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Abstract
Despite recent progress in the understanding of systemic lupus erythematosus (SLE), the striking
9:1 female to male ratio of disease incidence remains largely unexplained. In addition, peak SLE
incidence rates occur during the early reproductive years in women. Studies which illuminate
potential causes underlying this sex difference and characteristic onset during the reproductive
years have the potential to fundamentally advance our understanding of disease pathogenesis in
SLE. Similarly, progress in this area will likely inform human reproductive immunology. Studies
of sex hormone function in the immune system are of obvious importance; however, it seems
likely that many other types of sex-related genetic and immunological differences will contribute
to SLE. In this review, we will focus on recent work in sex-related differences in cytokine
pathways and genetics of these pathways as they relate to SLE pathogenesis. It seems quite
possible that many of these sex-related differences could be important to reproductive fitness,
which may explain the conservation of these immune system features and the observed female
predominance of SLE.
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Introduction
Systemic lupus erythematosus (SLE) is a chronic inflammatory autoimmune disease
affecting approximately one and a half million Americans and five million people
worldwide [1]. It may affect almost all organ systems in the form of rash, hair loss,
arthralgias, arthritis, glomerulonephritis, pericarditis, pleuritis, psychosis, and seizures. SLE
is a prototypic systemic autoimmune disease which involves almost all parts of the immune
system; however, humoral autoimmunity with the production of characteristic
autoantibodies and serum cytokine dysregulation are hallmarks of the disease. SLE is
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characterized by a 9:1 female to male ratio of disease incidence, with an even higher female
predominance during peak reproductive years [2–4]. The peak of disease incidence for
women is during reproductive years (ages 20–30 years), while men tend to have a peak in
later middle age (ages 45–60 years) [3,5]. The large sex and peak incidence differential in
SLE hold great promise for increasing our understanding of disease pathogenesis. In this
review, we will discuss some current theories for the observed patterns in SLE incidence
with an emphasis on human cytokine and genetic studies, including the role of interferon
alpha (IFN-α) in the placenta [6], the influence of female sex hormones on IFN-α and Toll-
like receptor (TLR) expression [7], fetal and maternal microchimerism [8], aberrant X
chromosome inactivation or X chromosome dosage effects [9], and the role of SLE
susceptibility genes including the X chromosomal MECP2/IRAK1 locus and the gene–sex
influence of the osteopontin locus [10–14].

IFN-α as a causal factor in SLE
Many lines of evidence have implicated IFN-α in SLE pathogenesis. IFN-α is a pleiotropic
type I interferon with the potential to break immunologic self-tolerance by activating
antigen-presenting cells after uptake of self material [15]. Serum IFN-α is elevated in many
SLE patients, and elevations often correlate with disease activity [16,17]. Recombinant
human IFN-α administered as a therapy for chronic viral hepatitis and malignancy is thought
to cause de novo SLE in some patients [18]. IFN-α-induced SLE typically resolves after the
IFN-α is discontinued [19,20], supporting the idea that IFN-α was causal. We have
previously shown that serum IFN-α is abnormally high in 20% of healthy first-degree
relatives of SLE patients as compared to <5% of healthy unrelated individuals [21]. Spouses
of SLE patients did not have high serum IFN-α. Taken together, these data suggest that high
serum IFN-α is a heritable risk factor for SLE [21]. Additionally, serum IFN-α activity is
highest during the ages of peak SLE incidence in both patients and their healthy first-degree
relatives [22]. The high IFN-α trait in SLE families is inherited in a complex fashion,
suggesting polygenic inheritance which has not been fully characterized. We have begun to
genetically map the high IFN-α trait in SLE and found that a number of genetic variants
which are associated with susceptibility to SLE are also associated with increased serum
IFN-α [23], including variants of IRF5 [24], IRF7 [25], PTPN22 [26], and OPN [27]. We
have also shown that the autoimmune disease-associated variant of STAT4 modulates
cellular sensitivity to IFN-α signaling [28]. These studies provide further support for the
hypothesis that IFN-α pathway dysregulation is a primary causal factor in human SLE.

IFN-α and the placenta
The IFN-α gene cluster has been steadily diversifying and expanding in placental mammals
[29]. In fish, it is only encoded by a single gene, while in placental mammals, there has been
extensive duplication and diversification of the type I interferon genes, resulting in many
subtypes of type I interferon [29]. There are at least 14 human genes that comprise the IFN-
α gene cluster [29].

Interferon has antiviral, antiproliferative, and immuno-suppressive effects, and many
subtypes of type I interferon are expressed by human placentae, decidua, and fetal
membranes [6,29]. Trophectoderm produces type I interferon in primate peri-implantation
[6]. This appears to affect uterine receptivity and placental growth and development via
expression of interferon-stimulated genes [6]. Mice lacking the ability to signal through type
I interferon usually die in the early embryonic stages [29]. Interferons produced by the
human placenta suppress proliferation of T and B cells, suggesting that immune tolerance of
the mother to the fetus may be mediated in part by type I interferon [6]. Type I interferons
also likely play a role in protecting the fetus from viral infections and suppressing the
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expression of proto-oncogenes [6]. These studies in aggregate suggest that type I interferon
expression by the human placenta has a protective effect on the products of conception and
presumably, a direct impact on reproductive fitness [6,30,31]. Given these important roles
for IFN-α in female reproduction, it seems likely that sex-related differences in the
regulation of IFN-α could exist.

Influence of sex hormones upon IFN-α
In some mouse models of SLE, estrogen exacerbates autoimmunity [32]. In vitro studies of
human cells have demonstrated increased inflammatory cytokine production in dendritic
cells exposed to estrogen [33], although significant differences in IFN-α production in the
setting of estrogen stimulation have not been shown to our knowledge [34]. In contrast,
progesterone appears to block TLR7-mediated IFN-α production by dendritic cells in murine
systems [35]. Women with SLE have abnormally high levels of active estrogen metabolites,
while also exhibiting abnormally low levels of progesterone [36,37]. Thus, in women who
have a predisposition for SLE through other factors, low progesterone or high levels of
estrogen may facilitate disease development or disease activity by modulating the IFN-α
pathway. Sex hormones have been reported to have a number of functions upon other
aspects of the immune system which we will not review in depth in this article, but this topic
has recently been reviewed extensively [38,39].

Sex-related differences in the Toll-like receptor pathway of IFN-α
production

The endosomal TLRs, including TLR7, TLR8, and TLR9, are pattern recognition receptors,
which function in normal immunity by sensing viral nucleic acids and subsequently
stimulating IFN-α production [40]. Many lines of evidence suggest that these TLRs can be
activated by nucleic acid immune complexes in SLE [41], contributing to the increased
levels of serum IFN-α which are observed in the disease. Interestingly, the TLR7 and TLR8
genes are located on the X chromosome in humans and mice. In the BXSB mouse model of
SLE, a Y chromosomal element named yaa was discovered to significantly increase the
severity of disease [42]. This is curious, given the female predominance observed in human
SLE. Characterization of the yaa element revealed that it was in fact a translocation of a
pseudoautosomal region of the X chromosome onto the Y chromosome which contained the
TLR7 gene [43]. Yaa-bearing B cells overexpress the duplicated X chromosome genes,
including TLR7 [43]. This uncompensated duplication of the TLR7 gene was found to
accelerate autoimmune disease by increasing IFN-α production, macrophage activation, and
autoantibody production [44].

In humans, in vitro studies have shown that peripheral blood mononuclear cells (PBMC)
from healthy female subjects produce much more IFN-α after stimulation through TLR7
than PBMC from healthy male subjects [45]. Further investigation showed no evidence of
aberrant X inactivation in the region of the TLR7 gene which could explain this
phenomenon [45], and the cause of this finding remains mysterious. The importance of TLR
signaling in human SLE is supported by a number of observations, including a case report of
a woman with SLE who later developed common variable immunodeficiency (CVID). This
report describes remission of her SLE after the development of her immunodeficiency [46].
When this patient developed CVID, her double-stranded DNA antibodies became
undetectable, and her B cells demonstrated poor proliferation and differentiation in response
to TLR7 and TLR9 agonists [46]. This case report provides an interesting human example
which demonstrates the importance of the TLR pathway in human disease, as likely the
acquired impairment of the TLR pathway due to CVID was related to the clinical
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improvement in her SLE. Genetic variation in the X chromosomal TLR region has not been
implicated in human SLE to date [47], although this possibility has not been ruled out.

Serum IFN-α levels are highest during the reproductive years in SLE
patients and healthy SLE family members

Given the data supporting IFN-α as a causal agent in human lupus, we examined IFN-α
levels in a large family cohort in the context of age and sex in both healthy and affected
family members [22]. Interestingly, in both male and female patient groups as well as male
and female healthy relatives, there was a trend toward an inverse relationship between age
and serum IFN-α activity [22]. While the general pattern of higher serum IFN-α in younger
people was shared, the relationship between age and serum IFN-α appeared to be complex
and not well-captured by a simple correlation analysis.

To address this issue, we used a sliding window analysis technique to determine which age
ranges were characterized by significant increases in serum IFN-α [22]. This pattern-finding
algorithm revealed significantly increased IFN-α activity between the ages of 12 and 22
years for female SLE patients and between the ages of 16 and 29 years for male SLE
patients [22]. Both male and female healthy first-degree relatives had significantly decreased
IFN-α activity after the age of 50 years [22]. Interestingly, there were no major sex-related
differences in the cohort, and the major differences existed between age groups. The age
ranges of highest serum IFN-α in the SLE patients corresponded well with the age ranges of
peak SLE incidence for each sex (Fig. 1). These data further implicate high serum IFN-α in
the disease initiation phase of human SLE and raise the interesting possibility that some
influence of IFN-α upon reproduction contributes to the observed incidence patterns of SLE.

Microchimerism in pregnancy
Microchimerism in pregnancy can involve either transfer of cells from the maternal
circulation to the fetus or from the fetal circulation to the mother. Fetomaternal cell
trafficking has been implicated in scleroderma [48], another female-predominant
autoimmune disease. Scleroderma affects women during and after their childbearing years,
and the long persistence of fetal cells in the circulation of these subjects is thought to
contribute to the disease pathogenesis [49], although a direct role in scleroderma disease
pathogenesis has not been established. In SLE, a case study of a female patient who had two
male births and died of SLE-related complications revealed male cells in organs and tissues
that were affected by the disease process [50]. Male cells were not found in healthy organs.
This raises the possibility that fetal cells play a pathogenetic role in SLE. However,
autoimmune disease can also exist in children, men, and nulliparous women, and in larger
cohort studies, it is not clear that fetomaternal chimeric cells are playing a pathogenic role in
SLE [51].

Maternal chimerism exists in juvenile idiopathic inflammatory myopathies, juvenile
dermatomyositis, and neonatal lupus [52–54]. These diseases share many similarities with
SLE, including the presence of particular autoantibodies as well as frequent elevations in
serum IFN-α [55–57]. A study of men with SLE found persistent maternal microchimerism,
documented by visualization of cells with two X chromosomes [49]. In a study of men with
SLE and their mothers, bidirectional HLA class II compatibility was significantly increased
compared with healthy males and their mothers [8], suggesting that maternal
microchimerism could be facilitated in this setting, and the increased prevalence in SLE
families would imply that this HLA compatibility results in risk of SLE. As in the case of
fetomaternal chimerism, an exact pathogenic role for maternal chimeric cells in SLE has not
been defined [58].
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X chromosome dosage effects
Complete X monosomy or Turner's syndrome (45, XO) is associated with an increased risk
of particular autoimmune conditions, including autoimmune thyroid disease, inflammatory
bowel disease, and juvenile idiopathic arthritis [59]. Increased rates of either partial X
chromosomal deletions or complete X monosomy have been reported in other autoimmune
diseases, such as systemic sclerosis, autoimmune thyroid disease, and primary biliary
cirrhosis, which could partially explain some of the female predominance in these diseases
[60]. However, an increased rate of X monosomy has not demonstrated in female SLE [61],
and reports of the co-existence of Turner's syndrome and SLE is exceedingly rare [62].

Conversely, SLE has been reported in patients with Klinefelter's syndrome (47,XXY) [63],
and these male patients have an uncompensated second X chromosome. Klinefelter's
syndrome is increased 14-fold in men with SLE when compared with healthy male controls
[63]. Thus, while 46,XY men have an approximately 10-fold lower risk of SLE than 46,XX
women, men with Klinefelter's syndrome have a risk for SLE that is similar to 46,XX
women [63]. Taken together, these data suggest a dose effect of the X chromosome on SLE
susceptibility: two X chromosomes confer a higher risk of SLE, while one X chromosome
confers a lower risk of SLE. Chagnon et al. report the case of an XX male patient with
severe prepubertal SLE who carried a partial Y chromosomal translocation on one X
chromosome [9]. Interestingly, in addition to the Y chromosomal translocation, this patient
had a duplication of an X chromosome pseudoautosomal region, on the same chromosome,
causing a trisomy of 12 genes in that region. Two of these 12 genes, IL3RA and CD99, have
function within the immune system, and circulating CD99 levels were higher in this patient
than in healthy controls [9], suggesting a potential role for CD99 and this pseudoautosomal
region of the X chromosome in SLE pathogenesis.

Skewing of X inactivation
In females, dosage compensation of the X chromosome is achieved via X inactivation,
which involves extensive DNA methylation and condensation causing most genes on the
inactivated chromosome to not be expressed. The chromosome which is inactivated is
chosen randomly during healthy development, and thus, in a given cell, either the paternal or
maternal X chromosome may be inactivated. Generally, the proportion of maternal versus
paternal X inactivation is similar in a given cell or tissue type. Skewing of X inactivation
describes the situation in which one X chromosome is more preferentially inactivated in a
given tissue than the other, thus biasing gene expression to either the maternal or paternal X
chromosome alleles. Thus, if one X chromosome harbors SLE susceptibility genes and this
chromosome is preferentially expressed, then skewed X chromosome inactivation could then
potentially predispose to autoimmune disease. While skewed X chromosome inactivation
has been observed in systemic sclerosis and autoimmune thyroid disease [64,65], studies
involving both murine models and human PBMC found no skewing of X chromosome
inactivation in SLE [66,67].

MECP2/IRAK1 genetic association
The methyl-CpG-binding protein 2 (MECP2) gene is located on the X chromosome (Xq28),
and the gene product suppresses the transcription of particular genes when they are
methylated. Interestingly, methylation-sensitive genes are generally overexpressed in SLE
[68]. Genetic variation in the MECP2 locus has recently been associated with SLE
susceptibility in multiple ancestral backgrounds [10], and although, the causal variant has
not yet been determined, it is possible that a loss-of-function variant of MECP2 is driving
this association. The MECP2 variants linked to SLE susceptibility are in high linkage
disequilibrium with an adjacent gene with immune system relevance, interleukin-1 receptor
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associated kinase-1 (IRAK1). Association between IRAK1 variants and SLE has also been
recently demonstrated in both early and late onset SLE and across different ancestries [11].
In a murine model of SLE, IRAK1 deficiency resulted in lack of autoantibodies, decreased
lymphocyte activation, and absence of renal disease [11]. It is unclear if one or both of these
X chromosomal loci will harbor the causal variants resulting in risk of human SLE, but these
association studies provide a precedent for X chromosomal genetic variation being directly
involved in SLE susceptibility.

Osteopontin gene–sex interaction
Osteopontin (SPP1) is known to play an important role in bone biology and has also been
shown to regulate inflammation and immunity. Osteopontin1 enhances pro-inflammatory
Th1 cell responses and inhibits Th2 responses. Osteopontin also plays an important role in
IFN-α production by peripheral dendritic cells downstream of TLR9 ligation in murine
models [69]. Osteopontin is overexpressed in biopsies of inflamed tissues in SLE and other
autoimmune diseases [70,71], suggesting pathogenic involvement. A number of candidate
gene studies have demonstrated an association between variants of the SPP1 gene and SLE
[12–14]. Interestingly, the largest genetic study to date found that the association of
osteopontin variants with SLE was particular to male patients, who were only approximately
10% of patients in the study [14]. This result is surprising, as previous genetic studies which
found evidence of association did not separate males and females for analysis and had
similar proportions of male and female patients [13].

Few studies have examined osteopontin levels in SLE patient serum or the potential
influence of osteopontin genetic variants upon serum osteopontin levels. One previous study
found that the SLE-associated rs9138 C allele in the 3′ untranslated region was associated
with increased serum osteopontin levels in healthy controls; however, this association was
not seen in the SLE patients [13]. We studied SLE patients from multiple ancestral
backgrounds to determine whether osteopontin genetic variants were linked to altered
cytokine profile [27]. Given the previous results suggesting a sex-specific association [14],
we separated male and female patients for these analyses. The most consistently replicated
SLE-associated SNP (rs9138 C) in the 3′ untranslated region of the gene was associated with
increased serum osteopontin in male patients in a dose-response fashion [27]. Surprisingly,
female patients as a group did not share this relationship [27]. Osteopontin functions in long
bone remodeling [72] and osteopontin expression can be induced by estrogen through a non-
classical estrogen receptor-related-α pathway [73]. We hypothesized that age-related
regulation of osteopontin in female patients may be present. When the female patients were
stratified by age, younger patients (age <23 years) showed a dose-response increase in
serum osteopontin in relation to the rs9138 C allele [27]. This relationship was clearly not
present in older patients (age ≥23), and risk allele carriers showed a dramatic difference in
serum osteopontin levels by age [27]. The same age- and sex-related patterns were present in
all ancestral backgrounds [27].

Serum IFN-α levels were correlated with serum osteopontin levels in simultaneous samples,
and the relationship between IFN-α and rs9138 genotype mirrored the relationships
described above for serum osteopontin [27]. Taken in the context of murine data which
suggests an essential role for osteopontin in IFN-α production, we hypothesized that
osteopontin may regulate IFN-α in SLE patients. We favor the hypothesis that both
intracellular and extracellular osteopontin levels are differentially regulated by the SLE-
associated SNP in the 3′ untranslated region of the gene. This SNP could function by
altering mRNA poly-adenylation or stability, leading to increased protein translation. Other
influences such as promotion of gene expression due to increased estrogen receptor-related-
α signaling could then cooperate with increased mRNA stability to result in the higher
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osteopontin protein levels we detected. Increased osteopontin levels in the setting of the risk
variant could subsequently augment downstream signaling from endosomal TLRs, resulting
in greater IFN-α production and the correlation between serum IFN-α and serum osteopontin
which was observed. The osteopontin gene in SLE provides an example of a genetic risk
locus which influences serum levels of two distinct but related inflammatory cytokines.
Additionally, genetic variation at this locus should contribute to the age-related pattern we
observed in serum IFN-α in the female SLE cohort described above (Fig. 1).

Conclusion
In summary, many theories exist as to why SLE has a female predominance, and it is likely
that many of the differences between men and women will relate to the sex disparity
observed in the disease. One of the major differences between men and women is the ability
to carry out placental reproduction. Elevated IFN-α is thought to play a pathogenic role in
SLE [21], and this cytokine is expressed by the placenta, and the gene cluster encoding this
cytokine has undergone a dramatic evolution in placental mammals [29]. We postulate that
IFN-α contributes to the success of placental reproduction and that potential upregulation of
this cytokine system in females could both increase reproductive fitness and simultaneously
increase susceptibility to SLE. SLE is rare enough in the general population that the
population benefit of an increase in reproductive fitness would likely outweigh the cost of an
increase in SLE susceptibility. Another major difference between men and women is the
number of X chromosomes, and both the number of X chromosomes and genetic variants on
the X chromosome are related to the risk of development of SLE. Two functional X
chromosomes, either by sex or by translocation or duplication, appear to confer a greater
risk of SLE than one X chromosome [63]. While the exact molecular mechanisms and
relative contributions of the above hypotheses are unknown, progress is being made in this
exciting area, and via this type of work, much will be learned about both SLE and the sex-
related differences in immunity which underlie the disorder.
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Fig. 1.
IFN-α levels and age of onset of SLE. Average serum IFN-α levels by age in a large SLE
cohort stratified by sex [22] are shown overlaid upon data regarding the sex-specific age of
SLE incidence from a different large population-based study [5]. Serum IFN-α levels seem
to correlate with age of SLE onset, as age ranges with higher levels of IFN-α correspond to
age ranges of greater SLE incidence. Additionally, there is a time lag for both disease onset
and peak serum IFN-α level in men as compared with women. The lines representing
average serum IFN-α levels in SLE patients are drawn to approximate the patterns observed
in [22], and the bars on the bar graph represent the number of incident SLE cases by age
group on the Y axis in the study by Lopez et al. as detailed in [5]
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