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Abstract

Humans show strong sex differences in immunity to infection and autoimmunity, suggesting sex
hormones modulate immune responses. Indeed, receptors for estrogens (ER) regulate cells and
pathways in the innate and adaptive immune system, as well as immune cell development. ERs are
ligand-dependent transcription factors that mediate long-range chromatin interactions and form
complexes at gene regulatory elements, thus promoting epigenetic changes and transcription. ERs
also participate in membrane-initiated steroid signaling to generate rapid responses. Estradiol and
ER activity show profound dose- and context-dependent effects on innate immune signaling
pathways and myeloid cell development. While estradiol most often promotes the production of
type | interferon, innate pathways leading to pro-inflammatory cytokine production may be
enhanced or dampened by ER activity. Regulation of innate immune cells and signaling by ERs
may contribute to the reported sex differences in innate immune pathways. Here we review the
recent literature and highlight several molecular mechanisms by which ERs regulate the
development or functional responses of innate immune cells.
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1. ER expression in immune cells

ER a and B proteins are members of the nuclear receptor super family encoded by the ESR1
and ESR2 genes, respectively [1]. Single ER chains form aa, BB and af dimers, each of
which is functionally distinct. As described below, ER-mediated mechanisms influence both
the development and function of innate immune cells. Published studies document that ER
MRNASs or proteins are expressed by hematopoietic progenitors and mature immune cells

© 2015 Published by Elsevier Inc.

This manuscript version is made available under the CC BY-NC-ND 4.0 license.

Address correspondence to: Susan Kovats, Ph.D., Arthritis & Clinical Immunology Research Program, Oklahoma Medical Research
Foundation, 825 NE 13! st., Oklahoma City, OK 73104, Phone 405 271 8583, FAX 405 271 4110, Susan-Kovats@omrf.org.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kovats

Page 2

(see Table 1). Although ERs are regulated by transcriptional and post-transcriptional
mechanisms, few studies have comprehensively determined relative ER RNA and protein
levels in different immune cell types.

At least two studies have quantitatively assessed the relative ESR1 and ESR2 gene
expression in human PBMC subsets (Table 1) [2, 3]. B cells express the highest levels of
ESR1 RNA, while CD4* T cells, CD8" T cells, NK cells, and plasmacytoid DC express
intermediate levels. Monocytes have the lowest levels of ESRL RNA, and interestingly, this
is increased in monocyte-derived DCs, suggesting that ESR1 is induced during DC
differentiation. ESR2 RNA is expressed at the highest levels in B cells and plasmacytoid
DCs, and at low levels in other cell types. Human monocytes and monocyte-derived DCs,
and blood myeloid and plasmacytoid DCs alter their functional responses upon exposure to
estrogens [4-6].

Mature immune cells in murine lymphoid organs express Esr1 (encoding ERa), and in some
cases Esr2 (encoding ERp). Murine lymphocytes (B, T and NK cells) contain Esr1 and ERa
[7-10], and B and NK cells were reported to express ERp protein [7, 8]. Murine splenic DCs
(including conventional and plasmacytoid DCs), as well as bone marrow-derived DCs,
express Esr1 and ERa but negligible Esr2 and ERJ [6, 9, 11, 12]. Bone marrow-derived and
peritoneal macrophages also express Esrl but little if any Esr2 [9, 13]. However, some
populations of DCs in vivo, such as DCs infiltrating the central nervous system during
experimental autoimmune encephalomyelitis (EAE), do express ERp [14], suggesting that
ERPB may be induced in activated myeloid cells.

While sex differences in ER expression in the brain are well documented [15, 16], only a
few publications report sex differences in ER RNA or protein expression in primary immune
cells. Monocytes in premenopausal women contain lower amounts of ESR1 RNA than
monocytes isolated from males and postmenopausal women, suggesting that higher estradiol
levels correlate with reduced ESR1 expression [3]. In contrast, ESR1 and ESR2 RNA levels
did not differ in male and female B and T lymphocytes, or in lymphocytes of pre- and
postmenopausal women [3]. Human plasmacytoid DCs in females and males also did not
differ in levels of ESR1 and ESR2 RNA [2].

The molecular mechanisms leading to sex differences in ER expression in particular
immune cells are yet to be defined. ER RNA and protein levels are autoregulated [17].
However, mechanisms by which different concentrations of estrogens in males and females
may lead to sex differences in ER expression in some cell types, but not others, remain
unclear, but are likely due to epigenetic regulatory pathways.

Hematopoietic progenitors in human and murine bone marrow also express ERs. CD34*
hematopoietic stem cells (HSCs) in human adult bone marrow, but not cord blood, express
both ESR1 and ESR2 [18]. In mice, Esrl is expressed by adult bone marrow hematopoietic
progenitors [defined as lineage-negative Sca-1* c-kit* (LSK)], but not by fetal liver
progenitors [18, 19]. A recent study with highly purified murine HSCs (defined as LSK
CD150* CD487) showed that female and male HSCs express Esr1 but not Esr2 [20]. This
study also showed that female HSCs contain lower amounts of Esr1 RNA than male HSCs

Cell Immunol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kovats

Page 3

[20]. Murine myeloid progenitors (lineage-negative Sca-1~ c-kit* FIt3*) express Esr1 but
not Esr2 [19]. Of note, data reported in the Immunological Genome Project
(www.immgen.org) show that murine hematopoietic progenitors including HSCs, the CLP
(common lymphoid progenitor), the ETP (early T lineage progenitor) and myeloid cell
progenitors contain significantly more Esrl RNA than mature immune cells.

In addition to full-length ERa and ERp proteins, splice variants leading to truncated proteins
have been described. For example, human macrophages predominantly express the N-
terminal truncated ERa46 protein, which is regulated by estradiol [21].

2. ER signaling mechanisms

ERs are ligand-dependent transcription factors that mediate long-range chromatin
interactions. ERs form complexes at specific DNA sites with chromatin-modifying
coregulators and other transcription factors, leading to epigenetic modifications of chromatin
as well as transcription initiation [22]. The nuclear or “genomic” actions of ERs mediate
many physiological effects of estrogens.

Studies of breast cancer cells have revealed mechanisms for the recruitment and action of
ERs at specific sites on DNA [23]. Lineage-specific epigenetic marking (via post-
translational modification of histones) of DNA regulatory elements guides pioneer factors
that remodel compacted chromatin, increasing accessibility of specific DNA sites to
transcription factors such as ERa. The pioneer factors found at >80% of ERa binding sites
include FOXAL, PBX1, AP-2y, TLEL, PBX1 and GATAS. ERa is preferentially recruited to
DNA elements present in open chromatin, characterized by DNAse | hypersensitivity sites.
ERa binds to regulatory elements or enhancers that are distant (e.g. 10-100 kb) from the
promoters of target genes, and is involved in establishing chromatin loops that bridge these
distal ERa bound elements to transcription start sites [24]. Once bound, ERa forms
complexes with coactivator proteins that carry out chromatin modification, leading to
increased recruitment of RNA polymerase 11 and additional chromatin remodeling. The
activation function AF-1 and AF-2 domains mediate the DNA binding activity of ERs.
Mutants of these domains have been used to determine if a particular estrogen response
requires the DNA binding activity of ER.

Nuclear ERs directly bind estrogen response elements (ERES), or are tethered indirectly to
DNA by forming complexes with other transcription factors that bind DNA via their own
consensus sequences [25]. ERs often bind to DNA associated with transcription factors (e.g.
NF-xB, SP1, AP-1, C/EBPp) that are important for immune cell function [26]. Structurally
distinct ligands impart specific unique conformations to ER dimers, and this regulates the
recruitment of coregulators and histone-modifying enzymes into multi-protein transcription
complexes [1]. Ligand-free ERa also can participate in transcriptional complexes [27]. The
complex of ERa, coregulators and histone-modifying enzymes leads to post-translational
histone modifications (acetylation, phosphorylation, methylation) that alter chromatin
structure [22]. Transcriptional coregulators act as coactivators or corepressors (or both), and
remodel chromatin in configurations that are permissive or inhibitory for transcription. ERs
can recruit coactivators such as SRC1 that have histone acetyltransferase activity, or they
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can interact with acetyltransferases such as p300/CBP, leading to transcriptional activation.
ER corepressors such as NCOR can complex with histone deacetylases, leading to gene
repression.

Estrogens also elicit rapid (seconds to minutes) nonnuclear (“nongenomic”) signal
transduction, now termed membrane-initiated steroid signaling (MISS). The rapid MISS
effects include mobilization of intracellular calcium, generation of CAMP, modulation of
potassium currents, phospholipase C activation, nitric oxide production and the stimulation
of protein kinase pathways such as PI3BK/AKT and ERK [28]. MISS is mediated by a
fraction of ERa that is associated via a palmitoylated site (Cys 447 in humans) with the
cytosolic face of the plasma membrane. In the plasma membrane, ERa is localized to
caveolae/lipid rafts by direct binding to caveolin-1 through Ser 522 or indirectly via scaffold
proteins [28]. MISS responses have been studied using synthetic estrogen-macromolecule
conjugates that cannot enter the nucleus [29], or by mutating the palmitoylation site at Cys
447 (Cys 451 in mice) [30, 31].

Active research is addressing whether membrane-initiated and transcriptional activities of
ERs are integrated to produce one unique effect or represent parallel pathways with distinct
effects. The two pathways can be distinguished using human or murine loss of function
mutants, which abolish either the AF-2 domain required for the nuclear pathway, or
eliminate membrane localization via mutation of the C447 palmitoylation site. In murine
models, this approach showed that some estradiol-induced events require only one of the
two mechanisms, and this depends on the target tissue. AF-2 mutant mice selectively lack
nuclear ER actions, while mice lacking the C451 palmitoylation site are selectively deficient
in known membrane ER actions [30]. Analyses of gene expression in the uterus showed that
the majority of estradiol-dependent gene regulation is dependent on the AF-2 domain rather
than membrane localization, suggesting minimal crosstalk between the two pathways.
However, a study with human cells showed that the membrane ER localization via
palmitoylation is important for delaying ERa degradation, and is required for ERa S118
phosphorylation and estradiol-induced ERa occupancy at ERE sites [31]. These data suggest
that ERa. membrane localization and extranuclear signaling can be a prerequisite for ERa
transcriptional activity. This is consistent with prior work showing that MISS pathways can
lead to histone modifications and altered chromatin structure near estrogen-regulated genes
[1, 22].

Investigation of mechanisms by which ligand-bound ERs modulate gene expression
programs in immune cells or their precursors will increase our understanding of how
estrogens modulate immunity. While recent studies of AF-1- or AF-2-deficient mice, and
mice bearing an ERa mutant that cannot bind ERE, have advanced this field [32, 33], we
still lack a detailed understanding of the mechanisms of ER-mediated nuclear or MISS
responses in innate immunity.

3. ERs regulate innate immune signaling pathways

ER activity has been shown to augment and dampen innate immune signaling pathways in
dendritic cells and macrophages. An emerging theme is that ERa and physiological adult
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levels of estradiol promote the production of type I interferon (IFN). However, estradiol and
ERs have been reported to exert either positive or negative regulatory effects on pro-
inflammatory cytokine production; this varies with the cell type or estrogen dose. Pregnancy
or higher doses of ectopic estrogens typically suppress immune responses. Sex differences in
expression of genes involved in innate immunity also have been reported, and in some cases
these differences are abolished in gonadectomized mice or differ in pre- and postmenopausal
women, suggesting that ER signaling may regulate these genes [34, 35].

ER activity may regulate the function of innate immune cells via one of several mechanisms
outlined here, or by additional mechanisms such as induction of microRNAs [36, 37].

(i) ER-induced epigenetic changes in DC precursors may alter gene expression programs
governing mature DC functional responses. For example, due to increased levels of
circulating estradiol, DCs that develop in adult female mice may harbor more open
chromatin at genes encoding innate immune signaling intermediates and type | IFN than
DCs in male mice. This might explain the more robust production of type | IFN observed in
females. In the case of pregnancy, exposure of differentiating DCs to the high estriol levels
could result in epigenetic changes in a gene program that promotes a tolerogenic DC
phenotype.

(if) ERs may act acutely during mature DC activation to directly regulate gene expression.
For example, upon DC stimulation via pattern recognition receptors or cytokines, ERs may
be recruited directly to DNA regulatory elements to promote or inhibit expression of genes
involved in innate immunity. As described below, ERa forms complexes with or regulates
multiple NF-xB pathway members to control cytokine responses. Furthermore, ERa may
have distinct molecular effects when it is ligand-bound vs. ligand-free, and this will be
influenced by ligand concentration and structure.

(iii) ER expression itself may change when innate cells are stimulated. For example, LPS
stimulation leads to a decrease in Esr1 RNA in endothelial cells [38]. If ERa were to
normally participate in an inhibitory complex to repress a gene, a decrease in ERa
expression after Toll-like receptor (TLR) signaling might allow increased expression of pro-
inflammatory genes. In contrast, IFNa stimulation of murine splenocytes leads to increased
levels of both Esr1 RNA and ERa protein [39]. This leads to increased expression of both
IFNa and ER responsive genes.

It is also of interest to consider how differences in ER expression levels or in ER ligand
concentration could lead to differential ER signaling in females and males. Although
examples of gene expression differences in males and females have been reported, few
studies have directly correlated these transcriptional profiles with ER RNA or protein
expression or with an independent measure of the strength of ER signaling. Such a study
might be additionally complicated by the dynamic transcriptional and post-transcriptional
regulation of ER levels that occurs upon cellular activation. An in vivo reporter of ER
activity might help to correlate ER expression with the strength of ER signaling, and to
determine if this differs in females and males [40].
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3.1. Induction of Type I Interferon

Multiple reports show that estradiol acting via ERa promotes the production of type | IFN.
This may be due to induction of genes in the innate stimuli sensing pathways or direct
regulation of type I IFN genes. Indeed, a body of work shows that estradiol promotes type |
IFN-inducible innate pathways in murine splenocytes, including expression of the Unc93b1,
p202, Aim2, Irf5, and Baff genes [41-43]. Consistent with this, these studies also show that
these IFN pathway genes are expressed at higher levels in females at baseline and after IFN
stimulation [41-43]. These studies support the hypothesis that ERa and interferons interact
in a mutually positive feedback loop to regulate innate immunity [39]. TRIM-21 also is
induced by estradiol/ERa in human monocytes, and this leads to increased IRF3 stability
and production of IFNf and IL-23 [44]. Estradiol also increases expression of the TLR8 gene
in human PBMCs [45].

Models of mice bearing conditional alleles of Esr1 and specific promoter-driven Cre
recombinase enable the study of cell type-specific ER deficiency in the context of
physiologically normal cycling levels of ER ligands. Mice lacking ERa in CD11c¢* DC were
used to study DC responses to TLR ligands [6]. Upon injection of nucleic acid ligands of
TLRY and TLR9, ERa-deficient pDCs in females with intact ovaries produced less IFNa,
showing that ERa signaling acts directly in pDCs to promote IFNa synthesis. This type of
study will help to identify sex differences in ER-regulated immune responses in specific cell
types and in response to distinct estradiol levels in vivo.

Human female PBMCs or pDCs also produce significantly more IFNa in response to viral
nucleic acids or synthetic TLR7 ligands than male cells [46, 47]. The sex difference could
not be reproduced by short-term in vitro exposure to estradiol, suggesting that long-term
exposure to higher levels of estrogens in pre-menopausal females leads to greater pDC
function. In support of this, a one-month treatment of post-menopausal women with
estradiol leads to a greater fraction of blood pDC capable of producing IFNa upon
stimulation via TLR7 or TLR9 [6]. These data suggest that the action of estradiol during DC
differentiation increases pDC functional capacity. Indeed, transfer of human female CD34*
hematopoietic stem cells into female or male immunodeficient mice showed that the human
pDCs that develop in female mice have a greater capacity to produce IFNa [6]. A second
study in which human female or male CD34* stem cells were transferred into male or
female recipient mice showed that the sex of the donor cells also influences type | IFN
production, with female pDCs having a greater intrinsic capacity to produce IFNa even in a
male host [2]. This result could be due to XX chromosome content in female cells, as
incomplete X inactivation could lead to increased expression of X-linked genes. Alternately,
the female CD34" cells may bear distinct epigenetic marks acquired during their own
development that could influence the function of descendent pDCs. These studies help to
explain differences in pDC function that occur between males and females, as well as in pre-
and post-menopausal women.

The ability of estradiol and ER signaling to augment these type | Interferon pathways may
help to explain the profound female sex bias in systemic lupus erythematosus, an
autoimmune disease characterized by high levels of IFN [48]. The crosstalk of the ER and
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type | IFN pathways also may help to explain sex differences in pathogenesis of HIV, as
well as the ability of estradiol to protect HIV-infected cells. As mentioned above, pDCs
from female HIV patients produce more IFNa than male pDCs [46]. Estradiol also induces
type I IFN in human monocyte-derived macrophages, thus protecting them from HIV
infection [49]. A second study showed that estradiol reduces the susceptibility of
macrophages to HIV infection, possibly by inhibiting virus entry, which may be related to
the ability of estradiol to increase expression of IFN-induced antiviral genes [50].

3.2 Pro-inflammatory cytokine responses

Multiple studies show that ERa promotes production of proinflammatory cytokines in
response to TLR ligand stimulation of dendritic cells and macrophages. pDCs isolated from
ERa ™/~ lupus prone mice and stimulated with TLR9 ligands produce less IL-6 [51]. Other
work showed that ERa ™~ bone marrow derived DCs stimulated with TLR ligands produce
lower amounts of IL-6, IL-23, IL-12 and IL-1f, in some cases due to decreased transcription
of cytokine genes [32, 51-53]. This work is consistent with studies showing that estradiol
increases production of 1L-12 by DCs [52, 54]. Deletion of a conditional ERa allele
preferentially in myeloid cells using LysM-driven Cre showed that estradiol enhances TLR4
signaling in macrophages in vivo, leading to increased IL-6, IL-18 and iNOS [55]. Estradiol
augments this pathway by reducing inhibitory PI3K signaling and Akt phosphorylation in
macrophages. These and similar studies help to explain the superior immune response to
infection often observed in females [56].

In contrast, work in several disease models has shown that levels of systemic estrogens at
the higher end of the normal spectrum promote anti-inflammatory responses. Estrus levels of
estradiol reduce the ability of murine DCs to secrete IL-23 and promote T17 responses
during Candida albicans infection [57]. Female mice infected with influenza experience
greater morbidity and mortality than males, which correlates with higher induction of
proinflammatory cytokines and chemokines such as TNFa, IFNy, IL-6 and CCL2 in females
[58]. In this model, administration of high doses of estradiol protects females against
damaging excessive inflammatory responses in the lung through recruitment of neutrophils;
this ERa-mediated response leads to increased TNFa and IFNy production by virus-specific
CD8* T cells in the lungs [58, 59].

The high levels of estradiol and estriol in pregnancy also decrease pro-inflammatory
immune responses. Mice treated with estriol contain tolerogenic DCs expressing increased
levels of inhibitory costimulatory molecules such as PD-L1 and immunoregulatory cytokine
mRNAs including 1110 and Tgfb. Adoptive transfer of these estriol treated DCs protects
against inflammatory autoimmune EAE [60]. Human DCs treated with pregnancy levels of
estradiol show a decreased antiviral response to RNA viruses due to suppression of type |
IFN synthesis and capacity to stimulate naive CD4 T cells [5, 61].

The mechanisms by which low and high physiological doses of estrogens differentially alter
ER activity to influence expression of immune response genes are unclear. One possibility is
that low and high levels of estradiol induce distinct ER-containing transcriptional
complexes, and this leads to different patterns of epigenetic marks on genes within
functional pathways that promote or dampen inflammation. As described below, regulation
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of the NF-xB pathway by estrogens and ERs is complex, and more work is needed to fully
understand the ability of ER signaling to both augment and inhibit cytokines dependent on
NF-xB or other innate signaling pathways.

3.3 Inhibition of NF-xB signaling

ERa participates in NF-xB transcriptional complexes, in many cases with inhibitory effects
on both ER and NF-xB mediated transcriptional activity [62]. The inhibition of the NF-xB
pathway by ERs often limits the extent of the inflammatory response and occurs by several
mechanisms [63]. Some of these molecular mechanisms are highlighted here, as they
provide instructive examples of how ERs can regulate gene expression. ERs also have been
reported to have regulatory interactions with many other transcription factors (e.g. SP1,
AP-1) involved in innate immune pathways.

(i) Displacement of coactivators. ERa and NF-xB p65 interact directly on the promoter of
the MCP1 gene, but ERa displaces the coactivator CBP (CAMP response element-binding
protein (CREB)-binding protein), leading to suppression of the gene [64]. In a similar
mechanism, ER displaces p65 and associated coregulators from the 1L-6 gene [64]. (ii)
Recruitment of corepressors. TNFa stimulation induces a complex of NF-xB p50-p65, CBP
and ligand-free ER that leads to transcription of the TNFA gene. However, when estradiol is
present and the complex contains ligand-bound ER, the corepressor GRIP1 is recruited to
the complex and the TNFA gene is suppressed [27]. Similarly, the HPV16 E7 protein
induces a transcriptional repressor complex involving ERa on the TLRO promoter in human
epithelial cells [65]. An inhibitory complex of NF-xB p50—p65 plus ERa (phosphorylated at
Ser 118) recruits the histone demethylase JARID1b and histone deacetylase HDACL,
leading to decreased methylation and aceylation of histones upstream of the TLR9
transcription start site. An ERE is within 200bp of the NF-xB cis element. This inhibitory
ERa-NF-xB complex suppresses TLR9 expression, thus decreasing production of type |
IFN (and IFN-induced antiviral genes) and pro-inflammatory cytokines. (iii) Enhancing

| iBa levels. Estradiol promotes the new synthesis of 1xBa, thus inhibiting NF-xB signaling
and inflammatory gene expression in smooth muscle cells [66]. (iv) Inhibition of NF-xB
nuclear translocation. Estradiol inhibits the nuclear translocation of p65, c-Rel and RelB.
Despite this, estradiol increases cytokine production in murine splenocytes by inducing the
association of Bcl-3 and NF-xB p50 and promoting the posttranslational modification of
Statl and NF-xB subunits [67, 68]. (v) Repression of Ikbkg. IKBKG is the regulatory
subunit of the inhibitor of NF-xB kinase (IKK) complex, which degrades 1xBa, leaving NF-
kB dimers free to translocate into the nucleus. Estrus levels of estradiol decrease Ikbkg
transcription in murine dendritic cells. This limits IKK activity and reduces the nuclear
translocation of NF-xB [69].

4. Regulation of immune cell differentiation by estrogen receptors

As described below, ERa acts directly in HSCs, lymphoid progenitors and myeloid
progenitors to promote developmental pathways. ER action in hematopoietic progenitors
may have several consequences: (i) ERs may induce epigenetic changes in precursors that
influence downstream developmental pathways or functional responses in mature cells. (ii)
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ERs may directly promote a developmental pathway by binding directly to a specific gene or
genes within a pathway.

Multiple studies have shown that ER signaling regulates hematopoietic progenitor
populations during homeostasis, and this likely regulates the number and type of immune
cells present in vivo. However, because estradiol and ERs have been implicated in the
inflammation that occurs during infection and autoimmunity, it is important to consider the
effects of ER signaling on new immune cell development during inflammation. The
development of innate immune cells may be particularly susceptible to changes in ER ligand
concentration in the host due to their short lifespan (days). Augmentation of the
inflammatory pathway of DC development by ERa signaling may lead to increased numbers
of inflammatory DCs in tissues and lymphoid organs that can direct innate and adaptive
immune responses. Examples of ER signaling in HSCs and in myeloid progenitors are
described below.

4.1. Hematopoietic stem cells

A recent study shows that HSCs divide more frequently in females than in males [20]. The
increased HSC cycling requires HSC-intrinsic ERa and is driven by endogenous estradiol in
females: both ovariectomy and an aromatase inhibitor reduce cycling to levels seen in males.
Pregnancy also induces a significant increase in HSC division. Interestingly, the lower levels
of estradiol in unmanipulated males are insufficient to promote increased HSC cycling,
suggesting threshold amounts of estradiol are necessary for HSC self-renewal. Although
androgens modulate lymphopoiesis [70, 71], HSCs do not express androgen receptors and
their cycling is not driven by testosterone.

Despite their increased self-renewal, HSC numbers do not differ in females and males.
However, normal female mice have an elevated frequency of megakaryocyte-erythroid
progenitors (MEPSs) but not other lineage-restricted progenitors, suggesting that the
increased HSC cycling promotes their progression to erythroid cells [20]. HSC subsets with
distinct lineage-specific gene expression programs likely arise due to epigenetic
modification [72], and higher levels of estradiol may promote the specialization to MEP.
HSCs isolated from mice exposed to exogenous estradiol have enrichment of cell cycle
genes and genes bearing a binding motif for the transcription factor E2F1 [20], which is
itself regulated by estradiol [73]. These data suggest that an estradiol-induced gene
expression program may be restricted to a subset of HSCs or promote MEP differentiation.

Thus, ERs may respond to higher estrogen levels in females to generate female-specific
epigenetic modifications of chromatin in HSCs. This ER effect could modulate the HSCs
directly, or it could alter the responses of descendent precursors and mature immune cells.
Effects of estradiol/ER signaling in hematopoietic progenitor engraftment have been
reported. The LSK population in estradiol-treated mice is less quiescent and yields superior
immune reconstitution upon transplant to irradiated mice [74]. Similarly, transplantation of
human HSCs into immunodeficient mice is superior when the recipients are female [75].
Interestingly, HSCs isolated from autoimmune female, but not male, mice show intrinsic
capacity to induce lupuslike autoimmunity in both female and male recipients [76]. This is
consistent with long-term epigenetic effects of ER signaling in the donor female HSCs.
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Inflammatory signals including type I IFN and Toll-like receptor ligands also drive HSCs
into cycle, but ultimately lead to HSC exhaustion, as well as promoting a myeloid bias of
HSCs [77]. Interestingly, HSCs in estradiol-treated mice appear to become exhausted
sooner, since their serial transplant eventually leads to reduced numbers of granulocytes,
although not lymphocytes [74]. It is possible that ER signaling in females accelerates
inflammation-induced HSC cycling, thus contributing to the female bias in autoimmunity.

4.2. Dendritic cell development

Experiments with mice pregnant or treated with supra-physiological estradiol levels showed
that variations in systemic estrogen levels in vivo regulate development of plasmacytoid DC
(pDC) and B lymphocytes via effects on the common lymphoid progenitor (CLP) and
lymphoid-primed multipotent progenitors [78-81]. In addition, estradiol acts via ERa in
myeloid progenitors to decrease FIt3L-driven DC differentiation, a pathway predominant in
homeostasis [19]. These data suggest that estradiol/ER signaling regulates hematopoietic
progenitor homeostasis to limit the number of myeloid and lymphoid progenitors in the
steady state.

In contrast, we and others have determined that estradiol and ERa signaling promote the
GM-CSF-mediated differentiation of DCs from murine hematopoietic progenitors or human
and rat monocytes [11, 12, 19, 52, 53, 82-84]. Estradiol acts in highly purified ERa* ERB~
myeloid progenitors (Lin~ c-kit* Sca-1~ FIt3* IL-7Ra") in murine bone marrow to promote
GM-CSF-mediated DC differentiation [19]. Kinetic experiments showed that estradiol
signals via ERa to promote differentiation of myeloid progenitors within the first 24 hours
of culture, suggesting an effect on initiation of DC differentiation [82]. At the molecular
level, ERa signaling increases levels of interferon regulatory factor 4 (IRF4), a transcription
factor that acts downstream of the GM-CSF receptor to promote DC differentiation [32, 82].
These studies were recently reviewed [85].

The results in the GM-CSF-driven culture model suggest that ERa signaling promotes new
DC differentiation during inflammation in vivo. To determine the relative efficiency of DC
differentiation from ERa* and ERa™~ bone marrow precursors in vivo, we analyzed the
CD11c* CD11b* DC subset present in mixed ERa*/ERa™~ bone marrow chimeric mice at
an early time point (3 weeks) post-reconstitution when myeloid cells have developed. In this
model, DC development occurs in the post-radiation inflammatory environment in which
both GM-CSF and FIt3L may be elevated. In the chimeric mice, newly differentiated
CD11b* DCs in bone marrow are derived preferentially from ERa* donor cells (~2:1 ratio
of ERa* to ERa™~ DCs) [82]. These data show that during radiation-induced inflammation
and hematopoiesis in vivo, ERa signaling promotes CD11b* DC development from short
term repopulating bone marrow progenitors.

5. Conclusion

A significant body of work now shows that estradiol and ER signaling regulate
inflammatory pathways of innate immune cells, including dendritic cells and macrophages.
Lower physiological levels of estradiol generally promote pathways leading to production of
type | IFN, and often pro-inflammatory cytokines. However, in some cases ER signaling
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dampens these pathways even in lower estrogen environments. Higher physiological or
supraphysiological levels of estrogens most often foster anti-inflammatory responses that
attenuate inflammation. Similarly, ER signaling promotes or dampens new immune cell
development through effects on hematopoietic progenitors. Despite these advances, we still
lack detailed information about the molecular mechanisms of ER signaling in immune cells.
The majority of studies have focused on the nuclear activity of ligand-bound ERs, with an
emphasis on specific gene regulation. However, new tools to study membrane-initiated ER
signaling may help to understand more rapid responses to estradiol in innate immune cells.
Genome-wide analyses of epigenetic marks or ER binding sites in response to estradiol/ER
signaling in innate immune cells would provide a more comprehensive picture of regulatory
mechanisms. This type of work would reveal whether ERs act to mediate epigenetic changes
at multiple genes linked in a pathway, or alternately, if ERs regulate specific pathways by
acting to promote or inhibit a master regulator. Ultimately, investigation of ER-mediated
regulatory mechanisms with new available molecular tools will increase our understanding
of how estrogens and sex differences lead to profound effects on immunity and
autoimmunity.
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