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Sex Hormones in Acquired Immunity
and Autoimmune Disease

Vaishali R. Moulton™

Division of Rheumatology, Department of Medicine, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston,
MA, United States

Women have stronger immune responses to infections and vaccination than men.
Paradoxically, the stronger immune response comes at a steep price, which is the
high incidence of autoimmune diseases in women. The reasons why women have
stronger immunity and higher incidence of autoimmunity are not clear. Besides gender,
sex hormones contribute to the development and activity of the immune system,
accounting for differences in gender-related immune responses. Both innate and
adaptive immune systems bear receptors for sex hormones and respond to hormonal
cues. This review focuses on the role of sex hormones particularly estrogen, in the
adaptive immune response, in health, and autoimmune disease with an emphasis on
systemic lupus erythematosus.
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INTRODUCTION

From an evolutionary point of view, the paramount goal of all living organisms is to survive,
reproduce and propagate the species. In humans and most vertebrates, the mother has the
responsibility to bear the most vulnerable of the species—the offspring, and protect it from
danger, to accomplish this supreme mission. Additionally there is non-genetic passive transfer of
immunity from mother to offspring called trans-generational immune priming. Therefore, having
the parental role may account for stronger immunity in females to defend and “prepare” for this
responsibility. Intriguingly, the same immune response shifts during pregnancy to “tolerate” the
foreign fetus and prevent rejection. Interestingly, in most fish species the father bears the parental
responsibility. The Syngnathidae group includes seadragons, pipefish and the iconic seahorse.
In these species, while it is the mother who produces the eggs, the father carries, nurtures the
eggs through gestation, and gives birth to the young thus fulfilling the parental and immune
priming role. There is evidence that there are differences in the immune response in the male
seahorse during the parental vs. mating phases with improved immunity during the parental
stage (1, 2). These observations suggest that the parental role comes with great immune power
and responsibility. A “side-effect” of the stronger immune response is the higher propensity for
developing autoimmune disease. This may be a plausible perspective to understand the gender bias
of autoimmune disease.

Sex hormones not only control the reproductive system, but also regulate the development,
and function of the immune response. Innate and adaptive, humoral and cell-mediated immune
responses are impacted by hormones, and dysregulation of these mechanisms contribute to
immune-mediated diseases including autoimmune disease (3-9). While the exact molecular
mechanisms of how female hormones regulate the immune system are yet incompletely elucidated,
studies show that they control development, homeostasis, gene expression, and signaling processes
in T and B lymphocytes to influence their function in health and disease. This review focuses on

Frontiers in Immunology | www.frontiersin.org 1

October 2018 | Volume 9 | Article 2279


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2018.02279
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.02279&domain=pdf&date_stamp=2018-10-04
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:vmoulton@bidmc.harvard.edu
https://doi.org/10.3389/fimmu.2018.02279
https://www.frontiersin.org/articles/10.3389/fimmu.2018.02279/full
http://loop.frontiersin.org/people/472785/overview

Moulton

Sex Hormones in Immunity and Autoimmunity

the role of sex hormones on the adaptive immune system and
in autoimmune diseases with a focus on the prototype systemic
autoimmune disease SLE (10-12).

ESTROGEN MECHANISMS OF ACTION

Estrogen acts via classical receptor-mediated, non-classical,
and non-ligand-mediated genomic (nuclear) and non-genomic
(extranuclear) pathways to control mechanisms of gene
expression, protein modifications and signaling to influence
cellular functions (Figure 1) (13-15).

Genomic Pathways of Action

In the classical genomic pathway, Estrogen, or its most potent
form 17-B-estradiol (E2) binds to its cognate intracellular steroid
hormone receptor-estrogen receptor (ER). Two types of classical
ER have been identified—-ERa and ERP encoded by the Esrl and
Esr2 genes respectively. The ER is a ligand-activated transcription
factor, which bears ligand- and DNA-binding domains. Estrogen
diffuses through the cell membrane, binds to cytoplasmic ER,
which undergoes conformational change in the ER, and homo-
or hetero-dimerizes. ER dimers then translocate into the nucleus
and bind to promoters of target genes to regulate gene expression.
In the non-classical genomic pathways, ER bound to DNA can
interact with other transcription factors, or the ER may act in
tether-mediated manner as co-factor with transcription factors
including Specificity protein 1 (Sp1), activating protein 1 (AP-1),
NF-kB and p300 proteins. ER/Spl and ER/AP-1 interactions
activate a large number of genes and pathways and the ligand
structure and specific ER-subtype dependent activation of either
(16, 17). Activating functions (AF) 1 and 2 domains of the
ERa bind to coregulators to regulate transcription and are both
important in E2-mediated effects (18). When bound to the ligand,
there is differential activation of the two ERs. Specifically ERa
transactivates while ERp inhibits transcription.

The ER binds specific motifs known as estrogen response
elements (ERE) within the target DNA. The consensus ERE
site is 5'-GGTCAnnnTGACC-3’ (19). While ERE sites within
gene promoters are important in transcription, a chromatin
Immunoprecipitation (ChIP)-paired end diTag cloning and
sequencing whole genome cartography strategy identified ER
binding sites in MCF-7 breast cancer cells and noted several
interesting findings (20). Only 5% of mapped sites are in the
proximal promoter regions of genes while a vast majority is in
intronic or distal locations indicating transcriptional regulatory
mechanisms over physical distances. Majority of the mapped
sites were full ERE sites while 25% were half-sites and a small
proportion (4%) had no recognizable ERE sequence (20). ERa
and ERP display dynamic interplay in their chromatin binding
capacities and function. ERa and ERP exhibit substantial overlap
in the sites they can recognize, in cells that express either one of
these receptors, whereas in cells that express both, fewer sites are
shared. Cognate sites for both ERs are ERE-rich, however in cells
that express both receptors ERa can competitively displace ERB
shifting it to new sites less enriched in ERE elements (21).

Besides being richly expressed in reproductive tissues, ERs are
widely expressed in most cells in the immune system therefore

influencing both innate and adaptive immune responses. There
is age- and stage-dependent expression of ERs by lymphocyte
precursors. Activated T cells express estrogen receptors (22)
and both mRNA and protein levels of ER have been described
for T cells, B cells, monocytes and dendritic cells. Differential
expression of ER genes has been demonstrated in human
peripheral blood mononuclear cells (PBMC) (23) and peripheral
blood lymphocytes (PBL) (24). PBL CD4, CD8T cells, B
cells, and natural killer (NK) cells contain intracellular ER
of which the ERa46 isoform is the most-expressed isoform.
A cell surface ERo46 was detected in PBLs, and existence
of a functional membrane (m) ERa was confirmed when
a membrane-impermeant E2 mediated intracellular signaling
activation and proliferation of T cells (24). CD4 T cells express
high levels of ERa over ERB while B cells express more ERf than
ERo mRNA. CD8T cells and monocytes express low levels of
both receptors (23).

ERa undergoes various posttranslational modifications
including phosphorylation, acetylation, and ubiquitination,
which modulate its stability and/or transcriptional activity.
An interesting aspect of ER signaling and ER-mediated gene
regulation is the continuous proteasome-mediated turnover
of ERa. Estrogen can activate the Ubiquitin-Proteasome
Pathway (UPP) to influence post-translational modifications and
degradation of proteins. Ubiquitin is a small ~8 kDa protein
which binds a series of three enzymes E1 (Ub-activating), E2
(Ub-carrier or conjugating), and E3 (Ub-ligase), which ultimately
link it to the substrate protein. Ubiquitin-tagged proteins are
targeted to the proteasome for degradation. This pathway is
an important mechanism for tight control of the expression of
short-lived inflammatory molecules and transcription factors
including nuclear factor kappa B (NFkB), signal transducer and
activator of transcription (STAT) 1 and cfos/jun to appropriately
control their activity. Steroid hormone receptors including
the ERs bind to protein components of the UPP including
Ubc9, an E2 conjugating enzyme and E6-associated protein
(E6-AP) which is an E3 ligase (25). Kruppel-like factor 5
(KLF5) is an important transcription factor, which inhibits
cell proliferation, differentiation and carcinogenesis, and its
levels are decreased in cancers including breast cancer. Estrogen
induces the expression of estrogen responsive finger protein
(EFP), an E3 ubiquitin ligase which leads to degradation of
KLF5 in breast cancer cells (26). Similarly estrogen induces
EFP-mediated degradation of another transcription factor tumor
suppressor AT motif-binding factor 1 (ATBF1) which has an
auto regulatory feedback with ERa signaling (27). Estrogen
itself mediates downregulation of the ERa through the UPP
(25, 28), and subsequently, the ERa mediated transcriptional
activity and proteasomal degradation are inter-dependent.
ERa was also shown to be a target for small ubiquitin-like
modifier (SUMO)-1 modification (29). SUMOylation of the
ERa hinge region is hormone-dependent and controls its
transcriptional activity thus linking the estrogen and SUMO
pathways. E3 ligases protein inhibitor of STAT1 (PIAS)1 and
PIAS3 were shown to be E3 ligases for ERa (29), and addition of
either Ubc9 or PIAS1 increased ERE-luciferase activity in COS
cells (30).
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FIGURE 1 | Schematic of mechanisms of estrogen action on cellular responses. Genomic and non-genomic, ligand dependent and ligand-independent, classic and
non-classic receptor mediated estrogen-estrogen receptor signaling pathways are shown.

Estrogen-independent functions of the ER include extensive
phosphorylation, which control its transcriptional activity
independently of its ligand. Environmental cues which activate
the phosphoinositide 3-kinase/protein kinase B (PI3K)/Akt
pathway and other kinases can phosphorylate the ER to regulate
gene expression. ER independent functions of E2 were suggested
in studies using ERa deficient wild-type (WT) or lupus-prone
New Zealand Black x New Zealand White (NZB x NZW)
founder 1 (F1) mice. A link between the ER and Toll-like receptor
(TLR) signaling was shown as ERa deficiency led to reduced
TLRY signaling, reduced numbers of plasmacytoid dendritic
cells (DC)s and impaired interferon (IFN)-a, interleukin (IL)-6,
macrophage/monocyte chemoattractant protein (MCP)-1, IL-1f
and IL-23 inflammatory cytokines (13).

Non-genomic Pathways of Action

Besides the genomic pathway of gene regulation, estrogen
can mediate effects through non-genomic mechanisms,
through cross-talk with signaling cascades. Besides the classical
intracellular ERs, Estrogen can bind to membrane estrogen
receptors (mER) and membrane-associated G-protein coupled
receptors (GPCRs) and trigger signaling downstream in certain
cell types. Estrogen binds the G protein-coupled estrogen
receptor 1 (GPER1) originally identified as G protein-coupled
receptor 30 (GPR30) (31). These are also called rapid effects
of estrogen mediated through membrane receptors, receptor
tyrosine kinases, and signaling pathways downstream (31, 32).

There is also transcriptional activation of genes by the GPER-
induced response which include a first tier of transcription
factors serum response factor (SRF), cyclic AMP repressor
element binding protein (CREB), Ets family, then followed
by a second tier including Fos, Jun, connective tissue growth
factor (CTGF), early growth response protein (EGR)1, cyclic
AMP dependent transcription factor (ATF)3, CCAAT/enhancer
binding protein delta (C/EBPy), and nuclear receptor related
(NR)4A2 (33). Ligand induced activation of the mER and
GPER can also integrate into intracellular signaling of the
immune cell receptor such as the B cell receptor (BCR) signaling
and activation pathways. Thus, non-nuclear non-genomic
cytoplasmic effects of estrogen are attributed to increased
calcium, through phospholipase C beta (PLCP) activation, Ga
and GPy protein activation, and kinase pathway activation
including the mitogen activated protein kinase (MAPK), (PI3K)
and mammalian target of rapamycin (mTOR) pathways (34, 35).

Estrogen and MicroRNA in

Post-transcriptional Gene Regulation

In the last decade, the role of microRNA (miR) in post-
transcriptional gene regulation has been uncovered as a powerful
mechanism of gene regulation in health and disease as evidenced
by the dramatic rise in the number of studies and publications
in this field (36). miRs are short 22-nucleotide non-coding
RNA molecules which are transcribed from genomic DNA
and bind complementary sequences within the 3’untranslated
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region (UTR) of target genes to block translation or lead
to degradation of the mRNA. miRs control genes involved
in the immune response and aberrations in miR levels and
activity can contribute to pathogenesis of autoimmune diseases.
Therefore miRs are considered attractive biomarkers and targets
for therapy. A large number (113) of miRs are encoded on the
human X chromosome, second only to those on chromosome
1, which encodes 134 miRs, while the Y chromosome only
encodes 2 miRs (37). Thus X-linked miRs likely contribute to
the sex bias in autoimmunity. While the detailed functional
characterization of all X-linked miRs in autoimmunity remains
to be elucidated, a number of immune-suppressive genes
are targeted by X-linked miRs including Forkhead box P3
(FoxP3), cytotoxic T lymphocyte associated protein 4 (CTLA4),
Casitas B-lineage Lymphoma (CBL), CBL-B, suppressors of
cytokine signaling (SOCS) genes, and programmed cell death
1 (PDCD1) as evidenced by putative predicted miR target sites
within their 3UTR (37). Besides the X-linked miR-mediated
regulation, estrogen regulates microRNA expression to control
genes of both innate and adaptive immune responses and
therefore has implications for autoimmune disease (8, 36, 38,
39).

Estrogen upregulates miR-18a, miR-148a, miR-223, miR-451,
miR-486, and miR-708, and downregulates SLE-linked miR-
125, miR-145, and miR-146a. Microarray analysis showed that
estrogen differentially regulates miRs in murine splenocytes
in vivo. Treatment of mice with E decreases miR-146a and
increases miR-223 which suppresses lipopolysaccharide (LPS)-
induced IFN-y and nitric oxide (NO) in splenic lymphocytes
(40). miRs can also influence ER expression and modulate ER
activity in disease (41). Estrogen activates STAT1-dependent
transcriptional activation of TLR8 expression to promote
inflammatory signaling via miR-21 in extracellular vesicles
(42). A major role of estrogen is in bone remodeling and a
protective role of estrogen is to suppress osteoclast mediated
bone resorption. A novel mechanism by which estrogen preserves
bone mass in bone marrow mesenchymal stem cells (BMMSC)s
is to induce apoptosis of osteoclasts to protect from bone
loss. Estrogen inhibits miR-181, which blocks FasL. Therefore
estrogen promotes FasL protein expression by miR mediated
posttranscriptional regulation in BMMSCs to maintain bone
remodeling balance. In menopause, low estrogen levels, increased
miR-181 and reduced FasL can promote survival of osteoclasts
and increase bone loss (43).

ESTROGEN AND T LYMPHOCYTES
T Cell Development

It is well known that estrogen suppresses T and B cell
lymphopoiesis and activates B cell function. ERs are present
on thymocytes as well as thymic epithelial cells (44). Estrogen
influences T cell development and lymphopoiesis, and its effects
on the thymus are complex. High doses of exogenous estrogen
reduce thymic cellularity and cause thymic atrophy. This
reduction is attributed to reduced proliferation of thymocytes
precursors, both in the thymus and in the bone marrow (45).
Accordingly, ovariectomy to remove the endogenous source of

estrogen increases thymic cellularity with a shift to increased
double positive (DP) thymocytes with reduced double negative
(DN) and single positive (SP) cells (46). Conversely, estrogen
treatment leads to reduced thymic cellularity with decreased
proportions of DP cells (45, 47, 48), increased proportions of
single positive (SP) CD4 and CD8 expressing variable beta chain
(VB) T cell receptor (TCR), and alters distribution and TCRVf
expression of DN thymocytes (49). Pregnancy or treatment
with estrogen induces a dramatic involution of the thymus
(50-53). Estrogen mediates the loss of cortical thymocytes as
evidenced by the reduced size of the thymic cortex in histological
studies in mice (54, 55). Estrogen activates extrathymic T cell
differentiation in the liver while inactivating intrathymic T cell
development (48). However endogenous E2/ERa signaling is
necessary for normal thymic size and function, because male and
female ERa knockout (ko) mice still had reduced thymi and it
was shown that ERa in non-hematopoietic tissues is essential for
a normal full-sized thymus. Other receptor pathways are likely
involved in estrogen-mediated thymic atrophy (56, 57), possibly
due to increased E2 mediated effects through the ER or through
effects on thymic stromal cells.

Besides thymocytes, sex-hormones also have varied effects on
thymic epithelial cells (TEC) as evidenced by transcriptomics
studies of cortical (c) and medullary (m) TECs in male, female,
and castrated male mice. Male mice accumulated more cTECs
but exhibited lower proliferation rates and expressed lower levels
of genes involved in thymocyte expansion (58). The autoimmune
regulator (Aire) gene is a transcriptional regulator important for
expression of tissue specific antigens in mTECs for the positive
and negative selection of T lymphocytes in the thymus. Thus Aire
is a key molecule in central tolerance. In both mice and humans,
reduced levels of Aire were found in females compared to males
after puberty (59, 60). Estrogen downregulated Aire in cultured
TECs, in human thyme grafted into mice, and in murine fetal
thymic organ cultures by epigenetic modifications within the Aire
promoter (60). Therefore estrogen-mediated regulation of T cell
development and repertoire selection are important for central
tolerance and contribute to autoimmunity.

T Cell Homeostasis

The role of estrogen on cellular homeostasis is complex,
depends on the cell/tissue type, concentrations of estrogen, and
physiologic or pathological contexts (61). While physiologic
concentrations of 17-B-estradiol stimulate survival and
proliferation of cancer cells, and suppress apoptosis via Ras
signaling in an ER dependent manner (62), pharmacological
doses inhibit proliferation and induce apoptosis by ER
independent pathways (63). Pharmacologic doses of 17-a-
estradiol but not 17-p-estradiol induced G2/M cell cycle arrest
in Jurkat cells which is exerted by ER independent mechanisms
(64).

Estrogen stimulates growth and inhibits apoptosis a variety of
cells but there is also evidence that estrogen induces apoptosis
in breast cancer and other cells. Estrogen regulates apoptosis
by both extrinsic Fas/FasL and intrinsic mitochondrial pathways
(61). Culture of human PBMCs from healthy donors with 2-
methoxyestradiol followed by pharmacologic phorbol myristic
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acid (PMA)/Ionomycin or physiologic CD3/CD28 stimulation
led to decreased apoptosis and decreased Caspase-9 activity and
reduced T cell proliferation with modest decreases in tumor
necrosis factor (TNF) and IFN-y production (65).

Ovariectomy in female albino oxford (AO) inbred rats led
to an increase in the CD8T cell compartment in peripheral
blood and spleen, reflected in increased thymic double positive
and CD8 cells and recent thymic emigrants (RTE) in peripheral
blood. It also increased CD4+FoxP3+ CD4 T cells generation in
the peripheral lymphoid tissues (66).

T Cell Activation

Estrogen influences not only development but also various
functions of T cells, in particular CD4 T cells including activation,
cytokine production differentiation and regulatory functions
with impact on physiology and autoimmune diseases (67, 68).

Estrogen and ERa are important in the activation,
proliferation and pathogenic potential of T «cells. T cell
specific deletion of the ERa in mice led to transcriptomics
changes with reduced expression of genes involved in T cell
activation and reduced pathogenic potential in a T cell transfer
model of colitis model (69). Estrogen downregulates DNA
methyl transferase (DNMT) 1 expression and enhances global
DNA hypomethylation in CD4 T cells from female SLE patients.
While plasma B-estradiol levels were similar between patients
and healthy controls, the mRNA expression of ERa but not ERS
was increased in SLE CD4 T cells (70). Aberrant extracellular
regulated kinase (ERK)/MAPK signaling and resultant decrease
in DNMT levels leading to DNA hypomethylation of a number
of genes has been described and associated with autoimmune
disease pathogenesis (71).

Estrogen controls immune cell activity through regulation
of cellular metabolism via its receptors ERa, ERS, membrane
receptor mERa, mERP, and GPER by direct and indirect
mechanisms. The E2-ER-mediated control of transcription and
signaling pathways stimulate mitochondrial function (72). The
orphan nuclear receptor Estrogen related receptor (ERR) a
controls transcription of a wide range of metabolic genes (73).
ERRa was shown to control metabolic activity in T cells to
influence T cell activation and is critical for Teffector (Teff) cell
differentiation in vivo in ERRa-deficient mice. ERRa protein
levels are low in resting T cells but increase upon activation. Glutl
upregulation, glucose uptake and mitochondrial processes were
diminished in the absence of ERRa in vivo (74).

T Cell Differentiation and Cytokine

Production

Estrogen regulates a number of cytokines that modulate the
immune response. Pharmacologic doses of the synthetic estrogen
diethylstilbestrol in mice led to reduced proliferation of splenic
T cells, reduced IL-2 production and increased susceptibility to
Listeria monocytogenes infection (75). Estrogen increases NFkB
signaling activity and its ensuing cytokines including IL-1, IL-
10, and IEN-y in C57Bl/6 mouse splenocytes (76). To assess
the role of estrogen on T cell immune responses, concentration
dependent effects of 17-B-estradiol in vitro cultures of T cells
and splenocytes from rats were studied to assess the effects

on proliferation, cytokines (IL-2 and IFN-y), and signaling
molecules ERK1/2, CREB, and Akt (77). Lower concentrations of
estrogen enhanced proliferation and IFN-y production in an ER
dependent manner. The ERa agonist propyl pyrazole triol (PPT)
suppressed IL-2, but the ERB agonist diarylpropionitrile (DPN)
increased IL-2. These effects were associated with increased levels
of phosphorylated (p)-ERK, p-Akt and p-CREB and increased
activity of antioxidant enzymes and NO production (77).

The luteal phase of the menstrual cycle in healthy young
women associates with reduced IL-2 levels as evidenced
by bioassay activity of serum IL-2 measurements as well
as intracellular IL-2 within peripheral blood lymphocytes
stimulated ex vivo (78). This decreased IL-2 may account for the
observed increase in pre-menstrual infections or may presumably
be a facet of the immune suppression necessary for a potential
pregnancy. In human studies, E2 suppressed IL-2 production in
T cells from healthy women and increased the expression of Sp1l
transcription factor and the cAMP response element modulator
(CREM) transcriptional repressor (79, 80). These studies showed
that estrogen has specific concentration- and receptor-subtype
dependent effects on immune responses.

Estrogen increases T helper cell (Th) 1 differentiation, IFN-
y and the inflammatory effects mediated by IFN-y including
production of inflammatory mediators inducible nitric oxide
synthetase (iNOS), NO, and (cyclooxygenase) Cox2. Estrogen
increases IFN-y mRNA levels in murine splenocytes by activating
the IFN-y promoter, which contains consensus ERE sites
as shown by promoter reporter assays in Jurkat cells (81).
Administration of estrogen to ovariectomized Bagg Albino
(BALB)/c mice followed by immunization with exogenous
antigens increased antigen-specific clonal expansion of CD4T
cells and selectively increased Thl cells and IFN-y production.
ERa on hematopoietic cells was necessary for the Thl
responsiveness (82). Further, estrogen was shown to upregulate
the Th1 driving transcription factor T-box protein expressed in T
cells (T-bet) in murine splenocytes by IL-27 and partly by IFN-y
but not by IL-12 (83). IL-12 signaling activates two isoforms of
signal transducer and activator of transcription (STAT) 4, a full
length STAT4a and a short STAT4P isoform. Estrogen selectively
activates the short isoform (84).

Estrogen increased levels of IL-17 and its driving transcription
factor retinoic acid receptor (ROR)yt in activated splenocytes
from male and female C57Bl/6 wild-type mice and in lupus-
prone male NZB/W mice. IL-27 and IFN-y suppressed the IL-17
induction (85).

Other studies have shown the opposite effect of estrogen and
ER on Thl and Th17 cytokines and disease. In the experimental
autoimmune encephalomyelitis (EAE) murine model of the CNS
autoimmune disease multiple sclerosis (MS), estrogen mediates a
neuroprotective effect (86), and suppresses Th1, Th17 responses.
The estrogen-mediated inhibition of Thl7 responses in this
system is specifically via ERa expression on T cells (87). Estrogen
suppresses IL-17 and Th17 differentiation in mouse CD4 T cells
by downregulating the RORyt transcription factor mRNA and
protein expression. This effect was mediated by an E2-activated
complex of ERa and repressor of ER activity (REA) binding to
three ERE half sites within the RORyt promoter (88). These
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studies indicate differential tissue-specific effects of estrogen on
the immune response.

Estrogen is crucially important for its beneficial effects
on bone metabolism, and postmenopausal estrogen decline
is a critical factor in chronic inflammatory events including
osteoporosis. IL-17 is implicated in the pathogenesis of
inflammatory arthritis including RA and promotes bone loss
in collagen-induced arthritis. In studies to assess the role of
estrogen in IL-17 mediated regulation osteoclast and osteoblast
differentiation, estrogen reversed the bone-destructing effects
of IL-17. Therefore estrogen deficiency resulting in the de-
repression of IL-17 may contribute to osteoporosis (89).
Correspondingly, an evaluation of serum IL-17 levels in pre-
and post-menopausal women showed a high prevalence of IL-
17A levels in postmenopausal women, and inversely correlated
with total lumbar T-scores, measures of bone loss (90). Estrogen
also protects from bone loss through a transforming growth
factor beta (TGF-P) signaling mediated pathway in T cells.
TGEF-p is an immunosuppressive cytokine and represses T
cell activation, proliferation, and secretion of inflammatory
cytokines. Accordingly, T cell specific TGF-f-signaling deficient
mice had bone loss due to a de-repression of T cell activation and
increased levels of osteoclastogenic cytokines TNF and receptor
activator of NFkB ligand (RANKL) (91).

Peroxisome proliferator-activated receptor gamma (PPARy)
a nuclear receptor has recently been recognized as a critical
regulator of adaptive immunity by negative regulation of T
cell activation proliferation and differentiation. PPARy mediated
inhibition of Thl, Th2, and Th17 differentiation of naive
CDA4T cells from female C57Bl/6 mice whereas male cells only
showed Th17 inhibition. Estradiol co-treatment of male cells
inhibited Thl, Th2, and Th17 differentiation indicating that
estrogen increases the sensitivity of male cells to the effects
of PPARY activation (92). Administration of the neurosteroid
dehydroepiandrosterone (DHEA) inhibited Th17 responses and
induced IL-10 producing regulatory cells in EAE and importantly
reversed established paralysis and central nervous system (CNS)
inflammation in mice. Further, DHEA-treated PBMCs from
patients with relapsing remitting multiple sclerosis (RR-MS)
exhibited decreased IFN-y, IL-17, IL-4, and IL-2 responses but
preserved IL-10. Thus such compounds, which suppress pro-
inflammatory cells and expand regulatory subsets, could be useful
as therapeutic agents (93).

Regulatory T Cells (Tregs)
Tregs are vitally important in the maintenance of self-tolerance
and prevention of autoimmunity, and the X-linked master
regulator transcription factor FoxP3 drives their generation,
maintenance, and function (94, 95). Female gender and
hormonal influences regulate FoxP3 expression and therefore
are critical in the physiology of regulatory CD4 T cells and the
gender bias of autoimmune disease (96). An imbalance between
Teffs and Tregs is thought to contribute to dysregulated immune
homeostasis and autoimmune disease.

In line with the observations that there is a maternal
shift in the immune response to promote fetal tolerance,
estrogen induced increased expression of CD25+ cells and

increased FoxP34- expression in naive mice treated with Estrogen
(97). Estrogen enhances Treg numbers and function, and
induces FoxP3 expression both in vitro and in vivo (96). This
effect is partially mediated through the checkpoint inhibitor
programmed cell-death protein 1 (PD1). PD1 is a negative
regulator of immune responses, is upregulated on activated T
cells, considered a marker of dysfunctional T cells, is important
for immune tolerance, and is an attractive target for autoimmune
disease and cancer (98). Estrogen administration increased
intracellular PD1 expression in CD4+FoxP3+ T cells, and PD1
expression was reduced in ER knockout mice (98).

Estrogen promoted the ex vivo proliferation of Tregs isolated
from healthy human donors and also enhanced suppressive
function in co-cultures with responder CD4+CD25- effector
T cells (Teffs) (99). Increase in CD4+CD25+FoxP3+ T cells
were observed in peripheral blood of fertile non-pregnant
women in the late follicular phase of the menstrual cycle which
correlated with B-estradiol levels, while there was a significant
decline in Treg numbers in the luteal phase. Lower numbers
of Tregs were found in follicular and luteal phases in women
with recurrent spontaneous abortions (RSA) as well as from
postmenopausal women. In addition Tregs from women with
RSA also had reduced suppressive capacity compared to fertile
women (100). Estrogen mediates its protective effect on bone
metabolism through modulating Treg function on osteoclasts
and bone resorption in vitro (101). E2 enhanced the suppressive
capacity of Tregs on osteoclast differentiation from human
embryonic bone marrow cells (BMC). Increased levels of both
TGF-B1 and IL-10 suppressive cytokines were required for this
effect because neutralizing both cytokines together but not
individually, abolished the suppressive effect (101).

In Tregs derived from human cervical cancer tumor
tissues, ERa blockade abolished FoxP3 expression and impaired
suppressive function. ERE sites were found within the FoxP3
promoter ERa bound to the FoxP3 promoter in male blood-
derived Tregs. Co-IP of E2 revealed E2-ERa complexes with
FoxP3. Blocking with the anti-estrogen ICI 172 180 led to
increase in IFN-y & IL-4 production from Teffs derived from
cervical-cancer suggesting that ER blockade could potentially
restore certain Teff functions in tumors. These results showed
that E2 and ERa are required for the FoxP3 expression and
tumor-derived Treg and Teff function (102).

T Cell Trafficking

Estrogen contributes to immune cell trafficking and
inflammation by regulating chemokines and chemokine
receptors. T cells from female mice displayed increased mRNA
and protein expression of CC chemokine receptor (CCR)
1-CCR5 and increased transmigration response to chemokines
macrophage inflammatory protein (MIP)-18 and stromal
cell-derived factor (SDF)-1f. Similar increases in CCR gene
expression were found in T cells from mice treated with estrogen
in vivo (103). Estrogen increased the secretion of MCP-1,
MCP-5, eotaxin, and SDF from mitogen activated splenocytes
from estrogen treated mice (104). Further, in vivo trafficking of T
cells was shown to be gender and estrogen-dependent.
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Ovariectomized DBA/1 mice treated with estrogen and
subjected to collagen-induced arthritis had fewer Th17 cells in
the joints and less severe arthritis. However increased numbers
of Th17 cells were found in the lymph nodes in early phase of
disease, followed by a decrease in Th17 cells in the joints during
established arthritis. Increased expression of CCR6 on the Th17
cells and corresponding increase in the chemokine CCL20 was
though to contribute to interference with the egress of Th17
cells from lymph nodes to the joints indicating that estrogen
modulates Th17 migratory pathways in inflammatory arthritis
(105).

T Follicular Helper (Tfh) Cell Function

Tfh cells provide cognate help to B cells to promote class
switching and antibody production, and are implicated in
autoantibody production in autoimmune diseases (106).
Estrogen mediates gender-specific differences in regulation of
Tth cells responses via PPARy. 4-hydroxy-3-nitrophenylacetyl
hapten conjugated with ovalbumin (NP-Ova) immunization of
female CD4/PPARy deficient mice induced increased Tfh cells
and germinal center (GC) B cells. Correspondingly treatment
with a PPARy agonist reduced responses in female and with E2
co-treatment in males (107). Estrogen increased Calcineurin
and CD40 ligand (L) mRNA and protein expression in T cells
from female SLE patients in an ER-dependent manner, therefore
contributing to cognate B-cell help (108).

ESTROGEN AND B CELLS

Sex hormones play an important role in B cell development
and function in physiology (109, 110) and contribute to their
dysfunction in autoimmune disease (111). It has been known for
a long time that estrogen enhances humoral responses, enhances
B cell differentiation and immunoglobulin (Ig) production (112,
113).

B Cell Development

Similar to its effects on thymic T cell development, estrogen
suppresses B cell lymphopoiesis. Estrogen controls lymphoid-
restricted progenitors in the bone marrow. Early B cell precursors
are estrogen-sensitive and are decreased in the bone marrow
during pregnancy and following estrogen administration in mice
and humans. Specifically estrogen blocks B cell development at
the differentiation step from pro-B cell to the pre B-cell stage
(114-118). The E2-mediated inhibition of B lymphopoiesis is
both due to a direct effect on B cells as well as on the stromal cells
partially due to reduced production of the homeostatic cytokine
IL-7 and increased expression of soluble frizzled related protein 1
(sFRP1) (119, 120).

B Cell Homeostasis and Activation

Besides lymphopoiesis and differentiation, estrogen regulates
peripheral B cell populations, and tolerance induction by
promoting survival and activation of autoreactive B cells (121,
122). In splenic populations estrogen treatment leads to increased
marginal zone (MZ) B cells, reduced transitional B cells and
slightly increased follicular B cells (111, 123-125). In BALB/c

R4a mice transgenic for an anti-DNA antibody, E2 treatment
led to increased serum anti-dsDNA antibodies, peripheral
lymphoid expansion of high-affinity antibody-positive B cells,
and increased expression of anti-apoptotic protein Bcl-2 in the
germinal center B cells (126). Estrogen increased expression of
activation genes including CD22 and SHP-1 and overexpression
of these genes led to reduced B cell receptor (BCR) signaling
(124). These DNA-reactive B cells escape deletion and E2
mediates rescue of autoreactive cells at the immature and
transitional B cell stages. Specifically it was the high-affinity
DNA-reactive B cells competitively survived in E2 treated mice
compared with the low-affinity B cells in control mice (125).
While both ERa and ERP mediated B cell maturation, and CD22
expression, ERa was involved in the E-mediated decrease in
BCR signaling, indicating differential roles of ERa and ERf in
B cell maturation vs. selection (127). Thus autoreactive B cell
differentiation depends on the hormonal milieu wherein estrogen
promotes marginal zone B cells (123), their long-term persistence
and autoantibody secretion (128).

B Cell Function
B lymphocyte stimulator (Blys) also called B cell activating factor

(BAFF) is a vital cytokine for survival and maturation of B
cells, and elevated serum levels have been found in SLE patients
(129). Steady state mRNA and protein levels of BAFF were
higher in immune cells from C57Bl/6 female mice and estrogen
treatment increased BAFF expression which was mitigated in
ERa, STATI, or IRF5 deficient mice (130). Administration of
B-estradiol by subcutaneous implants in NZB/W lupus-prone
mice increased serum Blys levels, autoantibodies, and accelerated
proteinuria and glomerulonephritis (131). In human studies,
estrogen treatment led to increased BAFF mRNA levels in
peripheral blood leukocytes from healthy men and women.
Progesterone treatment increased BAFF mRNA in cells from
women in a dose dependent manner, while lower concentrations
increased but higher concentration decreased expression cells
from men (132).

Besides the E2-mediated effect on B cell activation, which
leads to increased immunoglobulin (Ig) antibody production
from both bone marrow and splenic B cells, there is evidence of a
direct effect of estrogen receptors on the Ig heavy chain locus.
Specifically ERE were identified within the heavy chain switch
(S) regions and an ERa antibody-mediated ChIP-sequencing
(seq) analysis on genomic DNA from LPS-activated B cells
revealed numerous ERa binding to key regulatory elements.
These data support the idea that nuclear hormones and receptors
can directly regulate class switch recombination and antibody
expression (133).

In summary, estrogen mediates key effects on B cell physiology
and function, which are vital in the pathogenesis of autoimmune
diseases like SLE.

ESTROGEN AND AUTOIMMUNE DISEASES

The female predilection of autoimmune diseases ranging
from 3:1 for MS to 15:1 for autoimmune thyroiditis
clearly implicates the female gender and sex hormones in
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autoimmunity (6, 8). While progesterone and androgens are
considered immunosuppressive, therefore protective, estrogens
in general are considered immune-stimulatory therefore
pathogenic in autoimmune diseases. However, the role of
estrogen is complicated and in some diseases, estrogens are
immunostimulatory while in others they are inhibitory. There
is an interesting dichotomy in the estrogen-mediated effects on
different autoimmune diseases. While diseases like SLE worsen
during pregnancy, others including MS, rheumatoid arthritis
(RA), uveitis and thyroiditis improve, likely due to the maternal
shift from a Thl to Th2 immune response presumably as an
attempt to avoid fetal rejection, and to enhance antibodies for
passive transfer of immunity to the fetus. The diseases that
are critically dependent on the T cell-dependent Thl response,
benefit from this diversion, while in SLE a shift to the Th2
propagates the autoantibody response to worsen disease.

SLE

SLE is a prototypical chronic systemic autoimmune disease
afflicting women in the childbearing years and can affect any
organ in the body (10, 11). Joints and skin are frequently
involved, while complications in vital organs such as kidneys
can lead to lupus nephritis and renal failure. Complex
interaction of genetics, environmental factors, and hormones
lead to the deregulation and aberrant activation of the
innate and adaptive immune systems leading to circulating
autoantibodies and inflammatory immune cells which eventually
lead to destruction of target organs (134, 135). Historically,
studies with gonadectomy/hormone deprivation and hormone
supplementation in male and female lupus prone mice have
shown a clear association of sex hormones with lupus,
where estrogen accelerates or worsens disease and estrogen
removal ameliorates disease in females. Male gonad removal
increases susceptibility to disease in male mice and androgen
supplementation improves disease in female mice (6).

The role of ERs has been studied in various murine models
of lupus. Ovariectomized NZB/W mice treated with the potent
ERa agonist PPT developed increased levels of autoantibodies
and proteinuria earlier and succumbed to disease sooner than
control counterparts. However, the ERf agonist DPN reduced
some anti-dsDNA autoantibodies but not total IgG, proteinuria
or mortality. These studies indicate that ERa has a pro-
inflammatory role while ERB has mild immunosuppressive
effects in this system (136). Correspondingly, ERa deficiency
attenuated autoantibodies and glomerulonephritis and improved
survival in female and male (NZBxNZW) F1 mice (137). Another
study found amelioration of disease in ERa-deficient female but
not male NZM2410 and MRL/lpr strains of lupus-prone mice
(138). Monthly injections of estradiol into ERa deficient mice
induced a serum Th2 cytokine profile, increased kidney damage
and death while minimal changes were observed in similar
experiments conducted in ERa deficient mice (139).

Estrogen and ER signaling contribute to the activation
or repression of a number of immunomodulatory cytokines,
which contribute to disease pathogenesis and organ pathology

in lupus (68). The murine lupus susceptibility locus Slelc2
is a sublocus of the NZM2410-derived Slel major lupus
susceptibility locus and contributes to CD4T cell activation,
increased IFNy-expressing T cells, and increased susceptibility
to chronic graft vs. host disease (cGVHD), When crossed
into the NZB lupus-prone mice, Slelc2 enhanced B cell
activation, autoantibodies, and renal pathology. This locus
contains the estrogen related receptor y (Esry), expressed in
T cells, which encodes for an orphan nuclear receptor that
controls mitochondrial function and oxidative metabolism.
B6Slelc2 CD4T cells expressed reduced levels of Esry, which
correlated inversely with CD4 activation compared to B6 CD4 T
cells. Increased levels of mediators of glycolysis, with reduced
mitochondrial mass and membrane potential, but increased
reactive oxygen intermediates (ROI) indicating mitochondrial
dysfunction (140, 141). While global deficiency of ERa in
lupus-prone B6.Slel mice ameliorates disease (142), conditional
deletion utilizing the Cre-lox technology has shown the effect
of ERa in specific immune cells. B cell specific deletion of
ERa by crossing ERa flox mice with CD19-Cre mice delayed
autoantibody production and lupus nephritis in (NZBxNZW) F1
lupus-prone mice (143).

SLE T cells display numerous defects in homeostasis,
phenotype, signaling, metabolism, and function (12, 135, 144)
and estrogen influences T cell signaling and activation in T
cells from SLE patients. While serum estrogen levels per se
have not been found to be significantly different in women
with SLE, increased estrogen metabolism is observed. Higher
levels of more feminizing estrone metabolites are observed
in SLE patients and their first degree relatives implying that
more potent metabolites may induce more potently epigenetic
changes via the ERs (6, 145). ERa and ERa transcripts are
expressed in PBMCs (146), and T cells from SLE patients and
exhibit biologically active ER proteins binding to ERE sites
(22). Differential expression of the ER subtypes and antibodies
against ERs impact disease activity. Some studies have found
alterations in ER expression with increased ERa mRNA levels
but decreased ERaf transcripts in PBMC from SLE patients
(147). Others examined of intracellular ERo and ERP in T cells
showed much greater variability of expression of the ERs in
SLE patients compared to healthy controls. ERa is implicated in
a pro-inflammatory pathogenic role while ERB has some anti-
inflammatory roles in SLE. Polymorphisms in the ERa (Esr)
gene have been linked with SLE and found to be significantly
associated with the development of disease or age at disease
onset, with a higher frequency in childhood-onset vs. adult
onset patients or with disease features and severity (148-
152).

ERK pathway downregulation and DNA hypomethylation
are well-known underlying epigenetic aberrations in SLE (71,
153, 154). Estrogen suppressed ERK phosphorylation in ex vivo
stimulated SLE T cells from patients with inactive or mild disease
(155). In (C57Bl/6xSJL) F1 mice transgenic for a dominant
negative MEK (dnMEK) selectively in T cells, estrogen led
to ERK inactivation, DNA hypomethylation of the X-linked
gene CD40L, and increased autoantibodies in female but not
male mice. Estrogen-induces miR148a (39) which targets and
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suppresses DNMT1 expression in T cells leading to increased
DNA hypomethylation (156). These results showed an effect of
estrogen on epigenetic regulation of genes involved in disease
pathophysiology (157).

The calcium-dependent phosphatase Calcineurin
dephosphorylates nuclear factor of activated T cells (NFAT)
to activate NFAT-mediated transcriptional activation of genes
including the B-cell help molecule CD40L/CD154. Estrogen
increases Calcineurin and CD154 expression levels in an ER
dependent manner in T cells from women with SLE but not
healthy controls (158, 159). Estradiol also increased the calcium-
buffering protein Calreticulin in activated T cells from healthy
donors but variably modulated it in activated T cells from SLE
patients, suggesting a deregulated control in SLE T cells (160).
Zinc finger acidic domain structure 3 (ZAS3) is a signaling and
transcription factor, which regulates inflammatory responses.
Increased ZAS3 mRNA and protein levels were found in PBMCs
from SLE patients, and estradiol treatment increased ZAS3
expression levels in PBMCs and in mice injected with estradiol.
ERa bound to ERE sites within the ZAS3 locus and was required
for E2-mediated induction of ZAS3 (161).

Estrogen decreased activation induced cell death (AICD)-
mediated apoptosis and downregulated FasL mRNA and protein
expression in an ER-dependent manner in PMA-activated T
cells ex vivo from SLE patients (162). Another study found
that in vitro estradiol treatment of T cells from SLE patients
led to increased expression of FasL and Caspase-8 but no
change in Fas, Bcl-2, and Caspase-9 mRNA level (163). Thus
the estrogen-mediated persistence of autoreactive cells may
contribute to autoimmunity in SLE. Autoantibodies to ERa but
not ERB were identified in sera of about half of SLE patients
tested, and ERa abs induced activation and apoptosis both in
resting T cells and after CD3 activation. ERa autoantibody
levels correlated with SLE disease activity index (SLEDAI)
and arthritis clinical parameters (164) indicating that ERa
autoantibodies disrupt T cell homeostasis in autoimmune
disease.

Microarray gene profiles from activated T cells from female
SLE patients and healthy controls showed alterations in a
number of signaling pathways including Type I interferon,
which has been clearly associated with disease initiation and
progression. A Type I IFN gene altered was the vitamin D
receptor interacting protein (DRIP150) suggesting that aberrant
regulation of a cofactor may contribute to estradiol sensitivity
in SLE T cells (165). Microarray analysis in PBMCs from SLE
patients and healthy controls treated with estradiol revealed
estrogen-mediated gene signatures. Many more genes were
differentially regulated by estradiol in SLE T cells compared to
healthy controls. Of note were pathways with genes involved
in post-translational modification (161). A recent study utilized
in vitro culture of T cells from female SLE patients or
controls with the ER antagonist Fulvestrant/Faslodex (ICI 182,
780) to assess the global effects on estrogen-mediated genes
signaling pathways by microarray gene profiling. Pathways
of Th cell differentiation, steroid receptor (GR/ER) signaling,
ubiquitination and sumoylation pathways were significantly
altered. While the mRNA levels of both ERa and ERf and protein

levels of ERP were similar, the protein expression of ERa in
SLE T cells ex vivo was significantly lower in SLE compared to
healthy controls suggesting an increased turnover (166). These
studies suggest that increased turnover of ERa in SLE T cells
may sensitize T cells to estradiol and contribute to their altered
function.

In SLE, an imbalance between Th17 and Tregs is thought
to contribute to and correlate with disease pathogenesis (167,
168). IL-6 is a crucial cytokine in this balance because IL-6
(with low dose TGFp) drives naive CD4 differentiation to Th17
cells, rather than Tregs (169), and inhibits TGFp-induced Treg
differentiation. High doses of TGF drive Treg differentiation.
In addition, IL-6 in combination with IL-1p leads to degradation
of FoxP3 (170). High serum and urine levels of IL-6 are found
in SLE patients and correlate with disease activity (171-174). E2
stimulates IL-6 expression by biliary epithelial cells in mice and
humans (175). IL-6 production is controlled genetically in an age-
and gender dependent manner. In a human study (n.62, n.31
men and 31 women, aged 29 to 93 years), plasma IL-6 levels,
IL-6 production by stimulated PBMC ex vivo, and a C to G
transition at nucleotide—174 of the IL-6 gene promoter (—174
C/G locus) were assessed. Results showed that IL-6 production
increases with age and is dominant in women (176). Accordingly,
IL-6 knockout female C57BL/6 mice were resistant to syngeneic-
activated lymphocyte-derived DNA (ALD-DNA)-induced SLE
and IL-6 blockade increased FoxP3 expression, therefore showing
that IL-6 suppresses Tregs to promote lupus (177). Thus IL-6 is
a critical inflammatory cytokine, which shifts the balance from
Tregs to Th17.

Type I as well as type II IFN cytokines are important
in autoimmunity and inflammation (178, 179). Treatment of
splenocytes from C57Bl/6 or lupus-prone NZB/W mice and
murine cell lines with either IFN-a or IFN-y led to increased
expression of ERo mRNA and protein levels, via transcriptional
activation of the Esrl promoter through STAT1. E2 and
IFN signaling co-operatively activated ERa and IFN-responsive
genes. These data bring to light a mutual positive regulatory
feedback in which interferons activate ERa which activates IFN-
y and IFN-y-mediated interferon regulatory factor (IRF) 9 to
further amplify the inflammatory loop (180).

TNF-like weak inducer of apoptosis (TWEAK) is a TNF
superfamily proinflammatory multifunctional cytokine, which
can lead to increased inflammatory mediators including IL-
6, MCP1 associated with renal damage in SLE (181). Higher
urinary levels of soluble TWEAK were found in patients with
renal damage compared to those without. Estrogen through ERa
promotes expression of to accelerate the progression of lupus
nephritis. E2 treatment of PBMCs from lupus nephritis (LN)
patients led to increased mRNA levels of TWEAK, which were
abolished in the presence of ERa inhibitor methyl-piperidino-
pyrazole (MPP) and ER antagonist Fulvestrant (ICI 182 780).
Similar results were obtained after ovariectomized MRL/lpr
lupus-prone mice were treated with estrogen or antagonists.
Severe renal pathology and high serum IL-6 levels in these
mice were reversed by co-treatment in vivo with shRNA to
inhibit TWEAK. (182). In C57BL/6 ERa knockout mice the
nephrotoxic serum nephritis (NTN) model of immune-mediated
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nephropathy was used to assess the role of ERa in lupus nephritis.
Time-course microarrays on murine glomeruli from wt and
ERa-ko NTN-induced mice showed increased PPAR-y mediated
lipid metabolism and decreased retinol metabolic pathways. In
parallel, RNA-seq analysis of whole blood from SLE patients
revealed similar expression profiles of these pathways (183).
Thus ERa signaling impacts metabolic activity in the kidneys to
promote immune-mediated nephropathy and has implications
for lupus nephritis.

These studies indicate that female hormones particularly
estrogen plays important roles in immune cell generation,
homeostasis, and function which impact control of immune
responses. Caution must be exercised while interpreting data
due the differences in systems studied, heterogeneity in
patient populations, numbers and disease state of patients
examined, and most importantly, concentrations and durations
of estrogen exposure. Importantly, depletion of ERa and estrogen
supplementation studies must be very carefully interpreted
because most studies have been carried out with ERa knockout
mice which have a functional rather than genetic ERa deficiency
because they carry an N-terminal truncated form which lacks
the critical AF-1 domain required for most classic estrogen
actions. However ovariectomized true ERa-/- mice with genetic
deletion of ERa in the NZM2410 strain, were not protected
from lupus-like disease suggesting that other hormones perhaps
testosterone mediate protection rather than the loss of full-length
ERa (184).

OTHER AUTOIMMUNE DISEASES

While estrogen and ERs contribute to SLE pathogenesis and
worsen disease activity in mice and humans, immune-protective
effects are observed in other autoimmune diseases such as
Multiple Sclerosis (MS) and rheumatoid arthritis (RA) (185).

Multiple Sclerosis

In MS, autoreactive T cells attack myelin tissue in the central
nervous system leading to axonal demyelination and CNS
dysfunction. Disease follows a relapse-remitting or progressive
type of course. In this disease, both in humans and in the
EAE mouse model, estrogen is neuroprotective by shifting
the immune response and suppressing immune activation
(186-189). Serial brain magnetic resonance imaging (MRI)
during follicular and luteal phases of the menstrual cycles in
eight women with relapsing-remitting MS showed significant
correlation between Progesterone/p-estradiol ratios with both
the numbers and volumes of lesions (190). A major clinical
observation was that during pregnancy, the relapse rate of
MS declines in the third trimester, but increases in the 3
months post-partum period (186). A pilot trial treatment of non-
pregnant women with the pregnancy hormone estriol showed
improvement in disease lesions (187). These effects are presumed
to be due to the shift from a proinflammatory Thl to anti-
inflammatory Th2 immune response environment. Estrogen
ameliorates EAE, and E2-ERa leads to reduced pro-inflammatory
Thl, Th17 cells, and cytokines IFN-y, IL-17, TNE and other
molecules iNOS and MCP-1. In addition Estrogen induces

anti-inflammatory cytokines IL-10 and TGF-f and promotes
expansion of Tregs. Estrogen suppresses CD4 T cell expansion,
increases T cell apoptosis. E was shown to protect from atrophy of
gray matter in EAE. ERa is shown to be pathogenic while ERB is
protective in MS. Accordingly ERB ligand estriol administration
was neuroprotective in EAE in mice (191). A new ERP ligand
AC186 improved reduced neuropathology in chronic EAE (192).
A placebo-controlled multi-center Phase2b trial with oral ER}
ligand estriol improved disease activity (193), and another
clinical trial is currently ongoing (www.clinicaltrials.gov).

E2 is protective in the EAE model of autoimmune disease
in both male and ovariectomized female mice and this effect
is partially mediated by modulation of Tregs (194). Estrogen
upregulated PD1 expression in CD4+FoxP3+ Tregs, and PD1
levels rather than the frequency of Tregs, correlated with the
degree of E2-mediated EAE protection. E2 also dramatically
reduced IL-17 production, and this effect and protection from
EAE were partially abrogated in the PD1lko mice (195). While
PD1lko mice had normal FoxP3 expression levels, Tregs were
functionally defective in their suppressive capacity which was
partially restored by pre-treatment of the mice with Estrogen
without much increase in FoxP3 levels. These results imply that
estrogen influences Treg function via both PD1-dependent and
independent pathways (196). EAE was suppressed in pregnant
mice and in ovariectomized mice that received pregnancy levels
of estrogen. Estrogen suppressed proliferation of T cells and
decreased proinflammatory Th1 (IFN-y, TNF-a) and Th17 (IL-
17, IL-6) cytokine protein and mRNA levels while elevated
Th2 (IL-4) and Treg suppressive (IL-10, TGF-B) cytokines in
MOGe-restimulated splenocytes and lymph node cells ex vivo
from immunized mice. Accordingly, the respective transcription
factors T-bet and RORyt were decreased while GATA3 binding
protein (GATA3) and FoxP3 expression were increased (197).

Rheumatoid Arthritis

RA is the most common systemic rheumatic autoimmune
disease and has a female to male incidence of 4:1 before
the age of 50 and about 2:1 after the age of 60 years with
the peak incidence around the fifth decade. Therefore female
hormones clearly play a role in disease (198-200). However the
contribution and effects of hormones in RA disease development
are complicated and still not fully understood. Serum hormone
levels fluctuate throughout the lifespan in women and interact
differentially with genetic and environmental factors to regulate
immune responses and autoimmunity. A number of factors
are associated with the risk vs. protective effects of hormones
in RA. Different hormonal states including pregnancy, post-
partum, breastfeeding, and exogenous hormones including oral
contraceptives (OC), postmenopausal hormone replacement
therapy (HRT), and hormone administration for infertility
treatment alter the hormonal milieu and are associated
differentially with RA. Low estrogen levels such as earlier
age at menopause, multi-parity, longer breastfeeding (>17
months) are associated with increased risk for RA. Pregnancy is
protective for RA development and disease activity and so have
HRT and OCs. Synovial tissues from RA patients have higher
expression of the ERB over ERa, and inflammation induces its
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expression to further induce proinflammatory cytokines TNEF, IL-
1B, and IL-6 by PBMCs (201). Diminished ovarian function and
decreased circulating estrogen levels at menopause induces these
cytokines and E2 inhibits them in PBMCs from postmenopausal
women. However the E2-mediated effects on PBMC from pre-
menopausal women are not consistent.

Therefore reduced estrogen bioavailability and decline in
ovarian function contribute to development of RA. Hormones
induce differential effects on immune system in pre-menopausal
and post-menopausal women and therefore influence disease
development differentially. The role of female hormones in the
preclinical stages is still not fully understood (198).

HORMONES, RECEPTOR MODULATORS,
AND RELATED THERAPIES

Because hormones play a critical role in physiology of
reproductive tissue, bone, cardiovascular, lipid, and immune
system, therefore contributing to disease pathogenesis,
modulation of hormones or hormone receptors are considered
therapies for cancer, bone diseases and autoimmune disease
including SLE (202-204).

Effects of estrogen can be blocked by anti-estrogens
or selective estrogen receptor modulators (SERM). Anti-
estrogens include the pure ER antagonist Clomiphene citrate
used for infertility treatment in anovulatory women and
Fulvestrant (Faslodex) treatment of breast cancer. SERMs are
synthetic estrogen-like ER-ligands, which have ER-agonistic or
antagonistic effects depending on the target tissue without the
adverse effects of steroid hormones. They have ER-agonistic
effect on bone tissue, but minimal effects on reproductive
tissues and are mainly used for their beneficial effects
in postmenopausal vasomotor symptoms and osteoporosis.
Tamoxifen is a first-generation SERM with competitive ER-
antagonist effects on breast and agonist effects on bone, uterus
and liver tissue. However, its uteroproliferative effects increase
risk for endometrial cancer, negating its use for osteoporosis.
Raloxifene, a second generation SERM is similar to Tamoxifen,
but has anti-estrogen effects on breast and uterus but partial
agonist in bone, lipids and cardiovascular system, and is
approved for osteoporosis. Lasfoxifene and Bazedoxifene are
third generation SERMs evaluated for their usefulness in
osteoporosis (205).

A number of studies have assessed the effect of SERMs in
bone loss in conjunction with effects on the immune system to
assess their utility in postmenopausal osteoporosis. The effects
of SERMs on the immune system are still being elucidated
and some SERMs are shown to have immunoprotective effects.
Continuous treatment with the selective estrogen receptor
modulator (SERM) LY139478 ameliorated glomerulonephritis
and improved survival in female MRL/lpr mice (206). MRL/Ipr
mice treated with the potent estrogen receptor antagonist
Tamoxifen had reduced disease severity and decrease in numbers
of double negative T cells and reduced IL-2 mediated DN
cell proliferation in vitro (207). Oophorectomized normal mice
treated with subcutaneous Raloxifene analog LY117018 had

minimal changes on the thymus, T cell activity, and inflammation
in DTH model indicating that Raloxifene does not exhibit similar
effects as estrogen on T cell responsiveness and inflammation
(208). Lasofoxifene and bazedoxifene are third generation
SERMs with minimal estrogenic adverse effects used for
treatment of postmenopausal osteoporosis. Similar to Raloxifene,
Lasofoxifene, and Bazedoxifene did not increase peripheral B
cell activity and only blocked B cell maturation at later stages of
development therefore affecting fewer subpopulations, compared
to estrogen treatment of ovariectomized female C57BL/6N mice
indicating the safety of these drugs (209). A similar study assessed
the effects of Raloxifene, Lasofoxifene, and Bazedoxifene on T cell
development and T cell dependent inflammation (50). Raloxifene
and Lasofoxifene but not Bazedoxifene reduced thymic weight
but neither of these SERMS affected thymic T cell populations
or delayed-type hypersensitivity (DTH) inflammation. Therefore
Lasofoxifene and Bazedoxifene are safe to use because they do not
impact T lymphopoiesis or T cell dependent inflammation (50).

Arctigenin is a plant-derived phytoestrogen SERM,
considered a natural alternative to estrogen, and acts as a
selective agonist of the immunosuppressive ERB receptor.
Arctigenin bound to and activated ERB phosphorylation and
nuclear translocation in the mouse EL4 T cell line, and inhibited
mTORC1 activation and subsequent Thl7 differentiation
of naive CD4T cells from female C57BL/6 mice. This was
associated with amelioration of dextran-sodium sulfate (DSS)-
induced colitis in ovariectomized female C57BL/6 mice (210). A
recent study showed that two novel SERMS (designated SERM2
and SERM7) and Raloxifene promoted anti-inflammatory
signaling of CD144 M2 type macrophages, diminished NFkB
activity, induced the anti-inflammatory cytokine IL-10 and the
IL-1R antagonist, and suppressed T cell proliferation (211).

Dehydroepiandrosterone (DHEA) is the natural steroid
precursor of both androgens and estrogen in peripheral tissues.
Increased metabolism of estrogen and reduced DHEA levels have
been observed in SLE patients. Therefore treatment with DHEA
is considered a therapeutic option for SLE (202). In a multicenter
randomized double-blind placebo controlled clinical trial of adult
women with SLE, Prasterone (generic DHEA) administration
for 12 months was well-tolerated and improved or stabilized
disease activity (212). Fulvestrant (Faslodex) a selective estrogen
receptor downregulator and competitive inhibitor of estrogen
was shown to improve SLE disease activity index (SLEDAI) scores
and reduce T cell activation molecules CD154 and Calcineurin
in a double-blind placebo-controlled trial in postmenopausal
women with moderately active SLE (213).

Although female sex hormones are a culprit in the
pathogenesis of autoimmune diseases such as SLE these
hormones have vitally important beneficial effects on the
reproductive system and bone metabolism. Therefore there
are concerns about exogenous estrogen including the effects
of hormone replacement therapy in post-menopausal women,
oral contraceptives in pre-menopausal women, and hormone
treatment for infertility, on disease activity in SLE (233, 234). A
randomized, double-blind, placebo controlled trial evaluated the
effect of combined estrogen-progesterone hormone replacement
therapy in menopausal women inactive or stable-active SLE.
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TABLE 1 | Effects of sex hormones on cells of the adaptive immune system.

Hormone Cells Process Effects References
Estrogen T cells Development Suppresses thymopoiesis and thymic cellularity (48-55)
Activates extrathymic development in liver (48)
Downregulates Aire to impair negative selection of autoreactive T cells (59, 60)
Homeostasis (Physiologic conc) Stimulates survival and proliferation and suppress apoptosis (cancer (61, 62)
cells)
Homeostasis (Pharmacologic Reduces proliferation (63-65)
conc)
Activation Increases T cell activation (69)
Increases NF-«B signaling (76)
Increases p-ERK, p-Akt, p-CREB signaling (77)
Stimulates mitochondrial function (72, 74)
Increases expression of Sp1 and CREM (79)
Impairs ERK/MAPK signaling, Decreases DNMT1, DNA (71)
hypomethylation
Cytokine production Reduces IL-2 (ERa), Increases IL-2 (ERB) (77-80)
Increases IL-1, IL-10 IFN-y (81, 83, 84)
Th Differentiation Increases Th1 and Th17 differentiation Decreases Th2 differentiation (82-85)
Represses Th1, Th17, IFN-vy, IL-17 (Bone metabolism, CNS) (87-90)
Promotes TGF-B signaling (Bone metabolism) 91)
Tregs Increases Treg numbers and FoxP3 expression (96-99)
Enhances Treg suppressive function (99-102)
T cell migration Increases chemokine receptors CCR1-5 (103)
Increases chemokines MCP1, MCP5, eotaxin and SDF1p (104)
Increases CCR6 on Th17 cells & chemokine CCL20; increases Th17 (105)
cell migration
B cell help function (Tth) Increases Tth cells (107)
Increases Calcineurin and CD40L expression (108)
B cells Development Suppresses B cell lymphopoiesis (109, 110)
Suppresses B cell differentiation from pro-B to pre-B cell stage (114-120)
Reduces threshold for negative selection; allows escape of (126)
autoreactive B cells
Homeostasis/survival Promotes survival of autoreactive B cells (124, 125)
Activation Increases MZ and follicular B cells (111, 123-125)
Increases class switch and Ig antibody production (128, 133)
Cytokine production Increases Blys (BAFF) levels (129-131)
Progesterone T cells Homeostasis Reduces T cell proliferation, Induces apoptosis (214-216)
Cytokine production Increases IL-4, Decreases IFN-B, IL-17
Differentiation Reduces Th1 Th17 differentiation
Function Reduces T cell dependent antibody production
Inhibits cytotoxicity
Tregs Increases Treg differentiation
B cells Cytokine production Promotes IL-10 production
Antibody production Reduces class switch and T cell dependent antibody production
Androgens T cells Development Increase thymopoiesis (217, 218)
Increase Aire expression to promote deletion of autoreactive T cells
Differentiation Inhibit Th1 and promotes Th2 and IL-10
Tregs Increase FoxP3 and promotes Treg expansion
B cells Development Suppress B lymphopoiesis
Function Reduce B cells and antibody responses
(Continued)
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TABLE 1 | Continued

Hormone Cells Process Effects References
Leptin T cells Activation and Differentiation Promotes Th1 differentiation Increases RORyt, Promotes Th17 (219-225)
Increases mTOR activation and proliferation of Teffs (226, 227)
Promotes Glycolysis to drive Teff differentiation
Increases availability of apoptotic cell-derived self-antigens, promotes (228, 229)
autoimmunity
Tregs Suppresses Treg proliferation and activity (230)
B cells Homeostasis Promotes survival by induction of Bcl-2 and Cyclin D1 (231)
Activation Increases JAK2/STAT3 and p38MAPK/ERK1/2 (232)

Cytokine production

Increases TNF, IL-6, and IL-10

Results from this trial showed increase in only mild to moderate
but not severe flares compared to placebo and concluded that
the benefits of HRT outweigh the small risk of flares in SLE
(235). Similarly, combined oral contraceptives did not increase
the risk of flares in women with stable disease activity in a double
blind randomized noninferiority trial (236). A randomized
placebo-controlled trial of another hormone replacement option
Tibolone, a progestogen whose metabolites have affinity for the
estrogen, progesterone and androgen receptors was conducted
in postmenopausal women with inactive or controlled SLE.
Tibolone was well tolerated and short-term use did not affect
the frequency of flares (237). A pilot case-control prospective
study investigated the immune-modulating effects of short-term
controlled ovarian stimulation (COS) in infertile women to
assess the effects of acute increase in E2 on serum BAFF levels,
Immunoglobulins, anti-nuclear antibodies (ANA) and peripheral
B cell phenotype and found no significant increases in these
measures of immune activation suggesting the safety of COS in
infertility treatment.

A modern HRT option is tissue-selective estrogen complex
(TSEC) in which estrogen is combined with a SERM. In
this therapy, the SERM competes for ER-binding in a tissue-
specific manner to mediate protective effects on the tissue. An
estrogen-Bazedoxifene combination was the first approved TSEC
for prevention of postmenopausal vasomotor symptoms and
osteoporosis and had better safety profiles and efficacy than
conventional HRT, (238-241) and showed benefits by preventing
bone loss in a collagen-induced arthritis (242). A study with
E2 and Raloxifene showed suppressed E2-mediated autoreactive
effects on B cells in NZB/NZW) F1 mice (243) However,
the E2-Baze combination TSEC blocked uteroproliferation but
did not affect the E2-mediated effects on thymus weight, or
B lymphopoiesis or bone marrow B cell Ig secretion (244).
Therefore, more studies of the role of TSECs in the immune
system are needed to determine their usefulness.

ERP is protective for bone loss and estrogen was shown to
regulate bone marrow stromal cells senescence and stemness
to prevent osteoporosis via ERB and special AT-rich sequence
binding protein 2 (SATB2) transcription factor. Estrogen
induced ERB-ERE binding to activate the promoter and
upregulate SATB2. SATB2 ameliorated senescence, increased
stemness and improved osteogenic differentiation of BMSCs

from ovariectomized female SD rats (245). Therefore blocking
estrogen or ERa are potential options, and targeting ERP may be
another potential avenue.

PROGESTERONE AND ANDROGENS

While estrogen in general has immunostimulatory roles,
Progesterone, and androgens are immunosuppressive and
counteract the pathways affected by estrogen (214, 217).
Progesterone receptors are present in lymphoid organs and cells
of the innate and adaptive immune systems and are intracellular
(iPR) or membrane bound (mPR) (215). Progesterone is shown
to impact CD4 Th differentiation and cytokine production with
increased IL-4, and increased Treg differentiation, and reduced
IFN-y, Th17 responses, reduced T cell proliferation and T cell-
dependent antibody responses, in human peripheral blood and
cell line or mouse studies. In CD8 T cells, Progesterone reduced
IFN-y and cytotoxicity. Effects on B cells included reduced class
switch recombination and reduced T cell dependent antibody
production (216).

Androgens also have immunosuppressive effects on the
immune response (217). Low testosterone levels are correlated
with higher B cells and antibody responses. Studies of
gonadectomy or androgen receptor (AR) deficiency in male
mice showed increased B lymphopoiesis, which was reversed
by administration of testosterone. Overall, androgens promote
B lymphopoiesis through B cell intrinsic mechanisms or effects
on bone marrow stromal cells. Gonadectomized or AR deficient
male mice have thymic atrophy, which returns to normal size
after testosterone supplementation. Testosterone reduces the
numbers of DP and CD4 SP cell and promotes CD8+ thymocytes
presumably by inhibiting proliferation and increasing apoptosis.
Testosterone increases the negative selection of autoreactive
thymocytes by upregulating Aire expression in MTECs, and
increases thymic TGFP production therefore promoting central
self-tolerance. Androgens also limit the peripheral lymphoid
compartments and androgen deficiency or gonadectomy leads
to increased peripheral lymphoid populations. Testosterone can
non-selectively cause death of peripheral T cells. Effects of T cell
responses are also observed in response to androgens. Removal
of androgens leads to increased T cell responses, and treating
female mice with testosterone reduces antigen-specific responses.
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Cytokine responses include a skewing toward the Th2 response
with IL-4 and IL-10, and inhibiting Th1 differentiation, IL-12
and IFN-y production. Testosterone promotes the expansion
of Tregs and when ligand-bound, enhances FoxP3 expression
in Tregs from rats or women in the ovulatory phase. Overall,
androgens suppress the inflammatory responses of peripheral
lymphoid cells through effects on T cells and indirect effects on
B cells because peripheral B cells lack ARs (217). Although the
incidence of SLE is far lower in men, disease is associated with
poorer clinical outcomes in men. Indeed, testicular hypofunction
was positively associated with SLE in a retrospective cohort
study indicating that this requires consideration in patient
management (218).

PROLACTIN AND LEPTIN

Prolactin and Leptin influence the immune system and
contribute to autoimmune diseases and inflammation.
Prolactin is a luteotrophic hormone, which in general has
immunostimulatory roles in the immune system. The reader is
directed to an excellent review on Prolactin and autoimmunity
within this topic collection (246).

Leptin, an adipocytokine is produced by adipose tissue and has
dual roles as a hormone and a cytokine (219-223). As a hormone
it impacts energy homeostasis, endocrine functions, and bone
metabolism. As a cytokine, Leptin has multiple roles in the innate
and adaptive immune responses, and promotes autoimmune
and non-autoimmune inflammation. Leptin is in general, a
proinflammatory molecule, which affects survival, activation,
differentiation, and function of both T and B lymphocytes.
Leptin promotes T cell survival and activation. It promotes IL-2
and IFN-y production, and drives Th1 over Th2 differentiation
(224). Leptin promotes expression of RORyt to drive Thl17
differentiation in human and mouse CD4T cells in vitro and
in vivo (225). In contrast, Leptin suppresses Treg proliferation
and expansion (230). Leptin is shown to activate the mTOR
pathway and promote T cell glycolytic metabolism to regulate
both Teffs proliferation and Tregs responsiveness (226, 227). In
B cells, Leptin promotes expression of anti-apoptotic proteins
Bcl-2 and Cyclin D1 to promote survival (231). Leptin activates
JAK2/STAT3 and p38/MAPK/ERK1/2 signaling pathways in
human B cells, and activates TNF, IL-6, IL-10 production (232).

Leptin is elevated in a number of autoimmune diseases
including SLE (247), in humans and in murine models of
lupus, and exerts pathogenic effects through increased Th17
proinflammatory responses, increased autoantibody production,
impaired Treg responses, and increased availability of apoptotic
cell-derived self-antigens (228, 229). Accordingly genetic deletion
of leptin in mice, and the neutralization of leptin are shown
to benefit autoimmune disease by restoring immune cell
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