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Sex-Dependent Outcome of Hepatitis
B and C Viruses Infections: Synergy
of Sex Hormones and Immune
Responses?

Anna Ruggieri*, Maria Cristina Gagliardi and Simona Anticoli

Center for Gender Specific Medicine, Istituto Superiore di Sanita, Rome, Italy

Hepatitis B virus (HBV) and hepatitis C virus (HCV) are hepatotropic viruses that differ
in their genomic content, life cycle and molecular prognosis. HBV and HCV establish
chronic lifespan infections that can evolve to fibrosis, cirrhosis and hepatocellular
carcinoma (HCC). This malignant liver cancer affects more commonly male patients than
females, with a male-to-female incidence ratio of <Capword>2</Capword>:1upto 7:1.
Sex significantly contributes to shape the immune responses, contributing to differences
in the pathogenesis of infectious diseases, in males and females patients. Females usually
develop more intense innate, humoral and cellular immune responses to viral infections
and to vaccination compared to male subjects. Sex hormones, in turn, differentially
affect the immune responses to viruses, by specific binding to the hormone receptors
expressed on the immune cells. In general, estrogens have immune-stimulating effect,
while androgens are immune-suppressing. However, sex hormones, such as androgen,
can also directly interact with HBV genome integrated into the cell nucleus and activate
transcription of HBV oncoproteins. On the other side, estradiol and estrogen receptors
protect liver cells from inflammatory damage, apoptosis and oxidative stress, which
contribute to fibrosis and malignant transformation preceding HCC. In HCV-associated
cirrhosis and HCC the decreased expression of estrogen receptor alfa (ERa) in male
patients may explain the worse outcome of HCV infection in men than in women. The
synergistic action of male and female sex hormones and of immune responses, together
with viral factors contribute to the mechanism of sex/gender disparity in the outcome
and progression of hepatitis viruses infection.

Keywords: sex, HBV, HCV, estrogens, androgens, progesterone, innate immune response, adaptive immune
response

INTRODUCTION

Men and women are extremely different in health and disease. Women usually live longer
than men but not healthier; in fact, women are often sicker than men. In addition,
sex-related differences in the frequency of side effects have been reported for several drugs,
with women experiencing more adverse events than men (1). The higher rate of side
effects in women than in men may be due, at least in part, to the fact that results
from clinical trials derive mainly from male subjects, being women inadequately represented
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in clinical trials (2). In the last 18 years gender-specific medicine
has been recognized as the study of how diseases differ
between sexes in terms of susceptibility, prevention, clinical
manifestations, therapy, prognosis and mechanisms of
pathogenesis (3). In this context, viral infections have been
recognized to differ between males and females for prevalence,
intensity, outcome and pathogenetic mechanisms (4). In this
minireview, we introduce some mechanisms that determine
sexual dimorphism in immune function in males and females.
We then discuss the impact of the synergy between sex
hormones and sexually dimorphic immune responses on
pathogenesis during Hepatitis B (HBV) and Hepatitis C (HCV)
viral infections.

SEX DISPARITY IN IMMUNE RESPONSES
TO VIRAL INFECTIONS

It is well-known that sexual dimorphism occurs in humans
and animals with regard to immune responses and viral
infections (4). Female individuals usually are less susceptible
to viral infections than males, since they mount a more
efficient, intense and prolonged immune response, either innate,
as well as humoral and cell-mediated (5, 6). The innate
immune response is the first line of defense against viruses
and it is mediated by Toll-like receptors (TLRs), retinoic
acid-inducible gene I-like receptors (RIG-I) and nucleotide
oligomerization domain-like receptors (NOD-like receptors).
These, named pattern recognition receptors (PRRs), recognize
viral components (such as DNA, dsRNA, ssRNA, and viral
proteins) and activate production of type 1 interferon (IFN)
and inflammatory cytokines (IL-1, TNFs). In rodents and in
humans expression of TLRs (such as TLR7) as well as number
of monocytes, macrophages and dendritic cells, that are innate
immune response players, have been reported to be significantly
higher in females than in males (7, 8), thus accomplishing the
more intense inflammatory responses in female subjects than in
males (9).

In general, once a viral infection is established, the activation,
by the Antigen Presenting Cells (APCs), of adaptive immune
responses and of B cells, with subsequent rise of the antibodies
specific for viral antigens, in most cases is greater in female
animals and humans compared to males (10). In addition,
females have higher number of CD4*T cells than males, that
induces a greater number of T cells activated by viral antigens
engagement of the T cell receptor (9-13); moreover, stronger
cytotoxic T cell activity along with overexpression of antiviral and
pro-inflammatory genes, many of which have estrogen response
elements in their promoters, have been reported in women (14).

In most viral infections, following viral clearance, when
the immune system returns to the homeostasis, basal immune
responses are higher in females than in males. This can resultin a
higher risk of developing immunopathologies associated to viral
infections in female individuals. In contrast, the lower antiviral
immune responses at homeostasis in males can be responsible for
the increased risk to undergo to persistent viral infections (9).

Based on this, it is deductible that female are less prone than
males to be virus infected, due to their more effective antiviral
immune defenses, but more frequently they develop more severe
symptoms, due to the more intense inflammatory responses (9).

The immunological dimorphism between sexes, besides being
shaped by the individual genetic background (15, 16), is mostly
regulated by sex steroids hormones, particularly by estrogens,
progesterone and androgens, that affect function of the immune
cells. Due to the expression of the sex hormone receptors on
immune cells, including lymphocytes, monocytes and dendritic
cells, the interaction of sex hormones and immune cells
affects release of cytokines and chemokines, which determine
differentiation, maturation and proliferation of the immune cells
(17).

Presence of different sex hormones, which circulate at
different levels in males and females, makes sense of the
fact that the immune responses are differentially modulated
in individuals of different sexes (18). There are three classes
of sex hormones: androgens (testosterone), estrogens (17-beta-
estradiol) and progesterone. The level of estrogens in females
fluctuates during menstrual cycle and declines with menopause;
in males the testosterone level is stable up to almost 60 years of
age, before age declining. Consequently, sex disparity in immune
responses to viral infections may vary with aging.

Several studies have been published so far to clarify the
various roles of estrogens on immune system, whereas much
less is known about the roles of androgens (19-21). In general,
testosterone has been demonstrated to have suppressive effect on
the immune function, either in animal models and in human
trials (21); conversely the effect of estrogen varies depending on
their levels and on the immune measure used (20).

Androgens have been shown to suppress pro-inflammatory
responses in rodents, by increasing production of anti-
inflammatory cytokines (IL-10, TGF-B) (22-24). In humans,
androgens deficiency in men has been reported to induce
increased levels of inflammatory cytokines (IL-1f, IL-2, and
TNF), an increased CD47/CD8" T cell ratio and higher
antibodies titers, compared to male subjects with normal level
of testosterone (25, 26). Actually, several studies (21, 27) have
indicated that androgens exert an overall inhibitory effect
on differentiation of Thl arm of the immune system, with
consequent reduced production of IFN-y that may explain the
enhanced susceptibility to viral infections in males than in
females (28).

Estrogens (17B-estradiol) act by binding to the estrogen
receptors (ER) -alfa or -beta, which are expressed differentially
among the subsets of immune cells: ERa is highly expressed
on T cells and ERP highly expressed on B cells (19). Estrogens
affect different activity of the innate and adaptive immune
responses, and they have opposite effects on the immune system
based on their concentration. In humans, low doses of estrogens
have been reported to induce monocytes differentiation into
inflammatory DCs with consequent high production of IL-4 and
IFN-a. Conversely, high doses of estrogen have inhibitory activity
on innate and pro-inflammatory immune responses (19, 29).

In addition, the low level of estrogens activates Th1-type and
cell-mediated immune responses, whereas high levels enhance
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Th2-type responses and humoral immune responses in diverse
species and in vitro. Treg cell populations are also positively
affected by estrogens either in mouse model and in women
(30). At physiological concentration estrogens also stimulate
humoral response to viral infections, by inducing higher levels
of antibodies and activating antibodies-producing cells. From the
above it is deductable that the fluctuation of the estrogen levels
during the menstrual cycle in female subjects can make women
differently immune-reactive before ovulation, when the antibody
levels are highest (31).

Progesterone’s effect on immune system is similar to
androgen’s immune suppression of both innate and cell mediated
immune responses. It is known that progesterone suppresses
Th1 response and favors the Th2 cytokines production, inhibits
cytotoxic T cells and modulate function of NK cells (5).

SEX DISPARITY IN HEPATITIS B VIRUS
(HBV) AND HEPATITIS C VIRUS (HCV)
INFECTIONS

HBV and HCV are two hepatotropic viruses belonging,
respectively, to Hepadnaviridae (HBV) and Flaviviridae (HCV)
families, that differ in their genomic content, life cycle and
molecular prognosis. HBV is the DNA virus that has the
ability to integrate into host cell DNA, establishing persistent
infection and whose replication cycle involves an RNA
intermediate. HCV is the RNA virus that replicates in host
cell cytoplasmic membranous webs (vescicle-like cytoplasmic
membranes). Escaping from innate and adaptive immune
responses is the main mechanism involved in establishment of
persistent HCV infection (32).

Both viruses are responsible for chronic infections and
represent a major risk factor for the development of
hepatocellular carcinoma (HCC). Male sex is a risk factor
for HBV and HCV prevalence and for HCC development
subsequent to HBV and/or HCV infection. HBV-associated
HCC develops more frequently in men than in women, with
a female/male ratio ranging from 1:4 to 1:7 (33). In addition,
female HBV carriers have lower viral loads than male carriers
(34, 35) and the prevalence of serum HBV surface antigen
(HBsAg) has been reported higher in men than in women (36).
Some studies suggested that high levels of serum testosterone
could associate with an increased risk of HCC development
in male carriers of HBV (37). This and similar observations
suggested that HBV infection and pathogenesis could be
regulated by sex hormones. As reported above, male and female
sex hormones affect the release of inflammatory cytokines in
opposite way, as estrogens induce pro-inflammatory cytokine
whereas androgens suppress pro-inflammatory responses, and if
this occurs in the HCC microenvironment it can contribute to
the epigenetic changes responsible for malignant transformation
in different or opposite ways between sexes.

As described in the previous paragraph, the innate immunity
response is the first line of defense against viral infections. The
impact of sex differences and, in particular, of sex hormones
on innate immune response to HBV are largely unknown,

due, at least in part, to the lack of adequate models. A
little more is known regarding gender-related differences in
adaptive immune response to HBV infection. After prophylactic
vaccination against HBV, women have higher anti-HBs antibody
titer than men (38). In addition, a more frequent seroconversion
to HBeAg (HBV e antigen) and HBsAg antibodies has been
reported in female HBV chronic carriers than in males (39).
According to a study conducted in mouse models of acute
and persistent HBV infection, sex-related discrepancies in the
adaptive response to HBV infection may be explained by different
CD8™-T cells activity. In both murine models higher CD8*-T
cells activity has been reported in females than in males and
correlated to lower number of intrahepatic Treg cells in female
mice than in male ones (40). However, the role of androgens
and estrogens in regulating T-cells response to HBV infection
is still unclear, and only some clues are available. For example,
susceptibility to chronic HBV infection has been associated to
a particular ERa polymorphism; one possible explanation is
that this polymorphism affects ESR1 (Estrogen Receptor 1) gene
transcription with the consequence of a defective response of
immune cells to estrogens (41). Given the reported effect of
sex hormones on immune system, it is reasonable to speculate
that this can also account for the sex different susceptibility to
HBYV infection. Antiviral immune response modulation by sex
hormones may also contribute to explain HCC prevalence in
male gender, as in the case of chemically induced HCC that
is worse in male than in female mice, due to the increased
production of IL-6 by Kupffer cells in the males liver (42). Same
Authors showed that estrogens transcriptionally inhibited IL-6,
through reduction of Myd 88-dependent induction of NF-kB
(42, 43).

Besides the effect on immune responses sex hormones can also
directly influence virus activity, in some instances, being some
viruses directly responsive to male or female sex hormones. As
a consequence the viral load and the outcome of several viral
infections are different in male and female individuals (44-50).
In general HBV surface antigen (HBsAg) circulates at higher level
in serum of male adult mice than in female (34) and its level
decreases upon castration of the animals, thus indicating that
viral antigen expression and viral replication are regulated by
androgens (35). The androgens do their biological functions by
binding to their cognate receptor (androgen receptor, AR), that
dimerizes and translocates into the cell nucleus, where it binds
to the cellular DNA, to specific Androgen Responsive Elements
(ARE). This binding activates the transcriptional expression of
various target genes that are associated with male phenotype.
The HBV genome integrated into the host cell DNA contains
two ARE elements within the enhancer I region. When the AR-
Androgen complex is internalized into the hepatocytes it binds
either to the nuclear and viral ARE sequences, thus activating
HBV genome transcription and production of the HBV X
protein (Figure 1). This latter, in turn, facilitates dimerization
of the AR and enhances AR transactivation activity, through
activation of Src kinase activity, thus establishing a positive
feedback loop that can promote hepatocarcinogenesis. The
AR further acts in conjunction with other molecules, such
as cell cycle-related kinases (CCRK) that in turn activates
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FIGURE 1 | Schematic illustration of the mechanism of Androgen activation of
HBV replication. HBV genome integrated in the host cell DNA contains two
Androgen Responsive Elements (ARE) within the enhancer | region. The
AR-Androgen complex binds either to the nuclear and viral ARE sequences,
thus activating HBV genome transcription and production of the viral HBx
oncoprotein. HBX, in turn, enhances AR dimerization and androgen-stimulated
AR activity, through the c-Src kinase. This positive feedback loop is one of the
molecular explanations for the increased HBV titers in male patients compared
to females and for the different outcome of HBV infection in men and women.

oncogenic B-catenin in hepatocytes. This mechanism indicates
that Androgen/AR signaling may promote HBV-related HCC
development and explains the higher frequency of HCC as well
as the higher HBV titers in serum of male sex than in female (51).
Conversely, the estrogens signaling has been reported to probably
suppress hepatocarcinogenesis and to be protective against HBV
associated progression to HCC. The molecular mechanism for
estrogen is mediated through binding of estradiol to the nuclear
estrogen receptor-alfa, that inhibits the HBV enhancer I and
transcription of the integrated viral genomes (51, 52).

HCV infection causes, in 80% of cases, chronic infection
that usually is asymptomatic and lasts lifetime, but in a small
percentage of patients can evolve to fibrosis, cirrhosis and the
end stage HCC. The pathogenic mechanisms involved in the
establishment of HCV chronicity and in the disease outcome are
only partially described. Several factors, like age, gender, alcohol
consumption, body mass index and HIV or HBV co-infection
may be involved (32).

Epidemiological and clinical reports have indicated that
chronic HCV infections are more prevalent in men than in
women and HCV-associated disease progression to fibrosis,
cirrhosis to the end- stage HCC is more rapid and more common
in male patients than in female (53). Women, on the other side,
are more likely to clear the virus spontaneously, after initial
infection. Host factors, such as I1-28 genotype and virus genotype
1a, together with female sex have been reported to be predictor of
spontaneous viral clearance of acute HCV infection (54).

A strong and eflicient innate inflammatory response is
considered necessary for spontaneous clearance of HCV. A

critical role in host innate immune response to HCV is played by
TRL7, whose activation leads to IFN-a induction and interferon-
stimulated genes (ISGs) expression, subsequent to janus kinase
(JAK)/signal transducer and activator of transcription (STAT)
pathway induction by IFN-o (55-57). Activation of TRL7 by a
synthetic ligand (SM360320) has been reported to induce HCV-
specific immune response and to decrease HCV RNA levels in
a replicon system in vitro (58); furthermore, treatment with
isatoribine, a selective TLR7 agonist, caused a significant drop in
plasma HCV levels in chronic HCV patients (59).

Little is known regarding the influence of sex on TRL7
expression and activation during HCV infection. A study
conducted on a Maroccan chronic hepatitis C patients has
reported a higher rate of spontaneous HCV clearance in women
than in men, due to a particular polymorphism in TLR7 gene
(60). Expression of MxA gene, one of the ISGs induced byTLR7,
has been found higher in premenopausal women compared to
both postmenopausal women and men (57). In addition, TLR7
activation by synthetic agonists induces a significantly higher
IFN-a production in healthy women than in men (61).

However, women in postmenopausal period, when estrogens
levels significantly decrease, have been reported to experience
more rapid progression of hepatic fibrosis and HCC development
(62) and lower response to antiviral therapy (63). Thus, pointing
out for an important role of the estrogen level in determining the
fate of HCV infection in female subjects and also pointing to the
age effect on HCV pathogenesis.

Normal liver express estrogen receptor of both type, alfa and
beta (ERa and ERP), thus it is responsive to the estrogenic
stimulus, however normal male livers have higher expression
of ERa with respect to normal female livers. In contrast, in
HCV associated cirrhosis and HCC ERa level has been reported
to decrease only in male patients compared to normal male
livers. The Authors correlated the ERa changes associated
to HCV disease with the increase of inflammation markers
and proliferation that are involved in the pathogenesis of
liver cirrhosis and HCC, thus explaining the worse outcome
of chronic HCV infection in male patients than in female
(64).

The worse outcome of HCV infection in men may also be
explained by the direct influence of sex hormones on HCV itself.
17B-estradiol was found to inhibit production of mature HCV
virions, through ERa binding (65, 66) and to inhibit HCV entry,
through down-regulation of occludin (one of the receptors used
by HCV to access the hepatocytes), in infected cell cultures
(67).

Studies analyzing the effect of testosterone on HCV
replication are lacking so far. However, it was reported
an increased expression of scavenger receptors, which are
necessary for viral entry, in both HepG2 cell lines and human
macrophages treated with testosterone (68, 69). Interestingly,
estrogen decreased the expression of hepatic scavenger receptors
in ratlivers (70). The different effect of estrogens and testosterone
on HCV replication may explain, at least in part, the lower
incidence of HCV infection and the less common progression
of liver disease to cirrhosis and HCC, in premenopausal women
than in postmenopausal women and in men.
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CONCLUSIONS AND FUTURE
DIRECTIONS

From the above, the direct and diverse effects of male and female
sex hormones on HBV virus genome replication and on HCV
disease progression, act jointly to the effect of sex hormones on
the anti-viral immune response, thus favoring the hypothesis of
an interplayed action among sex-hormones, virus and immune
system that determines the sex-dependent final outcome of
chronic infections of hepatitis viruses. The data available to
date, on the potential mechanisms determining the different
susceptibility and outcome of HBV and HCV infections, either
immunologic and hormonal, are fragmented and not exhaustive,
but it is encouraging the disclosure in order to identify sex-
specific molecular pathways involved. Molecular mechanisms of
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