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Estrogen-mediated Protection of Experimental Autoimmune
Encephalomyelitis: Lessons from the Dissection of Estrogen
Receptor-signaling In vivo

Sophie Laffont'*?, Laure Garnier'*?, Karine Lélu*, Jean-Charles Guéry'*?

A growing body of evidence from basic and clinical studies supports
the therapeutic potential of estrogens in multiple sclerosis (MS),
originating from the well-established reduction in relapse rates
observed among women with MS during pregnancy. The biological
effects of estrogens are mediated by estrogen receptors (ERo and
ERp). Estrogens or selective ER-agonists have been shown to exert
potent neuroprotective or anti-inflammatory effects in experimental
autoimmune encephalomyelitis (EAE), the mouse model of MS.
A central question in EAE is to identify the cellular targets that
express a functional ER isotype, and the mechanisms underlying the
neuroprotective and anti-inflammatory effects of estrogens. Using
pharmacological approaches targeting ER-specific functions, and
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genetic tools such as conditional knockout mice in which ERa or ERf are selectively deleted in specific
cell populations, a clearer picture is now emerging of the various cellular targets and downstream
molecules responsible for estrogen-mediated protection against central nervous system autoimmunity.

(Biomed J 2015;38:194-205)
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Multiple sclerosis (MS) is a debilitating neurological
autoimmune disease (AID) affecting 2.5 million
people worldwide, with a female/male sex ratio of 3:1. MS
and its mouse model, experimental autoimmune encepha-
lomyelitis (EAE), are characterized by the infiltration of
inflammatory leukocytes, including autoreactive T-cells, into
the central nervous system (CNS), resulting in myelin dam-
age. A large body of evidence from basic science and from
preclinical and clinical studies points to anti-inflammatory
and direct neuroprotective effects of estrogens in MS.M" The
concept that estrogens may play a role in MS pathogenesis
and disease activity, and, therefore, constitute potential
for therapeutic agents, is based on the well-established
clinical observation that women with MS constantly show
a decrease in disease activity during pregnancy.” This
potent, short-term beneficial effect of pregnancy is not

limited to women with MS, but also has been observed in
other inflammatory AID, such as rheumatoid arthritis (RA)
and psoriasis, followed by a temporary rebound of disease
activity postpartum.®# Estrogens are the major candidate
therapeutic agents in MS since they exert potent effects on
the immune system and on the CNS, and peak during the last
trimester of pregnancy, when the most pronounced decrease
in the relapse rate occurs. Indeed, the therapeutic potential
of estrogens, such as 173-estradiol (E2) or estriol (E3), has
been clearly demonstrated in EAE.™! Moreover, in a pilot
clinical trial of MS therapy, administration of estriol (E3) at
doses related to pregnancy levels of the hormone was shown
to exert beneficial effects.[®”! Large placebo-controlled clini-
cal trials of estrogen therapy in MS are in progress.
Although, clear evidence are emerging that E2 could
inhibit CNS autoimmunity through distinct mechanisms,
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namely anti-inflammatory and neuroprotective actions, the
cellular targets orchestrating these protective effects of E2
are only now being identified. Biological effects of estrogens
are mediated through two nuclear estrogen receptors (ER)
ERa and ERP, which are ubiquitously expressed in the body.
We survey here the data from animal studies of the effects
of exogenous or endogenous estrogens in EAE where ge-
netic evidence exist of the direct implication of ERot and/or
ERp. We highlight the recent development of tissue-specific
conditional ER knockout strategies [Figure 1].

The protective effects of pregnancy on central
nervous system autoimmunity: A role for
estrogens

The female predominance in MS appears closely linked
to the occurrence of puberty, suggesting that sex steroid
hormones influence MS susceptibility.”® The female bias in
MS could result either from the deleterious effect of female
sex hormones or from the protective effect of male sex hor-
mones. Although we have shown that low-dose estrogens
promote inflammatory responses in vivo,”'*! evidence are
lacking so far for a disease-promoting effect of estrogens in
EAE. Reduced disease activity in MS patients is commonly
observed during pregnancy, indicating that pregnancy-as-
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sociated hormones can confer transient protection to CNS
autoimmunity.” Pregnancy is characterized by an array of
biological changes that could mediate both immunomodula-
tory and neuroprotective effects in MS. Pregnancy, however,
is not protective in all AID. Beside beneficial effects in MS,
RA, and psoriasis, other diseases such as SLE tend to flare
during pregnancy. This suggests that alterations in immunity
during pregnancy are not generally immunosuppressive, but
selectively impaired Th1/Th17 cell-mediated immunity in
a way that is beneficial in diseases such as MS. In contrast,
diseases driven primarily by antibody responses are often
unaffected or even exacerbated.” From an evolutionary
standpoint, immunological changes during pregnancy are
aimed at protecting the semi-allogeneic fetus from rejection
by the mother’s immune system and promoting its develop-
ment."*!3 These mechanisms involve the active suppression
of cellular immunity, which may also be highly effective
in suppressing CNS-autoimmunity in a mother-to-be with
MS. As disease relapses often occur postpartum, it has been
hypothesized that sex-steroid hormones produced during
late pregnancy could orchestrate anti-inflammatory and
neuroprotective effects.#

During pregnancy, the levels of sex-steroid hormones
E2, E3, estetrol (E4) and progesterone (P4) increase progres-
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Figure 1: A simplified view of Estrogen Receptor (ER)-mediated EAE protection. Estrogens mediate experimental autoimmune
encephalomyelitis (EAE) protection through distinct mechanisms targeting immune or non-immune cells. (I) ERo-expression in T-cells
is necessary and sufficient to inhibit Th1 and Th17 cells priming in lymph nodes. (II) Both ERot and ERf have been implicated in the
neuroprotective effects of exogenous estrogens or ER-selective agonists in EAE. (IIT) Low dose E2 or endogenous levels of estrogens limit
EAE without inhibiting Th1/Th17 priming, through the non-hematopoietic expression of ERo..
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sively and peak at the third trimester when disease protection
is maximal. After delivery, the serum concentrations of these
hormones fall making their temporal profile consistent with
the protection conferred by pregnancy on MS relapse.”
Studies in EAE have clearly established protective effects
of E2 and E3 on disease activity when administered at preg-
nancy doses.!'"!8 P4 treatment alone showed minor effects
on EAE when used alone!'*?" and seemed to synergize with
E2 to ameliorate EAE.! The potential protective effects of
E4 on EAE have to our knowledge never been studied. In MS
patients, a protective effect of estrogens has been reported
in a pilot clinical trial using E3.1%" Large placebo-controlled
clinical trials of estrogen therapy in MS are still ongoing.!"!
Estrogens are thus the best current candidate hormones to
explain the protective effect of pregnancy in MS.

Evidence that estrogens mediate experimental
autoimmune encephalomyelitis protection
through distinct mechanisms: Facts and
controversies

Pretreatment of mice, of different genetic backgrounds,
with various doses of E2 before immunization with CNS au-
toantigens has been shown to suppress EAE development.??!
This was associated with reduced frequency of autoanti-
gen-specific CD4* T-cells producing interferon (IFN-y)
and tumor necrosis factor (TNF-o), and with a shift toward
Th2 cytokine synthesis,’® suggesting that the mechanism of
estrogen-mediated protection involved a favorable alteration
in cytokine production by pathogenic T-cells. Likewise, oral
E3 therapy was shown to cause a significant improvement
in MS patients, associated with a decreased production of
TNF-a and an enhanced synthesis of IL-5 and IL-10 by
TCR-stimulated PBMCs.["" However, the Thl to Th2 bias
hypothesis was challenged by experiments showing that E2
could effectively suppress EAE in IL-4-or IL-10-knockout
mice, suggesting that the E2-mediated protection did not
require these two regulatory cytokines."! Later, a consensus
emerged, postulating that high dose estrogen-mediated EAE
protection was associated with anti-inflammatory effects
and strong inhibition of autoantigen-specific. The responses
including both Th1,l'7%! and Th17 cells;*® and that these
effects are lost in mice lacking ERc.!'”-»! This notion was
itself subsequently challenged by experiments suggesting
that the protective action of E2 was not mediated directly
by E2-responsive T-cells, but rather through indirect effects
on other lymphoid cells or nonlymphoid tissues.”*! In an
adoptive EAE model, it was shown that ERa expression in
encephalitogenic T-cells was dispensable for E2-mediated
EAE protection.”” Likewise, we reported that low dose
E2-therapy at the time of disease induction blunted acute
EAE development in the absence of ERo expression in
hematopoietic cells.?® In this latter model, however, pro-
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tection was mainly effective during the acute phase of EAE
and was not associated with immunomodulatory effects
on autoantigen-specific CD4 T-cell responses in lymphoid
organs in vivo.”® These results were altogether the first to
indicate that the protective effect of E2 was not necessarily
associated with inhibition of pathogenic T-cell priming, and
that alternative cellular targets of E2 could also regulate CNS
inflammation. Indeed, using ERa and ER3-specific ligands,
it was subsequently reported that ER-dependent neuropro-
tection could be observed in the absence of ERa-dependent
anti-inflammatory effects,” though other reports suggested
that ERo activation could also contribute to neuroprotection
by decreasing the secretion of pro-inflammatory mediators
in reactive astrocytes.*®3!I This led to the hypothesis that
E2 could mediate EAE protection through non overlapping
mechanisms, (1) A strong anti-inflammatory effect, when E2
is given before disease induction; and (2) a neuroprotective
role during the late phase of disease, involving either ERo
or ERp [Figure 1].

Anti-inflammatory effects of estrogens in
experimental autoimmune encephalomyelitis:
Mechanisms and cellular targets

The initiation of T-cell-mediated neuroinflammation
requires three essential steps: (1) The activation of autoan-
tigen-specific T-cells in the periphery, (2) their migration
toward the CNS and their transendothelial trafficking across
the blood-brain barrier; (3) their local reactivation in the CNS
parenchyma by perivascular antigen-presenting cells (APCs)
and CNS-resident microglia, leading to the initiation of an
inflammatory cascade causing the recruitment of other leu-
kocytes, particularly macrophages, which mediate myelin
destruction.® In the active EAE model, priming of autoan-
tigen-specific CD4 T-cells in the secondary lymphoid tissues
by dendritic cells (DC), which produce polarizing cytokines
such as IL-12, IL-23, and IL-6, promotes the development
of pathogenic CD4 T-cells of Thl and Th17 phenotype.?*?
Both IFN-y-producing Th1 and Th17 cells can induce EAE,
albeit with different symptoms, depending on the preferen-
tial recruitment of either cell type to the spinal cord or the
brain parenchyma.*** However, in the EAE model, it has
been clearly established that the Th17-polarizing cytokine
IL-23, but not IL-12, is required for disease development.
135361 TL-23-signaling in developing Th17 cells initiates a
pathogenic program in neuroantigen-specific CD4 T-cells by
stabilizing RORYt expression and the production of the Th17
signature cytokines (i. e., IL-17A, IL-17F, IL-22). None of
the classical Thl7-associated cytokines, however, are re-
quired for disease induction,*” suggesting that an alternate
T-cell factor is involved. Recently, it was discovered that
IL-23-driven granulocyte-macrophage colony-stimulating
factor (GM-CSF) secretion by pathogenic Th17 cells



was essential for the induction of neuroinflammation in
EAE.B%3 Indeed, T-cells lacking GM-CSF are unable to
transfer disease. Upon migration to the CNS, reactivation
of CD4 T-cells by perivascular DC and resident microglia,
together with local production of IL-23, are required to
promote the development of highly pathogenic CD4 T-cells
producing Th17-cytokines and GM-CSFE.?! Although it has
been hypothesized that T-cell-derived GM-CSF promotes
and sustains CNS inflammation through its action on cells
of hematopoietic origin, the precise mechanisms are still
unknown.*?

Estrogens could thus act at multiple levels to inhibit
CNS autoimmunity, whether by down-regulating the initial
pathogenic neuroantigen-specific CD4 T-cell priming in
lymphoid organs or the homing of T-cells into the CNS or
by limiting local re-activation of pathogenic T-cells in the
CNS through direct or indirect effects on perivascular DCs
or tissue-resident myeloid cells.

As mentioned above, APCs in inflammatory lymph
nodes activate neuroantigen-specific naive CD4* T-cells and
provide them with cytokines (IL-12, IL-23) directing these
cells to develop into pathogenic CD4* T-cells (Th1, Th17),
which expand, and traffic toward the CNS. A consistent
observation in E2-mediated EAE protection is the strong
anti-inflammatory effects characterized by the inhibition
of autoantigen-specific CD4* T-cell responses in lymphoid
organs, including both Th1,[17:1823-351and Th17 cells.["®2 This
immunosuppressive mechanism triggered by E2-treatment
occurs early in the course of the MOG-specific immune
response in draining lymph nodes.!"! We showed that the
proliferative response of MOG-specific CD4* T-cells from
the draining lymph nodes of E2-treated mice, and their pro-
duction of IFN-y and IL-17 were strongly inhibited relative
to nontreated mice. This inhibitory effect of E2-treatment
on Th1/Th17-priming was observed from day 8 to day 12
postimmunization."® More recently, using an adoptive trans-
fer system of MOG-specific naive 2D2 CD4* T-cells, we
showed that E2-treatment resulted in a strong inhibition of
2D2 lymphocyte development into pathogenic CD4* T-cells
producing Th17-type cytokines such as GM-CSF (Garnier
et al., in preparation). Thus, initial priming of naive neu-
roantigen-specific CD4 T-cells and their subsequent devel-
opment into pathogenic Th17 cells is greatly inhibited by
E2-treatment, and this is likely to account in large part for
the strong anti-inflammatory action of E2 and the sustained
suppression of EAE observed when mice are pretreated with
the hormone.!""?»! Using this well-established protocol,
several mechanisms have been proposed to explain this
anti-inflammatory effect of E2 on EAE, such as enhanced
expansion of Foxp3* Treg cells,!?*4*4!1 induction of tolero-
genic DC* or more recently, regulatory B cells,! which
may limit expansion of encephalitogenic CD4 T-cells.
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Concerning Treg cells, it was initially reported that
E2-mediated EAE protection was correlated with an en-
hanced frequency of Foxp3* Treg cells in the spleen and
Ilymph nodes, associated with greater expression of the
co-inhibitory molecule PD-1 on Foxp3* Treg cells.?64041
However, these phenotypic changes in Tregs were reported
after long-term treatment with E2, around day 20 post-EAE
induction. Whether such changes also occur at an earlier
stage, during the priming phase in inflammatory lymph
nodes, is still unclear. Despite some in vitro data indicating
that “late” Tregs from E2-treated mice exhibited enhanced
suppressive properties in in vitro assay, it was subsequently
reported that Foxp3* Treg cell depletion, using Foxp3-DTR
deleter mice, failed to abrogate E2-mediated EAE protec-
tion." Diphtheria toxin-mediated deletion of Tregs was per-
formed at disease onset, allowing the E2-mediated inhibition
of Th1/Th17 cell priming to proceed normally in draining
lymph nodes in the presence of Foxp3* Treg cells. Although
it was suggested that compensatory pathways could be
implicated in E2-mediated EAE protection in the absence
of Tregs, one cannot exclude that E2-sensitized Tregs are
still important for the early inhibition of the priming by
professional APCs of pathogenic neuroantigen-specific Th1/
Th17 cells in inflammatory lymph nodes.

Alternative cellular targets of E2-treatment have been
sought, such as DC*>%1 or B cells,*! which could mediate
indirect inhibition of encephalitogenic T-cells. It was sug-
gested that estrogens could mediate their anti-inflammatory
action by reducing DC numbers in the secondary lymphoid
organs during the priming phase™' or through the induc-
tion of tolerogenic DCs in vivo.*?! E3 administration in
mice was found to alter substantially, the composition of
splenic DC subsets, the expression of co-stimulatory and
co-inhibitory molecules by these cells, and their capacity
to prime MOG-specific CD4* T lymphocytes.[*? Despite a
report showing that adoptive transfer of MOG-pulsed DCs
from E3-treated mice was protective against subsequent
EAE induction,™* the demonstration that DCs represent the
primary targets responsible for the immunoregulatory effects
of E3 is still lacking. In fact, using CD11c-Cre deleter mice,
we recently established that ERo-expression in peripheral
DCs was dispensable for E2-mediated EAE protection.!'!
Although, we cannot exclude that the regulation of DC
maturation and function could be ultimately implicated
in the E2-mediated EAE protection, it is unlikely that this
necessitates ERa-signaling in CD11c* DCs.

Attention has also been paid to the role of B cells in
E2-mediated EAE protection. Contrasting results have been
reported regarding the role of B lymphocytes in EAE patho-
genesis. Studies using mice lacking B cells (WMT" mice)
have shown that while B cells are required for MOG
protein-induced EAE, this population is dispensable in the
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MOG peptide-induced disease.*! In the latter model, how-
ever, failure to resolve the clinical signs of the disease was
observed.*”#8 Disparate functions of B cells in EAE have
been observed in B cell depletion experiments. Treatment
with anti-CD20 antibodies before EAE induction exacerbat-
ed disease symptoms and CNS inflammation, demonstrating
aregulatory function for B cells during the priming phase.*”
By contrast, B cell depletion after EAE onset ameliorates
disease,! possibly through ablation of IL-6-producing
B cells.P% These studies identified IL-10-producing regu-
latory B cell subsets with the CD1d"CD5* phenotype, the
depletion of which resulted in increased disease severity.*!
Using the bone marrow chimeric system with uMt-deficient
mice, it has been shown that B cells regulate CNS autoim-
munity through the production of cytokines such as IL-10.#"
More recently, it was shown that mice, where IL-35 expres-
sion was selectively deleted in B cells, lost their ability to
recover from EAE. This was associated with an increased
capacity to mount inflammatory T-cell responses, as well
as an increased function of B cells as APCs.”? Altogether,
these results are in favor of a regulatory role of B cells dur-
ing the chronic phase of EAE.*"?

The role of B cells has been examined in E2-medi-
ated EAE protection using B cell-deficient mice. It was
shown that EAE protection by E2-treatment was partial-
ly lost in uUMT* mice and that passive transfer of B cells
was able to ameliorate disease protection.[*} Of note,
ERa" B cells were unable to confer enhanced protection
in this adoptive transfer system, suggesting a direct action
of E2 on B cells.**3 In agreement with work showing that
the protective action of E2 was lost in mice lacking either
PD-120411 or PD-L1,* it was shown that PD-L1, but not
PD-L2, expression on adoptively transferred B cells was
required to confer some protection.”* However, the obser-
vation that PD-1 or PD-L1-deficient mice are refractory to
E2-mediated EAE protection needs to be interpreted with
caution, as these molecules are involved in the termination
of T-cell responses. Indeed, PD-1 or PD-L1-deficiency
have been associated with enhanced EAE development
and a dramatic increase in MOG-specific Thl and Th17
cell priming in draining lymph nodes.5%¢! Consequently,
an alternative explanation could be that in PD-1KO or
PD-L1KO mice, the active EAE model is less amenable
to E2-mediated inhibition, as compared to wild-type mice,
due to the deficient negative feedback mechanisms during
T-cell priming. Nevertheless, the observation that adoptive
transfer of PD-L1-deficient B cells in uMT" mice failed to
promote E2/ERo-dependent EAE protection suggests that
the PD-1/PD-L1 axis could play a role. As the recipient mice
in these experiments were ERo-proficient, however, it is
still unclear whether ERo activation in B cells specifically
is the dominant mechanism leading to EAE inhibition.*3%!
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Finally, we ignore whether this regulatory effect of B cells
is linked to inhibition of pathogenic CD4 T-cell priming in
inflammatory lymph nodes during EAE induction or through
the promotion of the regulatory actions of B cells at later
stages of disease.

Anti-inflammatory effects of exogenous E2
on central nervous system autoimmunity: A
critical role for ERa in T lymphocytes

Although T-cells were initially suspected to represent
the primary target of E2, ERo expression in encephalito-
genic T-cells was reported to be dispensable for E2 protec-
tion against EAE.*”?8 This was shown, however, in two
models designed to avoid or restrict any potential effects
of E2 at the time of the induction of autoantigen-specific
CD4* T-cell responses in vivo.?’® Consequently, we applied
a well-established model of estrogen-mediated EAE protec-
tion to investigate whether the anti-inflammatory effect of E2
was due to a direct action of E2 on a particular immune cell
population.l”-?251 In this model, mice are pretreated with the
hormone before EAE induction, which results in long-lasting
EAE protection characterized by the inhibition of pathogenic
Th1/Th17 cell priming in lymphoid organs.['72325261 By
crossing ERo-floxed mice with tissue-specific Cre-deleter
mice, we generated several lines of ERo conditional knock-
out mice [Figure 1]. This included mice deficient for ERotin
the endothelial/hematopoietic compartment (Tie2-ERaX°),
in myeloid cells (LysM-ERaX°), in T-cells (CD4-ERolX°) or
in DCs (CD11¢c-ERaiX0). Strikingly, the inhibitory effects of
E2 treatment were lost in Tie2-ERo*® mice, demonstrating
that ERo activation in the endothelial and/or hematopoietic
compartments was critical for EAE protection by limiting
MOG-specific CD4 T-cell priming and differentiation in the
lymph nodes and the spleen.!® Using bone marrow chimera
experiments, we then showed that ERot-expression in hema-
topoietic cells, but not in the endothelium, was required for
the anti-inflammatory effects of E2 resulting in sustained
EAE protection. Based on these observations, we then sought
to identify the main cellular target of E2 within the hemato-
poietic compartment using additional tissue-specific ERoX©
mouse models. The results obtained with the LysM-ERoX?
and CD11c-ERa*® mice showed that ERci-signaling in pro-
fessional APCs, including monocyte-derived DCs and con-
ventional DCs, were dispensable for the protective effect of
E2 on EAE development. By contrast, using the CD4-ERoX©
mouse model, we demonstrated that ERo-signaling in T
lymphocytes was required for sustained EAE protection.
E2-treatment in these mice failed to inhibit the prolifera-
tion of MOG-specific CD4* T-cells and their development
into IFN-y- and IL-17-producing T-cells, by comparison
with wild-type littermate controls. The residual protection
observed in E2-treated CD4-ER0X° animals, however,



suggested that additional inhibitory mechanisms were still
operating. We, therefore, generated bone marrow chimeras
in which ERa was only expressed in the exogenous hemato-
poietic compartment. For this, irradiated Rag2”- ERat’ mice
were reconstituted with bone marrow cells from wild-type
or ERot”” mice. This model showed that ERo expression in
the hematopoietic compartment was necessary and sufficient
to mediate EAE protection. In striking contrast, when the
host mice were instead reconstituted with bone marrow cells
from CD4-ERa®© donor mice, EAE development was unaf-
fected by E2-treatment. EAE in these chimeras developed
with similar incidence and severity as compared to untreated
mice or E2-treated chimeras lacking hematopoietic ERaL.
Altogether, these data firmly establish that activation of
ERoin T lymphocytes is necessary and sufficient to mediate
complete EAE inhibition by E2, and, therefore, accounts for
most if not all of the hematopoietic-driven protective effect
of exogenous E2 on EAE.!"8!

Endogenous estrogens and experimental
autoimmune encephalomyelitis

Multiple sclerosis is more frequently observed in
women, yet the progression of MS to more severe form
of the disease is slower in females than in males,”"* sug-
gesting that sexual hormones could differentially regulate
distinct developmental processes of CNS autoimmunity.
Whether physiological levels of cyclical ovarian hormones
in female mice have an impact of EAE has led to conflicting
observations. While some studies reported that ovariectomy
could worsen EAE,™-¢!! others reported no difference in
clinical EAE in female mice following castration compared
with sham-operated controls.'®? We think that differences
in the genetic background, the EAE induction protocol or
the timing of ovariectomy may explain these apparently
conflicting observations. We investigated the impact of
endogenous estrogens on EAE development in female mice
that were castrated before sexual maturity, at 4 weeks of
age, and then assessed for active and passive EAE in adult
age, at 10-12 weeks.®¥ Using both active and passive EAE
models, we firmly established that endogenous estrogens
exert a protective effect on EAE development and CNS
inflammation through ERa. The role of estrogen-mediated
signaling in hematopoietic versus nonhematopoietic tissues
was examined using ERo-mutant mice. Altogether, our data
support the conclusion that endogenous estrogens protect
from EAE through ERa-signaling in nonhematopoietic tis-
sues by limiting the homing of inflammatory CD4* T-cells
into the CNS rather than through a direct anti-inflammatory
effect on MOG-specific T-cell responses. A typical experi-
ment is shown in Figure 2, where we assessed the kinetics
of inflammatory infiltrates in the brain and spinal cord
of sham-operated and ovariectomized (Ovx) mice that
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were adoptive recipients of MOG-specific CD4* T-cells.
Donor-derived CD4* T-cells started to be detected in the
CNS by day 5, particularly in Ovx mice. Between day 5
and 7, higher numbers of T-cells and macrophages were
recovered from the CNS of Ovx mice, as compared to
sham-operated controls. Quite similar results were obtained
by analyzing inflammatory infiltrates in the brain and spinal
cord [Figure 2]. The enhanced recruitment of inflamma-
tory cells in Ovx mice by day 5-7 was associated with the
accelerated development of clinical EAE in this group,
whereas sham controls developed EAE with onset delayed
by 3—4 days relative to Ovx mice, in agreement with our
earlier published data.®® These results are compatible with
the notion that estrogen deficiency quantitatively affects
transendothelial trafficking rather than the kinetics of entry
of encephalitogenic CD4* T-cells into the CNS, and in line
with our previous work showing that low dose E2 could be
protective in EAE, in the absence of a measurable effect
on MOG-specific T-cell responses and ERo-expression in
hematopoietic cells.”® Endogenous estrogens may limit
pathogenic T-cell recruitment into the CNS by acting on en-
dothelial cells, which express functional ERo.!®+%%) Further-
more, E2 can inhibit IL-1-dependent induction of membrane
E-selectin, ICAM-1, and VCAM-1 on cultured endothelial
cells. 168! Interestingly, using intravital microscopy, it has
been shown that ovariectomy in rats resulted in enhanced
monocyte adhesion to the arterial endothelium, associated
with increased adhesion molecule expression.'®! This effect
of castration was abolished by supplementation with a low
dose of E2.1) Thus, lack of endogenous E2 seems to induce a
low-grade systemic inflammation of the endothelium, which
might favor transendothelial trafficking of leukocytes. This
could explain the enhanced homing of encephalitogenic
T-cells that we observed in Ovx female mice. Whether this
is due to ERo-signaling in the endothelial cells warrants
further investigation.

This protective effect of endogenous estrogens in
females does not however exclude additional mechanisms
involving sex chromosome effects. Indeed, in an elegant
study Voskuhl and colleagues have recently established
that the CNS response to injury during EAE is differently
affected between XX female mice and female mice bearing
the XY57 sexual chromosomes, in which the Sry gene on’Y
chromosome was deleted.” They showed that EAE mice
with an XY54 sex chromosome complement in the CNS,
compared with XX, demonstrated greater clinical disease
severity and neurodegeneration.’” Altogether, these results
suggest that the less progressive disease course observed
in women with MS, as compared to men, might involve
genetic and hormonal factors, acting independently at dif-
ferent stage of the disease to down-regulate inflammation
into the CNS.
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Figure 2: Castration accelerates encephalitogenic T-cell homing into the CNS in female mice. Ly5.1 MOG-specific CD4* T-cells were injected
i.v. into 10-week-old sham-operated or castrated Ly5.2 B6 female mice. At day 4, 5, 7, and 10 mice spinal cords and brains were removed.
CNS-infiltrating mononuclear cells were stained with mAb specific for CD45.2, TCRf, CD4, CD11b and Ly6C (A). The absolute numbers of
donor CD4* T-cells (B) or host infiltrating macrophages (C) from individual mice (brain) or pooled spinal cord are shown.

Evidence for E2 direct action on central
nervous system-resident cells implicating either
estrogen receptors o or estrogen receptors [3

Evidence exist that estrogens, through either ERc. or
ERp, mediate anti-inflammatory or neuroprotective effects
through a direct action on CNS-resident cellular targets. Two
main mechanisms targeting immune or nonimmune cells
have been described: (1) ERB-dependent anti-inflammatory
effects on CNS-resident microglia”!! limiting encephalito-
genic CD4 T-cell recruitment into the CNS, and (2) direct
neuroprotective actions on CNS-resident cells implicating
either ERav and ERP.1?*3! Saijo et al. provided evidence
that a selective modulator of ERB, ADIOL (5-androsten-3[3,
17B-diol, a DHEA derivative), suppresses TLR-mediated
inflammatory responses (IL-23, IL-6) in microglia and as-
trocytes. Administration of ADIOL or another ERB-ligand
(Indazole-Cl) inhibited ongoing EAE in an ER3-dependent
manner. E2 was shown to antagonize the anti-inflammatory
activity of ADIOL, resulting in an increased transcription
of inflammatory cytokine genes.”" Indeed, in vivo studies
have shown that the innate function of microglia in response
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to LPS was up-regulated in the presence of endogenous
and exogenous E2 in vivo. Tt was hypothesized that this
counter-regulatory effect of E2 on microglia may account
for the gender disparity in relapsing-remitting MS.""! Al-
though this work brought forth important new insights into
the role of ERP in EAE, it remains to be shown whether
the pronounced effect of ERP ligands on EAE involves a
nonredundant cell-intrinsic mechanism in microglia in vivo.

Additional support for the direct neuroprotective action
of ERp ligands has been provided by others. Prior studies
of the ERf selective ligand DPN in EAE showed limited
benefit, as compared to ADIOL,"" that was unrelated to
anti-inflammatory properties.*! Unlike the ER[3-selective
ligands, indazoles or ADIOL," DPN is inactive in re-
pressing TLR-driven inflammatory gene expression in
microglia, suggesting that it may act through other mecha-
nisms in vivo."" Indeed, conditional knock-out of ER in
oligodendrocytes prevented DPN-induced improvement of
clinical disease and myelination in an active EAE model.[!
In this model, DPN-treatment had no effect on peripheral
auto-antigen-specific T-cell responses and did not reduce
spinal cord inflammation during EAE. Though ineffective



on inflammation, DPN-treatment was shown to protect mice
from demyelination and axonal loss, and to restore motor
function.?*”3 Moreover, using conditional ERf knock-out
mouse models, it was reported that DPN-conferred neuro-
protection was not dependent on ER3-signaling in astrocytes
nor in neurons, suggesting a role for oligodendrocytes as
the primary targets of this ERP ligand."’* Indeed, DPN was
shown to act through ER3-signaling in oligodendrocytes not
only to prevent demyelination, but also to promote remyelin-
ation.> Thus, it has been proposed that such ER-ligands
could be used in combination with anti-inflammatory drugs
in MS patients.!”®

Beside ERB-ligands, evidence also exists for ERo-me-
diated neuroprotective effects. It has been shown that ad-
ministration of E2 or ERo-specific agonists in mice during
the chronic phase of active EAE was able to inhibit the
expression of inflammatory chemokines CCL2 and CCL7
by astrocytes in vivo.?*’ Using conditional knock-out
mice, Spence et al. showed that this neuroprotective action
was mediated through ERa-signaling in astrocytes.?!74
Altogether, these observations suggest that differences in
ER-specific ligands are not only the result of distinct phar-
macological effects, but that each ligand may have different
cellular targets. Interestingly, selective estrogen receptor
modulators (SERMs) such as raloxifene and bazedoxifene
have been recently shown to inhibit inflammatory media-
tor production by reactive astrocytes in vitro, which holds
therapeutic promise against neuroinflammation in MS."778!
Taken together, these results indicate that beside the anti-in-
flammatory actions of E2/ERa in the periphery, estrogens
or ER selective agonists may also mediate neuroprotective
effects through classical ERo or ER expressed by distinct
cellular targets in the CNS [Figure 1]. Although neuroprotec-
tive effects of E2 or ER-specific ligands have been shown in
experimental models where mice were treated after chronic
EAE onset® or using adoptive transfer of encephalitogenic
CD4 T-cells,™ it is still unclear whether the neuroprotective
effects of ERa ligands, for instance, could still be observed
in the complete absence of anti-inflammatory actions due
to immune cell targeting in the periphery.

Genomic versus membrane-initiated signaling?

Although ERal can mediate both classical genomic,
as well as rapid non-genomic responses to E2,[! it has
been suggested that an unrelated protein, the orphan G
protein-coupled receptor GPR30, could be responsible
for the membrane-initiated nongenomic effects of E2.(8%
Studies in the EAE model have shown that administration
of the GPR30 agonist, G-1, conferred protection from
EAE in wild-type but not in GPR-30-deficient mice."*!
However, a strong protective effect of E2 still persisted in
GPR-30-deficient mice, suggesting that ERo rather than
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GPR-30 represented the main receptor targeted by E2.[!
The role of GPR30 as a putative membrane ER has indeed
been challenged by studies demonstrating that GPR30 does
not bind E2 and is dispensable for the effects of estrogens on
the reproductive tissues.®¥2 Moreover, GPR30 transcripts
are barely detectable in lymphoid organs,®? and there is
no evidence that hematopoietic expression of GPR30 is
important to mediate EAE protection using either E2 or the
specific GPR30 ligand G-1. While some works suggested
that B lymphocytes could contribute to the E2-mediated
inhibition of EAE through GPR30 and ERo.,*3 it is not
clear whether GPR-30-dependent mechanisms of EAE
protection involve inhibition of pathogenic Th1/Th17 cell
priming in lymph nodes or whether it results from other
unrelated mechanisms.

Beside its classical genomic actions, E2/ERo-signaling
has been shown to modulate the activation of several kinases
(MAPK, PI3K or PKC), phosphatases and the adenylyl
cyclase, as well as changes in intra-cellular calcium levels.
These membrane initiated steroid signaling (MISS) actions
are mediated by a pool of intracellular receptors localized
at the plasma membrane in caveolae or rafts.’®! The palmi-
toylation of ERa cysteine 447 appears to be crucial for tar-
geting the receptor to the plasma membrane through physical
interaction with caveolin-1.5848% Studying the in vivo role
of plasma membrane-associated ERo in E2-mediated EAE
protection is still an important issue, as membrane-initiated
effects of E2 signaling have been described in immune cells
such as T-cells.®¢ Recently, mice carrying a point mutation
of the palmitoylation site of ERo have been generated, which
exhibit MISS loss of function.®”? Combining this model with
other ERor mutant mice selectively lacking nuclear ERo
actions™! will provide important information regarding the
tissue-specific role of membrane versus nuclear actions of
E2 on EAE protection.

Conclusion

Exogenous estrogens mediate EAE protection through
distinct mechanisms targeting immune or CNS-resident
cells: (i) Anti-inflammatory effects limiting encephalito-
genic CD4* Th1 and Th17 cell priming in lymphoid tissues
and (ii) direct neuroprotective actions in CNS-resident cells.
Whereas both ERa. and ERP have been implicated in the
neuroprotective effects of estrogens, acting through differ-
ent mechanisms and cellular targets, only ERot expression
in hematopoietic cells, particularly T-cells, appears to be
necessary and sufficient for mediate the anti-inflammatory
effects of E2 on EAE. Low-dose exogenous E2 or natural
endogenous E2 protects from EAE, in the absence of anti-in-
flammatory effects (e.g. inhibition of autoantigen-specific
CD4* T-cell priming). ERa expression in non hematopoietic
tissues or radiation-resistant cells is required to mediate this
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effect. Lack of endogenous estrogens induces a low-grade
systemic inflammation of the endothelium, which could
explain the accelerated homing of pathogenic CD4* T-cells
into the CNS. Although the relevant mechanisms are un-
known, this could explain why the progression of MS to a
more severe form of the disease is slower in females than
in males.”#! Altogether, these data suggest that estrogens
could differentially regulate distinct developmental pro-
cesses of CNS autoimmunity depending not only on the
ER isotype targeted, but also on the dose and the timing of
hormone administration.

The reduction in relapse rates during late pregnancy in
MS patients can attain 80%, a more robust protection than
that provided by treatment with IFN-3, glatiramer acetate or
Natalizumab.™ Deciphering the pathways and mechanisms
underlying the protective effects of estrogens in CNS auto-
immunity is thus of critical importance to optimize estrogen
receptor (ER) modulation strategies for increased efficacy,
while minimizing undesired effects, in an effort to mimic
the beneficial effect of pregnancy in women with MS.
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