
ERaAF-1˚ mice that resembled WT cDCs generated in the ab-
sence of E2 (Fig. 5A). We then tested the capacity of purified cDCs,
derived from WT, ERa2/2, or ERaAF-1˚ BM to secrete proin-
flammatory cytokines after TLR4 and CD40L activation. Intracel-
lular analysis showed a 2-fold increase in the frequency of IL-
12p40– and IL-6–producing cells in WT cDCs generated in the
presence of E2, as compared with ERa2/2 or ERaAF-1˚ cDCs
(Fig. 5B, 5C). Cytokine responses were similar between ERa2/2,
ERaAF1˚ cDCs, and E2-deprived WT cDCs (Fig. 5B). The
higher ability of E2-treated WT cDCs to secrete IL-12p70 and IL-6
cytokines in response to TLR4 and CD40L stimulation, as com-
pared with WT cDCs generated in steroid-free conditions, was con-
firmed by ELISA (Fig. 5D). Again, addition of E2 to ERa2/2 or
ERaAF-1˚ cDC cultures did not modify their capacity to produce
cytokines. Altogether, these results show that E2 positively regulates
the TLR-mediated responses of cDC; but in contrast with inflam-
matory GM-DCs, this effect is strictly dependent on ERa AF-1.

Cell-intrinsic ERa signaling controls the phenotypic changes
and the enhanced TLR-mediated responses of cDCs

To investigate whether the E2 effect on FL-cDCs was caused by
a cell-intrinsic defect of ERa signaling, we cocultured either WT
or ERa2/2 BM cells with equal numbers of Ly-5.1 WT BM and
analyzed the cDC phenotype and function after 9 d of Flt3L-
mediated differentiation in the presence of E2. In agreement
with data in Fig. 4, the frequency of cDCs was increased in DC

cultures developing from WT progenitors, representing 40% of
total cells (Fig. 6A). We did not observe a competitive advantage
conferred by ERa deficiency for cDC development (Fig. 6A), sup-
porting our results showing that E2 effect on DC yield mainly
affects pDCs (Fig. 4). In the presence of E2, we observed an
enrichment of cDCs expressing high levels of MHC-II molecules
in CD45.1+ WT but not in ERa2/2 CD45.2+ cells (Fig. 6B), in-
dicating that cell-intrinsic ERa signaling rather than soluble fac-
tors regulate MHC-II expression on cDC populations.
We next sorted CD45.1 WT and CD45.2 WT or ERa2/2 cDCs

from these cocultures and assessed their functional properties. As
shown in Fig. 6C, WT DCs differentiated in the presence of E2
secreted large amounts of IL-6 and IL12p70 after TLR4/CD40L
stimulation. In contrast, cytokine levels produced by cDCs that
developed in absence of E2, or from ERa2/2 progenitors, were
strongly reduced compared with WT DC production. WT CD45.1
cDCs that developed in the presence of CD45.2 ERa2/2 or CD45.2
WT cells produced the same amounts of IL-6 or IL-12 (Fig. 6C).
These results demonstrate that E2 acts through ERa, in a cell-
intrinsic manner, to promote cDC effector functions.

The presence of E2 during Flt3L-induced pDC differentiation
enhances their TLR7- and TLR9-mediated responses through
ERa AF-1 signaling

We recently demonstrated that E2 enhanced pDC innate functions
in vivo in both humans and mice (11). We therefore examined the

FIGURE 4. ERaAF1 is required for E2 re-

sponse in FL-DC differentiation. BM cells from

WT, ERa2/2, or ERaAF1˚ were grown for 9 d

with Flt3L in SFM with DMSO or 1029 M E2.

(A) The percentages of cDCs (CD11c+ B2202)

and pDCs (CD11c+ B220+) in the cultures were

determined by flow cytometry and are indicated

in the dot plots. (B) Absolute numbers of CD11c+

DC, cDC, and pDC subsets generated in the pres-

ence (black bar) or absence (white bar) of E2.

Data are combined results from seven indepen-

dent experiments (mean 6 SEM). (C and D)

MHC-II expression on cDCs (upper panels) and

pDCs (lower panels) was analyzed by flow cy-

tometry. Percentage of MHC-II–expressing cells

is indicated. (D) Bar graphs show the percentage

of MHC-IIhigh cDCs and pDCs from triplicate

culture (mean 6 SEM). Results are representa-

tive of four independent experiments. *p , 0.05,

**p , 0.01.
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TLR-mediated responses of purified pDCs generated from WT,
ERa2/2, and ERaAF-1˚ progenitors in the presence of E2. In

agreement with our recent data (11), WT pDCs produced higher

levels of the proinflammatory cytokines IL-12p40 (Fig. 7A) and IL-6

(data not shown) in response to the TLR9 ligand CpG-B, as com-

pared with ERa-mutant pDCs. Similar results were observed by

analyzing the production of IL-12 by pDCs stimulated with resi-

quimod (R-848), a ligand for TLR7 (Fig. 7B). We also examined the

effect of E2 on the capacity of pDCs to produce proinflammatory

cytokines at the single-cell level upon stimulation through their TLR7

by analyzing the frequency of IL-12–producing cells. Data in Fig. 7C

show that the frequency of IL-12p40+ pDCs was increased by 2- to 3-

fold in E2-supplemented WT FL-DC cultures. This enhancing effect

of E2 on TLR7-mediated IL-12 production was not observed in

pDCs generated from ERa2/2 or ERaAF-1˚ BM precursors (Fig.

7C, 7D), demonstrating that this positive effect of ERa signaling on

the TLR-mediated responses of pDCs strictly required ERa AF-1.

ERa AF-1 is required to promote optimal TLR7-mediated
responses by female pDCs in vivo

To investigate the role of ERa AF-1 on pDC innate functions in
vivo, lethally irradiated female B6 mice were reconstituted with
either WT or ERaAF-1˚ BM cells and assessed 3 wk later as
previously shown (11). Although we observed a reduced fre-
quency of pDCs in mice engrafted with AF-1–deficient BM cells
(Fig. 8A), pDC absolute numbers were not significantly different
between both groups (Fig. 8B). Moreover, both WT and ERaAF-1˚
pDCs expressed high level of Siglec-H (data not shown). We also
analyzed the pDC responses after TLR7 triggering with inactivated
influenza virus. We found a significant decrease in the frequency
of IFN-a/b–producing pDCs (Fig. 8C) derived from ERaAF-1˚
BM cells as compared with WT donors. This blunted pDC re-
sponse observed in ERa AF-1–deficient cells was not limited to
type I IFN production, but was also observed when we analyzed
the frequency of pDCs producing TNF-a (Fig. 8D). Altogether,

FIGURE 5. ERa2/2 and ERaAF1˚ cDCs

present impaired capacity to maturate and se-

crete cytokine after TLR4 and CD40L engage-

ment. Flt3L-derived cDCs were generated in

SFM supplemented with 1029 M E2 from WT,

ERa2/2, or ERaAF1˚ BM cells. (A) DCs were

stimulated with LPS (1 mg/ml) overnight, and

MHC-II, CD40, and CD86 expression were

analyzed by flow cytometry. Shaded histograms

represent DCs cultured in medium alone and

bold lines those stimulated with LPS. (B) Pu-

rified cDC generated as in (A) were cultured on

a monolayer of CD40L-expressing fibroblasts

and stimulated with LPS. After 12 h, IL-12p40–

and IL-6–expressing CD11c+ DCs were ana-

lyzed by intracellular staining. (C) Bar graphs

show the relative change of cytokine-expressing

DCs derived in the presence of E2 compared

with E2-deprived cultures. (D) Purified cDCs

were stimulated as in (B), and IL-12p70 and IL-6

were measured by ELISA in 24-h culture super-

natants. Bar graphs show fold change in cyto-

kine secretion, which is expressed as the ratio of

cytokine concentration between cDCs generated

in SFM supplemented or not with E2. Data are

combined results from three independent experi-

ments (mean 6 SEM). *p , 0.05, **p , 0.01,

***p , 0.001.
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these results demonstrate the crucial role of ERa AF-1 in the
ability of endogenous estrogens to enhance the TLR responses of
female pDCs in vivo.

Discussion
In this work, we investigated whether discrete AF domains of
ERa could differentially regulate the development and functional
properties of the DC subsets that develop in the presence of GM-
CSF or Flt3L. These cytokine-driven differentiation pathways are
thought to account for the main DC subsets that develop during
inflammatory or steady-state conditions, respectively (19, 20, 22).
In these two systems, our data show that E2 acts through ERa to
promote the development of DCs with a more mature phenotype
with enhanced proinflammatory functions. The ligand-induced
activation of ERa involves the actions of distinct AFs, which
contributes to the ERa activity depending on the cell type and

promoter context (26, 29, 30). Indeed, it has been recently shown
using AF targeted mice that ERa AF-1 mediated physiological
responses in certain tissues but was dispensable in others (33–35,
42). Using similar validated models, we now establish that the E2-
mediated effects on GM- or FL-DC development and effector
functions are mediated through ERa AF-1–independent or –de-
pendent mechanisms, respectively.
Among the genes potentially regulated by ERa activation in

developing DCs, IRF-4 has been recently shown as a potential
target of estrogen action (18). The IRF family members IRF-4 and
IRF-8 play critical roles in the development and function of DCs
(19, 43, 44). Although both factors have been shown to exhibit
overlapping activity, they also possess DC subset–specific func-
tions (43). Whereas IRF-8 is required for CD8a+ cDC and pDC
development in vivo and for Flt3L-mediated DC differentiation
in vitro (45–47), IRF-4 is essential for the GM-CSF–mediated DC

FIGURE 6. Phenotypic and functional changes

conferred by E2 to cDCs is a cell-intrinsic

feature. CD45.2 BM cells from ERa2/2 or WT

mice were mixed with CD45.1 WT BM cells at

1:1 ratio and cultured with Flt3L for 9 d in

SFM supplemented or not with 1029 M E2.

(A) Percentages of CD45.1+ and CD45.12 cells

(CD45.2+, data not shown) gated on cDCs

(CD11c+B2202) were determined by flow cy-

tometry and are indicated in the dot plots. (B)

Histograms show the expression of MHC-II

on cDCs among CD45.1+ (WT, black) and

CD45.2+ (WT or ERa2/2, filled gray) BM. Per-

centages of MHC-IIhigh DCs are indicated for

each BM. (C) cDCs from CD45.1 and CD45.2

BM were then purified by cell sorting and sep-

arately stimulated with LPS on a monolayer

of CD40L-expressing fibroblasts as in Fig. 5B.

IL-12p70 and IL-6 were measured by ELISA

in 24-h culture supernatants. Results are pre-

sented as mean 6 SEM of a pool of two in-

dependent experiments. *p , 0.05. n.s., No

significance.
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differentiation and for CD8a2 CD4+ cDC development in vivo (48).
Interestingly, it was recently shown that E2 exposure of MP at early
stage of differentiation in the presence of GM-CSF was required to
promote high expression levels of IRF-4 and the subsequent de-
velopment of CD11b+ Ly6C2 GM-DCs (18). In agreement with
previous work (18), we showed that E2-mediated Irf-4 expression
in MPs was critically dependent on ERa, as it was lost in ERa2/2

cells despite similar basal expression at steady-state. Moreover, we
demonstrated that both AF-1 and AF-2 domains of ERa were re-
quired for sustained Irf-4 expression in GM-CSF–stimulated MPs at
early stage of differentiation in the presence of E2. By contrast, at
later time points, we observed a significant increase in IRF-4 ex-
pression in fully differentiated ERaAF-1˚ DCs, but not in ERaAF-
2˚ or ERa2/2 DCs. Thus, in the absence of AF-1, E2/ERa signaling
in GM-CSF–stimulated DC precursors could still lead to an en-
hanced IRF-4 expression to levels compatible with the development
of the more functional Ly6C2 DC subsets. This observation may
explain previous work by others showing that substantial E2 effects
were still observed in GM-DC cultures from the first generation of
ERa-mutant mice (13), a model that still expressed a truncated form
of ERa lacking the AF-1 domain, similar to the ERaAF-1˚ mice
used in this study (49).
GM-CSF–dependent development of DCs depends not only

on IRF-4, but also on other transcription factors, such as IRF-2,
RelB, an Nf-kB family member, PU.1, Id2, C/EBP-a, C/EBP-b,
IRF-8, and SpiB (20, 44). This GM-CSF–induced regulation in
the DC transcriptional program is mediated through Stat-5 ac-
tivation and canonical Nf-kB transcription factors (20). More-
over, the PI3K/PKB and MEK/ERK signaling modules also
participate in the GM-CSF–mediated regulation of DC differentia-
tion, proliferation, and survival (20). ERa signaling could contribute
to GM-DC development at various levels either through classical
genomic mechanisms, implicating either direct or indirect tran-
scriptional regulation of Irf4 and other transcriptions factors, or
through rapid nongenomic effects implicating activation of several
kinases, including MAPK and PI3K. This kinase-initiated signaling

are mediated by a pool of intracellular receptors localized at the
plasma membrane in caveolae rafts and have been mainly described
in cultured cells in vitro (50, 51). The 46-kDa ERa protein lacking
AF-1 is a natural isoform of ERa, which has been shown to
localize preferentially at the plasma membrane and to mediate
membrane-initiated steroid signaling (MISS) in endothelial cells
(50). Furthermore, we recently showed that E2-induced reen-
dothelialization, the unique MISS effect of estrogens described
in vivo to date (52), was totally conserved in ERaAF-2˚ mice
(34). Altogether, the lack of E2 effect in ERaAF-2˚ mice indi-
cates that MISS effects are not sufficient to mediate the E2
actions on GM-DC differentiation.
The observation that AF-1 synergizes with AF-2 to enhance the

GM-CSF–dependent expression of IRF-4 in MPs at early stage,
whereas it was dispensable at later stage of IRF-4–dependent DC
development, suggests indirect mechanisms of IRF-4 regulation
by E2/ERa signaling. AF-2 plays a critical role in regulating the
interaction of ERa with most of the coregulatory proteins, but
AF-1–specific coactivators have also been described (32). ERa
might regulate IRF-4 through the recruitment of coactivators (53)
and/or the induction of other transcription factors, which may both
require synergistic interactions between both AFs. In the absence
of ERa AF-1, such rate-limiting factors may necessitate a longer
signaling period to achieve threshold levels required to promote
Irf4 expression. This would fit with the delayed upregulation of
IRF-4 in ERaAF1˚ MP as compared with ERa-deficient ones, al-
though many other mechanisms could be at play.
Interestingly, in the Flt3L model, we also found that E2 induces

the development of more functionally competent cDCs and pDCs.
By contrast with GM-DC, we found that most of the E2-mediated
effect on FL-DC development and functions was abolished not only
in ERa2/2, but also in ERaAF1˚ BM cell cultures. Supporting
previous work, we showed that E2 diminished the yield of FL-DCs,
particularly pDCs as compared with cDCs that were relatively
spared (16). Importantly, we demonstrated that E2, through ERa,
enhanced the expression of MHC-II and costimulatory molecules

FIGURE 7. E2 positively regulates the TLR-medi-

ated response of BM-derived pDCs through ERa in

an AF-1–dependent mechanism. FL-DCs from WT,

ERa2/2, or ERaAF1˚ BM cells were generated in

medium containing regular FCS and E2 (1029 M). At

day 9, pDCs were purified by FACS on the basis of

CD11c B220 expression and cultured in the presence

of CpG-B (A) or R-848 (B). The production of IL-

12p40 (A, B) was assessed in 24-h culture supernatants

by ELISA. (C and D) pDCs from WT, ERa2/2, or

ERaAF1˚ BM cells were generated in SFM supple-

mented or not with 1029 M E2. CD45RA+ cells from

cultures were purified by magnetic selection. Purified

pDCs were stimulated with R848 (3 mg/ml) for 18 h,

and IL-12p40–expressing pDCs were analyzed by in-

tracellular staining. (D) Bar graphs show the relative

change of cytokine expressing DCs derived in the

presence of E2 compared with E2-deprived cultures.

*p , 0.05, **p, 0.01. Results are presented as mean6
SEM of a pool of four independent experiments. n.s., No

significance.
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on TLR-stimulated cDCs subsets, as well as their capacity to
produce IL-12 and IL-6, upon stimulation through both TLR4 and
CD40. These data are consistent with a key role of estrogens in
promoting the development of DCs with a more mature functional
phenotype characterized by enhanced TLR-mediated responses.
Indeed, we recently provided evidence that the endosomal TLR7-
and TLR9-mediated responses of human and mouse pDCs were
positively regulated by estradiol in vivo (11), which may account
for the sex-dependent differences in the TLR-mediated response
of human pDCs (54, 55). This enhancing effect of estrogens was
mediated through cell-intrinsic ERa signaling in CD11c+ cells
(11), and we show in this article that this effect was strictly de-
pendent on ERa AF-1. Although this AF-1 requirement may point
to a dominant role of genomic actions of ERa signaling on target
genes, nongenomic mechanisms could also be at play. Indeed, the
PI3K/PKB signaling pathway can be activated by acute exposure
to E2 in vitro in different cell types including endothelial cells and
cortical neurons through MISS effects (56–58), and enhanced
PKB activity has been recently shown to augment human pDC
development and function (59). The continuous presence of E2 in
culture could therefore promote PI3K-PKB activation in devel-
oping pDCs (59), thereby enhancing their capacity to respond to
subsequent TLR stimulation. Alternatively, the AF-1 region of
ERa contains multiple Ser residues that can be phosphorylated
by several kinases including PKB and MAPK (60). ERa phos-
phorylation has been shown to influence the recruitment of co-
activators, resulting in enhanced ER-mediated transcription (60).

The requirement for AF-1 phosphorylation in the E2-mediated
effect on cytokine-driven DC development and innate function
remains, however, to be investigated.
In conclusion, our data indicate that E2 through ERa exerts

proinflammatory effects on both GM-CSF–derived DCs and FL-
DCs, probably by promoting the differentiation of DCs that
exhibit superior innate functions. As it has been shown for others
tissues (33–35, 42), these effects were mediated through a dif-
ferential requirement for ERa AF-1 that was DC subset specific.
Although our work suggests that the impact of E2 on cytokine-
driven DC differentiation mainly results from AF-1–dependent
or –independent genomic effects, the contribution of nongenomic
MISS actions remains to be addressed. Understanding further the
respective contribution of ERa subfunctions on DC biology may
help select selective ER modulators able to differentially regulate
steady-state resident and inflammatory DCs in vivo, to optimize
selective ERa modulation of innate immunity in various patho-
physiological contexts.
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FIGURE 8. ERa AF-1 is required to promote opti-

mal TLR-mediated responses of pDCs to virus in vivo.

WT or ERaAF-1˚ BM cells were injected into lethally

irradiated (850 rad) WT female mice. After 3 wk of

reconstitution, the percentage of pDCs (mPDCA1+

CD11c+) (A) and their absolute numbers (B) were de-

termined in the BM. BM cells were also stimulated for

4 h with influenza virus, and the frequencies of IFN-

a/b– (C) and TNF-a–producing pDCs (D) were ana-

lyzed by flow cytometry. Results from individual mice

are shown. The lines on scatter plots indicate mean

values. The p value was determined using the Mann–

Whitney U test. *p , 0.05.
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