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Abstract

Sex-specific differences have been described for a variety of infectious and autoimmune diseases. In HIV-1 infection women
present with significantly lower viral loads during early infection, but during chronic infection women progress faster to
AIDS for the same amount of viral replication. Recent studies have shown that sex differences during HIV-1 infection
might also include the size of the latent viral reservoir, which represents a major obstacle towards a cure for HIV-1. Here
we review different immunological and virological aspects that can be influenced by sex hormones and sex-specific genetic
factors and their contribution to viral replication, as well as the creation and maintenance of the HIV-1 reservoir.
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Introduction

A clear dimorphism exists in the immune response of women and
men towards pathogens and the incidence of autoimmune diseases.
In general, men are more susceptible to infectious diseases, whereas
women present with higher prevalences of autoimmune diseases [1].
The differences in the immune response between women and men
can be attributed to a number of different factors. Several receptors
that are of importance for the regulation of an immune response,
including Toll-like receptor (TLR)7, TLR8, FoxP3, CD40L and IL2Rγ
are encoded by the X chromosome [2]. It is therefore possible that
incomplete inactivation of the second X chromosome [3] can lead
to the higher expression of these genes in women. Sex hormones,
especially testosterone and oestrogen, also have a direct influence
on the immune system, as the majority of the immune cells express
receptors for sex hormones and can be influenced by the different
levels of oestrogen and testosterone in women and men (reviewed
in [1,2,4,5]). Here we will review the implication of sex-specific
differences on the manifestations of HIV-1 infection.

HIV-1 viral load, creation and maintenance of the
HIV-1 reservoir

After infection with HIV-1, the majority of the infected cells will
die because of direct viral cytopathic effects, recognition and
destruction of infected cells by host immunity, or bystander
activation leading to apoptosis [6,7]. However, a small portion
of cells that have HIV-1 DNA integrated in their genome will return
to a resting state, and are referred to as latently HIV-1-infected
cells [6]. Those cells make up the HIV-1 DNA reservoir that cannot
be targeted through antiretroviral therapy (ART) and represent
at this moment the biggest obstacle towards a cure for HIV-1.
The diverse factors contributing to the size of the HIV-1 reservoir
remain incompletely understood [6].

Recently, it was observed in a cross-sectional study by Cuzin et
al. that women had a higher chance of reaching a lower HIV-1
reservoir size in comparison with men during long-term ART [8].
There are several non-exclusive explanations for this observation
of sex-specific differences in the size of the HIV-1 reservoir, including
a sex-specific maintenance and regulation of the HIV-1 reservoir
itself, and the establishment of a smaller HIV-1 reservoir in women
due to lower viral loads during early HIV-1 infection in females

compared with males [9]. Studies presented by Karn and colleagues
at IAS 2015 in Vancouver, Canada, support an intriguing model
of direct sex-specific regulation of the HIV-1 reservoir by
demonstrating that manipulation of the oestrogen receptor α (ER-α)
has a direct influence on reactivation of HIV-1 in latently infected
cells in vitro and also ex vivo [10]. The authors showed that the
level of oestrogen present at the peak of the menstrual cycle in
women likely acts as an inhibitor of HIV-1 reactivation in latently
infected cells, thus influencing the size of the viral reservoir. However,
the mechanisms by which inhibition of viral reactivation in latently
infected cells through oestrogen could lead to a smaller HIV-1
reservoir in women are not understood.

Several large cross-sectional and longitudinal cohort studies of
HIV-1-infected individuals have shown that women presented with
significantly lower levels of plasma HIV-1 RNA than men during
the early phases of the infection [9,11,12]. Plasma viral load levels
are a strong predictor of the size of the HIV-1 DNA reservoir
[13,14], suggesting that sex differences in the HIV-1 reservoir after
initiation of ART might be a consequence of differences in viral
replication during the initial seeding of the reservoir. The reasons
for lower viral load levels in women during the initial phase of
HIV-1 infection, and thus the potential creation of a smaller HIV-1
reservoir, are multifactorial, as outlined in Figure 1. Genetic and
sex hormonal mechanisms can influence immunological, viral and
host factors, which in turn can impact viral replication as well as
creation and maintenance of the HIV-1 reservoir. The sex hormonal
factors possibly affecting viral replication are reflected by
fluctuations of plasma viral load levels during the menstrual cycle.
However, there is some controversy, as observations differed
between different studies [15–18]. While two studies did not
observe any changes of plasma viral RNA levels in relationship
to the menstrual cycle [15,16], Greenblatt et al. found a significant
fluctuation of HIV-1 RNA plasma levels between early follicular
and mid-luteal phases of the menstrual cycle after excluding
non-ovulating women [17]. Furthermore Benki and colleagues
observed a marginally significant correlation between progesterone
levels and HIV-1 viraemia [18]. In the following sections, the
current state of research about the multifactorial ramifications of
sex-specific factors leading to differences in HIV-1 viral load levels
and the size of the HIV-1 reservoirs will be discussed.

Immunological factors impacting sex dimorphism
in HIV-1 replication

Multiple studies have demonstrated that plasmacytoid dendritic
cells (pDCs) from women and men respond differently to TLR7
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stimulation [21], including stimulation with HIV-1-derived TLR7
ligands [22], thus contributing to sex-specific differences in HIV-1
pathogenesis. pDCs are cells of the innate immune system that
produce high levels of type I interferons after stimulation via TLR7
with viral ssRNA (e.g. HIV-1) [23]. Type I interferons activate the
expression of interferon-stimulated genes (ISG) that can suppress
viral replication [24], but also might contribute to higher and
chronic immune activation of CD4 and CD8 T cells during persistent
HIV-1 infection in females [22], which is reflected by increased
levels of ISGs ex vivo [25]. pDCs are the strongest producers of
interferon-alpha (IFN-α) in humans, able to produce as much as
3–10 pg of IFN-α/cell [23], which is 100–1000 times more IFN-α
than other immune cells are capable of producing [26]. Meier et
al. have demonstrated that the number of IFN-α-producing pDCs
upon HIV-1-mediated TLR7 stimulation is significantly higher in
females than in males [22].

Several studies have started to assess why pDCs from females
produce more IFN-α following TLR7 stimulation than pDCs of
males [21,22,27]. One potential mechanism could be due to the
location of the tlr7 gene on the X chromosome. Incomplete
inactivation occurs in up to 25% of X-linked genes [3] and the
location Xp22.2 of the tlr7 gene [5] lies close to a locus where
escape of inactivation has been demonstrated [28], meaning that
the TLR7-encoding region of the second X chromosome in women
could lead to higher TLR7 mRNA and protein expression. However,
several studies have demonstrated that pDCs derived from females
do not have a higher expression of TLR7 mRNA compared to pDCs
derived from males (in humans [29,30] and in mice [31]). A current
study by Seillet and colleagues has shown that 17β-oestradiol
treatment of postmenopausal women increases IFN-α production
of pDCs following TLR7 stimulation. Moreover, using NOD/SCID/
β2m-/- mice of both sexes and transplanting them with human
CD34 female progenitor cells, the authors showed that after in
vitro TLR7 stimulation there were significantly more IFN-α-
producing pDCs in female mice compared to male mice, providing
further evidence for a hormonal and not a genetic regulation of
TLR7-stimulated IFN-α production [21]. These sex differences in

TLR7 responsiveness should be taken into account in the design
of future studies using TLR7 agonists as latency reversal agents.
Recently, a study by our group has demonstrated a higher basal
level of interferon regulatory factor (IRF)5 in pDCs from women
compared to men that correlated with the percentage of IFN-α-
producing pDCs following TLR7 stimulation. Furthermore,
knocking-out of the ER-α reduced IRF5 protein levels and the
amount of IFN-α-secreting pDCs, suggesting that oestrogen can
regulate IFN-α production by pDCs through a modulation of IRF5
expression [27]. Taken together, these studies suggest that sex
hormones regulate IFN-α production by pDCs. Higher production
of IFN-α by pDCs from women can have beneficial effects on viral
control during early infection, leading to lower HIV-1 replication.
In contrast, during chronic persistent HIV-1 infection the
continuous IFN-α production contributes to chronic immune
activation and HIV-1 disease progression (reviewed in [32]).

Viral factors contributing to sex differences in
HIV-1 replication

In addition to immunological factors, viral factors might also
contribute to the observed sex-specific differences in viral load
levels and viral reservoirs [9]. Only a few studies have investigated
the possible direct influence of sex hormones such as oestrogen
and progesterone on the transcription and replication of HIV-1
to date [33–35]. Szotek et al. showed that high concentrations
of 17β-oestradiol (equivalent to the oestrogen peak during the
follicular phase of the menstrual cycle [36,37]) inhibited the
production of HIV-1 in human PBMCs in vitro by roughly 40%
without inhibition of HIV-1 reverse transcription or integration [33].
Through further experiments the authors concluded that 17β-
oestradiol can inhibit HIV-1 replication at the transcriptional level
through enabling the association of the transcriptional co-regulator
β-catenin and the transcription factor TCF-4 with ER-α [33]. On
the contrary, in a different study, HEK293 cells were transfected
with different plasmids in order to become sensitive to oestrogen
treatment and to express HIV-1 LTR luciferase constructs. Using

Figure 1. Summary of the multifactorial ramifications of sex-specific differences for HIV-1 infection. Immunological, viral and host factors regulate HIV-1 replication, as well as the
creation and maintenance of the HIV-1 reservoir. These three factors are in turn regulated by genetic and hormonal determinants. The microbiome, furthermore, plays an
important role in orchestrating sex differences of immune cells, as has been reviewed elsewhere [4,19,20]. IFN: interferon; ISG: interferon-stimulated genes; LTR: long
terminal repeat; PDI: protein disulfide isomerase
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this model, the experiments suggested an oestrogen-based
increase of DNA-binding activity of the transcription factor Sp1,
causing augmented transcriptional activity of the HIV-1 LTR [34].
The discrepancies in the results might be due to the usage of
different in vitro experimental setting (primary PBMCs [33] vs
HEK293 cell line [34]) and different oestrogen concentrations used
(1.5 nM [33] vs 10 nM [34]). In an additional study, Ragupathy
et al. suggested that the hormonal effects on HIV-1 replication
are subtype and donor specific [38], further complicating any
conclusions. Asin et al. isolated PBMCs from HIV-1-seronegative
donors, infected them in vitro with HIV-1, and then analysed viral
replication under oestrogen and progesterone concentrations
simulating mid-follicular phase (mid-proliferative [39]) or mid-luteal
phase (mid-secretory [39]) conditions of the menstrual cycle [35].
In these studies, the authors observed that mid-follicular hormone
concentrations (low progesterone and low oestrogen) increased
replication of HIV-1 through an enhanced activity of the LTR. A
decreased HIV-1 replication was observed for mid-luteal phase
conditions (high progesterone, high oestrogen). This would indicate
a dual effect of both sex hormones; however, using low oestrogen
concentrations as representation of the follicular phase, when
oestrogen levels normally peak [36,37], is certainly debatable.
Overall, the current research regarding direct effects of sex
hormones on the transcription of HIV-1 is contradictory, which
is likely to be due to different experimental conditions. More
research will be needed to draw definite conclusions about the
direct influence of sex hormones on HIV-1 replication.

Sex-specific regulation of host factors
influencing HIV-1 replication

Apart from their influence on immune function and viral factors,
sex hormones have also been suggested to directly regulate host
proteins that are influencing HIV-1 replication.

The cytokine receptor CCR5 plays an important role in the
susceptibility towards HIV-1 infection, since it is a necessary
co-receptor for viral entry [40]. An in vitro study by Vassiliadou
et al. assessing the effect of progesterone on CCR5 expression
showed a significant inhibition of CCR5 upregulation on activated
peripheral blood-derived CD4 T cells following progesterone
pre-treatment [41]. It has to be noted, however, that these effects
were dose-dependent, and only at concentrations of 1 μM and
higher were significant effects observed, while at a progesterone
concentration of 100 nM no effect was displayed. The upper
physiological ranges of the progesterone peak during menstrual
cycle range between 60 nM [36] and 92 nM [37], thus
representing concentrations at which no effects were observed
in vitro. However, the results of Vassiliadou et al. are supported
by the observation that postmenopausal women, who have low
progesterone levels, demonstrate a significant increase of CCR5
receptor expression on cervical CD4 T cells [42].

An influence of sex hormones on the susceptibility of cells to
infection with HIV-1 has also been suggested for oestrogen. A
recent study concluded that in vitro treatment of CD4 T cells and
macrophages with 17β-oestradiol prior to HIV-1 challenge renders
the cells less susceptible to HIV-1 infection, and this effect was
independent of CCR5 downregulation [43]. Again, the hormone
concentrations used in vitro (up to 50 nM) were multiple times
higher than the oestrogen peaks observed during menstrual cycle,
which range up to 2 nM [36,37]. Of interest, an in vivo study of
male-to-female transsexual individuals treated with oestrogens and
antiandrogens showed a significant increase in CCR5 expression
on T cells over a 4-month period [44]. These observations are in
line with a study by Mo et al. in mice, demonstrating significant
higher expression of CCR5 in female mice. In addition,

gonadectomised female mice supplemented with oestrogen had
a higher expression of CCR5 than gonadectomised female mice
treated with a placebo. However, CCR5 expression remained lower
in hormone-supplemented female mice than in wildtype female
mice, indicating that the factors involved in regulating CCR5
expression are more complex [45]. In conclusion, the multifactorial
influences on CCR5 expression need to be validated under more
physiological conditions, as sex differences in CCR5 expression
levels might contribute to differences in the size of the HIV-1
reservoir.

Antimicrobial peptides such as secretory leukocyte protease
inhibitor, α- and β-defensins can also be regulated by sex
hormones, and might influence HIV-1 transmission through their
presence in the female genital tract (reviewed in [39]). The enzyme
protein disulfide isomerase (PDI) is capable of catalysing disulfide
isomerisation, reduction, oxidation and chaperone activity [46].
It has been shown that the enzymatic activity of PDI as a reductase
is necessary for HIV-1 infection and that inhibition of PDI
effectively prevents entry of HIV-1 into target cells (reviewed in
[47]). In vitro studies have furthermore shown that oestrogens
are able to bind to PDI [48]. However, there remains some
controversy on whether oestrogen binding leads to a decline of
PDI reductase activity, with one study showing partial PDI
inhibition at (unphysiologically) high (up to 1 μM) oestrogen
concentrations [49]. In contrast, Klett and colleagues showed a
dose-dependent inhibition of PDI at a more physiological
concentration (10 nM) of oestrogen [50]. In summary, little is
known about the direct impact of sex hormones on the regulation
of host factors that can modulate HIV-1 replication.

Conclusion

Current research clearly demonstrates how sex-specific differences
in the manifestations of HIV-1 infection are shaped on multiple
levels, and this complexity has to be taken into account in the
interpretation of studies investigating the precise underlying
mechanisms. The elucidation of the effects of X-chromosomal
genetic factors and of sex hormones in modulating HIV-1
acquisition, HIV-1 replication/reservoir formation, and HIV-1
pathogenesis will be critical in order to design new and personalised
strategies against HIV-1 that take sex differences into account.
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