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1. Introduction

From the time period of 1940-1998, mortality rates were significantly higher in males as
opposed to females and disease susceptibility was the leading cause of death [1].
Furthermore, data on global infection rates of Mycobacterium tuberculosis show similar
incidence in pre-adolescent males and females, but are markedly higher in adult males
despite lower health care standards for many women in underdeveloped nations [2]. Sex
differences in immune function making males less resilient to infection are well established
and thought to account for this propensity [3]. Accordingly, antibody production [4] and
immune responses [5] in humans challenged with infectious pathogens are significantly
higher in females.
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Sex-bias is evident in many autoimmune diseases especially systemic lupus erythematosus
(SLE) [6], but the basis for such bias is not clear. Many possible mechanisms have been
considered, including microchimerism, X chromosome inactivation, and hormonal factors
[7]. Evidence for the role of sex hormones in the pathogenesis of SLE has stemmed from the
age at which the incidence of SLE peaks. Specifically, the adult premenopausal female to
male ratio of SLE is 9:1 and is closer to 2:1 during childhood or post menopause [8].
Furthermore, clinical evidence shows that the incidence of flares in SLE is less in patients
who develop ovarian failure due to cyclophosphamide compared to their counterparts who
were treated under the same protocol, but maintained ovarian function [9].

Multiple studies have examined sex hormone levels in SLE and have shown a skewing of
estrogen metabolism towards a more active and potent metabolite, 16a-hydroxyestrone,
compared to healthy controls [10]. Also, an increase in aromatase activity was demonstrated
in patients with SLE, which suggests that there is an increased peripheral conversion of
testosterone to estrogen [11].

The effects of estrogen on immune cell function are pleotropic and estrogen has been shown
to significantly stimulate the proliferation of both lymphocytes and macrophages [12]. In
SLE, it has been reported that T cells from lupus patients, but not controls, responded to
estrogen by increasing the amounts of calcineurin transcripts, calcineurin phosphatase
activity, and that this response can be blocked by an estrogen receptor antagonist [13].

We propose here that estrogen enhances immune system activation, which could contribute
to inflammatory responses leading to autoimmune development. The treatment of PBMCs
with 17p—estradiol (E2) resulted in the up-regulation of a unique set of genes and cytokines.
Among this list was toll-like receptor 8 (TLR8), an X-linked mediator of innate immunity
with a known association to SLE and expressed principally in macrophages. In addition to
TLRS8, our results also identified a novel, estrogen-mediated regulation of all remaining
endosomal TLRs (TLR3,TLR7 and TLR9) and displayed estrogen induction of TLR8 in the
macrophage subset. Examination of sex-biased responses revealed that while TLR8 agonist-
induced stimulation of TLR8 expression was observed in both sexes, the response was more
robust in females and enhanced in the presence of estrogen. Independent of IFNa influence,
we demonstrated that E2 can induce ERa complex formation at a putative response element
near TLR8. These results suggest a novel role for estrogen in innate immune stimulation
through highlighting the sex-biased regulation of TLR8 expression, which may contribute to
SLE pathogenesis.

2. Materials and Methods

2.1. Human samples

Female patients meeting the revised criteria of the American College of Rheumatology for
SLE [14] and healthy volunteers were recruited for the study from the University of
Virginia, The Ohio State University Wexner Medical Center (OSUWMOC) clinics, local
communities, and the American Red Cross. All female subjects were not currently taking
hormonal medications and were pre-menopausal. Healthy age-matched males were used in
comparative analysis. Participation was through approved Institutional Review Board
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protocols at both universities. The samples obtained were either whole blood collected into
heparinized tubes or filtered blood samples. Isolation of PBMCs was carried out using
Ficoll-Paque centrifugation (GE Healthcare, Uppsala, Sweden) according to manufacturer's
protocol.

2.2. Cell culture and siRNA transfection

Purified human PBMCs were cultured for 48 hours in phenol red-free RPMI tissue culture
media (Gibco, Foster City CA) containing 5% charcoal-stripped FBS (Life Technologies,
Grand Island, NY) with and without: E2 (Sigma-Aldrich, St. Louis, MO) at 10 nM,
testosterone (Sigma-Aldrich) at 100nM, and agonists for the following TLRs: TLR3 (Poly
I:C DNA, Enzolife Sciences, Farmingdale, NY) at 10 pg/pL; TLR4 (Ultrapurified LPS from
E. coli Serotype EH 100, Alexis Biochemicals, Switzerland) at 1 ug/mL; TLR7 (imiquimod,
Enzolife Sciences) at 0.6 ug/mL; TLR8 (R-848, Enzolife Sciences) at 0.3 ug/mL; or TLR9
(CpG rich DNA, Invitrogen, San Diego, CA) at 7.7 pg/mL. Hematopoietic cell lines (K562,
Daudi, and THP-1) were cultured in complete RPMI medium containing 10% FBS (Life
Technologies) and treated with E2 (10 nM) for 24 hours.

Transfection of THP-1 cells was performed using Lipofectamine® RNAIMAX™
transfection reagent and Opti-MEM® medium (Life Technologies) with SMARTpool®
SiRNA constructs targeting scramble (control), IFNa, or ERa (Dharmacon, Inc., Chicago,
IL) according to manufacturer's protocol. Cells were cultured in X-VIVO™ 15 chemically
defined, serum/phenol red-free hematopoietic cell medium (Lonza, Basel, Switzerland) and
E2 (10 nM) was re-supplemented every 24 hours.

2.3. Proliferation assay

Healthy female PBMCs were isolated by Ficoll centrifugation and exposed to 2%
phytohemagglutinin (Sigma-Aldrich) or Tdap/BOOSTRIX® (GlaxoSmithKline Biologicals,
Rixensart, Belgium) with or without 10 nM E2 for the indicated time period. The fold
change in proliferation was determined by measuring cellular viability using the AQueous
One Solution cell proliferation assay according to the manufacturer's protocol (Promega
Corporation, Madison, WI) with the Dynex MRX-TC Revelation microplate reader/
colorimeter (Dynex Technologies, Chantilly, VA) at an absorbance of 490 nM. Absorbance
values in wells with only cells and media were designated +1 at each time point for each
individual patient and the relative fold change in proliferation was determined for various
treatments after normalizing to background absorbance levels.

2.4 RNA isolation and real-time-RT-PCR

RNA was isolated following our group's published protocol [15] and total RNA was
quantitated using a NanoDrop 1000 spectrophotometer (NanoDrop Products, Wilmington,
DE). Briefly, RNA was isolated from PBMCs using the RNeasy Mini Kit (Qiagen Sciences,
Valencia, CA) and from whole blood using the Paxgene Blood RNA Kit (PreAnalytix,
Qiagen Sciences). The cDNA was synthesized using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA) following manufacturer's protocol.
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Real time RT-PCR was performed as described previously [15] with cDNA and primers
using the TagMan system (Applied Biosystems) and analyzed for the various genes of
interest following manufacturer's protocol. All samples were normalized to beta-actin or
OAZ1 internal positive controls using Applied Biosystems Assays-on-Demand gene
expression assays and the TagMan Universal PCR Master Mix in the ABI Prism 7900HT
Sequence Detection System (Applied Biosystems). Relative changes in gene expression
were calculated as fold differences using the 2722Ct method [16].

2.5. Western Blotting

Protein expression was measured by Western blotting according to previously described
methods [15]. Briefly, protein samples were resolved on 10% Tris-HCI Bio-Rad Ready Gels
(Life Science Research, Hercules, CA) and transferred onto PVDF membranes (GE
Healthcare). Membranes were incubated with TLR8 (Rockland Immunochemicals Inc.,
Gilbertsvilla, PA) antibody and stripped using Millipore Re-Blot Plus (Millipore, Temecula,
CA) for reprobing with monoclonal p-actin antibody (Sigma Aldrich) or hsp90 (Santa Cruz
Biotechnologies Inc.). Image J software (v1.45s; NIH, Bethesda, MD) was used to
determine signal intensities by normalization to the loading control. Fold differences in
expression were determined relative to untreated samples.

2.6. Cytokine Analysis

Conditioned media was collected after 24 hours and cytokine analysis was performed using
Bio-Plex Pro® single-plex magnetic beads for MIP-1p, IL-2, and IL-6 (Bio-Rad) on the Bio-
Plex 200 system. Data analysis was performed using Bio-Plex Manager® 5.0 software and
results were exported to Microsoft Excel (v2010) for further analysis. Cytokine levels were
subtracted from background measurements and fold changes are expressed relative to
untreated samples designated +1.

2.7. Estrogen treatment of mice

C57BL/6 mice obtained from The Jackson Laboratories were housed in the Biomedical
Research Tower rodent research facility at OSUWMC in a BSL-3 barrier level. Animal
maintenance and protocol was approved by the Institutional Animal Care and Use
Committee through the University Laboratory Animal Resources. As previously described
[15], females were given subcutaneous injections of E2 (0.5 jig) at a concentration of 1
ug/mL or PBS for 5 days. Mice were euthanized 24 hours after the fifth treatment and
organs were harvested for RNA isolation using the RNeasy Mini Kit (Qiagen Sciences)
following manufacturer's protocol.

2.8. Monocyte-derived-macrophage (MDM) isolation and siRNA nucleofection

Monolayers of attached MDM cells were prepared following previous protocol [17]. In
brief, Ficoll-isolated PBMCs from human blood samples were cultured for 5 days in RPMI
media supplemented with 20% autologous serum. Following siRNA nucleofection, the cells
were plated in 10% autologous serum. Unattached lymphocytes were washed away and the
remaining MDMs were cultured in RPMI media with 10% autologous serum overnight
before 10 nM E2 treatment.
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siRNA nucleofection was carried out as described previously [18, 19] with either scramble
(control), ERa, or IFNa SMARTpool® siRNA (Dharmacon) using the Amaxa Nucleofector
system (Amaxa Biosystems, Gaithersburg, MD). Briefly, PBMCs were collected after 5
days in culture and re-suspended in 100 UL of nucleofector solution (Amaxa Biosystems)
and 100 nMol siRNA. Nucleofection was carried out according to the manufacturer's
protocol.

2.9. Electrophoretic Mobility Shift Assay (EMSA)

EMSA was performed as detailed formerly [15] using DNA fragments containing putative
ERa binding sites labeled with [32P] dCTP by Klenow. The sequences of the two potential
ERE sites, ERa 1 and 2 (ERE sequences underlined), 25kb downstream of the TLR8 gene
are: ERa 1:5’-GGGTCCCCTGTGACCTGCACGTACA -3’, ERa 2: 5’-
GGGGTGTGACCTGGCAATTTGTTTA -3°. ERa antibody (abcam, Cambridge, MA)
and/or recombinant ERaprotein (Thermo Scientific, Rockford, IL) were incubated with
DNA fragments prior to electrophoresis. Relative complex formation was determined using
Image J software (NIH) and normalized to the untreated or baseline levels, both designated
+1.

2.10. Chromatin Immunoprecipitation sequencing assay (ChlP-seq)

MCF7 cells were cultured in DMEM media containing 5% charcoal/dextran treated FBS for
72 hours prior to activation with 1 nM E2 for 45 minutes. Following stimulation, cells were
cross-linked, harvested, and ChlP assays performed as previously described using an
antibody specific for ERa (Santa Cruz Biotechnology) [20]. Sequencing libraries were
prepared from enriched DNA using the Tru-seq Chip Sample Prep Kit (Illumina, San Diego,
CA). Each library was sequenced on one lane of an lllumina GA 1Ix instrument generating
40 bp single end reads. Sequences were aligned to the hg19 human reference genome and
graphical maps of aligned reads generated using HOMER [21]. Images shown were
generated in the Integrative Genomics Viewer [22]. H3K4me1l data was generated by the
ENCODE consortium (GSE29611).

2.11. Statistics

3. Results

Data are expressed as mean values + standard deviation. All p-values were determined in
paired, 2-tailed Student's t-tests using Microsoft excel software (v2010). p-values < 0.05
were considered statistically significant.

3.1 Estrogen enhances antigenic responses in PBMCs

To examine our hypothesis that estrogen lowers the threshold of activation in the female
immune system, PBMCs were isolated from healthy, pre-menopausal female volunteers and
treated with mitogen or antigens to measure proliferative and cytokine responses. Exposure
of PBMCs to phytohemagglutinin (PHA) induced a 4-fold (p < 0.05) increase in
proliferation after 5 days when compared to untreated controls, while E2 treatment only
mildly stimulated this response (1.3-fold; Fig.1 A). When cells were stimulated with Tdap/
BOOSTRIX® (Tdap) containing diphtheria toxoid, tetanus toxoid, and an acellular pertussis
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vaccine, the proliferative responses were similar to PHA, reaching 3.3-fold (p < 0.05) after 5
days (Fig. 1 A). These results were confirmed by cell counts performed with trypan blue
staining for each condition and time point measured (data not shown). Further, a dose-
dependent response was observed in cells treated with increasing amounts of Tdap for 24
hours and this proliferation was elevated in each circumstance in the presence of E2 (Fig. 1
B). Over time, the proliferation of PBMCs was also significantly increased with Tdap
stimulation in an E2-supplemented environment relative to Tdap-alone and measured 4.9-
fold (p < 0.05) after 5 days (Fig. 1 C).

Conditioned media was also collected from the proliferation assays above to measure
cytokine production. E2 treatment alone stimulated a 1.3 fold (p<0.05) increase in
macrophage inflammatory protein 1-f (MIP1-p) and an apparent but not significant increase
in IL-2 (1.2 fold) and IL-6 (1.3 fold) (Fig. 1D). Although Tdap stimulation enhanced
cytokine secretion as well, only in the presence of E2 was the production of MIP-1p(1.3-
fold, p < 0.05), IL-2 (4.2-fold, p < 0.05), and IL-6 (1.7-fold, p < 0.05) significantly increased
relative to untreated controls (Fig. 1 D). Taken together, our data display enhanced
proliferation and secretion of several key pro-inflammatory cytokines in PBMCs stimulated
with estrogen or antigen alone, but result in the most significant induction following antigen
stimulation in an E2-supplemented environment.

3.2 TLR8is induced by TLR8 agonist and is a novel estrogen-regulated gene over-
expressed in SLE

To examine the effects of estrogen stimulation on gene expression, we performed gene array
analysis on PBMCs isolated from healthy subjects and SLE patients after in vitro culture
with or without 10 nM of E2 for 48 hours [15]. The untreated control array served as the
internal baseline for each sample and was subtracted from the E2-treated expression values.
Thus, only the estrogen mediated effect was reported for each individual sample. Total
PBMC preparations were used to create an in vitro system biologically relevant to the in
vivo interactions of all PBMC subtypes in the regulation of an estrogen-induced response.
Furthermore, since the specific estrogen-regulated genes were yet to be determined, this
predicated the inclusion of all subsets in the initial analysis. Interestingly, 988 genes were
found to be significantly up-regulated by E2 in both healthy and SLE samples when
compared to untreated levels; a result demonstrating a clear genome-wide estrogen effect
over many genes. Ingenuity pathway analysis (IPA) software was then used to filter the
genes most significantly up-regulated in PBMCs from SLE patients and select for those
known to be associated with immunological disorders or immune function, as defined by
Ingenuity® IPA Systems. This filtered collection of genes (supplemental table 1) included
TLRS, a novel estrogen-regulated gene which has been previously linked to SLE
pathogenesis [23, 24]. In concordance, we evaluated the expression of TLR8 in whole blood
from SLE patients and found its levels to be 1.7-fold (p < 0.005) higher than in healthy
subjects (Fig. 2 A).

To examine E2-induced TLR8 expression further, we treated hematopoietically derived
human cell lines with E2 and measured protein expression of TLR8. Following E2
treatment, expression of TLR8 was increased 1.2-fold in K562 cells and 1.8-fold in Daudi
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cells (Fig. 2 B). In addition, Jurkat (clone E6-1) cells did not show an observable difference
in TLR8 expression with E2 stimulation under the same conditions (data not shown). To
look at this response in primary human cells, PBMCs from healthy male and female subjects
were isolated and treated with either E2 or testosterone. E2 induced TLR8 expression 1.3-
fold (p < 0.05) at the RNA level and 2-fold at the protein level, while testosterone had no
effect (Fig. 2 C). Data from both sexes were combined because similar levels of induction
were observed in males and females under these conditions. Notably, further examination of
the PBMC subset chiefly responsible for TLR8 expression, macrophages, is reserved until
later in this work and presented concurrently with the data showing the mechanism of E2-
regulated TLR8 expression. To examine E2-mediated induction of TLR8 in the immune
system in vivo, wild-type mice were subcutaneously injected with E2 and lymphoid organs
were harvested after six days. Treatment with E2 increased TLR8 mRNA expression 2-fold
in the spleen, 2.1-fold (p < 0.05) in the thymus, 1.7-fold in the bone marrow, and 3.5-fold (p
< 0.05) in the lymph nodes (Fig 2 D).

Recent work in human monocytic cell lines has demonstrated that stimulation with TLR8
agonist can also induce TLR8 expression [25]. To examine whether this signaling process is
also present in primary cells, healthy PBMCs from male and female donors were stimulated
with the synthetic TLR8 agonist, R-848. TLR8 transcript expression was significantly up-
regulated 4.5-fold (p < 0.05) with agonist stimulation, while protein levels increased 2.3-fold
(Fig 2 E). Since these experimental conditions yielded similar data between sexes, the
results were again combined. Thus, these data demonstrate the positive effects of estrogen
and TLR8 agonist-mediated induction of TLR8 expression.

3.3 Expression of intracellular TLRs is increased in SLE patients and induced by estrogen
or agonist stimulation

Given the distinct relationship between functionality and cellular localization within the
TLR family [26], all other intracellular TLRs were also examined; TLR3, TLR7, TLRS, and
TLR9 exclusively bind nucleic acids associated with various pathogens and are expressed
with endosomal subcellular localization [26]. Additionally, representative cell membrane-
associated members, TLR2 and TLR4, were examined. Analysis of the mRNAfrom
peripheral blood showed increased expression of TLR3 (1.5-fold), TLR4 (1.8-fold, p <
0.005), TLR7 (1.2-fold, p < 0.05), and TLR9 (1.2-fold) in SLE patients compared to healthy
controls (Fig. 3 A). This correlation underscores the potential role of TLR over-expression
and innate immunity in SLE.

To determine if any of these TLRs respond to estrogen and agonist similar to TLR8, PBMCs
from healthy subjects were analyzed by RT-PCR analysis. TLR2 and TLR4 did not respond
to E2 treatment (Fig 3 B). In contrast, endosome-localized TLR3, TLR7, and TLR9
expression was induced with E2 stimulation 1.4-fold (p < 0.05), 1.2-fold (p < 0.05), and 1.6-
fold (p < 0.05), respectively (Fig 3 C). Testosterone was used as a control hormonal
treatment and had no effect over TLR expression (Fig 3 B-C). Similarly, while agonist
treatment had no impact on TLR4 expression (Fig 3 D), TLR3 expression was induced 3.4-
fold (p < 0.05) and TLRY7 stimulation reached 1.4-fold (p < 0.005; Fig 3 E). This
demonstrates agonist-induced stimulation of receptor expression in these TLRs as well. The
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same trend was observed in TLR9, but did not reach statistical significance using two
commercially available agonists developed against this receptor (Fig. 3 E). Therefore, both
E2-mediated and positive ligand-induced regulation of TLR expression appears evident in
all endosomal TLRs.

3.4. Sex-biased stimulation of TLR8 expression by ligand is more robust in females and
further enhanced in the presence of estrogen

Upon immune system activation, gene array data has shown differential expression of sex-
biased genes in female T cells, indicating that a significantly stronger response is elicited
[27]. In contrast, the responses thus far in our PBMC stimulations did not differ between
males and females at 48 hours; both sexes induced endosomal TLR expression significantly
with estrogen or agonist stimulation (Fig 2-3). To determine if a sex-biased response was
indeed present in our system, PBMCs from healthy males and females were stimulated over
time to analyze the effect on TLR8 expression. Although no time point studied reached a
statistical significance and no difference was observed with E2 stimulation at 48 hours,
female PBMCs displayed enhanced TLR8 expression by 1.4-fold after 6 hours and 1.9-fold
after 24 hours relative to males (data not shown). Agonist-induced TLR8 expression was
also enhanced in females compared to males, showing a significant 4.7-fold (p < 0.01) and
4.2-fold (p < 0.05) induction at 18 and 24 hours, respectively (Figure 4 A). When TLR8
agonist was incubated with cells in the presence of E2, TLR8 expression was further
enhanced and again more robust in female samples. Here, TLR8 expression was induced 7-
fold (p < 0.05) at 24 hours and 6.3-fold (p < 0.05) at 36 hours (Fig 4 B). Protein analysis at
24 hours showed a 2.4-fold increase in TLR8 expression in males with E2 and R-848
treatment, while a 4.2-fold increase was observed in females under the same conditions (Fig
4 C). These results establish a sex-biased and additive influence of E2 and TLR8 agonist in
inducing female TLR8 expression.

3.5 Estrogen-induced TLR8 expression requires ERa but not IFNa

Since TLR8 expression has been shown to be primarily observed in mononuclear
phagocytes [28], we also isolated monocyte-derived-macrophages (MDMs) from this PBMC
subset to examine the mechanism of estrogen-mediated stimulation of TLR8 expression
using siRNA. ERa was targeted with siRNA because animal models have shown this to be
the primary estrogenic subtype [29]. With E2 stimulation for 48 hours, MDMs showed
enhanced expression of ERa 1.7-fold (p < 0.05), IFNa 2.1-fold, and TLR8 2.4-fold (p <
0.01; Fig 5 A). Although enhanced expression of IFNa was not statistically significant, this
E2-mediated response was investigated further since IFNa has been shown to mediate some
estrogenic effects and has a strong association with SLE pathobiology [30]. Using siRNA to
knock down expression of ERa and IFNa by 40% [15], only blocking ERa prevented the
E2-mediated induction of TLR8 expression (Fig 5 B). Here, TLR8 expression was reduced
by 30% (p < 0.01) in the presence of E2 (Fig 5 B). In contrast, knockdown of IFNa by
SiRNA did not affect the E2-induced expression of TLR8 (Fig 5 B). These data suggest that
ERa-mediated TLR8 expression by E2 treatment is IFNa-independent.

The THP-1 cell line is of monocytic origin and therefore of the same hematopoietic lineage
as the cell subset principally expressing TLR8. Since we observed E2-stimulated up-
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regulation in both sexes and THP-1 cells do not express detectable IFNa levels via real
time-RT-PCR analysis at baseline (data not shown), we selected this cell line for further
mechanistic analysis. E2 treatment of THP-1 cells induced TLR8 expression 1.4-fold at the
transcript (p < 0.05) and protein level after 24 hours (Fig 5 C). To examine the effects of E2-
mediated stimulation of TLR8 expression through ERa in an environment devoid of IFNa
influence, THP-1 cells were treated with E2 and transfected with siRNA targeting ERa.
After transfection with scrambled control siRNA, E2 stimulation resulted in a significant
increase in ERa(2.6-fold, p < 0.01) and TLR8 (1.3-fold, p < 0.05) levels (data not shown).
Furthermore, siRNA targeting ERa decreased its expression levels by 96% (p< 0.01) at 48
hours and 43% (p < 0.05) at 72 hours (Fig 5 D); thus displaying the transient nature of the
inhibition. With ERa expression repressed by siRNA, E2-mediated stimulation of TLR8
expression was significantly reduced 40% (p < 0.05) at 24 hours and 30% (p < 0.01) at the
48 hour time point (Fig 5 E). Collectively, these results indicate that E2 induction of TLR8
is mediated through ERa and is not dependent on IFNa.

3.6 ERa binds directly to a putative estrogen responsive element near the TLR8 locus

Chromatin immunoprecipition sequencing (ChlP-seq) data from a breast cancer cell line
(MCF-7) stimulated with E2 for 45 minutes identified two putative ERa-binding regions
(ERa 1 and 2) for the TLR8 locus 25 kb downstream from the 3’ end of the TLR8 gene
(supplemental figure 1). Examination of the region upstream of TLR8 did not identify any
ERpB-binding regions within 100 kb of the transcriptional start site. Furthermore, the same
E2 stimulation of a hematopoietically-derived cell line, K562, revealed open chromatin
marks of transcriptional enhancers that overlapped with the location of these two ERa-
binding regions (supplemental figure 1). To determine whether ERa directly binds to these
putative estrogen response elements (EREs), EMSA analysis was performed on THP-1 cells
to measure ERabinding. After E2 stimulation and incubation of nuclear extracts with radio-
labeled probes for these response elements, enhanced DNA-protein complex formation was
observed only using probes corresponding to the ERa 2 sequence. This response was
observed over time beginning at one hour (Fig 6 A). The relative extent of complex
formation was quantified and displayed graphically to show enhanced DNA-protein
complex formation over time (Fig 6 B). To confirm ERa binding, a dose-dependent
enhancement of complex formation was demonstrated with increasing amounts of
recombinant human ERaprotein incubated with ERE probes (Fig 6 C). Further, the addition
of ERa antibody successfully shifted DNA-protein complexes to display a retarded
migration pattern (Fig 6 C). The dose-dependent response of complex formation was also
quantified for graphical representation (Fig 6 D). These results suggest that E2 induces
TLR8 expression through ERa by directly binding to a putative downstream ERE.

4. Discussion

Females are generally more resistant to infection than males, which can be reflected by
significantly longer life spans in many female species ranging from nematodes to mammals
[31]. Thus, it has been suggested that estrogenic effects could lead to a heightened immuno-
reactive state, which would have a survival advantage in the defense against infection, but
may contribute to autoimmune inflammation [32]. While many advances have been made
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delineating possible pathogenic mechanisms of SLE, female predominance in this disease
remains largely unexplained. We hypothesized that estrogen could lower the threshold of
immune activation and that this effect could contribute to SLE pathogenesis.

Upon antigenic challenge, PBMCs from healthy females responded with significantly higher
proliferative and cytokine production responses in the presence of estrogen. In addition, E2
treatment in physiologic doses increased the production of multiple cytokines, including
stimulation of MIP1- Considering that patients with active SLE have significantly elevated
levels of pro-inflammatory cytokines [33] and that MIP1-Bhas previously been shown to be
elevated in the serum of SLE subjects when compared to healthy individuals [34], estrogen-
regulated secretion of this inflammatory mediator could contribute to the autoimmune
inflammation observed in SLE.

In recent years, studies have shown several genes to be strongly associated with SLE
development and severity [35], including TLR8 [36, 37]. In this study, we show that in vitro
stimulation with E2 significantly up-regulated the expression of hundreds of genes. TLR8
was identified in this regard both in PBMCs and primary human macrophages; and was also
expressed at higher levels in peripheral blood of premenopausal SLE patients when
compared to age-matched, healthy females. Further, our results indicate that E2-mediated
induction of TLR8 expression requires ERa and occurs through direct DNA binding of ERa
to an ERE just downstream of the TLR8 gene. Interestingly, activation of ERa enhanced
SLE pathogenesis through immunomodulatory influence in a lupus mouse model, while no
effect was observed through ERp [38]. Moreover, E2-mediated regulation of TLR8 was also
shown to be independent of IFNa. Given the focus on IFNa-mediated pathogenesis in SLE
by up-regulating IFNa signature gene expression (reviewed in [39]), our results display a
novel area of therapeutic intervention; specifically, blocking ERa to prevent the induction of
estrogenic genes, such as TLR8, in female SLE patients.

Enhanced expression of TLR subytpes has been associated with disease activity and
observed in various lymphocyte subsets of SLE patients [40, 41]. Our results have identified
a novel relationship among SLE, estrogen, and TLR expression. The TLR family can be
separated into two main groups based on subcellular localization. TLRs 1, 2, 4-6, and 10-11
are expressed on the cell surface, while TLRs 3 and 7-9 are expressed on intracellular
compartments such as endosomes [42]. TLR expression in the peripheral blood of SLE
patients revealed significantly increased levels of TLR4, TLR7, and TLR8 when compared
to healthy subjects, with TLR3 and TLR9 also displaying a similar trend. Further, E2
treatment also resulted in significant stimulation of all the endosome-associated receptors
(TLR3, TLR7, TLRS8, and TLR9). This is particularly intriguing since endosomal TLR
signaling is required for the production of anti-nucleic acid autoantibodies in mice [43],
which is a clinical hallmark of SLE. Additionally, TLR7 overexpression in mice has been
shown to lead to anti-nucleic acid autoantibody secretion and accelerate autoimmune
pathology in a lupus model [44, 45]. Considering that antimalarial drugs including
hydroxychloroquine and chloroquine which specifically inhibit endosome-associated TLR
activation [46] have been used for a long time to treat SLE [47], our data indicate that
autoimmune development and progression could be influenced by estrogen-priming of
innate immune responses through up-regulation of endosomal TLR expression.
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Endosome-associated TLRs all displayed ligand-induced positive regulation of receptor
expression. In contrast, this effect was not observed in TLR4, which is localized to the
surface of the cell. Similarly, seminal work in this pathway showed that TLR3 and TLR4
ligands stimulated TLR3 expression, while TLR4 was not inducible by these same stimuli in
primary mouse bone marrow cells [48]. Other studies showed results suggestive of this
pathway with TLR8 expression in a promonocytic human cell line [25], TLR3 in murine
natural Killer cells [49] and osteoblastic cells [50], and TLR9 in murine primary mouse bone
marrow cells [51]. While this phenomenon may have been previously alluded to, this is the
first study to both display this regulation in primary human PBMCs and collectively
characterize its presence in endosomal TLRs.

The ligand binding portion of endosomal TLRs is only exposed to the inside of the
intracellular compartment, which discourages exposure of potential endogenous self-
antigens. This compartmentalized receptor localization is both regulated and controlled in
order to prevent unintended signal transduction [52]. Since endosomal TLRs have a much
more controlled mechanism of antigen exposure and are not free to sample the environment
in an unregulated manner, this may explain why positive agonist-induced regulation of
receptor expression may only exist in TLRs localized to endosomes. Endosome-associated
TLRs exclusively bind to nucleic acids and SLE patients often secrete high levels of anti-
nuclear antibodies (ANA), which results in circulating immune complexes consisting of
antibodies to self nucleic acids [53]. Our data suggest that processing of these complexes
could cause a ligand-induced up-regulation of receptor expression, which would be more
robust in an environment containing estrogen and therefore contribute to autoimmune
development. Similarly, viral infection has been shown to be a trigger associated with SLE
disease state (reviewed in [54]). Here, estrogen could also lower the threshold of activation
and lead to the up-regulation of nucleic acid-binding TLR expression and a heightened
innate immune response, which can contribute to autoimmune pathology.

While both female and male cells displayed similar trends of agonist-induced TLR8
expression with E2 enhancing the response, the expression of TLR8 was found to be
significantly more robust in females. Hence, heightened expression of TLR8 by agonist (self
or non-self) stimulation in the presence of estrogen may contribute to the observation that
females are generally more resistant to infection, but may also predispose females to auto-
inflammatory responses, as observed in SLE. The distinct responses between male and
female PBMCs indicate that these cells may be “hard-wired” to differential responses. This
sex-bias likely is achieved through the epigenetic mechanisms, in which genome-wide
expression of genes can be altered by influencing chromatin accessibility. In concordance,
significantly different methylation patterns have been observed between male and female
twins in a genome-wide analysis [55], and women with SLE have been shown to have
hypomethylated areas on the X chromosome that corresponded with enhanced gene
expression when compared to male counterparts [56]. Since TLR8 and TLR7 are both X-
linked, this may explain their basal levels of up-regulation in SLE patients when compared
to age and sex-matched healthy females. Collectively, the data suggest a sex-biased,
differential expression pattern of genes in SLE that would lead to distinct responses with
antigenic challenge and/or estrogen stimulation.
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5. Conclusion

Considering the evidence already linking innate immunity to the pathogenesis of SLE [57],
the discovery and further characterization of TLR expression pathways will facilitate the
elucidation of their precise role in autoimmune diseases. The results of our work suggest that
estrogen can cause an upregulation of endosome-associated TLRs; thus promoting a milieu
that is pro-inflammatory and permissive for the development of SLE and potentially other
autoimmune diseases that are associated with female predominance. Future work will focus
on TLR signaling and estrogen responses to identify additional, viable therapeutic targets in
the treatment of SLE.
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Fig. 1.

Estrogen lowers the threshold of immune cell activation upon acute antigenic challenge.
PBMCs were isolated from healthy females (n = 5) and (A) exposed to -estradiol (E2, 10
nM), 2% phytohemagglutinin (PHA, positive control), or Tdap/BOOSTRIX® (Tdap). The
relative fold change in proliferation was determined at the times shown and the statistically
significant differences are indicated relative to E2-stimulated levels. (B) Cells were treated
with a dilution series of Tdap with and without the addition of 10 nM E2. After 24 hours,
relative proliferation was determined. (C) Proliferation was measured with or without 10 nM
E2 stimulation and Tdap exposure for the indicated time period. (D) Conditioned media was
collected after treatment with 10 nM E2, Tdap, or both for 24 hours. Cytokine levels were
measured by multiplex ELISA analysis. Representative experiments are shown. * p < 0.05.
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Fig. 2.

TLR8 expression is higher in PBMCs from SLE patients compared to healthy controls and is
induced by both estrogen and TLR8 agonist. (A) Real time-RT-PCR of RNA isolated from
whole blood of SLE patients (n = 6) compared to age and sex-matched healthy controls (n =
6). (B) Human hematopoietic cell lines K562 and Daudi were treated with 10 nM E2 for 24
hours. Total cell lysates were collected for Western blotting using antibodies against TLR8
and hsp90 (loading control). (C) Healthy male and female PBMCs (n = 15) were treated
with 10 nM E2 and testosterone (TT, 100nM) for 48 hours. (left) RNA was extracted and
analyzed by real time-RT-PCR. (right) Western blot analysis was performed with total cell
lysates to measure TLR8 and B-actin (loading control) expression. (D) E2 (0.5 pg/day) was
injected subcutaneously into wild-type mice (n = 10).

Lymphoid tissue was collected after six days for real time-RT-PCR analysis. TLR8
expression is shown relative to PBS-injected control mice (n = 10). (E) Healthy male and
female PBMCs (n = 8) were treated with TLR8 agonist (R-848, 0.3 ug/mL). After 48 hours,
total cell lysates were collected for (left) real time RT-PCR and (right) Western blotting to
measure TLR8 expression. All relative protein expression levels were determined using
semi-quantitative analysis and are indicated below the respective Western blot lanes.
Representative experiments are shown. * p < 0.05, ** p < 0.005.
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Fig. 3.

Endosome-associated TLRs are induced selectively by estrogen and agonist stimulation. (A)
Real time-RT-PCR analysis of RNA isolated from whole blood samples obtained from SLE
(n = 6) and healthy subjects (n = 6) to measure TLR3, TLR4, TLR7, and TLR9 transcript
levels. The dashed line (--) indicates the average relative expression level of each TLR in
healthy samples. (B-E) Real time-RT-PCR of PBMCs from healthy male and female donors
after 48 hours of treatment. (B-C) E2 (10 nM) and testosterone (TT, 100 nM). (B)
Expression of the cell surface TLRs (left) TLR2 (n=5) and (right) TLR4 (n = 12). (C)
Endosomal-TLR expression was measured for (left) TLR3 (n = 11), (middle) TLR7 (n=
14), and (right) TLR9 (n = 20). (D) Cells were stimulated with LPS to measure TLR4
expression. (E) Endosomal TLR agonist treatment of cells: (left) Polyinosine-polycytidylic
acid (poly I:C) treatment for TLR3, (middle) Imiquimod for TLR7, or (right) CpG DNA for
TLR9. Representative experiments are shown. * p < 0.05, **p < 0.005.
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Female sex-biased TLR8 induction is observed in PBMCs when stimulated with estrogen
and/or TLR8 agonist. Healthy male and female PBMCs (n = 6) were treated with 10 nM E2,
R-848 (0.3 pug/mL), or both for the indicated time period. RNA was analyzed by real time-
RT-PCR for TLR8 expression. (A) Time course analysis of TLR8 expression after R-848
treatment and (B) R-848 with E2. Expression levels were normalized for each sample and
expressed relative to time zero. (C) Western blot analysis for TLR8 and hsp90 (loading
control) expression after 24 hours. Semi-quantitative analysis of TLR8 protein expression
levels from Western blots are indicated below the respective Western blot lanes.
Representative experiments are shown. * p < 0.05, **p < 0.01.
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Fig. 5.

Estrogen-induced TLR8 expression requires ERa but not IFNa. Primary human monocyte
derived macrophages (MDMs) were isolated from healthy female PBMCs (n = 5) and
analyzed by real time RT-PCR. (A) MDMs treated with 10 nM E2 for 48 hours to measure
the relative expression of ERa, IFNa, TLR8, and B-actin. (B) MDMs transfected with
SiRNA targeting ERa, IFNa, or scramble (control) in the presence of 10 nM E2 for 48
hours. TLR8 or OAZ1 (control) expression was measured relative to scrambled siRNA
levels for each gene. (C) THP-1 cells were treated with 10 nM E2 and TLR8 expression was
measured by (left) real time-RT-PCR and (right) Western blotting. (D) Transfection of
THP-1 cells with siRNA directed against ERa. Expression of ERa is shown relative to
siScramble levels following real time-RT-PCR analysis. (E) Relative TLR8 or OAZ1
expression in THP-1 cells after 24 or 48 hours transfection with siRNA targeting ERa.
Representative experiments are shown. * p < 0.05, **p < 0.01.
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Fig. 6.

EF%@ binds directly to a putative estrogen responsive element near the TLR8 locus. (A)
EMSA of nuclear extracts prepared from THP-1 cells stimulated with E2 (10 nM) for the
time indicated and incubated with 32P-labeled ERa probes (lanes 2 to 7). (-) no nuclear
extracts (lane 1). (B) Semi-quantitative analysis of the amounts of DNA-protein complex
formed over time with E2 incubation. (C) EMSA and antibody gel supershift assays. Radio-
labeled ERa probes were incubated with increasing amounts of recombinant human ERa
protein (lanes 2 to 5), and supplemented with anti-ERa antibodies (lanes 6 and 7). DNA-
protein complexes are labeled (C1 and C2) and antibody gel supershifted complexes are
indicated with arrows. (D) Semi-quantitative analysis of the amounts of DNA-protein
complex formed (C1 + C2) with increasing amounts of rhERa protein. Representative
experiments are shown.
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