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Abstract

Women develop stronger immune responses than men, with positive effects on the resistance to viral or bacterial infections but
magnifying also the susceptibility to autoimmune diseases like systemic lupus erythematosus (SLE). In SLE, the dosage of the
endosomal Toll-like receptor 7 (TLR7) is crucial. Murine models have shown that TLR7 overexpression suffices to induce
spontanecous lupus-like disease. Conversely, suppressing TLR7 in lupus-prone mice abolishes SLE development. TLR7 is
encoded by a gene on the X chromosome gene, denoted 7LR7 in humans and 7/r7 in the mouse, and expressed in plasmacytoid
dendritic cells (pDC), monocytes/macrophages, and B cells. The receptor recognizes single-stranded RNA, and its engagement
promotes B cell maturation and the production of pro-inflammatory cytokines and antibodies. In female mammals, each cell
randomly inactivates one of its two X chromosomes to equalize gene dosage with XY males. However, 15 to 23% of X-linked
human genes escape X chromosome inactivation so that both alleles can be expressed simultaneously. It has been hypothesized
that biallelic expression of X-linked genes could occur in female immune cells, hence fostering harmful autoreactive and
inflammatory responses. We review here the current knowledge of the role of TLR7 in SLE, and recent evidence demonstrating
that TLR7 escapes from X chromosome inactivation in pDCs, monocytes, and B lymphocytes from women and Klinefelter
syndrome men. Female B cells where 7LR7 is thus biallelically expressed display higher TLR7-driven functional responses,
connecting the presence of two X chromosomes with the enhanced immunity of women and their increased susceptibility to
TLR7-dependent autoimmune syndromes.

Keywords Sexual dimorphism - Systemic lupus erythematosus - Toll-like receptor 7 - X chromosome dosage - X chromosome
inactivation escape

Introduction

The quality and strength of the immune response differ be-
tween women and men, resulting in sex-based differences in
the prevalence, manifestations, and outcome of autoimmune
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and infectious diseases. While women are able to mount more
vigorous immune responses to infections, they also suffer
more from autoimmunity and subsequent inflammation-
induced tissue damage. A growing body of data shows that
biological pathways common to autoimmune and infectious
diseases are under the control of sex-linked factors [1-3]. The
role of sex hormones, estrogens and androgens, is being ac-
tively explored [4—6] and, more recently, interest has arisen
also in the control of immunity directly by the number of sex
chromosomes in the karyotype. An important question in the
biology of sex chromosomes is balancing the gene dosage
between male (XY) and female (XX) cells. Indeed, the X
chromosome carries many more genes than the Y chromo-
some, so that most X-linked genes exist as two copies in
female cells versus only one in male cells. Thus, in mammals,
this gene dosage imbalance is offset by the inactivation of one
of the two X chromosomes in female cells. The impact on
immunity of gene expression that evades this X chromosome
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inactivation (XCI) is emerging as a promising field of study.
We highlight recent relevant data on a key immune receptor
encoded by an X-linked locus, Toll-like receptor 7 (TLR7),
and its link to the pathophysiology of the autoimmune disor-
der, systemic lupus erythematosus (SLE).

X chromosome inactivation in lymphoid cells

In mammals, female cells carry an XX pair of sex chromo-
somes, whereas males have a Y chromosome and a single X.
Men with Klinefelter syndrome, however, carry at least one
additional X chromosome (47,XXY). Dosage compensation
between XY males and XX females for X-linked gene prod-
ucts occurs via random epigenetic silencing one of the two
female X chromosomes. This process, XCI, begins at the four-
cell stage during embryonic development and is inherited
through somatic cell divisions over life. XCI is dependent on
epigenetic features including the transcription of the X-
inactivation specific transcript (XIST), a long non-coding
RNA (IncRNA) encoded by an X-linked gene, chromatin
modifications, and nuclear organization [7]. At the onset of
XClI, the XISTallele on the future inactive X chromosome (Xi)
is upregulated and XIST RNA accumulates along this chro-
mosome in cis. This event initiates the silencing of X-linked
genes as well as the recruitment of the polycomb repressive
complex 2 (PRC2) and the acquisition of other epigenetic
features involved in the stable maintenance of the inactive
state. In particular, the histone methyltransferase activity of
PRC?2 catalyzes the deposition of the repressive histone mark,
the methylation of lysine 27 on histone H3 (H3K27me3),
which is known to form transcriptionally inactive heterochro-
matin domains [7]. The chain of early events in XCI has been
studied by RNA fluorescence in situ hybridization (RNA
FISH) [8]. The XIST-coated chromatin can be detected in
interphase nuclei as a domain covering ~70% of the X chro-
mosome territory (often called the XIST cloud or XIST do-
main), whereas the XIST allele on the other X chromosome is
progressively silenced. XIST RNA deposition is followed by
progressive transcriptional silencing of X-linked genes, based
on the disappearance of primary transcript RNA FISH signals
from the XIST domain [8]. Thus, the Xi and the active X
chromosome (Xa) harbor distinct epigenetic modifications
and gene expression patterns. However, consistent transcrip-
tion of both alleles persists in a small minority of X-linked
genes with functional homologs on the Y chromosome, clus-
tered in the so-called pseudoautosomal regions, PAR1 and
PAR2 (Fig. 1).

XIST expression is supposed to be maintained in differen-
tiated cells although little is known about regulation of this
IncRNA in immune cells. Loss of XIST clouds, and
H3K27me3 depletion, has been observed during B and T
lymphocyte development in mice [11, 15, 16]. RNA FISH-
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Fig. 1 Selected genes on the X chromosome with a known potential to
influence immunity. The X chromosome contains some 1100 genes, of
which 60-100 have been reported to influence directly or indirectly innate
and adaptive immunity, see references [1, 9]. TLR7 and TLRS are located
on the short arm of the X chromosome within a region reported to escape
XCI [10]. Asterisks denote genes reported or suspected to escape XCI,
according to references [11-14]

detectable XIST domains nearly disappeared in immature
double-positive T and pre-B cells, while about 50% of mature
CDS8" single-positive T and B cells regained a XIST domain
[15]. Subsequent studies by Anguera and colleagues found
that, by contrast, both human and mouse naive CD4" and
CDS8* T cells and B lymphocytes still lacked XIST RNA
and the heterochromatic histone modifications associated with
the Xi at the steady state [11]. This loss of XIST staining in
resting lymphocytes was transient, and XIST RNA
relocalization to the Xi could be observed during the transition
from quiescence to activation [11, 16]. In particular, it was
shown that, upon B cell activation, the XIST RNA localiza-
tion to the Xi was restored in a dynamic two-step process
involving the transcription factor YY1, which is known to
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regulate processes during V(D)J recombination [16]. These
results suggest that, at the steady state, naive B cells are
predisposed to X-linked gene reactivation [16], and hence to
the possibility of non-compensation of X-linked gene dosage
between female and male cells. Similar results were found in
naive and activated T cells from humans and mice, suggesting
that the Xi is predisposed to become partially reactivated in
mammalian female lymphocytes at large [11]. Such loss of
heterochromatin features of the Xi in lymphocytes is in agree-
ment with a recent study profiling the open regions of chro-
matin in resting human CD4" T cells [17]. Using transposase-
accessible chromatin with high-throughput sequencing
(ATAC-seq) to map the regions of open chromatin in female
and male human CD4" T cells, particular regions of the X
chromosome were observed to produce twice higher signals
in female than in male cells, which were thought to represent
genes escaping XCI [17].

Role of TLR7 in SLE

A notable shared mechanism in autoimmunity and the fight
against infections is pattern recognition by innate immune
receptors such as TLRs. The innate response initiated by
TLRs is an essential line of defense against many pathogens;
however, TLRs can also respond to endogenous ligands, po-
tentially leading to autoimmunity or inflammation if not prop-
erly controlled [18]. This is particularly clear for TLR7, a
single-stranded RNA (ssRNA) receptor encoded by an X-
linked gene.

A key role for TLR7 has been established in SLE, a proto-
typic autoimmune disease with strong female bias. TLR7 rec-
ognition of endogenous RNA results in the production of type
I interferon (IFN) and antiribonucleoprotein (RNP) autoanti-
bodies [18, 19]. In mice, an increased copy number of the 7117
gene leads to a lupus-like syndrome [20-22], whereas T/r7-
deficient mice of a lupus-prone genetic background are sig-
nificantly protected from autoimmunity [19]. Consequently, it
has been hypothesized that gene-dose effects due to escape
from XCI contribute to the sex bias in SLE susceptibility [1].

SLE is a chronic disorder that is clinically heterogeneous in
its manifestations and course. Life-threatening inflammation
and damage may involve many organs and tissues, including
the kidney, skin, joints, central nervous system, and serosae.
SLE is 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) [18, 23].
SLE patients show elevated levels of circulating IFN-, which
is correlated with the presence of autoantibodies to RNA bind-
ing protein [24], and overexpression of IFN-x-regulated genes
in blood cells, suggesting a central role for type I IFN in
disease pathogenesis [25-29]. Plasmacytoid dendritic cells

(pDCs) constitute the main blood cell population producing
type I IFN upon activation via TLR7 or TLR9 by pathogen-
derived nucleic acids [30]. IFN-& production by pDCs can
also result from inappropriate activation of these TLRs by
self-nucleic acids complexed with autoreactive antibodies,
thereby contributing to the pathogenesis of SLE [31-33]. A
disease paradigm has thus emerged in SLE, in which activa-
tion of autoreactive B cells and production of autoantibodies
forming pathogenic immune complexes promote IFN-o/f3 re-
lease by pDCs. Type I IFNs contribute to sustain inflammato-
ry responses through their capacity to drive monocyte matu-
ration into dendritic cells, enabling activation of autoreactive
CD4" T cells which can provide help to differentiate CD8* T
cells and B cells into autoreactive effectors [34]. pDC-driven
type I IFNs also promote the differentiation of activated B
cells into plasmablasts [34], and combined activation of type
I IFN and TLR signaling in human B cells expands IgM™*
memory cells and plasma cell (PC) lineage-committed
CD27" B cells [35].

Moreover, nucleic acid-containing apoptotic particles pro-
mote activation of autoreactive B cells via dual B cell
receptor- and TLR-mediated signals, which accounts for the
prominence of antinuclear antibodies (ANAs) in autoimmuni-
ty [18]. The Myd88-dependent, endosomal receptors TLR7
and TLRY are critical in this context, with TLR7 required
for the generation of antibodies to RNA and RNA-
associated proteins [36], whereas TLRY activation promotes
production of antibodies to dsDNA and chromatin [19, 37,
38].

Abnormal expression of the 77r7 gene has been linked to
SLE pathogenesis in the lupus-prone BXSB strain of mice.
Male BXSB animals carrying a supernumerary copy of the
Tlr7 gene contributed by the Y-linked autoimmune accelerator
(Yaa) locus displayed a twofold increase in 7/r7 expression
and spontaneously developed lupus-like disease, associated
with glomerulonephritis, and the production of high titers of
autoantibodies directed against cardiolipin and the U1 small
nuclear RNP (Sm/RNP). Female mice, with only one active
copy of Tlr7, developed a milder disease [20, 21]. The Yaa
locus results from a segmental translocation of at least 16 X-
linked genes to the Y chromosome, but the extra copy of 7/r7
in Yaa-carrier males is the dominant genetic contributor to the
Yaa phenotype [22, 39, 40]. Furthermore, four- to eightfold
overexpression of 7/r7 is sufficient for the spontaneous onset
of SLE in non-autoimmune strains [22], and selective suppres-
sion of 7Ir7 expression in lupus-prone mice is, conversely,
protective against the disease [41].

Several studies have examined the cellular requirements for
spontaneous autoimmunity in mice with excessive 77r7 gene
expression. 77r7 expression in both the innate and adaptive
compartments was found to be necessary for SLE develop-
ment, where TLR7-induced B cell mediated autoimmunity
was dependent on T cell-derived signals [42—44]. TLR7 may
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control SLE development at multiple levels. In B cells, TLR7
exerts a non-redundant role by promoting spontaneous germi-
nal center (GC) and B cell plasmablast development in lupus-
prone mice [44, 45]. Sera from SLE patients contain anti-Sm/
RNP antibody complexes that can promote type I IFN produc-
tion by pDCs through TLR7 activation [46]. Given the central
role of pDCs in spontanecous SLE mouse models [47, 48],
TLR7-dependent signaling that elicits type I IFN production
by pDCs is a likely contributor to SLE development. Indeed,
pDC-derived type 1 IFNs have been reported to prime neutro-
phils for NETosis, which is initiated by the uptake of Sm/RNP
immune complexes, and subsequent engagement of TLR7 in
neutrophils by the RNA component of these immune com-
plexes [49, 50]. The DNA in the neutrophil extracellular traps
formed by dying neutrophils associates with antimicrobial pep-
tides or anti-DNA IgG, and goes on to engage TLRY in the
endosomal compartment of pDCs, leading to type I [FN release
by these cells, which further fuels the autoinflammatory pro-
cesses [51]. Circulating Sm/RNP-containing immune com-
plexes have also been reported recently to be critical for
ssRNA ligand-dependent TLR7 activation and upregulation
of OX40 ligand by human monocytes, thereby contributing
to human lupus pathogenesis by promoting T follicular helper
(Tth) cell development [52].

The non-redundant requirement for TLR7 expression by
innate cells (pDCs, monocytes, or neutrophils) in TLR7-
driven SLE pathogenesis remains to be formally established.
By contrast, the critical role of cell-intrinsic expression of 7/r7
in B cell responses and GC reactions has been well document-
ed in a variety of pathophysiological contexts (including both
SLE and viral infection). TLR signaling through Myd88 is
necessary for B cell survival, differentiation, and proliferation,
and it potentiates B cell migration to GC dark zones and poly-
clonal activation of memory B cells [35, 53-56]. 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 viral determinants [57—60] or the Sm/
RNP autoantigen in SLE [36, 44, 45, 61, 62]. In BAC trans-
genic mice, moderate overexpression of 7777 was sufficient to
drive SLE when combined with carriage of the Sle/ locus
[62]. Restoring the normal 7/r7 copy number specifically in
B cells significantly decreased the titer of antibodies to RNA-
protein complexes and protected from SLE disease [62].
Subsequent studies demonstrated the essential role of endog-
enous TLR7, but not TLRY, as a critical B cell-intrinsic sensor
for the development of a spontancous GC response in non-
autoimmune and autoimmune environments [44, 45].
Altogether, these studies firmly established a direct causal link
between intrinsic expression of 77r7 within B cells and the
development of many autoimmune traits associated with
SLE [44, 45, 62], underscoring the importance of tight regu-
lation of TLR7 expression to prevent spontaneous
autoimmunity.
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X chromosome dosage and SLE susceptibility

The X chromosome encompasses 155 Mb and over 1000
genes (47), including many protein-coding and miRNA genes
known to shape the immune response [1, 9, 63]. Loss-of-
function mutations in some of these genes (e.g., BTK, WAS,
IL2RG, FOXP3) cause X-linked primary immunodeficiencies
[1]. The genes of two RNA-sensing endosomal TLRs, TLR7
and TLRS, are carried on a non-pseudoautosomal region of the
short arm of the X chromosome (Xp) (Fig. 1).

X disomy or polysomy is thought to bring about a greater
risk of developing autoimmunity [64—66]. For SLE, the risk is
ninefold higher in women (46,XX) than that in men (46,XY)
[67]. Relative to healthy men, the supernumerary X is associ-
ated with 15-fold greater susceptibility to SLE in men with
Klinefelter syndrome (47,XXY) and 25-fold greater suscepti-
bility in women with triple X syndrome (47,XXX) [68].
Furthermore, although many autoimmune diseases have been
reported in women with Turner syndrome (45,X0), these pa-
tients rarely develop SLE [69].

The effect of the sex chromosome complement on autoim-
mune disease susceptibility has been addressed specifically
using a set of mouse strains known as the four core genotypes
[70]. In this model, the testes-determining Sry gene was delet-
ed from the Y chromosome (Y ), and ovary-bearing animals
of'either XX or XY karyotype were generated. Backcrossing
these females to males expressing a Sry transgene autosomally
resulted in XX Sry and XY Sry testes-bearing animals. A
comparison was thus possible between XX and XY mice
against a shared female hormonal background and between
XX Sryand XY Sry animals of a male hormonal background
[70, 71]. Relative to XY carriers, the XX sex chromosome
complement was associated with enhanced susceptibility to
pristane-induced [70] and spontaneous lupus [72].

Several genetic mechanisms could contribute independent-
ly to the effect of the sex chromosomes on autoimmune dis-
ease susceptibility: (1) differences in the dosage of
pseudoautosomal genes; (2) differences in X-linked gene ex-
pression arising from the maternal or paternal inheritance of
the chromosome, (3) genes carried by the Y chromosome,
whose role in non-reproductive tissues is poorly known
[73-76]; and (4) differences in X-linked gene expression
due to escape from XCI.

TLR7 escapes from X chromosome
inactivation

Besides the four core genotypes mouse model, where the ef-
fect of X chromosome dosage is exerted over the entire organ-
ism [70, 72, 77], very few studies have examined the cell-
intrinsic impact of the X chromosome complement on the
functional response of well-characterized immune cell subsets
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[78]. pDCs have recently emerged as a key DC subset spe-
cializing in type I IFN production. These cells play a critical
role in SLE pathogenesis [47, 48], and their TLR7-driven
functional response is strongly sex biased [79, 80]. Several
studies have independently reported that pDCs from women
produce more IFN-o than male pDCs upon stimulation with
synthetic ligands or ssRNA that selectively activate TLR7 [79,
80]. This was shown to arise not from a sex bias in the level of
IFN-o produced by individual cells, but from a higher fre-
quency of IFN-«x-secreting pDCs among female blood mono-
nuclear cells [80, 81]. According to later reports, exogenous
and endogenous estrogens increased TLR7-mediated IFN-oc
secretion by pDCs through cell-intrinsic estrogen receptor
(ER) « signaling [81-83], but a role for the X chromosome
complement could not be excluded. Our laboratory studied the
respective contributions of X chromosome dosage and sex
hormones in a humanized mouse model in which male and
female NOD-SCID-B2m '~ animals received transplants of
human CD34" progenitor cells from cord blood of either male
or female donors. The human pDCs that developed in the
bone marrow of the humanized male and female mice were
subsequently assessed ex vivo for their capacity to produce
cytokines in response to TLR7 and TLRS8 ligands such as
influenza virus and ssRNA ligands derived from the human
immunodeficiency virus (HIV). As expected, the frequency of
human pDCs producing IFN-« and TNF-« in response to
TLR7 ligands was greater in female than that in male mice,
suggesting a positive regulation by estrogens as previously
reported [81-83]. Indeed, using an in vitro model of human
pDC differentiation from CD34" progenitors, we found that
blocking estrogen receptor signaling with the selective estro-
gen receptor degrader Fulvestrant (ICl;g; 759) Was able to
blunt the TLR7-driven production of type I IFN and TNF-«
by human pDCs [78]. Remarkably, when the TLR7-driven
responses of pDCs were analyzed according to the sex of the
human CD34" progenitor cells, pDCs from female donors
were found to exhibit enhanced frequencies of IFN-«-
producing cells compared to pDCs that developed from male
CD34" progenitors. This enhanced responsiveness of female
(XX) pDCs compared to male (XY) ones was not affected by
the sex of the recipients, as similar differences were observed
in both male and female humanized mice. These data provided
the first evidence for a critical role of X chromosome dosage
on the functional competence of woman pDCs, and suggested
that the X chromosome complement and sex hormone estro-
gens, in concert but also independently, confer elevated pro-
duction of type I IFN by women’s pDCs in response to TLR7
ligands [78].

Recent work from our laboratory has investigated whether
the human 7LR7 gene escapes XCI in primary immune cell
populations from women, and the causal relationship between
TLR7 biallelic transcription and enhanced functional re-
sponses in individual cells [12]. Using a single-cell RT-PCR

approach, we profiled the mono- or biallelic expression of
TLR7 by measuring the relative expression of 7LR 7 transcripts
from both X chromosomes in females heterozygous for TLR7
exonic SNP markers. We showed that 7LR7 does escape X
chromosome inactivation in distinct populations of immune
cells, namely, pDCs, B cells, and monocytes from women. A
proportion of cells exhibiting biallelic expression of TLR7 was
observed in all donors tested, with frequencies ranging from 7
to 45%. We also developed an RNA FISH approach to visu-
alize in situ the biallelic expression of 7LR7 transcripts, using
a XIST probe to identify the inactive X chromosome. We
documented in this way the presence of primary 7LR7 tran-
scripts on the inactive XIST-painted X chromosome of B lym-
phocytes, monocytes, and pDCs. Biallelic 7LR7 expression
was associated with increased 7LR7 mRNA in naive individ-
ual B lymphocytes, and probably accounted for the greater
expression of TLR7 protein in the leukocytes from women
than in the male cells. The elevated TLR7 protein dose in
blood mononuclear cells from women correlated with an en-
hanced TLR7-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 TLRY (which is
autosomally encoded) was used to promote B cell prolifera-
tion. In women, B cells with biallelic 7LR7 expression were
enriched within the CD27" proliferating PC populations fol-
lowing treatment with TLR7-specific ligands. In support of
causality, an increase in biallelic cell frequency was observed
only in TLR7-stimulated cells, whereas counterselection of
biallelic cells was instead observed in B cells that responded
to a TLRY ligand. This demonstrated that the increase in
TLR7-biallelic B cells was not secondary to cell proliferation
and supported the conclusion that biallelic B cells are
endowed with enhanced responsiveness to a TLR7 ligand.
Furthermore, using an in vitro model of naive B cell differen-
tiation [54], a causal link between biallelic expression of
TLR7 and IgG class switch was also established [12].
Biallelic B cells again displayed over twofold greater propen-
sity to class switch relative to monoallelic B cells in this assay,
whereas no association was found when B cells were stimu-
lated through TLRO [12]. Altogether, this work demonstrated
that the biallelic B cells of women are more responsive than
monoallelic cells at specific checkpoints that involve signaling
through TLR7 (Fig. 2). The cumulative 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 (Fig. 2), and also the normal antibody re-
sponse to RNA viruses [84]. Whether this mechanism is in-
deed at play in female mammals warrants further
investigations.

A strong indication that the number of X chromosomes, not
just sex itself, is important in lupus comes from Klinefelter
syndrome males, who carry one or more extra X
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Fig. 2 Biallelic B cells of women are more responsive than monoallelic
cells at specific checkpoints that involve signaling through TLR7. TLR7
signaling has been reported to influence specific checkpoints of B cell
activation and differentiation into GC B cells and memory B cells [36, 44,
45, 57-62]. We recently showed that the biallelic expression of 7LR7 is
associated with a significant increase in 7LR7 mRNA in naive single-cell
B lymphocytes. Biallelic B lymphocytes were positively selected within
IgG™, class-switched B cells, in an in vitro activation and differentiation
model, in response to TLR7—but not TLR9—specific ligands [12]. A

chromosomes and develop lupus and Sjogren’s syndrome
with a risk similar to that of females [64—66]. We also reported
that TLR7 escapes XCI in immune cells from 47,XXY
Klinefelter syndrome males [12]. Because increased TLR7 is
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 syndrome with the greater risk of developing
lupus.

Further genes evading X chromosome
inactivation

Focusing on human lymphocyte populations, a recent study
reported that some genes on the Xi are predisposed to become
partially reactivated in the lymphocytes of women [11].
Biallelic expression of X-linked immune-related genes such
as CXCR3, encoding a key chemokine receptor, and CD40LG,
encoding the costimulatory molecule CD40 ligand, was doc-
umented in 4-5% of T cells and in EBV-transformed B cells.
In agreement with this observation, another study found that
CD40LG, which is repressed by methylation on the Xi of
female cells, demethylates in the T cells of women with
SLE; moreover, this was correlated with greater expression
of CD40LG mRNA in T cells from female but not male SLE
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significant enrichment in the frequency of TLR7 biallelic CD27" PC
populations was found in B cells stimulated through TLR7 as compared
to TLRY, strongly suggesting that 7LR7 gene dosage effect may prefer-
entially drive the differentiation/expansion of committed PC-lincage B
cells in women, relative to that in men [12]. The role of TLR7 biallelic
expression on the GC reaction is also plausible, given the central role of
TLR7 in spontaneous GC formation [44, 45]; however, this will deserve
further investigations

patients [13]. Both studies, however, documented the outcome
of CD40LG XCI escape at the mRNA level, not at protein
level, and the functional significance of this process is yet to
be clarified.

TLRS is encoded in the same region of the X chromosome
as TLR7. The two genes are, in fact, adjacent to each other
both in humans and in mice and are thought to originate from
the duplication of an ancestral gene. In mice, five ectodomain
amino acids are missing, which are known to be important for
the recognition of ssRNA ligands by human TLRS [85], and
the functional character of the murine TLRS protein is debat-
ed. Human TLR7 and TLRS exhibit significant differences in
their ligand recognition pattern. Human TLRS preferentially
recognizes sSRNA sequences rich in both A and U ribonucle-
otides, whereas sequences associating G and U ribonucleo-
tides are preferential activators of TLR7 [86]. However,
imidazoquinolines and nucleoside analogs can activate both
TLRs, raising questions about the molecular basis for the rec-
ognition of such chemically and structurally distinct ligands
[87]. The crystal structures of TLR7 and TLR8 [88, 89] have
been solved recently, providing insights into the mechanisms
of ligand recognition [87]. Both structures unexpectedly re-
vealed two distinct binding sites on the receptor, specialized
for different RNA degradation products [87]. The first site
recognizes small agonists, uridine in TLRS and guanosine in
TLR7, and is essential for TLR activation. The second site of



Semin Immunopathol (2019) 41:153-164

159

TLR7 binds uridine-rich ssSRNA, while the corresponding site
on TLR8 binds U- and G-containing short ssRNA [87-89].
TLR7 thus appears as a dual sensor for guanosine and uridine-
rich ssSRNA, whereas TLRS acts as a uridine sensor that is also
able to sense ssSRNA of diverse nucleoside composition [87].

Although the function of TLRS in mice is not well under-
stood [90], a recent study has examined the allelic expression
of the 7Ir8 gene by RNA-FISH and suggests that it may es-
cape XCI in female macrophages [14]. Whether 7LRS, like
TLR7, may escape XCI in human monocytes warrants further
investigation. Human 7LR8 expression appears to be restrict-
ed to monocytes, myeloid dendritic cells, and neutrophils [91,
92]. TLRS can be also inadvertently expressed in other cell
subsets in a disease context, e.g., in the pDCs of patients with
systemic scleroderma, a life-threatening autoimmune disease
that preferentially affects women [93]. Along the same line,
human 7LR8 overexpression in mice has been shown to drive
autoimmune inflammation and enhanced susceptibility to ar-
thritis [92]. Interestingly, another recent study shows that sens-
ing of viable pathogens by TLRS in human monocytes pro-
vides key signals initiating follicular helper T cell differentia-
tion [94]. Indeed, TLRS agonists have been reported to pos-
sess unique adjuvant activity overcoming unresponsiveness to
vaccines in newborns [95, 96], so that targeting TLR8 holds
promise for improving the immunity elicited by vaccination.
Whether TLRS evades XCI in immune cells, mirroring 7LR7,
and any functional consequences of 7LRS biallelic expression
in females, certainly deserve further investigation.

Interactions between sex hormones
and X-linked gene dosage

The female sex steroid hormones, estrogens, are a known
factor of sexual dimorphism in immunity. For instance, B cell
intrinsic ERt-signaling is able to control autoreactive B cell
development and SLE in mice [97-100]. Moreover, as men-
tioned above, both estrogens and the number of X chromo-
somes in the karyotype independently contribute to the en-
hanced TLR7-mediated responses of pDCs from women
[78]. The abundance of mRNA and protein gene products as
a function of TLR7 biallelic expression in individual female
pDCs is currently unknown. As pDCs constitutively express
noticeably higher levels of TLR7 protein than B cells or
monocytes, one can speculate that 7LR7 biallelism in pDCs
may have a limited functional impact due to the presence of
optimal amounts of TLR7 protein in these cells. In this con-
text, the higher responsiveness of female pDCs could depend
on signaling intermediaries of the Myd88-signaling machin-
ery or on helper molecules in TLR trafficking or maturation.
In this respect, it has been reported recently that estrogen
signaling upregulates the expression of the endoplasmic retic-
ulum transmembrane protein Unc93b1 in immune cells [101].

Unc93bl is a chaperone molecule regulating the subcellular
localization of endosomal TLR3, TLR7, and TLR9, and
Unc93b1 knockdown abrogates cytokine production [102].
It is yet unknown whether estrogen-mediated regulation of
Unc93bl occurs in pDCs specifically [101]. By contrast, a
positive correlation between estradiol signaling through ERo
and IRF5 expression in human and mouse pDCs has been
reported [83]. Although the exact contribution of IRF5 to the
production of type I IFN by TLR-stimulated pDCs is still
debated, one can speculate that IRFS upregulation by estro-
gens may enhance IFN-« production in synergy with IRF7
[103, 104].

Such modulatory effects of estrogen signaling might be nec-
essary to unmask gene dosage effect due to XCI escape of
genes like 7LR7/TIr7. This could be particularly relevant in B
lymphocytes, where a large body of literature suggests that
estrogens, via ERo-signaling, exert a powerful effect on B
cells. Estrogens have indeed been reported to promote the ex-
pression of CD22 and SHP-1 in B cells, thereby decreasing the
threshold for B cell receptor signaling and allowing the survival
of autoreactive B cells through upregulation of BCL-2 and the
survival factor BAFF [97] [98]. Moreover, estrogens have been
suggested to promote somatic hypermutation by stimulating
the expression of activation-induced cytidine deaminase [99].
Although these effects of estrogens were not shown to occur
in vivo through cell-intrinsic ERx activation, an elegant study
by Gould and colleagues recently reported that B cell-intrinsic
ERo signaling partially controlled B cell activation and disease
severity in (NZB x NZW) F1 mice [100]. The interaction of
hormonal factors with the X chromosome complement, involv-
ing the effect of XCI escape, is probably a substantial contrib-
utor to the enhanced susceptibility of females to TLR7-
dependent autoimmune diseases.

Concluding remarks

The cause of SLE is not well understood but is thought to
involve a complex interaction of genetic, environmental, and
hormonal factors [105]. Although female sex hormones have
been shown to regulate key immune cell subsets involved in
SLE, such as B cells [97-100] and pDCs [78-83], the obser-
vation that Klinefelter syndrome men are as susceptible to
SLE as women strongly suggested that the higher female sex
hormone profile is not the sole contributor to the sex bias in
SLE [64-66]. Since the seminal observations of 7/r7 gene
dosage as a key factor of lupus-like syndrome in mice
[20-22], it was hypothesized that functional 7LR7 gene dupli-
cation in women due to XCI escape was a contributor to sex
bias in SLE. The evidence we have reviewed supports the
notion that the X chromosome itself constitutes an etiological
factor. There is no longer any doubt that 7LR7 escapes from X
chromosome inactivation in women and Klinefelter syndrome
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men and that biallelic expression of 7LR7 has functional con-
sequences on B cell responsiveness [12]. A wider examination
of XCI escape is now necessary to encompass further X-
linked genes encoding immune regulators. FOXP3 has been
reported not to evade XCI [106, 107], but there are indications
that CD40LG may do so, though the functional consequences
have not yet been addressed [11, 13]. Overall, we propose a
major role for the XCI escape of TLR7 in generating
genomically determined, stochastic diversity within the fe-
male immune cell compartment, with a likely impact on innate
and adaptive immunity against selected pathogens or self-
components. We believe that the quantitative edge in 7LR7
expression generated by biallelism may affect immunity both
qualitatively and quantitatively, augmenting the susceptibility
of women and Klinefelter men to autoimmune diseases such
as SLE and Sjogren’s syndrome [64—66].

Future directions

It is now critical to extend our investigations of XClI to clinical
cohorts in SLE and other autoimmune disorders, in a compar-
ison with healthy individuals. This represents a considerable
technological challenge in that, so far, no specific markers
exist to distinguish biallelic from monoallelic gene expression
in single cells, apart from the analysis of TLR7 transcripts
using either allelic markers, as we reported recently [12], or
RNA FISH. Both approaches are beset by specific limitations
due to the low frequency of exonic polymorphisms of the
TLR7 locus; in addition, the conceivable impact of the few
frequent polymorphisms on TLR7 functions, and hence on
disease susceptibility, may be a confounding factor [108,
109]. Alternative unbiased approaches using RNA FISH are
possible but may be painstaking to optimize for high through-
put and high sensitivity. One recent study which examined the
biallelic expression of 7LR7 in EBV-transformed B cell lines
suggested that TLR7 evades XCI also in women with SLE
[11]. Although XCI escape has been reported in mice, previ-
ous surveys of XCI in various mouse cell lines showed that
only 3% of mouse genes partially or completely escape inac-
tivation [110-112]. None of these studies identified XCI es-
cape of X-linked autoimmunity-related genes, probably be-
cause cell lines (e.g., fibroblasts) were used that do not express
many of these tissue-specific genes. Whether immune-related
X-linked genes escape XCI in mouse immune cells remains an
open question deserving further investigation. Finally, our
finding that 7LR7 escapes from XCI in immune cells sheds
light on the sexual dimorphism of humoral immunity, partic-
ularly in the context of RNA virus infection [84], and may
have broader implications for our understanding of the path-
ogenesis of RNA virus-mediated infectious diseases, such as
HIV-1 infection and chronic hepatitis C, for which sex-based
differences have been reported [2, 113].
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