-I) and melanoma-differentiation-associated gene 5 (Mda5),
recognize dsRNA and trigger activation of NF-xB, IRF3, and IRF7 (Kawai and
Akira 2006). In common with TLR3, these RNA helicases are expressed in cells
other than pDCs and are critical for production of type I IFNs (Kawai and Akira
2006). RIG-I and Mda5 activate IFN signaling pathways through protein—protein
interactions between the caspase recruitment-like domains (CARDs) with the virus-
induced signaling adaptor (VISA; also called IPS-1, MAVS, and CARDIF). Signal-
ing through VISA contributes to the innate immune responses against several RNA
viruses, including influenza, Newcastle disease virus, vesicular stromatitis virus
(VSV), and Sendai virus (Chang et al. 2006; Kumar et al. 2006; Sun et al. 2006).

Whether the induction of PRRs by viruses differs between males and females has
only recently been considered. For example, the Tlr7 gene is encoded on the X
chromosome and may escape X inactivation, resulting in more copies of T/r7 in
females than in males (Pisitkun et al. 2006). Exposure to TLR7 ligands in vitro
causes higher production of IFN-a in cells from women than in cells from men,
even though TIr7 mRNA levels are similar between the sexes suggesting that
escape from X inactivation is not involved (Berghofer et al. 2006). Conversely,
stimulation with CpG, a TLRY ligand, shows no sex bias in IFN-o production
(Berghofer et al. 2006). Current data also indicate that numbers of pDCs do not
differ between males and females (Berghofer et al. 2006). Regardless of mecha-
nism, the ability of females to produce more IFN-a in response to TLR ligation has
a substantial impact on both virus clearance and on immune responses during
infection. Animal models further illustrate that elevated detection of self-antigens
by TLR7 and subsequent production of type I IFNs leads to development of
autoimmune diseases, including systemic lupus erythematosus and insulin-depen-
dent diabetes mellitus (Theofilopoulos et al. 2005; Pisitkun et al. 2006). Thus, the
same mechanisms mediating development of sex differences in susceptibility to
autoimmunity may contribute to dimorphic responses to viruses.

4.2.2 Type I Interferons

RNA and DNA viruses induce type 1 IFNs through both TLR-dependent and -
independent mechanisms (Hornung et al. 2004; Varani et al. 2007). Many host cells
can produce type I IFNs; pDCs, in particular, produce high concentrations of
IFN-o/f following viral infection (Haeryfar, 2005). Unlike other cells, DCs do
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not have to be virally-infected to produce IFN-o/f (Haeryfar, 2005). The activity of
DCs can be directly influenced by sex steroids, including estrogens and progestins
as outlined in Chap.3 of this book. Type I IFNs are not directly antiviral, but rather
their antiviral activity is carried out by inducing the expression of several IFN-
stimulated genes (ISGs), including IFN-y, Mx, and protein kinase R (Weber et al.
2004). Type I IFNs also upregulate major histocompatibility complex (MHC) class
I and class II antigens, cause cell cycle arrest, stimulate T cell and natural killer cell
activity, activate proapoptotic factors, and inhibit antiapoptotic factors (Fitzgerald-
Bocarsly et al. 2008). As documented in Chap. 3, the activity of innate immune
cells differs between the sexes and is affected by sex hormones. The goal of this
chapter will be to illustrate that innate recognition and adaptive responses to viruses
differ between the sexes and are altered by sex hormones.

4.2.3 Adaptive Inmune Responses to Viruses

Humoral immune responses (i.e., antibody production by B cells) are typically
elevated in females when compared with males (Falter et al. 1991; Gomez et al.
1993). Cell-mediated immune responses also differ between males and females.
T cells, in particular, CD4 helper T cells (Th cells), are functionally and phenotypi-
cally heterogeneous and can be differentiated based on the cytokines they release.
Reliance on subsets of Th cells (i.e., Th1, Th2, or Th17 cells) to overcome infection
differs between males and females with females reportedly exhibiting higher Th2
responses (i.e., higher IL-4, IL-5, IL-6, and IL-10 production) than males (Bijlsma
etal. 1999; Roberts et al. 2001). There also are reports of females having higher Th1
responses (i.e., higher concentrations of IFN-y) than males (Araneo et al. 1991;
Barrat et al. 1997). Sex differences in Th cell responses may mediate sex differences
in response to viruses. It will be demonstrate in this chapter that sex differences in
cytokine responses to infection play a critical role in determining susceptibility to
viruses. The ultimate goal of this chapter is to illustrate that the innate recognition
and response to viruses as well as downstream adaptive immune responses differ
between males and females during viral infections. Secondarily, evidence illustrat-
ing that sex steroids modulate immune responses to viruses and contribute to
dimorphic responses during infection will be provided.

4.3 Sex Differences in Response to Viral Infection

Males and females differ in their susceptibility to a variety of viral pathogens
(Table 4.1). Susceptibility to viral infections often is reduced among females
because females typically mount higher immune responses than males. Immune
responses to viruses can vary with changes in hormone concentrations caused by
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natural fluctuations over the menstrual or estrous cycle, from contraception use, and
during pregnancy (Brabin 2002). Although behavioral factors can influence expo-
sure to viruses, several studies illustrate that physiological differences between
males and females cause dimorphic responses to infection.

4.3.1 Sexually Transmitted Viruses

Human immunodeficiency virus (HIV) and herpes simplex virus-2 (HSV-2) are
important sexually transmitted pathogens. The amount of circulating HIV RNA in
plasma is lower in women than in men, despite the fact that CD4 T cell counts and
progression to acquired immunodeficiency syndrome (AIDS) are similar between
the sexes (Farzadegan et al. 1998; Sterling et al. 2001; Napravnik et al. 2002). HIV
loads in women, often, are below the cutoff value for initiation of antiretroviral
therapy (Sterling et al. 2001). Due to viral loads being a factor used in the current
guidelines for the initiation of antiretroviral therapy, questions have been raised
as to whether sex differences in HIV RNA levels may result in delayed treatment
of women with HIV (Sterling et al. 2001). This observation is, especially, discon-
certing because the number of people living with HIV/AIDS is expanding faster
for women than for men worldwide, with the most noticeable gap occurring in
regions experiencing an AIDS epidemic, such as subSaharan Africa (Quinn and
Overbaugh 2005).

Postmenopasal women and women taking reproductive hormones orally as
contraceptives may be more susceptible to HIV-1 infection and may shed more
virus from genital tissues than premenopasal women and women not on contra-
ceptives, suggesting a positive association with progesterone and a negative asso-
ciation with estrogen (Clemetson et al. 1993; Aaby et al. 1996; Mostad et al. 1997,
Baeten et al. 2007; Leclerc et al. 2008). HIV-positive women using oral contra-
ceptives have a more rapid progression of disease correlating to the enhanced virus
shedding associated with this form of contraceptive. The more aggressive disease
course was not observed in women using the intrauterine contraceptive device
(Stringer et al. 2007).

Experimental studies using Simian immunodeficiency virus (SIV) indicate that
100% of nonhormone-treated ovariectomized female macaques develop disease
compared with 0% of estrogen-treated animals (Smith et al. 2000). Further, proges-
terone treatment of menstruating female macaques results in a 7.7-fold increase in
SIV infection (Marx et al. 1996). Normal endogenous hormonal fluctuations occur-
ring during the reproductive cycle also are sufficient to affect viral transmission.
Macaques infected during the luteal phase of the cycle, when progesterone levels
are elevated, have a higher infection rate than females infected during the follicular
phase (i.e., when estrogen levels are elevated and progesterone is low) (Sodora
et al. 1998). Many studies of humans illustrate variations in HIV shedding from
cervical and vaginal tissues throughout the menstrual cycle with a significant
increase in HIV RNA in genital secretions after the periovulatory period (Hanna
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1999; Benki et al. 2004, 2008). Sex steroids may directly affect genital tract
physiology, as progesterone thins the vaginal epithelium and decreased vaginal
epithelium thickness correlates with increased SIV load (Marx et al. 1996; Poonia
et al. 2006).

HIV-1 uses CD4 as its major receptor and one of a variety of chemokine
receptors as coreceptors. HIV strains using the CXCR4 coreceptor are able to
undergo reverse transcription, integration, and progeny virus production in the
female reproductive tract whereas HIV-1 variants using CCRS as a coreceptor
fail to undergo early virus replication events (Howell et al. 2005). CD4, CCRS,
and CXCR4 are all expressed in the female reproductive tract and expression levels
vary through the different phases of the menstrual cycle (Yeaman et al. 2003) with
CD4 and CCRS5 being expressed when estrogen levels are high and progesterone
levels are low, whereas the expression of CD4 and CCRS is low and expression of
CXCR4 is high in the secretory phase of the cycle when both progesterone and
estrogen levels are high. Thus, the ability to become infected with HIV may depend
upon the relative virus receptor/coreceptor levels expressed in the genital tract.
Other immunological parameters also vary in the genital tract during the menstrual
cycle. For example, concentrations of IL-1f3, IL-4, IL-6, IL-8, IL-10, CCL4 (MIP-1B),
CCL5 (RANTES), TGF-$, and TNFR-II are all elevated during menses, but not at
other times in the vagina (Al-Harthi et al. 2001). Plasma levels of these cytokines/
chemokines do not vary with the menstrual cycle. Most importantly, vaginal levels
of IL-1 B, IL-6, and IL-8 correlate with virus load in the reproductive tract suggest-
ing that immunological variations occurring during the menstrual cycle can affect
local virus shedding (Al-Harthi et al. 2001).

Genital herpes is one of the best examples for a sex bias in sexually transmitted
diseases. There is a higher prevalence of herpes infection in women than men in all age
groups and seronegative women have a faster virus acquisition rate and a higher
incidence of symptomatic infections than men (Mertz et al. 1992; Fleming et al. 1997,
Langenberg et al. 1999; Obasi et al. 1999). Although HSV-2 shedding is increased in
women using oral hormone-based contraceptives, virus shedding does not vary across
the menstrual cycle (Mostad et al. 2000a; Mostad et al. 2000b).

In mice, intravaginal inoculation of female mice with HSV-2 in diestrus results in
75% mortality compared with 33% in proestrus, 16% in estrus, and 9% in metestrus,
and exogenous progesterone treatment also increases HSV susceptibility (Teepe et al.
1990; Parr et al. 1994). Vaginal concentrations of IgA to HSV glycoprotein B are
substantially higher in estrus than in diestrus while IgG antibodies are higher in
diestrus compared with estrus (Gallichan and Rosenthal, 1996). Progesterone sup-
presses both cellular and humoral immunity to HSV which primarily explains the
increased viral susceptibility observed in women (Gillgrass et al. 2003).

4.3.2 Picornaviruses

Many picornavirus-induced diseases, at least in mice, show a sex bias with worse
disease in males or pregnant females and little disease in nonpregnant females. This is
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Fig. 4.1 Sex hormones modulate Coxsackievirus B3-induced myocarditis. Male and female
BALB/c mice were untreated or castrated/ovariectomized at 3 weeks of age and implanted with
7 mg testosterone or estrogen. Mice were infected with 10* PFU virus 2 weeks after hormone
implantation. Animals were euthanized 7 days after infection and myocarditis was evaluated by
image analysis for the percent of the ventricular myocardium inflamed. Results are mean =SEM
of 5-6 animals per group. *Significantly different from untreated mice of the same sex at p <0.05
using the Wilcoxon Ranked Score test. Adapted from Huber et al. (1982)

true for Thieler’s-virus-induced encephalitis, encephalomyocarditis-virus-induced
diabetes, and coxsackievirus-induced myocarditis (Friedman et al. 1972; Morrow
et al. 1980; Giron and Patterson 1982; Huber et al. 1982; Fuller et al. 2007). It is also
true of infectious avian encephalomyelitis virus infection of chickens, where testos-
terone increases susceptibility of the birds to infection (Westbury and Sinkovic
1978). In each of the mouse models, castration of males or treatment with estrogen
reduces disease susceptibility whereas treatment of females with androgens (testo-
sterone) and progesterone enhances the susceptibility to disease (Fig. 4.1) (Lyden
and Huber 1984). There is variability in susceptibility to coxsackievirus B3 infection
within nonpregnant female mice although females are far more resistant to viral
disease than males (Schwartz et al. 2004). When females are infected during specific
phases of the estrus cycle, animals infected during diestrus, when progesterone
levels are high and estrogen levels are low, develop significantly more severe disease
than females infected during estrus, when progesterone levels are low and estrogen
levels are high (Schwartz et al. 2004). Thus, even the more moderate hormonal
fluctuations of normal cycling females can substantially influence the pathogenicity
of this picornavirus infection. Two important questions are how do sex-associated
hormones impact virus susceptibility and is sex-dependent variation in viral patho-
genesis as observed in mice relevant to clinical disease? Although many viruses can
cause clinical myocarditis, enteroviruses of the picornavirus family, in particular
coxsackieviruses, are important etiologic agents (Bowles et al. 2003). The male:
female ratio of clinical myocarditis is 2:1 in humans, indicating a male dominance to
the disease and, as with the mouse model, susceptibility increases in women during
the third trimester of pregnancy and in the postpartum period (Woodruff 1980). This
provides circumstantial evidence that the mouse model of coxsackievirus B3-induced
myocarditis may accurately reflect the human disease and that sex-associated
hormones influence disease susceptibility in humans as they do in mice.
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One of the major factors which might determine sex bias in coxsackievirus
infections is sex-biased expression of the virus receptors on host cells. Coxsack-
ieviruses use two known receptors. Coxsackievirus—adenovirus receptor (CAR) is a
member of the immunoglobulin superfamily and is located in tight junctions
(junction-associated molecule) (Bazzoni 2006). These molecules are not only
necessary for the structural formation and stabilization of tight junctions, primarily
in epithelial and endothelial cells, but also function in promoting leukocyte trans-
migration. CAR binds immunoglobulin and B lymphocytes and therefore might be
involved in transmigration of these lymphocytes (Carson 2001; Carson and
Chapman 2001). DAF is more widely distributed in tissues and cells than CAR
and its main function is to protect cells against complement-mediated lysis (Medof
et al. 1987). Unlike CAR, DAF is expressed in nonattached cells, such as leuko-
cytes, and may be responsible for the infection and replication of coxsackieviruses
in B cells, DCs, and activated T cells (Anderson et al. 1996; Liu et al. 2000a).
Phytoestrogens, such as the isoflavone genistein, are able to induce CAR expression
in human bladder cancer cells in vitro (Pong et al. 2006). Although this does not
directly prove that sex-associated hormones modulate expression of this receptor, it
is highly suggestive that this might happen. Better evidence for hormonal regulation
of viral receptor expression exists for DAF. The human C3 promoter has estrogen
response elements (EREs) suggesting hormonal influence of expression of comple-
ment (Vik et al. 1991) and estrogen treatment significantly increases C3 mRNA
expression in vivo in mice (Li et al. 2002). As C3 expression is augmented with
estrogen, so is the expression of DAF, a complement regulatory molecule meant to
inhibit activated C3 (Song et al. 1996). To determine if modulation of DAF
expression correlates to susceptibility of cells to coxsackievirus B3 infection,
young women undergoing their natural menstrual cycle were followed through
multiple cycles and evaluated in luteal and follicular phases for both DAF expres-
sion on peripheral blood lymphocytes and for susceptibility of the lymphocytes to
coxsackievirus B3 infection. DAF expression in the follicular phase and the ability
of virus to replicate in lymphocytes correlate strongly with estrogen levels (Sartini
et al. 2004).

Sex-associated hormones also impact the immune response to coxsackievirus
infections. Male mice and female mice infected during diestrus (i.e., when proges-
terone is high and estrogen is low) develop predominantly Thl cell responses,
whereas females infected during estrus (i.e., when estrogen is high and progester-
one is low) develop primarily Th2 responses to infection (Huber et al. 1999;
Schwartz et al. 2004; Frisancho-Kiss et al. 2007). Females infected during estrus
generate FoxP3* regulatory T cells whereas these cells are absent when mice are
infected during the other phases of the estrus cycle (Huber 2008). Sex steroids
modulate regulatory T cell responses (Polanczyk et al. 2005; Tai et al. 2008) by
promoting conversion of CD4"CD25™ cells to the regulatory CD4*CD25*FoxP3*
phenotype via estrogen receptors on the regulatory cell precursor. Regulatory T
cells inhibit CD4" Th1 cell responses (Nie et al. 2007), which are essential to
coxsackievirus B3-induced myocarditis susceptibility (Huber et al. 2002a; Huber
et al. 2002b). Exogenous administration of 17B-estradiol to females infected during
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diestrus upregulates cells and effectively abrogates both the Thl cell response and
myocarditis susceptibility. The effects of sex steroids on regulatory T cells in the
coxsackievirus model may be mediated directly through hormone interaction with
T regulatory cell precursors or indirectly through effects on other cell populations.
CD4"CD25"FoxP3" regulatory T cells express certain TLR, most notably TLR4,
TLRS, and TLR8 (Caramalho et al. 2003; Peng et al. 2005). Additionally, TLR3
signaling upregulates PD-L1, a negative regulatory molecule in DCs that sup-
presses CD4™ cell responses (Groschel et al. 2008). The effects of sex-associated
hormones on virus receptor expression and virus load may be mediated by effects
on TLR signaling that may facilitate increased virus replication. Future studies
should consider the effects of sex steroids on the expression of TLRS, TLR3, and
RNA helicases as these receptors respond to ssSRNA and dsRNA during coxsack-
ievirus infections. In addition to receptors for RNA, male mice infected with
coxsackievirus express elevated levels of TLR4 mRNA, IFN-vy, and reduced regu-
latory T cells whereas infected females have increased T cell Ig mucin-3 (TIM-3),
IL-4, and regulatory T cells (Frisancho-Kiss et al. 2007). Inhibition of TIM-3 in
males enhances TLR4 expression and reduces regulatory T cells, whereas inhibition
of TLR4 signaling increases TIM-3 expression. Thus, TLR4 participates in cox-
sackieviral pathology by affecting regulatory T cell responses and this effect is sex
dependent. Although the primary ligand for TLR4 is lipopolysaccharide, it is now
clear that multiple endogenous ligands exist for TLRs besides microbial molecules
(Tsan and Gao 2004). Infection with lysogenic viruses, such as picornaviruses,
which can cause wide-spread cell lysis and release of endogenous molecules could
promote more diverse TLR signaling than would be expected from the pathogen
itself.

4.3.3 Hantaviruses

Globally, hantaviruses are one of the most widely distributed zoonotic pathogens
that are maintained in the environment by rodents. Spillover of hantaviruses from
rodents to humans causes hantavirus cardiopulmonary syndrome or hemorrhagic
fever with renal syndrome (HFRS), depending on the species of virus (Klein and
Calisher 2007). Reported human hantavirus infections in the Americas and Europe,
as well as field observations of several rodent-virus systems indicate that more
males than females are infected with hantaviruses (Childs et al. 1994; Weigler et al.
1996; White et al. 1996; Mills et al. 1997; Williams et al. 1997; Glass et al. 1998;
Mills et al. 1998; Bernshtein et al. 1999). Sex differences in hantavirus infection
only become apparent after puberty, suggesting that sex steroid hormones may
underlie the dimorphism in infection (Childs et al. 1988; Mills et al. 1997). Sex
steroids can modulate sex differences in infection through effects on the immune
system or on the expression of behaviors (e.g., aggression) that increase the
likelihood of being exposed to hantaviruses (Zuk and McKean 1996; Root et al.
1999; Klein 2000, 2004). Recent data from HFRS patients reveal sex-specific
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patterns in the acute immune response to Puumala virus (PUUV) infection, in which
women produce higher levels of IL-9, FGF-2, and GM-CSF and lower levels of
IL-8 and IP-10 than men (Klingstrom et al. 2008). Although a similar proportion of
men and women have antibodies against PUUV (Ahlm et al. 1994), men are more
likely to develop symptoms of disease (i.e., be hospitalized) during PUUV infection
than are women (Vapalahti et al. 2003; Klingstrom et al. 2008). Whether sexually
dimorphic immune responses during hantavirus infection cause differences in the
severity of disease between men and women requires further investigation.

Laboratory studies of Norway rats inoculated with Seoul virus (SEOV; i.e., the
hantavirus that naturally infects Norway rats) reveal that when given the same
challenge, male and female rats are equally likely to become infected (Klein et al.
2000). After inoculation, however, male rats have more copies of SEOV RNA in
the lungs for a longer duration of time and shed significantly more virus in saliva
than females (Klein et al. 2000, 2001; Klein et al. 2002; Hannah et al. 2008).
Additionally, large-scale genomic analyses reveal that the expression of genes that
encode for immunological proteins associated with innate antiviral defenses, proin-
flammatory responses, T cell responsiveness, and antibody production is higher in
females than in males (Klein et al. 2004). The induction of PRRs (7Ir7 and Rig-I),
expression of antiviral genes (Myd88, Visa, Jun, Irf7, Ifnf, Ifnarl, Jak2, Stat3, and
Mx2), and production of Mx protein also is elevated in the lungs of intact females
compared with intact males (Fig. 4.2) (Easterbrook and Klein, 2008; Hannah et al.
2008). Similarly, immunocompetence, as measured by swelling in response to
PHA, is higher in female than in male deer mice during Sin Nombre virus infection
(Lehmer et al. 2007). Conversely, the production of regulatory factors, including
Fox3 and TGF-B, is elevated in the lungs of SEOV-infected males as compared
with females (Fig. 4.2) (Easterbrook and Klein 2008). These sexually dimorphic
immune responses may be dependent on the levels of estradiol in females and
testosterone in males, as gonadectomy reverses these differences (Hannah et al.
2008). Elevated antiviral immune responses in females may contribute to less
efficient SEOV replication and shedding in females than in males.

Steroid hormones can bind to their respective receptors, that then translocate to
the nucleus and bind to hormone response elements (HREs) in the promoter region
of hormone-responsive genes, thereby influencing gene transcription. The extent to
which genes associated with antiviral defenses are transcriptionally regulated by
sex steroids is not well characterized (but see Fox et al. 1991; Brahmachary et al.
2006). To test the hypothesis that genes associated with antiviral defenses against
hantaviruses are transcriptionally regulated by steroids, computational analyses
were employed to identify HREs (i.e., EREs, androgen response elements (AREs),
progesterone response elements, and glucocorticoid response elements (GREs)) in
promoters of antiviral genes in rats. Putative AREs and EREs have been identified in
the promoters of several of antiviral genes, including T1r3, Tlr7, MydS88, Irf7, Jun,
Hsp70, Ifnarl, and Mx2, suggesting that sex steroids may directly affect dimorphic
antiviral responses against SEOV infection (Hannah et al. 2008).

Hantaviruses are transmitted through passage of virus in saliva during aggressive
encounters (Glass et al. 1988; Hinson et al. 2004) and male rodents shed more virus
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Fig. 4.2 The expression of
Ifnf and Tnfu is elevated and
the expression of Tgfp is
reduced in the lungs of
female, but not male, rats
during SEOV infection.
Expression of Ifnf3, Tnfo, and
Tgfp in the lungs was
measured days 0, 3, 15, 30,
and 40 p.i. by real-time RT-
PCR. Gene expression is
displayed as relative to
expression in same sex
uninfected rats (gray line) and
the expression of each
cytokine was normalized to
Gapdh. Significantly different
between male and female rats
during SEOV infection (¥),
p<0.05 using two-way
ANOVAs (Easterbrook and
Klein 2008)
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in saliva and are more likely to be infected with hantaviruses than females (Klein,
2003; Hinson et al. 2004). Wild-caught male rats that engage in elevated levels
of aggression are more likely to be infected with SEOV and have higher circulating
testosterone concentrations than males that engage in less aggression (Easterbrook
et al. 2007). Suppressed antiviral defenses combined with the propensity to engage
in aggression, both of which are mediated by testosterone, may make males
better transmitters of hantaviruses than females.
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4.3.4 Encephalitis-Causing Viruses

Several viruses can cross the blood-brain barrier to infect the central nervous
system and cause inflammation. Pathology following infection with encephalitis-
causing viruses may be mediated by replication of the viruses or by the host
immune response mounted to clear infection. Thus, there is a balance between
protection and development of pathology that might differ between the sexes and be
mediated by sex hormones. In response to infection with lymphocytic choriome-
ningitis virus, estrogen treatment increases CD4* and CD8" T cell responses and
increases susceptibility to fatal immune-related meningitis (Muller et al. 1995). In
contrast, heightened immune cell activity, including production of nitric oxide
synthase 2 and expression of MHC II, correlates with reduced spread of VSV in
the central nervous system of female mice (Barna et al. 1996).

West Nile virus (WNV) is carried by mosquitoes and reportedly infects humans,
horses, and birds. In humans and horses, infection can cause severe neuroinvasive
disease and males are more likely to develop severe CNS symptoms of disease and
die from infection than females (Porter et al. 2003; O'Leary et al. 2004; Epp et al.
2007; Jean et al. 2007). Interestingly, among horses, fatality rates are higher among
stallions than either geldings (castrated males) or mares, suggesting that testoster-
one may be involved in the cause of the death (Epp et al. 2007). Whether androgens
affect behaviors that increase the likelihood of infection seems improbably as rates
of infection do not consistently differ between the sexes; thus, androgen-dependent
effects on immunity remains a viable hypothesis for the dimorphic development of
encephalomyelitis and fatality rates following exposure to WNV.

4.3.5 Paramyxoviruses

In humans, although males are more susceptible than females to many viral agents,
measles is one virus that causes significantly higher mortality in females than in
males. Although reviewed more extensively in Chap. 11, we will briefly note that a
deaths caused by exposure to measles from 1950-1989 revealed that female-
biased mortality is apparent among infants (<1-4 years), children (5-14 years),
and adults (1544 years) worldwide (Garenne 1994). The observed sex difference
in response to measles virus implies that males and females might respond differ-
ently to attenuated viral vaccines. The standard measles vaccine is a low titer viral
vaccine that is offered to infants at 9 months of age. One problem with the standard
measles vaccine is that it does not protect infants against infection during the period
between when maternal antibody begins to decline and immunization occurs (i.e.,
from 4-9 months of age). Thus, administration of a high titer measles vaccine to
infants <9 months of age was initiated by the World Health Organization in the late
1980s in regions of West Africa. In response to a high titer measles vaccine,
mortality rates were consistently higher for girls than for boys, which lead to
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termination of the vaccine trials (Knudsen et al. 1996). Whether girls and boys
differed in their immunological responses to the vaccine has not been reported, but
is discussed in Chap. 11 of this book.

4.4 Genetic Factors

4.4.1 Sex Chromosomes

Sex determination in mammals is mediated by the Sry gene on the Y chromosome
which causes the formation of testes that produce and release testosterone. In the
presence of both the Sry gene and testosterone, male-typic development ensues
(Canning and Lovell-Badge 2002). In the absence of the Y chromosome and, hence,
the Sry gene, ovaries develop (Canning and Lovell-Badge 2002). Early hypotheses
about the role of host genes in resistance to disease initially speculated that female
resistance and male susceptibility to infectious diseases were related to genes on sex
chromosomes (Lenz 1931; Purtilo and Sullivan 1979). As male mammals are
heterogametic and there are genes on the X chromosome that regulate immune
function (e.g., T/r7 and Foxp3), deleterious recessive alleles are more likely to be
expressed in males than in females. Moreover, even small differences in the effects
of alleles are more likely to be evident in males than in females because the
phenotype of females results from the average effect of two alleles (Burgoyne
etal. 2001). Although sex differences in physiology may be caused by direct effects
of sex steroids, an alternative hypothesis is that genes on the X chromosome, the Y
chromosome, or both alter the expression of sexually dimorphic phenotypes (via
direct, nonhormonal mechanisms).

Whether sex chromosomal genes modulate sex differences in the development
of the immune system and susceptibility to viruses has not been reported. Recent
studies, however, have addressed whether sex differences in susceptibility to
autoimmune disease are mediated by sex chromosomes, by examining responses
to experimentally induced autoimmunity in mice with the Sry gene either deleted
(XY-Sry) or translocated to an autosomal region (XXSry). Utilization of these mice
enables investigators to separate gonadal sex (i.e., the presence of ovaries or testes)
from sex chromosome complement (i.e., XX or XY). Susceptibility to experimental
autoimmune encephalitis (EAE) and the severity of lupus in this mouse model is
contingent on the presence of the XX sex chromosome complement (Palaszynski
et al. 2005; Smith-Bouvier et al. 2008). The effect of sex chromosome complement
on susceptibility to EAE is associated with reduced production of Th2 cytokines,
including IL-4, IL-5, and IL-13, and increased expression of IL-13Ra2 on macro-
phages and DCs of XX mice (Smith-Bouvier et al. 2008). Consequently, the 7/13ro2
gene is expressed on the X chromosome (Donaldson et al. 1998); whether addition-
al genes on sex chromosomes, including Foxp3 and Tir7, modulate sex differences
in the recognition and response to viruses requires consideration.
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4.4.2 Disease Susceptibility Genes

Several disease-resistance genes have been identified in vertebrate animals. Disease-
resistance genes confer the advantage of more efficient immune responses, reduced
replication of viruses, and less severe pathology associated with infection. The most
well-studied disease-resistance genes encode proteins in the immunoglobulin (Ig)
superfamily, including: (1) class I MHC glycoproteins; (2) class I MHC glycopro-
teins; (3) proteins in the T cell receptor complex; and (4) Ig molecules on B-cells.
Genes of the Ig superfamily are important mediators of both cell-mediated and
humoral immunity and are affected by sex steroid hormones as noted in Chap. 3.
Presumably, if males are more susceptible to infection than females, then estrogens
may enhance and androgens may suppress the expression of disease-resistance
genes. Polymorphisms in genes that encode for immunological proteins can affect
susceptibility to viruses. For example, sexually dimorphic polymorphisms in the
IL-1PB gene predict severity and persistence of Hepatitis C virus in humans (Wang
et al. 2003).

Sex steroid hormones can alter the expression of disease-specific genes. In many
cases, the expression of these autosomal genes determines the lethality of infec-
tion. Ectromelia virus (i.e., mousepox) is a naturally occurring lethal pathogen in
mice. Susceptibility to mousepox has been mapped to disease-related loci on
autosomal chromosomes. Using recombinant inbred strains of mice, four loci
have been identified, RmpI-4 (resistance to mousepox loci), that confer resistance
to mousepox. The effects of loci Rmp2 (on chromosome 2) and Rmp4
(on chromosome 1) on resistance to infection differ between the sexes, in which
these loci confer greater resistance in female than in male congenic mice. If
congenic mice are neonatally gonadectomized at 4-7 days of age and infected
with mousepox as adults, then the sex difference in resistance is abolished;
gonadectomized males and females are equally susceptible to mousepox (Brown-
stein and Gras 1995). Neonatal ovariectomy increases female susceptibility to
mousepox; whereas, castration of neonatal males has little effect on susceptibility
to infection (i.e., castrated males are as susceptible as intact males) (Brownstein
and Gras 1995). Thus, estrogens may enhance as opposed to androgens suppres-
sing genetic resistance to mousepox.

Two susceptibility loci, termed Tmevp2 and Tmevp3 (short for Theiler’s muine
encephalomyelitis virus persistence), have been mapped to Chromosome 10, con-
trol persistence of Theiler’s virus in the CNS of mice, and contribute to the greater
viral loads observed in males than in females (Fig. 4.3) (Bihl et al. 1999). Addition-
al analyses using composite interval mapping to identify sex-dependent quantita-
tive trait loci that control the severity of Theiler’s virus disease in mice reveal
sexually dimorphic loci on chromosomes 1, 5, 15, and 16 in males and on chromo-
some 1 in females (Butterfield et al. 2003). Whether sex differences in susceptibility
to other viruses can be traced to disease-specific genes and/or loci requires
additional evaluation.
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Fig. 4.3 Allelic segregation of the Tmevp2 and Tmevp3 loci has differential effects on Theiler’s
virus persistence in the central nervous system depending on the sex of the mice. These data
illustrate the effect of sex on the number of resistant (B10.S) alleles for the Tmevp2 and Tmevp3
loci in mice. The amount of viral RNA in the spinal cord was measured 45 days postinoculation
and is expressed as the highest RNA dilution that gave a hybridization signal or the score of viral
persistence. Data adapted from Bihl et al. (1999)

4.4.3 Virus Genes

As noted above, steroid hormones can bind to their respective receptors, that then
bind to HREs in the promoter region of hormone-responsive genes, thereby influ-
encing gene transcirption. Several retroviruses contain the core motif for HREs in
their sequence; thus, steroid hormones, including glucocorticoids, progesterone,
and androgens, can directly regulate transcription of viruses, including HIV, bovine
leukemia virus, Friend murine leukemia virus, and mouse mammary tumor virus
(Cato et al. 1986; Darbre et al. 1986; Otten et al. 1988; Kolesnitchenko and Snart
1992; Niermann and Buehring 1997). At least in response to Friend murine
leukemia virus, the presence of a GRE in the virus is one determinant of sex
differences in susceptibility to infection (Bruland et al. 2003).

4.5 Conclusions

Males and females differ in their susceptibilities to viral infections. Sex-biased
susceptibility to infection is evolutionarily well-conserved as differences are
observed between males and females of several mammalian species and in response
to a wide array of both DNA and RNA viruses (Table 4.1). The nature of the sexual
dimorphism during viral infection depends on both the host and virus. Although
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males are more susceptible than females to many viruses, there are exceptions such
as HSV-2 and measles virus for which males are more resistant than females and
endocrine—immune interactions might underlie this sex reversal.

The immune systems of males and females differ. Most studies characterizing
sex differences in immune responses to viruses have focused on type I IFNs and
adaptive immune responses, with particular attention paid to the Th1/Th2 dichotomy.
Although this approach has yielded valuable information about the causes of sex
differences in viral infections, future studies should move beyond this paradigm
and begin to consider other host responses to infection. In particular, the role of
Th17 cells in mediating inflammatory responses that are common during virus
infection should be examined. As females typically mount higher inflammatory
responses during infection, we would predict the activity of Th17 cells, includ-
ing expression of RoryT and production of IL-17, might be elevated in females
compared with males. The balance between host immune responses resulting
in protection against viruses and development of immunopathology might be differ-
entially regulated between the sexes. Dimorphic responses of regulatory T cells,
as have been shown in responses to hantaviruses and picornaviruses, should be
considered in future studies.

Endocrine—immune interactions play a fundamental role mediating sexually
dimorphic responses to viruses. Sex steroid concentrations differ dramatically
between the sexes, and consequently to date, most studies have focused on char-
acterizing the role of sex steroids as mediators of sex differences in viral infection.
Future studies must continue to examine whether other steroid and peptide hor-
mones, including glucocorticoids, contribute to sex differences in viral infection
(Easterbrook and Klein 2008). Future studies must also consider whether natural
hormonal fluctuations associated with puberty, pregnancy, or menstruation affect
responses to viruses, as has been demonstrated during HIV, HSV, and coxsackie-
virus infection. Further, whether changes in host endocrine and immune responses
following infection are mediated by the host or by the virus must be considered to
fully elucidate the nature of these dynamic relationships. Finally, in addition to
hormonal mechanisms, genetic differences between the sexes may directly modify
responses to infection, as has been shown for autoimmune diseases.

The burden of viruses as a major cause of global infectious diseases is well
recognized. Missing from current initiatives is an understanding of the host-related
causes of sex differences in response to viral infection. To date, many studies of
human, nonhuman primate, and rodent viral infections either do not report the sex
of their subjects, report using sex-matched subjects, or use only one sex. Increased
awareness about sex differences in response to viruses will impact both our
understanding of host—virus interactions and the development of antiviral treat-
ments that are successful in both sexes. By illustrating that males and females
respond differently to viruses, this implies to us that the sexes may respond
differently to antiviral treatments, including vaccines.
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Chapter 5
Sex Differences in Innate Immune Responses
to Bacterial Pathogens

Jennifer A. Rettew, lan Marriott, and Yvette M. Huet

Abstract Sex-based differences in innate immune responses to bacterial infection
are evident in human patients and animal models of disease. Females are less
susceptible to the development of bacterial infections and subsequent bacteremia
and/or sepsis, while males exhibit a greater incidence of such infections and are
more likely to develop fatal sequellae. While the precise effects and mechanisms of
action remain to be determined, it is apparent that sex steroid hormones can have
direct effects on the expression and function of key bacterial pattern recognition
receptors on innate immune cells. Changes in the expression of these receptors are
likely to have profound effects on the production of the inflammatory mediators
responsible for the lethal nature of septic shock and may underlie the observed
sexual dimorphism demonstrated in immune responses to bacterial endotoxins.

5.1 Introduction

It has long been known that sex is a contributing factor in the incidence and
progression of disorders associated with immune system dysregulation (e.g., devel-
opment of autoimmune diseases). There also is an increased appreciation and
interest in the fundamental role that sex plays in susceptibility to infectious disease.
In this chapter, we illustrate that the responses to bacterial infections and endotoxin
differ based on sex as well as reproductive status. In discussing sex biases
in response to bacterial infection, it is important to note that disease severity
and outcome following bacterial infection are often dependent on the host inflam-
matory responses elicited by endotoxins produced by many bacterial species.
Systemic inflammatory response syndrome (SIRS) describes the physiological
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changes associated with an overactive and systemic host response that can be due to
either an infectious stimulus, such as endotoxin, or the physiological response to
challenges, such as hemorrhage. Patients with SIRS exhibit symptoms, such as
fever or hypothermia, tachycardia, tachypnea, and white blood cell count abnorm-
alities (Martel 2002). The term SIRS encompasses sepsis, bacteremia, and endotox-
emia. Sepsis occurs when organisms, at a local site of infection, proliferate and gain
access to the blood stream via tissue damage and/or invasion mechanisms. Bacter-
emia and endotoxemia occur when bacteria and endotoxins (e.g., lipopolysaccharide
(LPS)), respectively, are present in the blood stream. LPS is a structural component
of the cell wall of Gram-negative bacteria that, while not actively secreted by these
organisms, is often released into the extracellular milieu of the host following
bacterial lysis. The systemic circulation of microbes and/or endotoxin often leads
to a systemic inflammatory response and frequently sepsis. Severe sepsis can lead to
septic shock, which is categorized by a catastrophic drop in blood pressure that
results in diminished perfusion of tissues, hypoxia, and dysfunction of organs,
including the kidneys, liver, lungs, and central nervous system (CNS). This loss of
function may lead to multiple organ failure and death (Martel 2002). In fact, sepsis
and the multiple organ failure associated with septic shock are the most common
cause of late postinjury death in surgical intensive care units (Sauaia et al. 1995).

Sex-based differences in the immune response to bacterial infection are evident
at multiple levels. Both innate and adaptive immunity are sexually dimorphic in
human patients and mouse models of bacterial disease. While disparities between
men and women in B cell activity and antibody production in response to bacterial
infection and vaccination are well known, marked differences also exist between
males and females in the frequency, severity, and outcome of severe sepsis and
septic shock. In this chapter, the sex-based differences in susceptibility to bacterial
infection and the mechanisms that may account for such a sexual dimorphism are
reviewed.

5.2 Sex-Based Differences in Susceptibility to Bacterial
Infection and Sepsis

5.2.1 Males Exhibit Greater Incidence and Severity
of Bacteremia, Endotoxemia, and Higher Tissue
Bacterial Burdens Following Infection Than Females

Animal studies provide evidence that males exhibit greater susceptibility to bacte-
rial challenge than their female counterparts. Sex-based differences have been
observed in susceptibility of mice to Mycobacterium marinum infection, with
males showing higher disease severity, bacterial burden, and mortality than infected
female mice (Yamamoto et al. 1991). Similarly, females infected with Helicobacter
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pylori show a delayed onset of intestinal dysplasia and develop less intestinal
inflammation and histopathology relative to infected males (Ohtani et al. 2007).
This sex difference is not limited to bacterial burden, as animal models of endotox-
emia indicate that female mice demonstrate higher survival rates than males when
subjected to severe sepsis. For example, administration of Vibrio vulnificus-derived
LPS leads to endotoxic shock in male rats, with a mortality rate of 82%. In con-
trast, females treated in the same manner exhibit only a 21% mortality rate
following LPS challenge (Merkel et al. 2001). Studies of V. vulnificus in mice
have yielded similar results. In one study, all female mice survived LPS-induced
sepsis, but only 70% of their male counterparts survived a similar treatment
(Laubach et al. 1998). In the cecal ligation and puncture-induced model of sepsis,
survival is greater in female mice (44%) relative to males (5%) (Kahlke et al.
2002).

Findings in human patients appear to correspond with those of animal studies,
with men exhibiting greater susceptibility to bacterial infection than women. A
study of patients with bacteremia at Boston City Hospital in 1972 found that the
incidence of infection was significantly higher in male patients than in females
(McGowan et al. 1975). In addition, men exhibit increased mortality associated
with nosocomial infection compared with females (Dinkel and Lebok 1994). Being
male is a major risk factor for bacterial infection following severe injury, with one
study showing that male patients exhibit a 58% greater risk of developing major
bacterial infections following trauma than females (Offner et al. 1999).

Sex differences in the incidence and/or severity of bacterial infection are paral-
leled by similar differences in the development of severe sepsis and septic shock.
V. vulnificus infection, which occurs following the ingestion of raw or undercooked
seafood, elicits endotoxic shock in humans with a fatality rate of almost 60%; 80%
of V. vulnificus-associated mortality, however, is observed in males (Oliver 1989).
In addition, reviews of hospital cases reveal that significantly fewer female patients
are referred to the intensive care unit, and of all patients referred, men develop
severe septic shock more frequently than women (Dosset et al. 2008; Wichmann
et al. 2000). Furthermore, the outcome following the development of sepsis also
differs between the sexes, with men exhibiting greater mortality than women
(Schroder et al. 1998).

Females are less susceptible to the development of bacterial infections and
subsequent bacteremia and/or sepsis, while males exhibit greater incidence and
severity of bacterial infections and are far more likely to develop lethal sequellae.
Although these sex-based differences have been appreciated for many years, the
mechanisms accounting for such sex differences are only now becoming apparent.
The divergence in sepsis severity may stem from the differences in circulating
endotoxin levels. Female rats exhibit significantly lower endotoxin levels following
cecal ligation and puncture than similarly treated males (Erikoglu et al. 2005).
Contradictory results, however, have been reported (Kono et al. 2000). Sex-based
differences in sepsis severity might also be caused by the relative production of key
proinflammatory cytokines that precipitate the lethal consequences of bacterial
septic shock.
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5.2.2 Sex-Based Differences in the Production of Inflammatory
Cytokines and Development of Bacterial Septic Shock

The development of sepsis is driven by the overproduction of cytokines, including
tumor necrosis factor (TNF)-a., interleukin (IL)-1p, and IL-6 (Blackwell and Christ-
man 1996). The importance of these molecules in the development of septic shock
is underscored by the observation that sera levels of IL-6, TNF-o, and IL-8 are
significantly lower in sepsis patients who survive than in those who succumb to this
condition (Dosset et al. 2008; Majetschak et al. 2000). The rapid onset and
progression of septic shock are testaments to the role played by innate immunity
in the development of this often self-destructive host response. Macrophages can
detect bacteria and endotoxins via pattern recognition receptors (PRRs) to produce
large amounts of proinflammatory cytokines. The lethal nature of septic shock is
mediated, in large part, by the widespread activation of macrophages and the
subsequent overproduction of proinflammatory mediators.

A sexual dimorphism exists in the circulating levels of proinflammatory cytokines
following bacterial infection and/or septic shock. For example, male sepsis patients
have higher circulating levels of TNF-a than do female patients and this observation
correlates with a worse prognosis (Schroder et al. 1998). In mice, Escherichia coli-
derived LPS elicits higher circulating levels of IL-6 in males than in similarly treated
female mice (Marriott et al. 2006). Interestingly, female sepsis patients exhibit higher
levels of the antiinflammatory cytokine IL-10 than do age and disease severity
matched male patients (Schroder et al. 1998). While these studies support the
contention that the overproduction of proinflammatory cytokines, diminished pro-
duction of antiinflammatory cytokines, or both correlate with susceptibility to septic
shock in males, some studies have failed to detect such sex-based differences
(May et al. 2008; Schroder et al. 1998) and the reason for this discrepancy is not clear.

Sex-based differences exist at the level of proinflammatory cytokine production
by antigen presenting cells. Sex differences in the production of proinflammatory
cytokines and chemokines are reported following in vitro LPS challenge of isolated
human peripheral monocytes and macrophages isolated from rodents. For example,
peripheral monocytes from male patients produce twofold higher levels of TNF-o
than female-derived cells following LPS challenge (Asai et al. 2001). Peripheral
blood cells derived from young adult men produce significantly more TNF-a
following LPS challenge than do similarly treated cells derived from young adult
women (Moxley et al. 2002). Peritoneal macrophages isolated from male mice
subjected to cecal ligation-induced sepsis secrete greater amounts of TNF-o than do
female-derived macrophages from similarly treated mice (Kahlke et al. 2002).

These sex differences are not limited to TNF-o. Male-derived macrophages
produce significantly larger amounts of the proinflammatory chemokine CXCL10
(IP-10) than do macrophages from female mice (Marriott et al. 2006). This effect
seems to be chemokine-specific, as no sex-based difference is observed in the
production of CCL2 (MCP-1) (Marriott et al. 2006). In addition, in vitro studies
using peritoneal macrophages show that cells derived from young male mice
produce higher levels of IL-1f and IL-6 following LPS challenge than do similarly
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treated cells derived from females (Kahlke et al. 2000). Results for IL-6 are
contradictory, as LPS-stimulated peripheral monocytes from females produce
more IL-6 than do monocytes from males, even though these same cells from
females produce less TNF-o than do cells from males (Asai et al. 2001). Further-
more, macrophages isolated from female mice after thermal injury produce higher
levels of IL-6 upon LPS stimulation than do those isolated from males (Kovacs
et al. 2002). Similarly, hypoxia-stimulated IL-6 secretion is greater in Kupffer cells
derived from females (i.e., the resident macrophages of the liver) than in those
derived from males (Zheng et al. 2006). Although these results contradict the sex
differences in TNF-a production, interpreting changes in IL-6 levels is complicated
by its role in the development of helper T cell type 2 (Th2) responses.

Sex-based differences are reported in the production of antiinflammatory cyto-
kines. For example, peritoneal macrophages isolated from male mice produce signifi-
cantly lower amounts of the potentially immunosuppressive prostanoid PGE, than do
cells derived from females (Marriott et al. 2006). Cells from female mice also can be
induced to secrete more prostanoids than males following adjuvant administration
(Duetal. 1984), burn injury (Gregory et al. 2000), or collagen-induced arthritis (Leslie
et al. 1987). Furthermore, female-derived splenic macrophages also secrete higher
levels of the antiinflammatory cytokine IL-10 than do cells derived from males
(Kahlke et al. 2000). There are, however, studies that have failed to detect such sex
differences in IL-10 secretion (Asai et al. 2001). One study of cecal ligation and
puncture-induced sepsis found that exogenous IL-10 treatment increases survival in
males, but has no effect on survival in females (Kahlke et al. 2002).

Sex differences in LPS-induced inflammatory mediator production observed in
monocytes and macrophages are apparent in other sentinel cells, such as neutrophils
(Spitzer and Zhang 1996), and may also include nonleukocytes cells. LPS-induced
lung inflammation in male mice is associated with higher levels of TNF-o than that
produced in the airway fluid of female mice (Card et al. 2006). In addition, gastric
tissue from male mice infected with H. pylori has a higher expression of TNF-o
than does tissue from infected females (Ohtani et al. 2007).

The majority of empirical data supports the hypothesis that females are protected
from potentially lethal endotoxic shock in two ways: (1) by producing lower levels
of proinflammatory mediators that precipitate the systemic effects associated with
sepsis; and (2) by elevating the production of antiinflammatory and regulatory
molecules that serve to attenuate endotoxin-mediated systemic inflammation.
Despite the consensus that male- and female-derived immune cells differentially
produce proinflammatory mediators following bacterial or endotoxin exposure, the
mechanisms that underlie these differences remain poorly defined.

5.2.2.1 Sex-Based Differences in the Expression and Functionality
of Receptors for Conserved Bacterial Motifs

The recent discovery of a family of PRRs with a high degree of homology to the
Toll family of proteins in Drosophila has shed light on the means by which innate
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Fig. 5.1 Mechanisms underlying LPS-induced proinflammatory cytokine production by host
cells and hypothesized points of regulation by sex steroid hormones. LBP: lipopolysaccharide
binding protein, LPS: lipopolysaccharide, TLR4: Toll-like receptor 4, p38 MAPK: mitogen-
activated protein kinase p38, NF-kB: nuclear factor kappa B, E,: estrogen, T: testosterone. Plus
sign indicates a stimulatory effect, whereas negative sign indicates an inhibitory effect

immune cells recognize a wide range of pathogens without the need for prior
exposure (Wright 1999; Medzhitov and Janeway 2000). To date, at least eleven
members of the Toll-like family of receptors (TLR) have been discovered in mice
and humans. These receptors detect the presence of conserved microbial motifs and
initiate the production of cytokines, chemokines, and costimulatory molecule
expression (Barton and Medzhitov. 2003).

As shown in Fig. 5.1, the detection of LPS involves Toll-like receptor 4 (TLR4)
and several coreceptors and binding proteins. LPS binding protein (LBP) is a type I
acute phase protein that catalyzes the monomerization of LPS and mediates
its transfer to CD14 (Schumann et al. 1990). CD14 is a coreceptor for LPS and is
either expressed within the plasma membrane of innate immune cells, such as
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macrophages, or is present as a soluble molecule in the surrounding milieu. Cellular
responses are initiated through binding with TLR4, as neither CD14 nor LBP
contains a cytoplasmic component (Poltorak et al. 1998; Chow et al. 1999; Lien
et al. 2000). TLR4 is expressed by immune cells, including monocytes, macro-
phages, and dendritic cells (DCs) (Medzhitov et al. 1997). TLR4 also is expressed
on nonleukocytic cells capable of proinflammatory cytokine production, including
epithelial cells in a variety of tissues (Diamond et al. 2000; Kumar et al. 2004;
Quintar et al. 2006; Hornef et al. 2002) smooth muscle cells (Quintar et al. 2006)
endothelial cells (Rock et al. 1998) and resident CNS cells, such as astrocytes
(Lewis et al. 2008). All these cells can therefore respond to LPS and have the
potential to contribute to a systemic inflammatory response. Ligation of TLR4,
facilitated by CD14 and LBP, initiates an intracellular signaling cascade that results
in the activation of NF-kB, a pivotal transcription factor in the regulation of
inflammatory cytokine expression. As such, widespread activation of cells via
TLR4 can precipitate the overproduction of soluble immune mediators that can
lead to the development of a systemic inflammatory response that underlies the
lethal nature of septic shock (Palsson-McDermott and O’Neill 2004).

Sex differences exist at the level of expression of these LPS receptors and could
therefore underlie the observed differences in LPS-mediated responses in male- and
female-derived cells with regard to inflammatory mediator production. Male mice
have significantly higher circulating levels of LBP after LPS challenge than do
female mice and macrophages isolated from male mice express higher levels of cell
surface CD14 than do female-derived cells (Marriott et al. 2006). The sex differ-
ence in CD14 exists at the level of protein expression rather than at the level of gene
transcription, as levels of mRNA encoding CD14 are not significantly different
between male- and female-derived cells (Marriott et al. 2006). Other studies of
CD14 expression reveal that peritoneal macrophages from males show a tendency
to express enhanced levels of cell surface CD14 compared with female-derived
cells; whereas the expression of CD14 on splenic macrophages is similar between
male- and female-derived cells (Eisenmenger et al. 2004).

Cells from males not only express higher levels of receptors for LPS than their
female counterparts, but macrophages isolated from male mice express more cell
surface TLR4 than female-derived macrophages. Sex difference in TLR4 occurs at
the level of protein expression, as expression of mRNA for this PRR is not
significantly different between sexes (Marriott et al. 2006). In contrast, hypoxia
induces higher expression of TLR4 mRNA in Kupffer cells from male mice
compared with female mice (Zheng et al. 2006). Peritoneal macrophages from
males also exhibit a tendency to express more cell surface TLR4 following trauma
hemorrhage than do cells from similarly treated females (Eisenmenger et al. 2004).
Conversely, the expression of TLR4 in naive macrophages or splenic macrophages
following trauma hemorrhage is similar between the sexes.

Sex-based differences in LPS responses also may stem from the differences
in the intracellular signaling pathways initiated following TLR4 ligation. Hypoxia
initiates a MyD88-dependent signaling cascade resulting in IL-6 release from
female-derived Kupffer cells. In contrast, male-derived Kupffer cells rely on
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a MyD88-independent signaling pathway for production of this cytokine (Zheng
et al. 2006). Consistent with this finding, female-derived Kupffer cells express
higher levels of MyD88 than do cells from males (Zheng et al. 2006). Although
Src protein levels are higher in female-derived liver macrophages, hypoxia
decreases such expression in female-derived cells and elicits an increased Src
production in male-derived Kuppfer cells (Zheng et al. 2006). Ligation of TLR4
initiates MAP kinase signaling and the activation of NF-kB. Female-derived
peritoneal macrophages show greater p38 MAP kinase phosphorylation, and
hence, activation following LPS challenge than do macrophages from males
(Angele et al. 2003). Furthermore, NF-xB activity in Kupffer cells is three times
higher in females following alcohol-induced liver injury than in similarly treated
males (Kono et al. 2000).

Taken together, evidence is accumulating that sex differences exist at the level
of expression of the PRRs that detect bacterial components and influence the
signaling pathways that result in the production of proinflammatory cytokines.
Sex differences in the activation of TLRs and their coreceptors potentially underlie
the sexual dimorphism observed in immune responses during sepsis and/or septic
shock. The higher expression of TLR4 and its coreceptors on sentinel cells from
males and the more efficient LPS-induced signaling pathways in female cells
appear to be contradictory. However, TLR stimulation induces the production of
both proinflammatory and antiinflammatory cytokines. Thus, sex differences in the
activity of signaling pathways downstream of TLR4 could result in higher antiin-
flammatory cytokine production rather than elevated release of proinflammatory
mediators. More research is required to validate such a hypothesis.

5.3 Sex Steroid Hormones Affect Susceptibility to Bacterial
Infection Through Effects on Innate Immune Cells

5.3.1 Susceptibility to Bacterial Infection and Sepsis Differ
With Age and Reproductive Status

The differences in immune responses between males and females are often assumed
to be a consequence of sex steroid hormones. Circumstantial evidence for such a
hypothesis comes from the documented differences in susceptibility to bacterial
infection and sepsis/septic shock observed with age and changes in reproductive
status. Sex differences in susceptibility and mortality due to sepsis are not present in
prepubescent children over the age of one, which is correlated with low levels of
sex steroid hormones (Bindl et al. 2003). In infants under the age of one, boys are
more susceptible to developing severe sepsis than girls, at levels similar to that seen
in adult males (Bindl et al. 2003). Whether sex differences in severity of sepsis in
infants are due to the presence of residual sex hormones that are present at high
levels during fetal development and that rapidly decrease within the first year of life
requires evaluation.
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Susceptibility to sepsis also changes with old age, which may be a result of
decreased concentrations of circulating sex hormones that may change susceptibility
to bacterial challenge. In a mouse model of aging, Kahlke and coworkers (2000)
found that peritoneal macrophages from aged male and female mice release lower
levels of the proinflammatory cytokines IL-1p and IL-6 and greater levels of the
antiinflammatory cytokine IL-10 upon LPS stimulation compared with macro-
phages from young mice. Differences in cytokine production between males and
females that are apparent in young mice are not present in aged mice (Kahlke et al.
2000). In humans, elderly sepsis patients do not display sex differences in either the
incidence of septic shock or shock-associated mortality as seen in younger patients
(Angstwurm et al. 2005).

Major changes in sex steroid production occur during menopause in women and
a growing body of evidence suggests that changes in immune cell populations and
functions occur at this time. Ovaries are functional in humans from the teenage
years through to the 5th decade of life. During perimenopause, circulating estrogen
concentrations fluctuate greatly from low (<120 pM) to high (2 pM), but do not
become significantly reduced until close to the final menstrual period (Sherman and
Korenman 1975; Metcalf 1988; Shideler et al. 1989).

Plasma estrogen concentrations are undetectable in postmenopausal women and
progesterone levels are consistently less than 2 nM (Rannevik et al. 1995). Ovari-
ectomy of mice, which models surgically-induced menopause, results in a
decreased immune response and increased mortality following bacterial infection.
Ovariectomized female mice show an increased mortality following cecal ligation
and puncture-induced sepsis in comparison with age-matched intact females (Kno-
ferl et al. 2002). Similarly, ovariectomized female mice exhibit twice the lung
bacterial burden following M. avium infection as compared with age-matched intact
females (Tsuyuguchi et al. 2001). Mortality associated with LPS challenge also is
significantly elevated in ovariectomized female rats (Merkel et al. 2001). Impor-
tantly, these effects are reversed following exogenous estrogen replacement, con-
firming that the elevated bacterial burden and susceptibility to endotoxin
administration in aged females are directly attributable to the loss of endogenous
estrogen (Tsuyuguchi et al. 2001; Merkel et al. 2001).

In humans, LPS sensitivity and endotoxin-associated mortality increase with
age, such that postmenopausal women display a higher incidence of sepsis than do
premenopausal women (Meyers et al. 1989; Beery 2003). Peripheral monocytes
isolated from postmenopausal women produce significantly higher levels of inflam-
matory cytokines following LPS challenge than do similarly stimulated cells from
premenopausal women (Majetschak et al. 2000; Moxley et al. 2004). Majetschak
and colleagues (2000) show that monocytes derived from postmenopausal women
secrete proinflammatory cytokines at the same level as do monocytes from males.
In contrast, LPS-stimulated monocytes from postmenopausal women can produce
more TNF-o than similarly treated male-derived cells, which may reflect that half
of the postmenopausal women monitored were receiving hormone replacement
therapy (Moxley et al. 2004).
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Normal mucosal flora vary following menopause, with the subsequent fall in
estrogen levels. Reductions in circulating estrogen levels correlate with the loss of
Lactobacilli species in the vagina, which causes an increase in pH and coliform
microorganisms, promoting the growth of pathogenic bacteria and predisposing
patients to infection (Gupta et al. 2006). Hormone replacement therapy reverses this
effect and women not receiving hormone replacement therapy have greater inci-
dences of E. coli and bacteroids (Gupta et al. 2006). Such a hormone-dependent
change in mucosal flora has important implications for the development of chronic
inflammatory diseases. Consequently, postmenopausal women receiving hormone
replacement therapy demonstrate a reduced incidence of inflammatory bowel
disease compared with women not receiving exogenous hormones (Kane and
Reddy 2008).

Age and reproductive status can significantly influence the severity of bacterial
infections and the incidence of sepsis. The lack of sex differences in sepsis
susceptibility in prepubescent children and the increased sepsis susceptibility of
postmenopausal females that is reversed following hormone replacement, strongly
indicate that hormones underlie the observed sex differences in bacteremia and
sepsis/septic shock.

5.3.2 Effects of Sex Steroid Hormones on Susceptibility
to Bacterial Infection

Variations in sepsis susceptibility with changes in age and reproductive status
imply a role for sex steroid hormones in the incidence and outcome of bacterial
infections. There are, however, numerous studies indicating that sex hormones
influence acute immune responses to bacteria challenge. In general, estrogen is
considered to be “immunoprotective” during bacterial infections. This generaliza-
tion fails to delineate whether estrogen acts as an immunoenhancer to combat
bacterial infection or as an immunosuppressor that protects against the overactive
and damaging immune response associated with sepsis. Testosterone, on the other
hand, is widely accepted to be immunosuppressive and causes an increased suscep-
tibility of both males and females to bacterial infection. For example, exogenous
testosterone administration increases susceptibility of female mice to M. marinum
infection, whereas castration of males (i.e., removal of endogenous testosterone)
attenuates this infection (Yamamoto et al. 1991).

Gonadectomized male C57BL/6 mice exhibit elevated sensitivity to endotoxin
challenge indicating that removal of testosterone may result in elevated immune
responses (Rettew et al. 2008). While this observation would seem to contradict the
finding that males are more susceptible to sepsis than females, several studies show
that both male and female sepsis patients exhibit abnormally low circulating
levels of testosterone (Christeff et al. 1992; Fourrier et al. 1994). Further, death of
males due to septic shock is associated with extremely low levels of this androgen
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(Christeff et al. 1988). To date, the mechanisms underlying these observations
are not clear; LPS, however, inhibits testosterone synthesis (Reddy et al. 2006),
which in turn could result in a more robust inflammatory immune response and
hence septic shock.

Some animal studies, however, contradict the suppressive effects of testosterone
on sepsis-induced mortality. In A/J mice, gonadectomized males are less susceptible
to sepsis than intact males and this effect is reversed following the administra-
tion of dihydrotestosterone (DHT) (Torres et al. 2005). Furthermore, castrated
neonatal mice are less susceptible to sepsis as adults than their sham-operated
counterparts, suggesting that this outcome is due to prenatal androgen exposure
(Bernhardt et al. 2007).

A small number of studies report no effect of estrogen receptor (ER) agonists on
monocyte responses to intracellular Gram-positive bacterial pathogens, such as
Listeria monocytogenes (Cristofaro et al. 2006; Opal et al. 2005). There is, however,
an overwhelming body of evidence indicating that estrogens, in particular
17B-estradiol, are protective against bacterial infection and sepsis susceptibility.
For example, estrogens increase resistance to streptococcal infections (Nicol et al.
1964). 17B-estradiol administration increases survival and decreases the oxidative
stress along the rat gastrointestinal tract following intraperitoneal LPS challenge
(Sener et al. 2005). Similarly, rats treated with intramuscular injections of
17-estradiol and progesterone have lower endotoxemia and exhibit less liver and
lung congestion following cecal ligation and puncture-induced sepsis, regardless of
sex. Conversely, females receiving 17B-estradiol and progesterone have less liver
inflammation and less lung edema than similarly treated males (Erikoglu et al.
2005). Consistent with these observations, female rats treated with the ERa ligand
WAY204,688 or the ERB ligand WAY202,196 have lower circulating endotoxin
levels and higher survival rates following Pseudomonas aeruginosa infection than
do untreated animals (Cristofaro et al. 2006; Opal et al. 2005). Furthermore,
treatment of male and female mice with either ERo or ER agonists increases
survival following cecal ligation and puncture. Conversely, treatment with an ER[3
agonist, but not an ERa agonist, decreases bacteremia in these animals (Cristofaro
et al. 2006; Opal et al. 2005).

In addition to experiments employing the administration of exogenous estrogen
or ER agonists, numerous studies reveal that endogenous estrogen affects bacterial
infection outcome and sepsis. Ovariectomy markedly increases the severity of
M. avium infection and this effect is reversed following estrogen replacement
(Tsuyuguchi et al. 2001). Similarly, ovariectomy increases mortality following
cecal ligation and puncture-induced sepsis in female mice (Knoferl et al. 2002).
Ovariectomy also exacerbates H. pylori infection, such that the severity of infection
becomes comparable to that seen in males and this effect is reversed following
exogenous estrogen treatment of ovariectomized females (Ohtani et al. 2007).

The removal of endogenous estrogens following ovariectomy also increases
mortality associated with LPS challenge in rats and this effect is absent in ovariec-
tomized females that receive exogenous estrogen (Merkel et al. 2001). Androgen-
ized females have significantly higher mortality rate following LPS challenge than
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sham-treated females (Merkel et al. 2001). Finally, E. coli infections in dogs are
most prevalent during diestrus, when estrogens are at their lowest levels (Sugiura
et al. 2004).

Generally, estrogens are protective against bacterial infection and septic shock.
High estrogen levels, however, such as those that might be seen in late proestrus and
early estrus, can exacerbate such infections. For example, 17p-estradiol-treated
female mice exhibit greater bacteremia and death following gonococcal infection
than untreated animals (Kita et al. 1985). In addition, ovariectomized mice receiv-
ing high dose exogenous estrogen replacement demonstrate a higher incidence of
E. coli infection in the kidney due to urinary tract infection than do untreated mice
(Curran et al. 2007). Furthermore, acute injection of the estrogen estriol increases
LPS-associated mortality in rats (Ikejima et al. 1998).

Finally, and perhaps more importantly, the increased incidence and severity of
sepsis in humans correlate with circulating estrone and 17-estradiol levels. Female
patients admitted to an intensive care unit for sepsis have 10-20 times higher levels
of estrogens than do nonsepsis patients; whereas male sepsis patients exhibit 3-5
times higher estrogen levels (Fourrier et al. 1994). These results are in agreement
with another recent study demonstrating that 17f-estradiol levels are significantly
higher in nonsurviving than surviving sepsis patients, regardless of sex (Dosset
et al. 2008). Furthermore, the probability of death due to septic shock is lowest
when circulating 17B-estradiol levels are within the physiological range
(0.01-0.37 ng/ml in females and 0.02-0.06 ng/ml in males), but increases sharply
when levels are beyond this range (May et al. 2008). Although all male sepsis
patients have elevated estrone and 17-estradiol levels in the first 2 days following
admission to an intensive care unit, men who subsequently succumb to septic shock
have maintained and even elevated estrogen levels when compared with sepsis
survivors (Christeff et al. 1992). The correlation between circulating estrone levels
and sepsis severity suggests that the levels of this hormone could predict the
outcome for sepsis patients. Increased estrone and 17B-estradiol levels associated
with sepsis do not coincide with increased LH or FSH levels, indicating that bacterial
infection increases synthesis of estrogens in the gonads (Fourrier et al. 1994).

Taken together, these findings indicate that while testosterone tends to increase
susceptibility to bacterial infection, estrogen generally provides protection. How-
ever, super-physiological levels of estrogen and progesterone may exert a contrary
effect and negatively influence the outcome following sepsis, which is summarized
in Fig. 5.2.

5.3.3 Effects of Sex Steroid Hormones on Immune
Cell Function

Sex differences and the effects of sex steroids on innate immune responses to
bacterial infections are widely reported. As discussed in Chap. 3, receptors for
sex steroid hormones are present in a variety of leukocytes. Given that testosterone
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suppresses immune responses to bacterial challenge and the overproduction of
cytokines underlies the lethal nature of sepsis, androgens might directly alter the
secretion and production of these inflammatory mediators through androgen receptor
(AR)-mediated mechanisms. Consistent with this hypothesis, androgens suppress
the responses of immune cells to endotoxin challenge. The removal of endogenous
testosterone following castration increases LPS-induced IL-1f and IL-6 production
by mouse peritoneal and splenic macrophages (Wichmann et al. 1997). The in vitro
treatment of murine peritoneal macrophages with testosterone decreases the secre-
tion of IL-1f following LPS challenge (Savita and Rai 1998) and causes a modest
reduction in TNF-a secretion by such cells isolated from male but not female mice
(Chao et al. 1995). Furthermore, we have recently demonstrated that acute adminis-
tration of testosterone in vitro reduces the production of TNF-o0 by RAW 264.7
macrophage-like cells and primary macrophages (Rettew et al. 2008). The effect of
testosterone is apparent in cells isolated from gonadectomized males, but not in cells
derived from sham-operated animals or gonadectomized males that receive in vivo
testosterone replacement (Rettew et al. 2008). Androgen-mediated suppression of
endotoxin-induced inflammatory cytokine production is not limited to macrophages
as in vitro DHT treatment reduces IL-6 expression in LPS-stimulated umbilical cord
endothelial cells via the AR (Norata et al. 2006).

In addition to inflammatory cytokines, testosterone attenuates the production of
other immune molecules associated with bacteria clearance. Notably, macrophages
isolated from castrated male mice produce more nitric oxide (NO) upon LPS
stimulation indicating that endogenous testosterone may suppress NO release by
these cells. Consistent with this conclusion, the in vitro treatment of either primary
macrophages or RAW 264.7 macrophage-like cells with testosterone decreases the
expression of inducible nitric oxide synthase and NO release (Friedl et al. 2000;
Savita and Rai 1998). The immunosuppressive effects of testosterone are not due to
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the peripheral aromatization and conversion of testosterone to 17-estradiol,
because DHT, a nonaromatizable androgen, also has suppressive effects on immune
responses to LPS; further, the actions of testosterone are not affected by the
exposure of cells to ER antagonists (Norata et al. 2006).

The immunosuppressive actions of testosterone are specific to certain bacterial
challenges and may be sex-restricted. For example, testosterone reportedly does not
depress immune function in healthy animals but can suppress immune responses
following insults, such as trauma-hemorrhage (Angele et al. 1999). Further, gonad-
ally intact female mice treated with DHT have higher TNF-o responses to LPS than
do untreated females or even gonadally intact male mice (Card et al. 2006). While
the reasons for these discrepancies are presently unclear, the suppressive effects of
testosterone on some antiinflammatory responses may be involved. Gonadectomy
increases sera IL-10 levels after LPS challenge compared with levels in intact males
(Torres et al. 2005) and DHT attenuates IL-10 production by LPS-stimulated
macrophages (Angele et al. 1999).

The consensus of current studies is that testosterone is immunosuppressive and
generally decreases proinflammatory cytokine production by immune cells; con-
versely, estrogen may increase the production of these mediators by cells, such as
macrophages, thereby decreasing susceptibility to bacterial infection. The expres-
sion of proinflammatory cytokines, including Tnfx, within the brain following
intracerebral injection of LPS is attenuated in ovariectomized animals: an effect
that is reversed following exogenous estrogen administration (Soucy et al. 2005). In
addition, an intermediate dose of 17-estradiol (0.1 ng/mL) increases TNF-o
secretion by rat peritoneal macrophages stimulated with LPS (Chao et al. 1995)
and acute, in vivo estriol treatment increases sera TNF-a levels and Kupffer cell
TNF-oo mRNA expression in rats challenged with LPS (Ikejima et al. 1998).
Exposure to 17B-estradiol or estriol increases sera TNF-a levels in female mice
following in vivo LPS challenge: an effect that is antagonized by the ER antagonist
tamoxifen (Zuckerman et al. 1995, 1996). Furthermore, treatment of isolated
human peripheral monocytes with 17f-estradiol increases TNF-o production
from male-derived cells (Asai et al. 2001). Peritoneal macrophages isolated after
acute, in vivo LPS treatment demonstrate a modest increase in the expression of
TNF-o. mRNA after in vivo estriol exposure (Zuckerman et al. 1996).

In addition to TNF-a, estrogen can augment the production of other inflamma-
tory cytokines, including IL-1p and IL-6. Treatment of human peripheral mono-
cytes with 17B-estradiol increases IL-6 production from male-derived cells both
before and after LPS stimulation (Asai et al. 2001). Although there is no difference
in maximal IL-6 production in female mice following estrogen treatment, those
treated with estriol produce IL-6 with faster kinetics following LPS challenge than
that seen in untreated females, and this effect is inhibited by tamoxifen, which can
antagonize ERs (Zuckerman et al. 1996). Furthermore, the in vitro treatment of
mouse peritoneal macrophages with 17B-estradiol increases LPS-stimulated IL-1[3
production (Savita and Rai 1998). The in vivo treatment of rodents with
17B-estradiol increases sera NO levels (Ikejima et al. 1998) and splenocyte produc-
tion of IL-1a and IL-1f following in vitro restimulation (Dai et al. 2007). Lastly,
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estrogen may promote immune responses by limiting the production of the antiinflam-
matory cytokine IL-10, as human peripheral monocytes isolated from males produce
lower amounts of IL-10 following in vitro exposure to 173-estradiol (Asai et al. 2001).

Having made the case for estrogens enhancing the production of inflammatory
mediators, it might be surprising to learn that a preponderance of evidence contra-
dicts this hypothesis. For example, lower levels of IL-6 and TNF-o have been
observed in the peritoneal fluid following cecal ligation and puncture in mice
treated with the ER agonist WAY202,196 (Cristofaro et al. 2006). Acute intraperi-
toneal treatment with 17f-estradiol attenuates LPS-induced elevations in sera
TNF-o levels in rats (Sener et al. 2005). Both low (<107° ng/mL) and high
(>1 ng/mL) doses of 17B-estradiol decrease the secretion of TNF-o, by LPS-treated
rat peritoneal macrophages (Chao et al. 1995). 173-estradiol decreases LPS-induced
Tnfo expression by murine macrophages (Salem et al. 2000) and human periph-
eral monocytes (Vlotides et al. 2007; Asai et al. 2001). This effect is not limited
to monocytes and macrophages, as cells in gastric tissue infected by H. pylori
produce more TNF-o following ovariectomy: an effect that is reversed by
17B-estradiol replacement (Ohtani et al. 2007). Furthermore, in vitro 17-estradiol
treatment of astrocytes decreases LPS-induced Tnfo expression (Kipp et al. 2007;
Lewis et al. 2008), which is inhibited by exposure to the ER antagonist ICI
182,780 (Kipp et al. 2007).

Estrogen decreases the production of IL-6 following bacterial challenge or
exposure to endotoxin. Acute in vivo exposure to 17B-estradiol decreases IL-6
levels following endotoxin challenge (Zuckerman et al. 1995) and macrophages
from 17-estradiol-treated mice express lower levels of //6 mRNA than do macro-
phages from untreated mice, following in vitro restimulation with LPS (Zuckerman
et al. 1995). In addition to immune sentinel cells, other cell types capable of
responding to LPS have been shown to produce lower levels of IL-6 following
estrogen treatment. For example, human retinal pigment epithelial cells have lower
LPS-induced IL-6 responses following exposure to 17-estradiol, which is reversed
following treatment with the ER antagonist ICI 182,780 (Paimela et al. 2007).

In addition to TNF-o and IL-6, estrogens decrease the production of bacterial- or
endotoxin-induced production of other inflammatory mediators, including IL-1p,
inflammatory chemokines, and NO. Resident CNS cells that exert sentinel immune
functions, including microglia and astrocytes, exhibit diminished LPS-induced
IL-1B production following exposure to either 17B-estradiol or ER agonists
(Lewis et al. 2008). Similarly, gastric tissue from ovariectomized females infected
with H. pylori contains higher levels of IL-1f than do tissues from infected intact
females, which is reversed following 17B-estradiol replacement (Ohtani et al.
2007). CXCL8 (IL-8) secretion attracts immune cells to the site of bacterial
infection and excess infiltration of leukocytes, including neutrophils, can contribute
to the pathogenesis of sepsis. Treatment of peripheral monocytes isolated from
women with 17f-estradiol results in a dose-dependent decrease in LPS-induced
expression and secretion of CXCLS8 (Pioli et al. 2007). 17B-estradiol also decreases
the expression of Cxc/2 (MIP-2) in LPS-treated macrophages (Ghisletti et al. 2005).
This effect is driven by the effects of estrogen on NF-xB function, as 17-estradiol
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decreases p65 binding to the Cxcl2 promoter (Ghisletti et al. 2005). Finally, ovari-
ectomy elevates the production of NO by macrophages upon stimulation with LPS,
indicating that endogenous estrogen may decrease NO secretion. Consequently, the
in vitro treatment of macrophages (Savita and Rai 1998) and microglia (Vegato et al.
2000) with 17B-estradiol diminishes LPS-induced NO release: an effect reversed
following inhibition of ER activity (Savita and Rai 1998).

The hypothesis that estrogen limits inflammatory responses is further supported
by the enhanced production of the antiinflammatory cytokine IL-10 following
exposure to 17p-estradiol. For example, 17-estradiol treatment of gonadectomized
male mice increases IL-10 secretion from LPS-stimulated Kupffer cells (Angele
et al. 1999). Furthermore, exogenous 17-estradiol treatment causes a significant
increase in IL-10 production in ovariectomized female mice infected with H. pylori
(Ohtani et al. 2007). Further, long-term in vivo treatment of male mice with
17B-estradiol increases splenocyte IL-10 production following in vitro concanavalin
A stimulation (Dai et al. 2007).

Taken together, testosterone limits the production of key inflammatory media-
tors consistent with an immunosuppressive role for this hormone. In contrast, the
effects of estrogen appear to be far more controversial. While data are available to
support that estrogens enhance immune responses, a large body of data also
illustrate a suppressive action of estrogens on inflammatory cytokine and chemo-
kine release by a number of host immune cell types. Although the causes for these
disparate results are unclear, we hypothesize that the bipotential effects of estrogen
are dependent on the particular challenges faced by the host, the kinetics of the
immune response, and the effective dose of estrogen. For example, while interme-
diate doses of estrogen enhance cytokine release, very low or very high doses can
have an opposite effect. We must consider also the fine balance between immuno-
suppressive versus immunoprotective actions of estrogen. Thus, in order to protect
an individual during sepsis, decreased production of potent proinflammatory cyto-
kines, such as TNF-a, IL-6, and IL-1, may be desirable. This is an important area
for further research.

5.3.4 Effects of Sex Hormones on the Induction of Pattern
Recognition Receptors and Signal Transduction Pathways

As discussed in the preceding sections of this chapter, acute immune responses to
bacterial pathogens are initiated via the recognition of conserved microbial motifs,
including LPS and bacterial lipoproteins, by TLR4 and TLR2, respectively. In
addition, recognition of LPS is facilitated by coreceptors such as CD14 and
molecules, including LBP. Recognition of bacterial components by these receptors
initiates MAP kinase cascades and NF-kB activation via adaptor molecules, includ-
ing MyD88. The activation of the transcriptional factor NF-«xB affects transcription
of pro- and antiinflammatory cytokines precipitating the “cytokine storm” that
underlies bacterial septic shock (Miyake et al. 2004; Palsson-McDermott and
O’Neill 2004).
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In accordance with the inhibitory effects of androgens on cytokine production,
testosterone attenuates LPS-induced activation of p38 MAP kinase, but not ERK1/2 or
JNK/SAPK activation in macrophages (Benten et al. 2004). Alternatively, DHT
interferes with the ability of NF-xB to bind to DNA promoters in umbilical cord
endothelial cells (Norata et al. 2006). Estrogen also can inhibit NF-kB activity.
For example, treatment with the ER agonist WAY204,688 decreases cellular
NF-xB reporter activity (Opal et al. 2005) and acute 17-estradiol treatment
decreases DNA binding of NF-xB (Paimela et al. 2007; Ghisletti et al. 2005).
17B-estradiol appears to regulate NF-kB activity at the level of nuclear transloca-
tion. 17f-estradiol retains p65/Rel-A and c-Rel in the cytoplasm of immune cells
following stimulation (Ghisletti et al. 2005; Dai et al. 2007), regardless of IxBa
synthesis, phosphorylation, or degradation (Ghisletti et al. 2005), and appears to
target the microtubule-associated transport system used by NF-xB subunits
(Ghisletti et al. 2005). 17B-estradiol does not inhibit the nuclear translocation of
the p50 subunit, but increases the expression of Bcl-3, a protein that binds to p50
homodimers to permit transcription of NF-kB responsive genes (Dai et al. 2007). As
such, this may be a mechanism underlying the seemingly paradoxical ability of
estrogen to both inhibit and promote inflammatory gene expression.

Although sex steroid hormones may have specific effects on the function of
signal transduction components, it is clear that endocrine-induced changes in the
level of expression of PRRs, their coreceptors, or adaptor molecules may have a
profound influence on downstream cellular events, including NF-kB activation and
cytokine production. Sex steroid hormones can directly alter the expression of
innate receptors for bacterial components, as summarized in Fig. 5.1. Exposure to
testosterone in vitro decreases cell surface levels of TLR4 on RAW 264.7 macro-
phage-like cells and primary murine peritoneal macrophages in a time and dose
dependant manner (Rettew et al. 2008). Furthermore, gonadectomy increases cell
surface TLR4 expression on isolated monocytes: an effect that is reversed follow-
ing in vivo testosterone replacement (Rettew et al. 2008). Similarly, gonadectomy
increases the induction of TLR4 following E. coli infection of rat prostate cells
compared with cells from intact males or gonadectomized males with testosterone
replacement (Quintar et al. 2006).

Although the effects of testosterone on PRR activity are consistent, the effects of
estrogens on PRR expression are more complicated as acute administration of
estrogen fails to alter such expression in vitro. For example, acute estrogen treat-
ment of macrophage-like cell lines (Vegato et al. 2004; Vlotides et al. 2007),
primary murine macrophages (Rettew et al. 2009); Kupffer cells (Ikejima et al.
1998), or LPS-challenged human monocytes (Pioli et al. 2007) fails to significantly
alter TLR4 or CD14 expression. In contrast, estrogen significantly affects PRR
expression in vivo. The in vivo administration of estriol elevates the expression of
mRNA encoding CD14 and LBP in Kupffer cells (Ikejima et al. 1998) and
ovariectomy results in a markedly lower T/r2 transcription in the CNS in response
to LPS compared with that seen in intact females or ovariectomized females treated
with exogenous estrogen (Soucy et al. 2005). Furthermore, our recent studies
indicate that removal of endogenous estrogens following ovariectomy results in
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a modest but significant decrease in TLR4 cell surface expression and circulat-
ing LBP levels. Interestingly, 17B-estradiol replacement in ovariectomized animals
increases the levels of TLR4 and LBP to levels above those seen in intact
females (Rettew et al. 2009). Finally, expression of MyD88 is increased following
an in vivo treatment of male mice with 17B-estradiol (Zheng et al. 2006). While
hormone replacement therapy does not alter the levels of TLR4 expression in
circulating monocytes isolated from elderly post-menopausal women undergoing
exercise training (Flynn et al. 2003), the results of this study are difficult to interpret
due to the independent effects of aging and exercise.

5.4 Summary and Conclusions

Sex-based differences in innate immune responses to bacterial infection are evident
in human patients and rodent models of disease. Females are less susceptible to the
development of bacterial infections and subsequent bacteremia and sepsis, whereas
males exhibit a greater incidence of such infections and are more likely to develop
fatal sequellae. Females are protected from septic shock in two ways: (1) by
producing lower levels of the proinflammatory cytokines responsible for the lethal
nature of septic shock; (2) by elevating the production of antiinflammatory mole-
cules. Although evidence is accumulating that sex differences exist at the level of
expression of PRRs for bacterial motifs and downstream signaling pathways, the
mechanism of action is controversial as cells from males express higher levels of
TLR4 and its coreceptors, whereas LPS-induced signaling pathways in female cells
appear to be more efficient at evoking cellular responses than are those in male cells.
The observed differences in susceptibility to bacteria and endotoxin between the
sexes may be caused by the actions of sex steroids. Both age and reproductive status
significantly influence the severity of bacterial infections and the incidence of
sepsis. Testosterone also increases susceptibility to infection in rodent models,
whereas estrogen generally reduces susceptibility. Androgens, however, limit the
production of key inflammatory mediators by immune cells following bacterial
endotoxin exposure. Conversely, the role played by estrogens is debated, with
evidence for both enhancement and suppression of immune responses. A possible
mechanism for the effects of sex hormones on immune responses to bacterial
pathogens may be that testosterone and estrogen exert direct effects on the expres-
sion of PRRs, including TLR4 and its coreceptors, and can modulate the signal
transduction pathways employed by these receptors to initiate cytokine expression.
Consequently, sex hormones affect proinflammatory cytokine expression.
Although sex steroid hormones can elicit demonstrable changes in the expres-
sion and function of microbial PRRs and can significantly alter the production of
soluble immune mediators responsible for lethal septic shock, linking these seem-
ingly paradoxical effects to the sex differences in susceptibility to bacterial infec-
tion and sepsis severity remains challenging. While the precise mechanisms remain
to be determined, we propose a scenario, summarized in Fig. 5.3, in which male
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Fig. 5.3 Putative mechanism underlying elevated susceptibility to bacterial septic shock in males
compared with females. LPS inhibits testosterone synthesis thereby removing the inhibitory effect
of testosterone on TLR4 expression on sentinel cells. Elevation of estrogen levels (perhaps via a
direct action of LPS) increases TLR4 expression. LPS is recognized via TLR4 on these sensitized
cells resulting in a massive release of inflammatory mediators precipitating septic shock
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sepsis patients exhibit reduced levels of immunosuppressive testosterone and highly
elevated levels of estrogen that, at least in males, leads to an excessive and damaging
systemic immune response. Together, reduced testosterone and elevated estrogen in
males would facilitate the expression of TLR4, CD14, and LBP rendering sentinel
immune cells more sensitive to bacterial LPS and leading to markedly elevated
levels of soluble inflammatory mediators thereby precipitating septic shock. Further
research is required to validate such a hypothesis and to resolve the paradoxical
effects of physiological levels of estrogens in females.
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Chapter 6
Sex Hormones and Regulation of Host
Responses Against Parasites

James Alexander, Karen Irving, Heidi Snider, and Abhay Satoskar

Abstract Sex hormones play an influential role in the control of parasitic infection
by their ability to modulate different components of both the innate and adaptive
immune responses. The parasites themselves are phylogenetically diverse, target a
range of different tissues, and have evolved numerous alternative strategies to
evade or inhibit protective immune responses. Consequently, the influence of sex
hormones on these infective agents can be complex. For example, while females
exhibit greater resistance to infection by parasites including Trypanosoma cruzi,
Trypanosoma brucei, Giardia lamblia, Leishmania mexicana, Plasmodium cha-
baudi, and Trichinella spiralis, their male counterparts are found to be more
resistant to infection with Trichomonas vaganalis, Toxoplasma gondii and Schis-
tosoma mansoni. This chapter will discuss: (1) the role of sex hormones in regulat-
ing the outcome of parasite infection, (2) mechanisms by which these hormones
modulate host immune responses, and (3) the implications of these observations for
the pathogenesis of human parasitic disease.

6.1 Parasites: Their Global Importance

The Dutch proverb “Big fleas have little fleas upon their backs to bite them, and
little fleas have lesser fleas, and so ad infinitum™ mimics a wonderful illustration of
the universality and success of parasitism as a life strategy. Parasites consequently
comprise a massive infectious disease problem for humans and domesticated
animals. In particular, as major causes of mortality and morbidity, they are hugely
detrimental to both the social and economic progress of the developing world.
Malaria, for example, affects over 500,000,000 and kills at least 1,000,000 annually
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in Africa, mainly pregnant woman and young children. Overall, the disease burden
attributable to malaria is 42,000,000 disability adjusted life years (DALYS). The
DALY is a health gap measure that extends the concept of potential years of life lost
due to premature death to include equivalent years of “healthy” life lost by virtue of
being in states of poor health or disability (Murray et al. 2002). Schistosomiasis and
filariasis provide excellent examples of the chronic debilitating nature of many
parasite infections, although mortality attributable to the diseases is negligible, the
disease burdens equate to 1,930,000 and 5,600,000 DALYS, respectively. While
generally considered a third-world problem, parasites can also impinge significant-
ly on the health and well being as well as economies of developed countries. For
example, in France where the incidence of adult-acquired toxoplasmosis
approaches 80% of the population, the incidence of congenital toxoplasmosis is
estimated to be 10 cases per 1,000 births in Paris (Desmonts and Courvreur, 1974).
In the UK and USA, where approximately 30% of the population are infected, the
incidence of congenital toxoplasmosis is 0.5 per 1,000 births (Williams et al. 1981)
and 1-10 per 10,000 births (Lopez et al. 2000), respectively. In the USA, the
estimated total medical costs and loss of productivity as a consequence of human
toxoplasmosis, excluding AIDS patients was $2,628,000,000 per annum (US
Department of Agriculture (1994) Charting the cost of food safety. Food Review).
To compound the economic problem posed by this single parasite species, it infects
all warm-blooded vertebrates including domesticated animals and is responsible for
25% of all abortions in sheep in the UK and Spain (Buxton, 1998; Pereira-Bueno
et al. 2004). Despite high prevalence of parasite infections in the human population,
obvert clinical disease is not always evident. Evolution has often resulted in a
balance between parasite virulence and host resistance to infection and again the
protozoan, T. gondii provides an excellent example whereby virtually all adult-
acquired infections are mild to asymptomatic, despite infection being life long.
However, perturbation of immune responses, such as those recorded in AIDS
patients can upset the balanced host—parasite interplay, and under such circum-
stances, the infection can be fatal. The more subtle effects of sex hormones on the
modulation of the immune response can also have significant outcomes. Indeed,
susceptibility to disease mediated by 7. gondii is increased during pregnancy while
females are generally more susceptible to infection than males (reviewed by
Roberts et al. 2001). A close examination of the literature reveals that the sexual
dimorphism observed during T. gondii infection is not, in fact, unique to this
parasite. To a greater or lesser extent, virtually all parasitic infections demonstrate
differences in pathogenesis between males and females, which of course also
contribute to the age-dependent differences often observed in disease susceptibility.
Pregnancy and its associated progesterone production also significantly influence
susceptibility to infection and this is discussed in detail in Chaps. 8 and 9. This
chapter, therefore, provides an overview of those parasite infections where sex
plays a significant role in disease severity and how hormones may function to
modulate the immune response to determine disease outcomes.
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6.2 Sex Differences in Susceptibility to Parasites

Unlike the example of toxoplasmosis above where males are more resistant to
infection than females, sexual dimorphism in responses to parasite infection invari-
ably reveals females to be more resistant than males, consequently giving rise to the
so-called “ female host supremacy paradigm” (reviewed in Chapter 7).

6.2.1 Male-biased Infections

A comprehensive list of those parasite infections where males are more suscepti-
ble than females is provided in Table 6.1. There are numerous examples from all
phyla in which parasites are found that male hosts typically suffer from more
severe infection than females. Traditionally, males have been associated with
stronger cell-mediated and weaker humoral responses than females (Alexander
and Stimson 1988) which would suggest that males have a more pronounced
helper T cell type 1 (Thl) response than females that conversely would be
anticipated to have a dominant helper T cell type 2 (Th2) response. However,
what is clearly evident from the accumulated evidence is that there is no associa-
tion between a dichotomy in male/female associated susceptibility and a bias in
the Th1/Th2 responses. Thus, males are more susceptible to many Leishmania
spp- than females where it is the general consensus that a Th1 response and IFN-y
production, in particular, is necessary for protection. Conversely, males are also
more susceptible to Trichinella spiralis, but in this case worm expulsion is Th2
cytokine (i.e., IL-4/IL-13) dependent. In addition, males are also more susceptible
to parasites where more complex immune responses are required, such as during
malarial infection where protection is associated with the sequential generation of
Th1 and Th2 responses.

6.2.2 Female-biased Infections

A list of those few parasite infections where females are more susceptible to
infection than males is provided in Table 6.2 and discussed in more detail in
Chapter 7 of this book. However, there is again no immediately obvious immuno-
logical indicator as to why this particular sex bias exists. For example, while
protective immunity against L. major and T. gondii is dependent on the generation
of potent Thl responses, protective immunity against L. sigmondontis is Th2
cytokine mediated (e.g., Le Goff et al. 2002). Furthermore, females are also more
susceptible to infection with Babesia microti where immunity, as with Plasmodium
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Table 6.2 Parasites to which females are more susceptible than males

153

Parasite Host species Measure References
Protozoa Babesia microti Mus musculus M TPB Aguilar-Delfin et al.
(2001)
Toxoplasma gondii ~ Mus musculus TPB TM TP Walker et al. (1997),
Roberts et al. (1995)
Leishmania major Mus musculus ~ TPB Giannini (1986),
Alexander (1988)
Nematoda Litomosoides Mus musculus 1 TPB Graham et al. (2005)
sigmondontis
Trichostrongylus Oryctolagus T11PB Dunsmore (1966)
retortaeformis cuniculus
Trematoda  Schistosoma Mus musculus ~ {PB M TP Eloi-Santos et al. (1992),
mansoni Nakazawa et al.
(1997)
Hymenolepis nana  Rattus 11 Webster and MacDonald
norvegicus (1995)
Taenia crassiceps Mus musculus TPB 1P Sciutto et al. (1991)
T. solium Sus scrofa 11 Morales et al. (2002)
Arthropoda  Centruroides Mus musculus ™ Padilla et al. (2003)
limpidus
limpidus
Notoedres muris Rattus 11 Webster and MacDonald
norvegicus (1995)

Incidence (I); Parasite burden (PB); Pathology (P); Mortality (M)
(Modified from Klein, 2004)

infections, is associated with sequential generation of Th1/Th2 responses (Chen
et al. 2000). However, on closer inspection, similarities may exist as protective
immunity against both T. gondii (Walker et al. 1997) and B. microti (Aguilar-Delfin
et al. 2001 and 2003) is associated with potent Thl innate responses as manifested
by macrophage and NK cell IL-12 and IFN-y production, respectively; male SCID
mice are still more resistant than females to both infections. In addition, suscepti-
bility to both L. major (Suffia et al. 2006) and L. sigmondontis (Taylor et al. 2005
and 2007) is associated with regulatory T cells producing IL-10 which is positively
regulated via estrogen receptor (ER) o (Tai et al. 2008)

6.3 Sex Differences in Immune Responses to Parasites

There are surprisingly few studies where sex differences in immune responses to
parasites have been quantified, and these are listed in Table 6.3. However, there is a
wealth of documentation on how sex differences and sex hormones can influence
the response of immune cells, which is detailed in Chapter 2. Thus, this section
focuses on how sex differences and sex hormones affect immune responses during
parasite infection.
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Table 6.3 Immunological differences between the sexes in response to parasite infection

Parasite Host Species Males Females References
Leishmania Mus IgET IFN-v7T Mock and Nacy
major musculus  1gG17 DTH? (1988), Alexander
Leishmania IL-57 IgG2aT (1988)
mexicana TNF-o1
IL-4 =
IL-10=
IL-12=
Leishmania Mesocricetus 1L-4 T Travi et al. (2002)
guyanensis auratus IL-10
Leishmania TGF-B 1
panamensis IFN-y |
Plasmodium Mus IgG | IeG T Benten et al. (1997),
chabaudi musculus  1gG1]| IgG17 Zhang et al. (2000)
IgG2b| IFN-y mRNA 7
IL-2 mRNAT MHC Class II |
Toxoplasma Mus IL-127 IL-107 Walker et al. (1997),
gondii musculus  IFN-yT Specific Roberts et al. (1995)
TNF-o1 Proliferation |
IL-10 7
Trypanosoma Mus Lytic do Prado et al. (1998),
cruzi musculus Antibody Schuster and Schaub
(2001)
Schistosoma Homo 1gGT IgAT Degu et al. (2002),
haematobium sapiens IgG17 TGF-B1 Webster et al. (1997),
S. mansoni I1gG2at IL-107 Abebe et al. (2001),
1gG47 Specific Remoue et al. (2001),
IgET Proliferation | Naus et al. (2003)
IFN-yT
TNF-a.f
Taenia Mus 1L-47 IL-107 Sciutto et al. (1991),
crassiceps musculus  IFN-yT Terrazas et al. (1998)

T Increase in production | Decrease in production
(Modified from Klein, 2004)

6.3.1 Neutrophils

The best-characterized function of neutrophils is their preeminent role in the
phagocytosis and killing of invading microorganisms via the generation of oxy-
gen intermediates and the release of hydrolytic enzymes stored in their granules.
Neutrophils, by promoting tissue injury, also contribute to the initiation of
inflammation, an essential step in the launching of immunity. Neutrophils influ-
ence the course of several parasitic infections, including those mediated by
Leishmania donovani (McFarlane et al. 2008) and T. gondii (Bliss et al. 1999)
where they are key players in the development of a protective Thl response,
which increases the likelihood that disease outcome is subject to sex hormone
modulation.
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6.3.2 Mast Cells and Eosinophils

In contrast to neutrophil activation which is often associated with a protective Thl
response in a number of infections (McFarlane et al. 2008: Bliss et al. 1999),
activation of mast cells, basophils, and eosinophils is intimately associated with a
Th2 response. This response is an essential component of protective immunity
against large pathogens such as helminths, but also is responsible for Th1 hyper-
sensitivity. Females typically are more resistant to helminth infections and more
prone to conditions such as asthma than males (de Marco et al. 2000; Klein 2004).
It is hardly surprising therefore, that physiological levels of 17B-estradiol stimu-
late the release of preformed mediators from mast cells and basophil granules as
well as synthesis of new mediators (Zaitsu et al. 2007). In contrast, testosterone
generally inhibits mast cell/basophil activity (Menendez-Pelaez et al. 1992;
Vliagoftis et al. 1992). High doses of 17a-estradiol increase the degranulation
of human blood eosinophils both in vivo and in vitro (Silva et al. 1997). Similarly,
a combination of 17B-estradiol and progesterone enhances human eosinophil
degranulation (Hamano et al. 1998). The extent to which sex hormones affect
the activity of mast cells, basophils, and eosinophils during parasitic infection
requires further investigation.

6.3.3 Macrophages

Macrophages play crucial roles in immunity to parasite infections as inflammatory
mediators, antigen presenting cells, and host cells for many intracellular organisms,
such as Leishmania. The effect of sex hormones on these cells is extremely complex
with both estrogens and androgens having pro- and anti-inflammatory activities.
This is probably in part a reflection of the massive heterogeneity of macrophage
populations as well as the individual experimental systems utilized. Estrogen
upregulates phagocytosis, but downregulates the production of reactive oxygen
intermediates, but not reactive nitrogen intermediates (Chao et al. 1994). Neverthe-
less, low doses of estrogen stimulate nitric oxide synthase (NOS) 2 production
(Verthelyi, 2006) and enhance nitric oxide (NO)-mediated killing of Leishmania
parasites (Lezama-Davila et al. 2007; Osorio et al. 2008). Overall, the indications
are that testosterone downregulates the innate and inflammatory activity of macro-
phages by inhibiting NO production (Friedl et al. 2000) and toll-like receptor 4
(TLR4) expression (reviewed in Chapter 5 and Rettew et al. 2008). More recent
studies using ERa and ERf} deficient severe combined immunodeficiency mice and
microbial stimuli have demonstrated TNF-o production and antimicrobial activity
are significantly enhanced in murine macrophages deficient in ERa, but not ERf3
(Lambert et al. 2004). Similarly, in a TcR T cell transgenic model system, ERa-
deficient murine splenic macrophages have enhanced ability to induce T cell
proliferation and IFN-y production (Lambert et al. 2004). This indicates that
estrogen enhances Th2 activity and explains the generally increased resistance of
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females to helminth infections and the increased incidence of asthma in this sex in
animal models.

6.3.4 Dendritic Cells

Dendritic cells (DCs) are professional antigen presenting cells, act as the major
bridge between innate and adaptive immune responses and play a pivotal role in
directing the magnitude and nature of the acquired response. A significant amount
of work has identified estrogen receptor ligands on DCs, how these receptors
influence DC differentiation from precursor cells, and subsequently modulate
function (reviewed Chapters 2, 3, and Kovats and Carreras, 2008). Estradiol acts
on DC progenitor cells to regulate GM-CSF- and Flt3Ligand (FIt3L)-mediated
differentiation (Paharkova-Vatchkova et al. 2004; Carreras et al. 2008). By con-
trast, testosterone does not promote the differentiation of DCs from bone marrow
precursors (Paharkova-Vatchkova et al. 2004) while studies in mice and humans
suggest that testosterone limits the density of Langerhan cells (Koyama et al. 1989;
Galasso et al. 1996). As yet, the direct and indirect effects of estrogens and
androgens on DC differentiation and function have not been correlated with the
outcome of parasite diseases. However, future studies will, undoubtedly, identify
these cells as major targets of sex hormone influences in such diseases.

6.3.5 NK Cells

NK cells play significant roles in innate defense against parasites via their cytolytic
activity and ability to produce IFN-y. Numerous studies, though not all, demon-
strate that 17p-estradiol downregulates NK cell activity in a dose-dependent
manner (Baral et al. 1995; Nilsson and Carlsten 1994). Recent data illustrate that
testosterone can increase the cytotoxicity and migration of NK cells isolated from
peripheral blood (Lang et al. 2003). Consequently, it would be anticipated that
where a potent Th1 innate response and NK cells are required for protection against
a parasite infection being a male would be a distinct advantage. Interestingly, males
are more resistant than females to both T. gondii (Roberts et al. 2001) and B. microti
(Aguilar-Delfin et al. 2001, 2003) where NK cell responses mediate significant
protection. During Plasmodium chabaudi infection of C57BL/6 mice, production of
IFN-y by NK cells is critical for protection (Mohan et al. 1997). Male C57BL/6
mice are more susceptible to P. chabaudi infection and have lower IFN-y concen-
trations than females; ovariectomy of females significantly reduces IFN-y concen-
trations and increases susceptibility to infection as compared with intact female
mice (Cernetich et al. 2006; Mohan et al. 1997). Further, exogenous replacement of
17B-estradiol (with or without progesterone) in ovariectomized females increases
IFN-vy concentrations and reduces the development of disease (Klein et al. in press).
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6.3.6 B Cells

It is well documented that females produce stronger humoral responses than
males. Consequently, while estrogen promotes IgM and IgG production from B
cells in human peripheral blood monocytes (Kanda and Tamaki 1999), testoster-
one inhibits this activity (Kanda et al. 1996). However, whether these hormones
directly influence B cells awaits clarification as the antibody responses may be the
indirect result of hormones influencing cytokine production from other cell
populations. Examination of comparative humoral immune responses to parasites
(Table 6.3) indicates that an absolute correlation between antibody production,
sex, and susceptibility to infection does not exist and that a more clinical dissec-
tion of how sex hormones influence B cell antibody class and subclass switching
and production is required. Consequently, sex differences in response to P.
chabaudi infection are not mediated by B cells because female tMT mice (i.e.,
mice devoid of B cells) are still more resistant to P. chabaudi than male pMT
mice (Cernetich et al. 2006).

6.3.7 T Cells

Sex and pregnancy-associated hormones have been shown to be key players in the
regulation of T cell activity, as detailed in Chapters 2, 8, and 9. Functional receptors
for both testosterone and estrogen have been identified in CD4* and CD8" lympho-
cyte populations and a plethora of diverse effects have been attributed to hormonal
influence (Benten et al. 1999 and 1998). As detailed in Chapter 2, there is a
substantial body of evidence that supports an important role for sex hormones in
the development and function of T cells. Furthermore, these effects are likely to
influence sex differences in prevalence, severity, and susceptibility to a wide range
of parasitic infections. Overall, estrogen depending on conditions of study, has the
ability paradoxically to promote either a Th1 or a Th2 response whereas androgens
downregulate adaptive immunity (reviewed in Roberts et al. 1996). This would
reflect the overall greater resistance of females to both parasites requiring a
protective Th2 response as well as those requiring a Th1 response.

6.4 Role of Sex Steroids in Response to Specific Parasites

A comprehensive list of how sex hormones and gonadectomy modulate suscepti-
bility to parasite infection as measured by parasite burdens, pathology, and mortal-
ity is given in Table 6.4.
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Table 6.4 Role of sex hormones, orchidectomy and ovariectomy in determining susceptibility to

parasitic infection

Parasite Host species Effect of sex References
hormones
Babesia microti Mus musculus E>T Aguilar-Delfin et al. (2001)
L. major Mus musculus T7 Mock and Nacy (1988)
L. mexicana Mus musculus E,|O1G| Alexander (1988), Khamis
et al. (unpublished),
Lezama-Davila et al.
(2008)
L. panamensis Mesocricetus T7 Travi et al. (2002)
auratus
L. donovani Mus musculus PITT Jones et al. (2008), Liu et al.
(2006)
Plasmodium Mus musculus T7 G| Kamis and Ibrahim (1989)
berghei
P. chabaudi Mus musculus T7 G| Benten et al. (1992), Benten
et al. (1997)
P. falciparum Mus musculus TT E>T PT Escobedo et al. (2005)
Toxoplasma gondii Mus musculus T| E>T PTG]  Kittas and Henry (1980),
Walker et al. (1997),
Liesenfeld et al. (2001)
Trypanosoma cruzi Mus musculus E,| de Souza et al. (2001)
Calomys callosus TT Ezl do Prado et al. (1998, 1999)
Angiostrongylus Rattus norvegicus T7 G| Kamis et al. (1992)
malaysiensis
Brugia malayi Mus musculus T7 Rajan et al. (1994)
Heterakis spumosa Mus musculus TT G| Harder et al. (1992)
Nippostrongylus Millardia meltada G| Tiuria et al. (1994)
brasiliensis
Rhabdias bufonis Rana temporaria E,| Lees and Bass (1960)
Strongyloides ratti Mus musculus TT G| Kiyota et al. (1984)
S. venezuelensis Rattus norvegicus TT E»]G| OT  Rivero et al. (2002)
Trichinella spiralis Rattus norvegicus TT E,| G| Mankau and Hamilton (1972)
Trichostrongylus Oryctolagus (o]} Hobbs et al. (1999b)
retortaeformis cuniculus
Gorgoderina Rana temporaria E,| Lees and Bass (1960)
vitelliloba
Polystoma Rana temporaria E,| Lees and Bass (1960)
integerrimum
Schistosoma Mus musculus T] Escobedo et al. (2005)
haematobium
Schistosoma mansoni ~ Mus musculus T] CT Nakazawa et al. (1997)
Taenia crassiceps Mus musculus T| E, T GT PT Escobedo et al. (2005)
T. solium Sus scrofa GT Morales et al. (2002)
Hypoderma tarandi Rangifer tarandus G| Folstad et al. (1989)
tarandus

T Increase in susceptibility | Decrease in susceptibility
Testosterone (T); Oestradiol (E,); Progesterone (P); Orchidectomy of males (G); Ovariectomy of

females (O)

(Modified from Klein, 2004)
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6.4.1 Sexual Dimorphism in the Response to Leishmania
infection: A Not So Simple Paradigm

There has been a tendency amongst immunologists, in particular, when addressing
questions relating to pathology and protection to use Leishmania major infections
of mice as the overarching experimental model of leishmaniasis. As the paradigm
for the CD4" Th1-Th2 dichotomy is largely based upon the curing/noncuring
responses, respectively, to L. major infection, the importance of this model is
hard to dispute and any observations that male or female sex hormones can
influence the Th1/Th2 bias have significance. Consequently, in apparent agreement
with the traditional view that males have more robust cellular immune responses
than females, male DBA/2 and B10/129 mice are more resistant to L. major than
females (Giannini 1986; Alexander 1988). In addition, a vaccine trial in humans
utilizing killed L. major was more effective in males than females (Modabber
2000). Conversely, females rather than males tend to develop persistent lesions
when infected with another species causing cutaneous leishmaniasis in the Old
World, L. tropica (Greenblatt 1980). However, numerous Leishmania species, in
addition to L. major, cause disease in humans as well as other mammals. Indeed the
Old World species causing cutaneous leishmaniasis diverged from the New World
species (e.g., L. mexicana and L. amazonensis) some 40—-80 million years ago and
are as distant phylogenetically from each other as they are from L. donovani which
causes visceral leishmaniasis. Consequently, it is hardly surprising that these para-
sites have evolved different strategies to survive not only within different hosts but
also different tissues within the host. Therefore, not only different virulence factors
have been identified for different parasite species but disease outcome in the host is
also often under different host genetic controls, even within the same tissue site. As
aresult, there are differences in the immunobiology of Leishmania species, and age
and sex can modulate disease outcomes. Thus, unlike the epidemiological and
experimental reports on L. major and L. tropica, females are more resistant than
males to cutaneous infection with L. mexicana in both humans and mice (Alexander
1988; Roberts et al. 1990; Satoskar and Alexander 1995; Satoskar et al. 1998) and
visceral leishmaniasis caused by L. donovani in humans (de Beer et al. 1991; Jahn
et al. 1986) or L. infantum in dogs (Zaffaroni et al. 1999). Tissue site may, in part,
be important as male BALB/c and DBA/2 mice are more susceptible than females if
infected systemically rather than cutaneously (Mock and Nacy 1988). Nevertheless,
protective immunity, against all species studied to date, requires IL-12-driven
production of IFN-vy, via NK cells and Thl cells to activate macrophages to kill
the intracellular amastigote stage of the life cycle via the generation of toxic oxygen
and nitrogen intermediates. Consequently, the simplistic generalization that males
have more pronounced cell-mediated responses than females does not stand close
scrutiny with this archetypal model of Thl-mediated protection. Thus, female
DBA/2 mice infected with L. mexicana develop much stronger Thl responses as
measured by IFN-y production, delayed-type hypersensitivity (DTH) responses,
and IgG2a antibody than similarly infected male mice (Satoskar and Alexander
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1995; Satoskar et al. 1998). In humans infected with L. mexicana, females generally
have increased Thl responses as measured by DTH reactions and decreased Th2
responses as measured by IgE production than males (Lynch et al. 1982). Resolu-
tion of infection in women also is faster. That sex hormones can mediate the disease
phenotype during leishmaniasis (Mock and Nacy 1988) has been demonstrated in
systemic L. major infections where gonadectomy increases the resistance of males
while testosterone implants increases the susceptibility of females. Both testoster-
one and estrogen may influence the response of DBA/2 mice to L. mexicana as
ovariectomy increases the susceptibility of females to cutaneous infection whereas
gonadectomy increases the resistance of males (Khamis et al. unpublished data).
Similarly, estrogen and testosterone may influence immunity at the level of the
macrophage. Estrogen, for example, at physiological levels, can promote macro-
phage-mediated killing of L. mexicana via increased NO production independent of
proinflammatory cytokine production (Lezama-Davila et al. 2008). Testosterone
negatively regulates murine bone marrow-derived macrophage p38 MAPK activa-
tion upon infection with L. donovani and, consequently, promotes parasite survival
(Liu et al. 2006). Sex hormones influence the cross-talk in signaling pathways in
macrophages, which is of particular significance given that resistance of DBA/
2 mice to L. mexicana is under single gene control that is mapped to a region of
mouse chromosome 4, with homology to human 9p, for which Jak1 and Jak2 kinase
are candidates (Roberts et al. 1990). These observations are significant as IFN- vy
and IL-4 signaling via Jak1 and Jak?2 are pivotal in regulating the immune response
and influencing the activation of macrophages to control intracellular parasitism
(Muller et al. 1993). L. mexicana is particularly potent as compared with L. major at
downregulating macrophage IFN-y-induced Jakl, Jak2, and STAT1 activation
(Rosas et al. 2005), whereas L. donovani has similar activity to L. mexicana
(Nandan and Reiner 1995). Estrogen upregulates the expression of IFN-y mRNA
by T cells (Grasso and Muscettola 1990), whereas testosterone inhibits production
of this cytokine (Araneo et al. 1991). Indeed, our recent studies using CD4+ T cell-
specific IL-4Ra/~ BALB/c mice have revealed a previously undetected underly-
ing male susceptibility to L. mexicana involving T cells. CD4" T cell specific IL-
4Rao"/~ male mice, unlike their female counterparts, were unable to resolve
infection and had a less polarized Thl response (Bryson et al. unpublished data).
Although it is accepted that protective immunity against Leishmania spp. is
mediated by a Thl response, the identification of a precise role for Th2 responses
in nonhealing disease remains more elusive. While IL-4 and IL-13 can enhance
disease progression in appropriate models of both Old and New World leishmania-
sis, a disease-promoting role for these cytokines in visceral leishmaniasis caused by
L. donovani is difficult to ascertain because infected individuals display a mixed
Th1/Th2 profile such that IL-4 and IL-13 can be readily detected alongside IFN-y
(reviewed McMahon-Pratt and Alexander 2004). Indeed, even in the BALB/cL.
major model, IL-4 administered early during infection can prime BALB/c DCs for
IL-12 production and facilitate a protective Thl response (Biedermann et al. 2001).
IL-10, which is produced from macrophages, DCs, Th2 cells, regulatory T cells or a
combination of cells, is the major immunosuppressive cytokine promoting visceral
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disease and maintaining chronic L. major infections (Suffia et al. 2006). The
cellular sources of IL-10 are potentially subject to sex hormone control. L. mex-
icana and L. amazonensis can also subvert the development of a Thl response by
IL-4-independent as well as IL-4-dependent mechanisms (McMahon-Pratt and
Alexander 2004). Thus, the Th1/Th2 paradigm of resistance/susceptibility to intra-
cellular parasites is a gross oversimplification of a far more complicated network of
regulatory/counter-regulatory interactions, which are also subject to further modu-
lation by sex hormones. Consequently, the outcome of disease will differ according
to the Leishmania species being studied, the tissue site examined, and the age or sex
of the host. Nevertheless, studies using these organisms have provided fascinating
insights into how sex hormones can influence basic immunological mechanisms
controlling the disease outcomes. Further knowledge of this area will provide key
insights as to the future rational development of appropriate strategies for thera-
peutic intervention or vaccination.

6.4.2 Plasmodium Infections and Thl/Th2 Immunity:
Are Females Better Balanced?

Malaria represents one of the world’s major public health problems, with 40% of
the world’s population at risk, and a child dying every 30 seconds of disease (Global
Malaria 2008). Although effector mechanisms of the immune system are required
to control disease, excessive responses can result in severe immunopathology and
mortality (reviewed by Lamb et al. 2006). Individuals may develop severe and
often life-threatening complications such as: cerebral malaria, placental malaria,
severe anemia, metabolic acidosis, and shock-like responses that lead to multiorgan
failure. Pathology often results from the sequestration of parasitized RBCs (pRBCs)
in tissue sites and subsequent inflammatory immune responses (Schofield and Grau
2005). P. falciparum encodes a family of cell-surface proteins that allow pRBCs to
bind to deep microvascular endothelial beds within organs. These localized pRBCs
can lead to organ pathology by directly blocking blood flow and by attracting
proinflammatory immune cells into the tissue (Engwerda et al. 2005a and b).
Many studies indicate that while Th1 responses and the production of proinflam-
matory Thl cytokines, such as IFN-y and IL-12, are involved in the control of
malaria (Batchelder et al. 2003; Favre et al. 1997; Stevenson et al. 2001), overpro-
duction of these cytokines and IL-18 can lead to disease pathogenesis. Therefore, a
balance exists between appropriate proinflammatory responses and uncontrolled
inflammation leading to pathogenesis. The early production of IL-12 by DCs and
IFN-y by NK and natural killer T (NKT)-cells plays an important role by directing
downstream immune responses, including the differentiation of CD4* T cells into
Th1 and Th2 subsets, and the stimulation of protective antibody production by B
cells (Stevenson and Urban 2006; Hansen et al. 2007; Hansen and Schofield 2004;
Hansen et al. 2003). Regulatory cytokines, such as IL-10 and TGF-p, are important
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in dampening “runaway” proinflammatory responses and aid in the prevention of
disease pathology (Li and O’Malley 2003; Omer and Riley 1998; Omer et al. 2003).
The literature contains conflicting reports concerning the effects of sex on clinical
disease in humans. While there seems to be a consensus that the incidence of
clinical Plasmodium infection is similar between males and females (Venugopalan
et al. 1997; Wildling et al. 1995), studies have suggested that males have higher
levels of parasitemia (Wildling et al. 1995; Landgraf et al. 1994), but females have
higher mortality rates (Kochar et al. 1999). On the other hand, the vast majority of
animal models of disease suggest that males are more susceptible than females.
Rodent models of disease using P. chabaudi show that female C57BL/10 (Benten
et al. 1992a and b) and C57BL/6 (Cernetich et al. 2006) mice have less infection-
induced mortality compared with male mice. In the latter study, females also
recovered from anaemia and infection-associated weight loss faster, and exhibited
higher expression of IL-10, IL-12Rpf, and IFN-y and protective antibodies than
males. Testosterone seems to be a key modulator in the sexual dimorphism exhib-
ited during P. chabaudi infection, as testosterone treatment of female mice can
prevent self-healing, whereas castration of male mice leads to self-healing (Benten
et al. 1992a,b). Interestingly, in this disease model, testosterone is not signaling
through classical androgen receptors or estrogen receptors (Benten et al. 1992a,
1992b ; Benten et al. 1993; Wunderlich et al. 2002). Even testosterone administered
to female C57BL/10 mice orally is capable of increasing mortality rates and is
associated with a decreased capacity of peritoneal cells to generate reactive oxygen
species (Mossman et al. 1997). Testosterone treatment of female mice results in
increases of CD8" T cells in the spleen and decreases in overall splenocyte cell
numbers (Benten et al. 1993). Interestingly, female C57BL/10 mice treated with
testosterone for 3 weeks and then left untreated for 12 weeks exhibit similar
susceptibility to disease as mice treated with testosterone for 3 weeks followed by
immediate infection (Benten et al. 1997; Wunderlich et al. 1992). Mortality is seen
in the mice that were left untreated for 12 weeks, despite the fact that testosterone-
induced alterations in spleen cell composition and phenotype had been reversed.
These findings indicate that genetically controlled host resistance undergoes hor-
monal imprinting and, following initial induction by testosterone, suppressive
mechanisms remain intact, even after its withdrawal (Benten et al. 1997). Once
mice have acquired immunity against P. chaubaudi, they become unresponsive to
testosterone and do not undergo immune suppression in response to testosterone
treatment (Wunderlich et al. 1992). The immunosuppressive effect of testosterone
has important implications in therapeutic approaches as male mice and testoster-
one-treated female mice have markedly reduced vaccine protection compared with
untreated female mice (Wunderlich et al. 1993). The use of gene-deficient mice has
further served to dissect how testosterone could exacerbate disease. The lympho-
toxin P receptor is involved in the signaling pathway of the LT[}, heterotrimer as
well as several members of the TNF family (reviewed in Tumanov et al. 2007).
Alterations to these pathways can result in major defects in spleen architecture as
well as the loss of some secondary lymphoid tissues, resulting in increased suscep-
tibility to infection (Futterer et al. 1998; Fu and Chaplin 1999). However, while
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LtBR ™/~ males are more susceptible than WT males to disease (Krucken et al.
2005), LtBR*/ ~ females are even more resistant than WT females, although this
resistance is still suppressible by testosterone (Krucken et al. 2005). Treatment of
resistant female LtBR ™~ mice with testosterone causes severe pathology in the
liver, indicating that the liver is intimately involved in testosterone-mediated
immune dysregulation (previous studies focused mainly on the immune modulation
seen in the spleen) (Wunderlich et al. 2005; Krucken et al. 2005). Susceptibility is
associated with downregulation of Dusp/ and Sult2a gene expression which are
upstream of ERK /2 activation and DHEA sulfate production, respectively both of
which are associated with protection against Plasmodium infection. Interestingly,
estrogen appears to also have an immunosuppressive effect in murine P. chabaudi
infections, although similar to testosterone, estradiol is not capable of suppressing
responses in mice already immune to P. chabaudi (Benten et al. 1992a and b).
Estradiol suppresses the normally self-healing infections of female and castrated
male C57BL/6 mice. This suppressive effect is abrogated by the estrogen receptor
blockers, tamoxifen and clomifene. In contrast to the decrease in CD8"* T-cells and
overall splenic cell numbers seen in testosterone-treated mice, estradiol-treated
mice exhibit reduced numbers of CD4™ T-cells. The immunosuppressive effects
of testosterone, but not estradiol, can be adoptively transferred via splenocytes into
syngeneic mice, suggesting that T cells may be directly modulated by testosterone
(Benten et al. 1992a and b; Benten et al. 1993). To further support this notion,
studies by Zhang et al. (2000) found that while male IL-4 '~ and IFN-y~/~ mice
were more susceptible to disease than wild-type (WT) male counterparts, no
difference was seen between WT and IFN—y_/ ~ females, but when male WT and
IFN-y~/~ mice were castrated, they exhibited a resistant phenotype similar to that
seen in females (Zhang et al. 2000). Understanding how sex hormones mediate
resistance and susceptibility to malaria will provide a foundation that can serve in
the development of more efficacious therapies that will have a major impact on
global health.

6.4.3 Toxoplasma gondii Infections and Thl/Th2 Immunity:
The Males Have It

T. gondii is one of the exceptions to the female host supremacy paradigm, with
females being more susceptible to disease than males. T. gondii is one of the most
prevalent human parasites, with a worldwide distribution and seropositivity of
about 30% (Lang et al. 2007). Although T. gondii is capable of infecting almost
any mammalian nucleated host cell, its definitive hosts are members of the
Felidae family. Intermediate hosts can become infected via a number of different
mechanisms, including ingestion of undercooked meat containing 7. gondii cysts,
fecal—oral transmission of oocysts shed directly from cats, blood transfusions, and
organ transplantation from infected donors, and vertical transmission from an
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infected mother to her fetus. Most information concerning immunity to 7. gondii
infection has been established using murine models. Control of T. gondii infection
is dependent on the ability to mount a Th1 response, relying on IFN-y production
by both the innate and adaptive arms of the immune system. During the early
innate immune response, IL-12 production by DCs, neutrophils, and macrophages
is important in driving IFN-y production by NK cells (reviewed by Denkers
2003). IL-12 production by innate immune cells is most likely downstream of
parasite recognition by toll-like receptors and a MyD88-dependent signaling
cascade. This is supported by the fact that MyD88-deficient mice have a signifi-
cant defect in IL-12 production in response to soluble tachyzoite antigen and
higher mortality resulting from insufficient IFN-y production (Scanga et al. 2002).
In addition to its role in innate responses, IL-12 also drives the development and
proliferation of CD4" Th1 cells and CD8" T cells, both of which are important
sources of IFN-y. IFN-y plays a key role during infection by inducing the
expression of several enzymes involved in mediating anti-toxoplasma immunity.
These enzymes include several members of the P27 GTPase family, including
interferon inducible GTPase (Taylor et al. 2000), LRG-47, and IRG-47 (Collazo
et al. 2001), which could result in lysosomal degradation of the parasite or
induction of NOS2 (Yap and Sher 1999). Despite the fact that IFN-y responses
have potent microbicidal capabilities, T. gondii is able to evade these responses in
hosts and survive latently as bradyzoites within cysts. Following potent IFN-vy-
dependent responses, hosts must dampen potentially toxic pro-inflammatory
immune sequelae by secreting anti-inflammatory proteins, including IL-10 and
lipoxin A4. T. gondii may play a role in lipoxin secretion, potentially allowing for
its escape from host proinflammatory defenses (reviewed by Aliberti 2005).
Although most infections in immunocompetent humans are asymptomatic,
lymphadenopathy can be a clinical symptom. In sexually mature adults infected
with toxoplasmosis, lymphadenopathy is more commonly seen in females than in
males (Beverley et al. 1976). Additionally, toxoplasmic encephalitis is more
common in female AIDS patients (Phillips et al. 1994). In mouse models of
disease, female mice are more susceptible to disease than are males (Roberts
et al. 1995; Johnson et al. 2002; Walker et al. 1997; Liesenfeld et al. 2001).
A study by (Roberts et al. 1995) found that BALB/K male and female mice exhibit
temporal differences in cytokine production, in which male mice produce more
IFN-vy earlier during infection. The inability of female mice to mount an early
IFN-y response may be responsible for higher mortality and parasite burdens.
Male BALB/c SCID mice also have longer survival times, lower parasite burdens,
and less severe immunopathology than do female SCID mice. Male SCID mice
produce IL-12 more quickly than females and also produce higher levels of IFN-y
more rapidly postinfection (Walker et al. 1997). Another study found that female
mice are more susceptible to peroral infection with 7. gondii, with female mice
dying earlier, having higher numbers of tachyzoites, and exhibiting severe necro-
sis of the small intestine than males. Treatment of female mice with testosterone
reduces intestinal parasite numbers and disease pathology (Liesenfeld et al.
2001). Although testosterone abrogates disease, many studies report that female
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sex hormones exacerbate disease. Gonadectomized guinea pigs and mice treated
with the synthetic female hormone hexoestrol exhibit overwhelming disease
compared with untreated controls (Kittas and Henry 1979; Kittas and Henry
1980). Additionally, treatment of ovariectomized female mice with pharmacolog-
ical doses of potent estrogen compounds, including 17B-estradiol, diethylstilbes-
trol, or a-dienestrol, renders mice more susceptible to disease, as measured by
brain cyst formation. Treatment of ovariectomized female mice with physiologi-
cal concentrations of estrogen, however, had no effect on disease outcome,
indicating that pharmacological, but not physiological, concentrations of estrogen
mediate susceptibility (Pung and Luster 1986). Treatment of ovariectomized
female mice with pharmacological doses of potent estrogen compounds, includ-
ing 17pB-estradiol, diethylstilbestrol, or alpha-dienestrol, renders mice more sus-
ceptible to disease, as measured by brain cyst formation (Pung and Luster 1986).
During pregnancy, both estrogen and progesterone levels are high. These hor-
mones are associated with a dampening of Thl immune responses in order to
prevent the mother’s immune response from attacking the fetus (Raghupathy
1997). Therefore, it is not surprising that pregnant female mice are even more
susceptible to disease than nonpregnant females, exhibiting a decreased capacity
to produce IFN-y (Shirahata et al. 1992). Administration of Thl-associated
cytokines such as IL-12 and IFN—y can increase survival of T. gondii-infected
pregnant mice (Shirahata et al. 1993). This is discussed in significant detail in
Chapter 9 of this book. There is the school of thought that males have a more
robust innate immune response whereas females develop stronger adaptive
immune responses leading very often to pathologies in females associated with
immune hyperactivity. Certainly, the earlier inflammatory response of male SCID
mice to this parasite would be consistent with this view point as would the
enhanced pathology in chronically infected intact female mice (Roberts et al.
1995). Furthermore, it has been postulated (Yap et al. 2006) that as part of its life
history strategy, T. gondii has evolved potent mechanisms of stimulating the
innate immune system to not only control initial parasite growth, but also to
direct the developing adaptive immune response so that a chronic, but asymptom-
atic, disease state can be maintained to the benefit of both host and parasite
survival. To achieve this outcome, T. gondii has a number of TLR ligands,
including GPI-anchors (Debierre-Grockiego et al. 2007), HSP70 (Mun et al.
2005; Aosai et al. 2006), and profilin (Lauw et al. 2005), as well as T. gondii
cyclophilin 18 which induces IL-12 production through ligation of the CCRS5
receptor (Aliberti et al. 2003). These processes activate macrophages, DCs, and
NK cells resulting in the production of IL-12, IFN-y, TNF-a, and NOS2 which in
turn control parasite growth, induce Thl cell expansion, and facilitate the devel-
opment of cytolytic CD8" T cells (Parker et al. 1991; Johnson et al. 2002; Combe
et al. 2005). It is significant in this context, therefore, that anti-microbial activity
is significantly enhanced in murine macrophages deficient in ERo which also have
enhanced ability to induce T cell proliferation and IFN-y production (Lambert
et al. 2004).
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6.4.4 Trypanosomes

6.4.4.1 American Trypanosomiasis

Trypanosomes cause two major forms of disease in humans: American trypanoso-
miasis or Chagas’ disease, and African trypanosomiasis, also known as sleeping
sickness. Chagas’ disease, caused by Trypanosoma cruzi and carried by the tria-
tome bug, is responsible for approximately 50,000 deaths per year, primarily in
Latin America. In humans, Chagas’ disease has an early acute phase characterized
by circulating parasites, followed by a chronic phase characterized by tropism for
the myocardium and enteric nervous system (Morel and Lazdins 2003). Chronic
disease can occur as late as 30 years post-infection (Andrade and Andrews 2005),
although most patients never proceed to the chronic stage of disease and remain
asymptomatic carriers (Dutra et al. 2005). Deaths are mainly due to chronic
chagasic cardiomyopathy (CCC), which is characterized by cardiomegaly, severe
arrhythmias, and heart failure (Higuchi et al. 2003), although digestive dysfunctions
in patients with enteric disease may occur and result in death (Dutra et al. 2005).
Both innate and adaptive arms of the immune system are critical in controlling
T. cruzi infection during the acute phase. TLR signaling in macrophages is critical
in the activation of CD4" T cells (Tarleton 2007). These CD4" T cells produce IFN-y,
which is critical in the activation of macrophages and CD8" T cells, both of which
play a role in parasite clearance (Silva et al. 2003; Tarleton 1990). During acute
disease, however, massive thymocyte apoptosis occurs which may contribute to the
prevention of hosts from effectively clearing disease (reviewed in Savino et al.
2007). During chronic disease, T cells appear to play a role in the inflammatory
pathogenesis associated with CCC (Cunha-Neto and Kalil 2001; Gomes et al. 2003).
Two major hypotheses exist to explain the pathogenesis of chagasic myocarditis: the
autoimmune hypothesis and the parasite persistence hypothesis. The autoimmune
hypothesis states that disease pathology is due to autoantibodies or autoreactive
T cells that result from molecular mimicry between parasite and host antigens. The
parasite persistence hypothesis posits that inflammatory damage is due to immune
responses directed at clearing parasites, and is based on the fact that T. cruzi does
remain in heart tissue and treatments that reduce parasite burdens in the heart do
result in disease abrogation (reviewed in Girones and Fresno 2003). Girones and
Fresno suggest that aspects of both hypotheses may be at work in the pathogenesis
seen in clinical cases. Although a great deal remains to be understood about the role
of the immune system during disease clearance and pathogenesis, research has
shown that sex hormones do play a role in its modulation. It is well documented
that in experimental infections, male mice and rats are more susceptible to disease
than females (Chapman et al. 1975; de Souza et al. 2001; dos Santos et al. 2005;
D’Ambrosio et al. 2008). In addition, males are clinically more likely to develop
severe cardiomyopathies (Basquiera et al. 2003) and exhibit abnormal electrocar-
diograms more often than females (Brabin and Brabin 1992). Male mice also are
more susceptible to thymocyte apoptosis than females (Mucci et al. 2005).
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Resistance appears to be directly linked to the presence of female sex hormones, as
ovariectomized females are more susceptible to disease (Chapman et al. 1975;
Santos et al. 2007; D’Ambrosio et al. 2008). A role for male sex hormones in
mediating susceptibility is less clear, as gonadectomized males are reported to
have reduced parasite burdens (D’ Ambrosio et al. 2008) and unaltered parasitemia
and mortality (Chapman et al. 1975) when compared with gonadally intact males,
which likely reflects differences in mouse and parasite strains. Interestingly, treat-
ment of female mice with high pharmacological doses of 17p-estradiol increases
parasitemia and mortality, whereas low physiological doses have either no effect or
reduced parasite burden and death (de Souza et al. 2001). Limited research has been
performed to study differences in the levels of immune factors between the sexes,
although male mice produce higher levels of TNF-a and IL-10 compared with
female mice (do Prado et al. 1998; Schuster and Schaub 2001). More research
needs to be performed to further understand how sex hormones modulate immune
cells and their responses during 7' cruzi infection.

6.4.4.2 African Trypanosomiasis

African trypanosomiasis represents a particularly devastating disease in Africa,
with 60 million people at risk in 36 countries (Barrett et al. 2003) and the number
of cases rising each year (Simarro et al. 2008). African trypanosomiasis is respon-
sible for 50,000 deaths a year, and is almost always fatal in the absence of treatment
(Barrett et al. 2003). Human African trypanosomiasis is caused by T. brucei
gambiense and T. brucei rhodesiense, while experimental models of disease often
employ the animal parasite T. brucei brucei. African trypanosomes are distinct
from most protozoan parasites in that they exist extracellularly within their hosts.
Disease is characterized by two distinct stages — an early hemolytic stage followed
by a late meningoencephalitic stage. The late stage is characterized by leukocyte
infiltration into the CNS, astrocyte, and microglial activation, and acute neuroin-
flammation ultimately resulting in coma and death (Bisser et al. 2006). African
trypanosomes have developed many mechanisms to evade host immune responses,
but they are most well known for their ability to switch their immunodominant
variant surface glycoprotein (VSG), thus always keeping one step ahead of B-cell-
mediated clearance (Barry and McCulloch 2001). VSG is also responsible for
polyclonal B cell activation, which can lead to the generation of autoantibodies
(Kazyumba et al. 1986) and immune complex disease (Lambert et al. 1981) in
humans. VSG also drives Thl immune responses in hosts (Schleifer et al. 1993),
and while IFN-y does aid in host defense via macrophage activation, paradoxically
it also serves as a parasite growth factor (Bakhiet et al. 1993) and mediates parasite
passage across the blood—brain barrier (Masocha et al. 2004). Furthermore, while
activated macrophages are responsible for trypanocidal activity (Mansfield et al.
2002), they also are responsible for immunosuppression via NO, prostaglandins,
and TNF-a (reviewed in Mansfield and Paulnock 2005). Therefore, immune
responses during African trypanosomiasis represent a complex balance in which
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parasites have successfully manipulated host defenses to their own advantage. Sex
hormones play a role in modulating immunity to African trypanosomes, as
researchers have found that female mice have lower parasitemia and survive longer
than their male counterparts (Greenblatt and Rosenstreich 1984). Additionally,
during human disease, males have trypanosomes in their cerebral spinal fluid
more often than females, and have more relapses following treatment (Pepin
et al. 1994). Unfortunately, no further research has taken place into determining
the roles of specific sex hormones during disease, although it has been shown that
infection can result in hypogonadism and decreased testosterone and estradiol
levels, both clinically and experimentally (Soudan et al. 1993, Soudan et al. 1992,
Hublart et al. 1990, Boersma et al. 1989). Hopefully, future research will further
elucidate the roles of sex hormones in modulating immunity to disease so that more
efficacious treatments can be developed.

6.4.5 Other Protozoans — a Mixed Bag

6.4.5.1 Giardiasis and Amebiasis

While not as extensively studied, other parasites for which females are more
resistant than males include Giardia and Entamoeba species. While Giardia and
Entamoeba are both intestinal protozoans transmitted fecal-orally, amoebiasis is a
much more severe and clinically significant disease, causing 40-100,000 deaths
each year (reviewed in Stanley 2003). Giardiasis most often presents as a self-
limiting, non-invasive disease causing diarrhoea and intestinal malabsorption,
(reviewed by Roxstrom-Lindquist et al. 2006), whereas Entamoeba causes ameobic
colitis and ulcers, and is capable of invading other organs such as the liver, resulting
in amoebic liver abscesses (ALA) (reviewed by Garcia-Zepeda et al. 2007).
Although host defenses against both parasites are not well characterized, research
indicates that both innate and adaptive immunity play a role in parasite clearance.
Neutrophils play an important role in both diseases, as human neutrophil defensins
have anti-giardial properties in vitro (Aley et al. 1994), and several studies have
shown that neutrophil-depleted mice have more severe hepatic and intestinal
amoebiasis (reviewed by Guo et al. 2007). An in vivo role for macrophages and
NO-mediated killing has only been demonstrated in invasive amebiasis (Seydel
et al. 2000; reviewed by Faubert 2000 and Roxstrom-Lindquist et al. 2006).
Although mast cells play a critical role in controlling giardiasis (Li et al. 2004),
their role in amebiasis has yet to be determined (Guo et al. 2007). Both B cell
responses and secretory IgA production (Langford et al. 2002; Haque et al. 2006),
and Thl responses and IFN-y production (Venkatesan et al. 1997; Seydel et al.
2000; Haque et al. 2007) are key to protective immunity in both diseases. Although
there is a great deal more to understand about the fundamental immune responses
against giardiasis and amebiasis, researchers have found that the host sex can
influence the outcome of both diseases. Most human clinical studies find no
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difference in disease prevalence between the sexes; one study performed in Brazil,
however, found that male dogs have a higher prevalence of giardiasis than their
female counterparts (Oliveira-Sequeira et al. 2002). Studies performed using
C57BL/6 mice infected with G. muris found that while males and females shed
similar numbers of cysts during acute stages of disease (Daniels and Belosevic
1995b), males begin passing cysts earlier (Daniels and Belosevic 1995a) and
continue to pass cysts for a significantly longer time (day 60 for males; day
18-20 for females) than females (Daniels and Belosevic 1994; Daniels and Belosevic
1995a, 1995b ). In addition, male mice have higher parasite burdens in their gut
(Daniels and Belosevic 1995a and 1995b), and more prolonged disaccharidase
deficiency (Daniels and Belosevic 1995a) than female mice. Few studies have
investigated the mechanisms behind female resistance to giardiasis, but one study
using C57BL/6 mice showed that females have elevated levels of parasite-specific
IgG and stronger IgG2b and IgG3 responses than males (Daniels and Belosevic
1994). Similar to giardiasis, the prevalence of infection with Entamoeba in humans
is similar between males and females, although invasive disease predominates in
males (Acuna-Soto et al. 2000). Studies in mice parallel what is seen in human
disease, with female mice clearing ALA within 3 days and male mice recovering
after day 14. In mice, females have significantly more early IFN-y-producing cells
compared with male mice that have higher levels of IL-4-producing cells. In
females, the IFN-y is produced, in part, by NKT cells, as NKT-deficient female
mice have exacerbated ALA compared with their WT counterparts (Lotter et al.
2006). In addition, other studies have shown that female mice tend to mount stronger
antiamebic antibody responses than do male mice (Moreno-Fierros et al. 1992).
Although no current studies have been performed to date, research using
gonadectomized mice will aid in understanding the role of specific sex hormones
in modulating immunity to Entamoeba and Giardia.

6.4.5.2 Babesiosis

Babesiosis is an emerging zoonotic pathogen carried by ixodid ticks, existing in an
erythrocytic form within mammalian hosts. Babesiosis occurs primarily in temper-
ate regions of the United States and Europe. In Europe, disease is caused by the
cattle parasite Babesia divergens, whereas cases in the US are primarily due to
infection with the rodent parasite B. microti and occasionally the recently discov-
ered species WAL (reviewed by Homer et al. 2000). B. divergens infections are very
rare, but when they do occur they usually afflict asplenic individuals, and are very
serious with a 42% mortality rate (Gorenflot et al. 1998). In the US, babesiosis
affects both spleen-intact and asplenic individuals, and is usually self-limiting and
sometimes asymptomatic (Homer et al. 2000), although coinfection with B. microti
may exacerbate Lyme disease and complicate its treatment (Krause et al. 1996).
Both innate and adaptive immune responses play a role in immunity against
babesiosis, although the roles of specific immune effectors are still unclear. Both
NK cells and macrophages may play a role in innate responses, as high levels of NK
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cell activity are seen in resistant strains of mice infected with B. microti (Eugui and
Allison 1980), and macrophage depletion is associated with increased susceptibility
to disease (Mzembe et al. 1984; Saeki and Ishii 1996). IFN-y producing CD4" T
cells also are important in parasite clearance (Igarashi et al. 1999), although an
absolute role for T-cell-mediated immunity is unclear, as C57BL/6 SCID mice are
highly resistant to disease, despite their lack of T cells (Aguilar-Delfin et al. 2001).
These discrepancies may be due to the fact that different Babesia species and strains
of mice have been used in experimental studies. A similar discrepancy is seen in
research focusing on sex differences during infection. Researchers studying
B. microti have found that male mice are more susceptible to disease (Goble 1966);
whereas those studying WA 1 report that female mice are more susceptible (Aguilar-
Delfin et al. 2001). While the mechanisms behind female susceptibility to WA1
remain to be studied, research into male susceptibility to B. microti indicates that
testosterone causes longer and more severe infections in mice that have been
castrated and implanted with testosterone compared to those castrated and implanted
with inert oil (Hughes and Randolph 2001a). Additionally, higher-ranking mice
within a home cage have higher levels of testosterone, which is associated with
depressed levels of serum immunoglobulin and reduced resistance to infection with
B. microti (Barnard et al. 1994). Interestingly, ixodid ticks preferentially attach to
rodents with high testosterone levels (Hughes and Randolph 2001b). Although
testosterone exacerbates disease, estrogens do not confer resistance to disease to
B. microti, as one study found that mice pretreated with 17-estradiol have similar
patterns of infection as control mice (Wood and Clark 1982). More research needs to
examine both the basic immune responses against Babesia parasites, and the role
that sex hormones play during disease, with special attention to differences seen
between parasite species and mouse strains.

6.4.5.3 Trichomoniasis

Trichomoniasis is a sexually transmitted disease (STD) caused by the flagellated
protozoan Trichomonas vaginalis. Over 170 million people are infected worldwide
(World Health 1995), and in inner city areas of the United States the prevalence can
approach 25% in STD clinics (reviewed in Schwebke and Burgess 2004).
T. vaginalis causes vaginitis in women that can persist for as long as 3—5 years
(Bowden and Garnett 2000); although it is estimated that as many as 50% of cases
are asymptomatic (Fouts and Krause 1980). The vast majority of cases in men are
asymptomatic, with the course of infection lasting 10 days or less (Krieger 1990),
although trichomoniasis may be emerging as an important cause of non-gonococcal
urethritis (Krieger et al. 1993). Trichomoniasis is of particular concern, as resis-
tance to standard metronidazole treatment is emerging (Schmid et al. 2001).
Infection in pregnant women also is associated with low birth weights and preterm
deliveries (Cotch et al. 1997). Infection also is correlated with an increased
frequency of HIV contraction in women (Laga et al. 1993; Leroy et al. 1995) and
increased transmission by men (Hobbs et al. 1999a). Very little is known about the
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immunology of trichomoniasis because there is no suitable animal model to study
the disease. However, it is known that natural immunity to infection is only partially
protective, with up to 30% of patients experiencing reinfection following treatment
(Niccolai et al. 2000). Antibodies may mediate partial protection (Abraham et al.
1996), especially those directed against putative parasite adhesion molecules
(Arroyo et al. 1992). Studies using euthymic and athymic BALB/c mice also
suggest that T cells may play a role in clearing infection (Martinotti et al. 1988).
As mentioned above, females may have very prolonged infections with T. vagina-
lis, whereas clinical cases in men are rare (Van Andel et al. 1996) and of a very
short duration, indicating that sex plays a role during infection, with women being
more susceptible to disease than men. This is not surprising, as studies have found
that T. vaginalis has androgen and estrogen receptors on its cell surface (Ford et al.
1987). Interestingly, in order to study 7. vaginalis in laboratory rodents, female
mice must receive estrogen treatments to establish disease (Cappuccinelli et al.
1974; Van Andel et al. 1996). Similarly, in clinical studies, women volunteers also
require estrogenization to establish the disease (Azuma 1968). Furthermore, con-
ditions associated with high levels of estrogen, such as menses and pregnancy,
exacerbate T. vaginalis infections (Brown 1972). 17B-estradiol enhances the in
vitro growth of parasites, whereas testosterone and progesterone inhibit growth at
early time points (Stein and Cope 1933; reviewed by Garber et al. 1991). Other
studies using euthymic and athymic BALB/c mice found that females are more
susceptible than males to developing abscesses following subcutaneous injections
of T. vaginalis (Landolfo et al. 1981; Martinotti et al. 1988). Conversely, some in
vitro studies have found that estrogen inhibits 7. vaginalis growth (Sugarman and
Mummaw 1988) and inhibits a virulence factor, cell-detaching factor, which is
correlated with disease severity (Garber et al. 1991). This may explain why
intravaginal estrogen pellets alleviate disease symptoms (Garber et al. 1991).
Developing a better understanding of how estrogen and other sex hormones modu-
late immunity to trichomoniasis will lead to better treatment and prevention
options, although a lack of a good animal model will make this a difficult endeavor.

6.4.6 Sexual Dimorphism in Response to Helminth Parasites:
Female Th2 Dominance

Protective immunity against helminth parasites is generally dependent on the
development of a strong Th2 response involving IL-4 and IL-13, in particular
(reviewed by Finkelman et al. 2004), and for the most part females are more
resistant than males. This is, particularly, true for gut parasitic nematode infections.
For example, in a C57BL/6 experimental model, significantly higher numbers of
Strongyloides ratti are found in males than in similarly infected females. Ovariec-
tomy of females has no effect, but injection of testosterone into females or males
increases gut worm burdens (Kiyota et al. 1984). Nippostrongylus brasiliensis
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infection of Indian soft-furred rats reveals that males are less able than females to
expel intestinal worms and egg release through feces also is prolonged in male rats
(Tiuria et al. 1994). Gonadectomy significantly reduces worm burdens in male rats
whereas ovariectomy has no effect on parasite burdens in females (Tiuria et al.
1994). Thus, increased susceptibility of males to gut parasitic nematodes may be
direct result of androgenic as opposed to estrogenic influences on immunity, as
evident in a majority of parasitic infections (Table 6.4). How androgens mediate these
effects awaits clarification. However, estrogens can increase the resistance of male
CD1 mice against T. spiralis as measured both by adult worm burdens and tissue
larvae (Reddington et al. 1981). Gonadectomy also increases the resistance of males
while testosterone treatment increases susceptibility of females. Consequently, both
testosterone and estradiol influence control of T. spiralis in a reciprocal counter-
regulatory fashion. Control of T. spiralis is Th2 dependent, but mast cells also play
a crucial role in worm expulsion (Knight et al. 2008). Estrogen at physiological
concentrations not only activates mast cells via a nongenomic ERa to release a
substantial amount of preformed mediators but also could stimulate synthesizes
of new mediators (Zaitsu et al. 2006). Conversely, testosterone inhibits mast cell
secretion of histamine and serotonin following stimulation by compound 48/80 or
neuropeptide substance P, a process promoted by estrogen (Vliagoftis et al. 1992).
Although differences in how sex hormones influence mast cell activity may explain
why females can expel some gut parasitic nematodes better than males, these cells do
not play a significant role in control of all gut parasitic nematodes, Trichuris muris
(Bancroft et al. 1998) being a significant example. Here studies utilizing cytokine
deficient mice might reveal underlying mechanisms modulating sex hormone influ-
ences on immunity and outcome of parasite infection (Bancroft et al. 2000; Hayes
et al. 2007). Both WT female BALB/c and C57BL/6 mice are resistant to 1. muris
infection as are female BALB/c IL-4 '~ (Bancroft et al. 2000). Male IL-4~"~ of both
BALB/c and C57BL/6 strains and female C57BL/6 IL-4~'~ mice are susceptible to
T. muris (Bancroft et al. 2000). The observation that female BALB/c IL-4~/~ mice are
still resistant to infection may reflect their continued ability to generate IL-13, which is
not evident in C57BL/6 mice or male BALB/c IL-4~/~ animals (Bancroft et al. 2000).
Administration of rIL.-13 to normally susceptible male BALB/c IL-4~/~ mice induces
worm expulsion while neutralization of IL-13 in BALB/c IL-4~/~ mice inhibits
expulsion (Bancroft et al. 2000). The authors suggest a link in this model between
estrogen and the ability to produce IL-13 which is the main mediator of resistance
against this parasite (Bancroft et al. 1998). Further studies utilizing the TNF-o receptor
p557/ ~ and p757/ ~ mice on the C57 BL/6 background reveal further sexual dimor-
phism in response to this parasite (Hayes et al. 2007). Although not classically a Th2
cytokine, TNF-o protects against infection with T. muris. While female p55~/~ and
p75~'~ mice fully expel the parasites by day 35, male mice harbor chronic infections
and p55~'~ male mice are more susceptible than p75~/~ animals. The observed sex
difference is reversed by treating female mice with neutralizing IL-13 and male mice
with rIL-13. While IL-13 levels in TNF-oR deficient male mice are similar to male
WT mice, p55 '~ male mice have increased IFN-y production which is not evident in
the equivalent female mice at day 21. These studies clearly demonstrate the influence
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as well as complexity of sex hormones in modulating the Th2 balance in favor of
females during gut parasitic infections. While females are invariably more resistant to
infection with helminthic parasites including filarial nematodes, in which Th2
responses promote resistance to infection, a notable exception has recently been
described. During Litomosoides sigmodontis, filarial survival is reduced in male
compared with female BALB/c mice, whereas the prevalence and density of micro-
filariae are higher in female than male mice (Graham et al. 2005). C57BL/6 mice are
more resistant than BALB/c mice to L. sigmodontis and resistance in C57BL/6 mice is
Th2-dependent, despite the fact that BALB/c mice develop potent Th2 responses (Le
Goff et al. 2002). Susceptibility of BALB/c mice appears to be caused by the genera-
tion of potent regulatory T cell responses that overcome Th2 effector functions that
permit survival of the adult parasite (Taylor et al. 2005 and 2007). Of particular
significance is that estradiol at physiological levels expands CD4"CD25 FoxP3*
regulatory T cells expressing IL-10 (Tai et al. 2008) and IL-10 is essential for
microfilariae persistence (Hoffman et al. 2001). Laboratory models do not always
mimic natural human infection. Thus, while human males are more susceptible to
Schistosoma mansoni infection than females (Degu et al. 2002), males are more
resistant to experimental murine infections and this is mediated by testosterone
(Eloi-Santos et al. 1992; Nakazawa et al. 1997). Nevertheless, while murine studies
examined the early stages of infection with this parasite, human studies concentrated
on chronic disease and consequently the comparison is not ideal. Thus, sex differences
in immune responses to parasites at different stages of infection is a further complicat-
ing dimension that has to be considered when examining the influence of sex on
disease outcome. Indeed, the ebb and flow of sex-mediated influences over the course
of an infection may result in no apparent difference in disease phenotype during
chronic disease. For example, no sex-related difference in disease phenotype is
noted during chronic S. haemotobium infections and yet at that time females have a
comparatively weaker Thl response and produce significantly more IL-10 and TGF-f
than males (Remoue et al. 2001) indicating a more pronounced regulatory T cell
response at that stage.

6.5 Implications for Human Disease/Consideration for Drug
and Vaccine Development

This chapter has presented data to show that males and females develop distinct
immune responses to various parasitic diseases. While females are usually less
susceptible to males, there are notable differences that further complicate the
understanding of an already complex interaction between sex hormones and the
immune system. A great deal of the research in this field focuses on in vitro systems
and animal models of disease, which do not always translate into the clinical picture
seen during human disease. This issue is very important during the design and
development of novel therapeutic agents. The literature demonstrates that hormonal
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differences between the sexes can influence both the innate and adaptive arms of
immunity. Differences in both T and B cell responses have been noted, which has
critical implications in studies focusing on vaccine development and efficacy. The
research in this field has demonstrated a clear need for treatment options that are
tailored to individual patients, taking into account age, sex, and genetics.

6.6 Future Direction for the Field

Overall, the immune response that dominates in one or the other sex is largely
dependent on the parasite being investigated. With regard to inflammatory disease,
investigators working with autoimmunity would suggest that the higher incidence
in females is a result of a Th1-biased response in this sex, while those working with
allergic diseases would highlight the higher female incidence is as a result of a
Th2-dominant response. Studies of parasite infections also demonstrate that
females mount a more vigorous response to control the disease whether it is Th2
dominant to control infection with helminth pathogens or Thl-biased response to
control intracellular parasites. However, there are numerous examples that contra-
dict this simple model and we have to acknowledge the complexity and potential
chronicity of the host—parasite interplay. Several tissue sites and immune cells may
be involved at any one time, all of which may be responsive to sex hormone
influences. We currently have new molecular tools available which allow us to at
last dissect and characterize these various interactions. Hormone receptor knockout
mice have, for example, allowed us to differentiate the roles of ERa and ERf
globally in vivo and at the single cell level in vitro. The technology to create second
generation temporal (switch on/switch off) and spatial knockout (tissue specific) as
well as gene reporter mice will enable us to identify how and when cells are affected
by hormones to impact sex differences in responses to parasites.
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Chapter 7
Sex Differences in Parasitic Infections: Beyond
the Dogma of Female-Biased Resistance

Galileo Escobedo, Marco A. De Leon-Nava, and Jorge Morales-Montor

Abstract Sex differences in parasitic infections are a biological phenomenon of
considerable significance for individual health and disease as well as for the
evolution of a species. The general rule of thumb is that females are more resistant
to infectious diseases than males. There are, however, many notable exceptions to
this rule that illustrate a female bias in susceptibility to infection. By studying sex
differences to cysticercosis infection, it has been demonstrated that females are
more likely than males to become infected, to carry larger parasite loads, to be more
severely affected, and more reticent to developing protective immunity. Our animal
studies illustrate that female-biased susceptibility to parasitic infection is influenced
by hormones, reproductive status, age, and genetic background. The mechanisms
underlying the sexual dimorphism in murine cysticercosis involve the effects of sex
steroids on both the host immune and central nervous systems as well as directly on
the parasite. In this chapter, the causes of female-biased susceptibility to parasitic,
and possibly other, infections are examined.

7.1 Introduction

It is widely reported in the literature that female mammals are more resistant to
parasitic infections than males because of sex-associated differences in exposure to
parasites and the immunosuppressive properties of testosterone (T). This paradigm
implies that the sexual dimorphism in response to parasites is mediated primarily by
the immune system of the host, which disregards the fact that some parasites can
directly respond to the distinct sex steroid hormone profiles of their female and
male hosts (Escobedo et al. 2005).
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The hypothesis that females are more resistant to parasites than males has been
termed the “female supremacy hypothesis,” which has prevailed for over half a
century (Addis 1946), despite thoughtful recommendations against simplification
(Zuk and McKean 1996). This hypothesis is strengthened by reports of elevated
mortality rates in males, including humans, compared with females, as a result of
exposure to infectious agents (Moore and Wilson 2002; Owens 2002; Zuk and
McKean 1996; do Prado et al. 1998; Watanabe et al. 1999; Klein 2000; Ganley and
Rajan 2001; Hughes and Randolph 2001; Roberts et al. 2001; Verthelyi 2001). The
relative resistance of females to infection has been associated with the differences
between the sexes in life history strategies, including attracting mates (Zuk 1994),
establishing social hierarchy (Barnard et al. 1998), engaging in reproductive
behavior (Kavaliers and Colwell 1993; Morales et al. 1996; Willis and Poulin
2000), and expending energy mounting an immune response to a replicating
parasite (Hanssen et al. 2003).

7.2 Sex Differences in Immune Responses to Parasites

As noted in Chaps. 2 and 3 of this book, immune responses in males and females
differ when confronted with microbes and this is largely caused by sex steroids,
including estrogen, progesterone (P4), and T, binding to ligand-specific receptors on
or in the cytoplasm of immune cells (Benten et al. 2002; Grossman et al. 1979,
1991). Despite the consistent observation that sex steroids affect the functioning of
immune cells, these sex differences are highly dependent on the parasite-host system
and discrepancies do exist. For example, although concentrations of IFN-y are
higher in female than male mice during malaria infection (Cernetich et al. 2006),
male mice produce more IFN-y and TNF-o than females in response to Toxoplasma
gondii (Roberts et al. 1995; Walker et al. 1997). In response to Taenia crassiceps,
a parasite to which females are more susceptible than males, males have higher
IFN-vy responses than females, females produce more IL-10 than males, and con-
centrations of IL-6 and IL-12 are equivalent between the sexes (Terrazas et al. 1998).
Finally, in hamsters, males develop more profound lesions than females following
infection with Leishmania panamensis or L. guyanenis (Travis et al. 2002). Male
hamsters also have higher concentrations of IL-4, IL-10, and TGF-J3 than females;
conversely, concentrations of IL-12 and IFN-y do not differ between the sexes.
We interpret these data to reveal that the host immune response is not sex
specific, but rather male and female hosts have evolved immunological responses
that are specific to the invading parasite, responsive to parasite strategies at
different times during infection, the number of parasites, and the location of
parasites in the host. For example, extracellular, but not intracellular, stages of
parasites are vulnerable to antibodies and complement because of direct interac-
tions with the external surface of the parasite (Philipp et al. 1980). Such antibody-
mediated damage has been documented to affect some parasite life cycle stages but
certainly not all, i.e., tachyzoites in toxoplasmosis (Johnson and Sayles 2002), early
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larvae in cysticercosis (Restrepo et al. 2001), merozoites in malaria (Daly and Long
1995), trophozoites in amoebiasis (Ghosh et al. 1998), and promastigotes in leish-
maniasis (Rafati et al. 2001). Some of the extracellular stages of parasites manage
to escape from circulation and become sequestered inside their target cells, appar-
ently unscathed by antibodies or other harmful immune effectors. The immune
response against intracellular parasites is largely dependent on the expression of
parasite antigens on the membrane of the infected cell or peptides presented in MHC
molecules (Kyes et al. 2001), In theory, T helper 2 (Th2) cell dominated immune
responses, that favor high levels of antibody production, would be most appropriate
against extracellular stages of parasites. In contrast, T helper 1 (Thl) responses,
which induce inflammatory mediators and CD8+ T cells and eliminate infected
cells, would be most effective against intracellular parasites (Sher et al. 1992). If
female hosts favor Th2 responses (Roberts et al. 2001), they should be more resistant
than males to extracellular parasites and to intracellular infections in their initial
stages when the parasites are migrating toward their protected intracellular loca-
tions. In contrast, if androgens favor Th1 responses (Roberts et al. 2001), then males
should control intracellular parasites more effectively than females, especially
during the late stages of infection. Lack of congruity between expected and observed
results most likely comes from oversimplistic expectations regarding the interac-
tions of the endocrine and immune systems. The majority of Chap. 6 discusses
parasitic diseases to which males are more susceptible than females. The focus of
this chapter, however, will be on those parasitic infections to which females show
increased susceptibility compared with males (please see Table 6.2 for a summary).

7.3 Examples of Female-Biased Susceptibility to Parasites

7.3.1 Protozoan Parasites

One of the most well-studied parasites to which females are more susceptible than
males is Toxoplasma gondii. In mouse models, females develop more severe brain
inflammation and are more likely to die following infection than males (Walker
et al. 1997). Male mice produce higher concentrations of TNF-o, IL-12, and IFN-y
than females during acute infection (Roberts et al. 1995; Walker et al. 1997).
Ovariectomy of female mice reduces, whereas administration of 17f-estradiol
(E2) exacerbates, the development of tissue cysts caused by 7. gondii infection
(Liesenfeld et al. 2001; Pung and Luster 1986). Further evidence of hormonal
modulation of immune responses to 7. gondii is provided by the observed differen-
tial susceptibility to infection during pregnancy, which is detailed in Chap. 9 of this
book. Human studies of sex differences in T. gondii infection are scarce because
most healthy adults are asymptomatic. Among immunocompromised individuals,
however, T. gondii-induced encephalitis is more prevalent among women than men
(Phillips et al. 1994).
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Infection of rodents with T. gondii results in pronounced behavioral alterations,
including increased exploratory behavior and aggression, which may make them more
conspicuous to and less fearful of the definitive host, the cat (Amott et al. 1990; Berdoy
et al. 1995; Webster et al. 1994). Unfortunately, behavioral studies of T. gondii in
rodents have been conducted irrespective of sex; thus, whether there is a sexual
dimorphism in the behavioral consequences of infection requires exploration.
In humans, however, infection with 7. gondii is associated with an increased perceived
dominance as well as increased concentrations of T in men (Flegr et al. 2008).

7.3.2 Helminth Parasites

7.3.2.1 Cestode parasites

Taenia crassiceps is an intestinal cestode of canines (definitive host) and of various
extraintestinal tissues of rodents (intermediate host) in its larval (cysticercus) stage
(Freeman 1962). Experimental cysticercosis caused by 7. crassiceps in mice simply
requires the intraperitoneal injection of live cysticerci (Culbreth et al. 1972).
Intraperitoneal cysticerci reproduce asexually by exogenous budding, developing
massive parasite loads in a few months (Esch and Smith, 1976) that may even
approximate the body weight of the host, without causing obvious signs of sickness
(Larralde et al. 1995). The cysticerci also survive and reproduce in vitro under
culture conditions in media free of fetal calf serum. These features of experimental
murine cysticercosis have made it a convenient model for studying the immuno-
logical, genetic, and reproductive factors involved in susceptibility to infection and
parasite proliferation (Sciutto et al. 2002).

During the acute stage of T. crassiceps infection, females are more susceptible to
infection than males (Larralde et al. 1995). Experimental findings, to date, have
shown that in different congenic and syngenic strains of mice, females become
infected more often than males and carry more cysticerci than males, with signifi-
cant between-strain variations (Fragoso et al. 1996, 1998; Sciutto et al. 1991;
Huerta et al. 1992; Larralde et al. 1995; Terrazas et al. 1998; Morales-Montor
et al., 2001b, 2002a,b). Specifically, sex differences are pronounced among
BALBc/AnN strains of mice as well as in wild-caught house mice (Fragoso et al.
2008). Our data show that in 16 of 17 different mouse strains tested, female mice
carry larger parasite loads than males. The coefficient of variation for female mice
is significantly smaller than that for males, illustrating that males show a greater
variability in their ability to restrain cysticercus growth. Female-biased susceptibil-
ity to murine cysticercosis are notable in response to diverse parasite strains,
including HYG (a slow growth parasites), WFU (a slow growth parasite), and
OREF (a rapid growth parasite) (Fragoso et al. 2008). Genes linked with the major
histocompatibility complex (H-2) influence parasite growth. H-2 congenic mice on
a BALB background differ in their susceptibility to T. crassiceps: BALB/c (H-2d)
are the most susceptible, whereas BALB/K (H-2k) and BALB/B (H-2b) mice are
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comparatively resistant. Non-H-2 genes have no significant effect on susceptibility
in H-2d strains, as reflected by the similar parasite loads in BALB/c and DBA/2.
Recombinant mouse strain alleles (Kk, Ik, Sd, Dd) also influence susceptible, indicat-
ing that S regions, D regions, or both of the H-2d complex are involved in the control
of resistance to murine cysticercosis (Sciutto et al. 1991). Differential susceptibility
to T. crassiceps in BALB/c substrains of mice also may be associated with differ-
ences in serum T levels and Qa-2 protein expression (Fragoso et al. 1996).

Estrogens favor, whereas androgens and P4 inhibit, parasite reproduction (Boja-
lil et al. 1993; Terrazas et al. 1994; Morales-Montor et al. 2002b; Vargas-Villavi-
cencio et al. 2006). Gonadectomy and thymectomy equalize parasite loads between
the sexes by greatly increasing the susceptibility of males to infection and modestly
decreasing the susceptibility of females to infection (Huerta et al. 1992; Terrazas
et al. 1994; Morales-Montor et al. 2002b). Male mice also are better protected by
vaccination against T. crassiceps than are females (Cruz-Revilla et al. 2000). The
exogenous administration of E2 to gonadectomized females increases parasite load,
but exposure of gonadectomized males to dihydrotestosterone (DHT) reduces
parasite loads (Morales-Montor et al. 2002b). Treatment of female mice with the
estrogen receptor antagonist Tamoxifen reduces parasite load (Vargas-Villavicen-
cio et al. 2007). Adaptive transfer of T cells to thymectomized male mice can
reinstate immunity against 7. crassiceps (Bojalil et al. 1993). The early Thl
response (e.g., production of IL-2 and IFN-y) hinders T. crassiceps growth during
acute infection (Terrazas et al. 1999; Toenjes et al. 1999; Rodriguez-Sosa et al.
2002), whereas the Th2 response (e.g., production of IL-4 and IL-10) prevails at
later times of infection, but is incapable of slowing 7. crassiceps growth (Terrazas
et al. 1998; Toenjes et al. 1999). In summary, these findings illustrate that during
murine cysticersosis, androgens favor a Thl response that limits parasite growth
and estrogens favor a Th2 response that permits parasite reproduction (Huerta
et al. 1992; Bojalil et al. 1993; Terrazas et al. 1994; Morales-Montor et al.,
2002a, 2002b, 2002c).

Sex differences in susceptibility to cysticercosis have been reported for other
host-taeniid species systems. For example, sex steroids have been implicated in
porcine cysticercosis caused by Taenia solium because both castration and preg-
nancy nearly double the prevalence of naturally acquired cysticercosis in rural pigs
(Morales et al. 2002). In humans, women are more commonly afflicted with severe
neurocysticercosis and show higher proinflammatory cytokine profiles than men
(Del Brutto et al. 1988; Fleury et al. 2003). We hypothesize that sex steroids
modulate natural infections of humans and pigs with T. solium, because sex steroids
affect experimental T. crassiceps infections in laboratory mice.

Several studies indicate that T. crassiceps infection alters the concentrations of
sex steroids as well as other physiological systems of the host that presumably
increase successful reproduction of the parasite during chronic infection. In fact,
during chronic infection, male mice become “feminized,” with increased concen-
trations of estrogens and reduced concentrations of androgens compared with
noninfected male mice. These hormonal changes are accompanied by a reduced
expression of male reproductive behavior in response to stimulus females (Morales
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et al. 1996). The reduced mating behavior in infected male rodents can be restored to
normal levels by exposure to exogenous T suggesting that suppressed T, and
not pathology caused by infection, underlies the reduced sexual behavior (Morales
et al. 1996). Further, the administration of the aromatase inhibitor Fadrozole reduces
feminization of male mice and decreases parasite loads (Morales-Montor et al.
2002c). We hypothesize that the hormonal changes are triggered by high concentra-
tions of IL-6 during late stages of infection (Morales-Montor et al. 2001b).

Serum, splenic, and testicular IL-6 are augmented in infected compared with
uninfected male mice (Morales-Montor et al, 2001a,b, 2002b). When infected male
mice have an intact immune system, there is an increase in serum E2 and a decrease
in T and DHT. Conversely, when the immune system is knocked down by irradia-
tion or neonatal thymectomy, there is no effect of chronic infection on serum sex
hormone concentrations (i.e., levels remain similar to those from uninfected male
mice) (Morales-Montor et al, 2001b). IL-6 is critical in this puzzle: IL-6" (KO)
mice do not exhibit the “feminization” that wild-type (WT) male mice do during
T. crassiceps infection and reconstitution of IL-6 in KO mice results in subsequent
feminization (Morales-Montor et al, 2001b;2002b). IL-6 activates aromatase
expression in the testes of the cysticercotic mice, which causes aromatization of
androgens to estrogens. The increased serum levels of follicle stimulating hormone
(FSH) in chronically infected male mice supports the hypothesis that FSH also may
be a factor involved in the feminization process in infected male mice (Morales-
Montor et al, 2002b). To further study the role of IL-6 and macrophage-migration
inhibitory factor (MIF), we infected IL-6 and MIF KO mice and measured the
number of parasites and serum sex steroid levels. IL-6 and MIF KO mice of both
sexes harbored similar numbers of parasites, with no change in sex-hormone levels.
However, in WT mice, the sex-associated susceptibility to infection is observed
concomitantly with the feminization of chronically infected mice (Morales-Montor
et al, 2002b). These results suggest a role for both IL-6 and MIF in sex-associated
susceptibility in murine T. crassiceps cysticercosis.

We have also demonstrated that the central nervous system of infected, femin-
ized male mice responds to peripheral infection by overexpressing c-fos mRNA in
the hypothalamus, hippocampus, and preoptic area (Morales-Montor et al. 2004).
One hypothesis that we would like to test is that hormonal changes induced in the
host promote the overexpression of the c-fos gene in the parasite as well as the host
cells (Escobedo et al. 2004), in a manner similar to what has been demonstrated
after stress or other immune challenges (Pacheco-Lopez et al. 2002). Thus, in
murine cysticercosis, parasite proliferation is both a cause and consequence of the
interactions among the host nervous, immune, and endocrine systems.

7.3.2.2 Nematode parasites
Another parasite disease for which sex differences in intensity and prevalence are

reported is schistosomiasis. In this case, the intensity and prevalence of Schisto-
soma infection in endemic areas are higher in males than females, among both
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children and adults (Degu et al. 2002; Marguerite et al. 1999). In mouse models of
S. mansoni infection, however, the sex difference is reversed. Female mice are more
susceptible to infection and develop higher inflammatory responses, as measured by
organ weights and delayed type hypersensitivity responses, than males (Boissier
et al. 2003; Eloi-Santos et al. 1992). Administration of T protects, whereas castra-
tion exacerbates disease as measured by worm burden and host mortality following
inoculation with S. mansoni parasites (Nakazawa et al. 1997). Clarification about
why the sex difference in response to Schistosoma parasites is reversed in mice
compared with humans is necessary to establish the utility of this mouse model for
study of human schistosomiasis.

A detailed understanding of the mechanisms underlying female-biased suscepti-
bility to these parasites is critical to predicting sex-biased responses to other
infectious microbes. Also, the consideration that both hosts and parasites have
coevolved to survive and reproduce may assist with interpreting discrepancies in
the field. Finally, an organismal or systems level of analysis may be more informa-
tive about the causes of sex differences than more reductionist approaches (Oltvai
and Barabasi, 2002; Strohman 2003).

7.4 Evidence that Hormones Contribute to Female-Biased
Susceptibility

7.4.1 Host Hormones Directly Affect Parasite Growth
and Reproduction

Hormones regulate a variety of cellular and physiological functions of organisms,
including immune function (Grossman et al. 1991; Derijk and Berkenbosch 1991;
Hughes and Randolph 2001; Vertheleyi 2001; Barnard et al. 1998; Sternberg 1997).
The immunological responsiveness to hormones is clearly evident during various
parasitic diseases including malaria, schistosomiasis, toxoplasmosis, cysticercosis,
trypanosomiasis, leishmaniasis (Cernetich et al. 2006; Roberts et al. 2001; Remoue
et al. 2001; Zhang et al. 2000; do Prado et al. 1999; Larralde et al. 1995). The
specific effects of hormones on host immunity, in general, and in response to
parasites, in particular, are detailed elsewhere in this book (Chaps. 2 and 6).
Thus, we would like to present compelling data illustrating that host hormones
have direct effects on parasite growth and reproduction, which may make males and
females differentially susceptible to infection.

Not only can hormones affect host responses to infection, but parasites can
exploit the host endocrine system for their own benefit. Recent experimental
evidence (Ghansah et al. 2002; Remoue et al. 2002; Morales-Montor et al. 2001a;
Dissanayake 2000; Freilich et al. 2000; Townson and Tagboto 1996; Lingnau et al.
1993; Charlab et al. 1990; Maswoswe et al. 1985; Escobedo et al. 2004) has led
us to suggest a mechanism of host exploitation by the parasite. In this system of
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“trans-regulation,” the parasite benefits directly from host-derived hormones or
growth factors, to allow rapid establishment and increased growth and reproduc-
tion. Trans-regulation phenomena in parasites have been scarcely explored.
Evidence from our laboratory illustrate that treatment of T. crassiceps (ORF strain)
with E2 and P4 in vitro stimulates reproduction, whereas in vitro treatment with T
or DHT inhibits and even exerts a slight toxic effect on the parasite (Escobedo et al,
2004). The effect of E2 on parasite growth can be interrupted by the administration
of tamoxifen, a compound that is well known for its antiestrogenic effects (Esco-
bedo et al, 2004). On the other hand, T and DHT directly affect parasitic DNA
integrity probably by activating apoptotic mechanism in the cysticercus cells. This
experimental finding is not dependent on a nuclear receptor because flutamide
(a well-studied and used antiandrogen) does not affect parasite reproduction
in vitro (Escobedo et al, 2004).

Trans-regulation has been reported in other parasitic infections. In P. falciparum,
for example, the in vitro cortisol treatment of merozoites increases the number and
size of the gametocytes produced (Maswoswe et al. 1985). Treatment of merozoites
with insulin, E2, P4, or T also increases the number of gametocytes produced in vitro
(Lingnau et al. 1993). In contrast, when these parasites are treated with 16-a-
bromoepiandrosterone, a DHEA analog, growth is diminished by up to 25% (Frei-
lich et al. 2000). In vitro experiments with S. mansoni reveal that DHEA or cortisol
treatment of cercaria and schistosomules inhibits parasite viability and oviposition
up to 100% (Morales-Montor et al. 2001a). Moreover, treatment of the adult
S. haematobium with T diminishes fertility and, thus, the reproductive capacity of
this parasite (Remoue et al. 2002).

Synthesis of DNA as well as metabolic activity (inducing receptors with tyrosine
kinase, protein C kinase and MAPK activity) is increased in Trypanososma cruzi
amastigotes treated in vitro with murine epidermal growth factor (EGF) (Ghansah
et al. 2002). Similarly, murine EGF stimulates the in vitro development and
maturation of Brugia malayi microfilariae (Dissanayake 2000). Moreover, the
in vitro treatment of Onchocerca volvulus and O. lienalis microfilariae with
20-hydroxyecdisone induces differentiation to the infective stage (Townson and
Tagboto 1996). Granulocyte macrophage-colony stimulating factor (GM-CSF)
augments in vitro growth of L. mexicana (Charlab et al. 1990). Treatment of
T. crassiceps cysticerci with E2 increases, whereas treatment with T or DHT
diminishes, the reproductive capacity of the parasite (Escobedo et al. 2004).
In addition, viability, growth, and infective capacity of cysticerci are also increased
up to 200% following treatment with estrogen, but are inhibited by androgen
treatment (Escobedo et al. 2004).

Direct exposure of Entamoeba histolytica trophozoites to varying concentrations
of E2, P4, T, or DHT has little effect on parasite viability or proliferation. Con-
versely, treatment of E. histolytica trophozoites with cortisol stimulates parasite
proliferation in a dose-dependent manner (Carrero et al. 2006). In contrast, expo-
sure of E. histolytica trophozoites to dehydroepiandrosterone (DHEA) inhibits
proliferation, reduces adherence and motility, and causes lysis of trophozoites in
a dose-dependent manner. Moreover, cortisol increases and DHEA decreases
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E. histolytica DNA synthesis as determined by *H-thymidine incorporation. Lysis
of trophozoites by DHEA appears to be caused by a necrotic rather than an
apoptotic process, as determined through patterns of DNA fragmentation and
TUNEL assays (Carrero et al, 2006). The activity of glucose-6-phosphate dehydro-
genase in trophozoite extracts is partially inhibited in presence of DHEA. Although
DHEA inhibits E. histolytica growth, administration of DHEA to infected hamsters
exacerbates amebic liver abscesses (Carrero et al, 2006) illustrating that steroids act
both directly on E. histolytica and the host.

The hormonal microenvironment may favor or inhibit survival of parasites
differentially between the sexes. This may represent a highly evolved host-parasite
relationship in which certain hormones appear to serve as proliferation or death
factors that influence the establishment of infection, independent of the host
immune response. All of this amounts to the parasite exploiting endocrine mechan-
isms developed by the host for its own advantage.

7.4.2 Parasite-Derived Hormonal Mechanisms Affect
Parasite Physiology

7.4.2.1 Synthesis of hormones by parasites

Parasites, such as S. mansoni, synthesize, incorporate, and metabolize lipids (Meyer
et al. 1970; Rumjanek and Simpson 1980). These parasites also synthesize iso-
prenoic compounds (Foster et al. 1993) and produce several molecular species of
phospholipids (Brouwers et al. 1998). Helminths also produce ecdysteroids (Men-
dis et al. 1983, 1984; Mercer et al. 1987, 1990; Cleator et al. 1987; Fleming 1985;
Evershed et al. 1987). The production and physiological significance of sex steroid-
like hormones in parasites have received little attention (Romano et al. 2003). The
synthesis of steroid hormones by S. mansoni was investigated by Briggs (1972),
who found that these parasites had the capacity to perform several steps in the
steroidogenic pathway. Particularly, he showed that only adult schistosomes,
but not schistosome eggs or miracidia, have the ability to convert cholesterol,
corticosteroids, and sex hormones to various metabolites. For instance, when
4-Androstene-3, 17-dione was added to cultured parasites, it was bioconverted to
So-androstane-3,17-dione and androsterone, cortisone was metabolized to cortisol,
and estrone (E1) to E2. Pregnenolone treatment yielded P4 and 17a-hydroxypro-
gesterone, while T was bioconverted to Sa-dihydrotestosterone, 17a-hydroxypro-
gesterone to 4-androstene-3, 17-dione, and 17a-hydroxypregnenolone was
bioconverted to 4-androstene-3, 17-dione. When cholesterol was added to the
cultured worms, pregnenolone was produced.

T. crassiceps cysticerci also can synthesize steroid hormones in vitro (Gomez
et al. 2000). The parasites can transform [3H] androstenedione to [3H] T. Also
T. solium cysticerci have the capacity to synthesize the same androgens.
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Conversely, isolated scoleces incubated in the presence of [(3)H]androstenedione
yield small quantities of [(3)H] E2 (Valdéz et al., 2006). Furthermore, the incuba-
tion of trypomastigotes of the T. cruzi (Tulahuén strain) with 3H-androstenedione
results in synthesis 3H-T, 3H-E2 and 3H-E1. Metabolism of 3H-DHEA by the
parasites yields 3H-androstendione and 3H-androstendiol. These results indicate
that T. cruzi trypomastigotes produce androgens and estrogens when incubated in
the presence of steroid precursors and suggest the presence of active parasite
steroidogenic enzymes (Vacchina et al. 2008).

7.4.2.2 Synthesis of hormone receptors by parasites

The observation that parasites can respond directly to host hormones suggests that
parasites may synthesize receptors and have the capacity to bind host hormones
to direct downstream transcriptional events. In this context, Sani et al. (1985)
characterized specific retinol and retinoic acid-binding proteins in O. volvulus,
O. gibsoni, Dipetalonema vitae, Brugia pahangi, and Dirofilaria immitis. The
role ascribed to these proteins was to bind to host hormones and mediate the
biological effects of retinoids on parasite growth, reproduction, and differentiation.
The genome of O. volvulus encodes for at least three classical nuclear receptors,
two of which (i.e., OvNR-1 and OvNR-2) have been characterized and are similar
to the retinoid receptors in vertebrates and to the Drosophila melanogaster protein
EiP78c (Unnasch et al. 1999). Computer modeling of these receptors suggests that
these molecules possess a ligand binding-cavity of a size and form capable of
binding to vertebrate steroids (Unnasch et al. 1999; Yates et al. 1995).

S. mansoni have receptors capable of binding to E2, which provides a likely
mechanism for the protective effect of E2 in infected mice and hamsters (Barrabes
et al. 1979, 1986). Classical nuclear receptors for sex steroids, thyroid hormones,
and ecdisteroids have been characterized in S. mansoni (de Mendoca et al. 2000).
Homology between these receptors and those described in Drosophila, mice, and
humans ranges from 70 to 95% (de Mendoca et al. 2000). The presence of a
receptor (SmRTK-1) with tyrosine kinase activity in S. mansoni has been deter-
mined. Preferential localization of SmRTK-1 in sporocysts and oocysts may favor
differentiation and growth processes in this parasite (Vicogne et al. 2003).
S. haematobium also synthesizes a protein of 28 kDa (Sh28GST) capable of binding
to T and facilitating transport, metabolism, and physiological action of this hor-
mone in the parasite (Remoue et al. 2002).

We have shown that T. crassiceps cysticerci express an androgen receptor, both
isoforms of the classic estrogen receptor (ERa and f), but not P4 receptors A or B
(Escobedo et al. 2004). Thus, the direct effects of estrogens and androgens on
T. crassiceps reproduction may be due to the binding of E2 and T to their respective
receptors on the parasite. Conversely, P4 may affect T. crassiceps cysticercosis
through metabolism into E2 (Vargas-Villavicencio et al. 2005). Binding of the ER
to classic estrogen response elements may be responsible for the activation of AP-1
complex genes in the normal metabolism of T. crassiceps (Escobedo et al. 2004).
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7.5 Conclusions and Future Directions

There are many exceptions to the general rule of thumb that males are more
susceptible to parasites than females. Our work and the work of others reveal that
hormones, including androgens, estrogens, and glucocorticoids, affect both the
parasite and host responses to infection. Future studies must continue to consider
the interactions of hormones with cytokines in a network that result in sex differ-
ences in response to infection (Besedovsky and del Rey 2002). An area of fruitful
research will be further examination into the responses of parasites to the hormonal
environment of each host sex and in particular how this directly contributes to sex
differences in parasitic infections. Further, the observation that parasites, such as
T. crassiceps, can feminize the hormonal milieu of male mice illustrates the
complexities of these host-parasite interactions and underscores why simplistic
rules of thumb can result in misinterpretation of important findings.

As noted previously in this Chapter, the immune system of males and females
are not dimorphic; rather, the immune responses generated against both self and
nonself antigen are different between the sexes. Immunological sensitivity to
hormones, and possibly neurotransmitters, may have evolved as an adaptation for
individuals of either sex to confront infection successfully, even if by different
mechanisms. Sex differences in immune function also may have evolved to solve
sex-specific challenges, like pregnancy or competition for territories or mates
(Grossman 1979; Zuk 1994; Kavaliers et al. 2001). Selective pressures may drive
the evolution of dimorphic immunity to infection and create a need to balance the
defense of the host against infection with successful reproduction and survival of
the host (Grossman et al. 1979; Gaillard and Spinedi 1998; Agrawal and Lively
2001; Charles et al. 2002; Moore and Wilson 2002; Owens 2002; Potti et al. 2002;
Tella et al. 2002). A compromise may be achieved by a transient enhancement or
suppression of immunity, which could allow pregnancy in females with offspring
that are partially nonself and to allow males to utilize high androgen concentrations
to develop secondary sex traits, defend territories, and obtain mates (Martal et al.
1995; Matzinger 2002; Medzhitov and Janeway 2002; Zuk 1994). Pregnancy, in
particular, demands immunological allowance that would be beneficial to offspring
survival and transient immunoendocrine regulation by hormones and cytokines
may ensure that the fetus is not damaged (Barnea 2001). Similarly, males that
can better cope with the stress of competition and can balance this with suscepti-
bility to infection may be more likely to achieve successful matings and reproduc-
tive success as discussed in Chapter 1 of this book.

Parasite responsiveness to host hormones also should be considered from an
evolutionary perspective. We hypothesize that the differential effects of parasites
on male and female hosts may serve to increase the probability of transmission of
parasites to definitive hosts. Further, feminization of males during chronic murine
cysticercosis may be regarded as a parasite-mediated behavior that increases
transmission of the parasite to its definitive hosts, carnivores, and completion of
the parasite’s life cycle (Gourbal et al. 2001). Similarly, the increased susceptibility
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of females to acute T. crassiceps infection may represent the optimal host for
increased reproduction of worms (Poulin and Thurn 1996; Zuk and McKean
1996; Panhuis et al. 2001).

The ability of a parasite to differentially affect a female or a male of the same
species could potentially be due to hormonal regulation of the immune response or
direct hormonal affects on the parasite. Understanding the contribution of each of
these and characterization of the parasite molecules involved may facilitate the
development of drugs that counteract the effects of hormones on the immune
system or the parasite. We propose that immunologists, microbiologists, and
biomedical scientists must consider the sex of the host when examining responses
to infection. Our observation of female-biased susceptibility to 7. crassiceps
extends beyond parasites and has been documented for viruses and bacteria, as
noted in Chapters 4, 5, and 11 of this book. The only way to fully tease apart the
mechanisms underlying female-biased susceptibility to infection will be to conduct
both in vivo and in vitro studies. It also is premature to assume that all sex
differences in response to infection are mediated by sex steroids. Our work with
glucocorticoid-mediated effects on S. mansoni highlights this point. Thus, we
propose a network that has numerous connections and that may establish simple
cause—effect relationships in parasitism. Identification of the most connected nodes
within the network would be a way to examine the principal participants in sex
differences in response to infection. One could hypothesize that important neuro-
endocrine system connections with the immune system are established during
embryonic development, when gonadal differentiation occurs (Klein et al. 2002;
Martin 2000; Sinisi et al. 2003) and principal criteria for immunological self- and
danger signal recognition also appear to be set (Matzinger 2002; Medzhitov and
Janeway 2002).
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Chapter 8
Progesterone, Pregnancy, and Innate Immunity

Julia Szekeres-Bartho and Beata Polgar

Abstract Progesterone plays an important role in the feto-maternal immunological
relationship. The products of the progesterone-regulated genes Gal-1 and Hox-A10
affect dendritic cell (DC) function and differentiation of decidual NK cells, respec-
tively. Progesterone favors the induction of immature DCs with a tolerogenic
phenotype and inhibits the activity of mature DCs. Deficiency interferes with NK
cell differentiation, while NK cell migration to the endometrium is supported by
progesterone-induced specific endometrial production of chemokines. Progesterone
upregulates HLA-G gene expression, which serves as a ligand for NK inhibitory
and activating receptors. Many of the immunological effects of progesterone are
mediated by a progesterone-induced protein called progesterone-induced blocking
factor (PIBF). Progesterone and PIBF act on T cell differentiation to induce a Th2
dominance during pregnancy. Progesterone also promotes the development of LIF-
as well as M-CSF-producing T cells. PIBF blocks upregulation of perforin expres-
sion in decidual lymphocytes cultured with decidual adherent cells and inhibits NK
cell cytotoxicity by blocking granule exocytosis.

8.1 Pregnancy and the Immune System

Pregnancy is a natural model of an optimal immune regulation in a graft-host
relationship. Although 50% of fetal antigens are of paternal origin and there is
ample evidence that these antigens are recognized, the immune system of the
mother tolerates the semiallogeneic fetus. However, while creating a favorable
environment for the fetus, the maternal immune system must be prepared to control
possible emerging infections. Therefore, a delicate balance is established to satisfy
the conflicting interests of mother and fetus.
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Early hypotheses to explain the feto-maternal immunological relationship were
based on evidence derived from transplantation studies, and thus, focused on the role
of T cells. It was proposed that cytotoxic T cells play a crucial role in pregnancy
termination and that fetal rejection is prevented by suppression of maternal cytotoxic
T cell function (Bertotto et al. 1984; Slapsys and Clark 1982). It soon became
evident that the embryonic trophoblast, which forms the interface between mother
and fetus, shows a tightly regulated and limited expression pattern of MHC-antigens
(Billington and Bell 1983), which creates a unique immunological environment.

With the exception of HLA-C, polymorphic MHC is absent from the human
trophoblast. Although decidual macrophages and dendritic cells (DCs) can present
fetal antigens to both decidual CD4 and CDS8 T cells, trophoblast-presented anti-
gens are unlikely to be recognized in an MHC-restricted fashion. The trophoblast
also resists natural killer (NK) cell-mediated lysis, (Zuckerman and Head 1987),
because nonconventional MHC antigens serve as ligands for NK cell inhibitory
receptors. In the decidua, there are increased numbers of activated y6 T cell
receptor (TCR) positive cells (Liu et al. 1997; Meeusen et al. 1993). yd T cells
might be candidates for detecting trophoblast-presented antigens, because most of
them are capable of recognizing unprocessed foreign antigens without MHC re-
striction (Heyborne et al. 1994). The main function of innate immunity is to
distinguish harmless self from harmful (infectious) non self. Pathogen associated
molecular patterns (PAMPs) are recognized by pattern recognition receptors,
expressed on monocytes, macrophages, granulocytes, and DCs. Immature DCs
reside in the early decidua in humans (Ké@mmerer et al. 2000; Kédmmerer 2005)
and mice (Blois et al. 2004; Blois et al. 2005) and serve as sentinels for potential
environmental danger signals. Dendritic cells, however, also play a role in main-
taining tolerance (Moretta et al. 2005). Immature DCs exhibit a tolerogenic pheno-
type, characterized by a low expression of costimulatory molecules (CD40, CD80,
and CD86), a low production of proinflammatory cytokines, an increased produc-
tion of IL-10, and a capacity to induce regulatory T (T reg) cells. Upon contact with
a PAMP, such as LPS, DCs mature through a process that correlates with upregula-
tion of surface CD40, CD80, CD86 and MHC class II. The crosstalk between DCs
and NK cells results in “DC editing,” when NK-cells activated by maturing DCs kill
those DCs that have failed to undergo complete maturation (Marcenaro et al. 2005).
Blois et al. (2005) have demonstrated an association between increased numbers of
mature decidual DCs and pregnancy failure in mice. Pregnancy, therefore, initiates
a series of events that create a favorable immunological environment for the fetus.
These include altered cytokine production and NK cell function.

8.1.1 Pregnancy and NK Cells

NK cells play diverse roles in the reproductive process. CD56™€"CD]6"¢CD3"¢
granulated decidual NK cells, which constitute a dominant lymphocyte population
in the early decidua (King et al. 1998) are not cytotoxic, despite their high perforin
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content (Rukavina et al. 1995; Crnic et al. 2007), but secrete an array of angiogenic
factors and cytokines (Koopman et al. 2003). The dynamics of the appearance of
uterine NK cells suggest that one of their functions might be the control of
placentation.

Cytotoxic mechanisms exerted by NK cells can potentially damage the tropho-
blast and induce ablation of placenta. In addition, TNF-o produced by NK cells in
response to intrauterine infections can induce prostaglandin synthesis, which can
result in uterine contractions and initiate the induction of preterm labor. Decreased
expression of HLA-G on the trophoblast may result in an inadequate trophoblast
invasion leading to an abnormal interaction with decidual NK cells, which are
believed to play a major role in these processes through the production of immu-
noregulatory cytokines and angiogenic factors (Sargent et al. 2006). Furthermore,
recurrent miscarriages are associated with an increased number of endometrial NK
cells (Quenby and Farquharson 2006).

In mice, high peripheral NK activity is associated with deleterious effects on
fetal development (De Fougerolles and Baines 1987). Transfer of high NK activity
spleen cells from poly (I:C)-treated nonpregnant mice to pregnant BALB/c mice
induces abortion (Kinsky et al. 1990). In human pregnancy, such a direct relation-
ship between high NK activity and spontaneous pregnancy termination cannot be
demonstrated. Normal human pregnancy, however, is characterized by low periph-
eral NK activity (Aoki et al. 1995), whereas increased NK activity is associated
with spontaneous abortions of unknown etiology (Ntrivalas et al. 2001; Ntrivalas
et al. 2005; Putowski et al. 2004; Shakhar et al. 2003; Yamada et al. 2003).

8.1.2 Pregnancy and Cytokine Responses

Cytokine secretion by T helper 1 (Thl) and T helper 2 (Th2) cells tends to favor
cellular or humoral immune responses, respectively. Successful pregnancy is pro-
posed to be a “Th2 phenomenon,” implying that as a result of the bidirectional
interaction between mother and fetus the maternal immune response is shifted
toward humoral immunity (Wegmann et al. 1993). Consequently, increased immu-
noglobulin synthesis (Lichtenstein 1942; Dresser 1991) and decreased cell-
mediated responses are associated with pregnancy (Tangri et al. 1994). The concept
of a Th2 bias also is supported by clinical observations of pregnant women
suffering from autoimmune diseases. Approximately 70% of women with rheuma-
toid arthritis (i.e., a predominantly cell-mediated autoimmune disorder) experience
a temporary remission of their symptoms during gestation (Buyon 1998; Ostensen
and Villiger 2007; de Man et al. 2008). Conversely, systemic lupus erythematosis
(SLE), in which the principal pathology is mediated by excessive autoantibody
production, tends to flare up during pregnancy, especially in women with recently
active disease before conception (Varner 1991). There also are a number of infec-
tious diseases caused by intracellular pathogens, which appear to be exacerbated
by pregnancy. HIV-associated infections (Minkoff et al. 1987), leprosy, malaria,
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(Reinhardt 1980; Lagerberg 2008), and toxoplasmosis (Luft and Remington 1982)
fall in this category and are discussed more fully in Chap. 9 of this book.

Studies on placental cytokine production reveal that Thl cytokines are not
always harmful to pregnancy development. Thl cytokines, depending on the time
of expression, stage of gestation, and relative concentrations, could positively affect
pregnancy (Chaouat 2007). Other cytokines (e.g., leukemia inhibitory factor LIF,
M-CSF) produced by T cells are important for the maintenance of pregnancy
(Stewart et al. 1992; Clark et al. 1997). IFN-vy is necessary for implantation, but
this cytokine also activates cytotoxic T cells and NK cells, which may damage the
trophoblast. IFN-v also inhibits GM-CSF production as well as proliferation of Th2
cells and consequently B cell maturation and Ig synthesis (Piccinni 2007). Low
concentrations of IFN-y slow down intrauterine development in mice, whereas
administration of high doses results in abortion (Chaouat et al. 1990).

TNF-o inhibits trophoblast cell proliferation in vitro. Injection of recombinant
murine or human TNF-a into pregnant mice results in miscarriage (Chaouat 1994).
The murine (CBA/J x DBA/2) mating combination results in 20-50% of the fetuses
being resorbed by gestational day 13; thus, this model has been an extensively
studied model of immunologically mediated spontaneous fetal loss (Chaouat et al.
1985). CBA/J females mated with DBA/2 males have a high incidence of fetal
resorptions; whereas in genetically similar (H-2"xH-2%) matings, such as CBA/J
females mated with BALB/c males, females have normal low resorption rates.
Anti-TNF antibodies or TNF antagonists, normalize the high resorption rates in
CBA/J x DBA/2 matings, suggesting that increased TNF-o production might
account for the failure of pregnancies in this particular mating combination
(Chaouat et al. 1995). In supernatants of trophoblast-activated peripheral lympho-
cytes of women who recurrently abort, elevated levels of TNF-a and -8 have been
demonstrated, suggesting that these cytokines might act as mediators in the devel-
opment of recurrent spontaneous abortion (RSA).

Th2 cytokines appear to play a suppressive role in the feto-maternal relation-
ship. IL-10 inhibits the production of Th1 cytokines and stimulates proliferation of
B cells. The levels of LIF, IL-4, IL-10, and M-CSF produced by decidual T cells
from women suffering from unexplained spontaneous abortion are lower than
those from normal pregnant women, indicating that these cytokines may contri-
bute to the maintenance of pregnancy (Piccinni 2005). IL-10~/~ mice are born with
significantly lower birth weight than their heterozygous siblings, which is pre-
vented by the administration of rIL10 or anti-TNF treatment (Kuhn et al. 1992).
Granulocyte-macrophage colony-stimulating factor is a potentially important me-
diator of intercellular communication in the female reproductive tract, by targeting
the preimplantation embryo and trophoblast cells of the developing placenta. Data
by Clark et al. (1997) suggest that GM-CSF acts indirectly to prevent pregnancy
loss in abortion-prone DBA/2 x CBA/J mice. Consistent with a role for GM-CSF
in successful transplantation, GM-CSF-deficient (GM /") mice have histological
abnormalities in their placentas (Robertson et al. 1996, 1999).

In humans, there is a well-established relationship between peripheral cytokine
pattern and the outcome of pregnancy. Phytohaemagglutinin (PHA)-stimulated
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peripheral lymphocytes of healthy pregnant women produce significantly higher
levels of Th2-associated cytokines than those from women with RSA (Raghupathy
etal. 2000). Conversely, lymphocytes from RS A patients produce more Th1-associated
cytokines than those from healthy pregnant women (Raghupathy et al. 1999). In
addition, lymphocytes from healthy pregnant women secrete significantly higher
levels of Th2-associated cytokines both in response to autologous placental
cells and choriocarcinoma cells than lymphocytes from RSA patients (Krishnan
et al. 1996).

8.2 The Effect of Progesterone on the Maternal
Immune System

Pregnancy is characterized by overall hormonal changes (see Figure 9.2). Proges-
terone is critical to the establishment and for the maintenance of pregnancy, as it
regulates menstrual bleeding, tissue repair and regeneration, inflammation, and
angiogenesis. Compared with the low levels (1-2 nmol 1™ ') during the follicular
phase of the menstrual cycle, progesterone concentrations increase to 15-20, 35-50
and 2040 nmol 17" in the early- ,mid- ,and late luteal phases, respectively. The
major source of progesterone during early pregnancy is the corpus luteum of the
ovary but in many species, including humans and rodents, progesterone production
is eventually sustained by the placenta. In humans, progesterone production gradu-
ally rises during gestation to reach a level of 3 pg/g ™" of placental tissue (110 pM),
whereas the serum concentrations of progesterone range from about 100 to5S00 nM
during pregnancy. The need for progesterone in maintaining pregnancy is illu-
strated by the fact that blocking of progesterone binding sites with RU 486 causes
abortion in humans and also in various nonhuman animal species (Baulieu 1987;
Ulmann et al. 1987). Besides its endocrine effects, progesterone mediates interac-
tions between the endocrine and immune systems. Ovariectomized female mice
treated with progesterone, but not with estrogen, develop uterine abscesses after
injection with Escherichia coli. The number of leukocytes, as well as immunoglob-
ulin production in the rodent uterus depends on the hormonal status of the female
(Tchernitchin et al. 1976; Wira and Sandoe 1980). High local concentrations of
progesterone prolong the survival of xenogeneic and allogeneic skin grafts as well
as of xenogeneic tumor cells implanted in hamster uteri (Moriyama and Sugawa
1972; Hansen et al. 1986). In vitro treatment of T cells with 10 pg/ml of progester-
one blocks T cell activation and killing (Mori et al. 1977; Pavia et al. 1979; Wyle
and Kent 1977). It is noteworthy that in all of the early human studies, lymphocytes
from nonpregnant women were examined to determine progesterone action and as a
consequence supra-physiologic concentrations of progesterone were needed to
achieve a significant effect. Later studies, however, suggest a dose-dependent
decrease of peripheral NK cell activity of lymphocytes from pregnant women at
low concentrations (40-500 nM) of progesterone (Szekeres-Bartho et al. 1985a,
1985b). Conversely, experiments using lymphocytes of nonpregnant women fail to
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demonstrate such effect at similar concentrations (Sulke et al. 1985; Uksila 1985).
These data suggested the presence of a population of NK cells with increased
progesterone sensitivity among peripheral lymphocytes from pregnant women.
Immunocytochemistry has been utilized to demonstrate progesterone receptors
(PRs) in peripheral blood mononuclear cells (PBMCs) and peripheral blood yd T
cells of pregnant women (Szekeres-Bartho et al. 2001).

8.2.1 Progesterone Receptors (PRs)

The biological activity of progesterone is mediated by genomic and nongenomic
pathways. The genomic pathway depends on two nuclear progesterone receptor
(nPR) isoforms: PR-A and PR-B (Li et al. 2004; Mulac-Jericevic and Conneely
2004), both of which are products of the same gene, but are transcribed under the
control of two distinct promoters (Li and O’Malley 2003). The PR-A and PR-B
isoforms differ in that PR-B contains an additional N-terminal stretch of approxi-
mately 165 amino acids.

Spatial and temporal expression of the PR-A and PR-B vary in reproductive
tissues as a consequence of developmental and hormonal status. In mice, null
mutation of nPR gene reveals that transcriptional activity of nPR controls the uterine
immune environment as well as endometrial receptivity and decidualization (Lydon
etal. 1995; Tibbetts et al. 1999). Functionally active nPRs in the thymus are required
for thymic involution during pregnancy and for a normal fertility (Mulac-Jericevic
et al. 2000). Studies with selective PR-A and PR-B knock out mice demonstrate that
progesterone-induced activation of PR-A is both necessary and sufficient for the
establishment and the maintenance of pregnancy, but elicits reduced pregnancy-
stimulated mammary gland morphogenesis (Conneely et al. 2003). In contrast,
progesterone-induced transcriptional activity of the PR-B isoform is insufficient
for implantation and the maintenance of pregnancy needed for proliferative effects
of progesterone in the mammary gland (Conneely et al. 2003). Consequently, mice
lacking PR-A are infertile (Mulac-Jericevic et al. 2000, 2003). These findings imply
that the relative expression of the two isoforms is critical to the appropriate repro-
ductive tissue responses to progesterone (Fernandez -Valdevie et al. 2005).

The existence of PRs on lymphocytes is a controversial issue. Kimoto showed
the presence of PR mRNA in human lymphocytes. The PR protein has been
identified in human multiple myeloma cells, B cells, plasma cells, and macrophages
as well as in murine hybridomas (Daniel et al. 1988; Pasanen et al. 1998). Chiu et al.
(1996) found increased PR expression on peripheral lymphocytes from pregnant
women after immunotherapy for habitual abortion. Recently, Arruvito et al. (2008)
showed that peripheral blood NK cells express both classical PR isoforms. Further-
more, RU486 treatment significantly augments NK cell cytolytic activity in vitro
and this can be reversed by treatment of NK cells with progesterone (Hansen et al.
1992). Roussev et al. (1993) demonstrated an enrichment of PR positive lympho-
cytes in the uterus compared with peripheral blood cells from pregnant women.
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On the other hand, King et al. (1996) and Stewart et al. (1998) failed to demonstrate
PR or ER expression in lymphocytes from endometrial tissue. The latter group,
however, found an increased ER expression on lymphocytes collected during
endometriosis, suggesting that the expression or the ability to detect steroid recep-
tors might largely depend on reproductive condition. Henderson et al. (2003)
demonstrated the absence of PRs in purified decidual NK cells and suggested that
progesterone could act on these cells through glucocorticoid receptors (Henderson
et al. 2003), putative membrane receptors (Zhu et al. 2003), or calcium-activated
K+ channels (Chien et al. 2007). These data suggest that PR expression could be an
attribute of peripheral rather than of decidual lymphocytes.

A high proportion of peripheral lymphocytes during pregnancy react with PR-
specific monoclonal antibodies, with the rate of PR positive cells increasing
throughout gestation (Szekeres-Bartho et al. 1989a, 1989b); whereas resting
lymphocytes in nonpregnant women are largely nonreactive to PR antibodies
(Szekeres-Bartho et al. 1990). The percentage of PR-expressing lymphocytes
from women who recurrently abort their fetuses or among women with clinical
symptoms of threatened preterm delivery is significantly lower than is the expres-
sion in cells isolated from peripheral blood of pregnant women of corresponding
gestational ages (Szekeres-Bartho et al. 1989a, b). These findings suggest a rela-
tionship between lymphocyte PR expression and the outcome of pregnancy; thus,
the regulation of PRs in lymphocytes might be of biological importance. In contrast
to the classical endocrine tissues, in lymphocytes estrogens do not induce PRs
(Szekeres-Bartho et al. 1990). This might be due to the absence of estrogen
receptors (ERs) in peripheral human lymphocytes. Although ERs have been
demonstrated in mouse spleen, rat thymus, guinea pig fetal thymus, human
T cells, human mononuclear cells, and macrophages (Defletsen et al. 1977; Scre-
panti et al. 1982; Cohen et al. 1983; Stimson 1988), ERs are not present in resting
human lymphocytes, by an enzyme immunoassay utilizing a rat monoclonal anti-
body to the human ER (Szekeres-Bartho et al. 1989). On the other hand, exposure of
lymphocytes from nonpregnant women to PHA or alloantigenic stimuli increases
lymphocyte PR expression in humans (Paldi et al. 1994), suggesting that PR
induction is an activation-related phenomenon. Transplantation is an appropriate
natural model for addressing whether allogeneic stimulation by itself is the only
condition required for inducing PRs or if hormonal and other pregnancy-specific
attributes are also involved. The expression of PRs is equally high in transplantation
patients and in pregnant women (Szekeres-Bartho et al. 1989a), suggesting that PR
expression is not the consequence of pregnancy per se, but that of in vivo allogeneic
stimulation by fetal antigens. Further, Chiu et al. (1996) found increased PR
expression in lymphocytes from women who recurrently abort their fetuses after
immunization with paternal leukocytes. These data indicate that lymphocyte acti-
vation is a major factor in the induction of PRs in immune cells. We interpret these
data as suggesting that progesterone-dependent immunomodulation is dependent
on the mode of fetal antigen presentation and the lymphocytes that recognize
the fetal antigen, which ultimately determines the quality and the extent of the
immune response.
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Following recognition of fetal antigens, activated maternal yd T cells express
nPRs (Szekeres-Bartho et al. 2001) and upon progesterone binding, these cells
produce progesterone-induced blocking factor (PIBF) (Szekeres-Bartho et al.
1985b, Szekeres-Bartho et al. 1989b; Polgar et al. 2003). Progesterone-induced
blocking factor alters the profile of cytokine secretion by activated lymphocytes
(Szekeres-Bartho and Wegmann 1996). Neutralization of endogenous PIBF ac-
tivity in pregnant mice by specific anti-PIBF antibody terminates pregnancy.
Depletion of NK activity with anti-NK cell antibodies counteracts the effects of
PIBF on pregnancy (Szekeres-Bartho et al. 1997), suggesting that in mice PIBF
contributes to the success of pregnancy and that the major part of its pregnancy-
protective effect lies in controlling NK activity. In urine samples of healthy
pregnant women, PIBF concentrations continuously increase until the 37th
week of gestation, after which concentrations decrease slowly until term. In
pregnancies that result in miscarriage or preterm delivery, urinary PIBF levels
fail to increase during pregnancy (Polgar et al. 2004). Both human (Kalinka and
Szekeres-Bartho 2005) and rodent (Joachim et al. 2003) studies suggest that
synthesis of PIBF is an indirect mechanism by which progestagens improve
pregnancy outcome.

8.2.2 Progesterone-Regulated Genes

Among the progesterone-regulated genes that have been identified in the periim-
plantation uterus, Hox-A10, Hox-A11 (both members of homeobox gene family),
and galectin-1 (Gal-1) (Choe et al. 1997) are the most relevant for the maternal-fetal
immunological interaction. Hox-A10 deficiency in mice leads to severe local
immunological disturbances, characterized by a polyclonal proliferation of T cells
that occurs in absence of the normal progesterone-mediated immunosuppression in
the peri-implantation uterus (Yao et al. 2003). Natural killer cells constitute the
predominant leukocyte population present in endometrium at the time of implanta-
tion and early pregnancy (Croy et al. 2006). Hox-A10 deficiency in mice alters
region-specific gene expression and compromises NK cell differentiation, but not
trafficking of NK precursors cells during decidualization (Rahman et al. 2006).
The expression of Gal-1 is downregulated on placental villous tissues
from patients with spontaneous miscarriages (Liu et al. 2006). Furthermore,
Gal-1-deficient mice show higher rates of fetal loss compared with wild-type
(WT) mice in allogeneic matings (Blois et al. 2007). Treatment with recombinant
Gal-1 prevents fetal loss and restores tolerance through multiple mechanisms,
including the induction of tolerogenic DCs, which in turn promotes the expansion
of IL-10-secreting cells in vivo. Progesterone treatment increases the levels of Gal-
1 expression in the myometria and deciduas of stress-challenged pregnancies on
gestational day 7.5, suggesting the existence of a progesterone-mediated mecha-
nism that regulates Gal-1 expression at the feto-maternal interface (Blois et al.
2007). Reciprocally, Gal-1 treatment prevents the stress-induced decrease in
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progesterone and PIBF and increased the concentration of these hormones in sera to
levels that are significantly higher than those found during normal gestation in mice
(Blois et al. 2007).

8.3 Progesterone and Immunity During Pregnancy

8.3.1 Progesterone and DCs During Pregnancy

Data on the effects of progesterone on DC function during pregnancy are scarce.
More general effects of progesterone on DCs are discussed in Chaps. 2 and 3 of this
book. In humans, the uterus is typically sterile (i.e., pathogen-free), but immune
responses can still be generated in response to pathogens (Blaustein and Kurman
2002). Uterine DCs might serve as a “switchboard” between fetal rejection and
tolerance by directing either the induction of tolerance to harmless antigens or the
initiation of a robust immune response (Kdmmerer et al. 2000; Gardner and Moffett
2003; Blois et al. 2005). MHC 1I positive, costimulated, semimature DCs may
contribute to the induction of tolerance, whereas mature DCs can influence the
generation of proinflammatory responses (Sallusto and Lanzavecchia 1999; Lutz
and Schuler 2002).

Progesterone favors the induction of immature DCs and inhibits the activity of
mature DCs (Liang et al. 2006a, 2006b; Hughes and Clark 2007). Immature DCs in
the early pregnancy decidua (Kdmmerer et al. 2000; Kdmmerer 2005; Blois et al.
2004, 2005) are induced by progesterone-regulated Gal-1 (Blois et al. 2007). In
murine pregnancies, with high abortion rates, mature antigen presenting cells are
predominant (Blois et al. 2005). Progesterone inhibits, in a receptor-mediated
fashion, mature DCs and DC-stimulated proliferation of T cells (Butts et al.
2007), and reduces nitric oxide and IL-12 production following stimulation with
LPS (Jones et al. 2008). Furthermore, progesterone inhibits TLR9-induced IFN-a
production by human and murine DCs (Hughes et al. 2008), suggesting that proges-
terone might interfere with antiviral responses as discussed in Chap. 4 of this book.

8.3.2 Progesterone and NK Cells During Pregnancy

In rodents and humans, hormonally controlled uterine NK cells play an important
role in creating a suitable environment for the establishment of pregnancy (King
et al. 1998). Uterine and peripheral NK cells represent two phenotypically and
functionally distinct populations. While approximately 90% of human peripheral
NK cells express a low density of CD56 (CD56“™) and high levels of the FCgRIII
(CD16), the majority of decidual NK cells express a high density of CD56
(CD56") and no CD16. Peripheral CD56%™ NK cells are granular and known
to be cytotoxic, while CD56""€™ peripheral NK do not contain granules and are
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noncytotoxic, but display an imunoregulatory role via cytokine production (Cooper
et al. 2001). The temporal and spatial distribution of these cells suggests that one of
their functions might be the control of placentation. Consistent with this hypothesis,
uterine NK cells increase in number during estrus and proestrus in rodents and
during the luteal phase in women and are enriched at sites where the fetal tropho-
blast infiltrates the decidua in early pregnancy (Van den Heuvel et al. 2005).

Decidual NK cells fulfill dual tasks. During normal conditions they contribute to
creating a favorable environment for placentation, but at the same time they are
equipped with cytotoxic potential to fight intrauterine infections. Among the genes
selectively overexpressed in decidual NK cells are those that encode for integrin
subunits, NK inhibitory receptors, galectin-1, and progestagen-associated protein
14, suggesting that decidual NK cells might contribute to the generation of an
immunosuppressive environment at the maternal fetal interface (Koopman et al.
2003). On the other hand, perforin and granzymes A and B are expressed by
decidual NK cells to a similar or higher level than by CD56%™ peripheral NK
cells (Koopman et al. 2003; Bogovic et al. 2005), suggesting that decidual NK may
have cytotoxic potential. Decidual NK cells secrete angiogenic factors (Koopman
et al. 2003) and induce vascular growth in the decidua (Quenby et al. 2009). In
tge26, NK cell deficient mice (i.e., mice transgenic for high copy numbers (>35) of
the human CD3e gene (Wang et al. 1994)), the placenta is abnormally small and
birth weights are low (Guimond et al. 1999). Histological abonormalities can be
observed in the arteries around which NK cells are localized. By producing the
chemokines CXCL8 (IL-8) and CXCL10 (IP-10), decidual NK cells regulate
trophoblast invasion (Hanna et al. 2006). The rapid increase of NK cell counts in
the early decidua may be caused by proliferation of the resident population,
recruitment of CD56"" lymphocytes from the circulation, or both.

Progesterone plays a role in uterine homing of NK cells by promoting NK cell
interactions with the endothelium (Van den Heuvel et al. 2005). NK cell migra-
tion to the endometrium also is supported by progesterone-induced specific
endometrial production of chemokines (Sentman et al. 2004). Deficiency inter-
feres with NK cell differentiation without affecting the migration of NK cell
precursors into the decidua (Rahman et al. 2006). Furthermore, gene expression
profiling reveals that at the time of implantation, mediates the progesterone-
stimulated proliferation of uterine stromal cells (Yao et al. 2003). Carlino et al.
(2008) showed that peripheral blood NK cells of pregnant women have a higher
migratory ability through progesterone-treated decidual stromal cells than do NK
cells from nonpregnant women or male donors. Increased migration correlates
with the ability of progesterone to upregulate stromal cell Cxcl10, Cx3cll (Frac-
talkine), and Ccl2 (MCP-1) mRNA expression. These results illustrate that pe-
ripheral NK cell recruitment to the uterus contributes to the accumulation of NK
cells during early pregnancy and progesterone plays a crucial role in this event.

NK cells express activating and inhibitory receptors. NK cytotoxic activity
results from the balance of inhibitory and activating signals, following the inter-
action of NK cell activating and inhibitory receptors with ligands expressed on the
surface of the target cell (Ljunggren and Karre 1990; Long 1999; Moretta et al.
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2000). CD56€" and CD56"™ NK cell subsets differ in their pattern of expres-
sion of NK cell receptors (El Colsta et al. 2008). Furthermore, decidual NK
cells encounter ligands (HLA-G and HLA-E) that are less likely to be available
for peripheral NK cells (Trowsdale and Moffett 2008). Three major superfamilies
of NK receptors have been described on human NK cells: the killer immunoglo-
bulin (Ig)-like receptor (KIR) superfamily, which recognizes classical MHC class
I molecules, the C-type lectin superfamily, which recognizes nonclassical
MHC class I or class I-like molecules, and the natural cytotoxicity receptors
(Lanier 2005).

In spite of their high perforin content, decidual NK cells show low spontaneous
cytotoxic activity (Crnic et al. 2007). When activated by IL-2, however, decidual
NK cells kill trophoblast cells (Zuckerman and Head 1987). Exposure to progester-
one concentrations (10~ M) believed to be present at the maternal—fetal interface
(Stites and Siiteri 1983) inhibits NK cytolytic activity in vitro (Hansen et al. 1992).
Progesterone increases IL-15 production by endometrial stromal cells (Okada et al.
2000). Human decidual NK cells express the IL-15 receptor and in response to IL-
15 proliferate and augment their cytolytic activity against K562 (Verma et al.
2000). On the other hand, progesterone upregulates HLA-G gene expression
through a novel progesterone response element (Yie et al. 2006). Increased expres-
sion of HLA-G, the ligand for NK inhibitory and activating receptors, controls NK
activity in the presence of progesterone.

Decidual CD56™ cells express PIBF (Faust et al. 1999). PIBF found in CD56 "
cells is likely produced by other decidual cells and internalized by CD56™ cells,
because decidual NK cells are PR negative (Henderson et al. 2003). The PIBF
receptor is expressed on a majority of lymphocytes. PIBF blocks upregulation of
perforin expression in decidual lymphocytes cultured with decidual adherent cells
and inhibits NK cell cytotoxicity by blocking granule exocytosis without interfering
with target conjugation (Laskarin et al. 1999; Faust et al. 1999). Taking into
account PIBF positivity of decidual NK cells, we assume that this mechanism
might operate locally at the feto-maternal interface and at least partly account for
the low lytic activity of decidual NK cells.

Progesterone and PIBF also act on NK cell activity in an indirect way, by
induction of cytokine production in the neighboring cells. PIBF enhances IL-10
production and suppresses IL-12 production by human PBMCs (Polgar et al. 2003).
Although decidual NK cells do not express the PR, these cells are affected by the
PIBF that is secreted by surrounding cells.

8.3.2.1 Progesterone and Cytokine Production During Pregnancy

As noted earlier, a number of studies illustrate that dominance of Th2-associated
cytokines favor normal pregnancy, while an excess of Thl-assoicated cytokines
leads to the termination of pregnancy (Wegmann et al. 1993; Raghupathy 1997).
Consequently, women with recurrent miscarriages have a Thl-dominant cytokine
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profile (Raghupathy et al. 1999, 2000, Rezaei and Dabbagh 2002; Hossein et al.
2004; Wilson et al. 2004). By signaling via a novel form of the IL-4 receptor
(Kozma et al. 2006), PIBF induces a Th2-dominant cytokine response, including
production of IL-3, IL-4, and IL-10 (Szekeres-Bartho and Wegmann 1996). PIBF
induces immediate STAT6 phosphorylation, whereas progesterone treatment
requires 24 h to activate STAT6, suggesting that the effect of progesterone is
mediated by PIBF. Neutralization of endogenous PIBF activity in pregnant mice
by specific anti-PIBF antibody terminates pregnancy, increases splenic NK cell
activity, reduce synthesis of IL-10, and increase IFN-y production in spleen cells
(Szekeres-Bartho et al. 1996).

In a prospective clinical trial, Raghupathy et al. (2005) investigated the pro-
duction of Thl and Th2 cytokines from peripheral blood lymphocytes isolated
from women who recurrently aborted their fetuses and challenged in vitro with
progesterone. They showed that progesterone-induced (i.e., Duphaston) PIBF
production downregulates peripheral Thl-associated cytokines and stimulates
Th2-associated cytokines. Furthermore, Duphaston treatment of women with
preterm delivery induces a shift in cytokine bias, by inhibiting proinflammatory
cytokine production and increasing antiinflammatory cytokine production
(Raghupathy et al. 2007).

In addition to the classical Th1 and Th2 subsets (Mosmann and Coffman 1989;
Romagnani 1991) of CD4 " T cells, there are Treg and helper T cell 17 (Th17) cells
that express differential transcriptional factors (i.e., FoxP3 and RoryT, respectively)
and produce distinct cytokines (i.e., Treg cells produce IL-10 and TGF-8 and Th17
cells produce IL-17 and IL-22) (Huber et al. 2004; Liang et al. 2006a, 2006b;
Weiner 2001). To date, there is no evidence for the direct effect of progesterone on
Treg cell function. In normal (i.e., non abortion-prone), but not in abortion-prone
murine mating combinations, increased numbers of Treg cells are observed in the
decidua on day 2 of pregnancy, but accumulation of this population is not correlated
with progesterone levels (Thuere et al. 2007). Furthermore, in ovariectomized mice
neither estrogen nor progesterone alone or in combination affects the frequency of
Treg cells, suggesting that the presence of fetal alloantigens, rather than of placental
steroids, is responsible for the increase of Treg cells during pregnancy (Zhao et al.
2007).

The hypothesis that Th1/Th2 skewing underlies successful pregnancy stems
from examination of cytokine responses in peripheral blood lymphocyte. Studies
of placental cytokine production reveal that, at least in mice, Thl cytokines are
not necessarily detrimental to pregnancy development and some cytokines (e.g.,
LIF, IL-11, and IFN-y) are necessary for the implantation of the mouse blasto-
cyst (Stewart et al. 1992; Bilinski et al. 1998; Ashkar et al. 2000; Piccinni et al.
2001a, 2001b). At different stages of gestation, practically all cytokines appear
in the decidua (Vince and Johnson 1996). Placental //4 mRNA expression in
mice is five- to ten-fold higher than in peripheral blood (Delassus et al. 1994).
Furthermore, defective IL-4, IL-10, LIF, and M-CSF production by decidual
T cells are detected in women with unexplained recurrent abortion at the time
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of miscarriage (Piccini et al. 1998). Hormones present in the decidual microenvi-
ronment cells could be responsible, at least in part, for the altered cytokine profile.
Progesterone affects the differentiation of resting human peripheral blood T
cells into Th2-like clones. In IFN-y secreting Thl-like T cell clones, progesterone
treatment induces //4 mRNA expression and IL-4 production (Piccinni et al.
1995). Progesterone, in concentrations comparable to those present at the feto-
maternal interface, induces the production of the Th2 cytokines, IL-4 and IL-5
(Piccinni et al. 1995). Progesterone acts through specific receptors present on a
substantial proportion of T blast cells from established T cell clones (Piccinni et al.
1995). Progesterone, via IL-4 induction, also promotes the development of LIF-
and M-CSF-producing T cells (Piccinni et al. 1998, 2001). Progesterone-induced
LIF is indispensable for implantation (Stewart et al. 1992). A growing body of
evidence shows that steroid hormone control of both follicular development and
uterine receptivity is mediated by locally acting growth factors and cytokines.

8.4 Conclusion and Future Directions

In humans, progesterone is indispensable for the establishment and maintenance of
pregnancy, not only for its endocrine effects, but also because of the role it plays in
the feto-maternal relationship that must promote tolerance to the allergenic fetus,
while maintaining host defense against pathogens (Fig. 8.1). The bi-directional
interaction between the fetus and the maternal immune system consists in presen-
tation of fetal antigens, followed by recognition that results in altered functioning of
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Fig. 8.1 The pregnancy-associated effects of progesterone on the immune system. By inducing
Gal-1 synthesis, inhibits dendritic cell maturation. Acts on recruitment, differentiation and cyto-
toxic activity of decidual NK cells by up-regulating HLA-G and Hox-A10 expression. The
progesterone-induced protein; PIBF inhibits degranulation of NK cells and upregulates Th2 type
cytokine production
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the maternal immune system. Under the influence of progesterone, specialized NK
cells accumulate in the endometrium to ensure implantation, decidualization, and
proper placentation. Furthermore, progesterone is needed for creating a suitable
cytokine environment for the developing fetus. Intrauterine infections represent a
threat to fetal well-being and pregnancy outcome. Clinical studies show an associ-
ation between intrauterine infections and preterm labor (Romero et al. 2003),
preeclampsia (von Dadelszen et al. 2003), and IUGR (Goncalves et al. 2002).
Immune cells at the maternal-fetal interface and also the trophoblast (Abrahams’
and Mor 2005) express pattern recognition receptors in order to control pathogens
that may compromise the pregnancy. However, the antipathogen immune responses
may lead to excessive inflammation or apoptosis at the maternal—fetal interface,
which progesterone is clearly unable to overcome. Therefore, although progester-
one is crucial in maintaining normal pregnancy, it seems, that in most cases it
cannot overcome the deleterious effects of an antipathogen immune response.

References

Abrahams VM, Mor G (2005) Toll-like Receptors and their Role in the Trophoblast Placenta
26:540-547

Aoki K, Kajiura S, Matsumoto Y, Ogasawara M, Okada Y, Tagami Y, Gleicher N (1995)
Preconceptional natural-killer-cell activity as a predictor of miscarriage. Lancet 345:
1340-13422

Arruvito L, Giulianelli S, Flores AC, Paladino N, Barboza M, Lanari C, Fainboim L (2008) NK
cells expressing a progesterone receptor are susceptible to progesterone-induced apoptosis.
J Immunol 180:5746-5753

Ashkar AA, Di Santo JP, Croy BA (2000) Interferon gamma contributes to initiation of uterine
vascular modification, decidual integrity, and uterine natural killer cell maturation during
normal murine pregnancy. J. Exp. Med. 192:259-270

Baulieu EE (1987) Contraception by the progesterone antagonist RU 486: a novel approach to
human fertility control. Res Reprod. 19:3—4

Bertotto A, De Felicis Arcangeli C, Mazzarino I, Vaccaro R, Gerli R, Ferrarese R, Cucchia GC
(1984) T-cell subset distribution in chronically aborting women. Lancet 1(8368):108

Bilinski P, Roopenian D, Gossler A (1998) Maternal IL-11Ralpha function is required for normal
decidua and fetoplacental development in mice. Genes Dev. 12:2234-2243

Billington WD, Bell SC (1983) Fetal histocompatibility antigens and maternal immune responses.
Ciba Found Symp 96:69-88 Review

Blaustein A, Kurman RJ (eds) (2002) Blaustein’s Pathology of the Female Genital Tract, 5th edn.
Springer, New York, pp 424431

Blois SM, Alba Soto CD, Tometten M, Klapp BF, Margni RA, Arck PC (2004) Lineage, maturity,
and phenotype of uterine murine dendritic cells throughout gestation indicate a protective role
in maintaining pregnancy. Biol Reprod; 70:1018-1023

Blois SM, Tometten M, Kandil J, Hagen E, Klapp BF, Margni RA, Arck PC (2005) ICAM-1/LFA-1
cross talk is a proximate mediator capable of disrupting immune integration and tolerance
mechanism at the feto-maternal interface in murine pregnancies. J Immunol; 174:1820-1829

Blois S, Ilarregui JM, Tometten M, Garcia M, Orsal AF, Toscano M, Handjiski B, Tirado I,
Markert UR, Poirier F, Szekeres-Bartho J, Rabinovich G, Arck P (2007) A pivotal role for
galectin-1 in fetal tolerance Nat. Med. 13:1450-1457



8 Progesterone, Pregnancy, and Innate Immunity 219

Bogovic T, Crncic T, Laskarin G, Juretic K, Strbo N, Dupor J, Srsen S, Randic L, Le Bouteiller P,
Tbiasco J, Rukavina D (2005) Perforin and Fas/FasL cytolytic pathways at the maternal—fetal
interface. American Journal of Reproductive Immunology 54:241-248

Butts CL, Shukir SA, Duncan KM, Bowers E, Horn C, Belyayskaya E, Tonelli L, Sterbers EM
(2007) Progesterone inhibits rat mature dendritic cells in a receptor-mediated fashion Int.
Immunol. 19:287-296

Buyon JP (1998) The effects of pregnancy on autoimmune diseases. J Leukoc Biol. 63:281-287

Carlino C, Stabile H, Morrone S, Bulla R, Soriani A, Agostinis C, Bossi F, Mocci C, Sarazani F,
Tedesco F, Santoni A, Gismondi A (2008) Recruitment of circulating NK cells through
decidual tissues: a possible mechanism controlling NK cell accumulation in the uterus during
early pregnancy. Blood. 111:3108-3115

Chaouat G (1994) Synergy of lipopolysaccharide and inflammatory cytokines in murine pregnancy:
alloimmunization prevents abortion but does not affect the induction of preterm delivery.
Cell Immunol. 157:328-340

Chaouat G (2007) The Th1/Th2 paradigm: still important in pregnancy? Semin Immunopathol.
29:95-113

Chaouat G, Kolb JP, Kiger N, Stanislawski M, Wegmann TG (1985) Immunological consequences
of vaccination against abortion in mice. J. Immuol. 134:1594

Chaouat G, Menu E, Kinsky R, Dy M, Minkowsky M, Delage G, Thang MN, Clark DA, Wegmann
TG, Szekeres-Bartho J (1990) Lymphokines and non-specific cellular lytic effectors at the feto-
maternal interface affect placental size and survival. In: Mettler L, Billington D (eds) Repro-
ductive Immunology 1989. Elsevier, London, pp 283-287

Chaouat G, Assal Meliani A, Martal J, Raghupathy R, Elliott JF, Mosmann T, Wegmann TG
(1995) IL-10 prevents naturally occurring fetal loss in the CBA x DBA/2 mating combination,
and local defect in IL-10 production in this abortion-prone combination is corrected by in vivo
injection of IFN-tau. J Immunol. 154:4261-4268

Chien EJ, Liao CF, Chang CP, Pu HF, Lu LM, Shie MC, Hsieh DJ, Hsu MT (2007) The non-
genomic effects on Na(+)/H(+)-exchange 1 by progesterone and 20alpha-hydroxyprogester-
one in human T cells. Journal of Cell Physiology 211:544-550

Chiu L, Nishimura M, Ishi Y, Nieda M, Maeshima M, Takedani Y, Tadokoro K, Juji T (1996)
Enhancement of the expression of progesterone receptor on progesterone -treated lymphocytes
after immunotherapy in unexplained recurrent spontaneous abortion. Am. J. Reprod. Immunol.
35:552-557

Choe YS, Shim C, Choi D, Lee CS, Lee KK, Kim K (1997) Expression of galectin-1 mRNA in the
mouse uterus is under the control of ovarian steroids during blastocyst implantation. Mol
Reprod Dev 48:261-266

Clark DA, Merali FS, Hoskin DW, Stee-Norwood D, Arck PC, Croitrou K, Murgita RA, Hirte H
(1997) Decidua associated suppressor cells in abortion-prone DBA/2-mated CBA/J mice that
release bioactive transforming growth factorb2 related immunosuppressive molecules express
a bone marrow derived natural suppressor cell marker and gamma delta T-cell receptor. Biol.
Reprod. 56:1351-1360

Cohen JHM, Danel L, Cordier G, Saez S, Revillard JP (1983) Sex steroid receptors in peripheral T
cells: absence of androgen receptors and restriction of estrogen receptors to OKTS8 positive
cells. J. Immunol. 131:2767-2771

Conneely OM, Jericevic BM, Lydon JP (2003) Progesterone receptors in mammary gland devel-
opment and tumorigenesis. ] Mammary Gland Biol Neoplasia 8:205-214

Cooper MA, Fehniger TA, Caligiuri MA (2001) The biology of human natural killer-cell subsets.
Trends in Immunology 22:633-640

Crnic TB, Laskarin G, Frankovic KJ, Tokmadzic VS, Strobo N, Bedenicki I, Le Bouteiller P,
Tabiasco J, Rukavina D (2007) Early pregnancy decidual lymphocytes beside perforin use Fas
ligand (FasL) mediated cytotoxicity. J. Reprod. Immunol. 73:108-117

Croy A, van den Heuvel MJ, Borzychowski AM, Tayade C (2006) Uterine natural killer cells: a
specialized differentiation regulated by ovarian hormones. Immunol Rev 214:161-185



220 J. Szekeres-Bartho and B. Polgar

Daniel L, Vincent C, Rousset F, Klein B, Bataille R, Flacher M, Durie BG, Revillard JP (1988)
Estrogen and progesterone receptors in semen human myeloma cell lines and murine hybri-
domas. J. Steroid Biochem 30:363-367

De Fougerolles R, Baines M (1987) Modulation of natural killer activity influences resorption
rates in CBAXDBA/2 matings. J. Reprod. Immunol. 11:147-153

de Man YA, Dolhain RJ, van de Geijn FE, Willemsen SP, Hazes JM (2008) Disease activity of
rheumatoid arthritis during pregnancy: results from a nationwide prospective study. Arthritis
Rheum 15;59:1241-1248

Defletsen MA, Smith BC, Dickerman HW (1977) A high affinity low-capacity receptor for
estradiol in normal and anaemic mouse spleen cytosols. Biochem. Biophys. Res. Commun.
76:1151-1158

Delassus S, Coutinho GC, Saucier C, Darche S, Kourilsky P (1994) Differential cytokine expres-
sion in maternal blood and placenta during murine gestation. J Immunol. 152:2411-2420

Dresser DE (1991) The potentiating effect of pregnancy on humoral immune responses of mice.
J. Reprod. Immunol. 20:253-266

El Costa H, Casemayou A, Aguerre-Girr M, Rabot M, Berrebi A, Parant O, Clouet-Delannoy M,
Lombardelli L, Jabrane-Ferrat N, Rukavina D, Bensussan A, Piccinni MP, Le Bouteiller P,
Tabiasco J (2008) Critical and differential roles of NKp46- and NKp30-activating receptors
expressed by uterine NK cells in early pregnancy. J Immunol. 181:3009-3017

Faust ZS, Laskarin Szekeres-Bartho J. G, Rukavina D, Szekeres-Bartho J (1999) Progesterone
Induced Blocking Factor Inhibits Degranulation of NK Cells. Am J Reprod Immunol 42:71-75

Fernandez-Valdevie R, Mukherjee A, Mulac-Jericevic B, Conneely OM, DeMayo FJ, Amato P,
Lydon JP (2005) Revealing progesterone’s role in uterine and mammary gland biology:
insights from the mouse. Semin Reprod Med; 23:22-37

Gardner L, Moffett A (2003) Dendritic cells in the human decidua. Biol. Reprod; 69:1438-1446

Goncalves LF, Chaiworapongsa T, Romero R (2002) Intrauterine infection and prematurity. Ment
Retard Dev Disabil Res Rev 8:3-13

Guimond M-J, Wang B, Croy BA (1999) In vivo demonstrations of lymphocyte-mediated regula-
tion of placental size. Placenta 20:441-450

Hanna J, Goldman-Wohl D, Hamani Y, Avraham I, Greenfield C, Nathanson-Yaron S, Prus D,
Cohen-Daniel L, Amon TI, Manaster I, Gazit R, Yutkin V, Beaharroch D, Porgador A, Keshet E,
Yagel S, Decidual MO (2006) NK cells regulate key developmental processes at the
human fetal-maternal interface Nat. Med. 12:1065-1074

Hansen PJ, Bazer FW, Segerson EC (1986) Skin graft survival in the uterine lumen of ewes treated
with progesterone. Am. J. Reprod. Immunol. Microbiol. 12:48-54

Hansen KA, Opsahl MS, Nieman LK, Baker JR Jr, Klein TA (1992) Natural killer cell activity
from pregnant subjects is modulated by RU 486. American Journal of Obstetrics and Gynecol-
ogy 166:87-90

Henderson TA, Saunders PT, Moffet-King A, Grrome NO, Critchley HO (2003) Steroid receptor
expression in uterine natural killer cells. Journal of Clinical Endocrinolology and Metabolism
88:440-449

Heyborne K, Fu Y-X, Nelson A, Farr A, O’Brien R, Born W (1994) Recognition of trophoblasts by
v6 T cells. J. Immunol. 153:2918-2926

Hossein H, Mahroo M, Abbas A, Firouzeh A, Nadia H (2004) Cytokine production by peripheral
blood mononuclear cells in RM. Cytokine 28:83-86

Huber S, Schramm C, Lehr HA, Mann A, Schmitt S, Becker C, Protschka M, Galle PR, Neurath
MF, Blessing M (2004) Cutting edge: TGF-beta signaling is required for the in vivo expansion
and immunosuppressive capacity of regulatory CD4+4-CD25+ T cells. J Immunol;
173:6526-6531

Hughes GC, Clark EA (2007) Regulation of dendritic cells by female sex steroids: relevance to
immunity and autoimmunity. Autoimmunity. 40:470—481

Hughes GC, Thomas S, Li C, Kaja MK, Clark EA (2008) Cutting edge: progesterone regulates
IFN-alpha production by plasmacytoid dendritic cells. J Immunol. 180:2029-2033



8 Progesterone, Pregnancy, and Innate Immunity 221

Joachim R, Zenclussen AC, Polgar B, Douglas AJ, Fest S, Knackstedt M, Klapp BF, Arck PC
(2003) The progesterone derivative dydrogesterone abrogates murine stress-triggered abortion
by inducing a Th2 biased local immune response. Steroids. 68:931-940

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(1):59-69

Kalinka J, Szekeres-Bartho J (2005) The impact of dydrogesterone supplementation on hormonal
profile and progesterone-induced blocking factor concentrations in women with threatened
abortion. Am. J. Reprod. Immunol. 53:166-171

Kémmerer U (2005) Antigen-presenting cells in the decidua. Chem Immunol Allergy
89:96-104

Kéammerer U, Schoppet M, McLellan AD, Kapp M, Huppertz HI, Kampgen E, Dietl J (2000)
Human decidua contains potent immunostimulary CD83+ dendritic cells. Am J Pathol
157:159-169

Kimoto Y (1998) A single human cell expresses all messenger ribonucleic acids: the arrow of time
in a cell. Mol Gen Genet. 258:233-239

King A, Gardner L, Loke YW (1996) Evaluation of oestrogen and progesterone receptor expres-
sion in uterine mucosal lymphocytes. Hum Reprod. 11:1079-1082

King A, Burrows T, Verma S, Hiby S, Loke YW (1998) Human uterine lymphocytes. Hum.
Reprod. Update 4:480-485

Kinsky R, Delage G, Rosin N, Thang MN, Hoffmann M, Chaouat G (1990) A murine model for
NK mediated resorption. Am. J. Reprod. Immunol. 23:73-75

Koopman LA, Kopcow HD, Rybalov B et al (2003) Human decidual natural killer cells are a
unique NK cell subset with immunomodulatory potential. Journal of Experimental Medicine
198:1201-1212

Kozma N, Halasz M, Polgar B, Poehlmann TG, Markert UR, Palkovics T, Keszei M, Kiss K,
Szeberenyi J, Par G, Grama L, Szekeres-Bartho J (2006) PIBF activates STAT6 via binding to
a novel IL-4 receptor. J. Immunol. 176:819-826

Krishnan L, Guilbert LJ, Wegmann TG, Belosevic M, Mosmann TR (1996) 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

Kuhn R, Rajewsky K, Muller W (1992) IL-4 and IL-10 deficient mice. Eighth International
Congress of Immunology (Abstr.) 203

Lagerberg RE (2008) Malaria in pregnancy: a literature review. J Midwifery Womens Health.
53:209-215

Lanier LL (2005) NK cell recognition. Annual Reviews of Immunology 23:225-274

Laskarin G, Strbo N, Sotosek V, Podack RE, Szekeres-Bartho J, Rukavina D (1999) Progesterone
directly and indirectly affects perforin expression in cytolytic cells. American Journal of
Reproductive Immunology 42:312-320

Li X, O’Malley BW (2003) Unfolding the action of progesterone receptor. J Biol Chem
278:39261-39264

Li X, Lonard DM, O’Malley BW (2004) A contemporary understanding of progesterone receptor
function. Mech Ageing Dev 125:669-678

Liang SC, Tan XY, Luxenberg DP, Karim R, Dunussi-Joannopoulos K, Collins M, Fouser LA
(2006a) Interleukin (IL)-22 and IL-17 are coexpressed by Thl7 cells and cooperatively
enhance expression of antimicrobial peptides. J Exp Med 203:2271-2279

Liang J, Sun L, Wang Q, Hou Y (2006b) Progesterone regulates mouse dendritic cells differentia-
tion and maturation. Int Immunopharmacol 6:830-838

Lichtenstein MR (1942) Tuberculin reaction in tuberculosis during pregnancy. Am. Rev. Tuberc.
Pulm. Dis. 48:89-93



222 J. Szekeres-Bartho and B. Polgar

Liu WJ, Gottshall SL, Hansen PJ (1997) Increased expression of cell surface marker on endome-
trial g/d T cell receptor intraepithelial lymphocytes induced by the local presence of the sheep
conceptus. Am J Reprod Immunol. 37:199-205

Liu AX, Jin F, Zhang WW, Zhou TH, Zhou CY, Yao WM, Qian YL, Huang HF (2006) Proteomic
analysis on the alteration of protein expression in the placental villous tissue of early pregnancy
loss. Biol Reprod. 75:414-420

Ljunggren HG, Karre K (1990) On search of the ’missing self’: MHC molecules and NK cell
recognition. Immunology Today 11:237-244

Long EO (1999) Regulation of immune responses through inhibitory receptors. Annual Reviews
of Immunology 17:875-904

Luft BJ, Remington JS (1982) Effect of pregnancy on resistance to Listeria monocytogenes and
Toxoplasma gondii infections in mice. Infect. Immun. 38:1164-1171

Lutz M, Schuler G (2002) Immature, semi-immature and fully mature dendritic cells: which
signals induce tolerance or immunity? Trends in Immunol 23:445-449

Lydon JP, DeMayo FJ, Funk CR, Mani SK, Hughes AR, Montgomery CA Jr, Shyamala G,
Conneely OM, O’Malley BW (1995) Mice lacking progesterone receptor exhibit pleiotropic
reproductive abnormalities. Genes Dev 9:2266-2278

Marcenaro E, Ferranti B, Moretta A (2005) NK-DC interaction: on the usefulness of auto-
aggression. Autoimmun Rev. 4:520-525

Meeusen E, Fox A, Brandon M, Lee CS (1993) Activation of uterine intraepithelial gamma delta T
cell receptor positive lymphocytes during pregnancy. Eur. J. Immunol. 23:1112-1117

Minkoff H, Nanda D, Menez R, Fikrig S (1987) Pregnancies resulting in infants with aquired
immunodeficiency syndrome or AIDS related complex: follow-up of mothers, children and
subsequently born siblings. Obstet. Gynecol. 69:288-291

Moretta L, Biassoni R, Bottino C, Mingari MC, Moretta A (2000) Human NK-cell receptors.
Immunology Today. 21:420-422

Moretta A, Marcenaro E, Sivori S, Della Chiesa M, Vitale M, Moretta L (2005) Early liaisons
between cells of the innate immune system in inflamed peripheral tissues. Trends Immunol
26:668-675

Mori T, Kobayashi H, Nashimoto H, Suzuki A, Nishimura T (1977) Inhibitory effect of proges-
terone and 20 -alpha hydoxypregn-4-n-3-one on the phytohaemagglutinin -induced transfor-
mation of human lymphocytes. Am. J. Obstet. Gynecol. 127:151-157

Moriyama I, Sugawa T (1972) Progesterone facilitates implantation of xenogenic cultutred cells in
hamster uterus. Nature New Biol. 236:150-152

Mosmann TR, Coffman RL (1989) Th1 and Th2 cells: different patterns of lymphokine secretion
lead to different functional properties. Annu Rev Immunol 7:145-173

Mulac-Jericevic B, Conneely OM (2004) Reproductive tissue selective actions of progesterone
receptors. Reproduction 128:139

Mulac-Jericevic B, Mullinax RA, DeMayo FJ, Lydon JP, Conneely OM (2000) Subgroup of
reproductive functions of progesterone mediated by progesterone receptor-B isoform. Science;
289:1751-1754

Mulac-Jericevic B, Lydon JP, DeMayo FJ, Conneely OM (2003) Defective mammary gland
morphogenesis in mice lacking the progesterone receptor B isoform. Proc Natl Acad Sci USA
100:9744-9749

Ntrivalas EI, Kwak-Kim JYH, Gilman-Sachs A, Chung-Bang h, NG SC, Beaman KD, Mantou-
valos HP, Beer AE (2001) Status of peripheral blood natural killer cells in women with
recurrent spontaneous abortions and infertility of unknown aetiology. Hum Reprod
16:855-861

Ntrivalas EI, Bowser CR, Kwak-Kim J, Beaman KD, Gilman-Sachs A (2005) Expression of killer
immunoglobulin-like receptors on peripheral blood NK cell subsets of women with recurrent
spontaneous abortions or implantation failures. Am J Reprod Immunol 53:215-221



8 Progesterone, Pregnancy, and Innate Immunity 223

Okada H, Nakajima T, Sanezumi M, Ikuta A, Yasuda K, Kanzaki H (2000) Progesterone enhances
interleukin-15 production in human endometrial stromal cells in vitro. Journal of Clinical
Endocrinolology and Metabolism 85:4765-4770

Ostensen M, Villiger PM (2007) The remission of rheumatoid arthritis during pregnancy. Semin
Immunopathol. 29:185-191

Paldi A, d’Auriol L, Misrahi M, Bakos AM, Chaouat G, Szekeres-Bartho J (1994) Expression of
the gene coding for the progesterone receptor in activated human lymphocytes Endocr J
2:317-321

Pasanen S, Ylikomi T, Palojoki E, Syvala H, Pelto-Huikko M, Tuohimaa P (1998) Progesterone
receptor in chicken bursa of fabricius and thymus: evidence for expression in B-lymphocytes.
Mol Cell Endocrinol 141:119-128

Pavia C, Siiteri PK, Perlman JD, Stites DP (1979) Suppression of murine allogeneic cell interac-
tions by sex hormones. J Reprod Immunol 1(1):33-38

Piccinni MP (2005) T cells in pregnancy. Chem. Immunol. Allergy 89:3-9

Piccinni MP (2007) Role of T-cell cytokines in decidua and in cumulus oophorus during pregnan-
cy. Gynecol Obstet Invest 64:144—-148

Piccinni M-P, Giudizi MG, Biagiotti R, Beloni L, Giannarini L, Sampognaro S, Parronchi P,
Manetti R, Livi C, Romagnani S, Maggi E (1995) Progesterone favors the development of
human T helper cells producing Th2-type cytokines and promotes both IL-4 production and
membrane CD30 expression in established Th1 cells clones. J Immunol 155:128-133

Piccinni M-P, Beloni L, Livi C, Maggi E, Scarselli GF, Romagnani S (1998) Defective production
of both leukemia inhibitory factor and type 2 T-helper cytokines by decidual T cells in
unexplained recurrent abortions. Nat Med 4:1020-1024

Piccinni M-P, Scaletti C, Vultaggio A, Maggi E, Romagnani S (2001a) Defective production of
LIF, M-CSF and Th2-type cytokines by T cells at fetomaternal interface is associated with
pregnancy loss. J Reprod Immunol 52:35-43

Piccinni MP, Scarletti C, Mavilia C, Lazerri E, Romagnani P, Natali I, Pellegrini S, Livi C,
Romagnani S, Maggi E (2001b) Production of IL-4 and leukemia inhibitory factor by T cells of
the cumulus oophorus: a favorable microenvironment for pre-implantation embryo develop-
ment. Eur. J. Immunol. 31:2431-2437

Polgar B, Kispal G, Lachmann M, Paar C, Nagy E, Csere P, Miko E, Szereday L, Varga P,
Szekeres-Barth J (2003) Molecular cloning and immunologic characterization of a novel
cDNA coding for progesterone-induced blocking factor. Journal of Immunology
171:5956-5963

Polgir B, Nagy E, Mik6 E, Varga P, Szekeres-Barthé J (2004) Urinary PIBF (Progesterone
Induced Blocking Factor) concentration is related to pregnancy outcome. Biology of Repro-
duction 71:1699-1705

Putowski L, Darmochwal-Kolarz D, Rolinski J, Oleszczuk J, Jakowicki J (2004) The immunolog-
ical profile of infertile women after repeated IVF failure (preliminary study). Eur. J. Obstet.
Gynecol. Reprod. Biol. Feb 112:192-196

Quenby S, Farquharson R (2006) Uterine natural killer cells, implantation failure and recurrent
miscarriage. Reproductive Biomedicine Online 13:24-28

Quenby S, Nik H, Innes B, Lash G, Turner M, Drury J, Bulmer J (2009) Uterine natural killer cells
and angiogenesis in recurrent reproductive failure. Hum Reprod. 24:45-54

Raghupathy R (1997) Th-1 type immunity is incompatible with successful pregnancy. Immunology
Today 18:478-482

Raghupathy R, Makhseed M, Azizieh F, Hassan N, Al-Azemi M, Al-Shamali E (1999) Maternal
Thl- and Th2-type reactivity to placental antigens in normal human pregnancy and unex-
plained recurrent spontaneous abortions. Cell Immunol 196:122—130

Raghupathy R, Makhseed M, Azizieh F, Omu A, Gupta M, Farhat R (2000) Cytokine production
by maternal lymphocytes during normal human pregnancy and in unexplained recurrent
spontaneous abortion. Hum Reprod 15:713-718



224 J. Szekeres-Bartho and B. Polgar

Raghupathy R, Al Mutawa E, Makhseed M, Azizieh F, Szekeres-Bartho J (2005) Modulation of
Cytokine Production by Dydrogesterone in Lymphocytes from Women with Recurrent Abor-
tion. Brit. J. Ob. Gyn. 112:1096-1101

Raghupathy R, Al Mutawa E, Maksheed M, Al-Azemi M, Azizeh F (2007) Redirection of cytokine
production by lymphocytes from women with pre-term delivery by dydrogesterone. Am J
Reprod Immunol. 58:31-38

Rahman MA, Li M, Li P, Wang H, Dey SK, Das SK (2006) Hoxa-10 deficiency alters region-
specific gene expression and perturbs differentiation of natural killer cells during decidualiza-
tion. Dev Biol. 290:105-117

Reinhardt MC (1980) Effects of parasitic infections in pregnant women. Ciba Found. Symp.
77:149-163

Rezaei A, Dabbagh A (2002) T-helper (1) cytokines increase during early pregnancy in women
with a history of recurrent spontaneous abortion. Med Sci Monit 8:CR607-CR610

Robertson SA, Mayrhofer G, Seamark RF (1996) Ovarian steroid hormones regulate granulocyte-
macrophage colony-stimulating factor synthesis by uterine epithelial cells in the mouse. Biol
Reprod 54:183-196

Robertson SA, Roberts CT, Farr KL, Dunn AR, Seamark RF (1999) Fertility impairment in
granulocyte-macrophage colony-stimulating factor-deficient mice. Biol Reprod 60:251-261

Romagnani S (1991) Human Th1 and Th2: doubt no more. Immunol Today; 12:256-257

Romero R, Chaiworapongsa T, Espinoza J (2003) Micronutrients and intrauterine infection,
preterm birth and the fetal inflammatory response syndrome. J Nutr 133:1668S—-1673S

Roussev RG, Higgins NG, Mclntyre JA (1993) Phenotypic characterization of normal human
placental mononuclear cells. J Reprod Immunol. 25:15-29

Rukavina D, Rubesa G, Gudelj L, Haller H, Podack ER (1995) Characteristics of perforin
expressing lymphocytes within the first trimester of human pregnancy. American Journal of
Reproductive Immunology 33:394-404

Sallusto F, Lanzavecchia A (1999) Mobilizing dendritic cells for tolerance priming and chronic
inflammation. J Exp Med 189:611-614

Sargent IL, Borzychowski AM, Redman CW (2006) Immunoregulation in normal pregnancy and
pre-eclampsia: an overview. Reproductive Biomedicine Online. 13:80-86

Screpanti I, Gulino A, Pasqualini JR (1982) The fetal thymus of guinea pig as an estrogen target
organ. Endocrinology 111:1552-1561

Sentman CL, Meadows SK, Wira CR, Eriksson M (2004) Recruitment of uterine NK cells:
induction of CXC chemokine ligands 10 and 11 inhuman endometrium by estradiol and
progesterone. J Immunol 173:6760-6766

Shakhar K, Ben Eliyahu S, Loewenthal R, Rosenne E, Carp H (2003) Differences in number and
activity of peripheral natural killer cells in primary versus secondary recurrent miscarriage.
Fertility Sterility 80:368-375

Slapsys RM, Clark DA (1982) Active suppression of host-vs-graft reaction in pregnant mice. IV.
Local suppressor cells in decidua and uterine blood. J Reprod Immunol. 4:355-364

Stewart CL, Kaspar P, Brunet LJ, Bhatt H, Gadi I, Kontgen F, Abbondazo SJ (1992) Blastocyst
implantation depends on maternal expression of leukaemia inhibitory factor. Nature.
359:76-79

Stewart JA, Bulmer JN, Murdoch AP (1998) Endometrial leucocytes: expression of steroid
hormone receptors. J Clin Pathol. 51:121-126

Stimson WH (1988) Oestrogen and human T lymphocytes: Presence of specific receptors in the T
suppressor cytotoxic subset. Scand. J. Immunol. 28:345-350

Stites DP, Siiteri PK (1983) Steroids as immunosuppressants in pregnancy. Immunol Rev. 75:117-138

Sulke AN, Jones DB, Wood PJ (1985) Hormonal modulation of human natural killer cell activity
in vitro. Journal of Reproductive Immunology 7:105-110

Szekeres-Bartho J, Wegmann TG (1996) A progesterne-dependent immunomodulatory protein
alters the Th1/Th2 balance J. Reprod. Immunol. 31:81-95



8 Progesterone, Pregnancy, and Innate Immunity 225

Szekeres-Bartho J, Hadnagy J, Pacsa AS (1985a) The suppressive effect of progesterone on
lymphocyte cytotoxicity: unique progesterone sensitivity of pregnancy lymphocytes. Journal
of Reproductive Immunology 7:121-128

Szekeres-Bartho J, Kilar F, Falkay G, Csernus V, Torok A, Pacsa AS (1985b) Progesterone-treated
lymphocytes of healthy pregnant women release a factor inhibiting cytotoxicity and prosta-
glandin synthesis. Am. J. Reprod. Immunol. Microbiol. 9:15-19

Szekeres-Bartho J, Reznikoff-Etievant MF, Varga P, Varga Z, Chaouat G (1989a) Lymphocytic
progesterone receptors in human pregnancy. J. Reprod. Immunol. 16:239-247

Szekeres-Bartho J, Weill BJ, Mike G, Houssin D, Chaouat G (1989b) Progesterone receptors in
lymphocytes of liver-transplanted and transfused patients Immunol. Letters 22:259-261

Szekeres-Bartho J, Autran B, Debre P, Andreu G, Denver L, Chaouat G (1989c) Immunoregulato-
ry effects of a suppressor factor from healthy pregnant women s lymphocytes after progester-
one induction. Cell. Immunol. 122:281-294

Szekeres-Bartho J, Gy S, Debre P, Autran B, Chaouat G (1990) Reactivity of lymphocytes to a
progesterone receptor-specific monoclonal antibody. Cell Immunol 125:273-283

Szekeres-Bartho J, Zs F, Varga P, Szereday L, Kelemen K (1996) The immunological pregnancy
protective effect of progesterone is manifested via controlling cytokine production. Amer.
J. Reprod. Immunol. 35:348-351

Szekeres-Bartho J, Par G, Dombay G, Smart YC, Volgyi Z (1997) The antiabortive effect of
progesterone-induced blocking factor in mice is manifested by modulating NK activity.
Cellular Immunology 177:194-199

Szekeres-Bartho J, Barakonyi A, Miko E, Polgar B, Palkovics T (2001) The role of T cells in the
feto-maternal relationship. Seminars in Immunology 13:229-233

Tangri S, Wegmann TG, Lin H, Raghupathy R (1994) Maternal anti-placental reactivity in natural
immunologically-mediated fetal resorptions. J. Immunol. 152:4903-4911

Tchernitchin X, Tchernitchin A, Galand P (1976) Dynamics of eosinophils in the uterus after
oestrogen administration. Differentiation 5:151-154

Thuere C, Zenclussen ML, Schumacher A, Langwisch S, Schulte-Wrede U, Teles A, Paeschke S,
Volk HD, Zenclussen AC (2007) Kinetics of regulatory T cells during murine pregnancy. Am J
Reprod Immunol. 58:514-523

Tibbetts OM Conneely, O’Malley BW (1999) Progesterone via its receptor antagonizes the pro-
inflammatory activity of estrogen in the mouse uterus. Biol Reprod 60:1158

Trowsdale J, Moffett A (2008) NK receptor interactions with MHC class I molecules in pregnancy.
Semin Immunol. 20:317-320

Uksila J (1985) Human NK cell activity is not inhibited by pregnancy and cord serum factors and
female steroid hormones in vitro. Journal of Reproductive Immunology 7:111-120

Ulmann A, Dubois C, Philibert D (1987) Fertility control with RU 486. Horm Res 28:274-278

Van den Heuvel MJ, Chantakru S, Xumei X, Evans EE, Tekpetey F, Mote PA, Clarke CL, Croy
BA (2005) Trafficking of circulating pro-NK cells to the decidualizing uterus: regulatory
mechanisms in the mouse and human. Immunol. Invest. 34:273-293

Varner MW (1991) Autoimmune disorders in pregnancy. Semin. Perinatol. 15:238-250

Verma S, Hiby SE, Loke YW, King A (2000) Human decidual natural killer cells express
the receptor for and respond to the cytokine interleukin 15. Biology of Reproduction
62:959-968

Vince GS, Johnson PM (1996) Is there a Th2 bias in human pregnancy?J. Reprod. Immunol.
32:101-104

von Dadelszen P, Magee LA, Krajden M, Alasaly K, Popovska V, Devarakonda RM, Money DM,
Patrick DM, Brunham RC (2003) Levels of antibodies against cytomegalovirus and Chlamy-
dophila pneumoniae are increased in early onset pre-eclampsia. BJOG 110:725-730

Wang B, Biron C, She J, Higgins K, Sunshine MJ, Lacy E, Lonberg N, Terhorst C (1994) A block
in both early T lymphocyte and natural killer cell development in transgenic mice with high-
copy numbers of the human CD3e gene. Proc. Natl. Acad. Sci. USA 91:9402-9406



226 J. Szekeres-Bartho and B. Polgar

Wegmann TG, Lin H, Guilbert L, Mosmann TR (1993) Bidirectional cytokine interactions in the
maternal-fetal relationship: is successful pregnancy a Th2 phenomenon? Immunology Today
14:353-356

Weiner LH (2001) Induction and mechanism of action of transforming growth factor beta
secreting Th3 regulatory cells. Immunol Rev. 182:207-214

Wilson B, Moor J, Jenkins C, Miller H, Walker JJ, McLean MA, Norman J, McInnes IB (2004)
Abnormal first trimester serum interleukin 18 levels are associated with a poor outcome in
women with a history of RM. Am. J. Reprod. Immunol. 51:156-159

Wira CR, Sandoe CP (1980) Hormonal regulation of immunoglobulins: influence of estradiol in
immunoglobulins A and G in the rat uterus. Endocrinology 106:1020-1026

Wyle FA, Kent JR (1977) Immunosuppression by sex steroid hormones. 1. The effect upon PHA
and PPD stimulated lymphocytes. Clin. Exp. Immunol. 27:407-415

Yamada H, Morikawa M, Kato EH, Shimada S, Kobashi G, Minakami H (2003) Pre-conceptional
natural killer cell activity and percentage as predictors of biochemical pregnancy and sponta-
neous abortion with normal chromosome karyotype. American Journal of Reproductive Im-
munology 50:351-354

Yao MW, Lim H, Schust DJ, Choe SE, Farago A, Ding Y, Michaud S, Church GM, Maas RL
(2003) Gene expression profiling reveals progesterone-mediated cell cycle and immunoregu-
latory roles of Hoxa-10 in the preimplantation uterus. Mol. Endocrinol. 17:610-627

Yie SM, Xiao R, Librach CL (2006) Progesterone regulates HLA-G gene expression through a
novel progesterone response element Human Reproduction 21:2538-2544

Zhao JX, Zeng YY, Liu Y (2007) Fetal alloantigen is responsible for the expansion of the CD4(+)
CD25(+) regulatory T cell pool during pregnancy. J Reprod Immunol. 75:71-81

Zhu Y, Rice CD, Pang Y et al (2003) Cloning, expression, and characterization of a membrane
progestin receptor and evidence it is an intermediary in meiotic maturation of fish oocytes.
Proceedings of the National Academy of Sciences USA 100:2231-2236

Zuckerman FA, Head JR (1987) Possible mechanism of non-rejection of the feto-placental
allograft: Trophoblast resistance to lysis by cellular immune effectors. Transplant Proc.
1:554-559



Chapter 9
Pregnancy and Susceptibility to Parasites

Fiona L. Henriquez, Fiona M. Menzies, and Craig W. Roberts

Abstract Successful pregnancy is dependent on many dynamic immunological
events that occur at the maternal-fetal interface. While the trophoblast initiates
implantation through the uterine wall, maternal immune mechanisms limit the
extent to which the decidua is invaded by the placenta without disrupting pregnancy.
Immunological reactions are not observed at the maternal—fetal interface. Pregnancy-
induced modulation of systemic maternal immunity results in amelioration of
certain autoimmune diseases and exacerbation of some infectious diseases. Alter-
ation of immunological function during pregnancy in some circumstances might
facilitate congenital transmission of certain pathogens. In other circumstances, the
immune reactions induced by pathogens might result in disruption of pregnancy.
These complex interactions are discussed in the context of a number of diseases
caused by infection with taxonomically diverse protozoan parasites, nematodes,
and cestodes.

9.1 Introduction

Pregnancy has been known to modulate the immune response since the mid 1930s
with the discovery that pregnant rabbits have a lower capacity to produce antibody
(Keeler and Castle 1934). Studies during the 1960s elucidated that pregnancy
induced inertia of the immune response (Anderson 1965). This has been attributed
to the need to not only accept an “allograft,” but also to actively nurture this 50%
foreign material via an invasive placenta structure, without allowing the placenta to
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further encroach into the body. The systemic effects of this immune modulation in
pregnant women can be beneficial by ameliorating the severity of certain autoim-
mune diseases. However, in other circumstances, pregnancy-induced immune
modulation has proven detrimental by reducing the ability of the mother to control
infectious diseases. This has consequences for the health and longevity of the
mother, but also can disrupt pregnancy, result in fetal abnormalities, and facilitate
congenital or postpartum transmission of infection to the progeny.

The precise mechanisms of immune modulation during pregnancy have not been
fully characterized, but it is widely supported by the literature that alteration in
steroid and nonsteroid hormone levels accompanying pregnancy are responsible for
many of the observed effects both systemically and at the maternal—fetal interface
(Szekeres-Bartho et al. 2005).

9.2 Immunological Interactions Within the Placenta During
Normal Pregnancy

The ability of mammals to survive gestation in spite of being comprised of 50%
paternally derived alloantigens was recognized by Medawar as an anomaly that
challenged the self, nonself theory of immune recognition (Medawar 1982). Con-
sequently, immunologists have strived to understand the mechanisms that are
responsible for preventing rejection of the fetus. It is now recognized that the
maternal—fetal interface is immunologically active and shares many similarities
with inflammation, but has evolved complex mechanisms of regulation. These are
sometimes similar to those seen in other anatomical sites, but in other cases unique
to the maternal—fetal interface.

9.2.1 Placentation

The process of placentation is an invasion of the uterine decidua by the placental
unit containing the chorionic villus, the cytotrophoblast progenitor cells, syncytio-
trophoblast, the column cytotrophoblasts, and the invasive trophoblasts. Placenta-
tion occurs within 4 days of fertilization when cytotrophoblasts appear on the
surface of the blastocyst. These cells are responsible for the production of human
chorionic gonadotrophin, which prepares the endometrium for embryo implantation
and allows the continuation of progesterone secretion from the granulosa cells of
the corpus luteum. The trophoblast also implantation through attachment to the
basement membrane. The early placenta at this point commences the invasive
process into the uterine wall and into the maternal blood stream. This process not
only insures the anchoring of the fetal unit to the uterus but also increases the
nutrient and blood supply from the mother to the fetus, including maternal IgG
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(Pereira et al. 2005). The placentation process is tightly regulated by the maternal
immune system as the trophoblast has a potent invasive capacity, but the fetus must
also endeavor to protect itself from maternal immune attack. Therefore, during
pregnancy, immune function is dramatically modulated to induce both maternal
tolerance of the fetus and control of the trophoblast invasion. The trophoblast
induces immunomodulation in the growing placenta through the production of
progesterone.

As discussed in Chap.8 in greater detail, early gestation of the fetus is char-
acterized by a number of decidual leukocytes found within this interface. These
cells are composed of uterine NK cells, macrophages, dendritic cells (DCs), and T
cells. In the fetal chorionic villus, a number of macrophages (Hofbauer cells) and
DCs are present. The macrophages are typically found in the villus from 28 days
until term (Castellucci and Kaufmann 1982) and are characterized by antiphago-
cytic activity and the expression of Fc receptors, CD14 (Saji et al. 1994) and MHC I
and II (Castellucci and Kaufmann 1982). In addition, Hofbauer cells produce
prostaglandins and thromboxanes (Wetzka et al. 1997) and this, together with the
expression of vascular endothelial growth factor (VEGF) (Clark et al. 1998),
indicates that Hofbauer cells are involved in the regulation and stabilization of
the placenta.

The decidua—placenta interface harbors mature CD83+ DCs, which display a
reduced capacity to produce IL-12p70 (Miyazaki et al. 2003) and therefore suppress
Thl-type inflammation. In addition, studies in the mouse decidua report that DCs
produce IL-10 (Blois et al. 2004a), although DCs are not present at all the stages of
pregnancy. There is also evidence that DCs can play an adverse role as an increase
in decidual DCs has been found to coincide with spontaneous abortion in humans
(Askelund et al. 2004).

During early gestation, a number (20% of all decidual leukocytes) of immature
DCs (iDC) expressing CD209 (DCSIGN) are present near the invading trophoblast.
They are found in abundance during early pregnancy and proliferate in the decidua
(Kammerer et al. 2003; Rieger et al. 2004). These cells also are efficient in antigen
uptake (apoptotic particles of the invading extravillous trophoblast) and mature into
CD83" CD25* DCs with the ability to stimulate naive T cells (Kammerer et al.
2003). Through the action of CTLA4-expressing regulatory T (Treg) cells (Mellor
and Munn 2004) in the placenta, DCs express indoleamine 2,3-dioxygenase (IDO),
which is involved in the inhibition of T cell proliferation (Munn et al. 2002) and
prevention of maternal T cell attack of the fetus (Munn et al. 2002).

Uterine NK (uNK) cells represent 70% of all leukocytes in the maternal—fetal
interface (Moffett and Loke 2006). They possess a unique phenotype and they are
CD94™ bright exclusively (Ponte et al. 1999). All NK cells express killer-inhibitory
receptors (KIR) 2DL4. Both CD94 and KIR2DL4 are crucial in the outcome of
successful pregnancy as they bind to HLA-E and HLA-G, respectively. HLA-E and
HLA-G are nonclassical MHC I molecules expressed on the fetal unit (King et al.
2000; Rajagopalan et al. 2006). HLA-C is a polymorphic MHC molecule that also
is expressed on the surface of trophoblast cells. uNK cells can inhibit maternal
immune attack through recognition of this molecule by KIR2D (Parham 2005).
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During early gestation, uNK cells come into direct contact with the trophoblast,
expressing HLA-E and HLE-G on its surface, thus becoming “non-killing uNK
cells.” This interaction stimulates uNK to produce antiinflammatory cytokines
(e.g., IL-10) (reviewed in Dietl et al. 2006).

It is evident that DC-SIGN* expressing iDCs and uNK cells are the most
dominant leukocyte populations in early pregnancy. The ratio between uNK cells
and iDCs, however, appears to be crucial to the outcome of a successful pregnan-
cy. Low ratios of uNK/iDC cultures stimulate DC production of TNF-o and IL-
12, thus potentially threatening rejection of the fetus (Piccioli et al. 2002). In
contrast, at a high uNK/iDC ratio, NK cells that do not express KIRs can lyse
iDCs, but not mature DCs due to the presence of HLA-E (Piccioli et al. 2002;
Della Chiesa et al. 2003; Wilson et al. 1999; Carbone et al. 1999). This has a
profound effect on immunomodulation in early pregnancy. High numbers of uNK
cells can kill autologous DCs, thus protecting the fetus. In contrast, the produc-
tion of cytokines such as IL-10 and GM-CSF by uNK cells that comes into
contact with nonclassical HLA-expressing trophoblast prevent iDC maturation
and consequently T cell activation and if uNK cells become activated by the
presence of infectious agents, DC maturation will occur (reviewed in Dietl et al.
2006).

The suppression of the Thl response in the vicinity of the placenta during
pregnancy is necessary for the inhibition of the fetal semi-allograft, as production
of IFN-y promotes fetal rejection. In contrast, Th2 cytokines favor the maintenance
of a successful pregnancy (Piccinni et al. 1998). The polarization towards a Th2
environment is largely attributed to the presence of sex hormones (Correale et al.
1998; Giron-Gonzalez et al. 2000), such as progesterone and estrogen. Recruitment
and activation of T cells in the placenta may be affected by mediators, such as
CCL5 (i.e., Regulated on activation normal T cell expressed and secreted,
RANTES) and placental IDO (pIDO). In fact, it has been suggested that progester-
one-regulated CCL5 may be relevant in early pregnancy and fetal tolerance
(Ramhorst et al. 2007) as an increase in serum CCLS5 has been observed in
successful pregnancies (Rambhorst et al. 2004). On the other hand, pIDO intensifies
mesenchymal stem cell immunosuppression of T cells following IFN-y induction
(Jones et al. 2007). Progesterone induces Th2 dominance during pregnancy
(Szekeres-Bartho and Wegmann 1996; Szekeres-Bartho et al. 1996; Szekeres-
Bartho et al. 1996; Orsal et al. 2006). This is achieved by the production of
progesterone-induced blocking factor (PIBF) by T cells and NK cells upon stimu-
lation of progesterone. PIBF mediates IL-4 production and naive T cells through the
activation of STAT6 (Kozma et al. 2006) and downregulates STAT4, required for
Thl type responses (Kozma et al. 2006). Furthermore, the expression of NF-kB,
necessary for a successful Thl response is downregulated during pregnancy, there-
by favoring Th2 development (McCracken et al. 2004).

Studies in murine models of pregnancy have established that Th2 dominance
is not solely responsible for the survival of a semi-allograft graft because
IL-4/IL-10 single and double deficient mice achieve a successful pregnancy
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(Bonney 2001; Svensson et al. 2001). This focused the attention on CD4*CD25*
Treg cell population, numbers of which are significantly increased during pregnan-
cy in the placenta and return to lower levels postpartum (Somerset et al. 2004). Treg
cells are immunosuppressive and play a critical role in the induction of fetal
tolerance in both mice and humans (Aluvihare et al. 2004; Zenclussen et al.
2005; Sasaki et al. 2004; Somerset et al. 2004). Their primary site of tolerance
action could be in lymph nodes draining the uterus and the placental maternal—fetal
interface (Aluvihare and Betz 2006). This is further supported by evidence that PD-
L1 (anegative costimulatory molecule) is expressed on Treg cells, decidual cells, and
on the synctiotrophoblast (Sandner et al. 2005; Guleria et al. 2005; Guleria and Sayegh
2007). Furthermore, adoptive transfer of Treg cells in murine models from wild type
into PD-L1-deficient mice significantly improved fetal survival (Habicht et al. 2007).

In the placenta, the cytotoxic activity of CD8" T cells is downregulated as a
direct consequence of the Thl suppression (Jones and Robinson 1983; Guntupalli
and Steingrub 2005; Constantin et al. 2007). Despite this suppression, there is no
impairment of the establishment of memory T cells, and a significant CD8* T cell
infiltration the placenta can occur if a primary infection is established during
pregnancy (Constantin et al. 2007). Therefore, other mechanisms are also involved
in prevention of fetal rejection by cytotoxic activity. Cytotoxic T cells (CTLs)
induce their activity by binding to MHC I class molecules on the target cells
surface. The fetal semi-allograft does not express common paternal MHC antigens,
but nonclassical MHC I class molecules, defined in humans as HLA-G, HLA-E, and
the polymorphic HLA-C (Hutter et al. 1996; King et al. 1996); McMaster et al.
1995; Loke et al. 1997; Prolla et al. 1994; Parham 2005). The expression of HLA-G
on the on the maternal—fetal interface and trophoblast has an immunotolerant effect
and inhibits antigen-specific, MHC-restricted CTL responses (Rouas-Freiss et al.
1999). In addition to the immunotolerance role of nonclassical HLA molecules in
the placenta, CD8" T cells are responsive to progesterone during pregnancy through
a progesterone receptor (PR) that releases PIBF from both CD4* and CD8" T cells
(Blois et al. 2004b).

During placentation, Y6 T cells originate in the decidua (Mincheva-Nilsson et al.
1997), and are upregulated during the duration of pregnancy (Kimura et al. 1995).
The importance of the increase in 3 T cells is mainly to induce immunotolerance
by the recognition of nonclassical HLA class I molecule (HLA-G and HLA-E)
(Barakonyi et al. 2002). This is achieved by the expression and binding of KIRs,
such as CD94, to nonclassical HLA molecules displayed on the fetal semi-allograft
(Barakonyi et al. 2002).

The downregulation of the Th1-type response, including production of IFN-v, in
the placenta through a Th2-dominant/antiinflammatory response (i.e., elevated
production of IL-4, IL-5, and IL-6) and the presence of pregnancy hormones,
influences the activity of humoral immunity, including B cell activity and antibody
production. The expression of the antiapoptotic molecule Bcl-2 on B cells during
pregnancy causes downregulation of B cell lymphopoiesis (Caucheteux et al.
2005). The expression of Bcl-2 is regulated by progesterone which, through the
PR, interacts directly with its promoter (Yin et al. 2007). In the placenta, there is an
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increased presence of asymmetric antibodies, which are characterized by the
presence of glycosylation on one branch of the Fab region (Labeta et al. 1986).
The antibodies can still bind foreign fetal antigen, but the effector functions, such as
the ability to promote phagocytosis and fix complement, are inactivated (Eblen
et al. 2000). Therefore, these asymmetric antibodies can act as “blocking antibo-
dies” to mask fetal antigens (Eblen et al. 2000).

9.2.2 Implications of Placentation Being
an Immunological Process

The fact that placentation is an immunological process has at least three major
implications for infection during pregnancy. First, pathogens or pathogen-derived
molecules that alter the immunological balance can disrupt pregnancy. Second, the
mechanisms that normally control pathogens can be affected in the vicinity of the
placenta. Third, the immunological processes occurring in the placenta can have an
effect on systemic immunity. These points, individually or collectively, may
account for exacerbation or reactivation of infectious diseases during pregnancy,
in some case accompanied with vertical pathogen transmission and/or pathogen-
induced abortion (discussed below).

9.3 Impact of Pregnancy on the Systemic Immune System

Many autoimmune disorders, including rheumatoid arthritis and multiple sclerosis,
which have been attributed to Thl cell activation, are alleviated during pregnancy
(Al-Shammri et al. 2004). In contrast, Th2-associated immunological disorders,
including asthma, are generally increased in pregnant women (Rastogi et al. 2006).
Together, these observations suggest that pregnancy exerts a strong influence over
certain aspects of systemic immunity. These effects are likely to be due to the effect
of pregnancy-associated hormones on systemic immunity. The effects of proges-
terone on specific immune cells are discussed in Chap.8 and estrogens and andro-
gens in Chap.2.

9.4 Interaction of Parasitic Infections and Pregnancy

The severity of a number of infectious diseases is known to be increased if
contracted during pregnancy. Pathogens contracted prior to conception may be-
come reactivated or exacerbated during pregnancy. This is a particular concern
for chronic debilitating diseases, such as malaria, leishmaniasis, trypanosomiasis,
or schistosomiasis, endemic in some of the poorest nations of the world. The
reasons for these observations are frequently due to hormonally induced alterations
of immunological parameters that would normally limit the extent of infection.
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Levels of steroid hormones are dramatically altered during human pregnancy. In
nonpregnant women, progesterone levels fluctuate between 1.8 £0.34 and 43 +13
nmol 1" during the follicular and luteal phases of the menstrual cycle, respectively,
but are raised to 500—610 nmol 1" during the later stages of pregnancy. Testoster-
one varies between 0.75+0.2 nmol 17! at the follicular phase and 1.28+
0.3 nmol 17" at the luteal phase of the menstrual cycle, but is raised to 64.5+
33.7 nmol 1! during pregnancy. 17p-estradiol cycles between 0.354-0.18 and 0.64
40.38 nmol 17! during the follicular and luteal phases, respectively, but increases
to 3.6+ 1.5 nmol 17! in the final stages of pregnancy. Cortisol levels exhibit a
diurnal cycle in humans with a mean of 190.7+23.4 pg ml™' (Hindmarsh et al.
1989). Cortisol levels rise during pregnancy, with mean concentrations 3—6 h prior
to the onset of labor of 597+51pg 17" and 468+29pg 1" in primaparous and
multiparous women, respectively (Kono et al. 1987). Changes in peptide hormones,
such as prolactin also are noted during pregnancy, which increases from a mean of
294 milli-IU 1! in nonpregnant women to a mean of 4092 milli-IU 1" in pregnant
women (O’Leary et al. 1991).

Additional physiological consequences of pregnancy-associated hormones
as well as the competing demands of pregnancy in an already sick individual
also may impact responses to infection during pregnancy. Pregnancy-induced or -
associated complications of parasitic infections are a global problem for infectious
diseases and some pathogens have evolved to exploit the condition. Notably,
toxoplasmosis, which infects around 30% of the world’s population, can be trans-
mitted transplacentally and can cause abortion, devastating congenital abnormal-
ities and infant mortality.

9.4.1 Congenital Transmission and Disruption of Pregnancy
by Parasites

9.4.1.1 Parasite-Mediated Pathology

Parasites typically associated with the disruption of pregnancy and/or congenital
transmission include Trichomonas foetus in cattle (Fitzgerald 1986; Yule et al.
1989; BonDurant 1997; BonDurant et al. 2003), Trichomonas vaginalis in humans
(Van Der Pol et al. 2005), Toxoplasma gondii, (Menzies et al. 2008), Plasmodium
spp. (Menendez and Mayor 2007), Leishmania spp. (Eltoum et al. 1992), Schisto-
somes (Willingham et al. 1999), and a number of filarial and intestinal nematodes.
The pathogenesis of T. foetus and T. vaginalis infections is predominantly associated
with sexual transmission of parasites within the uterus where they are responsible
for cytopathology through the adherence to host tissue cells (Silva Filho and de
Souza 1988; Benchimol et al. 2008). The pathogenesis of other parasite-mediated
complications of pregnancy is more complex, and is discussed below.
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9.4.1.2 Immunological Interference

Disruption of pregnancy by many of the parasites that cause systemic infections has
been attributed to both parasite-mediated damage to the placenta and immunologi-
cal interference. It is difficult to determine the relative contribution of parasite-
mediated damage versus immune-mediated damage to the placenta, but some
parasites are known to infect the placenta, and placental pathology has been
noted in some parasitic diseases.

Immune-mediated disruption of the complex immunological interactions occur-
ring at the maternal—fetal interface by pathogens or their products has been well
documented. Notably, stimulation of the innate immune system through the toll-
like receptor (TLR) 4 with the bacterial product lipopolysaccharide (LPS) can
induce abortion in mice. This is a rapid process that is dependent on a TNF-o and
nitric oxide (NO) (Gendron and Baines 1988; Gendron et al. 1990a; Gendron et al.
1990b). Similarly, the synthetic mimic of viral double-stranded RNA, poly I:C, that
is a ligand for TLR3 that does not signal through MyD88, also can induce abortion
through NK-cell-dependent mechanisms (Lin et al. 2006; Zhang et al. 2007). Thus,
engagement of both MyD88-dependent and -independent TLRs are sufficient to
induce abortion. Whether TLR-induced abortion occurs during infection remains to
be determined. However, as more TLR ligands are identified in an increasing
number of protozoan and metazoan eukaryotic pathogens, their role in abortion is
likely to be further recognized. In addition, alteration of the adaptive immune
response may also be sufficient to induce abortion or to prevent implantation.
Notably, a strong Thl and consequently reduced Th2 immunological environment
has adverse effects on pregnancy. As a general principle, pregnancy is easier to
disrupt in the first trimester than at later stages most probably due the immunologi-
cal environment conducive to successful pregnancy being less well established. A
corollary of this is that in the third trimester, the immunological conditions that are
conducive to pregnancy are well established and may interfere with the effective
control and facilitate congenital transmission of certain parasites (Fig. 9.1).

9.4.2 Protozoan Infections and Pregnancy

9.4.2.1 T. gondii

T. gondii is typically transmitted through infected meat or the ingestion of oocysts
found in cat feces. Following infection, the rapidly dividing tachyzoite stage, that is
capable of infecting virtually any cell, predominates until the onset of immunity.
Driven by environmental stress associated with the host immune response, tachy-
zoites undergo transformation to the slowly dividing bradyzoite stages that form
quiescent cysts throughout the body (Dubey 1998). Both innate and adaptive
aspects of the immune system cooperate to control T. gondii tachyzoites and T
cells, and an intact immune system necessary to prevent disease reactivation
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Fig. 9.1 Immunological interactions in the human placenta. The placenta consists of four main
areas: the extravillous trophoblast that invades the maternal decidual layer, the column cytotro-
phoblast, the syncytiotrophoblast, and the villous cytotrophoblast. Progesterone is produced from
the extravillous trophoblast in early pregnancy and contributes to the Th2 bias at the maternal—
fetal interface. Progesterone binds to receptors on NK cells and T cells (CD4+ and CD8+), which
produce progesterone-induced blocking factor (PIBF). PIBF acts on CD4+ T cells to upregulate
STATS®6, an important signal transducer required for the production of IL-4 and Th2 cell activation.
In contrast, PIBF inhibits the expression of the transcription factor NF-kB and STAT4
resulting in inhibition of Thl cell activation. The placenta has a number of surface-expressed
immunomodulatory molecules including FasL and PDL1, which can induce apoptosis and down-
regulation of T cell proliferation. Nonclassical HLA molecules (HLA-G, HLA-E, HLA-C) on the
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(reviewed in Denkers and Gazzinelli 1998; Denkers et al. 2003). Congenital
transmission represents an additional mode of infection and can occur in animals
and humans.

Congenital infection can occur either following a primary infection during
pregnancy (termed exogenous transplacental transmission) or due to reactivation
of a chronic infection as a result of pregnancy (endogenous congenital transmis-
sion) (Trees and Williams 2005). Until recently, it was believed that endogenous
congenital transmission did not occur in humans, but there are now increasing
reports of this occurring (e.g., Awan 1978).

An immune response is initiated to T. gondii by a number of pathogen-associated
molecular patterns (PAMP) including: (1) GPI-anchors, which are effective
ligands for TLR2 and TLR4 (Debierre-Grockiego et al. 2007); (2) HSP70 that
can stimulate macrophages and induce maturation of DCs through ligation of the
TLR4 (Chen et al. 2002; Aosai et al. 2006); and (3) profilin which interacts with
TLR11 in some mammals to induce IL-12 production (Yarovinsky et al. 2005). In
addition, T. gondii cyclophilin 18 is a chemokine mimic that can bind the CCRS
receptor to induce IL-12 production (Aliberti et al. 2003). These interactions
control initial parasite multiplication through NK-cell-produced IFN-y, macro-
phage TNF-a production, and the induction of NOS2 with resultant reactive
nitrogen intermediates (Aliberti et al. 2003). This immunological environment
also effectively drives the development of Thl cells and CD8 cytolytic T cells
(Combe et al. 2005). CD4* T cell production of IL-2 is essential for the develop-
ment of CDS cytolytic T cells that are critical for resolution of disease, prevention
of encephalitis, and prevention of disease reactivation (Gazzinelli et al. 1992). Th2
cytokines antagonize many of the beneficial effects that the Th1 cytokines play in
control of parasites, but are necessary for limiting inflammation and immunopa-
thology (Nickdel et al. 2004; Villard et al. 1995; Roberts et al. 1996; Suzuki et al.
1996; Alexander et al. 1998; Gazzinelli et al. 1996). In immunocompromised
and congenitally infected individuals where these processes can be defective,
latent infection can reactivate through the periodic rupture of cysts and
subsequent proliferation of tachyzoites. Although pathology can occur in many
organs, reactivation of infection is most often observed as toxoplasmic encephalitis

Fig. 9.1 (continued) surface of placental cells inhibit the cytotoxic effects of CD8+ T cells and NK
cells. y3 T cells, also present in the placenta bind nonclassical HLA molecules and are likely to
suppress the maternal antifetal immune response. Progesterone promotes the production of by the
trophoblast in early pregnancy, which suppresses T cell proliferation in the placenta. Placental
IDO (pIDO), secreted from the villous cytotrophoblast is important in the downregulation of CD4+
cell proliferation. Dendritic cells also produce IDO through stimulation of negative costimulatory
molecules, such as CTLA-4 and PDL1 found on Tregs and the placental surface. The hormonal
environment also affects B cells. In the placenta, B cells produce asymmetric antibodies that are
not able to carry out their classical effector functions. Hofbauer cells (H) produce prostaglandins
and tromboxanes and express VEGF, which stabilizes the placenta. NK cells produce IL-10 and
GM-CSF on recognition of nonclassical HLA molecules. Release of soluble mediators is shown by
dashed lines; arrow heads denote positive effects and closed circle denotes negative effects; solid
lines illustrate effects
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(Hunter and Remington 1994) or ocular toxoplasmosis (Garweg et al. 2005b; Jones
et al. 2006).

Reactivation during pregnancy has been observed in people with immunological
lesions, and in some cases has resulted in exogenous transplacental transmission.
For example, reactivation of T. gondii infection in a pregnant woman with systemic
lupus erythematosus, resulting in congenital transmission of the parasite to the fetus
has been described (D’Ercole et al. 1995). Two separate cases of congenital
T. gondii from HIV-infected women following disease reactivation have been
reported (Bachmeyer et al. 2006; Bongain et al. 2002). Most of the studies suggest
that reactivation in immunosuppressed individuals, however, is relatively rare
(Anonymous 1996; Biedermann et al. 1995).

The extent of reactivation of T. gondii in immunocompetent people during
pregnancy is not known. Unless it results in clinical disease or congenital transmis-
sion, it will be unnoticed; increasing numbers of reports, however, suggest that it is
more common than previously acknowledged. An early study described three cases
of congenital toxoplasmosis and disease reactivation in chronically infected women
(Awan 1978), with a number of similar cases reported since (e.g. Vogel et al. 1996;
Silveira et al. 2003; Kodjikian et al. 2004). An additional study examined 18
immunocompetent females with previous episodes of ocular toxoplasmosis over
35 pregnancies and found that reactivation of ocular disease occurred in seven
pregnancies (Garweg et al. 2005a).

T. gondii has been found in the placenta of humans and in a variety of nonhuman
animals (reviewed, Tenter et al. 2000). Often no pathological lesions are found in
human placenta following toxoplasmosis, but necrotizing inflammation or, in rare
cases, granulomatous villitis have been observed (Yavuz et al. 2006). The hypothe-
sis that abortion during 7. gondii infection may be immunologically mediated is
gaining momentum. 7. gondii-derived molecules, including GPI-anchors, HSP70
and profilin have been demonstrated to interact with TLR2, TLR4, and TLR11,
respectively (Debierre-Grockiego et al. 2007; Aosai et al. 2006). These interactions
may be sufficient to induce abortion in a similar way as demonstrated for LPS and
Poly I:C (Gendron and Baines 1988; Gendron et al. 1990a; Gendron et al. 1990b;
Lin et al. 2006; Zhang et al. 2007).

The development of a murine model (Roberts and Alexander 1992; Menzies
et al. 2008) that mimics many aspects of the human disease has provided a tool to
understand the pathogenesis of congenital disease. Similar to in humans, the
outcome of murine congenital transmission is determined by the trimester at
which infection first occurs. In humans, congenital transmission is most common
in those infected in the third trimester, intermediate in the second trimester and
low in the first (reviewed, Menzies et al. 2008). Abortion is most likely to occur
during infections that occur in the first trimester. A similar pattern is observed in
BALB/c mice with infection during the first trimester causing resorption or abortion,
whereas infection in the second trimester being more likely to result in congenital
transmission (reviewed, Menzies et al. 2008). Infection of BALB/c mice during the
third trimester, as observed in humans, is unlikely to result in abortion and, unlike in
humans, does not result in congenital transmission (a likely limitation of the
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relatively short 21-day gestation in mice) (reviewed, Menzies et al. 2008). These
observations in both mice and humans support the hypothesis that immunological
disruption of pregnancy is relatively simple, as hormonal-induced immuno-
modualtion is not fully developed; conversely, abortion in the third trimester is
difficult as hormonal immunomodulation is well established. In addition, in the
second and third trimesters, the immunological mechanisms are in place, namely
Th2 bias with high levels of IL-10-producing Treg cells, therefore, facilitating
parasite multiplication and congenital transmission. 7. gondii-induced abortion
is reduced in IFN-y-deficient mice, despite harboring increased parasite
numbers in the uterus and the placentas of the fetuses when compared with mice
(Shiono et al. 2007). This supports the hypothesis that a failure to limit 7. gondii
replication is not responsible for abortion. In fact, IFN-y, a mediator capable of
controlling 7. gondii replication, has adverse effects on pregnancy. It has recently
been demonstrated that 7. gondii can also modulate IFN-y signaling through induc-
tion of suppressor of cytokine signaling (SOCS) proteins (Zimmermann et al. 2006).
The role of SOCS during pregnancy remains to be determined; however, it might act
to reduce IFN-y-induced abortion and killing of the parasite and thus promote fetal
survival at the cost of congenital transmission.

Pregnancy has the ability to affect maternal immunity to 7. gondii in the murine
model as pregnant mice produce less IFN-y accompanied with increased mortality
compared with nonpregnant females infected with 7. gondii (Shirahata et al. 1992).
This can be reversed by administration of IFN-y or IL-2 (Shirahata et al. 1993). The
skewing towards production of Th2 cytokines during pregnancy favors parasite
survival and the transmission of this parasite to the fetus.

The closely related apicomplexan parasite, Neospora caninum, a causative
agent of abortion in cattle may share similar interactions with the host immune
system during pregnancy as described for T. gondii (Quinn et al. 2004; Williams
and Trees 2006). The immune response to N. caninum is similar to that of 7.
gondii, with BALB/c mice serving as a suitable model for studies of congenital
infection (Long and Baszler 1996). As with T. gondii, the stage of gestation at
which infection occurs determines the outcome. Mice and cattle infected before
pregnancy do not transmit the parasite to the fetus, whereas infection during early
gestation leads to abortion and infection during late gestation leads to transmis-
sion of the parasite (Quinn et al. 2004; Williams and Trees 2006). Studies
examining the cytokine profiles of pregnant BALB/c mice infected with N.
caninum show the balance between IFN-y and IL-4 to be crucial in determining
transmission to the fetus. IFN-y production prevents the parasite crossing the
maternal—fetal barrier whereas IL-4 creates an environment conducive to congen-
ital transmission (Long and Baszler 2000; Nishikawa et al. 2003; Quinn et al.
2004; Kano et al. 2005). Subsequent studies in cattle have shown that abortion
through infection in early pregnancy is due to IFN-y production from NK cells,
CD4*, and y8 T cells, leading to destruction of placental tissues (Maley et al.
2006; Klevar et al. 2007).
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9.4.2.2 Trypanosoma cruzi

Trypanosoma cruzi is the causative agent of Chagas disease, affecting approxi-
mately 13 million people across 15 different countries (WHO 2002). This parasite
typically causes cardiac problems as well as megaesophagus and megacolon;
pathology, however, only appears upon reactivation after a period of clinical
latency. Immunity is dependent on both innate and adaptive responses. The innate
immune system is stimulated through parasite GPI-anchors and DNA engaging
TLR2 and TLRY, respectively (Tarleton 2007; Bafica et al. 2006). Th1 cells and
IFN-y play an important role in controlling parasite multiplication in the early
stages. CD8" T cells play a dichotomous role and have been implicated in protec-
tion as well as immunopathology (reviewed in Tarleton 1991; Tarleton 2007).

T. cruzi has been reported to cause preterm births, still birth, and abortion, but
the extent of the problem in all likelihood has not been fully recorded. Numerous
case reports and some large clinical studies demonstrate that congenital transmis-
sion of T. cruzi can occur in humans. The reported incidence varies in a number of
studies that examined many geographical regions at different times (e.g., Bolivia:
2.64—6% (Billot et al. 2005; Salas et al. 2007) and Argentina: 2.64% (Streiger et al.
1995)). In an Argentinian study, congenital transmission was clustered in families
and second-generation transmission from grandmother, through mother to daughter
was observed (Sanchez Negrette et al. 2005).

There is little data concerning the effect of 7. cruzi infection on the severity of
maternal infection. Generally, only a relatively small proportion of pregnant
mothers transmit 7. cruzi transplacentally. In one study, mothers who transmitted
parasites to the fetus were found to have increased parasitemia and depressed IFN-v,
but similar IL-2, IL-4, and TGF-f production by peripheral blood mononuclear cells
stimulated with 7. cruzi antigens (Hermann et al. 2004). In a separate study, mothers
who transmitted 7. cruzi to their fetus had lower levels of circulating TNF-o than
those who did not (Garcia et al. 2008). Although it has been suggested that parasite
strain might also be a determinant of the likelihood of congenital transmission, most
literature does not support this notion (e.g., Burgos et al. 2007).

T. cruzi is capable of infecting the placenta and of inducing inflammatory
changes therein. Studies suggest that 7. cruzi achieves invasion through binding
placental alkaline phospatase, a GPI-anchored protein on the surface of the placenta
(Lin et al. 2005). A study of placentas from women with T. cruzi infection that
resulted in stillbirth or congenital transmission found that the inflammatory infil-
trate was mainly CD68" macrophages, T cells, and a few NK cells (Altemani et al.
2000). In the still birth cases examined, villitis was diffuse and parasites were
numerous. In these placentas, trophoblastic necrosis was observed in proximity to
macrophages and granulocytes. The placentas from live births had few parasites
present (Altemani et al. 2000). Intercellular adhesion molecule has been demon-
strated to be upregulated in placentas of infected mothers and may facilitate the
inflammatory process (Juliano et al. 2006).

Early studies that examined chronically infected mice, found that infection of the
placenta is 7. cruzi strain dependent, although the ability to cause congenital
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transmission depended on suppression of phagocyte activity (Andrade 1982; Delgado
and Santos-Buch 1978). Chronic T. cruzi infection also affected fetal weight and size,
but not the reproductive capacity of mice. Maternal parasitemia remained similar to
nonpregnant control mice and parasites were absent from fetal blood (Carlier et al.
1987a). In spite of this, pregnancy reduced T. cruzi-specific IgG and IgM levels. The
greater reduction of IgG2a levels in pregnant mice relative to nonpregnant mice,
although originally attributed to a reduction in polyclonal B cell activation, may be
interpreted as a reduced Thl response (Carlier et al. 1987b). Pregnancy increases
circulating TNF-o in 7. cruzi-infected mice (Rivera et al. 1995).

Acute infection with T. cruzi has a more obvious effect in mice than in humans
and it can induce infertility, placental parasite invasion, and fetal loss. In infected
dams, approximately 28% of fetuses were resorbed and the remainder died during
gestation or following birth. Notably, parasites were absent from the fetal tissue, but
tissues exhibited ischemic necrosis (Mjihdi et al. 2002). A further study demon-
strated that T. cruzi infection during pregnancy increased circulating TNF-o and
IFN-vy and induced placental IFN-y. Administration of pentoxifylline, an inhibitor
of TNF-a and IFN-v, reduced fetal loss, implicating these mediators in the process
(Mjihdi et al. 2004). Reduced fertility during acute infection is due to inhibition of
preimplantation embryo development (Id Boufker et al. 2006). Whether the effect
of acute infection on pregnancy is dependent on 7. cruzi strain or the magnitude of
the host immune responses as a result of differences in parasite replication requires
clarification (Solana et al. 2002). The ability of T. cruzi to induce abortion in an
IFN-y and TNF-o dependent manner is consistent with TLR-mediated inflammatory
responses, which may be caused by the stimulation of TLR2 and TLRY by the
parasite (Tarleton 2007; Bafica et al. 2006).

In spite of the general inability of T. cruzi to cause congenital infection in mice,
pups born to infected dams have a reduced ability to control infection later in life. This
indicates that maternal infection may affect the immunological response of the
progeny to T. cruzi infection and has important implications if similar observations
are found in humans (Marques de Araujo et al. 1996; Carlier et al. 1992; Carlier et al.
1992). Congenital infection has been reported in acutely infected Wistar rats, which
may provide a useful model to study this phenomenon in humans (Moreno et al. 2003).

9.4.2.3 Leishmania spp.

Leishmania major is a protozoan parasite that exists in two forms; the intracellular
amastigote and the promastigote within the digestive tract of the host, the phlebo-
tamine sandfly. Leishmania spp. are the quintessential examples of a pathogen
that drives development of Thl responses (Alexander et al. 1999). Healing leish-
maniasis involves the production of IL-12 from infected macrophages, which
stimulates NK and CD4" T cells to produce IFN-y, and IFN-y induces TNF-o and
NO, which are microbicidal for the parasite. Th2 immunity against L. major
induces a nonhealing phenotype that is independent of IL-4 (reviewed in Alexander
and Bryson 2005). Other species include L. mexicana that can cause cutaneous or
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visceral disease, L. donovani, L. infantum, and L. chagasi which causes visceral
leishmaniasis and L. brasiliensis that causes mucocutaneous disease.

The extent to which pregnancy affects the progression of disease in females or the
ability of infection to affect pregnancy in humans requires further clarification. There
is, however, a report of a woman with visceral leishmaniasis (kala-azar) that transmit-
ted parasites to her first child and aborted her second at 5 months of gestation, with
Leishmania organisms present in the placenta (Eltoum et al. 1992). There have been a
number of other cases reported where transplacental transmission of kala-azar has
resulted in congenital infection of humans (reviewed, Figueiro-Filho et al. 2004).
These cases were largely confirmed as congenital infection due to the relocation of the
pregnant woman to a nonendemic geographic location, so the true extent of congenital
transmission in endemic areas is not known. As yet there is no large number of studies
on pregnant women in endemic areas to determine the rate of congenital transmission
or fetal loss due to Leishamaniasis. L. major, L. braziliensis, and L. infantum induce
TLRY signaling and IL-12 production by DCs and NK cell activation (Liese et al.
2008). The role of TLR2 and TLR9 signaling in disruption of pregnancy, as described
for TLR3 and TLR4, remains to be determined.

Studies in C57BL/6 mice, which are typically resistant to Leshmania infection,
have shown that the host—parasite relationship during pregnancy is complex. Krishnan
et al. (1996a) demonstrated a mechanism by which pregnancy can alter the immune
control of the parasite. In comparison with nonpregnant mice, infected pregnant mice
displayed a greater parasite burden associated with decreased IFN-y and elevated
levels of the Th2 cytokines IL-4, IL-5, and IL-10 (Krishnan et al. 1996a). Concurrent-
ly, the host immune response against L. major adversely affected the pregnancy.
Krishnan et al. (1996b) demonstrated low placental levels of IL-4 and IL-10 and
high IFN-y and TNF-a levels as a consequence of L. major infection, which can
prevent successful pregnancy by causing implantation failure and fetal resorption
(Krishnan et al. 1996b). These studies were performed before the characterization of
Treg cells, which are now known to produce IL-10 and to be present at the maternal—
fetal interface during pregnancy (see above). Future studies should establish whether
L. major alters Treg activity in the area of the placenta. Finally, the relevance of these
studies to human disease as well as the role that hormones play in modulating immune
responses to Leishmania spp. during pregnancy remains to be clarified.

9.4.2.4 Plasmodium spp.

Plasmodium falciparum, P. vivax, P. ovale, and P. malariae are the four species
that commonly cause malaria in humans. P. falciparum accounts for 80% of
malarial infections, a disease affecting approximately 515 million people. P. vivax
infects 130—435 million of the 2.6 billion people living in malaria endemic areas
(reviewed in Baird 2007).

P. falciparum is particularly a problem during pregnancy (reviewed, Menendez
and Mayor 2007). The incidence of maternal malaria in Africa is estimated to be
around 25% (reviewed in Desai et al. 2007). In areas of low transmission, infection
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in pregnant women results in severe disease, whereas maternal disease is less
common in pregnant women who live in areas of high transmission (Menendez
1995). Infected erythrocytes can accumulate in the blood spaces of the placenta and
avoid maternal immune responses (Salanti et al. 2004). The accumulation of the
parasitized red blood cells (RBCs) in the placenta is achieved through their adhe-
sion to molecules such as chondroitin sulfate A (CSA) and hyalaronic acid (HA)
receptors, both of which are expressed on the surface of placental endothelial cells
(reviewed, Schofield and Grau 2005). Chemokines mediate the infiltration of a
range of cells into the placenta, including macrophages, which release proinflam-
matory cytokines (Beeson and Duffy 2005). This is detrimental to the development
of the fetus and can affect those that survive through childhood to adult. Infection
during the first and second trimester most likely results in abortion, while infection
in the third results in stillbirth, pre-term birth, and low birth weight (Beeson and
Duffy 2005). Infant mortality is increased in offspring of infected mothers and those
who survive have increased incidence of developmental and behavioral disorders
(reviewed, Desai et al. 2007). P. vivax does not cause RBCs to adhere to the
placenta, but infection during pregnancy, nonetheless, is responsible for low birth
weights (reviewed in Desai et al. 2007). In common with P. falciparum, P. vivax
infection is more severe in pregnant women compared with nonpregnant women.
Data is lacking on the effects of P. malariae and P. ovale during pregnancy
(reviewed, Desai et al. 2007).

The contribution of immune disturbance in Plasmodium-induced abortion has
been subject to discussion. In humans, polymorphisms in TLR4 and TLR9, which
are activated by products of the asexual blood stages, are associated with low birth
weight (Mockenhaupt et al. 2006). This would indicate that innate immune
mechanisms can have a detrimental effect on pregnancy. The contribution of
these TLR-mediated mechanisms to abortion, most prevalent in the first stages of
pregnancy, remains to be determined.

Infection induces a strong Thl response, which has been noted to induce
abortion and increase implantation failure (reviewed in Quinn et al. 2002; Fried
et al. 1998). In the case of P. falciparum infection, parasite sequestration in the
placenta has been attributed to placental pathology and fetal loss in the murine
model and in humans (van Zon and Eling 1980a; van Zon and Eling 1980b;
Sholapurkar et al. 1988; Nair and Nair 1993; Singh et al. 1995; Poovassery and
Moore 2006). Nonetheless, Th2-biased immunity has been implicated in abortion in
mice, and changes in placental Th2 cytokine production have been associated with
poor pregnancy outcomes in humans (Fried et al. 1998; Kabyemela et al. 2008).
Production of high levels of TNF-a has been found in the placentas of babies with
low birth weight born to infected mothers (Fried et al. 1998; Moormann et al. 1999;
Rogerson et al. 2003; Rogerson et al. 2007). Conversely, polymorphisms in the IL-
10 promoter that results in increased production are more common in women with
pre-term delivery, but this would appear to be linked with increased anemia rather
than altered Th1/Th2 balance in the placenta (Ohashi et al. 2002).

Congenital transmission of Plasmodium was once thought to be rare event but is
now known to be common even in endemic areas. Prevalence of up to 33% has been
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reported for congenital transmission (reviewed in Menendez 2006). Congenital
infection is known to occur in both P. vivax and P. falciparum infections and in
study of 27 cases in Thailand, P. vivax was found to be responsible for 81.5% of
cases (Wiwanitkit 2006). More studies are required to determine the extent of the
problem for all four species of Plasmodium that infect humans.

Malaria is not only a risk to the fetus during pregnancy, but is also of increased
severity in the expectant mother. A number of mechanisms (many discussed in the
context of other infections in this chapter) alone or in combination could account
for the observed decrease in maternal immunity. However, two conflicting hypoth-
eses prevail, the “cortisol hypothesis” and the “prolactin hypothesis”(reviewed,
Mavoungou 2006). The cortisol hypothesis is based on the observation that cortisol
levels are raised during pregnancy and can cause immunosupression. In support of
this hypothesis, cortisol levels are highest in primigravid women who are also most
susceptible to malaria (reviewed, Bouyou-Akotet et al 2004; Mavoungou 2006 and
Pearson 2004). It has been proposed that high levels of cortisol in primagravid
women are responsible for reduced NK cell NKp30 surface expression and reduced
NK cytotoxicity (reviewed in Mavoungou 2006). Although more recent studies
have found a positive correlation with cortisol levels and parasite numbers in
pregnant women, these studies have failed to demonstrate a difference in cortisol
levels between primagravid and multigravid women (Adam et al. 2007). The
prolactin hypothesis is based on the observation that levels of this immunostimu-
latory peptide hormone are lower in primagravid than in multigravid women. This
would suggest that protection is mediated by prolactin rather than susceptibility
being mediated by cortisol. In support of this, prolactin has been demonstrated to
augment NK cell function through augmentation of NKp30 and NKp46 (Mavoun-
gou et al. 2005). Both these hypotheses are not mutually exclusive, and in reality, it
is unlikely that any single one of the plethora of immunological parameters known
to be affected by pregnancy is solely responsible for the increased susceptibility of
women to malaria during pregnancy.

Plasmodium berghei (ANKA strain) has been used in a murine model of
placental malaria. It has a number of similarities with the human disease and
adherence of parasitized RBCs is also dependent on CSA and HA. In this model,
placental pathology is associated with decreased fetal viability, intrauterine growth
retardation, placental pathology, reduced fetal weight, and reduced growth in the
progeny. In addition, maternal malaria is more severe in pregnant mice compared
with nonpregnant mice (Neres et al. 2008).

9.4.3 Metazoan Infections

9.4.3.1 Schistosomes

The three species of Schistosomes associated with humans, include Schistosoma
mansoni, S. japonicum, and S. haematobium, which currently infect in excess of
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200 million people, of which approximately 40 million are women of child-bearing
age. Infection of nonpregnant women results in nutritional, hematologic, and
cognitive deficits and substantial mortality (reviewed, Friedman et al. 2007), and
pregnancy is likely to exacerbate both the nutritional and hematological deficits.
Murine studies support the hypothesis that schistosomiasis can have an adverse
effect on maternal health with moderately infected mice having experienced re-
duced longevity following pregnancy compared with similarly infected nonparid
mothers. This reinforces the need for more human studies.

Although several studies have shown congenital infection to be possible with
S. japonicum in a variety of hosts (Willingham et al. 1999; Qian et al. 2000; Iburg
et al. 2002; Johansen et al. 2002), other members of this parasite family have not yet
been shown to cause congenital disease. Infection of pigs with S. japonicum in mid
to late pregnancy results in congenital transmission, as detected by the presence of
eggs in the liver and feces of the piglets (Willingham et al. 1999). The immunolog-
ical basis for this congenital disease requires more investigation. Schistosomes
typically induce Th2 responses in the host, by downregulating Thl and increasing
the production of cytokines, such as IL-4 and IL-5 (Pearce et al. 1991). This
facilitates their survival in the host (Farah et al. 2007). Therefore, it could be
suggested that the Th2 environment created during pregnancy, most probably as a
result of progesterone, will facilitate survival and transmission of the parasite.

9.4.3.2 Filariasis

Wuchereria bancrofti, Brugia malayi, and B. timori are the causative agents of
lymphatic filariasis and Onchocerca volvulus is the causative agent of onchocerci-
asis in endemic countries, predominately in Africa and the Indian subcontinent.
Disease is characterized by the presence of adult worms that infect various tissues,
the females of which release numerous microfilaria over a period of years. Congen-
ital transmission is documented and is presumed to be caused by microfilaria
transplacental migration into the fetal circulation where they establish infection
(Fonticiella et al. 1995; Eberhard et al. 1993; Ufomadu et al. 1990; Anosike and
Onwuliri 1993; Brinkmann et al. 1976).

9.4.3.3 Intestinal Helminths

Intestinal helminth infections (caused by Ascaris lumbricoides, Trichuris trichiura,
Necator americanus, Enterobius vermicularis and Strongyloides stercoralis) are
common in many countries throughout the world and have adverse effects on
pregnancy due to their ability to increase anemia (Rodriguez-Morales et al.
2006). A. lumbricoides, the most prevalent parasite of humans, is normally
relatively benign, but in pregnant women is associated with biliary ascariasis
(Shah et al. 2006). Although host immunity may be the cause of biliary ascariasis
during pregnancy, the relaxant effects of progesterone and estrogen on the sphincter
of oddi (the muscular valve surrounding the exit of the bile and pancreatic duct into
the duodenum) is likely to be responsible for the condition. There are some reported
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cases where A. lumricoides infection has been associated with abortion in humans
(Deveci et al. 2001; Shah et al. 2006) and studies in mice have demonstrated that
ascaris extracts can induce intrauterine death, poor birth weights, and ill health in
surviving progeny (Blaszkowska 2000; Blaszkowska 2003). Trichinella spiralis
also has been demonstrated to be capable of transplacental transmission (Dubinsky
et al. 2001).

The extent to which metazoan parasites can exploit pregnancy is best illustrated
in veterinary parasites. The nematode parasite Toxocara canis, a common round-
worm of dogs, has the ability to reactivate during pregnancy, particularly in the last
trimester (Burke and Roberson 1985). Reactivation of T. canis larval stages in
pregnant dogs is associated with decreased IFN-vy, but increased IL-10 production
(Torina et al. 2005). Reactivation often results in neurological and ophthalmolo-
gical lesions in pregnant bitches (Hill et al. 1985; (Molk 1983). The larvae of
Ancylostoma caninum, another nematode parasite of dogs, are capable of arrested
development. During pregnancy, TFG-p is increased by an estrogen- and prolactin-
dependent manner and is responsible for disease reactivation and completion of the
development of the arrested larvae (Arasu 2001). The persistence of these nema-
todes in their hosts as relatively quiescent forms until pregnancy provides the
perfect opportunity for parasitic infections to become established once again within
the host, and in doing so facilitates both congenital and postpartum transmission.

9.5 Conclusions and Future Directions

Pregnancy relies on immunological processes at the maternal-fetal interface for
success. However, some of these processes operate systemically. As these process-
es are not yet entirely understood in healthy individuals; understanding the effect
of infectious agents on pregnancy and the effect of pregnancy on development of
infectious diseases presents challenges. Studying the bidirectional interaction of
pregnancy with infection offers opportunities to understand how the immune
response contributes to healthy pregnancy. Identification of parasite-derived mole-
cules that induce immunological processes that interfere with pregnancy may
ultimately aid our understanding of pregnancy. To some extent, this has already
proven fruitful as pathogen-derived LPS is now known to induce TNF-o and NOS2
expression which can disrupt pregnancy (discussed above). Successful pregnancy is
the greatest single evolutionary pressure on humans and, as such, has evolved to
generally withstand the maternal infections. The robustness of pregnancy may
actually be exploited by certain pathogens that have evolved mechanisms to infect
the fetus in utero.

Pregnancy dramatically alters the hypothalamus—pituitary—adrenal (HPA) axis,
resulting in increased levels of cortisol (reviewed, Lindsay and Nieman 2005).
Similarly, inflammation, a common symptom of many infections, stimulates the
HPA-axis, which results in the production of cortisol. The ability of parasitic
infections to induce changes in pregnancy-associated hormones is not known and
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is an obvious future avenue of research. In addition, further studies should examine
the interactions of the immune response induced by infection with pregnancy and
the HPA-axis. Studies now suggest that exposure to cortisol due to stress during
pregnancy can affect the fetal development and fetal HPA-axis (e.g., reviewed in
Weinstock 2008). Future studies should assess the potential effects of infection on
the development of the fetal immune system and potential long-term behavioral and
psychological abnormalities in childhood and/or adulthood.

Pregnancy presents significant challenges to the treatment of diseases, and
currently, many antiparasitic drugs employed are far from ideal and are known to
pose threats to the fetus. There is a need to balance the likely benefit to the mother
and fetus with the possible detrimental effects of treatment on the fetus. In the
future, immunotherapies might be possible to eliminate parasites or to prevent
abortion. These would, however, also seem to pose a significant risk. Deliberate
alteration of the immune response may control parasites while having adverse
consequences for pregnancy or, conversely, may stabilize pregnancy, but promote
parasite growth and therefore congenital transmission. In this respect, vaccines
given prior to pregnancy would be the ideal, albeit challenging solution.
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Chapter 10
Sex Steroids and Risk of Female Genital
Tract Infection

Patti Gravitt and Khalil Ghanem

Abstract Sex steroids are central to regulation of the dual roles of the female
reproductive tract: support of reproduction and protection against deleterious path-
ogen invasion. The mechanisms by which sex steroids orchestrate the balance
between reproduction and protection against pathogenic microorganisms, however,
are complex and poorly understood. Epidemiologic studies have revealed associa-
tions between sex steroids and diagnosis, shedding, transmission of sexually trans-
mitted diseases and their clinical sequelae, as well as disruptions to the normal
vaginal flora. Experimental approaches, including animal models, have provided
some insight into the mechanism of these associations, though often with contra-
dictory results. Inherent limitations in traditional approaches to understanding the
physiology of sex steroid regulation of immunity in the female genital tract will
require significant interdisciplinary collaboration.

10.1 The Role of Sex Steroids on Female Lower Genital
Tract Immunity

The female reproductive tract has evolved to maintain a difficult balance of
supporting reproduction and protecting against deleterious pathogen invasion.
These roles appear diametrically opposed immunologically. To support conception
and fetal development, the female reproductive tract must tolerate allogeneic sperm
in both the lower and upper genital tract as well as an immunologically distinct
fetus in the upper genital tract. Both of these physiological requirements for
successful continuation of the species require transient downregulation of

P. Gravitt (D<)

The Department of Epidemiology, The Johns Hopkins Bloomberg School of Public Health,
Baltimore, Maryland 21205

e-mail: pgravitt@jhsph.edu

S.L. Klein and C.W. Roberts (eds.), Sex Hormones and Immunity to Infection, 257
DOI 10.1007/978-3-642-02155-8_10, © Springer-Verlag Berlin Heidelberg 2010



258 P. Gravitt and K. Ghanem

immunological response to foreign antigen exposure. Pregnancy is well known to
produce a state of transient immunosuppression. Perhaps less well understood, but
consistent with a wide body of literature, is a cyclical decrease in immunologic
markers in the lower genital tract in the periovulatory period coincident with the
estrogen surge (Kutteh et al. 1998).

The immune system of the lower genital tract is tasked with (1) maintaining
tolerance to commensal organisms, (2) providing at least transient tolerance to
allogeneic sperm, and (3) protecting against pathogenic microorganisms. Under-
standing the mechanism by which this balance is maintained is critical, because
pathogenic genital tract infection can result in mortality and serious morbidity
including adverse reproductive outcomes and cancer (Table 10.1). As described
below, the prevalence of many sexually transmitted infections (STIs), as well as
disruption of normal vaginal flora, is associated with changes in sex steroid con-
centrations, as a result of the menstrual cycle, use of hormonal contraceptives, or
pregnancy. However, there are remarkable inconsistencies in the influence of such
hormonal variations reported between studies and these can be attributed at least in
part to inherent limitations in the standard experimental approaches. For example,
while studies using animal models are informative, translation of results is difficult,
because these models (usually in mice) rarely recapitulate completely the full
spectrum of the natural history of infections in humans; rather, they model one
aspect of infection at a time (e.g., duration of infection or severity of clinical
symptoms). Of particular difficulty is the ability to adequately model human sexual
transmission. Human epidemiological studies are similarly limited in measuring the
full spectrum of risk of transmission, persistence, and reactivation using common
study designs. An assessment of hormonal influences on infection is not facile by
analysis of groups of women either using hormonal or nonhormonal contraception
for a number of reasons. Firstly, complete randomization of women to hormonal
contraception is not possible for ethical reasons. Secondly, there are inherent
differences between women who use hormonal forms of contraception compared
with those who use nonhormonal forms of contraception, such as increased sexual
risk-taking behavior (e.g., less frequent condom use) (Woods et al. 2006). These
differences result in an inability to exclude noncausal explanations for observed
associations between hormonal contraceptive use and STIs, such as residual con-
founding by sexual behavior. Studies that assess the association of genital tract
infections with natural sex steroid variation across the menstrual cycle and during
pregnancy are less prone to the confounding effects of sexual behavior. However,
variability in measurement error, particularly in the staging of the menstrual cycle,
may also contribute to inconsistencies across studies. Most studies use day since
last menstrual period in the context of a “normal 28-day cycle” to measure the
stages of menstrual cycle, generally using a bivariate categorization of “early”
(follicular/menses/proliferative) and “late” (luteal/secretory) stages. There is a
high degree of interindividual variability in menstrual cycle length; therefore, in
the absence of a hormonal measure of ovulation (e.g., luteinizing hormone (LH)),
misclassification using the day of cycle as a proxy for menstrual stage limits the power
to detect true associations with sex steroid fluctuation (Harlow and Ephross 1995).
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Table 10.1 Infections of the female genital tract, US prevalence estimates, and associated
morbidity

Agent Type Transmission  Prevalence Adverse outcomes
Chlamydia Bacteria Sexual 511.7/100,000* PID, ectopic pregnancy,
trachomatis infertility
Neisseria Bacteria Sexual 124.3/100,000* PID, ectopic pregnancy,
gonorrhea infertility
Treponema Bacteria Sexual 1.0/100,000* Brain, cardiovascular, organ
pallidum damage, death
(syphilis)
Bacterial Bacteria Nonsexual Unreported PID, premature and/or low
vaginosis birth weight deliveries
HIV Virus Sexual and 9,253 new cases in Death
non sexual 2006 80%
heterosexual
contact
HSV-2 Virus Sexual 24.0%, NHANES® Genital ulcers, increased
risk of HIV infection
HPV Virus Sexual 26.8%, NHANES! Genital warts, cervical

intraepithelial neoplasia,
cervical cancer

Candida Fungus Nonsexual, NA Recurrent vaginitis
commensal
overgrowth
Trichomonas  Parasite Sexual NA Adverse pregnancy
vaginalis outcomes

“Prevalence estimates for Chlamydia, gonorrhea, and syphilis from CDC, Trends in reportable
sexually transmitted diseases in the United States, 2006: national surveillance data for Chlamydia,
Gonorrhea, and Syphilis, November 2007 (http://www.cdc.gov/std/stats/trends2006.htm, loi: June
11, 2008)

Prevalence estimates for HIV (from http://www.cdc.gov/hiv/topics/surveillance/basic.htm#-
hivest, loi: June 11, 2008)

“Prevalence estimates for HSV-2 from Xu et al. (2006)

9YPrevalence estimates for HPV from Dunne et al. (2007)

Efforts to improve the measurement of sexual behavior and stage of menstrual
cycle are ongoing, and will improve the validity of future epidemiological studies.
In parallel, basic scientists are developing systems to understand the diverse
molecular immunology of the female genital tract, which has lagged far behind
our understanding of the mucosal immunology of the gut and respiratory tracts.
Understanding the role of sex steroids in genital tract immunity and risk of
pathogenic infection is a clear research priority, as the rates of STIs continue to
increase (Workowski and Berman 2006) with women having disproportionately
higher incidence rates and associated morbidities than men. Unfortunately, the
rising rates of STIs are occurring in parallel with an increase in drug resistance,
threatening our ability to adequately control these epidemics. What is needed to
overcome the inherent limitations of available data to ensure the appropriate
institution of public health measures to minimize risks and sequelae of genital
tract infections? One answer would be to define plausible biological phenomena
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Fig. 10.1 Mechanisms by which sex steroid exposures can increase risk of genital tract infection.
Adapted from (a) Wira et al. (2005), (b) Bose and Goswami (1986), (c) Chen et al. (1996), Asin
et al. (2008), (d) White and Larsen (1997)

that could account for the findings. Figure 10.1 lists some of the biological
mechanisms that have been advanced to account for differences in susceptibility
and progression of lower genital tract infections in hormone contraceptive users.
Immune responses in the female genital tract are regulated by sex hormones
(Wira et al. 2005). In addition to classical immune cells (e.g., monocytes and
lymphocytes), the genital tract epithelium is a key component of the genital tract
immune system (Wira et al. 2005). Woodworth and Simpson (1993) demonstrated
that the normal cervical cells constitutively secrete IL-1o, IL-1, IL-6, TNF-q,
GM-CSF, and CXCLS8 (i.e., IL-8) and that decreased expression of cytokines/
chemokines by HPV-infected cervical cells may help to explain the persistent
nature of HPV infection in vivo. As reviewed in Chap. 2, antigen presentation,
cytokine production, immunoglobulin production and transport, and even induction
of tolerance are influenced by variations in the levels of sex steroid hormones. The
interaction between sex hormones and the immune system is complex and the
variation of hormonal effects between species further complicates the true picture
as related to humans (Straub 2007). In a rodent model, the induction of tolerance in
the lower genital tract is hormonally regulated (Black et al. 2000). In autoimmune
diseases, estrogen has a biphasic effect; low levels enhance and high levels inhibit
the manifestations of some diseases (e.g., systemic lupus erythematosus), whereas
the opposite is observed for other autoimmune syndromes (e.g., theumatoid arthri-
tis) (Straub 2007). As described in Chap. 2 of this book, low estrogen levels favor
the generation of a helper T cell type 1 (Thl) response, whereas high estrogen and
testosterone levels favor that of a Th2 response. Such a paradigm is consistent with
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the opposing effects of pregnancy T cell- and B-cell-mediated immune disease
(Straub 2007).

Animal and cell culture models have long suggested that sex hormones modify
the risks of some STIs. For example, after depot medroxyprogesterone acetate
treatment, there is a 100-fold increase in susceptibility to genital herpes simplex
virus (HSV)-2 in mice compared with untreated animals (Kaushic et al. 2003). In
addition to altering susceptibility to HSV-2, depot medroxyprogesterone acetate
inhibits immune responses to HSV-2 via lowering of IgG and IgA-specific anti-
bodies. A similar increase in susceptibility to human papillomavirus (HPV) pseu-
dovirion infection in mice after progesterone treatment has been reported (Roberts
et al. 2007). The time of progesterone exposure also alters the immune responses of
mice to HSV; longer exposure to depot medroxyprogesterone acetate reduces
innate and adaptive immune responses to HSV-2 (Gillgrass et al. 2003). However,
rarely do these animal and tissue culture models examine the physiological scenario
of hormone combinations. By failing to capture potentially relevant regulatory
mechanisms that are likely instrumental in maintaining the balance between suc-
cessful reproductive outcomes and protection against pathogenic challenge, the
translational significance of these models may be limited.

Using immunological markers in human studies, there is consistency in hormon-
al effects on lower genital tract immunity, in which immune responses in the cervix
are reduced around the time of ovulation. Studies quantitating immunoglobulin and
cytokine levels in cervical mucus of pregnant women have shown increased levels
of IgA, IgG, and IL-1p (Kutteh and Franklin 2001). Other studies have shown that
immunoglobulin and cytokine levels (e.g., IL-10, IL-6, and IL1-f) in nonpregnant
women increase approximately 3 days before ovulation corresponding to the time
of estrogen surge (Kutteh and Franklin 2001; Kutteh et al. 1998). Concentrations of
cytokines in the genital tract versus peripheral blood differ during infection
(Al-Harthi et al. 2000). For example, levels of CXCLS8 in plasma and IL-6 and
IL-1B in the vagina are elevated during the follicular phase when both estrogen and
progesterone levels are low. Among adolescents, a negative correlation between
estradiol and IgA, IL-2, and IL-10 levels in cervical secretions has been observed
(Shrier et al. 2003). In adult women, cervical IL-10 and IL-12 concentrations reach
a nadir at ovulation in cycling women and are highest among women using
combined oral contraceptives (COCs) (Gravitt et al. 2003). Of note, the correlation
between plasma and cervical IL-10 and IL-12 is weak, with higher levels observed
in cervical secretions suggesting that local production of genital tract cytokines
predominates (Castle et al. 2002). These data emphasize the need for tissue-specific
sampling in epidemiologic research.

In the current era, where much of the hope of future STI control lies in vaccine
development, the effects of sex hormones on immune responses to vaccination
should be critically evaluated (Rupp et al. 2005). Mucosal routes of immunization
are attractive because they induce both a local and systemic response. In one study,
21 volunteers received a mucosal vaccine containing cholera toxin B antigen either
independently of the stage in the menstrual cycle or on days 10 and 24 in the cycle
in different groups of subjects (Johansson et al. 2001). Vaginal and nasal
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vaccinations both resulted in increased IgA and IgG anticholera toxin B subunit
responses in serum in the majority of the volunteers in the various vaccination
groups. Only vaginal vaccination given on days 10 and 24 in the cycle induced
strong specific antibody responses in the cervix (Johansson et al. 2001).

Virus-like particle (VLP)-based vaccines against genital HPVs have proven
highly effective women, (Future II study Group 2007) leading to the approval of
Merck & Co.’s Gardasil® in 2007. Published data from the Gardasil trials show
nearly 100% efficacy following intramuscular immunization, suggesting no modi-
fication resulting from sex steroid fluctuations through the menstrual cycle or
exogenous contraceptive hormone use (Garland et al. 2007). Earlier studies of
HPV VLP intramuscular vaccination, however, report a significant decline in
vaccine-induced cervical IgG around the time of ovulation (Nardelli-Haefliger
et al. 2003) in normal cycling women, whereas stable cervical IgG levels across
the cycle are observed in women using COCs. Plasma IgG levels are correlated with
cervical IgG only in the contraceptive, but not in the naturally ovulating, group.
These data suggest that cervical immunoglobulins may be a more reliable measure
of minimal protective titer for genital tract infections.

10.2 Association of Genital Tract Infections with Menstrual
Cycle, Pregnancy, or COC Use in Women

10.2.1 Bacterial Genital Tract Infections

Chlamydia trachomatis. Laboratory diagnosis of Chlamydia infection is higher in
the luteal phase of the menstrual cycle (measured as weeks 4-5) (Crowley et al.
1997; Rosenthal and Landefeld 1990), correlating with a significant decrease in
antichlamydial activity of cervical secretions collected in the later phase of the
menstrual cycle (56-68% in weeks 45 vs 70-90% in weeks 1-3) (Mahmoud et al.
1994). Taken together, these data suggest that cycling sex hormones modify natural
immunity to Chlamydia infection.

Does exogenous hormone use modify natural fluctuations in response to bacte-
rial infection? COC users have a significantly higher Chlamydia inclusion count
(i.e., lower antichlamydial activity) in cervical secretions compared with nonCOC
users, independent of the stage of the menstrual cycle (Mahmoud et al. 1994). These
data suggest that COC users may be at an increased risk of Chlamydia infection; the
epidemiologic data to support this hypothesis, however, has been inconsistent.
Meta-analyzes reveal a positive association of C. trachomatis infection and COC
use in the majority of cross-sectional studies reviewed (Mohllajee et al. 2006).
In addition, five of six prospective studies report an increased risk of C. trachomatis
acquisition among COC users (three of which were statistically significant).
The single prospective study reporting a nonsignificant protective effect of COC
use on C. trachomatis infection did not report estimates of risk adjusted for sexual
behaviors or age (Rahm et al. 1991). A 5-year follow-up study of women with
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asymptomatic C. trachomatis infection in Colombia reported a significant increased
clearance of C. trachomatis among COC users, especially in younger women
(Molano et al. 2005). Several biological mechanisms have been posited to explain
the increased susceptibility to C. trachomatis infection resulting from hormonal
contraception, including the hormone-induced increase in cervical ectopy, resulting
in increased exposure of susceptible columnar cells to C. trachomatis infection.
When ectopy is directly measured, however, no increase in C. trachomatis infection
is observed (Jacobson et al. 2000). Examination of the effect of COC use on the
duration of C. trachomatis infection will be difficult in humans because treatment
of C. trachomatis infection is initiated after diagnosis, interrupting the natural
history of infection. Data on recurrence or reinfection as a function of COC use,
however, is valuable and can be obtained. Three prospective studies have estimated
the risk of C. trachomatis infection associated with injectable depot medroxypro-
gesterone acetate use. All of these studies which were adjusted for sexual behaviors
found a statistically significant increase in the risk of C. frachomatis among depot
medroxyprogesterone acetate users (Baeten et al. 2001; Lavreys et al. 2004;
Morrison et al. 2004).

As with other bacterial and parasitic STIs, C. trachomatis infection is associated
with an increased risk of adverse pregnancy outcomes. Therefore, while many
studies report C. trachomatis infection prevalence among pregnant women, few
directly compared C. trachomatis prevalence in pregnant versus nonpregnant
women. A recent study of American Indian and Alaskan Native women from family
planning clinics reported that pregnant women had a C. trachomatis prevalence
equal to symptomatic women, and higher than similar nonpregnant women (Gorgos
et al. 2008). C. trachomatis prevalence, however, was not the same in pregnant and
nonpregnant women attending family planning clinics (Geisler and James 2008)
and in a retrospective study at the Baltimore City STD clinics (Johnson et al. 2007).
More studies of Chlamydia infection in pregnancy are needed.

In vitro models have been used to investigate the role of sex steroids on
C. trachomatis infection (Sonnex 1998). Tissue culture models reveal an increase
in adherence and infectivity of a variety of cell types, including HeLa cervical
cancer cells, endometrial glandular cells, and McCoy fibroblasts, by C. trachomatis
following 17f-estradiol exposure (Bose and Goswami 1986; Maslow et al. 1988;
Sugarman and Agbor1986), supporting the association between COC use and
increased susceptibility to C. trachomatis infection. In guinea pig models, estrogen
treatment increases the duration of C. trachomatis infection, whereas progesterone
has no effect on the duration of C. trachomatis infection (Pasley et al. 1985). This is
in direct contrast to the epidemiological observation of a shorter duration of
C. trachomatis infection among COC users in Colombia (Molano et al. 2005).
Inconsistencies between the experimental animal models and human observational
data suggest deficiencies in one or both areas of research supporting a need for
interdisciplinary approaches.

Neisseria gonorrhea. The association between gonorrhea and the menstrual cycle
is a longstanding one. Several reports beginning in the 1950s suggested that there is
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an increased probability of diagnosing N. gonorrhea in women shortly after the
beginning of menstruation (Putkonen and Ebeling 1950). Several hypotheses were
suggested: menstrual blood provided nutritional supplementation to enhance the
growth of the organism, favorable characteristics of the cervical mucus, hormonally
mediated increased adherence of the organism, or the presence of vaginal flora
disruptions (e.g., bacterial vaginosis) enhanced gonococcal infection (Putkonen and
Ebeling 1950).

Several prospective studies have been conducted to evaluate the risk of gono-
coccal cervicitis in hormonal contraceptive users. In a study of 818 women
recruited from sexually transmitted diseases clinics in Birmingham, AL, hormonal
contraception increased the risk of gonococcal cervicitis by 70% (Louv et al. 1989).
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 COC pills) (Baeten et al. 2001). Finally, a pro-
spective study of 819 women in Baltimore, MD, who were followed for 1 year
revealed that only depot medroxyprogesterone acetate is significantly associated
with a nearly fourfold increased risk of both Chlamydial and Gonococcal cervical
infections (Morrison et al. 2004). There are no convincing data that the risk of
gonorrhea during pregnancy is altered.

Syphilis. The data on syphilis and sex hormones are very limited. Basic studies
are nonexistent because Treponema pallidum cannot be grown in the laboratory.
There have been no epidemiological associations between menstrual cycle phase
and risk of syphilis acquisition. Studies evaluating the effects of hormonal contra-
ception on risk of syphilis acquisition have also been limited. In the prospective
study of Kenyan sex workers, hormonal contraceptive use was not associated with
the risk of syphilis acquisition (Baeten et al. 2001). There are no convincing data
that the risk of syphilis is altered during pregnancy.

Bacterial vaginosis. Bacterial vaginosis is an ecological disease of the vaginal flora
characterized by a shift in the vaginal microenvironment from predominantly acid-
producing Lactobacilli to a predominance of Gardnerella vaginalis, anaerobes, and
other flora. Although not thought to be sexually transmitted per se, it is a common
infection that affects approximately 30% of women. Bacterial vaginosis occurs
more frequently during the second week of the menstrual cycle in most women, and
a marked increase during the first week is noted in women who have infrequent
episodes of bacterial vaginosis (Morrison et al. 2004). In one of the largest studies
to evaluate the normal change of the vaginal microflora in response to the menstrual
cycle, rate of recovery of heavy Lactobacillus growth (normal “healthy” vaginal
flora) increased over the menstrual cycle, whereas the concentration of other
bacterial species tended to be highest at menses (Eschenbach et al. 2000). This
and other studies suggest that the vaginal microflora becomes much less stable
during menses. In the prospective Kenyan cohort, women using COC pills and
depot medroxyprogesterone acetate were 20—30% less likely to be diagnosed with
bacterial vaginosis during follow-up (Baeten et al. 2001). Whether this is due to the
impact on menstrual bleeding or whether this is a direct hormonal effect on bacterial
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flora is unclear. Bacterial vaginosis has been associated with serious sequelae
during pregnancy. There are, however, no conclusive data to suggest increased
risk of bacterial vaginosis acquisition during pregnancy.

Pelvic inflammatory disease. Pelvic inflammatory disease (PID) is characterized
by chronic inflammation of the fallopian tubes (salpingitis) and/or uterus (endome-
tritis), and is linked etiologically to bacterial genital tract infections, particularly
C. trachomatis and N. gonorrhea. The association between PID and sex steroids is
controversial. The data are difficult to interpret, not only because of confounding
variables in behavior of the groups studied, but also because the methods employed
to diagnose PID vary. The gold standard for diagnosing PID is laparoscopy, but it is
seldom used in clinical practice. Most clinicians diagnose PID based on clinical
signs and symptoms that do not necessarily correlate with laparoscopic findings.
Furthermore, the criteria for diagnosing PID have become less stringent recently,
resulting in increased sensitivity, but decreased specificity (Workowski and
Berman 2006).

Salpingitis occurs more frequently within 1 week after the onset of menses
(Sweet et al. 1986). This finding correlates with the increased risk of gonococcal
infection during that time (see above). Early studies showed a protective effect of
COC on incidence of PID (Rubin et al. 1982; Senanayake and Kramer 1980). Most
of these studies are hospital based, suggesting a selection bias in favor of more
severe and symptomatic disease. In addition, most do not differentiate between the
etiological agents of PID. Additional studies show that COC use protects against
symptomatic PID among women infected with C. trachomatis, but not among those
coinfected with N. gonorrhea (Wolner-Hanssen et al. 1990). A prospective study in
Kenyan sex workers showed a decreased risk for PID in women using depot
medroxyprogesterone acetate (Baeten et al. 2001). Another study revealed an
increased incidence of silent endometritis and salpingitis in oral contraceptive
users (Wolner-Hanssen 1986). The suggestion that hormonal contraceptive use
may not alter susceptibility to PID, but may alter symptoms associated with PID
has been advocated. The largest prospective study of 563 patients enrolled in a
treatment trial for PID does not report a relationship between any hormonal
contraceptive use and PID; diagnosis, however, was based on clinical criteria
(Ness et al. 2001). There are no convincing data that the risk of PID during
pregnancy is altered.

10.2.2 Viral Genital Tract Infections

Human immunodeficiency virus. There have been several findings to suggest
differences in the course of human immunodeficiency virus (HIV) infection
between the sexes. For example, women have lower HIV-RNA titers at the time
of HIV seroconversion (Farzadegan et al. 1998; Sterling et al. 2001), lower HIV-
RNA set points, and may have altered susceptibility to HIV-mediated central
nervous system sequelae (Wilson et al. 2006) compared with men. A recent study
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demonstrated a direct effect of both 17B-estradiol and progesterone on HIV-1
replication in peripheral blood cells; midproliferative phase conditions increase
and midsecretory phase conditions decrease HIV-1 replication (Asin et al. 2008). In
addition, decreased levels of HIV-1 integration in the midsecretory phase and
increased levels of viral transcription in the midproliferative phase are reported.

The heterosexual transmission of HIV is the most common route of spread of the
virus worldwide. The amount of virus shed in cervicovaginal secretions affects the
risk of HIV transmission to the discordant partner. Thus, characterizing risk factors
associated with increased cervicovaginal HIV viral shedding would allow for
targeted prevention strategies aimed at decreasing HIV transmission. Attempts to
correlate the HIV-RNA levels in secretions of the lower genital tract with variations
in sex hormones during the course of the menstrual cycle have yielded mixed
results (Cu-Uvin 2005). The lack of standardization of methods makes comparisons
difficult. Sampling techniques, sampling frequency, techniques used to detect HIV-1
in the lower genital tract compartment, and population characteristics differed
significantly across studies. A prospective study of 55 HIV-1-infected women
(74% on highly active antiretroviral therapy) sampled (using Sno-Strips and cervi-
covaginal lavage fluid) weekly over 8 weeks, reported that genital HIV-RNA is
highest during menses and lowest immediately after (Reichelderfer et al. 2000).
There also is no effect of menstrual cycle on HIV-RNA in the blood compartment.
Another study of 17 women sampled daily for the duration of a menstrual cycle
found that cervical HIV-RNA is significantly correlated with the number of days
from the midcycle surge in LH (Benki et al. 2004). The lowest levels of cervical
HIV-1 RNA are present at the LH surge, and this nadir is followed by an increase in
virus levels that reached a maximum before the start of menses. In contrast, there is
no significant association between the number of days from the LH surge and the
level of HIV-1 RNA in vaginal secretions. Finally, examination of 17 HIV-infected
women who underwent daily sampling over the course of a menstrual cycle revealed
no correlation between viral shedding and hormonal fluctuations (Mostad 1998).

The effects of hormonal contraception on HIV viral shedding have also yielded
mixed results (McClelland 2005). The presence of lower genital tract inflammation
in both men and women has been shown to increase HIV-RNA in that compartment
(Wright et al. 2001). One study suggested that the use of hormonal contraceptives is
an independent predictor of cellular inflammation in the lower genital tract,
providing a mechanism by which HIV-RNA shedding may occur (Ghanem et al.
2005). Another study demonstrated a threefold higher odds of HIV cervicovaginal
shedding in women on depot-medroxyprogesterone acetate and fourfold and
12-fold higher odds with low-dose and high-dose COCs, respectively (McClelland
et al. 2002; Wang et al. 2004). The second study in the same patient population,
which was a longitudinal study in 213 women that compared viral shedding pre-
and post-hormonal contraceptive initiation (total of 2 visits) reported increased viral
shedding after the initiation of hormonal contraceptives (McClelland et al. 2002;
Wang et al. 2004).

The role of hormonal contraceptives as a risk factor for HIV acquisition has been
suggested by several studies, but controversy still exists. Both cross-sectional and
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longitudinal studies are plagued by behavioral confounding rendering the interpre-
tation of findings difficult. In the largest prospective study of 6,109 HIV-uninfected
women, aged 18-35 years, recruited from family planning clinics in Uganda and
Zimbabwe, neither the use of COC (HR, 0.99; 95% CI, 0.69-1.42) nor depot-
medroxyprogesterone acetate (HR, 1.25; 95% CI, 0.89-1.78) was associated with
risk of HIV acquisition overall (Morrison et al. 2007a). In a subgroup analysis of
HSV-2-seronegative participants, however, both COC (HR, 2.85; 95% CI,
1.39-5.82) and depot-medroxyprogesterone acetate (HR, 3.97; 95% CI, 1.98-8.00)
users had an increased risk of HIV acquisition compared with the nonhormonal user
group. This latter finding suggests a possible interaction between HSV-2 and HIV.
Over 100 million women worldwide use some form of hormonal contraception.
Although the role of sex hormones in mediating HIV acquisition/transmission and
disease progression is still unclear, a better understanding of the effects of hormonal
contraceptives on lower genital tract viral shedding and inflammation would allow
for the incorporation of hormonal markers into guidelines for HIV prevention.

During pregnancy (reviewed by Watts 2005), plasma HIV-RNA levels are not
increased, but a slight rebound is observed in the immediate postpartum period. The
three largest cross-sectional studies conducted during pregnancy suggest a 2.6—4.6
increased odds of cervicovaginal HIV-RNA shedding as compared with nonpreg-
nant women (Clemetson et al. 1993; Henin et al. 1993; Kreiss et al. 1994). As for
risk of HIV acquisition during pregnancy, the largest prospective study of 4,439
HIV-uninfected women from family planning sites in Uganda and Zimbabwe
did not reveal an increased risk of HIV-acquisition during pregnancy (Morrison
et al. 2007b).

In summary, there are conflicting data on the effects of sex hormones and
susceptibility to HIV infection. If such an association exists, it is at best small. A
minority of pregnant women in resource-limited settings has access to antiretroviral
therapy to decrease vertical HIV-1 transmission; therefore, it has been argued that
the use of hormonal contraception in such settings has led to a significant reduction
in the number of vertical transmissions and, thus, the number of HIV-1 infections,
in general. There are no data, to date, to justify altering hormonal contraceptive
recommendations in women, even those at highest risk for HIV.

HSV-2. Both HSV-1 and HSV-2 are associated with recurrent anogenital infections
in humans. Based on the latest National health and nutrition examination survey
(NHANES) data, 24% of the United States population is infected with HSV-2
(Xu et al. 2006), while among adolescents in some areas, epidemiologic data suggest
that HSV-1 is becoming a more frequent cause of anogenital infection than HSV-2
(Kortekangas-Savolainen and Vuorinen 2007). Most studies evaluating the effects
of sex hormones on HSV susceptibility and progression have focused on HSV-2.
In a cross-sectional study of 273 women who were seropositive for HSV-2,
women using either depot-medroxyprogesterone acetate and COCs are more likely
to experience HSV-2 shedding (Mostad et al. 1997). A longitudinal study of women
initiating hormonal contraception, however, did not reveal increased HSV-2 shed-
ding (Wang et al. 2004). The data on hormonal contraception and HSV-2 acquisition



268 P. Gravitt and K. Ghanem

are much more limited. In a study of 302 Kenyan commercial sex workers, hormonal
contraception increased the risk of genital ulcer disease acquisition, but HSV-2 was
likely responsible for only 50% of the genital ulcers (Baeten et al. 2007). In a
prospective study of 948 Kenyan commercial sex workers, neither depot-medroxy-
progesterone acetate nor COC use increased incident genital ulcerative disease
acquisition (Baeten et al. 2001). Shedding of genital HSV-DNA is nearly eightfold
higher during pregnancy (Mostad et al. 2000). There are no prospective studies
demonstrating increased risk of HSV acquisition during pregnancy.

Significant data on the effect of sex hormones on susceptibility and course of
HSV-2 infection have been obtained from mouse models. In ovariectomized mice
administered estradiol, progesterone, a combination of both hormones, or saline,
administration of saline or progesterone increases susceptible to HSV-2 infection,
with extensive infection of the vaginal epithelium and induction of inflammatory
chemokine and chemokine receptors (Gillgrass et al. 2005a). 17p-estradiol treat-
ment, however, protects mice from HSV-2 infection. A slower progression of
genital pathology is noted in the ovariectomized mice receiving a combination of
hormones. Immunization with an attenuated HSV-2 vaccine protects ovariecto-
mized females injected with progesterone from subsequent rechallenge, but not
females treated with 17B-estradiol (Gillgrass et al. 2005b). These findings suggest
that protection against challenge is dependent upon the ability of the attenuated
strain to cause infection, which, in turn, is dependent upon the hormonal environ-
ment. Lymphoid aggregates consisting of dendritic cells and T-cells form in the
vagina of the progesterone-treated, but not estradiol-treated, mice. Finally, the
duration of exposure to hormones significantly affects responses to HSV-2; mice
that were exposed to progesterone for 5 days and immunized with an attenuated
HSV-2 vaccine are more protected from rechallenge with a virulent strain of HSV-2
than are those exposed to progesterone for 15 days prior to immunization
(Gillgrass et al. 2005b). These data suggest that hormone type as well as duration
of exposure influence susceptibility to infection. Treatment of human female
primary epithelial and stromal cocultures with 17B-estradiol increases HSV-2
infection in endometrial cells, whereas treatment with progesterone reduces viral
shedding (MacDonald et al. 2007).

Perhaps, the most intriguing association between sex hormones and HSV-2 are
the data from the glycoprotein-D-subunit vaccine which, overall, does not protect
against acquisition of HSV infection (Stanberry et al. 2002). However, 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. Whether this finding can be attributed to the effect of
sex hormones on the immune response to the vaccine is unclear but interesting.

HPV. HPV detection increases in the follicular phase of the cycle (van Ham et al.
2002) or in the luteal phase (Schneider et al. 1992) of the menstrual cycle in some
studies, but not others (Brabin et al. 2005; Fairley et al. 1994; Harper et al. 2003;
Wheeler et al. 1996). Inconsistencies across studies may be attributed to variability
in assignment of stage of menstrual cycle and method of HPV detection. In a large
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analysis of 3,739 HPV-positive samples collected in the ASC-US LSIL triage study
(ALTS), increased HPV viral load was observed in samples collected during the
periovulatory period (Sherman et al. 2006). Vaccine-induced HPV16-specific cer-
vical IgG also varies accordingly to the stage of the menstrual cycle in ovulating
women, reaching a nadir immediately prior to the LH surge at ovulation (Nardelli-
Haefliger et al. 2003); thus, immune suppression around the time of ovulation may
result in a transient increase in viral load, as was observed in the ALTS study.

The association of COC use with prevalent detection of HPV is inconsistent and
varies considerably by age, study design, and HPV detection method (Green et al.
2003; Mohllajee et al. 2006). Increased prevalence of any and multiple HPV
infections is reported among younger (20-30 years), but not older (40-50 years),
women in Denmark (Nielsen et al. 2008). A pooled analysis of prevalence surveys
of over 20,000 women with mean age 32—47 years found no association with COC
use or duration of use and prevalence of HPV (Vaccarella et al. 2006). Sex steroids
are hypothesized to increase the risk of HPV acquisition via increased cervical
ectopy (Critchlow et al. 1995; Jacobson et al. 2000) or through modulating the host
immune response to the HPV infection, particularly during extreme hormonal
disruptions, such as those observed in pregnancy and the menopausal transition.
Studies have addressed the risk of HPV acquisition by COC use with both positive
(Winer et al. 2003) and negative (Moscicki et al. 2001) associations reported. While
most studies report no association between COC use and HPV DNA persistence
(Hildesheim et al., 1994; Ho et al. 1998; Moscicki et al. 1998; Richardson et al.
2005), these studies are limited in power to detect meaningful differences in the
duration of infection and nonstandardized definitions of HPV persistence.

HPV prevalence increases during pregnancy (Banura et al. 2008; Fife et al.
1999; Hernandez-Giron et al. 2005; Morrison et al. 1996; Ziegler et al. 2003) with a
“catch-up” clearance in the early postpartum period (Fife et al. 1999; Nobbenhuis
et al. 2002); the increase in HPV prevalence during pregnancy, however, is not
uniformly observed (de Roda Husman et al. 1995; Kemp et al. 1992). An increase in
HPV acquisition during pregnancy is unlikely to explain the increased HPV preva-
lence, and it is hypothesized that the observations reflect increases in HPV viral
load to levels above the limit of detection resulting from hormone-mediated
immunosuppression. Interestingly, though high parity significantly increases the
risk of cervical cancer (International Collaboration of Epidemiological Studies of
Cervical Cancer 2006), HPV prevalence is inversely correlated with number of live
births (Vaccarella et al. 2006).

Sex steroid exposures (e.g., long duration COC use and multiparity) are asso-
ciated with an increased risk of invasive cervical cancer (ICC) caused by infection
with high-risk (HR)-HPV (Appleby et al. 2007). COC use can mediate ICC by
increasing the risk of acquisition and/or persistence of HR-HPV or by increasing
the risk of neoplastic transformation of HR-HPV infected epithelium. Tissue
culture models show an increase in HPV oncogene (E6/E7) expression in HeLa
cells following sex steroid exposure (Chen et al. 1996). 17f-estradiol exposure in
K14E6/E7 double transgenic mice, which express HPV16 E6/E7 from a keratin
promoter thereby targeting expression to epithelial cells, increases the persistence
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and progression of epithelial tumors (Brake and Lambert 2005), suggesting a
biologically plausible effect of COC on cervical cancer progression. The effects
of sex steroids on susceptibility or host response to infection, however, cannot be
determined from these in vitro models.

Due to the species specificity of papillomavirus infectivity, animal models of
genital tract HPV infection are not available, limiting the ability to conduct
controlled experiments designed to assess the effects of sex steroids on host
immune response to infections. Rabbit oral papillomavirus (Wilgenburg et al.
2005) and cottontail rabbit papillomaviruses (Selvakumar et al. 1997) are good
general models to study the immune response to mucosal and cutaneous papilloma-
virus infections, respectively. However, to our knowledge, the influence of sex
steroids in these models has not been evaluated.

10.2.3 Fungal Genital Tract Infections

Candidiasis. Vulvovaginal candidiasis (VVC) is rare among prepubertal and post-
menopausal women, suggesting a role for sex steroids in susceptibility to VVC.
Consistent with this hypothesis, candidiasis occurs more commonly during the
luteal phase of the menstrual cycle, which is associated with both high estrogen
and progesterone (Nomelini et al. 2007). Similar results are found in studies of
recurrent VVC (RVVC), with increased diagnosis in the luteal phase of the cycle
and a significantly lower urine pregnanediol glucuronide concentration in patients
with RVVC (Spacek et al. 2007). These data suggest that a hormonal imbalance,
possibly favoring estrogen, may be involved in the etiology of VVC. High 17f-
estradiol levels increase glycogen content in vaginal epithelial cells, providing a
hospitable environment for Candida growth in vitro (Larsen and Galask 1984). In
addition, candidal invasiveness is increased by progesterone and estrogen treatment
which induces switching to the hyphal form (White and Larsen 1997). Estrogen also
enhances persistent VVC, whereas progesterone alone does not, in mouse models
(Fidel et al. 2000).

Some studies find an increase in VVC among women using COC (Cetin et al.
2007; Cotch et al. 1998; Geiger and Foxman 1996; Grigoriou et al. 2006; Parazzini
et al. 2000; Spinillo et al. 1995), while others reported no association between COC
use and VVC (Bauters et al. 2002; Beigi et al. 2004; Peddie et al. 1984). An increase
in prevalence of Candida colonization, however, is associated with current pregnancy
and postmenopausal HRT use (Bauters et al. 2002). Although this study does not
report an increased prevalence among current COC users in general, women using
higher dose of estrogen formulations have a higher Candida prevalence compared
with women using lower dose formulations. In the same study, higher colonization
was reported in the preovulatory, or follicular, phase of the menstrual cycle, which is
inconsistent with that reported by others (Nomelini et al. 2007; Spacek et al. 2007).

VVC is a common side effect of pregnancy (Grigoriou et al. 2006; Xu and Sobel
2004). Studies which prospectively tested the Candida species throughout pregnancy
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find that pregnancy-associated symptomatic VVC is associated with prepregnancy
commensal Candida strains (Daniels et al. 2001; Maffei et al. 1997). Decreased
lymphocyte transformation in response to candida antigen in pregnancy is reported
in both current carriers and noncarriers, particularly in the third trimester (Brunham
et al. 1983). These data suggest that hormonal changes during pregnancy are
associated with a decrease in cell-mediated immune function necessary for control
of VVC.

10.2.4 Parasitic Genital Tract Infections

Trichomoniasis. Trichomonas vaginalis infection is rarely symptomatic in men, but
can have serious adverse outcomes in women including preterm birth and an
increased risk of HIV acquisition. T. vaginalis detection is reduced at menstruation
(Demes et al. 1988a; Fox 1988), potentially resulting from an increase in parasite
killing from menstrual blood complement (Demes et al. 1988b). Some studies have
found that oral contraceptive use is associated with a decreased risk of T. vaginalis
infection whereas others have found no association (Mohllajee et al. 2006). In a
prospective study of female sex workers, COC use had no effect on T. vaginalis
acquisition, whereas depot medroxyprogesterone acetate use was significantly
protective (Baeten et al. 2001).

T. vaginalis infection is associated with increased total IgG, IgA, and neutrophils
among ovulatory women, but not among women taking COC (Chipperfield and
Evans 1975). Women taking COC have a generalized increase in total IgG and IgA
during 7. vaginalis infection (Chipperfield and Evans 1975) that is similar to
the heightened antiHPV16 IgG and IgA levels reported in COC users (Nardelli-
Haefliger et al. 2003). T. vaginalis infection among pregnant women was associated
with an increase in neutrophil counts, concentrations of IL1-f and CXCLS8, and
production of defensins (Cauci and Culhane 2007; Simhan et al. 2007). Conversely,
normal pregnancies are associated with a decrease in IL-1R antagonist (Donders
et al. 2003), suggesting that increased IL-1f from 7. vaginalis infection may
interact with hormonal dysregulation of cervical immunity during pregnancy to
increase inflammatory microenvironment, possibly contributing to adverse preg-
nancy outcomes.

10.3 Summary and Outstanding Research Questions

The evidence for sex steroids having a central role in female genital tract immunol-
ogy is clear. The mechanisms by which sex steroids orchestrate the balance
between reproduction and protection against pathogenic microorganisms, however,
are complex and poorly understood. It is striking that the most significant morbidity
associated with bacterial and parasitic infection is adverse pregnancy outcome,
suggesting a loss in the homeostatic balance of immunity in the genital tract.
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The precise role that sex steroids play in inducing or maintaining this imbalance is
as yet undefined. The homeostatic balance of the genital tract involves significant
cross-talk among the epithelium, the underlying stromal cells, and immune cells. As
a result, simple cell-specific models with individual steroid exposures, while
informative, will be limited in their ability to provide insight into the complex
interplay that likely explains the pathology of genital tract infections. Better in vitro
models of the interactions between combined sex steroids and the immune cells of
the genital tract (including epithelium, stroma, monocytes, and others) are needed.
In addition, studies directly comparing the response to genital tract infection and
sex steroid exposures in rodents and humans are necessary to better understand the
validity of the data from animal models. The balance and regulation (or dysregula-
tion) of the immune response to genital tract infection are likely more critical than
the magnitude of response, limiting the inferences gained from cross-sectional
studies and prospective studies with infrequent sampling. The development of
more precise measures of sex steroid exposures and markers of local immunity
are needed to improve the information obtained in epidemiologic research. The
genital tract is relatively easily accessible allowing for more intensive sample
collection over time. Application of improved biomarkers to samples collected in
small, well-defined, and intensively sampled cohorts may prove more valuable than
larger studies with less frequent sampling. Obtaining a comprehensive understanding
of female genital tract immune regulation by sex steroids will require significant
interdisciplinary collaboration.
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Chapter 11
Sex, Pregnancy and Measles

Allison C. Brown and William J. Moss

Abstract The World Health Organization rescinded the recommendation that
young children receive high-titer measles vaccine in 1992 following evidence
that, in certain regions of the world, girls receiving this vaccine had increased
mortality compared with those receiving standard-titer vaccines. It has been sug-
gested that the high-titer vaccine might induce immunomodulation similar to that
observed following wild-type measles virus infection. Additionally, maternal
infection during pregnancy with malaria or HIV has been shown to reduce passive
transfer of antimeasles antibodies to the fetus and lower the age at which infants
become susceptible to measles. These data demonstrate that vaccine efficacy and
adverse effects can vary between the sexes and this should be studied before new
vaccines are widely used.

11.1 Introduction

Systematic investigation of human sex differences in morbidity and mortality began
in the seventeenth century when John Graunt published Natural and Political
Observations Made Upon the Bills of Mortality (Graunt 1662), in which he reported
excess male births and deaths in London using parish records. In 1786, Joseph
Clarke presented evidence that mortality in males exceeded that of females at all
ages but that differences were most marked in early childhood (Clarke 1786). In
1929, Harry Bawkin published a detailed analysis of sex differences in mortality
during infancy and early childhood in the United States, describing excess all-cause
mortality in boys during the first 3 years of life (Bawkin 1929). Excess mortality
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among males has been attributed, in part, to increased susceptibility to and severity
of infectious diseases, particularly in early childhood. Reviewing the published
literature and case records at Johns Hopkins Hospital from 1930 to 1963, Washburn
et al. reported an increased incidence of bacterial meningitis among boys younger
than 15 years and an increased incidence of bacterial sepsis among boys in early
infancy compared with girls (Washburn et al. 1965). The authors postulated genetic
differences in loci on the X chromosome to account for these observations. Distin-
guishing genetic from other biological and behavioral risk factors to account for
human sex differences in morbidity and mortality has been challenging, and more
recent research continues to struggle with these issues (Lopez and Ruzicka 1983).
Anatomical reasons can explain sex differences in the incidence of urinary tract
infections, but the underlying mechanisms are less well-defined for other infectious
diseases. A recent review of sex differences in the incidence and severity of
respiratory tract infections found that males had a higher incidence than females
of lower respiratory tract infection and more severe disease in all age groups, but
the authors were unable to distinguish anatomical, lifestyle, behavioral, and socio-
economic risk factors (Falagas et al. 2007). Sex differences in infectious disease
incidence may be due to factors unrelated to host susceptibility. For example, sex
differences in the incidence of tuberculosis have been attributed to underreporting
among women (Holmes et al. 1998) or to characteristics of the underlying trans-
mission dynamics (Martinez et al. 2000). Much recent work has focused on sex
differences in the natural history and response to therapy among HIV-infected
persons, including observations of lower HIV-1 viral loads in women compared
with men at similar stages of disease (Farzadegan et al. 1998; Gandhi et al. 2002).
Furthermore, female fetuses have been demonstrated to be at greater risk of
congenital HIV infection than male fetuses (Thorne et al. 2004). The mechanisms
responsible for these differences have not been determined.

Measles provides an intriguing example of potential sex differences in response
to infection. Firstly, there are reports of increased mortality in girls compared with
boys following infection with wild-type measles virus (the terms “girls” and “boys”
will be used to refer to prepubertal children). Secondly, girls in receipt of high-titer
measles vaccines had an increased incidence of delayed mortality compared with
boys vaccinated with high-titer measles vaccines. These two trends run counter to
the more common observations of increased severity of infectious diseases in boys
compared with girls.

11.2 Measles and Measles Vaccines

11.2.1 Measles

Measles is a highly contagious disease caused by infection with measles virus
(Family: Paramyxoviridae) and characterized by a prodromal illness of fever,
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cough, coryza (runny nose), and conjunctivitis followed by the appearance of a
generalized maculopapular rash. Measles is predominantly a disease of young
children who become susceptible at 6-9 months of age when passively-acquired
maternal antibodies wane. Most children recover and develop life-long immunity to
reinfection (Duke and Mgone 2003). However, measles remains a leading cause of
vaccine-preventable mortality worldwide and has caused millions of deaths since
its emergence thousands of years ago (World Health Organization 2007). Measles
mortality varies depending upon the average age of infection, nutritional status of
the population, measles vaccine coverage, and access to health care. In developed
countries, such as the United States, less than 1 in 1,000 children with measles die,
but in endemic areas in sub-Saharan Africa and Asia measles case fatality may be
5-10% (Perry and Halsey 2004).

11.2.2 Vaccinations for Measles

Widespread coverage with standard-titer, attenuated measles vaccines has resulted
in a marked reduction in global measles mortality and the elimination of measles
virus transmission in large geographical areas, including the Americas. Standard-
titer measles vaccines, which are attenuated live viral vaccines that replicate within
the host to induce protective immunity, are administered at 9 months of age in many
countries according to the schedule recommended by the Expanded Program on
Immunization. In some countries, measles vaccines are combined with other live
attenuated virus vaccines, such as those for mumps, rubella (MMR), and varicella
(MMR-V).

The protective efficacy of these vaccines is reduced when administered early in
infancy because of the inhibitory effects of maternally acquired antibodies
(Albrecht et al. 1977) and immunological immaturity (Gans et al. 1998). Several
studies in Africa suggested that high vaccine coverage rates with a single dose of
standard-titer measles vaccine at 9 months of age was insufficient to control
measles virus transmission because of the high incidence of measles in infants
younger than 9 months (Dabis et al. 1988; Taylor et al. 1988). Efforts to immunize
young infants were based on high-titer measles vaccines to overcome the inhibitory
effect of maternal antibodies. High-titer measles vaccines have >4.7 log;o infec-
tious units/dose, 10—-100 times the standard dose of vaccine virus. Trials of these
vaccines in the 1980s demonstrated that they were immunogenic, efficacious, and
no more reactogenic than standard-titer vaccines when administered at 4—6 months
of age. In 1989, high-titer measles vaccines were recommended for use by the
World Health Organization in countries with a high incidence of measles in
children younger than 9 months of age (Expanded Programme on Immunization
1990). However, recommendations on the use of these vaccines were subsequently
withdrawn after observations of increased mortality in girls who received these
vaccines compared with those who received standard-titer measles vaccines.
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11.3 Immunity to Measles Virus Infection

11.3.1 Protective Immunity

Host immune responses to measles virus are responsible for viral clearance, clinical
recovery, and the establishment of long-term immunity. The early nonspecific
(innate) immune responses that occur during the prodromal phase of the illness
include activation of natural killer (NK) cells and production of IFN-a and B (Griffin
et al. 1990). The protective efficacy of antibodies to measles virus is illustrated by
the immunity conferred to infants from passively acquired maternal antibodies and
the protection of exposed, susceptible individuals following administration of anti-
measles virus immune globulin (Black and Yannet 1960). IgG antibodies to the
hemagglutinin and fusion proteins contribute to virus neutralization and are suffi-
cient to provide protection against infection (de Swart et al. 2005). Evidence for the
importance of cellular immunity to measles virus is demonstrated by the ability of
children with agammaglobulinemia to fully recover from measles, whereas children
with severe defects in T lymphocyte function often develop severe or fatal disease
(Good and Zak 1956). CD4" T lymphocytes are activated in response to measles
virus infection and secrete cytokines capable of modulating the humoral and cellular
immune responses. Plasma cytokine profiles show increased levels of IFN-y during
the acute phase of illness, followed by a shift to high levels of interleukin (IL)-4 and
IL-10 during convalescence when disease has resolved (Moss et al. 2002b). Both
humoral and cellular immune responses are induced by standard-titer measles
vaccines, but are of lower magnitude and shorter duration compared to those
following wild-type measles virus infection (Ward et al. 1995)

11.3.2 Immune Suppression Following Measles Virus Infection

Importantly, much of the morbidity and mortality due to measles is attributed to a
state of immune suppression that lasts for weeks to months beyond resolution of the
acute illness. This state of immune suppression enhances susceptibility to second-
ary bacterial and viral infections causing pneumonia and diarrhea (Beckford et al.
1985; Greenberg et al. 1991). These secondary infections contribute to a substantial
proportion of deaths due to measles (Duke and Mgone 2003). Immunological
evidence for this state of immune suppression includes suppressed delayed-type
hypersensitivity (DTH) responses to recall antigens, such as tuberculin (Tamashiro
et al. 1987), and impaired cellular and humoral responses to new antigens
(Coovadia et al. 1978). However, sex differences in the magnitude of immune
suppression following wild-type measles virus infection have not been described.
The immunological mechanisms responsible for the immune suppression fol-
lowing measles are not fully defined, but abnormalities of both the innate and
adaptive immune responses have been described. Transient lymphopenia with a
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reduction in CD4" and CD8™ T-lymphocytes occurs in children with measles (Ryon
et al. 2005). Functional abnormalities have also been detected, including decreased
lymphocyte proliferative responses (Hirsch et al. 1984). Dendritic cells mature
poorly, lose the ability to stimulate proliferative responses in lymphocytes, and
undergo apoptosis when infected with measles virus in vitro (Servet-Delprat et al.
2000). The dominant Th2 response in children recovering from measles can inhibit
Th1 responses (Griffin et al. 1985; Griffin and Ward 1993). The production of IL-
12, important for the generation of a Th1-type immune response, decreases follow-
ing binding of the virus to the CD46 receptor (Karp et al. 1996), and is low for
several weeks in children with measles (Atabani et al. 2001). This diminished
ability to produce IL-12 could further result in a limited Thl immune response to
other pathogens. Furthermore, engagement of CD46 and CD3 on monocytes
in vitro induces production of high levels of IL-10 and transforming growth
factor-p (Kemper et al. 2003), an immunomodulatory and immunosuppressive
cytokine profile characteristic of regulatory T cells that may be important in
measles pathogenesis. The role of these cytokines in the immune suppression
following measles is supported by in vivo evidence of elevated levels of IL-10 in
the plasma of children after measles virus infection (Moss et al. 2002b). Although
vaccination with standard-titer measles vaccines induces similar immunological
changes as those observed in natural infections, clinically significant immune
suppression has not been reported following receipt of standard-titer measles
vaccines.

11.4 Sex Differences in Measles-Induced Mortality

Evidence for sex differences in measles mortality was first reported by Garenne
(1994). This study was initiated following the observation that mortality was
increased among girls in rural Senegal following receipt of high-titer measles
vaccine (Garenne et al. 1991). The analysis was based on reported age and sex
for measles deaths from 1950 to 1989 collected by the World Health Organization
from 78 countries with national vital registration systems. Importantly, because
these data originated from vital registration, many of the most populous countries
where the majority of global measles deaths occurred were excluded from analysis,
including China, India, Pakistan, Indonesia, and Brazil, as well as most of sub-
Saharan Africa. These exclusions obviously limit the generalizability of the find-
ings. Female sex ratios for measles death rates were estimated for 5-year age groups
and by region (with 100 indicating equivalent death rates for females and males and
values greater than 100 excess female mortality) and compared with expected death
rates using model life tables.

Female sex ratios for measles death rates for all countries and years studied were
greater than 100 from birth to 50 years of age (Fig. 11.1). Excess female mortality
due to measles was 4.2% in girls 0—4 years of age, 10.9% in girls 5-14 years, and
42.6% in women 15—-44 years of age (Garenne 1994). Excess measles mortality in
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Fig. 11.1 Female sex ratios of measles deaths. From Garenne (1994)
Source: World Health Statistics, 1950-1989

Table 11.1 Female sex ratio of measles deaths rates by region

Region Number of Number of Female sex ratio of death rates ~ Expected
countries measles deaths (4 5-14 15-44
Europe 28 62,662 101.7 114.7 106.3 76.6
North America® 4 10,696 102.6 117.4 110.8 68.6
Far East 3 50,029 104.1 125.6 103.2 72.0
Latin America 22 413,168 102.8 108.3 164.9 81.2
Middle East 8 55,620 121.3 114.3 94.3 79.9
South East Asia 4 66,334 96.6 109.4 74.9 80.9
Islands 9 339 71.1 129.2 - 78.6
Total 78 658,848 104.2 110.9 142.6 75.1

%includes Australia and New Zealand
Adapted from Garenne (1994).

females peaked at 88% in women 25-29 years of age, and was even more marked
when compared with expected death rates using model life tables because of the
expected lower overall mortality of women and girls. Compared with these
expected death rates, excess female mortality due to measles was 39% for girls
younger than 4 years of age, 43% for girls 5—14 years of age, and 88% for women
14—44 years of age. No differences between observed and expected sex ratios for
measles mortality were observed for women older than 45 years. Higher female sex
ratios were observed in all regions studied (Table 11.1), providing further consis-
tency to the observation.

Although this study omitted data from sub-Saharan Africa because of a lack of
vital registration data, subsequent studies from the region suggest possible
increased mortality due to measles virus infection in girls, although the data are
not conclusive. In a study of 356 children hospitalized with clinically diagnosed
measles in Lusaka, Zambia, and in whom antibodies to HIV-1 were measured, the
highest measles case fatality ratio was in HIV-1-seropositive girls vaccinated with
standard-titer measles vaccine. However, few girls were included in this subgroup
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and the finding did not achieve statistical significance (P=0.18). In a subsequent
observational study of 546 Zambian children hospitalized with laboratory-
confirmed measles and known HIV-1 infection status (determined by detection of
HIV-1 RNA), the risk of in-hospital mortality was higher for girls than for boys (OR
3.2, 95% confidence intervals (CI): 1.2, 8.3), with the greatest difference in
unvaccinated children (Moss et al. 2002a). However, in a follow-up study of
1,227 hospitalized children with laboratory-confirmed measles (including the 546
previously reported children), the risk of in-hospital mortality due to measles was
not increased in girls (OR 1.2,95% CI: 0.7, 2.0) (Moss et al. 2008). The reasons for
these differences between studies are not clear.

Not all studies support the observation of increased measles mortality in girls
and women compared with boys and men. Some older historical data, in fact,
described increased measles mortality in males compared with females (Aaby
et al. 1992b; Babbott and Gordon 1954), including Bawkin’s data based on United
States mortality statistics from 1915 to 1924 in which the female sex ratio for
measles death rates among white infants was 85 (Bawkin 1929). More recent
surveillance data from the United States between 1987 and 2000 did not identify
sex differences in measles mortality (Perry and Halsey 2004). Increased mortality
in girls after measles virus infection was reported in Bangladesh, but was attributed
to preferential care of young boys (Bhuiya et al. 1987). Thus, there is highly
suggestive but inconclusive evidence for increased measles mortality among girls
compared with boys. Evidence for such excess mortality in girls would be strength-
ened if underlying immunological differences in the responses to measles virus
were identified.

11.5 Sex Differences in Immune Responses to Wild-Type
Measles Virus

Several studies have reported differences between the immune responses of boys
and girls to wild-type measles virus infection. Although most studies have not
found sex differences in the quantity of antibody produced after measles, qualitative
differences have been described. Measles virus-specific antibody-dependent cellular
cytotoxicity (ADCC) was found to differ by age and sex in a study of 114 Fillipino
children with measles (Forthal et al. 1995). ADCC results from antigen-specific
antibodies that link cytotoxic effector cells expressing Fc receptors and infected
target cells. ADCC antibodies appear later postinfection than neutralizing antibo-
dies, but are present at higher levels during convalescence. Girls older than 24
months of age had a higher prevalence of ADCC antibodies than younger girls
(67% vs 17%, OR=9.6, 95% CI: 3, 31), but no significant differences were
observed between older and younger boys (55% vs 42%, OR=1.6, 95% CI: 0.6, 5).
Older girls also had higher mean ADCC antibody levels than younger girls (585
vs 27, P=0.001), but no differences in levels were observed between older and
younger boys. As a consequence, boys younger than 24 months had higher ADCC
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antibody titers than girls of similar age. These findings were corroborated by a study
of Zambian children with measles, in whom percent cytotoxicity in an ADCC assay
was higher in boys than in girls (22.6% vs 12.4%; P=0.03) (Permar et al. 2001).
Thus, younger girls had a diminished ADCC antibody response to wild-type measles
virus infection, perhaps, contributing to sex-related differences in clinical outcomes.

A study of Zambian children with measles reported subtle differences in lym-
phocyte subsets during acute measles and convalescence (Ryon et al. 2002).
Although lymphopenia typically occurs during acute measles, it was more pro-
nounced in girls than in boys as measured by total lymphocyte counts at hospitali-
zation (3326 vs 3868, P=0.03). Furthermore, CD8" T lymphocytes tended to
increase more rapidly in boys compared with girls during recovery. This resulted
in lower CD4"/CD8" T lymphocyte ratios among boys than in girls at hospital
discharge, a pattern maintained at 1-month follow-up (CD4*/CD8"* T-lymphocyte
ratio at follow-up: 1.7 for girls and 1.3 for boys, P=0.03). An earlier study of
measles in Senegal also noted the tendency for girls to have higher percentages of
CD4" T lymphocytes and higher CD4*/CD8* T lymphocyte ratios than boys during
convalescence (Lisse et al. 1998). As further evidence of greater stimulation and
proliferation of CD8* T lymphocytes in response to measles virus infection among
boys, mean soluble CD8 receptor levels were higher at hospitalization in boys
(1,056 Uml™") than in girls (761 Uml™'; P=0.02).

Another potentially important sex difference in the immune responses to mea-
sles virus involves regulatory T cells. Regulatory T cells are CD4+ T lymphocytes
capable of suppressing immune responses to maintain homeostasis following anti-
gen challenge and to regulate tolerance to selfantigens. Two broad groups of
regulatory T cells have been defined: innate regulatory T cells arising from the
thymus and acquired regulatory T cells that differentiate in the periphery following
antigenic stimulation (Belkaid 2007). Regulatory T cells are best characterized by
the presence of the transcription factor FoxP3 that is uniquely expressed in both
natural and acquired CD4*CD25" regulatory T cells (Hori et al. 2003), and is
encoded on the X chromosome (Bennett et al. 2001). Unpublished observations
of Zambian children with measles suggest increased expression of Foxp3 mRNA
during acute illness and that this increased Foxp3 expression persisted for at least an
additional 5-6 weeks in girls but not in boys (M Ota, personal communication).
Differential induction of regulatory T cells could underlie the sex differences in
mortality following wild-type measles virus infection and high-titer measles vac-
cine by inducing a prolonged state of immune suppression in girls.

Although immunological studies suggest impaired immune responses to measles
virus in girls, a study that used RT-PCR to detect measles virus RNA in children
that had been hospitalized for confirmed measles, found that measles virus shedding
approximately 1 month later was more common in boys (73% of 26 boys) than in
girls (48% of 21 girls; P=0.07) (Permar et al. 2001). However, when these studies
were extended to approximately 3 months after acute measles, no differences were
observed between the proportion of boys and girls with prolonged shedding of
measles virus RNA (35% of 26 boys versus 39% of 23 girls; P = 0.78) (Riddell
et al. 2007).
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Reanalyses of data on measles in Guinea-Bissau, Kenya, The Gambia, Denmark,
and Senegal all suggest that cross-sex transmission (boy-to-girl and girl-to-boy) of
measles virus results in greater disease severity and higher mortality (Aaby et al.
1986; Aaby et al. 1992a; Aaby and Leeuwenburg 1991; Aaby and Lamb 1991;
Aaby 1991; Aaby 1992; Pison et al. 1992). In Guinea-Bissau, the case—fatality ratio
was highest for girls infected by boys, and in Senegal, the risk of infection through
cross-sex transmission was greater for girls than for boys (OR: 1.3, 95% CI: 1.1,
1.5). However, these differences were not consistent across studies. Although it is
plausible that the sexes differ in the duration and intensity of measles virus
shedding and consequently contagiousness, a biological mechanism to account
for potential differences in cross-sex transmission remains to be determined.

11.6 Sex Differences in Immune Responses to Standard-Titer
Measles Vaccine

As with wild-type measles virus infection, standard-titer measles vaccines are
associated with immunosuppression; however, this immune suppression is less
pronounced than after wild-type infection and resolves within weeks after vaccina-
tion (Okada et al. 2001). Manifestations include decreased lymphoproliferative
responses to mitogens and antigens, altered patterns of cytokine production, and
suppression of DTH skin test responses. Tuberculin skin test reactivity may be
abrogated for 4—6 weeks after immunization, but unlike wild type measles virus
infection, measles vaccine does not exacerbate tuberculosis.

Many studies of the immunogenicity, efficacy, and effectiveness of measles
vaccines have been conducted, but few have reported sex differences in the
response to standard-titer measles vaccines (Cook 2008). Interest in potential sex
differences in response to measles vaccines was stimulated by observations of
increased mortality in girls following receipt of high-titer measles vaccine. Sex
differences in antibody responses to measles vaccine were observed in a study of
223 men and 66 women following receipt of standard-titer Schwarz measles
vaccine (Green et al. 1994). After controlling for differences in prevaccination
antibody levels, women had 50% higher geometric mean antibody titers than men at
2 and 4 weeks after vaccination (P<0.001). However, girls were less likely to
seroconvert than boys (OR 0.34, 95% CI: 0.15, 0.76.) in a randomized, placebo-
controlled trial to assess the effect of vitamin A supplementation on seroconversion
after measles vaccination at 6 months of age in Indonesia (Semba et al. 1995). The
main finding of this study, that vitamin A lowered the likelihood of seroconversion
after measles vaccination, was not corroborated in subsequent studies (Benn et al.
1997;Cherian et al. 2003).

Analogous to the studies of ADCC antibodies following wild-type measles virus
infection, measles virus-specific ADCC responses were lower among six girls who
received medium-titer Edmondston-Zagreb vaccine at 4 months of age compared
with seven boys who received the same vaccination schedule (P=0.04) (Atabani
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et al. 2000). However, neutralizing antibody levels did not differ between boys and
girls. In a study assessing differential reactogenicity of measles—mumps—rubella
vaccine among boys and girls, the relative risk of fever and rash during the month
after vaccination was 2.4 in girls based on parental reports of 755 infants (Shohat
et al. 2000). Geometric mean antibody levels were not different between boys
and girls in a subgroup of 237 infants. More firmly established is the increased
risk of immune thrombocytopenic purpura in boys following receipt of measles—
mumps—tubella vaccine. Using the United States Vaccine Safety Datalink,
1,036,689 children were reported to have received 1,107,814 measles—mumps—
rubella vaccinations, of whom 259 children developed immune thrombocytopenic
purpura (France et al. 2008). The incident rate ratio for boys 12—15 months of age
was 14.6 compared with 3.2 for girls in the same age group. In summary, of the
hundreds of studies of immune responses to standard-titer measles vaccines, only a
few have reported significant sex differences.

11.7 Sex Differences in Mortality Following High-Titer
Measles Vaccine

The most surprising and intriguing observations related to sex differences and
measles were those of excess mortality in girls for several years following receipt
of high-titer measles vaccines. These observations resulted in a major shift in
measles vaccination policy, but remain unexplained and open to different inter-
pretations and hypotheses.

In 1990, investigators first reported increased delayed mortality in recipients of
high-titer measles vaccines in Guinea Bissau (Aaby et al. 1993b). Increased mor-
tality subsequently was reported among high-titer vaccine recipients in Senegal
(Garenne et al. 1991) (Fig. 11.2) and Haiti (Holt et al. 1993). Most striking was that
the delayed mortality appeared to be restricted to girls who received the high-titer
vaccines. These observations led the World Health Organization, in 1992, to
rescind the recommendation for the use of high-titer measles vaccines and these
vaccines have not been used since. Because none of the trials were designed to
measure long-term mortality as an outcome, assessing the validity of the obser-
vations has not been straightforward. An initial review of the data in 1991 con-
cluded that the information was not sufficiently persuasive to recommend a change
in vaccination policy (Expanded Programme on Immunization 1992). However, the
data became more convincing with the observations from Haiti and further analysis.
In a meta-analysis of trials of high-titer measles vaccines conducted in West Africa
(Guinea-Bissau, The Gambia, and Senegal), the adjusted mortality ratio comparing
high-titer vaccine recipients with standard-titer vaccine recipients was 1.86 for girls
(95% CI: 1.28, 2.7) and 0.91 for boys (95% CI: 0.61, 1.35) (Knudsen et al. 1996).
The excess mortality was not statistically significant in any of the individual trials
when evaluated from time of the first vaccination at 4-5 months of age, and was
only statistically significant in one trial when evaluated after receipt of the control
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Fig. 11.2 Kaplan-Meier survival curves for recipients of high-titer Edmonston-Zagreb measles
vaccine (EZ) and standard-titer Schwarz measles vaccine (Con) in Senegal. From Aaby et al.
(2003b) F = female, M = male

vaccine at 9-10 months of age. No excess mortality in girls occurred in the first year
of life (crude mortality ratio (MR) 1.0, 95% CI: 0.66, 1.52), increased slightly from
1 to 2 years of age (MR 1.06, 95% CI: 0.71, 1.58), and was most marked from 2 to 3
years of age (MR 2.12, 95% CI: 1.28, 3.51) (Knudsen et al. 1996).

In Haiti, where both medium-titer and high-titer measles vaccines were adminis-
tered, there was a trend for girls who received high-titer measles vaccine to have
greater mortality than those who received medium-titer vaccine (risk ratio 1.71, 95%
CI: 0.91, 3.24), whereas no differences were observed for boys. Interestingly, no
increased mortality was observed in studies of high-titer measles vaccines in the
Philippines, Peru, and Mexico, countries with higher socioeconomic status and
lower overall child mortality than many of the other countries studied (Halsey 1993).

Several features of these observations are striking. First, excess mortality was
observed only in girls. There was no precedent for such a finding among studies of
childhood vaccines. Second, excess mortality was delayed several years after
receipt of the vaccine. Third, the causes of deaths were not due to measles, but
other common causes of child mortality. Although high-titer measles vaccines were
associated with increased mortality in girls compared with those immunized with
standard-titer vaccines, mortality rates were lower than in unimmunized girls
(Halsey 1993).
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The first hypothesis put forward to explain these observations, and one that
continues to have adherents, was that high-titer measles vaccines induced a pro-
longed state of immune suppression similar to that described after wild-type
measles virus infection, and thus resulted in increased susceptibility to secondary
infections. Children who developed a rash after high-titer vaccination were at
particularly high risk of mortality, suggesting that a large inoculum of vaccine
virus may mimic the immunosuppressive effects of wild-type measles virus (Seng
et al. 1999).

Several studies attempted to identify immunological abnormalities in girls who
received high-titer vaccines, but these were conducted long after vaccination.
Although excess mortality was not observed in Peru, children who received high-
titer measles vaccine were found to have lower percentages of CD4+ T-lympho-
cytes and decreased lymphoproliferative responses to phytohemagglutinin 2-3
years after vaccination (Leon et al. 1993). A similar decrease in CD4+/CD8+
T-lymphocyte ratios was observed in girls in Guinea-Bissau 3-5 years after vacci-
nation with high-titer measles vaccine (Lisse et al. 1994). However, these findings
were not confirmed in Senegal (Samb et al. 1995) and the increased risk of mortality
did not extend to more than 36 months after vaccination in any study.

An alternative explanation for the observed increase in mortality following high-
titer measles vaccine is that standard-titer, but not high-titer, measles vaccines
conferred nonspecific beneficial effects on childhood mortality that were more
pronounced in girls than in boys (Aaby et al. 1995; Kristensen et al. 2000; Shann
2000). Evidence presented for a nonspecific beneficial effect of standard-titer
measles vaccine included: (1) the protective efficacy against death after measles
vaccination (30-86%) exceeded the expected efficacy attributable to a reduction in
measles deaths (10%) (Aaby et al. 1995); (2) in the absence of a history of measles,
children vaccinated against measles have a lower mortality rate than children who
do not receive measles vaccine (Aaby et al. 1995); and (3) measles vaccination at 6
months of age results in a lower overall mortality than vaccination at 9 months of
age despite a reduction in seroconversion rates, presumably due to a reduction in
nonmeasles deaths (Aaby et al. 1993a). The immunological basis of such an effect
has been speculated to be nonspecific immune activation or Thl skewing of the
immune response (Aaby et al. 1995). However, the hypothesis that standard-titer
measles vaccination results in a nonspecific reduction in childhood mortality (that is
more pronounced in girls) remains controversial and unproven (Fine 2000).

Aaby and colleagues subsequently offered a detailed critique of the hypotheses
that high-titer measles vaccines either induce a prolonged state of immune suppres-
sion or that standard-titer measles vaccines exert a nonspecific beneficial effect on
child mortality (Aaby et al. 2003b), claiming that neither of these hypotheses fully
explain the observations. More recently, they have suggested that the sex differ-
ences in mortality after high-titer measles vaccine were, in fact, due to nonspecific
harmful effects of inactivated diphtheria—tetanus—pertussis and poliovirus vaccines
that were administered at 9-10 months of age in many of the high-titer vaccine
trials (Aaby et al. 2003a; Aaby et al. 2006b; Aaby et al. 2006a; Aaby et al. 2007a;
Aaby et al. 2007b; Veirum et al. 2005). Although this hypothesis, if proven to be
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correct, exonerates the high-titer vaccine, it too remains conjectural and lacks
mechanistic proof that can account for sex differences.

11.8 Impact of Maternal Infection During Pregnancy
on Measles Immunity

11.8.1 Maternal Infections and the Transfer
of Antimeasles Antibodies

Young infants in the first months of life are protected against measles by maternally
acquired IgG antibodies. An active transport mechanism in the placenta is respon-
sible for the transfer of IgG antibodies from the maternal circulation to the fetus
starting at about 28 weeks of gestation and continuing until birth. All IgG sub-
classes cross the placenta, but IgG1 is preferentially transported via placental Fc
receptors (Simister 2003). Antigen-specific IgG levels in the newborn are often
equivalent to, and sometimes exceed, maternal antibody levels, and high-avidity
antibodies may be preferentially transported across the placenta (Avanzini et al.
1998).

Several studies have reported that children born to HIV-1 infected women have
lower levels of passively acquired antibodies to measles virus at birth (de
Moraes-Pinto et al. 1993; de Moraes-Pinto et al. 1996; de Moraes-Pinto et al.
1998; Scott et al. 2005a). Lower levels of passively acquired antibodies should
result in increased susceptibility to measles at a younger age. A 3.8-fold increase in
the risk of acquiring measles before 9 months of age was reported among Kenyan
infants born to HIV-seropositive women compared with infants born to HIV-
seronegative women (Embree et al. 1992). In Zambia, neutralizing antibodies to
measles virus were measured in 652 plasma samples collected from 448 infants, of
whom 13.6% were HIV-1 infected, 53.4% were HIV-seropositive, but uninfected,
and 33% were HIV-seronegative (Scott et al. 2007). The best fitting model sug-
gested that HIV-1-infected infants have lower levels of passively acquired anti-
bodies to measles virus at birth than HIV-seronegative children, but their antibody
levels decay more slowly. The mechanisms by which maternal HIV-1 infection
impairs transplacental transfer of antibodies are not known, but may be due to
impaired placental integrity, immune complex formation, or competition for Fc
receptors by antigen-nonspecific antibodies. There is little evidence that HIV-1-
infected pregnant women have lower levels of antibodies to measles virus than
uninfected women, and the sex of the fetus has not been demonstrated to be a factor
capable of influencing maternal antibody.

Evidence that maternal infections other than HIV-1 influence the passive transfer
of antimeasles antibodies is less well established (Caceres et al. 2000). In Malawi,
maternal malaria was associated with lower infant levels of antimeasles antibodies
(Moraes-Pinto et al. 1998), and in The Gambia, maternal malaria was associated



294 A.C. Brown and W.J. Moss

with a 30% reduction in cord antimeasles antibody levels (Owens et al. 2006).
However, in a study of pregnant women in Kilifi, Kenya where malaria is endemic,
cord blood from HIV-1-infected women had 35% lower levels of measles antibodies
than cord blood from HIV-1-uninfected women, but no association was found
between measles antibody levels and placental malaria infection (Scott et al. 2005b).

11.8.2 Maternal Infections and Cellular Immune Responses
in the Infant

No published studies have investigated the impact of maternal infections on cellular
immune responses to measles virus in infants. This is due, in part, to the fact that
measurements of cellular immune responses are much more complex than measure-
ment of antibody responses, which is particularly challenging given the small blood
volumes obtainable from young infants. However, it is likely that maternal infec-
tions, and the associated immune responses, have a profound impact on cellular
immune responses during infancy, and that the range of maternal infections that can
impact offspring cellular immune responses extend beyond HIV-1 and malaria.

Maternal infections can modulate immune responses in their offspring through
multiple mechanisms (Fig. 11.3). In mammals with hemochorial placentas, includ-
ing primates and rodents, the fetal chorion is in direct contact with maternal blood
allowing the transfer of IgG antibodies (Vercruysse and Gabriel 2005) and exposure
to antigens, lymphocytes, cytokines, and other immunomodulatory proteins. If the
immunomodulatory effect of maternal infection persists for years after birth, as
suggested by one study of schistosomiasis (Malhotra et al. 1999), then the transpla-
cental transfer of antigen, antibodies, or cytokines must induce profound and
persistent changes in the developing immune system.

11.8.3 Maternal Schistosomiasis and Offspring
Immune Responses

Schistosomiasis provides one example of a highly prevalent maternal infection that
could potentially have an important public health impact through modulation of
cellular immune responses in infants to both homologous (schistosomal) and
heterologous (nonschistosomal) antigens. Maternal schistosomiasis has been
shown to modulate immune responses to schistosomal antigens in offspring (Carlier
and Truyens 1995) and maternal IgG antibodies to schistosomal antigens cross
the placenta and can be identified in the blood of newborns (Carlier et al. 1980).
Cord blood mononuclear cells from newborns of women infected with Schistosoma
mansoni exhibit strong proliferative responses to antibodies against soluble
egg antigen (SEA), suggesting that idiotypic sensitization occurs in utero (Eloi-
Santos et al. 1989). In a murine model of S. mansoni infection, neonatal idiotypic
exposure induced B-lymphocyte (SEA-specific IgG production) and T-lymphocyte
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Fig. 11.3 Potential mechanisms by which maternal infections may modulate cellular immune
responses in their offspring. The fetal chorion of mammals with hemochorial placentas, including
primates and rodents, is in direct contact with maternal blood allowing transplacental transfer of

IgG antibodies, antigens, lymphocytes, cytokines, and other immunomodulatory proteins. Adapted
from Herz et al. (2000)

(splenocyte proliferative responses) responsiveness (Colley et al. 1999; Montesano
et al. 1999b; Montesano et al. 1999a). This in utero sensitization has beneficial
effects on offspring as it attenuates hepatic granuloma formation and improves their
survival when infected with S. mansoni (Montesano et al. 1999a).

Schistosomal antigens also cross the placenta, as measured by antigen tolerance
in the offspring of mice infected with S. mansoni (Lewert and Mandlowitz 1969),
skin test sensitization in humans (Camus et al. 1976; Tachon and Borojevic 1978),
and detection of circulating S. mansoni soluble antigens in umbilical cord blood
(Attallah et al. 2003; Carlier et al. 1980; Hassan et al. 1997; Romia et al. 1992). For
example, studies conducted in Egypt detected a 63 kD antigen of S. mansoni in 86%
of 176 umbilical cord blood samples from infected women (Attallah et al. 2003).

Maternal infection can also modulate immune responses to heterologous anti-
gens. In utero sensitization to S. haematobium establishes immunological memory
persisting into childhood and biases T lymphocyte cytokine responses to BCG
vaccination (King et al. 1998; Malhotra et al. 1997; Malhotra et al. 1999). Prenatal
sensitization to schistosomiasis alters immune responses to BCG in children 2—-10
years of age. In this group, ex vivo production of IFN-y by T lymphocytes was
diminished relative to control T lymphocytes following stimulation with purified
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protein derivative (Malhotra et al. 1999). Whether maternal infections modulate
immune responses to measles vaccines administered to children is currently
unknown, but may become of importance with the development of novel measles
vaccines that are administered early in infancy.

11.9 Conclusions

The work discussed herein demonstrates the challenges in interpreting data from
studies in the field where multiple factors including nutrition, endemic diseases,
ethnicity, and behavior exert varying degrees of influence on the effect of immuni-
zation against measles virus. Nonetheless, clear differences between the sexes are
evident in how these factors integrate in certain geographical regions and illustrate
the need to carefully monitor and evaluate the effect of vaccination programs under
different conditions and between the sexes. The fact that these differences are
evident in children would suggest that they are likely to be independent of steroid
hormone-induced immunomodulation that is normally attributed to such differ-
ences in adults. Future studies must consider genetic factors as possible mediators
of sex differences in susceptibility to infection in children. In particular, the mosaic
of X chromosomal genes in females that are inherited from both mother and father
and the consequence of X inactivation should be considered in greater detail as
possible mechanisms shaping immunological differences between the sexes
(Migeon, 2007).
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Chapter 12
Epilogue: Challenges for the Future

Craig W. Roberts and Sabra L. Klein

Abstract Charles Darwin contemplated the evolution of diversity within species in
his book, On the Origin of Species. Darwin noted that there are profound differ-
ences between the sexes of a single species that evolve through a process he termed
sexual selection. We propose that consideration of the adaptive significance as well
as the mechanisms underlying why males and females respond differently to
infection is fundamental for progress in infectious disease research. Future studies
must consider not only the role that hormones play in modulating responses to
infection, but also how genes, including sex chromosomal genes, impact responses
to infection differentially between the sexes. Finally, by illustrating that sex and
reproductive status impact responses to infection it is demonstrated that these
factors might also influence responses to therapeutic treatments, including vaccines.

12.1 Natural Selection, Sexual Selection and the Evolution
of Sexual Dimorphism

For around 150 years, two theories, both proposed by Charles Darwin, have
prevailed to explain the diversity and complexity of life on earth and the differences
observed between the sexes of a single species. The first theory, explains how
diversity and speciation occurs. Simply put, variations in the diversity of a species
that are beneficial for survival are preserved in the proceeding generations. This
theory is termed natural selection.

“I have called this principle, by which each slight variation, if useful, is preserved, by the
term Natural Selection”
Charles Darwin, 1859 on the Origin of Species
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The second theory, in some ways, is a refinement of the first as it accounts for
differences observed between the sexes of a single species that cannot immediately
be explained by natural selection. This theory is termed sexual selection.

“Thus it is rendered possible for the two sexes to be modified through natural selection in
relation to different habits of life, as is sometimes the case; or for one sex to be modified in
relation to the other sex, as commonly occurs. This leads me to say a few words on what I
have called Sexual Selection. This form of selection depends, not on a struggle between
individuals but of one sex, generally the males, for the possession of the other sex. The
result is not death to the unsuccessful competitor, but few or no offspring. Sexual selection
is therefore less rigorous than natural selection. Generally, those most vigorous males,
those that which are best fitted for their places in nature, will leave the most progeny.”

Charles Darwin, 1859 on the Origin of Species

Any attempt to establish why males and females have differential susceptibility to
disease or why their immune systems exhibit differences, should be consistent with
these widely accepted theories or should propose a refinement thereof.

Differences in the susceptibility of males and females to infection have been
noted in diverse, phylogenetically distinct species of invertebrates and vertebrates
(Chap. 1). This book has concentrated on mammals as the functional significance of
this is obvious and is of medical and veterinary importance. Consideration, how-
ever, has been given to other animals in Chap. 1, in which the evolution of these sex
differences is discussed. The rationale for considering all diverse forms of life for
deriving theories of the providence of these observations is clear and allows
scenarios to be considered that would otherwise be impossible to envisage by
examining mammals in isolation. For example, the absence of testosterone in
insects demonstrates that the evolutionary origins of the observed differences in
humans, although in part mediated by testosterone, are not primarily due to an
unfortunate side effect of this hormone. Males respond to infection differently from
females in general and this is conserved in diverse life forms by independent
signals. This would suggest that the evolutionary reason for male-associated sus-
ceptibility to infection is a generality.

12.2 Male-Associated Immuno-incompetence: Limitations
of Bateman’s Principle and the Immunocompetence
Handicap Hypothesis

There are a number of limitations of current theories that attempt to explain “male
immuno-incompetence.” The evolutionary rationale that has been proposed for this
phenomenon combines the idea of Bateman’s principle with the immunocompe-
tence handicap hypothesis (Bateman 1948; Rolff 2002; Folstad and Karter 1992). In
essence, females are highly discriminate about selecting mates as they are required
to invest more energy in progeny, whereas males are less discriminate about mates
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and expend more energy in gaining as many mates as possible. The energy that
males spend on mating is in expense of their immune system and, as a consequence,
males are hypothesized to be immunologically handicapped. The combination of
these theories is appealing as it provides an overall principle independent of any
single mediator that must be conserved in all species. However, it also implies that
males have evolved poorer immune systems not due to positive selection of that
trait, but due to the adverse effects of positive selection on secondary sexual
characteristics that promote the acquisition of mates and reproductive success.
However, male immuno-incompetence is not passive in mammals and has been
largely attributed to the active immunosuppressive effects of testosterone. Thus, as
detailed in Chap.3, testosterone receptors are present in immune cells and the
ligation of these receptors and downstream signaling events actively expend energy
in responding to testosterone. Furthermore, males are not more susceptible to
infection with all pathogens and female-typic reproductive hormones, including
estrogen and progesterone, can alter immune responses and disease pathogenesis.
Consequently, theories that attempt to justify “male-immunoincompetence” require
refinement to take into account these proximate mechanisms and alternative
hypotheses should be considered in the future.

12.3 Beyond the Dogma of Female-Biased Resistance

A notion of “female supremacy” has existed in the literature, as in most cases
females are less susceptible to infectious diseases than are males. As outlined in
Chap.7, a number of exceptions exist that illustrate that heightened immunity in
females is not always beneficial and can result in development of immune-mediated
disease following infection. One obvious mediator of female susceptibility to the
development of immune-mediated disease is elevated production of estrogen and
progesterone. These hormones are extremely elevated during pregnancy and may
account for the increased susceptibility of pregnant females to certain pathogens, as
discussed in Chap.9. Notably, pregnancy increases susceptibility to a number of
pathogens irrespective of whether they conform to or contradict the general notion
of female-biased resistance to infection. For example, female mice are more
susceptible to T. gondii infection and this is accentuated during pregnancy (Roberts
et al. 1995; Shirahata et al. 1992). In contrast, female mice are more resistant than
male mice to Leishmania spp., but have increased susceptibility to infection during
pregnancy (Alexander 1998; Krishnan et al. 1996).

These results illustrate that exceptions to the notion of female-biased resistance
to infection exist and these might be a reflection of hormone-mediated immune
alteration necessary for successful pregnancy operating to a reduced extent in a
nonpregnant host. This would be consistent with the obvious evolutionary selective
pressure of successful pregnancy. As an added complication, however, pathogens
also are under evolutionary pressure and have coevolved with their hosts. In some
cases, pathogens have evolved to respond to and benefit from host mediators,
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including hormones. The extent of these interactions has not been adequately
explored, but the potential benefits to pathogens are clear in some interactions,
such as Toxocara canis infection of dogs. The parasite is able to “sense” pregnancy
and through hormone-induced immunological changes; T. canis can reactivate and
infect the offspring (Burke and Roberson 1985).

12.4 Limitations of Current Knowledge About
Immune-Endocrine Interactions

The immune system is complex with many redundant and pleiotropic functions that
are challenging to understanding in isolation, let alone in combination with the
endocrine system. As the chapters contained herein illustrate, the immune system
does not function in isolation of the endocrine system and consequently studying
each in isolation may provide only a partial understanding of both. Furthermore, the
division of each of these systems is purely arbitrary, based on the independent
evolution of what were originally two fields of study. Many of the peptide media-
tors of the immune system, “cytokines,” are by classical definition “hormones” and
had they been described first by endocrinologists would have been so designated.
Conversely, many of the hormones described by endocrinologists are by themselves
immunologically active (e.g., prolactin) and could equally as well be considered as
cytokines. The borders are further blurred, as steroid hormones, most notably
cortisol, have been known for many years to be antiinflammatory and to be induced
by immunological events (e.g., IL-1p signaling in the hypothalamus). Less well
appreciated by the scientific and medical communities is the notion that sex and
pregnancy-associated steroids interact with the immune system, which clearly
merits further study. In Chaps.2 and 3, the distribution of hormone receptors and
their action in immune cells are described. The expression of hormone receptors in
various cells involved in innate and adaptive immunity and how downstream
signaling impacts immunity have not been fully characterized. An approach of
utilizing transcriptomics and proteomics will provide novel insights into this
emerging area of research. Similarly, characterization of hormone response ele-
ments, and their cross reference with immunologically relevant molecules, using
the current mammalian genomes will provide a further reference point to study
immuno—endocrine interactions. Comparative analysis of mammals using a sys-
tems biology approach is also likely to provide information of the evolution of such
interactions.

Immunological advances have been made using animals that have been geneti-
cally engineered to be deficient in immunologically important genes. Although
mice have been engineered to be deficient in certain steroid hormone receptors,
their use has been limited, probably due to their extreme phenotypes as many of
these hormones are essential for survival or reproduction. The development of
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tissue specific and conditional gene-deficient mice should be exploited to establish
the role of hormone receptors in individual immunological cell lineages as well as
at specific developmental stages.

12.5 Sex-Determining Chromosomes in Mammals and Their
Influence on Immunity

In mammals, sex is chromosomally determined, with males possessing an X and Y
chromosome, but females possessing two X chromosomes. Consequently, genes
present on the Y chromosome are unique to males and can influence immune
response and disease susceptibility. Furthermore, as males only have a single
copy of the X chromosome, they possess only a single allele of any gene thereon,
and are consequently vulnerable to X-linked diseases, including immunodeficien-
cies. This would include XSCID, which occurs as a result of a mutation in the
common y-chain that forms part of the heterodimeric IL-2, IL-4, IL-7, IL-9, IL-15,
and IL-21 receptors (reviewed Fish 2008).

Females have two alleles for each X-chromosome-located gene, although only
one of these is functional as one of the X chromosomes is randomly inactivated at
the late blastula stage. This mosaic pattern can compensate for some X-linked
immunodeficiencies, but would logically also provide diversity in immune response
within a single heterozygous female. The advantage of X-chromosome mosaicism
is clearly evident when looking at the consequence of a rare mutation in FoxP3
gene present on the X chromosome (reviewed, Wildin and Freitas 2005). This gene
encodes a transcription factor that is required for the development of regulatory T
cells and in males causes immunodysregulation, polyendocrinopathy, enteropathy,
X-linked syndrome (IPEX). This disease manifests in young males as early onset
autoimmune diseases, with female mosaicism providing protection (reviewed,
Wildin and Freitas 2005).

The two examples provided here are extreme cases that illustrate the vulner-
ability of males to adverse mutations in genes of the X chromosome. The X chromo-
some encodes more than 1,100 identified genes, a number of which are known to
have obvious immunological functions (Fig. 12.1) (reviewed, Fish 2008). However,
the advantage of being a female with a partial “mosaic immune system” remains to
be fully determined. There are some cases where it has been postulated that the
mosaic system can have adverse effects when one X chromosome is preferentially
inactivated. In these individuals, rather than the predicted 50% inactivation of each
X chromosome, inactivation can be skewed in certain tissues so severely that few
dendritic cells possess one of the X chromosomes. T cells maturation would be
tolerated in these individuals to antigens of only one X chromosome and, conse-
quently, T cells could interact with tissue expressing the other X chromosome. This,
in turn, could be responsible for certain female-associated autoimmune diseases
including systemic lupus erythematosus (reviewed, Stewart 1998). The extent to
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Fig. 12.1 Genes on the X chromosome with the potential to influence immunocompetence.
Several proteins encoded by genes that are found on the X chromosome might underlie sex-
based differences in immune responses. The proteins listed were selected from more than 1,100
identified genes on the X chromosome, and have been grouped according to their associated
function as receptors and associated proteins (a), proteins related to the immune response (b), or
proteins involved in transcriptional and translational control (c¢). Proteins with their definition and/
or known function are listed. The protein marked with the asterisk indicated those encoded by
genes also found on Y-chromosome. Adapted from Fish, 2008. Reprinted by permission from
Macmillan Publishers Ltd: Nature Reviews Immunology (Fish 2008), copyright (2008)

which sex chromosomal genes impact infectious disease pathogenesis requires
consideration.

12.6 Sex Differences in Vaccinology and Therapeutics

Throughout this book, we have illustrated that the outcome of infection differs
between males and females and among females in different reproductive condi-
tions. Whether the sexes respond differentially to vaccines and other therapeutic
treatments is considerably less well characterized, as discussed in Chap.11.
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Sex differences are reported in response to both childhood and adult vaccination.
For example, sex differences are reported in the humoral immune responses of
adults to vaccines against influenza, hepatitis A, hepatitis B, pneumococcal poly-
saccharide, and diphtheria (Yu et al. 2004; Cook et al. 2006; Volzke et al. 2006;
Cook 2008). One notable example is in response to the intramuscular trivalent-
inactivated influenza vaccine, women generate a more robust antibody response
and develop more severe side effects (e.g., headache, other pain, and fatigue)
following vaccination than do men (Engler et al. 2008). Importantly, the antibody
response of women to a half dose of the influenza vaccine is equivalent to the
antibody response of men to the full dose, suggesting that sex should be considered
in guidelines for influenza vaccine dosages (Engler et al. 2008). Vaccination of
adults against herpes simplex virus type 2 (HSV-2) also results in disproportionate-
ly greater protection in women than men. In fact, the HSV-2 vaccine seems to work
exclusively in women and provides little to no protection in men (Stanberry et al.
2002). Men and women also differ in adverse reactions to vaccines. Females
develop more adverse side effects following vaccination against anthrax, rubella,
diphtheria—tetanus—pertussis, and measles, whereas males develop more severe
encephalitis in response to the yellow fever vaccine (Knudsen et al. 1996; Monath
et al. 2002; Pittman et al. 2002; Cook et al. 2006; Aaby et al. 2007; McNeil et al.
2007; Cook 2008). Whether the dose of vaccine should be tailored to men and
women should be considered. Future studies also should continue to consider
whether antibody responses, the activity of memory B cells, or cytokine gene
polymorphisms underlie sex differences in the efficacy of both childhood and
adult vaccination (Baynam et al. 2008; Cook 2008; Sanchez-Ramon et al. 2008).

In addition to vaccines, the pharmacokinetics and pharmacodynamics of thera-
peutic medications also differ between the sexes, which may impact effectiveness
of treatments of infectious diseases. Men and women differ in gastric emptying,
body weight, body fat, organ blood flow, hepatic enzymes that metabolize drugs,
and renal clearance — all of which influence the efficacy of drug treatments
(Wizemann and Pardue 2001; Fish 2008). Of all the drugs that the Federal drug
administration in the United States withdrew in 2005, the reason for 80% of these
was due to adverse effects in women (Simon 2005). The under-representation of
women in clinical studies has impacted our understanding and treatment of infec-
tious diseases (Fish 2008). Even though current policies in the United States require
women to be included in studies on the safety and effectiveness of drugs, there is
still inadequate compliance (Fish 2008). When women are included, clinical studies
often do not analyze data in a manner that allows for distinctions between men and
women in responses to therapeutic treatments. If the sexes are compared, this is
often conducted post hoc using data from studies not explicitly designed to compare
responses between men and women using subgroup analyzes with adequate statis-
tical power (Uhl and Marts 2008).

As the concept of “personalized medicine” continues to gain momentum in the
scientific and medical communities, understanding how and why the immunology
of men and women differs both in response to infectious agents as well as in
response to treatments of infection will result in a paradigm shift in how basic
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scientists, epidemiologists, clinical researchers, and healthcare providers evaluate
disease and therapeutic treatment. Thus, the data presented in this book could have
a fundamental impact on the evaluation and treatment of infectious diseases. Rather
than focus on the need for inclusion of women in studies of infectious diseases, this
book has emphasized the importance of examining responses in men and women to
improve our understanding about the manifestation and treatment of disease in both
sexes. An extension of this is that the treatment of at least certain diseases would be
optimized if specifically tailored for hormonal status taking into account both age
and sex.
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