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Abstract
Estrogen receptor (ER) ligands can modulate innate and adaptive immunity and hematopoiesis, which
may explain the clear sex differences in immune responses during autoimmunity, infection or trauma.
Dendritic cells (DC) are antigen-presenting cells important for initiation of innate and adaptive
immunity, as well as immune tolerance. DC progenitors and terminally differentiated DC express
ER, indicating the ER ligands may regulate DC at multiple developmental and functional stages.
Although there are profound differences in innate immunity between males and females or upon
systemic imposition of sex hormones, studies are just beginning to link these differences to DC. Our
and others studies demonstrate that estradiol and other ER ligands regulate the homeostasis of bone
marrow myeloid and lymphoid progenitors of DC, as well as DC differentiation mediated by GM-
CSF and Flt3 Ligand. Since DC have a brief lifespan, these data suggest that relatively short exposures
to ER ligands in vivo will alter DC numbers and intrinsic functional capacity related to their
developmental state. Studies in diverse experimental models also show that agonist and antagonist
ER ligands modulate DC activation and production of inflammatory mediators. These findings have
implications for human health and disease since they suggest that both DC development and
functional capacity will be responsive to the physiological, pharmacological and environmental ER
ligands to which an individual is exposed in vivo.
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1. Introduction
Clear sex biases in autoimmune disease and immunity against pathogens have been observed
in humans and rodent models [1]. Progenitors and mature cells of the immune system express
estrogen receptors (ER) and androgen receptors (AR), suggesting that steroid sex hormones
directly modulate the development or function of immune cells, although the mechanisms by
which this might occur are not well understood. Studies of immune responses in the normal
state, during autoimmunity and after infection or trauma indicate that ER ligands can modulate
innate and adaptive immunity and hematopoiesis [2–7]. Multiple studies have provided some
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evidence that normal or manipulated systemic levels of ER ligands alter antigen presenting
cell (APC) numbers or functional capabilities in vivo or in vitro [6]. This review will discuss
reports that ER ligands regulate dendritic cell (DC) differentiation and function, including our
own work.

DC are antigen presenting cells important for both innate and adaptive immunity [8]. Multiple
DC subsets in vivo have been distinguished on the basis of location, surface markers, function
and migratory capacity, and whether they are present in steady-state conditions or develop as
a consequence of inflammation or infection [9,10]. DC begin innate immune responses via
their ability to sense invariant pathogen molecules and secrete inflammatory cytokines. After
activation and antigen exposure, DC display high levels of MHC-bound antigens and
costimulatory molecules and produce cytokines, leading to the activation and differentiation
of naïve T cells. DC also have a role in immunological tolerance [11]. Dysregulated DC
function has been implicated in the pathogenesis of human autoimmunity and in murine
autoimmune disease models, including diseases that preferentially affect women such as
systemic lupus erythematosus (SLE) [11–13]. Thus an increased understanding of how sex
hormones influence the development and function of DC will be of clinical interest.

2. Estrogen receptor expression, ligands and signaling pathways
Two subtypes of ER, α and β, form homodimers and heterodimers. Both ERα and ERβ are
expressed in lymphoid organs and by hematopoietic progenitors in bone marrow (BM) [14,
15]. ERα, and in some cases ERβ, expression by professional APC including B lymphocytes,
DC, macrophages, and monocytes has been reported [1,16–19]. Murine splenic DC and
peritoneal macrophages were reported to express ERα but not ERβ [20]. We have documented
the expression of ERα and ERβ by murine DC generated during GM-CSF driven differentiation
[21,22]. However, we detected ERα, but not ERβ, mRNA in the BM myeloid progenitors that
give rise to DC (EC and SK, manuscript submitted [23]). The relative expression and functional
role of ERα and ERβ in immune cells, including DC, needs further study. Thus, DC progenitors
and terminally differentiated DC express ER, indicating that ER ligands may regulate DC at
multiple developmental and functional stages.

Ligand-bound nuclear ER are transcription factors and directly bind estrogen response
sequences in regulatory regions of genes or form complexes with other transcription factors
such as AP-1 [24]. Each structurally distinct ligand imparts a specific conformation to ER
dimers, leading to recruitment of distinct profiles of coactivators or corepressors into multi
protein transcription complexes [25]. Ligation of ER may lead to disparate patterns of gene
expression in different cell types, depending on ligand form and concentration, the relative
cellular expression of the two ER, and the availability of coactivators or corepressors [26,27].
The genomic targets of ligated ER include genes involved in cellular differentiation, growth
and survival [24]. Since tissue-specific responses to ER ligands result from control of discrete
sets of genes, and depend on the relative expression of ER αα or ββ homodimers and αβ
heterodimers, it will be important to define which receptor is involved in an immune response.
ERα and ERβ have distinct and common target genes [28], and in some cell types, ERβ action
modulates gene expression networks regulated by ERα [29].

Estrogens also elicit rapid (within minutes) “non-genomic” changes in cells such as alterations
in signaling pathways due to stimulation of kinases or phosphatases, or Ca++ fluxes across
membranes; currently there is no consensus as to whether these rapid signaling responses
involve the classical ER [25,30]. In ligand-independent pathways, ER function as transcription
factors after being phosphorylated by kinases activated by growth factor receptor signaling
[25].
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Throughout life, the body is exposed to variable levels of both endogenous and exogenous ER
ligands, which are likely to impact both DC differentiation and function during homeostasis
and inflammation. Endogenous estrogens produced by the body include estrone (E1), 17-β-
estradiol (E2) and estriol (E3). E2 is the major form present in adults and E3 is present at high
levels only during pregnancy. Other ER ligands include pharmacological agents termed
selective ER modulators (SERM) such as tamoxifen and raloxifene used for prevention or
treatment of breast cancer and osteoporosis [31], dietary phytoestrogens such as the soy
isoflavones [32], and environmental endocrine disruptors including organochlorine pesticides
and the industrial chemical bisphenol A used in manufacture of plastics [2].

There are several important issues to consider when setting up experimental models in which
ER expression or ER ligands are manipulated. A common approach to study the effects of ER
signaling in immune cells has been to impose a constant level of E2 or other ER ligand in
vivo or in culture models. The wide range of E2 concentrations used in these studies has made
it difficult to discern a uniform effect of E2 on immune responses. The biological significance
of reported data would best be interpreted in the context of the concentration and duration of
E2 exposure, as well as other parameters such as the age and sex of the rodent, and whether
the rodent was ovariectomized or placed on a phytoestrogen-free diet. The KD of the ER for
E2 is reported as 0.1–1.0 nM (27–272 pg/ml). In humans, the peak serum level of E2 during
the menstrual cycle is 200 – 500 pg/ml and at term of pregnancy is 16,000 – 30,000 pg/ml;
estrogen replacement therapy results in serum levels of ~100 pg/ml [33]. Women receiving
daily oral tamoxifen achieve plasma levels of 200 nM (Physicians’ Desk Reference). Reported
serum levels of E2 in female mice cycle between ~25–35 pg/ml during diestrus and ~70–200
pg/ml during estrus; levels in male mice are ~8–15 pg/ml [34–36]. Differences in serum E2
levels between inbred murine strains also have been reported.

Thus, interpretation of future studies of the effects of E2 or other ER ligands on immune cell
function would be helped by documentation of either physiological or pharmacological levels
of the ER ligands achieved in vivo or in vitro, as well as ERα or ERβ expression by the specific
cell type being studied. Studies in mice lacking ERα or ERβ should help to clarify the role of
ER signaling in immune cell development and function, but these studies are complicated by
the fact that ERα-deficient mice have high circulating levels of estradiol [34], which might
alter the physiological role of ERβ. Furthermore, the absence of cross talk between the ERα
and ERβ signaling pathways in single ER knockout mice might influence experimental
outcome and conclusions regarding the relative roles of the two ER.

3. ER ligands regulate dendritic cell differentiation
3.1 Murine DC differentiation in cytokine-driven culture models

DC development from BM hematopoietic progenitors is instructed by granulocyte-macrophage
colony-stimulating factor (GM-CSF) or FMS-like tyrosine kinase 3 ligand (Flt3L) in culture
in vivo. Culture models in which DC differentiation is driven by Flt3L or GM-CSF lead to the
development of DC subsets that are observed in lymphoid organs and skin (Fig. 1). BM cells
cultured with Flt3L yield DC that are functionally and phenotypically equivalent to the
conventional myeloid (CD11c+ B220− CD11bhi) and lymphoid (CD11c+ B220− CD11blo) DC,
and plasmacytoid (CD11c+ CD11b− B220+) DC that are found in the spleen of mice in the
steady state [37]. In BM cultures, GM-CSF promotes the differentiation of two CD11b+

myeloid DC types, one of which is the correlate of epidermal Langerhans cells (CD11c+

CD11bint Ly6C− langerin+) [22,38]. As described below, we have found that estradiol acts in
opposing manners on BM myeloid progenitors during murine GM-CSF and Flt3L mediated
DC differentiation, suggesting that ER ligands are important regulators of cytokine receptor
signaling pathways that instruct DC differentiation (Fig. 1).
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GM-CSF mediated DC differentiation. Differentiation of myeloid DC occurs upon culture of
murine BM cells in GM-CSF for 7 days [38]. Since fetal calf serum (FCS) contains E2 and
phenol red is a weak ER agonist [39], we used steroid depleted (charcoal dextran stripped) FCS
and phenol red free RPMI to assess a requirement for E2 in BM DC cultures. Using this model
system with total BM cells, we have found that differentiation of DC requires physiological
amounts (near the KD of the ER, 0.1 nM) of 17-β-estradiol (E2) in the culture medium [21].
DC differentiation from both female and male BM cells was impaired in hormone deficient
medium and was restored by inclusion of > 0.05–0.1 nM E2 during the 7 day culture period.
The effect of E2 in hormone deficient medium was competitively inhibited by the steroidal ER
antagonist ICI 182,780, demonstrating that E2 acts via ER. When included in BM cultures
containing regular FCS, ICI 182,780 reduced DC numbers, indicating that DC differentiation
depends upon the E2 in FCS. DC differentiation from ERα−/− BM cells also was inhibited,
indicating an essential role for ERα. Testosterone or dihydrotestosterone did not restore DC
differentiation in hormone deficient medium, indicating a specific effect of ER, but not AR,
ligands [21].

The CD11c+ DC that develop in the GM-CSF driven BM cultures may be divided into two
distinct populations, CD11bint Ly6C− and CD11bhi Ly6C+ [22]. E2 was preferentially required
for the differentiation of the CD11bint Ly6C− DC, although it also promoted increased numbers
of CD11bhi Ly6C+ DC. The estrogen-dependent CD11bint Ly6C− DC displayed higher
intrinsic levels of MHCII and costimulatory molecules prior to activation than CD11bhi

Ly6C+ DC and showed the greatest increase in MHCII and CD80, CD83, and CD86 after
activation by Toll-like receptor (TLR) ligands, suggesting they were more potent APC. DC
that differentiated in E2-supplemented medium were fully functional in their capacity to
mediate presentation of self and foreign antigens and stimulate the proliferation of naïve
CD4+ T cells. The E2-dependent CD11bint Ly6C− DC preferentially expressed langerin
(CD207) and contained Birbeck granules characteristic of Langerhans cells (LC) [22]. In sum,
our data in the GM-CSF model show that estradiol promotes the differentiation of a functional
DC subset that most resembles epidermal Langerhans cells. Another study in a rat culture model
also showed that estradiol promotes GM-CSF mediated DC differentiation [40].

Flt3L mediated DC differentiation. Flt3L mediated DC differentiation from BM cells leads to
B220+ CD11c+ plasmacytoid DC and B220− CD11c+ “conventional” myeloid and lymphoid
DC [37]. To test the estrogen-dependence of this culture model, total BM cells were incubated
in Flt3L-supplemented steroid deficient medium without or with E2. Relative to vehicle treated
cultures, inclusion of physiological levels (0.1 nM) of E2 dramatically reduced the number of
viable cells, leading to a decrease in development of all DC subsets (EC and SK, manuscript
submitted [23]). Complementary results were observed in regular medium containing FCS;
inclusion of the ER antagonist ICI 182,780 increased the numbers of viable cells and
differentiated DC. Experiments with total BM cells from ERα−/− and ERβ−/− mice showed that
E2 acted primarily via ERα to decrease Flt3L-mediated DC differentiation.

In sum, use of these culture models has allowed us to dissect the clearly distinct effects of ER
ligands on the two cytokine driven pathways of differentiation (Fig. 1). Our data indicate that
physiological levels of estradiol promote GM-CSF-mediated and decrease Flt3L-mediated
murine DC differentiation, suggesting that ER signaling events can differentially regulate
cytokine receptor signaling pathways. We currently are studying mechanisms by which ER
signaling might regulate DC differentiation along these two pathways.

3.2 ER-mediated regulation of hematopoietic progenitors of DC
In the culture models of DC differentiation initiated from total BM cells, it was possible that
E2 regulated DC differentiation by acting on one or more hematopoietic progenitors, or on
mature cells in BM, which might produce factors necessary for DC differentiation. Thus we
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tested whether E2 acted directly on defined DC progenitors present in murine BM. Multiple
BM progenitors give rise to the phenotypically and functionally diverse DC populations present
in vivo. Based upon transfer of defined progenitor populations into mice, the flt3+ fractions of
the common myeloid progenitor, CMP (Lin− c-kit+ Sca-1− CD34+ FcγRlo IL-7Rα−) and the
common lymphoid progenitor, CLP (Lin− c-kit+ Sca-1lo IL-7Rα+) were each found to give rise
to all DC subsets in vivo including splenic myeloid, lymphoid and plasmacytoid DC, and
epidermal Langerhans cells [41–44]. In addition, some progenitor populations had more
restricted DC subset potential. An early lymphoid progenitor (ELP), defined as Lin− c-kithi

Sca-1hi IL-7Rα− RAG-1+/−, yielded two plasmacytoid DC populations in vivo [45]. A Lin− c-
kit+ CD11b− CX3CR1+ clonogenic progenitor specific for macrophages, myeloid DC and
monocytes also was defined [46].

We have found that ER ligands act directly on the same highly purified BM flt3+ myeloid
progenitors to regulate the DC differentiation mediated by either Flt3L or GM-CSF (EC and
SK, manuscript submitted [23]). These data indicate that ER signaling in DC progenitors
regulates cellular differentiation by differential interaction with cytokine receptor signals. Our
finding suggests a revised paradigm for understanding certain cell type specific effects of ER
ligands. The current paradigm is that ER ligands have agonist or antagonist activity in a
particular cell type depending on cell-intrinsic factors such as the complement of transcriptional
coactivators and corepressors. In contrast, our data show that depending on the extracellular
cytokine environment, the same highly purified cell type can respond differently to estradiol
or an ER antagonist.

Some information is available about the sensitivity of DC progenitors to variable E2 levels in
vivo. Plasmacytoid DC (pDC) were reported to arise with differential efficiency from flt3+

myeloid progenitors (CMP) and lymphoid progenitors, including the ELP and the CLP [42,
45,47–50]. The sensitivity of pDC differentiation to the imposition of constant supra-
physiological levels of E2 to ovary intact mice was used to determine the nature of pDC
progenitors in vivo. Imposition of E2 for 1–2 weeks profoundly decreased numbers of BM
lymphoid progenitors including the ELP and the CLP, while sparing myelopoiesis and reducing
BM pDC numbers [5,47]. These data suggested that pDC arise from E2-sensitive lymphoid
progenitors. In another study, in vivo E2 treatment significantly depleted the ELP and CLP,
yet also reduced numbers of CMP to a lesser extent, indicating that albeit less profound, E2
also negatively regulates numbers of myeloid progenitors in vivo [48]. Despite this reduction
in numbers of myeloid and lymphoid progenitors, pDC numbers in BM and spleen were
unaffected by E2 in the study, suggesting that pDC arise from myeloid progenitors that are
relatively insensitive to E2 [48].

These studies of mice subjected to a constant supra-physiological level of E2 suggest
differential sensitivity of myeloid and lymphoid progenitors to negative regulation by ER
agonists. In sum, our and others data show that ER signaling regulates DC progenitor
homeostasis, with agonist ER ligands such as E2 serving to limit the number of myeloid and
lymphoid progenitors in the steady state.

3.3 Regulation of DC differentiation by selective ER modulators
Selective ER modulators (SERM) are a class of pharmacological compounds that are used to
modulate ER-mediated responses in vivo. SERM in clinical use include drugs such as tamoxifen
and raloxifene, which are administered for prevention or treatment of breast cancer and
osteoporosis. SERM have cell-type specific agonist or antagonist effects, depending on the
cellular complement of coactivators or corepressors [31]. We showed that both tamoxifen and
raloxifene (10 – 500 nM) impaired GM-CSF mediated differentiation of the E2-dependent
CD11c+ CD11bint Ly6C− DC subset, indicating that these SERM act as ER antagonists on DC
BM progenitors, and when in excess, competitively inhibit E2 induced DC differentiation
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[51]. Although the numbers of DC in BM cultures exposed to SERM or the ER antagonist ICI
182,780 were reduced significantly, those DC that did develop displayed reduced resting levels
of MHC class II and costimulatory molecules relative to untreated DC, perhaps indicative of
an incompletely differentiated state (see section 4 below).

Human myeloid DC differentiation from monocytes is induced by GM-CSF and IL-4 in culture
models. Addition of E2 to human monocyte cultures increased the number of DC. [52] The
SERM toremifene and tamoxifen inhibited the differentiation of human ER+ monocytes or
synovial MØ into DC [16,53]. It is of note that SERM were used at 10 µM in these studies, a
relatively high concentration (~2.8 µg/ml) since the steady state plasma concentration in
humans taking oral tamoxifen at 20 mg/day is ~120 ng/ml (Physician’s Desk Reference). Thus
ER ligands appear to have similar effects on GM-CSF mediated myeloid DC differentiation
from human monocytes and murine BM myeloid progenitors.

3.4 Regulation of DC differentiation by ER ligands: Potential biological significance
Our data support the hypothesis that ER ligands in combination with cytokines present in the
local extracellular environment will modulate pathways of DC differentiation and ultimately
regulate numbers of DC in tissues. The finding that ER signaling differentially regulates GM-
CSF and Flt3L mediated DC differentiation raises the question of how and when ER ligands
modulate these two pathways to regulate numbers of DC in vivo. Studies of mice lacking these
cytokines or their receptors, or mice subjected to supra-physiological levels of GM-CSF or
Flt3L, have shown that both GM-CSF and Flt3L contribute to steady state DC differentiation
in vivo [54–59]. Flt3L deficiency most significantly reduced all DC populations in lymphoid
organs, and decreased numbers of BM myeloid and lymphoid progenitors [54]. GM-CSF and
GM-CSFRβc deficient mice had a minor decrease in numbers of DC populations, with the
most significant impact on the steady state development of CD11bhi CD8α− DC, and exhibited
deficient T-cell function mediated by DC [60]. Studies of Langerhans cell (LC) development
in GM-CSFRβc deficient, GM-CSF transgenic and Flt3L-injected mice provided evidence that
the development of epidermal LC is dependent upon GM-CSF, while independent of Flt3L
[61]. These data are consistent with the differentiation of LC in GM-CSF but not Flt3L driven
culture models.

The role of GM-CSF as a regulator of myeloid cell survival, proliferation, activation or
differentiation in vivo is most prominent during inflammation, during which the production
and action of GM-CSF occurs locally [62]. In response to TNFα or IL-1, GM-CSF is produced
by multiple cell types and acts locally upon macrophages, neutrophils and GM-CSF receptor
bearing myeloid progenitors. While GM-CSF has a minor but normal role in DC (including
LC) differentiation in the steady state, GM-CSF mediated DC differentiation is likely to be
most important in vivo as GM-CSF levels rise during inflammation resulting from infection,
injury or autoimmunity. Indeed, LC turn over very slowly in the steady state, and are replaced
by newly differentiated cells only after skin inflammation leads to LC migration from the skin,
suggesting that GM-CSF induced by inflammation may promote LC differentiation [43,63].
Thus, we hypothesize that agonist ER ligands in synergy with GM-CSF receptor signaling will
have the most impact on LC differentiation and on new DC differentiation that might occur
during systemic or local inflammation.

In contrast, the negative regulation of DC progenitors and Flt3L mediated DC differentiation
by ER agonists including estradiol may lead to a homeostatic level of DC numbers in lymphoid
organs that are optimal for maintaining immunity in adults. The number of newly differentiated
DC during pregnancy also might be expected to decrease due to this negative regulation of DC
progenitors in BM.
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In sum, our and others data suggest that due to the action of ER ligands on myeloid progenitors,
DC differentiation in vivo will be responsive to physiological, pharmacological and
environmental ER ligands present in the individual. These effects of ER ligands are likely to
be dependent on the DC-promoting cytokine pathways that might be operative in the steady
state or during inflammation and disease.

4. Regulation of DC activation or function by ER ligands
In our experiments with the GM-CSF driven culture model, immature (resting) DC that
differentiated in the presence of the ER antagonist ICI 182,780 or the SERM tamoxifen or
raloxifene showed decreased MHCII and CD86 surface expression relative to vehicle treated
cells [51]. Upon incubation with activating TLR ligands such as bacterial LPS, SERM-exposed
DC were hyporesponsive; these DC showed a significant impairment in upregulation of MHCII
and CD86, as well as IL-12 production, despite normal levels of TLR4. Thus the DC that
differentiate in the context of altered or deficient ER signaling have a developmental defect
that makes them less capable of initiating an activation program in reponse to TLR ligands.
Consistent with this observation, addition of SERM to differentiated DC only during LPS
activation did not impair the increase in surface expression of MHCII nor CD86, suggesting
that SERM do not directly modulate signals resulting from TLR signaling in myeloid DC. Thus
the influence of ER ligands on DC development may ultimately affect their subsequent
functionality.

However, work in other culture models has provided evidence that ER ligands may directly
activate or inhibit antigen presenting cell function of DC. Splenic DC cultured in vitro for 48
hr with E2 (500–2000 pg/ml) showed reduced capacity to present antigen to T cells [64]. In
contrast, culture of splenic CD11c+ DC for 5 days with comparable amounts of E2 (2500 pg/
ml) increased MHCII gene transcription, leading to DC with increased surface MHCII and
capacity for stimulation of antigen-specific T cells [65]; E2 also increased viability, MHCII
surface expression and T cell stimulatory capacity of splenic CD11c+ DC in another study
[66].

A few studies have addressed the effects of ER ligands on human DC function in vitro, but the
significance of some of these studies is limited by the very high concentrations of ER ligands
used. A short term exposure of monocyte-derived DC to supra-physiological (above those of
pregnancy) levels of E2 (1–20 µg/ml) led to increased production of pro-inflammatory
cytokines and chemokines [67]. In another study, DC generated from human monocytes
produced more IL-10 and less IL-18 in response to E2, without changes in surface MHCII or
costimulatory molecules [68]. Human DC incubated with levels of SERM (5–10 µM) above
typical pharmacological concentrations showed impaired activation and function [16]. In
response to maturation stimuli, SERM treated human DC failed to increase expression of CD1a,
CD83 and HLA-DR, produced little IL-12p70, and were unable to stimulate mixed lymphocyte
reactions.

Compared to the paucity of information regarding effects of ER ligands on DC activation and
function, there is a significant body of work describing effects of ER ligands on monocytes
and macrophages, which was compiled in a recent review article [17]. Estradiol is considered
to have anti-inflammatory effects in vivo, and the primary effects of estrogens on monocytes
and macrophages are repressive. An important consequence of TLR signaling is the activation
of NF-κB, which leads to production of pro-inflammatory cytokines. ER signaling was reported
to regulate NF-κB in several studies [69]. For example, upon activation of macrophages with
LPS in the presence of physiological amounts of E2, NF-κB was functionally inactivated,
providing an explanation for the anti-inflammatory effects of E2 [70].
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ER signaling also regulates apoptosis and survival of antigen presenting cells. Estrogen was
reported to increase FasL on monocytes, and depending on the differentiation state of the
monocyte/macrophage, estrogen induced apoptosis [18]. Estrogen acting via ERα also induced
FasL and apoptosis in BM-derived osteoclasts, providing an explanation for the prevention of
bone loss by estrogen [71]. E2 administration immediately after trauma-hemorrhage prevented
splenic DC apoptosis and the decrease in other DC functions that normally occur in this model,
suggesting that E2 promotes DC survival [72]. Exposure to E2 in vivo was shown to regulate
survival pathways in B lymphocytes and early B cell precursors by modulating levels of Bcl-2
[19,73]. In sum, the molecular mechanisms by which ER signaling regulates DC activation
and function need further study, but it is probable that some of the ER-regulated mechanisms
that operate in macrophages and monocytes, or B cells, will operate in DC as well.

5. Effects of ER ligands on DC function during innate and adaptive immunity
in vivo

Although there are profound differences in innate immunity between males and females or
upon systemic imposition of sex hormones, very few studies have directly linked these
differences to DC [4,7]. Since DC in lymphoid organs have a lifespan of 3–12 days [74],
relatively short in vivo exposures to agonist or antagonist ER ligands might alter de novo DC
differentiation mediated by GM-CSF or Flt3L, with a consequent impact on DC numbers and
intrinsic functional capacity related to their developmental state. Thus in studies of DC function
after modulation of ER ligands or ER expression in vivo, it will be important to distinguish
between the potentially distinct effects of ER ligands on DC differentiation or pathways of DC
activation operative in completely differentiated DC.

Contrasting results from DC studies in murine autoimmune disease models, in which a constant
amount of E2 was imposed, suggest that it will be difficult to define a single effect of estrogen
on regulation of DC numbers and function in vivo. E2 levels higher than those in female estrus
led to decreased DC numbers in lymphoid organs during experimental autoimmune
encephalomyelitis, and DC showed reduced inflammatory cytokine levels after LPS
stimulation. This correlated with a dominant Th2 response and disease amelioration [64].
Splenic DC isolated from the E2 treated mice (500–2000 pg/ml) showed reduced production
of TNFα, IFNγ and IL-12 upon LPS activation. E2 also was reported to increase the
costimulatory molecule PD-1 in this model [75]. In contrast, elevation of systemic E2 levels
(~700 pg/ml) prior to induction of disease led to increased splenic CD8α+ lymphoid DC
numbers in experimental autoimmune myasthenia gravis. These DC showed enhanced IL-12
production after TLR ligand stimulation, correlating with a dominant Th1 response [76].

In addition, some experiments using ER-deficient mice indirectly implicate a role for ER
signaling in DC development or function. E2 acting via ERα was required for an appropriate
innate immune response to bacterial LPS and viruses in the female brain [77]. E2 acting via
ERα enhanced primary antigen-specific CD4+ T cell responses and Th1 development in vivo
[78]. Aged ERβ−/− mice developed a myeloproliferative disease [79], suggesting a role for
ERβ in regulating myelopoiesis.

An interesting example of regulation of myeloid cell numbers by estrogens and GM-CSF
occurs in the female reproductive tract. Uterine epithelial cells produce more GM-CSF during
the estrus phase of the cycle when E2 levels are highest [80]. Studies of myeloid cells in the
female mouse or rat uterus showed that numbers of macrophages and DC were highest during
estrus phase, and were reduced during diestrus phase when E2 levels wane [81,82]. GM-CSF
deficient mice showed changes in the numbers and activation status of macrophages and DC
in the female reproductive tract [83]. These studies suggest that normal hormonal cycle changes
in estradiol concentration modulate the levels of GM-CSF and GM-CSF mediated pathways
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of DC differentiation, with a consequent effect on the number of myeloid cells in the female
reproductive tract.

Thus, the role of ER expression or impact of alterations in levels of ER ligands on DC biology
in vivo has been studied in diverse experimental models, encompassing autoimmunity,
infection, and tissue specific sites such as the female reproductive tract. The disparate
experimental models and technical approaches used in these few studies make it difficult to
reach firm conclusions about the role of ER in DC differentiation or function in vivo, and in
fact suggest that ER regulation of DC-mediated immunity may vary with the nature of the
disease model.

6. Male-female differences in immunity correlate with differential effects of
hormones on innate immune cells

Evidence shows that relative to males, females have increased immunity to bacterial and viral
pathogens and parasites [1,4,7]. Females generate stronger adaptive immune responses,
particularly B cell mediated responses, after vaccination or infection. Interestingly, females
tend to have more controlled innate immune responses, while males suffer more pathology due
to excessive inflammation [4]. Females are less prone to bacterial sepsis and complications of
traumatic injury, correlating with lower production of proinflammatory mediators and
attenuation of IL-6 production by estrogen [3,4]. Consistent with more robust immunity,
females show a significantly higher incidence of autoimmune disease, and modulation of innate
or adaptive immune function by sex hormones has been demonstrated in rodent models of
autoimmunity [84].

Although manipulation of E2 levels alters DC function in vivo as discussed above, divergent
function of DC in males and females during infection or autoimmunity has not been reported.
However, results in some infection models indirectly implicate differences in DC function in
males and females, due to sex based expression differences in immune response genes or
proteins normally expressed by DC [85–87]. A comprehensive study of potential differences
in numbers or composition of splenic DC subsets in male and female mice has not been
reported; however, differences in epidermal Langerhans cells in male and female C57BL/6
and Balb/c mice were found [88], suggesting that sex hormones might control GM-CSF
mediated Langerhans cell differentiation during homeostasis.

7. Summary
Murine and human DC progenitors and differentiated DC express ER, indicating that ER
ligands are likely to regulate DC development, lifespan, activation and function during innate
and adaptive immunity. Our lab has shown that estradiol acting via ERα differentially regulates
the differentiation of DC mediated by GM-CSF and Flt3L, two cytokines that mediate DC
differentiation in vivo. Other studies have found that ER signaling in response to estradiol or
SERM regulates DC activation, production of inflammatory mediators and T cell stimulatory
capacity. Since DC in lymphoid organs have a brief lifespan, relatively short in vivo exposures
to ER ligands might alter DC progenitor homeostasis and new DC differentiation, with a
consequent impact on DC numbers and intrinsic functional capacity related to their
developmental state. Thus in studies of DC function after manipulation of ER ligands or ER
expression in vivo, it will be important to distinguish between the potentially distinct effects
of ER ligands on DC differentiation or pathways of DC activation.

An understanding of how diverse physiological, pharmacological and environmental ER
ligands regulate DC differentiation and function will be relevant to human disease. Humans
are being treated with ER ligands, including the SERM tamoxifen and raloxifene, and the
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pregnancy hormone estriol, for prevention or treatment of breast cancer, osteoporosis and
multiple sclerosis. Thus it is of clinical importance to understand how ER ligands modulate
the immune system. Estradiol promotes DC differentiation mediated by GM-CSF, a cytokine
that is produced locally upon inflammation, and is elevated in autoimmune diseases such as
SLE, which is associated with abnormal DC function. Thus, we hypothesize that estradiol and
other ER agonists will promote DC differentiation during inflammation, perhaps explaining
in part the increased autoimmunity observed in women.
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Fig. 1. Estradiol acts on myeloid progenitors to differentially regulate DC differentiation mediated
by GM-CSF and Flt3L
The cytokines GM-CSF or Flt3L mediate DC differentiation from flt3+ myeloid progenitors
present in murine BM. Estradiol (E2) levels are manipulated by addition of 0.1 nM E2 or vehicle
to steroid hormone deficient and phenol red free culture medium. In the GM-CSF driven culture
model, E2 promotes the differentiation of myeloid DC, including a subset with the
characteristic features of Langerhans cells. In the Flt3L driven culture model, E2 inhibits cell
viability and the differentiation of myeloid, lymphoid and plasmacytoid DC. The cell surface
marker combinations used to define each DC subset are indicated. The thickness of the arrows
or inhibition bars is related to the degree to which E2 influences the differentiation of each DC
subset.
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