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Abstract

We previously found that a maximum innate inflammatory response induced by stimulation of
Toll-like receptors (TLRs) 3, 7 and 9 requires ERa, but does not require estrogen in multiple cell
types from both control and lupus-prone mice. Given the estrogen-independence, we hypothesized
that ERa mediates TLR signaling by tethering to, and enhancing, the activity of downstream
transcription factors such as NFxB, rather than acting classically by binding EREs on target genes.
To investigate the mechanism of ERa impact on TLR signaling, we utilized mice with a knock-in
ERa mutant that is unable to bind ERE. After stimulation with TLR ligands, both ex vivo spleen
cells and bone marrow-derived dendritic cells (BM-DCs) isolated from mutant ERa (“KIKO”)
mice produced significantly less IL-6 compared with cells from wild-type (WT) littermates. These
results suggest that ERa modulation of TLR signaling does indeed require ERE binding for its
effect on the innate immune response.
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Introduction

One of the more profound features of lupus is that females have a 9:1 prevalence of disease
over males. The cause of the sex bias in lupus is likely multifactorial, including differences
in the sex chromosomes, sex hormones and their receptors. Although estrogen acts primarily
via its receptors, estrogen receptor alpha and beta (ERa/ERp), estrogen can also act through
non-receptor mediated mechanisms. Interestingly, there is growing evidence that ERs can
mediate physiologic functions independent of estrogen. We previously showed that an
optimal inflammatory response by TLRs is dependent on ERa, but independent of estrogen
in multiple cell types. B cells and DCs derived from both B6 ERaKO and lupus-prone
ERaKO mice had a significantly blunted response to TLR 7 and 9 ligands. [1] These data
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suggest that ERa modulation of TLR signaling may play a role in lupus pathogenesis, and
appears to be independent of estrogen effects.

Based on these findings, we hypothesized that ERa mediates TLR signaling by a genomic,
but non-classical mechanism, i.e. by tethering to and enhancing the activity of downstream
transcription factors such as NFxB, thereby altering the innate immune response and
exacerbating inflammation. An alternative mechanism to explain this ligand independence is
activation via kinase cascades including MAPKSs (rapid signaling pathway). To investigate
the mechanism of ERa impact on TLR signaling, we utilized mice with a knock-in ERa
mutant (“KIKO”) that is unable to bind ERE, but otherwise functions normally with regard
to ligand binding, activation, etc. [2] Female mice that carry a single copy of this non-
classical ERa knock-in mutation are infertile due to severe ovarian and uterine defects, [3]
but their immune phenotype is not known.

In this communication we show that both ex vivo spleen cells and bone-marrow-derived
dendritic cells (BM-DCs) from KIKO mice (ERa DNA-binding mutant mice) behave
similarly to ERaKO mice in that TLR-stimulated endpoints are blunted. We previously
showed that multiple TLR-induced cytokines are impacted by ERa IL-6, MCP-1, 1L-23,
IL-17 among others. In this study we looked at IL-6, which has multiple pro-inflammatory
effects and is a potent activator of the NF«kB pathway. IL-6 is known to play a critical role in
the immunopathology of SLE in both humans and mice (contributes to B cell hyperactivity
and differentiation of T cells into effector cells, including Th17 cells) [4,6]. Blocking IL-6 in
mouse models of SLE significantly improves disease. [7] Herein we show that DNA binding
of ERa is required for TLR-induced IL-6 production in murine immune cells. These
findings suggest that ERE binding is indeed required for ERa modulation of TLR-induced
inflammation, despite the lack of estrogen in the system, and future studies will confirm this
result in a lupus mouse model.

Materials and Methods

Mice

Female NERKI (ERa DNA-binding mutant) and Ex3a (ERanull) mice on the C57BL/6/129
background (kind gift of Ken Korach, NIEHS, NC) were crossed to obtain the “KIKO”
mouse as previously described. All mice were maintained at the Ralph H. Johnson VAMC
Animal Care Facility (Charleston, SC) using Institutional Animal Care and Use Committee
approved protocols.

Generation of BMDCs and Spleen cells

Bone marrow-derived DCs were generated using a modified version of the protocol
originally described by Inaba et al. [24], without lymphocyte depletion. Briefly, equal
numbers of BM cells from WT and KIKO mice were suspended in complete RPMI
supplemented with 20ng/mL murine GM-CSF and 20ng/mL murine IL-4 (R&D systems,
Minneapolis, MN) and cultured in T75 flasks at 1 x 108 cells/ml (~20 x 105/flask) for 7
days. BMDCs were harvested from flasks, counted, and re-plated in 6-well plates at 1 x 108
cells/ml (4 x 108/well) for 18h. For spleen cells, mice were sacrificed and spleens harvested
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and kept in ice-cold RPMI. Spleens were processed and subjected to red blood cell lysis.
Cells were washed twice in cold RPMI before being counted and cultured in 12- or 6-well
plates at 1 x 10° cells/ml (2-4 x 10%/well) for 18h.

Treatment of DCs with TLR agonists

BM-DCs were harvested on day 7 from BM cultures as described above, seeded at 1 x 10°

cells/ml into 6- or 12-well plates in estrogen-free phenol red-free RPMI with 10% charcoal-
dextran-stripped FCS and treated with vehicle or TLR agonist: loxoribine (TLR7/8 agonist;
50-200umol, Sigma-Aldrich, St. Louis, MO), or CpG DNA (TLR9 agonist; 1ug/ml, Hycult
Biotech, Canton, MA) for 18h.

Cytokine release assay

Results

Cytokine release by DCs and spleen cells was determined by culturing 2 x 108/mL cells
with either vehicle or TLR agonist. After 18h, culture supernatants were harvested and
cytokine (IL-6) concentrations were measured by sandwich ELISA per the manufacturer’s
protocol (eBioscience, Inc., San Diego, CA) using a micro-plate luminometer (Thermo
Scientific Multiskan Ascent).

Spleen counts are significantly reduced in ERa DNA binding domain mutant mice (“KIKO”)
compared with wild-type mice

Twenty C57BL/6 mice (8 WT and 12 KIKO) were sacrificed at 18 weeks. Spleen cells were
isolated and counted. Spleens from KIKO mice were smaller and there was a significant
difference in spleen cell counts between WT and KIKO mice (Figure 1A). This result aligns
with previously published studies demonstrating a critical role for estradiol and ERa in
immune organ development (spleen, thymus) as well as murine DC development [8-12]. In a
subset of animals (4 WT and 5 KIKO) femurs were harvested and bone marrow cells were
counted. There was a trend toward reduced number of cells in the KIKO mice, however it
did not reach significance.

TLR7- and 9-induced IL-6 production by ex vivo spleen cells and BM-DCs is significantly
reduced in KIKO mice

We examined IL-6 production by spleen cells following TLR stimulation. Spleens were
harvested and spleen cells were stimulated overnight (18h) with loxoribine (TLR 7 ligand)
or CpG DNA (TLR9 ligand) under estrogen-free media conditions. Both TLR7 and TLR9
stimulation resulted in significantly increased levels of IL-6 production by spleen cells
(Figure 1), however IL-6 produced by cells from KIKO animals was significantly reduced
compared to wild-type mice, as measured by ELISA. This result suggests that TLR-induced
inflammatory cytokine production is modulated by ERa and requires direct ERE binding,
despite the absence of estrogen.

DCs express high levels of TLRs and are key mediators of the innate immune response. We
isolated bone marrow hematopoietic cells from WT or KIKO mice and derived DCs with
selective/supplemented media. Following harvest on d7, DCs were stimulated under
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estrogen-free conditions with loxoribine or CpG DNA for 18h. In DC cultures derived from
WT mice, both the TLR7 and TLR9 ligands stimulated robust IL-6 production, however,
KIKO DC IL-6 production was significantly decreased. TLR stimulation increased IL-6
levels more than 20-fold in media from B6 WT DCs, with the stimulation index reduced by
~50% in KIKO animals. These data indicate that ERa significantly modulates TLR7 and 9
responses by DCs via direct ERE binding on target genes.

Discussion and Conclusion

We previously reported that lupus prone ERaKO mice had significantly reduced renal
disease and significantly prolonged survival. [13] We subsequently demonstrated that ERa
modulates TLR signaling in both C57BL/6 and lupus prone mice (NZM2410 and MRL/Ipr).
[1] The mechanism of ERa effect on TLR-induced inflammatory endpoints is currently
unknown and is the focus of the current report. The major finding in this study is the
requirement for ligand-independent ERE binding by ERa for robust stimulation of TLR-
induced inflammatory endpoints.

It is well known that estrogen can modulate IL-6 gene expression. [14,15] Classically, this
would occur via ERa binding to an estrogen response element (ERE). There is growing
evidence, however, that the molecular mechanisms, by which ERa exerts its effects, on IL-6
and other target genes, are more complicated than the classic pathway of ligand-activated
transcriptional activation. ERa also acts via multiple non-classical signaling pathways to
regulate cellular responses. For example, ERa may bind to other transcription factors such
as AP-1, C/EBPp, and NF«B to regulate transcription of 1L-6 and others. [16-21] It is also
possible that ERa exerts some of its effects by differentially recruiting co-activators or co-
repressors, such as p300 to the transcriptional complex to impact gene expression depending
on the cell type and environment. [22,23] This study provides additional evidence for
ligand-independent actions of ERa, since the experiments reported herein were done under
estrogenfree conditions. Our results were unexpected however, in that we hypothesized the
mechanism of ERa impact on TLR signaling would be both estrogen-independent and ERE-
independent. We speculated that the effect would be genomic, by ERa tethering to other
transcription factors, but would not require direct DNA binding.

Similar to ERaKO animals, however, IL-6 expression levels in response to TLR stimulation
were significantly decreased in the setting of an ERa DNA binding mutant. This DNA
binding domain mutant (NERKI) retains all other functions of ERa, including tethering and
ligand binding. [2] The mutant also retains the rapid action effects of cytoplasmic ERa (ex.
MAPK signaling). If either of these ERa mechanisms were involved, we would have
expected to see no change in TLR-stimulated I1L-6 production compared with WT levels.
Again, all stimulation experiments were carried out under estrogen-free conditions, thus,
despite the mutant having an intact ligand-binding domain, the effect was estrogen-
independent. One caveat to this, however, is that estrogen is required for the normal
development of immune cells such as DCs. As shown by our lab and others, this
development also requires ERa. [1,12] Thus, cells are exposed to estrogen in vivo and
during initial culture. There may be some threshold or triggering event dependent on
estrogen that impacts (imprints on) future signaling (i.e. a developmental effect). Our results
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suggest that if imprinting on immune cell development is the underlying mechanism, then
ERE binding by ERa is also required for immune cell development. Further work is needed
with conditional knockout animals and/or in vitro knockdown experiments to determine
whether the estrogen-independent effect of ERa on TLR signaling is absolute.

This study provides further evidence for a ligand-independent effect of ERa on TLR-
induced gene expression in spleen cells and bone marrow-derived dendritic cells, which we
have shown is ERE-dependent. Additional work is needed to elucidate the specific
mediators of TLR signaling upstream of ERE binding by ERa. Defining the molecular
mechanism(s) of ERa effects on TLR signaling is critical to our understanding of female-
predominant autoimmune diseases such as SLE, and may lead to future the rapiesthat target
particular ERa actions and modulate innate immunity.

Abbreviations

ERa Estrogen receptor alpha

TLRs Toll-like receptors

DCs Dendritic cells
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(A) Twenty mice (n =8 WT, 12 KIKO) were sacrificed at 18 weeks. Spleens from KIKO
mice were smaller and there was a significant difference in spleen cell counts between WT
and KIKO mice. In a subset of animals (n = 4 WT, 5 KIKO), femurs were harvested and
bone marrow cells were counted. There was a trend toward reduced numbers in the KIKO
mice that did not reach significance. (B) Ex vivo spleen cells (n =4 WT, 7 KIKO) and
cultured BM-DCs (n = 4 WT, 5 KIKO) were stimulated overnight (18h) with 200umol
loxoribine (TLR 7 ligand) or lug/mL CpG DNA (TLR9 ligand) under estrogen-free media
conditions. TLR stimulation resulted in increased IL-6 production that was significantly
decreased in media from KIKO mice compared to wild-type mice.
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