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Systemic lupus erythematosus (SLE) is a complex autoimmune disease involving multiple organs. The disease is
characterized by the production of pathogenic autoantibodies to DNA and certain nuclear antigens, chronic
inflammation, and immune dysregulation. Genetic studies involving SLE patients and mouse models have
indicated that multiple lupus susceptible genes contribute to the disease phenotype. Notably, the development
of SLE in patients and in certain mouse models exhibits a strong sex bias. In addition, several lines of evidence
indicates that activation of interferon-a (IFN-a) signaling in immune cells and alterations in the expression of
certain immunomodulatory cytokines contribute to lupus pathogenesis. Studies have implicated factors, such as
the X chromosomal gene dosage effect and the sex hormones, in gender bias in SLE. However, the molecu-
lar mechanisms remain unclear. Additionally, it remains unclear whether these factors influence the ‘‘IFN-
signature,’’ which is associated with SLE. In this regard, a mutually positive regulatory feedback loop between
IFNs and estrogen receptor-a (ERa) has been identified in immune cells. Moreover, studies indicate that the
expression of certain IFN-inducible p200-family proteins that act as innate immune sensors for cytosolic DNA is
differentially regulated by sex hormones. In this review, we discuss how the modulation of the expression of the
p200-family proteins in immune cells by sex hormones and IFNs contributes to sex bias in SLE. An improved
understanding of the regulation and roles of the p200-family proteins in immune cells is critical to understand
lupus pathogenesis as well as response (or the lack of it) to various therapies.

Introduction

Systemic lupus erythematosus (SLE) is a complex
prototype autoimmune disease (Lahita 1999; Tsokos and

Kammer 2000; Crispı́n and others 2010). The disease is
characterized by the development of pathogenic auto-
antibodies directed against double-stranded DNA (dsDNA)
and certain nuclear antigens. The disease involves multiple
organs, including the kidneys (Lahita 1999; Tsokos and
Kammer 2000). The disease in patients and certain mouse
models exhibits a strong sex bias and develops at a female-
to-male ratio of 9:1 (Greenstein 2001; Whitacre 2001; Vidaver
2002; Fish 2008; González and others 2010; Rubtsov and
others 2010; Weckerle and Niewold 2011). In addition, most
SLE patients also exhibit increased serum levels of type I
interferon-a (IFN-a), which correlate well with the disease
activity (Crow and Wohlgemuth 2003; Baechler and others
2004; Banchereau and others 2004; Banchereau and Pascual
2006). These observations have prompted studies to deter-
mine the role of the X chromosomal genes, sex hormones,
and the IFN-inducible genes in sex bias in SLE. Consistent
with increased serum levels of IFN-a in SLE patients, pe-

ripheral blood mononuclear cells (PBMCs) from the patients
exhibit increased expression of the IFN-inducible genes re-
ferred as the ‘‘IFN-signature’’ (Crow and Wohlgemuth 2003;
Baechler and others 2004; Banchereau and Pascual 2006).
Notably, genetic studies involving mouse models of SLE
have indicated roles for the IFN-inducible p200-family pro-
teins (encoded by the Ifi200-family genes), such as the p202,
in the development of pathogenic autoantibodies and the
kidney disease [reviewed by Choubey and others (2008)].

Several chromosomal loci and genes are shown to con-
tribute to the lupus phenotype in patients and mouse models
(Kono and Theofilopoulos 2006; Graham and others 2009;
Moser and others 2009; Morel 2010). Particularly, the NZB
autoimmunity 2 (Nba2) locus (*96–100 cM; the locus is
syntenic to the 1q21-23 region in humans), which is derived
from the distal region of the chromosome 1 of the New
Zealand Black (NZB) mice, has been shown to be a major
genetic contribution from the NZB strain of mice to disease
susceptibility in the (NZB · NZW)F1 mice (Vyse and others
1997; Rozzo and others 2001). Moreover, these mice spon-
taneously develop lupus and exhibit a gender bias in the
development of the disease (Kono and Theofilopoulos 2006).
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The B6.Nba2 congenic (congenic for the Nba2 interval on the
C57BL/6 genetic background) female mice produced de-
tectable levels of antinuclear pathogenic autoantibodies be-
ginning *7 months of age (Rozzo and others 2001).
However, these mice do not develop a kidney disease (Rozzo
and others 2001).

Studies indicate that the Nba2 interval contains candidate
lupus susceptibility genes, including the Fcgr2b (encoding for
the inhibitory FcgRIIB receptor) and the IFN-inducible Ifi202
(encoding for the p202 protein) (Wither and others 2000,
2003; Rozzo and others 2001; Xiu and others 2002; Wandstrat
and others 2004). Several independent studies involving the
generation of the Apcs-null mice, Balb/c.C1 (77–105 cM) mice,
B10.Yaa.Bxs2/3 congenic mice, and a comparison of the Ifi202
expression in the MRLlpr/lpr mice revealed that increased ex-
pression of the Ifi202 gene in these mice is strongly associated
with the development of lupus-like disease (Choubey and
others 2008).

Interestingly, generation of the B6.Nba2 subcongenic lines
(B6.Nba2-A, -A’B, -B, and -C) and their characterization with
respect to autoantibodies and cytokine production at *7
months of age has revealed that the B6.Nba2-A’B mice
comprising the Fcgr2b and SLAM/CD2 candidate lupus sus-
ceptibility genes develop antinuclear antibodies (ANAs) and
exhibit higher (higher than the B6.Nba2 and other sub-
congenic lines) serum levels of IFN-a ( Jørgensen and others
2010). In contrast, the B6.Nba2-C subcongenic mice, which
harbor the Ifi200-gene cluster, do not develop ANAs and do
not produce type I IFN ( Jørgensen and others 2010). More-
over, these female mice (age *4 months) express detectable
levels of the Aim2, but not p202, protein (Panchanathan and
others 2010a). However, the age-matched B6.Nba2 female
mice exhibit activation of the IFN signaling and increased
levels of p202 protein, but undetectable levels of the Aim2
protein (Panchanathan and others 2010a). These observations
are consistent with differential roles for the p202 and Aim2
proteins in the development of autoantibodies in the B6.Nba2
mice. Moreover, these observations raise the possibility that
epistatic interactions among the Nba2 interval genes con-
tribute to the Nba2 phenotype.

In this review, we discuss how the modulation of the ex-
pression of the p200-family proteins by the signaling path-
ways that are regulated by the X chromosomal genes, sex
hormones, and the IFN signaling contributes to sex bias in
the development of SLE.

The X Chromosome Gene Dosage Effect

It has been noted that the frequency of Klinefelter’s syn-
drome (47, XXY; males with an extra copy of the X chro-
mosome) is *14-fold higher in men with SLE than in men
without SLE (Scofield and others 2008; Sawalha and others
2009). Moreover, the risk of SLE in men with the syndrome is
comparable with the risk in normal women (46, XX). In
contrast to the Klinefelter’s syndrome in men, Turner’s syn-
drome [46, X, del(X)(q13)] in women suggests a lower risk of
SLE (Cooney and others 2009). These studies suggest that the
X chromosome gene dosage effect contributes to increased
SLE susceptibility. Moreover, such an effect could be medi-
ated by abnormal activation of genes (see later) or genetic
polymorphisms.

Studies involving SLE patients and mouse models of the
disease have provided evidence that the X chromosomal

genes influence the development of SLE (Fish 2008). In hu-
mans, these genes include the TLR7 (Berghöfer and other
2006; Pisitkun and others 2006; Fairhurst and others 2008;
Shen and others 2010), MECP2 (Wade 2001; Sawalha and
others 2008), and IRAK1 (Gottipati and others 2008; Jacob
and others 2009). Notably, TLR7 and IRAK1 proteins are part
of an innate immune response, which is initiated after in-
fections and results in type I IFN-production and induction
of the IFN-inducible genes. However, it remains a challenge
to determine to what extent the gender bias in SLE is due to
the X chromosomal gene dosage effect versus the sex hor-
monal differences. Given that some of the X chromosomal
genes (eg, the Tlr7) are also the transcriptional target for the
IFN-mediated induction (Green and others 2009), it is likely
that a feedforward loop between these gene products and
type I IFNs contributes to increased production of IFN-a and
the expression of IFN-inducible genes, such as the Ifi200-
family genes. In this regard, currently it is not known whe-
ther the proteins that are encoded by the X chromosomal
genes directly regulate the expression of the p200-family
proteins.

Toll-like receptor 7

Toll-like receptor 7 (TLR7) gene (located at Xp22.2) en-
codes for TLR7 receptor, which plays a critical role in rec-
ognition of pathogens and activation of an innate immune
response (Berghöfer and other 2006; Pisitkun and others
2006; Fairhurst and others 2008; Shen and others 2010). The
receptor recognizes RNA-containing protein complexes and
induces the expression of type I IFN (Fairhurst and others
2008; Shen and others 2010). Notably, in lupus-prone BXSB
strain of mice, a region of the X chromosome, which is du-
plicated, translocates to the Y chromosome (Fairhurst and
others 2008). The translocation creates the Y-linked autoim-
mune accelerator (Yaa) locus. The locus, which contains the
Tlr7 gene and other genes, in male mice is associated with
hyperresponses to RNA-containing antigens by autoreactive
B cells and exacerbation of the kidney disease (Fairhurst and
others 2008). Studies indicate that in addition to the Tlr7 gene
other genes located within the Yaa locus also contribute to the
disease phenotype (Santiago-Raber and others 2008). Inter-
estingly, a functional polymorphism in the 3¢-untranslated
region of the TLR7 gene is associated with SLE in Chinese
and Japanese populations (Cheng and others 2007). As
expected, the effect is stronger in males than females.
Moreover, a TLR7 ligand is shown to induce higher levels of
IFN-a production in female SLE patients than healthy indi-
viduals (Berghofer and others 2006). These studies are con-
sistent with the idea that increased expression of TLR7
receptor in immune cells contributes to increased production
of IFN-a.

Ineterleukin-1 receptor-associated kinase 1

The IRAK1 gene (located in the Xq28 region) encodes for
interleukin-1 (IL-1) receptor-associated kinase 1 protein, a
serine/threonine protein kinase (Gottipati and others 2008).
The protein is involved in the signaling cascade of the Toll/
IL-1 receptor (TIR) family of proteins. The family comprises
the IL-1 receptor subfamily, which recognizes the endoge-
nous proinflammatory cytokines IL-1 and IL-18 (Gottipati
and others 2008). The members of the other subfamily, the
Toll-like receptors (TLR), recognize pathogen-associated
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molecular patterns (PAMPs). The TIR family proteins contain
the cytoplasmic TIR domain. The domain serves as a scaffold
for protein–protein interactions. These interactions result in
activation of a signaling module involving the MyD88
adaptor protein and IRAK family members. The signaling
ultimately activates other signaling pathways and tran-
scription factors, including the nuclear factor kappa B
(NF-kB). Activation of NF-kB transcription factor results in
expression of inflammatory cytokines. Notably, the IRAK1
protein associates with the transcription factor [interferon
regulatory factor 5 (IRF5)] (see later) and activates it (Balkhi
and others 2008). The expression of the IRF5 protein is de-
pendent on gender in mice: higher in females than the age
and strain-matched males (Shen and others 2010).

Genetic studies have identified single-nucleotide poly-
morphisms (SNPs) in the IRAK1 gene that is associated with
increased risk to develop SLE ( Jacob and others 2009).
Moreover, studies using the Irak1-deficient mice (the
B6.IRAK1) suggested that IRAK1 and the Toll/IL-1 pathway
play an essential role in T-cell priming ( Jacob and others
2009). Given that the activation of IRAK1 is a part of an
innate immune response after detection of PAMPs and it can
activate the IRF5 (Balkhi and others 2008), it is likely that the
IRAK1 and IRF5 axis contributes to sex bias in SLE through
increased expression of IFN-a, expression of IFN-inducible
genes, and increased expression of Blimp-1, a master regu-
lator of B-cell differentiation (see later).

MECP2

Methyl-CpG-binding protein 2 (MECP2), a chromatin-
associated protein, is encoded by the MECP2 gene (located in
the region Xq28) (Wade 2001). Given that DNA methylation-
sensitive genes are shown to be overexpressed in SLE pa-
tients (Sekigawa and others 2003) and that MECP2 protein
suppresses the transcription of the methylation-sensitive
genes (Wade 2001), the MECP2 gene is a good candidate for
a role in the sex bias in SLE. In this regard, a study has
reported on the association of the MECP2 gene polymor-
phisms with susceptibility to develop SLE in 2 independent
cohorts of SLE patients and controls (Sawalha and others
2008).

Methylation of the CpG DNA sequence in the 5¢-regulatory
region (or promoter region) of a gene suppresses gene ex-
pression via several mechanisms, including the inability of
transcription factors to bind the methylated sequences (Wade
2001). It is known that the expression of certain methylation-
sensitive genes, such as TNFSF7 (encoding for the CD70) and
CD40LG (encoding for the CD40 ligand), is increased in pe-
ripheral CD4 + T cells from female SLE patients when com-
pared with normal female donors (Ballestar and others 2006).
Cells that express increased levels of CD40 ligand overstim-
ulate B cells to produce pathogenic autoantibodies. Moreover,
in T cells from patients with an active SLE disease, the ex-
pression of the enzyme DNA methyltransferase 1, which
maintains DNA methylation, is decreased (Zhao and others
2011). Consequently, hypomethylation of certain methylation-
sensitive genes results in increased expression in SLE patients,
resulting in defects in immune regulation. Although the ex-
pression of the human Ifi200-family genes, such as the IFI16
(Choubey and others 2008) and AIM2 (Choubey and others
2010), has been shown to be regulated by methylation, it re-
mains unknown whether the methylation is dependent on

gender and whether defects in the methylation contribute to
lupus disease.

Sex Hormones and SLE

Studies have indicated that the female and male sex hor-
mones have profound influence on the immune cells and
their functions (Wilder 1998; Whitacre 2001; González and
others 2010; Rubtsov and others 2010). Both androgens and
estrogens regulate the expression of the Th1 and Th2 cyto-
kines. The female sex hormone 17b-estradiol (E2) has im-
munomodulatory effects [reviewed by Cohen-Solal and
others (2008)]: it alters B-cell development to decrease lym-
phopoiesis, increases the frequency of marginal zone B cells,
diminishes B-cell receptor signaling, and allows for the in-
creased survival of high-affinity DNA-reactive B cells. Fur-
ther, the severity of SLE disease increases in patients during
pregnancy when the levels of progesterone and estrogen are
higher (Wilder 1998). Notably, the studies of sex hormone
levels in female patients with different autoimmune diseases,
including SLE, have revealed that the differences in the levels
of sex hormones between patients and age-matched healthy
individuals are not significant (Verthelyi and others 2001).
Therefore, it is likely that the female sex hormone levels in
women play an important role in the development of SLE
(and possibly in other autoimmune diseases) and other fac-
tors, such as the activation of IFN signaling by the female sex
hormones, contribute to the overall female bias.

Gender differences in lupus susceptibility are also ob-
served in (NZB · NZW)F1 lupus-prone mice, a spontaneous
mouse model of the disease (Walker and others 1994). Stu-
dies indicate that the onset of the disease in these mice is
significantly delayed in males compared with females and
females have shorter lifespan than males. Moreover, ca-
strated (NZB · NZW)F1 males have earlier onset of lupus
symptoms and shorter lifespan than their intact littermates
(Roubinian and others 1978; Walker and others 1994). Simi-
larly, ovariectomy of female (NZB · NZW)F1 mice signifi-
cantly delays the onset of the disease, making it similar to
that in untreated males. In addition, treatment of mice with
the female sex hormone estrogen (E2) exacerbates disease
activity and causes early mortality (Roubinian and others
1978). These observations suggest that sex hormones also
influence the pathogenesis of the murine lupus.

Autoimmune glomerulonephritis is one of the most serious
complications of SLE (Lahita 1999; Tsokos and Kammer 2000).
Notably, the female B6.MRLc1(82–100) congenic (congenic for
the Mag locus, an MRL-derived glomerulonephritis suscepti-
bility locus) mice develop more severe autoimmune glomer-
ulonephritis than males (Ichii and others 2009). The locus
includes the Fcgr2b and Fcgr3 genes that encode for the in-
hibitory FcgRIIB receptor and activating FcgRIII receptor, re-
spectively. The interval also includes the genomic region
harboring the Ifi200-family genes (*92–94 cM). Interestingly,
the expression ratio between the activating FcgRIII receptor
and the FcgRIIB inhibitory receptors in the kidneys of the
congenic mice was significantly higher in males that devel-
oped the severe kidney disease (Ichii and others 2009).
Moreover, the study also concluded that the difference in the
pathogenesis of autoimmune glomerulonephritis in these
congenic mice was due to the inhibitory roles of the male sex
hormones, thus suggesting a protective role for the male sex
hormones in the development of a kidney disease.
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Interestingly, a comparative gene expression analysis
identified candidate genes potentially responsible for
gender-dependent differences in lupus susceptibility in the
(NZB · NZW)F1 mice (Gubbels and others 2008). The study
noted gender differences in the expression of a number of
genes, including the Csf3r (higher expression in males than
females) and Histh1, Serpinb2, Slc6a4, and Cd22 (expression
higher in females). Other genes that were found to be regu-
lated by gender included the Tp53 (encoding for the p53) and
Tgfb1 (encoding for the TGF-b1; expression higher in males
than females; see Table 1). Moreover, the study concluded
that the differences in the expression were due to the tran-
scriptional mechanisms. Further, the development of lupus-
like disease in certain strains of female mice, including the
(NZB · NZW)F1 mice, is associated with the ‘‘IFN-signature’’
(Lu and others 2007). Therefore, these studies support the
idea that sex bias in the development of lupus-like disease in
mice is also associated with the activation of type I IFN
signaling.

Female sex hormone estrogen and its receptors

The female sex hormone estrogen (E2) functions through
activation of 2 nuclear receptors, the estrogen receptor (ER)a
and ERb, the expression of which is detectable in immune
cells (see later) (Rubtsov and others 2010; Cunningham and
Gilkeson 2011). Studies indicate that genetic variations in the
ER genes might influence SLE susceptibility through the
expression of cytokines, such as IFN-g, in SLE patients (Lu
and others 2009; Kisiel and others 2011). Notably, the ERa
and ERb receptors differentially regulate the maturation and
selection of B cells: engagement of either ERa or b can alter B-
cell maturation, but only the engagement of ERa is a trigger
for the development of autoimmunity (Hill and others 2011).
Accordingly, studies have noted that steady-state levels of the
ERa mRNA (Inui and others 2007) and protein (Lin and others
2011) are significantly higher in PBMCs from SLE patients
when compared with gender- and age-matched normal indi-
viduals. Moreover, studies involving mouse models of lupus
disease indicate a prominent role of ERa in the development
of lupus-like disease (Bynoté and others 2008; Hill and others
2011). Accordingly, ERa-deficient (NZB · NZW)F1 female
mice do not develop glomerulonephritis, thus increasing their
survival (Bynoté and others 2008). Moreover, the increase in
survival of these mice is associated with decreased production
of pathogenic anti-dsDNA and anti-chromatin antibodies.
Given that E2 promotes the production of IFN-g by a variety
of immune cells, it is not surprising that ERa-deficient
(NZB · NZW)F1 female mice exhibit reduced serum levels of
the IFN-g (Bynoté and others 2008). In this regard, it is im-

portant to note that the role of IFN-g in lupus pathogenesis
has been demonstrated in SLE patients (Aringer and Smolen
2004) and certain mouse models of the disease (Balomenos
and others 1998). Additionally, the (NZB · NZW)F1 mice that
are deficient in the IFN-g receptor or IFN-g expression do not
develop pathogenic autoantibodies and glomerulonephritis
(Haas and others 1998). Further, studies have revealed that
treatment of immune cells with 17b-estradiol in vitro or in vivo
stimulates the expression of genes that are known to regulate
levels of the proinflammatory cytokines and cell survival
(Table 2).

Using an inducible mouse model (the R4A transgenic mice
that expresses a transgene encoding the H chain of anti-DNA
antibodies) of the lupus disease in which the administration
of the female sex hormone estrogen triggers the development
of a lupus-like disease, a study (Venkatesh and others 2011)
has noted that estrogen treatment of mice alters the normal
tolerance mechanisms: high-affinity DNA-reactive B cells
mature and acquire a marginal zone phenotype and the mice
produce high titers of anti-DNA antibodies. Additionally, the
study also noted that 17b-estradiol administration leads to
systemic inflammation with increased production of B-cell
activating factor (BAFF), increased type I IFN levels, and the
induction of the IFN-inducible genes, including the Ifi202
gene (see later).

Estrogen-inducible IRF5

The IRF5 is a key regulator in innate immune responses,
including immune complex-induced signaling, host immune
signal transduction, and IFN-signaling pathways (Barnes and
others 2002; Kozyrev and Alarcon-Riquelme 2007). The human
IRF5 gene is a significant genetic risk factor for lupus suscep-
tibility (Kozyrev and Alarcon-Riquelme 2007). It has been re-
ported that the functional SNPs in the human IRF5 gene result
in the increased expression of multiple unique isoforms of the
IRF5 mRNA (Kozyrev and Alarcon-Riquelme 2007). As a re-
sult, the IRF5 SLE risk haplotype is associated with higher se-
rum levels of IFN-a and IFN-induced expression of genes
(Niewold and others 2008). Moreover, the risk haplotype-
associated disease phenotype is most prominent in patients
who develop autoantibodies (Niewold and others 2008).

The murine Irf5 gene is expressed as a full-length tran-
script with only a single splice variant that is detected in low
levels in the bone marrow (BM) of C57BL/6J mice (Paun and
others 2008). In vitro, the murine IRF5 is activated by both
TBK1 and MyD88 to form homodimers (Barnes and others
2002; Kozyrev and Alarcon-Riquelme 2007). The homo-
dimers can activate transcription of type I IFN and inflam-
matory cytokine genes. Ubiquitination of IRF5 is important

Table 1. Male Sex Hormone Androgen Regulated Immune-Regulatory Genes in Systemic Lupus Erythematosus

Gene Cell types mRNA/protein Function References

Trp53 Splenic cells mRNA (increase) Cell survival Gubbels and others (2008)
Tgfb1 Splenic cells mRNA (increase) Immune regulation Gubbels and others (2008)
Ifi202 Splenic cells mRNA and protein (decrease) Cell survival

IFN signaling
Panchanathan and others (2009)

Aim2 Splenic cells mRNA and protein (increase) IFN signaling
Inflammasome

Panchanathan and others (2010a)

Fcgr2b Splenic cells mRNA and protein (increase) Immune regulation Panchanathan and others (2011)

IFN, interferon.
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for nuclear translocation. The nuclear IRF5 transcription
factor stimulates the transcription of the Ifna genes and the
Blimp-1 gene (Lien and others 2010). The Blimp-1 gene en-
codes for a master regulator of the B-cell differentiation
(Martins and Calame 2008), which results in antibody-
producing plasma cells.

We found that levels of the Irf5 mRNA and protein were
higher in females than in strain- and age-matched male mice
(Shen and others 2010). Moreover, splenic cells from the ERa-
deficient mice compared with the wild-type female mice
expressed relatively lower levels of Irf5 mRNA. Accordingly,
treatment of splenic cells with 17b-estradiol increased the Irf5
mRNA levels. Further, splenic B cells from the female mice
had relatively more IRF5 protein in the nuclear fraction than
the male mice, indicating gender-dependent activation of the
IRF5 protein (Shen and others 2010). These observations,
which revealed sex bias in the expression and subcellular
localization of the murine IRF5 protein, are consistent with
increased serum levels of type I IFNs in females. Given that
the IRF5 plays a critical role in type I IFN gene expression
(Barnes and others 2002; Kozyrev and Alarcon-Riquelme
2007) and the regulation of B-cell differentiation to plasma
cells (which produce the pathogenic autoantibodies) (Mar-
tins and Calame 2008), it is likely that increased levels as well
as activation of the IRF5 in immune cells in female mice
contribute to sex bias in the development of lupus.

Male hormone androgen and its receptor

Male hormone androgen signals through the intracellular
androgen receptor (AR) (Olsen and Kovacs 2001), which is a
member of the nuclear hormone receptors superfamily. Levels
of AR are increased by IFN treatment of certain cell types
(Basrawala and others 2006). The ligand-dependent activation
and nuclear translocation of the AR is followed by its binding
to androgen receptor response elements in the promoter re-
gion of the target genes to modulate gene expression either
positively or negatively (Lamont and Tindall 2010). Interest-
ingly, the expression of AR mRNA has been reported in
enriched populations of CD4+ T lymphocytes, CD8 + T lym-
phocytes, and macrophages (Rubtsov and others 2010).
However, the enriched populations of B lymphocytes are re-
ported to express relatively low levels of AR mRNA. More-
over, the expression of AR protein is detectable in splenic B
cells and dendritic cells (DCs) (Panchanathan and Choubey,
unpublished data). Further, studies have revealed that treat-
ment of immune cells with the male hormone androgen
in vitro or in vivo stimulates the expression of genes that reg-

ulate signal transduction pathways and cell survival (Table 1).
These genes include the absent in melanoma 2 (Aim2) gene,
which encodes for a newly identified innate immune sensor
for cytosolic DNA (see later) (Choubey and others 2010). In-
terestingly, the inherited differences in the sensitivity to the
male hormone, which are conferred by variations in the length
of the CAG repeat in exon 1 of the AR gene, could be corre-
lated with differences in the humoral autoimmunity in men
with SLE (Tessnow and others 2011). Therefore, it is likely that
levels of the male sex hormone androgen, the genetic poly-
morphisms in the AR gene, and AR protein levels (increased
by the IFNs) influence the lupus phenotype in men.

IFNs and IFN-Inducible Genes in SLE

The IFNs are multifunctional cytokines (Stark and others
1999). The IFN family includes type I, II, and III IFNs among
others. The biological activities of the IFNs include activities
such as antiviral, cell growth inhibitory, and immunomod-
ulatory. Most IFN-responsive cells respond to type I IFNs
through the cell surface receptor. Binding of type I IFN (IFN-
a) to the receptor activates the receptor-associated Janus
tyrosine kinases, Jak1 and Tyk2. These protein kinases
phosphorylate a tyrosine residue in the latent cytoplasmic
transcription factors termed signal transducer and activator
of transcription (STATs). These activated STATs then form
homodimers or heterodimers and translocate into the nu-
cleus to activate transcription of genes that contain a con-
served promoter sequences termed interferon-stimulated
response element (ISRE), resulting in the transcriptional ac-
tivation of the IFN-inducible genes (Stark and others 1999).
Notably, a transcription factor complex termed IFN-stimu-
lated gene factor 3, which includes the IRF9 factor and a
heterodimer of the STATs (STAT1:STAT2), binds to the ISRE
sequence to activate the transcription of the target genes.
Depending upon the cell type and the strength of the stim-
ulus, the IFNs also activate the transcription of certain IFN-
responsive genes through pathway, which do not involve the
classical Jak/STAT pathway. Significantly, the IFN-inducible
effector proteins mediate the biological activities of the IFNs
(Sen and Lengyel 1992).

SLE patients with an active disease show increased serum
levels of IFN-a (Crow and Wohlgemuth 2003; Baechler and
others 2004; Banchereau and others 2004, 2006). Infections or
sterile injury, which often results in cell death, are thought to
be a source of autoantigens for the production of type I IFNs
[reviewed by Marshak-Rothstein (2006)]. Expectedly, in-
creased serum levels of IFN-a in SLE patients with active

Table 2. Female Sex Hormone Estrogen Regulated Immune-Regulatory Genes in Systemic Lupus Erythematosus

Gene Cell types mRNA/protein Function Reference

PPP3CC SLE T cells mRNA T-cell signaling Rider and others (2003)
Bcl2 Splenic B cells Protein Cell survival Bynoe and others (2000)
Aicda Splenic B cells mRNA SHM and CSR Pauklin and others (2009)
Ifng Splenic cells mRNA Immune regulation Bynoté and others (2008)
II-17 Splenic cells Protein Immune regulation Khan and others (2010)
Cd22 Splenic B cells Protein Negative regulator of BCR signaling Grimaldi and others (2002)
Ptpn6 Splenic B cells Protein BCR signaling Grimaldi and others (2002)
Ifi202 Splenic B cells mRNA and protein B-cell survival IFN signaling Panchanathan and others (2009)
Irf5 Splenic B cells mRNA and protein Transcription of type I IFN genes Shen and others (2010)

BCR, B-cell receptor; SLE, systemic lupus erythematosus.
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disease are associated with increased expression of the IFN-
inducible genes in PBMCs (Crow and Wohlgemuth 2003;
Baechler and others 2004).

Studies have provided evidence for the role of type I IFN
signaling in the mouse models of lupus disease (Theofilo-
poulos and others 2005). A study involving comparisons of
gene expressions between preautoimmune (NZB · NZW)F1

and MRL/lpr mice indicated that mononuclear cells from
(NZB · NZW)F1 female mice express higher levels of IFN-a
and IFN-a-inducible genes than the MRL/lpr mice (Lu and
others 2007). Notably, lupus-prone B6.Nba2 mice that are
deficient in the type I receptor signaling do not develop the
disease ( Jorgensen and others 2007). In addition, our work
revealed that the lupus-prone NZB female mice that are
deficient in type I IFN receptor develop reduced symptoms
of the disease (Santiago-Raber and others 2003). Although
these studies provide evidence for a role for IFN signaling in
lupus disease, it remains unclear whether the increased lev-
els of IFNs contribute to sex bias in SLE or not. In this regard,
our studies have identified the Esr1 gene (encoding for the
ERa) as a transcriptional target for activation by both type I
and II IFNs (Panchanathan and others 2010b).

A mutual positive feedback loop between
the IFNs and ERa

As noted earlier, the murine Esr1 gene is an IFN-inducible
gene (Panchanathan and others 2010b). The IFN treatment of
splenic cells and B cells increased steady-state levels of ERa
mRNA and protein and the increase in the mRNA levels was
primarily due to the transcriptional mechanisms. Moreover,
the increase was dependent on the expression of STAT1
protein, which is consistent with the presence of 3 potential
DNA-binding consensus sites, the ISREs, in the 5¢-regulatory
region of the Esr1 gene (Panchanathan and others 2010b). The
IFN and E2 signaling cooperated to activate the transcription
of both IFN and E2-responsive genes, thus indicating a sex
bias in the expression of certain IFN and E2-responsive genes.
Accordingly, splenic cells from preautoimmune lupus-prone
(NZB · NZW)F1 female mice had relatively higher steady-
state levels of mRNAs encoded by the IFN and ERa-
responsive genes when compared with the age-matched
males. Given that serum levels of the IFN-a are higher in most
SLE patients (Crow and Wohlgemuth 2003; Baechler and
others 2004), it is not surprising that these patients exhibit in-
creased levels of ERa in their PBMCs (Inui and others 2007; Lin
and others 2011). The increased levels of ERa in immune cells
and its activation by the female sex hormone is likely to con-
tribute to the expression of certain IFN-inducible genes in a
gender-dependent manner (Panchanathan and others 2010b).

The p200-Family Proteins

The IFN-inducible p200-family proteins are structurally
and functionally related proteins (Lengyel and others 1995;
Johnstone and Trapani 1999; Choubey 2000; Asefa and others
2004; Ludlow and others 2005; Gariglio and others 2011). The
family includes the murine (eg, p202a, p202b, p203, p204,
p205, and Aim2) and human (eg, IFI16, MNDA, IFIX, and
AIM2) proteins. All proteins in the family share either 1 or 2
partially conserved repeats of 200-amino acid residues (200-
AA repeat; also referred to as the HIN200 domain) toward
the C-terminus (Lengyel and others 1995). Additionally,

most proteins also share the pyrin domain (PYD; also re-
ferred to as the PAAD or DAPIN domain), a homotypic
protein–protein interaction domain, in the N-terminus
(Choubey and others 2010). The presence of the 200-AA re-
peat in the p200-family proteins allows them to bind nucleic
acids, whereas the PYD allows them to recruit other proteins
that contain a PYD domain (Choubey and others 2010).

Complementary approaches, such as detection of the en-
dogenous levels of the p200-family proteins by indirect im-
munofluorescence and cell fractionation followed by
immunoblotting, have revealed that basal constitutive levels
of certain proteins (eg, p203 and MNDA proteins) are pri-
marily detected in the nucleus (Choubey 2000; Choubey and
others 2010). The nuclear localization of these p200-family
proteins is consistent with the presence of a classical nuclear
localization signal (NLS). In contrast, depending upon cell
type (or when overexpressed in cultured cells), p202, p204,
Aim2, AIM2, and IFI16 proteins are detected in the cyto-
plasm as well as in the nucleus to various extents. Because
both p204 (Choubey and Lengyel 1992) and IFI16 (Briggs
and others 2001) proteins contain classical NLS and have
been detected only in the nucleus, it is likely that their het-
erodimerization with other p200-family proteins contributes
to their localization in the cytoplasm. Similarly, the detection
of the Aim2 and AIM2 proteins in the nucleus (these proteins
lack the NLS) of certain cell types could be due to a piggy-
back transport by other p200-family proteins (or other pro-
teins). Further, induction of proteins by IFN treatment of
cells potentiates the nuclear localization of the p202a protein
(Choubey and Lengyel 1993; Choubey and others 2003).
Consistent with the presence of a mitochondrial targeting
sequence in the p202a protein in the N-terminus, a significant
fraction of p202a protein is associated with the mitochondria
(Choubey and others 2003). Considering these observations,
it seems likely that subcellular localization of certain p200-
family proteins is dependent on cell type and the IFN
treatment of cells appears to potentiate the nuclear localiza-
tion (Choubey and others 2010).

In addition to the IFN signaling, other signaling pathways
also regulate the constitutive and inducible expression of the
p200-family proteins (Choubey and others 2008). Interest-
ingly, these signaling pathways also regulate the subcellular
localization of some of the p200-family proteins (Choubey
and others 2008, 2010). Given that the murine (eg, p202,
p204, and Aim2) as well as human (eg, AIM2 and IFI16)
p200-family proteins can sense dsDNA (the AIM2 protein in
the cytoplasm, whereas IFI16 protein in the cytoplasm and
nucleus) and can initiate innate immune responses in certain
cell types (Choubey and others 2010; Kerur and others 2011),
it is likely that the expression levels of these proteins as well
as their subcellular localization play an important role in the
regulation of the innate immune responses.

After sensing dsDNA in the cytoplasm, the Aim2 and
AIM2 proteins through the pyrin domain interact with an
adapter protein apoptosis-associated speck-like protein con-
taining a caspase-activating recruitment domain (ASC) to
form an inflammasome (Choubey and others 2010). The
AIM2/Aim2-ASC inflammasome activates caspase-1, which
processes pro-IL-1b and pro-IL-18 for release and induces
cell death by pyroptosis (caspase-1-dependent cell death) in
macrophages. Presently, it remains unclear whether the
Aim2/AIM2 proteins also activate other known inflamma-
some effector mechanisms, such as unconventional protein
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secretion, inhibition of glycolysis, cell survival, and caspase-7
activation (Lamkanfi 2011).

The p202 protein can sense cytosolic DNA (Roberts and
others 2009). However, it does not contain the PYD to recruit
the adaptor protein ASC to form an inflammasome. Inter-
estingly, the knockdown approach has identified the p202
protein as an inhibitor of cytosolic DNA-induced caspase-1
(and caspase-3) activation (Roberts and others 2009). More-
over, caspase-1 activation in macrophages in response to
dsDNA correlated inversely with the levels of the p202
protein in 3 strains of mice (Roberts and others 2009). Thus, it
has been proposed that the Aim2 protein promotes, whereas
the p202 protein represses, the activation of caspase-1 in re-
sponse to cytoplasmic DNA (Vilaysane and Muruve 2009). In
addition, Aim2-deficient cells express higher levels of p202
protein and type I IFN (IFN-b) when compared with wild-
type cells (Panchanathan and others 2010a). Further, over-
expression of the p202 protein in RAW264.7 cells induced the
production of IFN-b and activated the IFN signaling (Pan-
chanathan and others 2011). These observations suggest that
the p202 protein stimulates the expression of type I IFN ex-
pression and activates the type I IFN signaling. However, the
molecular mechanisms remain unknown.

In contrast to the Aim2/AIM2 proteins, upon sensing cy-
tosolic dsDNA, the cytosolic IFI16 protein was reported to
recruit the stimulator of interferon genes protein to stimulate
the expression of IFN-b through the activation of the tran-
scriptional activity of IRF3 and NF-kB (Unterholzner and
others 2010). Accordingly, the knockdown of the expression of
IFI16 (or its mouse ortholog p204 protein) by RNA-mediated
interference inhibited activation of the transcription factors
(the IRF3 and NF-kB) that were induced by cytosolic DNA.
However, it remains unclear which immune cells express the
IFI16 and p204 proteins (see later). Moreover, a recent study
noted that, during Kaposi sarcoma-associated herpesvirus
(KSHV) infection of endothelial cells, nuclear IFI16 protein
recruited the adaptor ASC and procaspase-1 to form a func-
tional inflammasome (Kerur and others 2011). This protein
complex was initially detected in the nucleus and subsequently
in the perinuclear area. These observations raise the possibility
that IFI16 protein can sense dsDNA in the cytoplasm and
nucleus and can initiate an innate immune response.

Studies indicate that the p200-family proteins inhibit cell
proliferation, regulate cell cycle progression, modulate cell
survival (apoptosis), and promote differentiation (Choubey
2000; Asefa and others 2004; Ludlow and others 2005; Gariglio
and others 2011). The p200-family proteins are thought to
mediate the biological activities of IFNs primarily by binding
and modulating the activities of other proteins, which include
various transcription factors, oncoproteins, and tumor sup-
pressor proteins (Choubey 2000; Asefa and others 2004; Lu-
dlow and others 2005; Gariglio and others 2011). However, it
remains unclear how the transcriptional modulatory activities
of certain p200-family proteins, such as the p202, p204, and
IFI16, contribute to the development of autoimmunity.

Regulation and Roles of the p200-Family
Proteins in SLE

p202 proteins

Constitutive and induced levels of the p202 (probably
both p202a and p202b proteins) protein, a relatively better

characterized member of the p200-protein family, depend on
the genetic background of the mouse strain (Rozzo and
others 2001; Choubey and Kotzin 2002; Choubey and others
2008). We have noted earlier that certain polymorphisms in
the 5¢-regulatory region of the Ifi202 gene are associated with
reduced basal and induced expression of the gene in immune
cells of certain nonlupus-prone strains, including the C57BL/
6 (B6) strain, of mice (Choubey and others 2008). In contrast,
basal and induced levels of the p202 protein are higher in
immune cells isolated from certain lupus-prone strains of
mice, such as the NZB, MRLlpr, (NZB · NZW)F, and B6.Nba2
(Choubey and Panchanathan 2008). In a variety of cell types,
the basal and induced levels of the p202 protein are regu-
lated by the IFN signaling. Accordingly, the B6.Nba2 mice
that are deficient in the expression of a subunit of type I IFN
receptor express reduced levels (*2-fold) of the Ifi202
mRNA ( Jjrgensen and others 2007). Notably, the reduced
expression of the Ifi202 gene in these mice significantly re-
duced the disease phenotype (production of autoantibodies)
( Jjrgensen and others 2007). However, the deficiency of the
type I IFN receptor signaling in the NZB mice did not reduce
levels of the p202 protein (Santiago-Raber and others 2003).
Given that the IFN signaling potentiates the nuclear locali-
zation of the p202 protein in the B6.Nba2 cells (Choubey and
others 2003), it is likely that defects in the nuclear localization
of the p202 protein affect its ability to negatively regulate
the transcriptional activities of the factors, such as E2Fs
(Panchanathan and others 2008), p53 (Xin and others 2006),
and AP-1 (Min and others 1996), which regulate the ex-
pression of genes that encode for apoptosis-regulatory pro-
teins. Further, p202 protein modulates the transcriptional
activity of NF-kB, a potent regulator of cell survival, in a
cell-type-dependent manner (Min and others 1996; Ma and
others 2003; Yamauchi and others 2007). Defects in the
expression of proapoptotic and antiapoptotic proteins that
are targets of these transcription factors result in accumula-
tion of autoreactive immune cells (Peng 2008).

IL-6 through the activation of STAT3 stimulates the tran-
scription of the Ifi202 gene (Pramanik and others 2004).
Interestingly, our study revealed that treatment of orch-
iectomized (NZB · NZW)F1 male mice with the female sex
hormone 17b-estradiol significantly increases steady-state
levels of the Ifi202 mRNA in splenic cells (Panchanathan and
others 2009). However, treatment of mice with the male
hormone dihydrotestosterone (DHT) reduces steady-state
levels of Ifi202 mRNA. Accordingly, increased levels of the
p202 protein in the B6.Nba2 B cells and decreased levels in T
cells are associated with increased expression levels of ERa
and AR, respectively (Panchanathan and others 2009).
Moreover, the steady-state levels of the Ifi202 mRNA are
higher in splenic cells from the C57BL/6, B6.Nba2, NZB, and
(NZB · NZW)F1 female mice when compared with the age-
matched males. We have also investigated the molecular
mechanisms by which estrogen through ERa increases the
expression of the Ifi202 gene. We found that ERa through
the c-Jun/AP-1 DNA-binding site in the promoter region of
the Ifi202 gene stimulates the transcription. Accordingly, the
ERa preferentially associates with the regulatory region of
the Ifi202 gene in the female B6.Nba2 B cells than in males
(Panchanathan and others 2009). Further, Ifi202 mRNA levels
are detectable in splenic cells of wild-type (Esr1 + / + ), but not
null (Esr1 - / - ), (NZB · NZW)F1 female mice. These obser-
vations demonstrate that the female and male sex hormones
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differentially regulate the expression of the Ifi202 gene in
immune cells. Currently, it is not known how male hormone
androgen through the AR represses the expression of the
Ifi202 gene.

As noted earlier, increased expression of p202 protein in
B6.Nba2 congenic female mice is associated with defects in
apoptosis of B cells and production of pathogenic auto-
antibodies (Rozzo and others 2001; Choubey and Kotzin
2002). The B6.Nba2-C subcongenic mice, which harbor the
NZB-derived Ifi200-gene cluster, do not develop auto-
antibodies ( Jørgensen and others 2010). These observations
suggest that epistatic interactions of certain Ifi200-family
genes with other Nba2 interval genes, such as the Fc receptor
genes and SLAM family genes, contribute to the B6.Nba2
phenotype. Consistent with this prediction, we found that
the deficiency of the Aim2 gene in the female mice, which
resulted in increased levels of p202, production of type I IFN,
and activation of IFN signaling, downregulated the expres-
sion of the inhibitor Fcg receptor (FcgRIIB) (Panchanathan
and others 2011).

The FcgRIIB receptor plays a critical role in limiting B-cell
and DC activation (Nimmerjahn and Ravetch 2008). More-
over, the receptor dampens the signaling strength of the
BCR. Interestingly, the deletion of FcgRIIB receptor in R4A
BALB/c mice altered the B-cell repertoire, resulting in an
expansion and activation of high-affinity DNA-reactive B
cells (Venkatesh and others 2009). Accordingly, the R4A ·
FcgRIIB - / - mice on the BALB/c mice genetic background
spontaneously developed anti-DNA antibodies. Notably,
these mice also exhibited an induction of IFN-inducible
genes, including the Ifi202 gene, and increases in levels of the
B-cell survival factor (BAFF). Given that the expression of
Ifi202 gene is dependent on gender (Panchanathan and oth-
ers 2009), it is not surprising that the expression of the
FcgRIIB turned out to be dependent on gender (Table 1).

p204 protein

p204 protein expression is detectable in mature monocytes
and macrophage cells (Luan and others 2008) and the ex-
pression is induced by treatment of cells with the macro-
phage colony-stimulating factor (M-CSF) or leukemia
inhibitory factor (Dauffy and others 2006). Interestingly,
steady-state levels of the p204 mRNA are lower in less ma-
ture (CD4 + CD8 + double positive) thymocytes than in more
mature (CD4 + or CD8 + single positive) thymocytes (Deftos
and others 2000), which may be consistent with the potential
role of the p204 protein in lymphocytic differentiation. We
have noted that steady-state levels of Ifi204 mRNA are higher

in splenic cells isolated from females than the age- and strain-
matched males (Table 3). Intriguingly, the expression of the
Ifi204 gene is not altered in the lupus-prone B6.Nba2 mice
when compared with the parental strains of mice (Rozzo and
others 2001). Moreover, it remains unclear whether levels of
the p204 protein are regulated at the post-transcriptional
level. Given that p204 protein can heterodimerize with other
members of the p200-family proteins (Choubey 2000) and the
protein can sense cytosolic DNA to initiate an innate immune
response (Unterholzner and others 2010), which results in
increased production of type I IFN, it is likely that increased
levels of the p204 protein in immune cells in female mice
contribute to increased production of type I IFNs.

Aim2 protein

Murine splenic cells, thioglycolate-elicited macrophages
(TEMs), bone marrow-derived macrophages (BMDMs), and
dendritic cells (DCs) appear to constitutively express the
Aim2 protein and the IFN-b treatment of TEMs increases the
levels (Rathinam and others 2010; Jones and others 2010).
Moreover, we have noted the expression of Aim2 protein in
splenic B and T cells (see later). In this regard, it is interesting
to note that the NALP1 cytoplasmic sensor, which also forms
an inflammasome, is expressed in splenic B and T cells
(Kummer and others 2007).

Sequence analysis of the 5¢-regulatory region (2430 bp) of
the Aim2 gene (from the C57BL/6J strain) has revealed po-
tential DNA-binding sites for AR, NF-kB, and the IRFs.
Currently, it is not clear whether sequence polymorphisms in
the 5¢-regulatory region of the Aim2 gene contribute to its
differential expression between nonlupus-prone (C57BL/6 or
B6) and certain lupus-prone strains of mice (Choubey and
others 2008). Interestingly, we have noted that splenic cells
from male mice (B6 and NZB) compared with age- and strain-
matched females express higher levels of the Aim2 mRNA
and protein (Panchanathan and others 2010a, 2011). These
observations indicate that the female and male sex hormones
differentially regulate the expression of the Aim2 gene.

Aim2 protein is not needed for IFN-b production after
certain bacterial or viral infections ( Jones and others 2010;
Rathinam and others 2010). Upon infections with certain
intracellular pathogens, immune cells (splenic cells and
BMDMs) from the Aim2-deficient mice were defective in the
activation of caspase-1, secretion of IL-1b and IL-18, and
induction of cell death in vitro. Notably, the Aim2 deficiency
in mice increases the IFN-b expression, stimulates the ex-
pression of the Ifi202 gene, and potentiates the nuclear lo-
calization of the p202 protein (Panchanathan and others

Table 3. Differential Regulation of the Ifi200-Family Genes by Sex Hormones

Gene Androgen Estrogen Cell types References

Ifi202 Decrease Increase B cells, BMDMs, DCs Panchanathan and others (2009)
Ifi203 NT Increase B cells, BMDMs UD
Ifi204 NT Increase B cells, BMDMs UD
Aim2 Increase Decrease B cells, BMDMs UD
IFI16 Increase Decrease PrECs Alimirah and others (2006)

NT Increase THP-1 cells UD
AIM2 Increase NT THP-1 cells UD

BMDMs, bone marrow-derived macrophage; PrECs, prostate epithelial cells; DCs, dendritic cells; NT, not tested; UD, unpublished data
(Panchanathan and Choubey).
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2010a). Accordingly, the increased levels of the p202 protein
in immune cells were associated with increases in the ex-
pression of IFN-b, STAT1, and IFN-inducible genes. Notably,
the expression of Aim2 protein in nonlupus-prone (C57BL/6
and B6.Nba2-C) and lupus-prone (B6.Nba2-ABC) mice was
inversely correlated with the p202 protein (Panchanathan
and others 2010a). Moreover, ectopic expression of p202
protein in RAW264.7 macrophage cells downregulated the
expression of Aim2 protein. Further, Aim2 deficiency in mice
was associated with reduced expression of the inhibitory
receptor FcgRIIB (Panchanathan and others 2011). Given that
increased expression of the p202 protein and reduced ex-
pression of the Aim2 and FcgRIIB proteins in certain strains
of female mice are associated with increased susceptibility to
develop lupus disease (Panchanathan and others 2010a,
2011), these observations are consistent with the idea that

defects in the expression of the Aim2 gene in female mice
contribute to increased susceptibility to lupus disease.

AIM2 protein

The human AIM2 gene is constitutively expressed in the
spleen, small intestine, and peripheral leukocytes (DeYoung
and others 1997). Moreover, IFN-g treatment of human HL-
60 cell line (DeYoung and others 1997) or IFN-b treatment of
human THP-1 cell line (Fernandes-Alnemri and others 2009)
increased the steady-state levels of the AIM2 mRNA. Inter-
estingly, the AIM2 gene is silenced by DNA-methylation
(Woerner and others 2007) and reduced levels of the AIM2
mRNA have been noted in PBMCs from SLE patients (Flinn
2007). Moreover, we recently reported that the levels of the
AIM2 protein increase in the senescent (versus old) human
diploid fibroblasts (HDFs) and the knockdown of type I IFN-
receptor subunit-a did not result in appreciable decreases in
AIM2 protein levels (Duan and others 2011). This observation

FIG. 1. A proposed model for sex bias in the development
of SLE. The model is based on the demonstrated contribution
of the X-chromosomal gene dosage effect, ERa polymor-
phisms, upregulation of the IRF5 by the female sex hormone
estrogen, and a feed-forward loop between the IFNs and
ERa, which explains the increased levels of the ERa in pe-
ripheral blood mononuclear cells of SLE patients. The model
predicts that the female sex hormone levels play a critical
role in the initiation of the lupus disease through upregula-
tion of the expression of IFN-a and certain IFN-inducible
genes, including the Ifi202 gene. SLE, systemic lupus er-
ythematosus; IFN, interferon; ER, estrogen receptor; IRF5,
interferon regulatory factor 5.

FIG. 2. A proposed model for the roles of the murine p202
and Aim2 proteins in sex bias in SLE. The model is based on
demonstrated (i) upregulation of the p202 expression by the
female sex hormone estrogen and downregulation by the
male sex hormone androgen (Panchanathan and others
2009), (ii) the ability of the p202 protein to increase the ex-
pression of type I IFNs and activate IFN signaling (Pan-
chanathan and others 2011), (iii) increased expression of the
Aim2 protein in splenic cells from male mice when compared
with age- and strain-matched female mice (Panchanathan
and others 2010a), and (iv) induction of IFN-b expression
and activation of IFN signaling in Aim2-deficient cells (Pan-
chanathan and others 2010a). The model predicts that the
female sex hormone estrogen through the activation of ERa
upregulates the expression of the p202 protein. The increased
levels of the p202 protein initiate a feedforward loop through
upregulation of the expression of IFN-a and certain IFN-
inducible genes, resulting in increased survival of auto-
reactive immune cells in certain strains of female mice.
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suggested that the basal levels of the AIM2 protein in HDFs
are not maintained by the IFN signaling. However, the IFN-b
treatment of the young HDFs, which activated a DNA-dam-
age response, induced the expression of the AIM2 protein.
Moreover, IL-1b treatment of HDFs induced the levels of the
AIM2 mRNA (Duan and others 2011). However, it remains
unclear how the activation of IFN signaling or IL-1b regulates
the expression of the AIM2. Although in vitro treatment of
cells with DHT increased the levels of AIM2 protein (Table 1),
it remains unknown whether the expression of AIM2 protein
in human immune cells is regulated in a gender-dependent
manner. Further, it remains unknown whether gender-de-
pendent methylation of the AIM2 gene contributes to its re-
duced expression.

IL-17 regulates the survival and proliferation of human B
cells (Nalbandian and others 2009). Moreover, IL-17 promotes
differentiation of B cells into immunoglobulin-secreting
plasma cells. Accordingly, sera of SLE patients exhibit higher
levels of IL-17 than the sera of healthy people. Further, the
increased levels of IL-17 are associated with SLE severity and
kidney damage (Turner and others 2010). Interestingly, IL-1b
plays an important role in promoting IL-17 production by
gd and CD4 + T cells (Lalor and others 2011). Given that
the activation of the Aim2/AIM2 inflammasome increases
the production of IL-1b in cultured cells in vitro and in mice
(Choubey and others 2010), it is likely that increased pro-
duction of IL-1b by innate immune cells promotes the pro-
duction of IL-17 by T cells. Therefore, increased production of
IL-17 by T cells could account for a poor renal outcome for
male lupus patients (Ichii and others 2009).

IFI16 protein

The IFI16 gene encodes for 3 isoforms (A, B, and C) of
IFI16 protein through an alternative splicing of mRNA and
the B isoform of the IFI16 protein is the predominant form in
most cell types ( Johnstone and others 1999; Choubey and
others 2008). Expression of IFI16 protein is detectable in a
variety of normal human tissues and organs and there are
indications that the IFI16 is a phosphoprotein. Treatment of a
variety of cells with IFNs (a, b, or g) upregulates the IFI16
expression (Choubey and others 2008). Additionally, AR
activates the transcription of the IFI16 gene in PrECs and
cancer cell lines (Alimirah and others 2006). Expression of
IFI16 gene is silenced by DNA methylation in immortalized
HDFs and certain prostate cancer cell lines (Choubey and
others 2008). Studies implicate the role of the IFI16 protein in
autoimmunity through activation of NF-kB [reviewed re-
cently by Gugliesi and others (2010)]. Moreover, increased
levels of IFI16 mRNA have been reported in PBMCs of SLE
patients when compared with normal healthy individuals.
Interestingly, a recent study noted a role for IFI16 protein in
dsDNA-induced activation of human monocyte-derived DCs
as well as primary DCs (Kis-Toth and others 2011). Although
in vitro treatment of THP-1 monocytic cell line with 17b-
estradiol increases levels of the IFI16 protein (Table 3), it
remains unknown whether the expression of IFI16 protein in
SLE patients is regulated in a gender-dependent manner.

Conclusions

Studies of sex hormone levels in female SLE patients have
revealed no significant differences between the patients and

age-matched healthy individuals. Therefore, it is likely that
other factors, such as the X chromosomal gene dosage effect,
ERa receptor polymorphisms, and a recently identified
feedforward loop between the ERa receptor and IFNs, which
may involve the IRF5 transcription factor, contribute to the
overall sex bias in SLE (Fig. 1). Moreover, these studies
support a role for the female sex hormone levels in the ini-
tiation of SLE. Further, several lines of evidence involving
genetic studies indicate that activation of type I IFN signaling
in immune cells contributes to the SLE phenotype. In this
regard, it is important to note that the IFN-inducible p200-
family proteins, such as p202, Aim2/AIM2, and IFI16, have
emerged as significant mediators of the immunomodulatory
functions of the IFNs. The findings that (i) sex hormones
differentially regulate the expression of the Ifi202 lupus
susceptibility gene (Panchanathan and others 2009), (ii) the
p202 protein stimulates the expression of IFN-b and activates
the IFN signaling (Panchanathan and others 2011), (iii) the
Aim2 protein negatively regulates type I IFN expression and
the expression of IFN-inducible genes (including the Ifi202
gene) (Panchanathan and others 2010a), and (iv) the male sex
hormone androgen stimulates the expression of the Aim2
gene (Panchanathan and Choubey, unpublished data) sup-
port the idea that the p200-family proteins, such as the p202
and IFI16, contribute to sex bias in the development of SLE
through altering the innate immune responses and increas-
ing the survival of autoreactive immune cells (Fig. 2).
Consequently, a complete understanding of the roles of the
p200-family proteins in immune functions is critical to im-
prove our understanding of the molecular mechanisms that
contribute to sex bias in lupus pathogenesis.
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