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Abstract

Men and women differ in their susceptibility to develop autoimmunity and allergy but
also in their capacity to cope with infections. Mechanisms responsible for this sexual
dimorphism are still poorly documented and probably multifactorial. This review dis-
cusses the recent development in our understanding of the cell-intrinsic actions of
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biological factors linked to sex, sex hormones and sex chromosome complement, on
immune cells, which may account for the sex differences in the enhanced susceptibility
of women to develop immunological disorders, such as allergic asthma or systemic
lupus erythematosus (SLE). We choose to more specifically discuss the impact of
sex hormones on the development and function of immune cell populations directly
involved in type-2 immunity, and the role of the X-linked Toll like receptor 7 (TLR7) in
anti-viral immunity and in SLE. We will also elaborate on the recent evidence demon-
strating that TLR7 escapes from X chromosome inactivation in the immune cells of
women, and how this may contribute to endow woman immune system with
enhanced responsiveness to RNA-virus and susceptibility to SLE.

1. Introduction

The decreased level of infectious diseases in developed country is
associated with the concomitant increase in the prevalence of immunolog-
ical disorders, including autoimmune and allergic diseases (Bach, 2002).
Although the increased incidence of these diseases might be in part attrib-
uted to better diagnosis and improved access to medical facilities, this cannot
explain the marked raise in autoimmune disease prevalence that occurred
shortly in those countries in offspring of immigrants originating from a
country with low incidence (Bach, 2002). This has been well illustrated
by the raise in prevalence of type 1 diabetes (T1D) or multiple sclerosis
(MS) in families of immigrants from Pakistan or from India moving to
the United Kingdom or the United States, respectively (Okada, Kuhn,
Feillet, & Bach, 2010). Likewise, the prevalence of systemic lupus
erythematosus (SLE) is much lower in West African populations compared
to African Americans. The hygiene hypothesis, purely based on the reduc-
tion in the diversity and magnitude of microbial burden in early life, first
proposed to explain the observed increase in allergic disease (Strachan,
1989, 299:1259), was subsequently extended to the field of autoimmune dis-
eases (Bach, 2002). Beside the disappearance of chronic infectious diseases, it
is likely that the immunology of hygiene hypothesis is complex and involves
loss of cellular and humoral immunoregulatory circuits with the adoption of
Woestern life style, alterations of microbiome diversity thereby contributing
to the rising incidence of allergic and autoimmune diseases (Bach, 2018;
Lambrecht & Hammad, 2017).

Although, genetic and environmental factors, infection and western life-
style, are likely key factors contributing to the development of allergy and
autoimmunity, individual-intrinsic biological factors linked to sex are also
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important triggers of these immunological disorders. Indeed, allergic and
autoimmune diseases difterentially affect women and men. In general,
women develop strongest immune responses and thus the proportion of
infected individuals and the severity of many viral, bacterial or parasitic
infections are increased in men. However, heightened immunity comes
at a steep price, which is the high incidence of autoimmune and allergic dis-
eases in women. It is therefore likely that the immunological mechanisms
shaping sex bias in infectious diseases and acquired immunity to pathogens
are also the same that contribute to the higher incidence of autoimmune and
allergic diseases in women. Understanding these pathways may therefore
have implications not only for the treatment of these immunopathological
disorders but also to promote optimal protective immunity in response to
pathogens or to enhance vaccine efficacy.

2. General mechanisms regulating sex bias in
autoimmunity and allergy

The reason why women have stronger immunity and higher inci-
dence of autoimmunity and allergic diseases are starting to emerge
(Klein & Flanagan, 2016; Markle & Fish, 2014). Although a strong eftect
of sex hormones, particularly estrogens, has long been suspected to mainly
contribute to the reported female predominance of these diseases, recent
data demonstrate that female sex hormones are not the only cause of the
female predisposition. Below, we will summarize some important mecha-
nisms presumably involved in the sexual dimorphism in autoimmune and
allergic diseases.

2.1 X chromosome gene dosage and X chromosome
inactivation escape

Sex-specific immune response can be influenced by both sex hormones pro-
duced by the gonads and X-linked genes, both factors may act in additive or
independent manner to regulate sex-specific responses of particular cell sub-
set, as we have shown for the TLR7 driven-response of human pDCs
(Laffont et al., 2014). Alternatively, X chromosome dosage may affect sus-
ceptibility to autoimmunity in a sex-hormone independent manner (Smith-
Bouvier etal., 2008). XY mice lacking the Y chromosome-specific Sry gene
developed with ovaries instead of testis, and shared a female hormonal back-
ground similar to XX mice. Backcrossing these females to males expressing a
Sry transgene on autosome resulted in XX Sry and XY~ Sry testes-bearing
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animals. Thus, it was possible to compare XX and XY mice irrespective of
gonadal sex. In both model, the XX sex chromosome carriers developed
enhanced susceptibility to autoimmunity, such as SLE, compare to XY mice
(Sasidhar, Itoh, Gold, Lawson, & Voskuhl, 2012; Smith-Bouvier et al.,
2008). This effect of X chromosome complement was independent of
the presence of sex hormones (Sasidhar et al., 2012; Smith-Bouvier et al.,
2008). A strong indication that the number of X chromosomes, not just
sex itself, is important in lupus comes with the observation that males with
Klinefelter syndrome, who carry one or more extra X chromosomes,
develop lupus and Sjogren’s syndrome with a risk similar to females
(Harris et al., 2016; Scofield et al., 2008; Seminog, Seminog, Yeates, &
Goldacre, 2015). Men with SLE have been described expressing the
extremely rare 46, XX male karyotype (prevalence of 1 in 20,000 live
male birth) with one X chromosome expressing the Sry gene due to abnor-
mal cross-over during meiosis. A comprehensive evaluation of X chromo-
some aneuploidy identified such a rare case in a cohort of 316 men with SLE,
supporting further the hypothesis that two X chromosomes impart risk of
SLE compared to the presence of only one X chromosome (Dillon et al.,
2012). In contrast, lupus prevalence is low in women with 45,X Turner
Syndrome, though these patients developed various autoimmune disorders
(Cooney et al., 2009). Together, these observations led to the hypothesis
that candidate genes on the inactive X chromosome (Fig. 1) could poten-
tially contribute to the development of autoimmunity, particularly SLE
and Sjogren’s syndromes.

In female mammals, one of the two X chromosomes is randomly
inactivated to equalize dosage of gene expression between sexes. The pro-
cess of X chromosome inactivation (XCI) results in cellular mosaicism,
where about one-half of the cells in a tissue express the maternal
X chromosome and the other half the paternal one’s. X inactivation is
established at an early stage of female embryogenesis but 15-23% of
X-linked human genes escape XCI and are thus expressed from both the
active (Xa) and inactive (Xi) X chromosome in certain tissues or individuals
(Carrel & Willard, 2005; Tukiainen et al., 2017). The X chromosome
encodes many immunity-associated genes, including FOXP3, IL2RG,
CXCR3, CD40L, BTK, IRAK1, OGT and the ssRNA sensing TLRs,
TLR7 and TLRS8, some of them have been shown to escape XCI to variable
levels (Fig. 1). Among these X-linked genes, TLR7 and TLR 8, most likely
represent the best candidate genes, as studies demonstrated that expression of
two copies of either TLR7 or TLRS8 alone is sufficient to induce
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Fig. 1 Sex chromosome and sex hormones in the regulation of immunity. (A) The bio-
logical factors that govern the differences between female and male immune systems
are the sex steroid hormones produced by the ovaries and testis and acting through
nuclear receptor family members, and sex chromosomes, the presence of two
X chromosomes versus one X and one Y chromosome. Sex hormones and sex chromo-
somes may act in concert or independently to govern directly or indirectly a number of
factors in the host immune cells, through cell-intrinsic signaling or sex-specific regula-
tion of X-linked gene expression thereby directly regulating immune cell development
and functions. (B) The X chromosome contains some 1100 genes, some of them involve
in adaptive or innate immunity (Fish, 2008; Libert, Dejager, & Pinheiro, 2010). The gene
encoding for the ssRNA-sensing TLRs, TLR7 and TLRS, are located on the short arm of the
X chromosome within a region reported to escape XCl (Carrel & Willard, 2005). Asterisks
denote genes reported or suspected to escape XCl, according to references (Lu et al,,
2007; McDonald et al., 2015; Souyris et al.,, 2018; Wang et al., 2016). (C) 3-D visualization
of TLR7 primary transcripts by FISH RNA showing biallelic expression of TLR7 in a B cell
obtained from a 47, XXY Klinefelter syndrome man (Souyris et al, 2018). XCl,
X chromosome inactivation escape.

autoimmunity in otherwise wild type animals (Deane et al., 2007; Guiducci
et al., 2013), whereas Tlr7-deficient mice of a lupus-prone genetic back-
ground are (Green &
Marshak-Rothstein, 2011). Consequently, it has been hypothesized that
gene-dose effects due to escape from XCI of immune related X-linked
genes, such as TLR7 or CD40L, could contribute to the sex bias in SLE
susceptibility (Fig. 1).

significantly protected from autoimmunity
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2.2 Sex and microbiome composition

Sex-specific determinants, like sex hormones, have also been recently
reported to determine microbiome composition and to potently influence
susceptibility to autoimmunity (Markle et al., 2013; Yurkovetskiy et al.,
2013). In these two studies, changes in microbiome composition were
reported in NOD mice after puberty, and evidence were provided that
male-associated changes of gut microbiota were prevented by castration
and were associated with strong protection of T1D (Markle et al., 2013;
Yurkovetskiy et al., 2013). Indeed, adoptive transfer of male commensal
bacteria to young females causes systemic hormonal and metabolic changes
together with protection from T1D (Markle etal., 2013; Yurkovetskiy etal.,
2013). These protective effects of male-specific microbiota were ablated by
inhibition of androgen receptor signaling in vivo (Markle et al., 2013).

Microbiota dysbiosis has also been observed in SLE patients; however, it
is not clear whether the altered microbiota directly contributes to disease
onset and progression or whether it is a result of disease process
(Christou, Banos, Kosmara, Bertsias, & Boumpas, 2019). A candidate pat-
hobiont has recently been identified with E. Gallinarum. E. Gallinarum
has been shown to translocate from the gut to the liver and other systemic
tissues to promote autoimmunity in lupus-prone (NSW x BXSB) F1 male
mice (Manfredo Vieira et al., 2018). The interactions between bacteria and
sex were not addressed in this model as both sexes in (NZW x BXSB)F1
mice develop an early SLE-like disease (Hang, Izui, & Dixon, 1981). In
males, the disease resembled that in the BXSB male parent and is not aftected
by sex hormonal manipulation unlike in female mice (Hang et al., 1981).
The abnormal male sex bias in BXSB mice was subsequently shown to arise
from the translocation of 16 genes from the X chromosome onto the
Y chromosome, with a major contribution of Tlr7 gene, endowing all male
immune cells with 2 copies of this gene (Deane et al., 2007; Pisitkun et al.,
2006). Whether E. Gallinarum which was found in liver biopsies from SLE
patients (most female), participate to the female predisposition to SLE is still
unknown (Manfredo Vieira et al., 2018).

Although, hormonal shift at puberty may contribute to divergence in
microbiome composition between male and female (Markle et al., 2013;
Yurkovetskiy et al., 2013), whether this mechanism dominantly contributes
to the sex bias in the susceptibility to autoimmunity in Humans remains to
be established. For instance, unlike in NOD mice, there is no major sex bias
in T1D in Humans (Whitacre, 2001), and the susceptibility to develop SLE
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or Sjogren‘s syndrome is equivalent between women and men with
Klinefelter syndrome, suggesting a role for non-hormonal related genetic
factors (Dillon et al., 2011; Scofield et al., 2008).

Thus, despite evidence showing that sex hormones may influence auto-
immunity through indirect effects on environmental factors such as micro-
biome composition (Markle et al., 2013; Yurkovetskiy et al., 2013), the
precise mechanism orchestrating the bidirectional interactions between
the microbiome and sex hormones are still unclear and will require further
investigations. Besides this indirect effect of sex-specific determinants,
evidence also exist that sex hormones may act directly to modulate pheno-
type and functions of immune cells involved in the immunopathological
processes (Markle & Fish, 2014).

2.3 Sex steroid hormones signaling

Sex hormones mediate their effects through estrogen receptors (ERa and
ERp), androgen receptor (AR), and progesterone receptors (PR-A and
PR-B), which are ligand inducible transcription factors. ERs, PRs, and
AR regulate gene transcription through direct binding to specific response
elements at specific DNA sites leading to epigenetic modifications of chro-
matin and direct transcription of target genes. Moreover, multiple receptors
can bind to the same cis-elements on chromatin. For instance, AR and
glucocorticoid receptor ChIP-seq studies have shown that AR and GR are
capable of binding to the same sites on chromatin and the shared AR- and
GR-binding events are significantly associated with genes regulated by both
androgen and glucocorticoid (Pihlajamaa, Sahu, & Janne, 2015). Alterna-
tively, after ligand activation, sex steroid hormone receptors can bind to other
transcription factors, such as Fos/Jun AP-1 complex or SP-1 for ERa, and reg-
ulate gene expression through indirect DNA binding (Arnal et al., 2017).
Beside the “genomic/nuclear” actions, estrogens and androgens can induce
the activation of several kinases, as well as changes in calcium level. These
Membrane Initiated Steroid Signaling (MISS) actions are mediated by a pool
of intracellular receptors localized at the plasma membrane (Arnal et al., 2017;
Pihlajamaa et al., 2015)

Immune cells, including innate cells, express sex-steroid hormone recep-
tors (Fig. 1), including ERs (Esrl, Esr2) and AR to various degrees
depending on their microenvironment (Kadel & Kovats, 2018). For
instance, group 2 innate lymphoid cells express Esr-1 when they are isolated
from the uterus (Bartemes, Chen, Iijima, Drake, & Kita, 2018), whereas
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Esr-1 is barely detected in bone marrow ILC2 progenitor and tissue-resident
ILC2 populations, which selectively express high level of Ar transcripts
(Laffont, Blanquart, & Guery, 2017; Laffont, Blanquart, Savignac, et al.,
2017; Laffont, Seillet, & Guery, 2017) (see below Fig. 2). Of note, elegant
studies have defined the role of sex hormone receptor signaling in the direct
regulation of innate and adaptive components of the immune systems in
various pathophysiological contexts in vivo (Calippe et al., 2010; Garnier
et al., 2018; Griesbeck et al.,, 2015; Kim et al.,, 2017; Laffont,
Blanquart, & Guery, 2017; Laffont, Blanquart, Savignac, et al., 2017;
Laffont, Seillet, & Guery, 2017; Lelu et al., 2011; Mohammad et al.,
2018; Seillet et al., 2012; Zeng et al., 2018).

In this review, we will cover the current understanding of the impact of
sex-linked factors in allergic inflammation and autoimmune diseases, with a
particular focus on the role of sex steroid hormones on the development and
function of immune cell populations directly involved in type 2 immunity
((Laffont, Blanquart, & Guery, 2017; Laffont, Blanquart, Savignac, et al.,
2017; Laftont, Seillet, & Guery, 2017), together with the recent evidence
demonstrating that the X-linked Toll like receptor 7 (TLR7) escapes from
X chromosome inactivation in immune cells, and its possible implication in
the enhanced susceptibility of women and 47, XXY Klinefelter syndrome
men to systemic autoimmunity (Souyris et al., 2018).
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Fig. 2 Tissue-resident ILC2 selectively express the androgen receptor. ILC2 from steady
state mice expressing the /5 reporter allele Red5 (R5) were sorted and analyzed by RNA
sequencing as shown (Ricardo-Gonzalez et al., 2018). The figure shows the read counts
obtained for the indicated sex hormone receptors Esr-1 (estrogen receptor o), Esr-2
(estrogen receptor B), Pgr (progesterone receptor) and the glucocorticoid receptor
(GR) from R5+ ILC2 isolated from the lung. Data were obtained from Ricardo-Gonzalez,
R. R, Van Dyken, S. J., Schneider, C, Lee, J., Nussbaum, J. C, Liang, H. E., et al. (2018). Tissue
signals imprint ILC2 identity with anticipatory function. Nature Immunology, 19, 7093.
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3. Biological role of sex-linked factors in allergic asthma
3.1 Gender bias in asthma prevalence and severity

Asthma is one of the most common chronic long-term health conditions in
Europe, affecting over 30 million people aged 45 years and under in
Europe (Edwards et al., 2017). Asthma is a heterogeneous, complex disease
with clinical phenotypes that incorporate persistent symptoms and acute
exacerbations. Asthma is a chronic inflammation of the airways principally
mediated by exacerbated type 2 immune responses (Lambrecht & Hammad,
2015; Lloyd & Snelgrove, 2018). Sex differences in asthma prevalence and
phenotypes have been well described (Almqvist et al., 2008; Carey, Card,
Voltz, et al., 2007; Holgate et al., 2015). Asthma is more common in males
from birth until puberty (Peroni, Piacentini, Bodini, & Boner, 2009)
(Holgate et al., 2015) but becomes more prevalent (Carey, Card, Voltz,
et al., 2007; Zein & Erzurum, 2015) and more severe (Almqvist et al.,
2008; Fu et al., 2014; Tantisira et al., 2008) in females after puberty.
Patients with severe and difficult to treat asthma are more represented in
women above 25 years of age (Edwards et al., 2017). Although this switch
was attributed to a late incidence of asthma among girls (Almqvist et al.,
2008; Nicolai, Pereszlenyiova-Bliznakova, Illi, Reinhardt, & von Mutius,
2003), higher rate of asthma remission has been reported in boys compared
to girls (Arshad et al., 2014). High-resolution time course analysis of the
natural progression of asthma symptoms through childhood and adolescence
have shown that greater severity in boys before age 7 years is followed by a
continuous decline of symptom severity in both sexes at ages 7-9 years
(Fu et al., 2014). Whereas symptom severity remained low in boys at ages
1017 years, female sex dominance in severity started precisely at the onset
of puberty, and continues to worsen at late puberty and at age 17 years
(Fu et al., 2014). Moreover, in a longitudinal study the shift in asthma
prevalence during the pubertal period was associated with a higher incidence
and lower rate of remission of asthma in female compared with male subjects
(Vink, Postma, Schouten, Rosmalen, & Boezen, 2010). Together, these
observations suggest a positive impact of female sex hormones on asthma.
Indeed, changes in asthma outcomes have been observed in women in
and around menstruation (Rao et al.,, 2013), pregnancy (Schatz et al.,
1988; Virchow, 2012), menopause (Foschino Barbaro et al., 2010; Troisi,
Speizer, Willett, Trichopoulos, & Rosner, 1995) and oral contraceptive
use (Tan, McFarlane, & Lipworth, 1997). By contrast, the drop in asthma
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incidence observed in and around the time of puberty in males, as well as the
increased numbers of remission observed in males is strongly suggestive of a
protective action of male sex hormones (Almqvist et al., 2008; Carey, Card,
Voltz, et al., 2007). These observations fit with the commonly accepted
immunosuppressive role attributed to androgens, which generally suppress
immune cell reactivity (Klein & Flanagan, 2016). Although, one cannot
exclude that sex hormones may play a role in the pathogenesis of asthma
through direct regulation of lung development and function (Townsend,
Miller, & Prakash, 2012), we and others have hypothesized that these
changes from male to female predominance are thought to be due to
biological processes by which sex hormones directly modulate the immune
system (Fuseini & Newcomb, 2017; Keselman & Heller, 2015; Laffont,
Blanquart, & Guery, 2017). Below, we will summarize the recent findings
pointing to a major role of sex hormones in regulating the immunological
cellular actors involved in allergic asthma with a focus on the emerging
evidence of the protective action of male sex steroid hormone androgens,
through the negative regulation of group 2 innate lymphoid cells (ILC2).

3.2 Immunological mechanisms of allergic asthma

Asthma is a complex and chronic inflammation characterized for most
patients by allergic inflammation of the airway and associated with type 2
immune responses (Holgate et al., 2015; Lambrecht & Hammad, 2015).
The immunological mechanisms of allergic asthma have been described
in many papers including an excellent review by Lloyd and Snelgrove
(Lloyd & Snelgrove, 2018). Herein, we will mainly focus on the key events
leading to the disease and type 2 lung inflammation. Almost 10 years ago
now, the discovery of ILC2 as a potent innate source of type 2 cytokines
(IL-5, IL-13, IL-9) within tissue adds a new early effector in the cascade
of events leading to asthma development. Activation of ILC2 is typically
driven by alarmins (IL-33, IL-25 and TSLP) released by damaged epithelial
cells following allergen exposure. It has been recently shown that a broad
array of environmental allergens (fungi, pollen, HDM) possesses a common
intrinsic proteolytic activity leading to cleavage and fully activation of IL-33
(Cayrol et al., 2018; Cayrol & Girard, 2018). After activation, ILC2s
proliferate and secrete large amount of IL-5 and IL-13. IL-5 promotes
differentiation and recruitment of eosinophils to the lung, whereas I1L-13
plays pleiotropic role among which increasing mucus production and
bronchoconstriction. IL-9 favors mast cell proliferation and activation.
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Model of ILC2 deficiency has demonstrated not only the key role of ILC2 in
innate cell activation but also their contribution of Th2 cell response to aller-
gen protease in the lung (Halim et al., 2014). ILC2-derived IL-13 licenses
lung DCs to migrate to the draining lymph node and to prime Th2 cells
which are neceesary to induce IgE production by B lymphocytes (Halim
etal., 2014). Th2 then will migrate back to the lung and promote IgE secre-
tion and contribute to inflammation through type 2-cytokine secretion.
ILC2 can also promote directly Th2 responses either through their capacity
to express MHC class II molecules (Oliphant et al., 2014), or through the
delivery OX40L-mediated instructive signals thereby promoting
IL-33-driven expansion of Th2 and Treg cells (Halim et al., 2018). Thus,
ILC2 are likely to contribute at multiple and sequentially distinct levels to
enhance adaptive Th2 immunity (Lloyd & Snelgrove, 2018).

In Human, numerous studies have also demonstrated that the numbers
and the activation status of ILC2 are increased in samples (sputum, blood)
from pediatric and adult asthmatic patients compared with controls
(Doherty & Broide, 2018). In addition, GWAS studies identify some of
the top susceptibility genes in asthma to be linked with ILC2 biology
(IL33, the IL33 receptor ILIRL1, RORA, IL2RB, and IL13) (Moffatt
et al., 2010; Torgerson et al., 2011). Furthermore, a recent study has dem-
onstrated that genetic polymorphisms associated with asthma localized with
gene regulatory elements in ILC2 (Stadhouders et al., 2018). Together, these
studies in Human suggest that ILC2 most probably play a pathogenic role in
patients with allergic asthma.

3.3 Impact of sex hormones in type 2-mediated allergic airway
inflammation

Similarly to what is observed in human disease, female mice are also more
susceptible to asthma compared to males. Indeed, cardinal features of asthma
(IgE production, lung eosinophilia, type 2 cytokines production in tissues,
airway hyperresponsiveness) are higher in females either in the OVA or the
HDM model of allergic asthma (Blacquiere et al., 2010; Fuseini et al., 2018;
Melgert et al., 2005; Takeda et al., 2013).

This sex bias in allergic asthma raised the question of the respective
contribution of sexual hormones (estrogens, androgens). Estrogen effects
on asthma seem complex with studies being difficult to reconcile. Indeed,
on one hand it has been shown, either in the OVA or the HDM model
of asthma, that ovariectomized mice had reduced eosinophilia, IgE produc-
tion and airway hyperreactivity (Fuseini et al., 2018; Rifto-Vasquez, Ligeiro
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de Oliveira, Page, Spina, & Tavares-de-Lima, 2007), suggesting that ovarian
hormones increased lung inflammation. On the other hand, ER a deficiency
was associated with enhanced airway responsiveness at steady-state and upon
allergen sensitization without any impact on inflammation. However, in this
model, ovariectomy or estrogen-supplementation of WT mice failed to
recapitulate the phenotype of constitutive ER a-deficient mice, suggesting
a ligand-independent mechanism of action. These results suggest that
ERa signaling could down-regulate airway hyperresponsiveness by acting
on airway smooth muscle and nerves, rather than in immunocompetent
cells (Carey, Card, Bradbury, et al., 2007). This is contrary to expectation
and goes against the epidemiological and experimental studies showing
exacerbated incidence and severity of asthma in females. Therefore, studies
are still needed to firmly establish if and how estrogen-mediated cell-
intrinsic signaling of ER o in immune cells could contribute to the enhanced
asthma severity in females. On the contrary, studies aimed at analyzing the
role of androgens and androgen-receptor signaling on asthma have con-
cluded to a protective role of the male hormone on lung inflammation.
Indeed, while castration of male abolished sex bias in asthma (Fuseini
et al., 2018; Hayashi, Adachi, Hasegawa, & Morimoto, 2003), administra-
tion of 5a-dihydrotestosterone (DHT) (Becerra-Diaz, Strickland,
Keselman, & Heller, 2018) or dehydroepiandrosterone (DHEA), a natural
steroid hormone secreted by the adrenal gland and converted into androgens
or estrogens, limited OV A-induced asthma (Liou & Huang, 2011). Further-
more, in a mouse model with a mutation in the Ar gene rending mice
unresponsive to androgen, it has been shown that AR signaling limits
HDM-associated eosinophilia (Fuseini et al., 2018). Taken together, estro-
gens and androgens seem to mainly play opposite role in asthma susceptibil-
ity. Using genetic and pharmacological approaches a clearer picture is now
emerging of the cellular targets that could be responsible for the sex
hormone mediated regulation of allergic asthma, particularly regarding
the role of androgens.

3.4 Regulation of ILC2 by androgen receptor signaling

Based on the central role of ILC2 in asthma pathophysiology and the evi-
dence of sex bias in the disease, ILC2 were suspected to be differently
regulated between males and females. Indeed, at steady state, the frequency
and absolute number of ILC2s were increased in the lungs of female mice
compared to males, as well as in adipose tissue and mesenteric lymph nodes
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(Laffont, Blanquart, & Guery, 2017; Laffont, Blanquart, Savignac, et al.,
2017; Lattont, Seillet, & Guery, 2017). This higher proportion of ILC2
in female lung was also observed during lung inflammation induced by
IL-33 (Laffont, Blanquart, & Guery, 2017; Laffont, Blanquart, Savignac,
et al., 2017; Laffont, Seillet, & Guery, 2017) or Alternaria extract adminis-
tration (Cephus et al.,, 2017). These differences in ILC2 number and
phenotype were associated with an increased capacity of ILC2 from females
to produce IL-5 and IL-14 (Kadel et al., 2018; Warren et al., 2017). In
female, a major subset of ILC2 expressing high level of KLRG1 was lacking
(Cephus et al., 2017; Kadel et al., 2018; Laffont, Blanquart, & Guery, 2017;
Laffont, Blanquart, Savignac, et al., 2017; Laffont, Seillet, & Guery, 2017).
Whether the absence of KLRG1 expression on ILC2 plays a role in lung
inflammation, as it has been reported for human skin ILC2 in atopic derma-
titis (Salimi et al., 2013) remains to be evaluated. Altogether, these works
suggested that naturally produced androgens, via activation of AR in
ILC2, were responsible for the sex differences observed in lung ILC2
number and phenotype by acting as a powerful negative regulator of their
in vivo development and expansion (Laffont, Blanquart, & Guery, 2017).
Indeed, using mix bone-marrow chimeras we could further demonstrate
that androgen, via the cell-intrinsic activation of its receptor Ar in ILC2
was responsible for the sex differences observed in lung ILC2 number
and phenotype. Moreover, using an in vitro model of IL-33-driven ILC2
differentiation, the pure AR agonist 5a-DHT or a selective androgen recep-
tor modulator were reported to regulate the in vitro development of ILC2,
while increasing KLRG1 expression through Ar-signaling (Laffont,
Blanquart, & Guery, 2017; Laffont, Blanquart, Savignac, et al., 2017;
Laffont, Seillet, & Guery, 2017), see patent WO/2018/185030). Indeed,
like ILC2p (Laffont, Blanquart, & Guery, 2017; Laftfont, Blanquart,
Savignac, et al., 2017; Laftont, Seillet, & Guery, 2017; Ricardo-Gonzalez
et al., 2018), lung ILC2 selectively expressed the Ar gene among other
sexual hormone receptors (Fig. 2), in agreement with previous observations
describing Ar as a prototypical signature gene of tissue-resident ILC2
(Robinette et al., 2015). The absence of estrogen receptor gene expression
in lung ILC2 is consistent with the lack of effect of ovariectomy, estrogen
administration or Esr-1 gene deletion in lung ILC2 numbers (Cephus et al.,
2017; Laffont, Blanquart, & Guery, 2017; Laffont, Blanquart, Savignac,
et al., 2017).

In Human, and in agreement with data obtained in murine model of lung
inflammation, women with asthma have increased numbers of circulating
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ILC2 compare with men (Cephus et al., 2017). Studies are now needed to
determine whether androgens are also key inhibitors of human ILC2 and to
consider the modulation of AR as future therapeutics in asthma. Androgen-
mediated regulation of ILC2 could therefore contribute to the switch of
asthma susceptibility between sexes around puberty.

4, Biological role of sex-linked factors in TLR7-driven
antiviral responses and in systemic autoimmunity

A growing body of data shows that sex hormones and sex-
chromosome loci regulate biological pathways common to autoimmune
and infectious diseases (Libert et al., 2010; Markle & Fish, 2014). This is par-
ticularly clear for TLR7, a single-stranded RNA receptor encoded by an
X-linked gene. The response initiated by TLR7-mediated sensing of
ssRINA by innate immune cells and B cells is an essential line of defense
against RNA viruses. However, TLR7 can also respond to endogenous
ssRINA containing ligands, potentially leading to autoimmunity or inflam-
mation if not properly controlled (Theofilopoulos, Kono, & Baccala, 2017).

4.1 Role of TLR7 in the germinal center (GC) responses to
ssRNA viruses and virus-like particles (VLP)

B cell-intrinsic Myd88-TLR 7 signaling is essential to the germinal center
responses to exogenous retrovirus (Browne, 2011; Browne & Littman,
2009). Likewise, TLR7 is critical for the antibody-dependent control of
endogenous retroviruses (ERV), and lack of TLR7 results in retroviremia
and ERV-induced tumor development (Young et al., 2012; Yu et al.,
2012). In chronic lymphocytic choriomeningitis virus (LCMV) infection,
B cell-intrinsic TLR 7 signaling was also required for optimal B cell responses
and GC formation (Clingan & Matloubian, 2013; Walsh et al., 2012).
Together, these results indicate that TLR7 signaling is critical to promote
plasma cell output by enhancing GC selection of antigen-specific B cells
(Rawlings, Schwartz, Jackson, & Meyer-Bahlburg, 2012). Bacterial phage
QP virus-like particles (VLP) had emerged as a useful model to study the
TLR-dependent activation and differentiation of Ag-specific B cells under
physiological context in vivo (Hou et al., 2011; Tian et al., 2018). QB-VLP
can package host bacterial ssRNA and are therefore equipped with unique
feature of natural pathogens, which can serve as a potent TLR7 ligand to
promote Ab production and GC responses (Hou et al., 2011; Tian et al.,
2018). Indeed, it has been established that Myd88-signaling in B cells was
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critical for the anti-QB-VLP GC response (Hou et al., 2011; Tian et al.,
2018). This model likely represents the antiviral response more closely than
the T cell-dependent (TD) antibody responses to soluble protein antigens
and pointed to a critical non-redundant role of TLR7-driven B cell activa-
tion in GC reaction (Hou et al., 2011; Tian et al., 2018). Indeed, using this
model it has been recently reported that B cells are the dominant
Ag-presenting cells inducing naive CD4 T cell activation and differentiation
in response to QB-VLP or influenza virus vaccination (Hong et al., 2018).
Again, B cell-intrinsic Myd88-signaling was required for this process illus-
trating further the critical function of TLR7 activated B cells in the gener-
ation of T cell dependent GC response to RNA viruses, as opposed to the
role of DC in the GC response to soluble protein Ag (Hong et al., 2018). Of
note, female mice have been reported to mount greater humoral and cell-
mediated immune responses to influenza infection and vaccination than
males (Fink, Engle, Ursin, Tang, & Klein, 2018). In addition, female mice
immunized with the influenza trivalent inactivated vaccine or infected with
live HIN1 or H3N2 viruses develop greater neutralizing antibody titers than
males (Lorenzo et al., 2011; Zivkovic et al., 2015). Interestingly, deletion of
TIr7 reduces sex differences in vaccine-induced antibody responses and pro-
tection, suggesting that sex-based differences in expression of Tlr7 in B cells
may contribute to greater antibody production in females than males Fink
etal., 2018). Indeed, it has been recently reported that TLR 7 escapes XCl in
human B cells and that biallelic B cells show enhanced capacity to differen-
tiate into plasmablasts and to class switch toward IgG (Souyris et al., 2018),
see Fig. 3. In agreement with previous hypothesis by others, better TLR7-
driven responses in females might have been positively selected during evo-
lution in mammals as it would favor qualitatively and quantitatively better
antibody responses in females against ssRINA viruses, thereby improving
greater survival of offspring through the vertical transfer of protective anti-
body (Fink & Klein, 2018). It is therefore likely that a direct cost of this evo-
lutionary benefit is the higher susceptibility of women to TLR7-driven
antibody mediated autoimmune diseases, such as SLE or Sjogren syndrome.

4.2 Role of TLR7 dosage in break-down of B cell tolerance

in SLE
SLE is a chronic disorder characterized by high-affinity autoantibodies
against macromolecular complexes with a nucleic acid component: RNA
associated with the U1 small nuclear RNP or the Ro60 autoantigen, and
double-stranded DNA (dsDNA) (Theofilopoulos et al., 2017). The disease
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is clinically heterogeneous in its manifestations and course, and aftects many
organs and tissues including the kidney, skin, joints, and central nervous sys-
tem (Petri et al., 2012).

The first observation of a key role of TLR7 came from the analysis of
SLE mechanism in the BXSB mouse models, in which males are more sus-
ceptible to spontaneous development of lupus-like disease, along with
high-titer anti-cardiolipin and anti-Sm/RNP autoantibodies and glomeru-
lonephritis compared to female mice. The higher incidence of disease in
males is due to a translocation of a cluster of X-linked genes onto the
Y chromosome (Pisitkun et al., 2006; Subramanian et al., 2006). In this
model, male BXSB animals carry a supernumerary copy of the Tlr7 gene
on their Y chromosome. This extra copy of Tlr7 was associated with twofold
increase in TIr7 transcription and protein expression, and was found dom-
inantly responsible of this phenotype, emphasizing the relationship between
TLR7 dosage, autoantibodies targeting RNA-associated proteins and
disease pathogenesis (Deane et al., 2007; Fairhurst et al., 2008; Santiago-
Raber et al., 2008). Likewise, four- to eightfold overexpression of Tlr7 is
sufficient for the spontaneous onset of SLE in non-autoimmune strains
(Deane et al., 2007), and selective suppression of TIr7 expression in lupus-
prone mice is, conversely, protective against the disease (Christensen
et al., 2006).

Although, TLR7-signaling may control SLE development at multiple
levels, for example through TLR7 expressed in pDCs (Crow, 2014), neu-
trophils (Garcia-Romo et al.,, 2011; Lande et al., 2011), or monocytes
(Jacquemin et al., 2015), so far the critical non-redundant role of TLR7
has only been demonstrated in B cell responses (Jackson et al., 2014;
Soni et al., 2014). Cell-intrinsic activation of TLR7 has been shown to
directly contribute to the functional responses of B cells, in particular the
production of antibodies against the Sm/RNP autoantigen in SLE-prone
mouse models (Hung et al.,, 2015; Hwang et al., 2012; Jackson et al.,
2014; Lau et al., 2005; Soni et al., 2014). In a BAC transgenic system, subtle
upregulation of Tlr7 expression was sufficient to drive SLE when combined
with the Sle? locus (Hwang et al., 2012). Specific deletion of the additional
copies of Tlr7 encoded in the transgene specifically in B cells abolished the
development of antibodies to RNA-protein complexes and protected from
SLE disease (Hwang et al., 2012). Elegant studies subsequently established
the essential role of endogenous TLR7, but not TLRY, as a critical
B cell-intrinsic sensor for the development of spontaneous GC response
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in both autoimmune and non-autoimmune responses (Jackson et al., 2014;
Soni et al., 2014).

Together, these studies firmly established the direct causal link between
intrinsic expression of Tlr7 within B cells and the development of many
autoimmune traits associated with SLE (Hwang et al., 2012; Jackson
et al., 2014; Soni et al., 2014), underscoring the importance of tight regu-
lation of TLR7 expression to prevent spontaneous autoimmunity. Thus, as
for B cell responses to RNA virus, B cell activation through endosomal
TLR7 is a critical component of the GC response in the context of SLE.

4.3 Role of TLR7 in the development of age-associated B cells
(ABC) and in the extrafollicular B cell response in SLE
Sex-specific differences in leukocyte population have been surveyed in
young and adult mice. Although, no major sex- or age-associated bias were
observed for T cells or dendritic cells, a particular population of B cells bear-
ing CD11b and CD11c, and lacking CD21, was specifically identified in
aged non-autoimmune prone female mice. These age-associated B cells
(ABCs) were also found upregulated in lupus-prone mice at the time of dis-
ease onset (Rubtsov et al., 2011). Spontaneous ABC development was lost
in Myd88- or TLR7-deficient mice, suggesting a critical role for B cell-
intrinsic TLR7 signaling in their development, although this was not

directly established (Rubtsov et al., 2011)

The appearance of CD11b"/CD11c” ABC-like cells was found to be
critical for effective viral clearance, and was dependent on T-bet expression
in B cells, which was synergistically driven through both TLR7- and IFN-y
receptor signaling (Rubtsova, Rubtsov, van Dyk, Kappler, & Marrack,
2013). Interestingly, conditional deletion of T-bet in B cells protected from
lupus-like autoimmunity and abrogated spontaneous GC formation
(Rubtsova et al., 2017), in agreement with this observation, IFN-yR is
needed for spontaneous GC appearance in lupus-prone mouse models
(Domeier et al., 2016; Jackson et al., 2016). Given, the spontaneous appear-
ance of ABCs selectively in female, the contribution of ABCs in TLR7-
driven autoimmunity and the strong requirement of TLR7-signaling for
their development, the contribution of X chromosome dosage effects due
to TLR7 bi-allelic expression in ABC development warrants further
investigation.

A human equivalent of the T-bet" CD11c""#™ mouse ABC has been
recently characterized in humans (Jenks et al.,, 2018). These cells called
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double negative (DN2) because they do not express memory (CD27) nor
naive (IgD) markers, lack CD21 and CXCRS5 expression and expressed
T-bet and CD11c, were classified as extrafollicular B cells. They were found
to expand in SLE patients, particularly those with severe disease, strongly
correlating with nephritis and anti-Sm/RNP autoantibodies. Like, their
mouse ABC counterpart, DN2 were found to be hyper responsive to
TLR7 ligands and were poised to generate robust PC differentiation in
the presence of IL-21 and IFN-y, even in the absence of BCR stimulation.
In vitro, BCR -activated naive B cells in the presence of IL-21/IFN-y and
TLR?7 ligands were shown to differentiate into DN2 and PC lineage B cells,
suggesting that DN2 may derived from activated naive B cells in vivo.
Altogether, these results indicate that TLR7 could also contribute to the
extrafollicular pathogenic B cell responses in SLE.

4.4 TLR7 escapes from X chromosome inactivation

The X chromosome encompasses 155 Mb and over 1000 genes (Ross et al.,
2005). The pseudoautosomal regions of the chromosome, PAR1 and
PAR2, carry a minority of X-linked genes with functional homologs on
the Y chromosome, and these genes (e.g., CSF2RA SLC25A6 and IL3RA
on PAR1 or IL9R on PAR2) are not subjected to XCI (Fig. 1). Indeed,
these telomeric regions are the only portion of the sex chromosomes that
can recombine during male meiosis (Graves, Wakefield, & Toder, 1998).
Most of the genes located outside the pseudoautosomal regions, however,
are unique to the X chromosome and therefore carried in two copies in
women but only one in men. These genes include many protein-coding
and miRNA genes known to shape the immune response (Fish, 2008;
Libert et al., 2010; Pinheiro, Dejager, & Libert, 2011). Loss-of-function
mutations in some of these genes (e.g., BTK, WAS, IL2RG, FOXP3) cause
X-linked primary immunodeficiencies (Libert et al., 2010). The genes of
two RNA-sensing endosomal TLRs, TLR7 and TLRS, are carried on a
non-pseudoautosomal region of Xp and are maintained under strong puri-
tying selection, which attests to non-redundant vital functions (Barreiro
et al., 2009) (Fig. 1).

In female mammals, one of the two X chromosomes undergoes random
inactivation to equalize expression of X-linked genes between XX females
and XY males. However, XCI is incomplete in humans. Using primary
fibroblast cell lines, early studies estimated that approximately 15% of
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X-linked genes escape inactivation (Carrel & Willard, 2005). Of these, most
of the genes in the PAR1 and PAR2 regions escape XCI constantly, while
other genes escape randomly or in a tissue-specific manner (Carrel &
Willard, 2005; Vermeesch et al., 1997). Interestingly, the proportion of
genes escaping inactivation was found to differ dramatically between difter-
ent regions of the X chromosome, most of the genes that escape XCI were
enriched in clusters in the short arm of the Xp, a region containing the
TLR7 locus (Carrel & Willard, 2005). However, additional escapees were
found distributed throughout the X chromosome (Carrel & Willard, 2005;
Cotton etal., 2011). More recently, Tukiainen et al. extended the analysis of
XCI to cells obtained directly from human tissues and determined that XCI
could affect at least 23% of X-linked genes, with heterogeneity between tis-
sues, persons and cell types (Tukiainen et al., 2017). Although XCI escape
has been reported in mice, previous surveys of XCI in various mouse cell
lines showed that only 3% of mouse genes partially or completely escape
XCI (Deng et al., 2015; Pinter et al., 2012; Yang, Babak, Shendure, &
Disteche, 2010).

Focusing on lymphocyte populations, a recent study reported that some
genes on the inactive X chromosome (Xi) are predisposed to become par-
tially reactivated in the lymphocytes of women (Wang et al., 2016).
Biallelical expression of X-linked immune-related genes such as CXCR3
and CD40LG was documented in T cells and in EBV-transformed
B cells with frequencies ranging from 4% to 5%. Likewise, biallelic expres-
sion of TLR7 was also reported in subpopulations of EBV-transformed
B cell lines. Although the number of subjects was too low to draw any con-
clusions, no marked differences in TLR?7 biallelic cell frequencies were
observed in EBV-B cells between SLE sufferers and healthy women
(Wang et al., 2016). Several studies have suggested that epigenetic modifi-
cations accompanying X inactivation persist in EBV-B cell lines and clones.
Nevertheless, it is unclear whether the active TLR7 allele on the Xi arose
from EBV-transformation to generate the lymphoblastic B cell lines, or
was a property persisting from the parental primary lymphocytes.

Recent work from our laboratory directly investigated whether the
human TLR7 gene escapes XCI in primary immune cell populations from
women (Souyris et al., 2018). Using a single-cell RT-PCR approach, we
profiled the mono- or biallelic expression of TLR 7 by measuring the relative
expression of TLR 7 transcripts from both X chromosome in females hetero-
zygous for TLR7 exonic SNP markers. We showed that TLR7 does escape
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X chromosome inactivation in distinct populations of immune cells, pDCs,
B cells and monocytes from women. A proportion of cells exhibiting
biallelic expression of TLR7 was observed in all donors tested, with frequen-
cies ranging from 7% to 45%. Using RNA-FISH approaches, we documented
the presence of primary TLR7 transcripts on the inactive, XIST-painted
X chromosome of B lymphocytes, monocytes and pDCs from women.
Importantly, biallelic expression of TLR 7 was similarly observed in immune
cells from 47,XXY Klinefelter syndrome males (Souyris et al., 2018). In sup-
port of an enhanced dosage of TLR7 expression in women immune cells,
a greater expression of TLR7 protein in the leukocytes from women than
in the male cells was also observed. The elevated TLR7 protein dose
in woman PBMC:s correlated with an enhanced TLR 7-driven proliferative
response of PC lineage-committed B cells in women compared to men. By
contrast, no sex bias was found when a ligand of TLR9 (which is autoso-
mally encoded) was used to promote B cell proliferation. In women, B cells
with biallelic TLR7 expression were enriched within the CD27™ prolifer-
ating PC populations following treatment with TLR7-specific ligands. In
support of causality, an increase in biallelic cell frequency was only found in
TLR7-stimulated CD27hi plasmablasts, whereas counter-selection of
biallelic cells was instead observed in B cells that responded to a TLR9
ligand. This demonstrated that the increase in TLR7-biallelic B cells was
not secondary to cell proliferation, and supported the conclusion that
biallelic memory B cells are endowed with enhanced responsiveness to a
TLR7 ligand. Importantly, functional consequences of TLR?7 biallelic
expression was also documented in naive B cell responses as well. Com-
pared to monoallelic ones, naive B cells expressing TLR7 from both
X chromosomes had enhanced expression TLR7 mRNA at the single cell
level and displayed over twofold greater propensity to IgG class switch rel-
ative to monoallelic B cells, whereas no association was found when B cells
were stimulated through TLR9 (Souyris et al., 2018).

Because increased TLR7 1s a known risk factor in lupus, we propose that
higher TLR7 dosage arising from X-inactivation escape connects the pres-
ence of two X chromosomes in females and individuals with Klinefelter syn-
drome with the greater risk of developing lupus (Fig. 3). Our hypothesis is
that an escape of TLR7 from XCI in B cells from women or KS men will
reduce their activation threshold in response to TLR 7-specific ligands. We
posit that TLR 7 biallelic B cells are more responsive than monoallelic cells at
specific checkpoints that involve signaling through TLR7, like IgG class
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Fig. 3 Threshold hypothesis to explain the enhanced functional responses of TLR7
biallelic B cells in women or KS men. Biallelic expression of TLR7 in B cells from women
may contribute to disease pathogenesis by lessening the threshold of TLR7-signaling.
B cells expressing TLR7 biallelically were more responsive than monoallelic cells at spe-
cific checkpoints of B cell differentiation that involve signaling through TLR7, such as
CD27" PC lineage cell differentiation from memory B cells and naive B cell differentia-
tion into IgG class-switched B cells (Souyris et al.,, 2018). Whether female patients with
rheumatic diseases deviate from healthy women regarding the frequency of biallelic
cells will need further investigation.

switching, CD27" plasmablast differentiation from memory B cells, and the
GC response to ssRINA-virus (Fig. 3). According to the threshold hypoth-
esis, we expect no selective advantage of biallelic cells in the presence of high
concentrations of ligands. This could be easily tested in model using ssRINA-
loaded VLPs to measure GC responses and antibody production, and we
could predict a lack of sex-bias in response to high concentrations of ligands,
whereas lowering the doses should reveal enhanced female-specific respon-
siveness to TLR 7-specific ssRINA-VLPs. Besides regulating adaptive B cell
responses, we cannot exclude that such mechanism may also occur in innate
cells, such as monocytes or pDCs, endowing TLR 7 biallelic innate cells with
exacerbated responsiveness to low doses of ssRINA containing ligands, fur-
ther fueling inflammation and promoting chronic disease development.
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5. Concluding remarks

Sex may affect susceptibility to AID and allergy through indirect
effects on gut microbiota or regulation of target tissue specific factors, how-
ever so far the most striking evidence emerging actually point to cell-
intrinsic eftects of sex-linked factors on immune cells themselves. Enhanced
immunity in female has often been attributed to the effects of sex hormone,
like estrogens. Although there is no doubt that estrogens are important reg-
ulator of innate immunity (Laffont, Seillet, & Guery, 2017; Zeng et al.,
2018), evidence also exist for immunosuppressive properties of the male
sex hormone androgens in some situations (Kissick et al., 2014; Klein &
Flanagan, 2016). This could be particularly relevant in the context of asthma
or parasite infection where ILC2 play a central role in the initiation of type 2
inflammation (Tait Wojno & Artis, 2016).

Besides sex hormones, evidence are emerging for a key role of X-linked
genetic factors also contribute to this gender bias. Enhanced dosage of
X-linked gene contributing to adaptive and innate immunity to nucleic acid
like TLR7 through XCI escape in immune cells. Although, this will require
further direct demonstration in experimental models, this mechanism is
likely to explain why females and males with Klinefelter syndrome are sim-
ilarly susceptible to TLR7-dependent autoimmune diseases. The cumula-
tive effect of biallelic TLR7 dosage on B cell differentiation and PC
proliferation during antigen-specific development of the B cell response
could enhance the antibody response to ribonucleoprotein in women with
SLE, and also the normal antibody response to RINA viruses (Fink & Klein,
2018). In this functional context, TLR7 biallelic expression in females may
carry an adaptive evolutionary advantage over strict monoallelic expression
as observed in men. While endowing females with greater fitness in the fight
against microbial pathogens and the control of ER Vs, it would come at the
cost of increased risk of autoimmunity.

Author contributions

All authors have made a substantial, direct, and intellectual contribution to the work and
approved it for publication.

Funding

Research works in our laboratory were supported by grants from Fondation pour la
Recherche Médicale (DEQ20131029169 and DEQ20180339187), Fonds de Dotation
CSL Behring, SIDACTION, Société Frangaise d’Allergologie, Agence Nationale de
Recheche contre le SIDA, Fondation Arthritis, and Fondation ARC.



Deconstructing the sex bias in allergy and autoimmunity 57

Conflict of interest statement

The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

Almgqvist, C., Worm, M., Leynaert, B., & working group of, GA2LEN WP 2.5 Gender.
(2008). Impact of gender on asthma in childhood and adolescence: A GA2LEN review.
Allergy, 63, 47.

Arnal, J. F., Lenfant, F., Metivier, R., Flouriot, G., Henrion, D., Adlanmerini, M., et al.
(2017). Membrane and nuclear estrogen receptor alpha actions: From tissue specificity
to medical implications. Physiological Reviews, 97, 1045.

Arshad, S. H., Raza, A., Lau, L., Bawakid, K., Karmaus, W., Zhang, H., et al. (2014). Path-
ophysiological characterization of asthma transitions across adolescence. Respiratory
Research, 15, 153.

Bach, J. F. (2002). The eftect of infections on susceptibility to autoimmune and allergic dis-
eases. The New England Journal of Medicine, 347, 911.

Bach, J. F. (2018). The hygiene hypothesis in autoimmunity: The role of pathogens and com-
mensals. Nature Reviews. Immunology, 18, 105.

Barreiro, L. B., Ben-Ali, M., Quach, H., Laval, G., Patin, E., Pickrell, J. K., et al. (2009).
Evolutionary dynamics of human toll-like receptors and their different contributions
to host defense. PLoS Genetics, 5, e1000562.

Bartemes, K., Chen, C. C., Iijima, K., Drake, L., & Kita, H. (2018). IL-33-responsive group
2 innate lymphoid cells are regulated by female sex hormones in the uterus. Journal of
Immunology, 200, 229.

Becerra-Diaz, M., Strickland, A. B., Keselman, A., & Heller, N. M. (2018). Androgen and
androgen receptor as enhancers of M2 macrophage polarization in allergic lung inflam-
mation. Journal of Immunology, 201, 2923.

Blacquiere, M. J., Hylkema, M. N., Postma, D. S., Geerlings, M., Timens, W., &
Melgert, B. N. (2010). Airway inflammation and remodeling in two mouse models of’
asthma: Comparison of males and females. International Archives of Allergy and Immunology,
153, 173.

Browne, E. P. (2011). Toll-like receptor 7 controls the anti-retroviral germinal center
response. PLoS Pathogens, 7, ¢1002293.

Browne, E. P., & Littman, D. R. (2009). Myd88 is required for an antibody response to ret-
roviral infection. PLoS Pathogens, 5, e1000298.

Calippe, B., Douin-Echinard, V., Delpy, L., Laffargue, M., Lelu, K., Krust, A., et al. (2010).
17Beta-estradiol promotes TLR4-triggered proinflaimmatory mediator production
through direct estrogen receptor alpha signaling in macrophages in vivo. Journal of Immu-
nology, 185, 1169.

Carey, M. A., Card, J. W., Bradbury, J. A., Moorman, M. P., Haykal-Coates, N.,
Gavett, S. H., et al. (2007). Spontaneous airway hyperresponsiveness in estrogen
receptor-alpha-deficient mice. American Journal of Respiratory and Ciritical Care Medicine,
175, 126.

Carey, M. A., Card,]. W., Voltz, J. W., Arbes, S.J., Jr., Germolec, D. R., Korach, K. S., etal.
(2007). It’s all about sex: Gender, lung development and lung disease. Trends in Endocri-
nology and Metabolism, 18, 308.

Carrel, L., & Willard, H. F. (2005). X-inactivation profile reveals extensive variability in
X-linked gene expression in females. Nature, 434, 400.

Cayrol, C., Duval, A., Schmitt, P., Roga, S., Camus, M., Stella, A., et al. (2018). Environ-
mental allergens induce allergic inflammation through proteolytic maturation of IL-33.
Nature Immunology, 19, 375.


http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0010
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0010
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0010
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0015
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0015
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0015
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0020
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0020
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0020
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0025
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0025
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0030
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0030
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0035
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0035
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0035
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0040
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0040
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0040
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0045
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0045
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0045
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0050
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0050
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0050
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0050
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0055
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0055
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0060
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0060
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0065
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0065
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0065
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0065
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0070
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0070
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0070
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0070
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0075
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0075
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0075
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0080
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0080
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0085
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0085
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0085

58 Sophie Laffont and Jean-Charles Guéry

Cayrol, C., & Girard, J. P. (2018). Interleukin-33 (IL-33): A nuclear cytokine from the IL-1
family. Immunological Reviews, 281, 154.

Cephus, J.-Y., Stier, M. T., Fuseini, H., Yung, J. A., Toki, S., Bloodworth, M. H., et al.
(2017). Testosterone attenuates group 2 innate lymphoid cell-mediated airway inflam-
mation. Cell Reports, 21, 2487.

Christensen, S. R., Shupe, J., Nickerson, K., Kashgarian, M., Flavell, R. A., &
Shlomchik, M. J. (2006). Toll-like receptor 7 and TLR9 dictate autoantibody specificity
and have opposing inflammatory and regulatory roles in a murine model of lupus.
Immunity, 25, 417.

Christou, E. A. A., Banos, A., Kosmara, D., Bertsias, G. K., & Boumpas, D. T. (2019). Sexual
dimorphism in SLE: Above and beyond sex hormones. Lupus, 28, 3.

Clingan, J. M., & Matloubian, M. (2013). B cell-intrinsic TLR 7 signaling is required for opti-
mal B cell responses during chronic viral infection. Journal of Immunology, 191, 810.
Cooney, C. M., Bruner, G. R., Aberle, T., Namjou-Khales, B., Myers, L. K., Feo, L., et al.
(2009). 46,X,del(X)(q13) Turner’s syndrome women with systemic lupus erythematosus

in a pedigree multiplex for SLE. Genes and Immunity, 10, 478.

Cotton, A. M., Lam, L., Affleck, J. G., Wilson, I. M., Pefiaherrera, M. S., McFadden, D. E.,
et al. (2011). Chromosome-wide DNA methylation analysis predicts human tissue-
specific X inactivation. Human Genetics, 130, 187.

Crow, M. K. (2014). Type I interferon in the pathogenesis of lupus. Journal of Immunology,
192, 5459.

Deane, J. A., Pisitkun, P., Barrett, R. S., Feigenbaum, L., Town, T., Ward, J. M., et al.
(2007). Control of toll-like receptor 7 expression is essential to restrict autoimmunity
and dendritic cell proliferation. Immunity, 27, 801.

Deng, X., Ma, W., Ramani, V., Hill, A., Yang, F., Ay, F., etal. (2015). Bipartite structure of
the inactive mouse X chromosome. Genome Biology, 16, 152.

Dillon, S., Aggarwal, R., Harding, J. W., Li, L. J., Weissman, M. H., Li, S., et al. (2011).
Klinefelter’s syndrome (47,XXY) among men with systemic lupus erythematosus. Acta
Paediatrica, 100, 819.

Dillon, S. P., Kurien, B. T., Li, S., Bruner, G. R., Kaufman, K. M., Harley, J. B., etal. (2012).
Sex chromosome aneuploidies among men with systemic lupus erythematosus. Journal of
Autoimmunity, 38, J129.

Doherty, T. A., & Broide, D. H. (2018). Airway innate lymphoid cells in the induction and
regulation of allergy. Allergology International, 68, 9.

Domeier, P. P., Chodisetti, S. B., Soni, C., Schell, S. L., Elias, M. J., Wong, E. B., et al.
(2016). IFN-gamma receptor and STAT1 signaling in B cells are central to spontaneous
germinal center formation and autoimmunity. The Journal of Experimental Medicine, 213,
715.

Edwards, M. R, Saglani, S., Schwarze, J., Skevaki, C., Smith, J. A., Ainsworth, B., et al.
(2017). Addressing unmet needs in understanding asthma mechanisms: From the Euro-
pean asthma research and innovation partnership (EARIP) work package (WP)2 collab-
orators. The European Respiratory Journal, 49, 1602448.

Fairhurst, A. M., Hwang, S. H., Wang, A., Tian, X. H., Boudreaux, C., Zhou, X. J., et al.
(2008). Yaa autoimmune phenotypes are conferred by overexpression of TLR7. Euro-
pean_Journal of Immunology, 38, 1971.

Fink, A. L., Engle, K., Ursin, R. L., Tang, W. Y., & Klein, S. L. (2018). Biological sex affects
vaccine efficacy and protection against influenza in mice. Proceedings of the National Acad-
emy of Sciences of the United States of America, 115, 12477.

Fink, A. L., & Klein, S. L. (2018). The evolution of greater humoral immunity in females
than males: Implications for vaccine efficacy. Current Opinion in Physiology, 6, 16.
Fish, E. N. (2008). The X-files in immunity: Sex-based differences predispose immune

responses. Nature Reviews Immunology, 8, 737.


http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0090
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0090
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0095
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0095
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0095
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0100
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0100
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0100
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0100
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0105
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0105
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0110
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0110
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0115
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0115
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0115
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0120
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0120
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0120
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0125
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0125
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0130
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0130
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0130
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0135
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0135
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0140
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0140
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0140
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0145
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0145
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0145
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0150
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0150
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0155
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0155
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0155
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0155
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0160
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0160
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0160
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0160
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0165
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0165
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0165
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0170
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0170
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0170
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0175
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0175
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0180
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0180

Deconstructing the sex bias in allergy and autoimmunity 59

Foschino Barbaro, M. P., Costa, V. R, Resta, O., Prato, R., Spanevello, A., Palladino, G. P.,
et al. (2010). Menopausal asthma: A new biological phenotype? Allergy, 65, 1306.

Fu, L., Freishtat, R. J., Gordish-Dressman, H., Teach, S. J., Resca, L., Hoffinan, E. P., et al.
(2014). Natural progression of childhood asthma symptoms and strong influence of sex
and puberty. Annals of the American Thoracic Society, 11, 939.

Fuseini, H., & Newcomb, D. C. (2017). Mechanisms driving gender differences in Asthma.
Current Allergy and Asthma Reports, 17, 19.

Fuseini, H., Yung, J. A., Cephus, J. Y., Zhang, J., Goleniewska, K., Polosukhin, V. V., et al.
(2018). Testosterone decreases house dust mite-induced type 2 and IL-17A-mediated
airway inflammation. Journal of Immunology, 201, 1843.

Garcia-Romo, G. S., Caielli, S., Vega, B., Connolly, J., Allantaz, F., Xu, Z., et al. (2011).
Netting neutrophils are major inducers of type I IFN production in pediatric systemic
lupus erythematosus. Science Translational Medicine, 3, 73ra20.

Garnier, L., Laffont, S., Lelu, K., Yogev, N., Waisman, A., & Guery, J. C. (2018). Estrogen
signaling in bystander Foxp3(neg) CD4(+) T cells suppresses cognate Th17 differentia-
tion in trans and protects from central nervous system autoimmunity. Journal of Immunol-
ogy, 201, 3218.

Graves, J. A., Wakefield, M. J., & Toder, R. (1998). The origin and evolution of the
pseudoautosomal regions of human sex chromosomes. Human Molecular Genetics, 7,
1991.

Green, N. M., & Marshak-Rothstein, A. (2011). Toll-like receptor driven B cell activation in
the induction of systemic autoimmunity. Seminars in Immunology, 23, 106.

Griesbeck, M., Ziegler, S., Laftont, S., Smith, N., Chauveau, L., Tomezsko, P., etal. (2015).
Sex differences in plasmacytoid dendritic cell levels of IRF5 drive higher IFN-alpha pro-
duction in women. Journal of Immunology, 195, 5327.

Guiducci, C., Gong, M., Cepika, A. M., Xu, Z., Tripodo, C., Bennett, L., et al. (2013).
RNA recognition by human TLRS can lead to autoimmune inflammation. The _Journal
of Experimental Medicine, 210, 2903.

Halim, T. Y. F., Rana, B. M. J., Walker, J. A., Kerscher, B., Knolle, M. D, Jolin, H. E., etal.
(2018). Tissue-restricted adaptive type 2 immunity is orchestrated by expression of
the costimulatory molecule OX40L on group 2 innate lymphoid cells. Immunity, 48,
1195.

Halim, T. Y., Steer, C. A., Matha, L., Gold, M. J., Martinez-Gonzalez, 1., McNagny, K. M.,
et al. (2014). Group 2 innate lymphoid cells are critical for the initiation of adaptive
T helper 2 cell-mediated allergic lung inflammation. Immunity, 40, 425.

Hang, L. M., Izui, S., & Dixon, F. J. (1981). (NZW x BXSB)F1 hybrid. A model of acute
lupus and coronary vascular disease with myocardial infarction. The Journal of Experimen-
tal Medicine, 154, 216.

Harris, V. M., Sharma, R., Cavett, J., Kurien, B. T., Liu, K., Koelsch, K. A., et al. (2016).
Klinefelter’s syndrome (47,XXY) is in excess among men with Sjogren’s syndrome.
Clinical Immunology, 168, 25.

Hayashi, T., Adachi, Y., Hasegawa, K., & Morimoto, M. (2003). Less sensitivity for late air-
way inflammation in males than females in BALB/c mice. Scandinavian_Journal of Immu-
nology, 57, 562.

Holgate, S. T., Wenzel, S., Postma, D. S., Weiss, S. T., Renz, H., & Sly, P. D. (2015).
Asthma. Nature Reviews. Disease Primers, 1, 15025.

Hong, S., Zhang, Z., Liu, H., Tian, M., Zhu, X., Zhang, Z., et al. (2018). B cells are the
dominant antigen-presenting cells that activate naive CD4(+) T cells upon immuniza-
tion with a virus-derived nanoparticle antigen. Immunity, 49, 695.

Hou, B., Saudan, P., Ott, G., Wheeler, M. L., Ji, M., Kuzmich, L., et al. (2011). Selective
utilization of toll-like receptor and MyD88 signaling in B cells for enhancement of the
antiviral germinal center response. Immunity, 34, 375.


http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0185
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0185
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0190
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0190
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0190
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0195
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0195
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0200
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0200
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0200
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0205
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0205
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0205
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0210
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0210
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0210
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0210
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0215
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0215
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0215
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0220
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0220
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0225
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0225
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0225
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0230
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0230
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0230
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0235
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0235
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0235
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0235
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0240
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0240
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0240
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0245
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0245
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0245
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0250
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0250
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0250
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0250
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0255
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0255
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0255
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0260
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0260
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0265
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0265
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0265
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0270
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0270
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0270

60 Sophie Laffont and Jean-Charles Guéry

Hung, T., Pratt, G. A., Sundararaman, B., Townsend, M. J., Chaivorapol, C., Bhangale, T.,
et al. (2015). The Ro60 autoantigen binds endogenous retroelements and regulates
inflammatory gene expression. Science, 350, 455.

Hwang, S. H., Lee, H., Yamamoto, M., Jones, L. A., Dayalan, J., Hopkins, R, et al. (2012).
B cell TLR7 expression drives anti-RINA autoantibody production and exacerbates
disease in systemic lupus erythematosus-prone mice. Journal of Immunology, 189, 5786.

Jackson, S. W, Jacobs, H. M., Arkatkar, T., Dam, E. M., Scharping, N. E., Kolhatkar, N. S.,
et al. (2016). B cell IFN-gamma receptor signaling promotes autoimmune germinal
centers via cell-intrinsic induction of BCL-6. The Journal of Experimental Medicine,
213, 733.

Jackson, S. W., Scharping, N. E., Kolhatkar, N. S., Khim, S., Schwartz, M. A, Li, Q. Z.,
et al. (2014). Opposing impact of B cell-intrinsic TLR7 and TLR9 signals on autoanti-
body repertoire and systemic inflammation. Journal of Immunology, 192, 4525.

Jacquemin, C., Schmitt, N., Contin-Bordes, C., Liu, Y., Narayanan, P., Seneschal, J., et al.
(2015). OX40 ligand contributes to human lupus pathogenesis by promoting T follicular
helper response. Immunity, 42, 1159.

Jenks, S. A., Cashman, K. S., Zumaquero, E., Marigorta, U. M., Patel, A. V., Wang, X., etal.
(2018). Distinct effector B cells induced by unregulated toll-like receptor 7 contribute to
pathogenic responses in systemic lupus erythematosus. Immunity, 49, 725.

Kadel, S., Ainsua-Enrich, E., Hatipoglu, 1., Turner, S., Singh, S., Khan, S., et al. (2018).
A major population of functional KLRG1(—) ILC2s in female lungs contributes to a
sex bias in ILC2 numbers. Immunohorizons, 2, 74.

Kadel, S., & Kovats, S. (2018). Sex hormones regulate innate immune cells and promote sex
differences in respiratory virus infection. Frontiers in Immunology, 9, 1653.

Keselman, A., & Heller, N. (2015). Estrogen signaling modulates allergic inflammation and
contributes to sex differences in asthma. Frontiers in Immunology, 6, 568.

Kim, R. Y., Mangu, D., Hoffman, A. S., Kovash, R., Jung, E., Itoh, N., et al. (2017).
Oestrogen receptor beta ligand acts on CD11c¢ + cells to mediate protection in exper-
imental autoimmune encephalomyelitis. Brain, 141, 132.

Kissick, H. T., Sanda, M. G., Dunn, L. K., Pellegrini, K. L., On, S. T., Noel, J. K., et al.
(2014). Androgens alter T-cell immunity by inhibiting T-helper 1 difterentiation. Pro-
ceedings of the National Academy of Sciences of the United States of America, 111, 9887.

Klein, S. L., & Flanagan, K. L. (2016). Sex differences in immune responses. Nature Reviews.
Immunology, 16, 626.

Laftont, S., Blanquart, E., & Guery, J. C. (2017). Sex differences in asthma: A key role of
androgen-signaling in group 2 innate lymphoid cells. Frontiers in Immunology, 8, 1069.

Laffont, S., Blanquart, E., Savignac, M., Cenac, C., Laverny, G., Metzger, D., et al. (2017).
Androgen signaling negatively controls group 2 innate lymphoid cells. The Journal of
Experimental Medicine, 214, 1581.

Laffont, S., Rouquie, N., Azar, P., Seillet, C., Plumas, J., Aspord, C., et al. (2014). X-
chromosome complement and estrogen receptor signaling independently contribute
to the enhanced TLR7-mediated IFN-alpha production of plasmacytoid dendritic cells
from women. Journal of Immunology, 193, 5444.

Laffont, S., Seillet, C., & Guery, J. C. (2017). Estrogen receptor-dependent regulation of
dendritic cell development and function. Frontiers in Immunology, 8, 108.

Lambrecht, B. N., & Hammad, H. (2015). The immunology of asthma. Nature Immunology,
16, 45.

Lambrecht, B. N., & Hammad, H. (2017). The immunology of the allergy epidemic and the
hygiene hypothesis. Nature Immunology, 18, 1076.

Lande, R, Ganguly, D., Facchinetti, V., Frasca, L., Conrad, C., Gregorio, J., et al. (2011).
Neutrophils activate plasmacytoid dendritic cells by releasing selt-DNA-peptide com-
plexes in systemic lupus erythematosus. Science Translational Medicine, 3, 73ral9.


http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0275
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0275
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0275
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0280
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0280
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0280
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0285
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0285
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0285
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0285
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0290
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0290
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0290
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0295
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0295
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0295
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0300
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0300
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0300
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0305
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0305
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0305
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0305
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0310
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0310
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0315
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0315
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0320
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0320
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0320
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0325
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0325
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0325
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0330
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0330
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0335
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0335
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0340
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0340
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0340
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0345
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0345
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0345
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0345
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0350
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0350
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0355
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0355
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0360
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0360
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0365
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0365
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0365

Deconstructing the sex bias in allergy and autoimmunity 61

Lau, C. M., Broughton, C., Tabor, A. S., Akira, S., Flavell, R. A., Mamula, M. J., et al.
(2005). RNA-associated autoantigens activate B cells by combined B cell antigen recep-
tor/toll-like receptor 7 engagement. The Journal of Experimental Medicine, 202, 1171.

Lelu, K., Laffont, S., Delpy, L., Paulet, P. E., Perinat, T., Tschanz, S. A., etal. (2011). Estro-
gen receptor alpha signaling in T lymphocytes is required for estradiol-mediated inhibi-
tion of Thl and Th17 cell differentiation and protection against experimental
autoimmune encephalomyelitis. Journal of Immunology, 187, 2386.

Libert, C., Dejager, L., & Pinheiro, I. (2010). The X chromosome in immune functions:
When a chromosome makes the difference. Nature Reviews. Immunology, 10, 594.
Liou, C.J., & Huang, W. C. (2011). Dehydroepiandrosterone suppresses eosinophil infiltra-
tion and airway hyperresponsiveness via modulation of chemokines and Th2 cytokines in

ovalbumin-sensitized mice. Journal of Clinical Immunology, 31, 656.

Lloyd, C. M., & Snelgrove, R. J. (2018). Type 2 immunity: Expanding our view. Science
Immunology, 3, eaat1604.

Lorenzo, M. E., Hodgson, A., Robinson, D. P., Kaplan, J. B., Pekosz, A., & Klein, S. L.
(2011). Antibody responses and cross protection against lethal influenza A viruses difter
between the sexes in C57BL/6 mice. Vaccine, 29, 9246.

Lu, Q., Wu, A,, Tesmer, L., Ray, D., Yousif, N., & Richardson, B. (2007). Demethylation
of CD40LG on the inactive X in T cells from women with lupus. Journal of Immunology,
179, 6352.

Manfredo Vieira, S., Hiltensperger, M., Kumar, V., Zegarra-Ruiz, D., Dehner, C.,
Khan, N, et al. (2018). Translocation of a gut pathobiont drives autoimmunity in mice
and humans. Science, 359, 1156.

Markle, J. G., & Fish, E. N. (2014). SeXX matters in immunity. Trends in Immunology, 35, 97.

Markle, J. G., Frank, D. N., Mortin-Toth, S., Robertson, C. E., Feazel, L. M., Rolle-
Kampczyk, U., et al. (2013). Sex differences in the gut microbiome drive hormone-
dependent regulation of autoimmunity. Science, 339, 1084.

McDonald, G., Cabal, N., Vannier, A., Umiker, B., Yin, R. H., Orjalo, A. V., Jr., et al.
(2015). Female bias in systemic lupus erythematosus is associated with the differential
expression of X-linked toll-like receptor 8. Frontiers in Immunology, 6, 457.

Melgert, B. N., Postma, D. S., Kuipers, 1., Geerlings, M., Luinge, M. A., van der
Strate, B. W, etal. (2005). Female mice are more susceptible to the development of aller-
gic airway inflammation than male mice. Clinical and Experimental Allergy, 35, 1496.

Moftatt, M. F., Gut, I. G., Demenais, F., Strachan, D. P., Bouzigon, E., Heath, S., et al.
(2010). A large-scale, consortium-based genomewide association study of asthma. The
New England Journal of Medicine, 363, 1211.

Mohammad, ., Starskaia, I., Nagy, T., Guo, J., Yatkin, E., Vaananen, K., etal. (2018). Estro-
gen receptor alpha contributes to T cell-mediated autoimmune inflammation by pro-
moting T cell activation and proliferation. Science Signaling, 11, eaap9415.

Nicolai, T., Pereszlenyiova-Bliznakova, L., Illi, S., Reinhardt, D., & von Mutius, E. (2003).
Longitudinal follow-up of the changing gender ratio in asthma from childhood to adult-
hood: Role of delayed manifestation in gitls. Pediatric Allergy and Immunology, 14, 280.

Okada, H., Kuhn, C., Feillet, H., & Bach, J. F. (2010). The ‘hygiene hypothesis’ for auto-
immune and allergic diseases: An update. Clinical and Experimental Immunology, 160, 1.

Oliphant, C. J., Hwang, Y. Y., Walker, J. A., Salimi, M., Wong, S. H., Brewer, J. M., et al.
(2014). MHClII-mediated dialog between group 2 innate lymphoid cells and CD4(+)
T cells potentiates type 2 immunity and promotes parasitic helminth expulsion.
Immunity, 41, 283.

Peroni, D. G., Piacentini, G. L., Bodini, A., & Boner, A. L. (2009). Preschool asthma in Italy:
Prevalence, risk factors and health resource utilization. Respiratory Medicine, 103, 104.

Petri, M., Orbai, A. M., Alarcén Graciela, S., Gordon, C., Merrill Joan, T., Fortin Paul, R.,
et al. (2012). Derivation and validation of the systemic lupus international collaborating


http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0370
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0370
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0370
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0375
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0375
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0375
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0375
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0380
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0380
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0385
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0385
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0385
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0390
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0390
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0395
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0395
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0395
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0400
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0400
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0400
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0405
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0405
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0405
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0410
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0415
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0415
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0415
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0420
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0420
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0420
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0425
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0425
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0425
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0430
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0430
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0430
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0435
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0435
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0435
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0440
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0440
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0440
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0445
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0445
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0450
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0450
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0450
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0450
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0455
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0455
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0460
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0460

62 Sophie Laffont and Jean-Charles Guéry

clinics classification criteria for systemic lupus erythematosus. Arthritis and Rheumatism,
64, 2677.

Pihlajamaa, P., Sahu, B., & Janne, O. A. (2015). Determinants of receptor- and tissue-specific
actions in androgen signaling. Endocrine Reviews, 36, 357.

Pinheiro, 1., Dejager, L., & Libert, C. (2011). X-chromosome-located microRNAs in
immunity: Might they explain male/female differences? The X chromosome-genomic
context may affect X-located miRINAs and downstream signaling, thereby contributing
to the enhanced immune response of females. BioEssays, 33, 791.

Pinter, S. F., Sadreyev, R. L., Yildirim, E., Jeon, Y., Ohsumi, T. K., Borowsky, M., et al.
(2012). Spreading of X chromosome inactivation via a hierarchy of defined Polycomb
stations. Genome Research, 22, 1864.

Pisitkun, P., Deane, J. A., Difilippantonio, M. J., Tarasenko, T., Satterthwaite, A. B., &
Bolland, S. (2006). Autoreactive B cell responses to RNA-related antigens due to
TLR7 gene duplication. Science, 312, 1669.

Rao, C. K., Moore, C. G., Bleecker, E., Busse, W. W., Calhoun, W., Castro, M., et al.
(2013). Characteristics of perimenstrual asthma and its relation to asthma severity and
control: Data from the severe asthma research program. Chest, 143, 984.

Rawlings, D. J., Schwartz, M.. A., Jackson, S. W., & Meyer-Bahlburg, A. (2012). Integration
of B cell responses through toll-like receptors and antigen receptors. Nature Reviews.
Immunology, 12, 282.

Ricardo-Gonzalez, R. R., Van Dyken, S. J., Schneider, C., Lee, J., Nussbaum, J. C.,
Liang, H. E., et al. (2018). Tissue signals imprint ILC2 identity with anticipatory func-
tion. Nature Immunology, 19, 1093.

Riffo-Vasquez, Y., Ligeiro de Oliveira, A. P., Page, C. P., Spina, D., & Tavares-de-Lima, W.
(2007). Role of sex hormones in allergic inflammation in mice. Clinical and Experimental
Allergy, 37, 459.

Robinette, M. L., Fuchs, A., Cortez, V. S., Lee, J. S., Wang, Y., Durum, S. K., etal. (2015).
Transcriptional programs define molecular characteristics of innate lymphoid cell classes
and subsets. Nature Immunology, 16, 306.

Ross, M. T., Gratham, D. V., Coffey, A. J., Scherer, S., McLay, K., Muzny, D., etal. (2005).
The DNA sequence of the human X chromosome. Nature, 434, 325.

Rubtsov, A. V., Rubtsova, K., Fischer, A., Mechan, R. T., Gillis, J. Z., Kappler, J. W., et al.
(2011). Toll-like receptor 7 (TLR7)-driven accumulation of a novel CD11¢(+) B-cell
population is important for the development of autoimmunity. Blood, 118, 1305.

Rubtsova, K., Rubtsov, A. V., Thurman, J. M., Mennona, J. M., Kappler, J. W., &
Marrack, P. (2017). B cells expressing the transcription factor T-bet drive lupus-like
autoimmunity. The Journal of Clinical Investigation, 127, 1392.

Rubtsova, K., Rubtsov, A. V., van Dyk, L. F., Kappler, J. W., & Marrack, P. (2013). T-box
transcription factor T-bet, a key player in a unique type of B-cell activation essential for
effective viral clearance. Proceedings of the National Academy of Sciences of the United States of
America, 110, E3216.

Salimi, M., Barlow, J. L., Saunders, S. P., Xue, L., Gutowska-Owsiak, D., Wang, X., et al.
(2013). A role for IL-25 and IL-33-driven type-2 innate lymphoid cells in atopic derma-
titis. The Journal of Experimental Medicine, 210, 2939.

Santiago-Raber, M. L., Kikuchi, S., Borel, P., Uematsu, S., Akira, S., Kotzin, B. L., et al.
(2008). Evidence for genes in addition to Tlr7 in the Yaa translocation linked with accel-
eration of systemic lupus erythematosus. Journal of Immunology, 181, 1556.

Sasidhar, M. V., Itoh, N., Gold, S. M., Lawson, G. W., & Voskuhl, R. R. (2012). The XX
sex chromosome complement in mice is associated with increased spontaneous lupus
compared with XY. Annals of the Rheumatic Diseases, 71, 1418.

Schatz, M., Harden, K., Forsythe, A., Chilingar, L., Hoffman, C., Sperling, W., et al. (1988).
The course of asthma during pregnancy, post partum, and with successive pregnancies:
A prospective analysis. The _Journal of Allergy and Clinical Immunology, 81, 509.


http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0460
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0460
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0465
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0465
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0470
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0470
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0470
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0470
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0475
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0475
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0475
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0480
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0480
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0480
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0485
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0485
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0485
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0490
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0490
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0490
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0495
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0495
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0495
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0500
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0500
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0500
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0505
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0505
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0505
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0510
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0510
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0515
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0515
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0515
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0520
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0520
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0520
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0525
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0525
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0525
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0525
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0530
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0530
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0530
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0535
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0535
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0535
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0540
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0540
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0540
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0545
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0545
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0545

Deconstructing the sex bias in allergy and autoimmunity 63

Scofield, R. H., Bruner, G. R., Namjou, B., Kimberly, R. P., Ramsey-Goldman, R.,
Petri, M., et al. (2008). Klinefelter’s syndrome (47,XXY) in male systemic lupus
erythematosus patients: Support for the notion of a gene-dose effect from the
X chromosome. Arthritis and Rheumatism, 58, 2511.

Seillet, C., Laffont, S., Tremollieres, F., Rouquie, N., Ribot, C., Arnal, J. F., et al. (2012).
The TLR-mediated response of plasmacytoid dendritic cells is positively regulated
by estradiol in vivo through cell-intrinsic estrogen receptor alpha signaling. Blood,
119, 454.

Seminog, O. O., Seminog, A. B., Yeates, D., & Goldacre, M. J. (2015). Associations between
Klinefelter’s syndrome and autoimmune diseases: English national record linkage studies.
Autoimmunity, 48, 125.

Smith-Bouvier, D. L., Divekar, A. A., Sasidhar, M., Du, S., Tiwari-Woodruff, S. K.,
King, J. K., et al. (2008). A role for sex chromosome complement in the female bias
in autoimmune disease. The Journal of Experimental Medicine, 205, 1099.

Soni, C., Wong, E. B., Domeier, P. P., Khan, T. N, Satoh, T., Akira, S., etal. (2014). B cell-
intrinsic TLR7 signaling is essential for the development of spontaneous germinal cen-
ters. Journal of Immunology, 193, 4400.

Souyris, M., Cenac, C., Azar, P., Daviaud, D., Canivet, A., Grunenwald, S., et al. (2018).
TLR7 escapes X chromosome inactivation in immune cells. Science Immunology, 3,
eaap8855.

Stadhouders, R., Li, B. W. S., de Bruijn, M. J. W., Gomez, A., Rao, T. N., Fehling, H. J.,
et al. (2018). Epigenome analysis links gene regulatory elements in group 2 innate lym-
phocytes to asthma susceptibility. The Journal of Allergy and Clinical Immunology, 142,
1793.

Subramanian, S., Tus, K., Li, Q. Z., Wang, A., Tian, X. H., Zhou, J., et al. (20006). A Tlr7
translocation accelerates systemic autoimmunity in murine lupus. Proceedings of the
National Academy of Sciences of the United States of America, 103, 9970.

Strachan, D. P. (1989). Hay fever, hygiene, and houschold size. BMJ, 299, 1259.

Tait Wojno, E. D., & Artis, D. (2016). Emerging concepts and future challenges in innate
lymphoid cell biology. The Journal of Experimental Medicine, 213, 2229.

Takeda, M., Tanabe, M., Ito, W., Ueki, S., Konnno, Y., Chihara, M., et al. (2013). Gender
difference in allergic airway remodelling and immunoglobulin production in mouse
model of asthma. Respirology, 18, 797.

Tan, K. S., McFarlane, L. C., & Lipworth, B. J. (1997). Modulation of airway reactivity and
peak flow variability in asthmatics receiving the oral contraceptive pill. American_Journal of
Respiratory and Critical Care Medicine, 155, 1273.

Tantisira, K. G., Colvin, R., Tonascia, J., Strunk, R. C., Weiss, S. T., Fuhlbrigge, A. L., etal.
(2008). Airway responsiveness in mild to moderate childhood asthma: Sex influences on
the natural history. American_Journal of Respiratory and Critical Care Medicine, 178, 325.

Theofilopoulos, A. N., Kono, D. H., & Baccala, R. (2017). The multiple pathways to auto-
immunity. Nature Immunology, 18, 716.

Tian, M., Hua, Z., Hong, S., Zhang, Z., Liu, C., Lin, L., et al. (2018). B cell-intrinsic
MyDS88 signaling promotes initial cell proliferation and difterentiation to enhance the
germinal center response to a virus-like particle. Journal of Immunology, 200, 937.

Torgerson, D. G., Ampleford, E. J., Chiu, G. Y., Gauderman, W. J., Gignoux, C. R.,
Graves, P. E., et al. (2011). Meta-analysis of genome-wide association studies of asthma
in ethnically diverse North American populations. Nature Genetics, 43, 887.

Townsend, E. A., Miller, V. M., & Prakash, Y. S. (2012). Sex differences and sex steroids in
lung health and disease. Endocrine Reviews, 33, 1.

Troisi, R. J., Speizer, F. E., Willett, W. C., Trichopoulos, D., & Rosner, B. (1995). Men-
opause, postmenopausal estrogen preparations, and the risk of adult-onset asthma.
A prospective cohort study. American Journal of Respiratory and Critical Care Medicine,
152, 1183.


http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0550
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0550
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0550
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0550
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0555
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0555
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0555
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0555
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0560
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0560
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0560
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0565
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0565
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0565
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0570
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0570
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0570
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0575
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0575
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0575
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0580
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0580
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0580
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0580
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0585
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0585
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0585
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf9000
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0590
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0590
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0595
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0595
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0595
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0600
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0600
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0600
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0605
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0605
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0605
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0610
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0610
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0615
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0615
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0615
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0620
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0620
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0620
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0625
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0625
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0630
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0630
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0630
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0630

64 Sophie Laffont and Jean-Charles Guéry

Tukiainen, T., Villani, A. C., Yen, A., Rivas, M. A., Marshall, J. L., Satija, R., et al. (2017).
Landscape of X chromosome inactivation across human tissues. Nature, 550, 244.
Vermeesch, J. R., Petit, P., Kermouni, A., Renauld, J. C., Van Den Berghe, H., &
Marynen, P. (1997). The IL-9 receptor gene, located in the Xq/Yq pseudoautosomal
region, has an autosomal origin, escapes X inactivation and is expressed from the Y.

Human Molecular Genetics, 6, 1.

Vink, N. M., Postma, D. S., Schouten, J. P., Rosmalen, J. G., & Boezen, H. M. (2010). Gen-
der difterences in asthma development and remission during transition through puberty:
The TRacking Adolescents” Individual Lives Survey (TRAILS) study. The Journal of
Allergy and Clinical Immunology, 126, 498.

Virchow, J. C. (2012). Asthma and pregnancy. Seminars in Respiratory and Critical Care Med-
icine, 33, 630.

Walsh, K. B., Teijaro, J. R., Zuniga, E. 1., Welch, M. J., Fremgen, D. M., Blackburn, S. D.,
etal. (2012). Toll-like receptor 7 is required for effective adaptive immune responses that
prevent persistent virus infection. Cell Host & Microbe, 11, 643.

Wang, J., Syrett, C. M., Kramer, M. C., Basu, A., Atchison, M. L., & Anguera, M. C. (2016).
Unusual maintenance of X chromosome inactivation predisposes female lymphocytes
for increased expression from the inactive X. Proceedings of the National Academy of Sciences
of the United States of America, 113, E2029.

Warren, K. J., Sweeter, J. M., Pavlik, J. A., Nelson, A. J., Devasure, J. M., Dickinson, J. D.,
etal. (2017). Sex differences in activation of lung-related type 2 innate lymphoid cells in
experimental asthma. Annals of Allergy, Asthma & Immunology, 118, 233.

Whitacre, C. C. (2001). Sex differences in autoimmune disease. Nature Immunology, 2, 777.

Yang, F., Babak, T., Shendure, J., & Disteche, C. M. (2010). Global survey of escape from
X inactivation by RNA-sequencing in mouse. Genome Research, 20, 614.

Young, G. R., Eksmond, U., Salcedo, R., Alexopoulou, L., Stoye, J. P., & Kassiotis, G.
(2012). Resurrection of endogenous retroviruses in antibody-deficient mice. Nature,
491, 774.

Yu, P., Lubben, W., Slomka, H., Gebler, J., Konert, M., Cai, C., et al. (2012). Nucleic acid-
sensing toll-like receptors are essential for the control of endogenous retrovirus viremia
and ERV-induced tumors. Immunity, 37, 867.

Yurkovetskiy, L., Burrows, M., Khan, A. A., Graham, L., Volchkov, P., Becker, L., et al.
(2013). Gender bias in autoimmunity is influenced by microbiota. Immunity, 39, 400.

Zein, J. G., & Erzurum, S. C. (2015). Asthma is different in women. Current Allergy and
Asthma Reports, 15, 28.

Zeng, Z., Surewaard, B. G. J., Wong, C. H. Y., Guettler, C., Petri, B., Burkhard, R., et al.
(2018). Sex-hormone-driven innate antibodies protect females and infants against EPEC
infection. Nature Immunology, 19, 1100.

Zivkovic, 1., Bufan, B., Petrusic, V., Minic, R., Arsenovic-Ranin, N., Petrovic, R., et al.
(2015). Sexual diergism in antibody response to whole virus trivalent inactivated influ-
enza vaccine in outbred mice. Vaccine, 33, 5546.


http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0635
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0635
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0640
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0640
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0640
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0640
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0645
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0645
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0645
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0645
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0650
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0650
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0655
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0655
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0655
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0660
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0660
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0660
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0660
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0665
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0665
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0665
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0670
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0675
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0675
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0680
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0680
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0680
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0685
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0685
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0685
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0690
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0690
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0695
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0695
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0700
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0700
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0700
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0705
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0705
http://refhub.elsevier.com/S0065-2776(19)30013-6/rf0705

	Deconstructing the sex bias in allergy and autoimmunity: From sex hormones and beyond
	Introduction
	General mechanisms regulating sex bias in autoimmunity and allergy
	X chromosome gene dosage and X chromosome inactivation escape
	Sex and microbiome composition
	Sex steroid hormones signaling

	Biological role of sex-linked factors in allergic asthma
	Gender bias in asthma prevalence and severity
	Immunological mechanisms of allergic asthma
	Impact of sex hormones in type 2-mediated allergic airway inflammation
	Regulation of ILC2 by androgen receptor signaling

	Biological role of sex-linked factors in TLR7-driven antiviral responses and in systemic autoimmunity
	Role of TLR7 in the germinal center (GC) responses to ssRNA viruses and virus-like particles (VLP)
	Role of TLR7 dosage in break-down of B cell tolerance in SLE
	Role of TLR7 in the development of age-associated B cells (ABC) and in the extrafollicular B cell response in SLE
	TLR7 escapes from X chromosome inactivation

	Concluding remarks
	Author contributions
	Funding
	Conflict of interest statement
	References




