/[

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

" NIH Public Access
éf};‘ Author Manuscript

2 HEpst

o NATIo

Published in final edited form as:
Immunol Endocr Metab Agents Med Chern. 2011 December ; 11(4): 262—274.

GPR30 FORMS AN INTEGRAL PART OF E2-PROTECTIVE
PATHWAY IN EXPERIMENTAL AUTOIMMUNE
ENCEPHALOMYELITIS

Sheetal Bodhankarl2 and Halina Offner1.2:3
1 Neuroimmunology Research, Portland VA Medical Center, Portland, OR, USA

2 Department of Neurology, Oregon Health & Science University, Portland, OR, USA

3 Department of Anesthesiology and Perioperative Medicine, Oregon Health & Science
University, Portland, OR, USA

Abstract

A major focus of our laboratory has been an in-depth evaluation as to how estrogens exert a
pronounced protective effect on clinical and histological disease in the animal model of multiple
sclerosis (MS), experimental autoimmune encephalomyelitis (EAE). An important issue regarding
their therapeutic application has been the undesirable estrogenic side effects thought to be
mediated primarily through 17p-estradiol (E2) binding to intracellular estrogen receptor alpha
(ERa). With the discovery and characterization of GPR30 as the putative membrane estrogen
receptor, we sought to study whether signaling through GPR30 was sufficient to mediate
protection against EAE without engagement of ERa. Treatment of EAE in WT mice with G-1, a
selective GPR30 agonist, retained estradiol’s ability to protect against clinical and histological
EAE without estrogenic side effects. G-1 treatment deviated cytokine profiles and enhanced
suppressive activity of CD4*Foxp3* Treg cells through a GPR30- and programmed death 1
(PD-1)-dependent mechanism. This novel finding was indicative of the protective effect of GPR30
activation in EAE and provides a strong foundation for the clinical application of GPR30 agonists
such as G-1 in MS. However, future studies are needed to elucidate cross-signaling and evaluate
possible additive effects of combined signaling through both GPR30 and ER-a. Deciphering the
possible mechanism of involvement of GPR30 in estrogen-mediated protection against EAE may
result in lowering treatment doses of E2 and GPR30 agonists that could minimize risks and
maximize immunoregulation and therapeutic effects in MS. Alternatively, one might envision
using E2 derivatives with reduced estrogenic activity alone or in combination with GPR30
agonists as therapies for both male and female MS patients.
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INTRODUCTION

Human autoimmune diseases exhibit a distinct female predominance of incidence in a long
list of diseases including rheumatoid arthritis (RA), systemic lupus erythematosus (SLE),
scleroderma, Sjogren’s syndrome, Graves disease and multiple sclerosis (MS) [1]. This
differential gender susceptibility has also been observed in many experimental animal
models of autoimmune disease [1], including lupus, insulin-dependent diabetes mellitus
(IDDM), chronic thyroiditis (CLT), myasthenia gravis (MG), collagen- or adjuvant-induced
arthritis (CIA or AA), and EAE [2, 3]. Recent evidence suggests that sex hormones play a
central role in gender dimorphism. Gender differences in immune response and
susceptibility to autoimmune diseases usually become apparent after sexual maturity [4].
Furthermore, the increased levels of sex hormones produced during pregnancy are reported
to reduce the clinical symptoms of RA and MS but to exacerbate symptoms of SLE [5-7].
Interestingly, the clinical symptoms of RA and MS worsen postpartum, which is marked by
reduced sex hormone levels [7, 8]. The importance of sex steroids on pathogenic
autoimmune disease has also been demonstrated in experimental animal models by altering
their hormone levels. Estrogens enhance the incidence and severity of experimental murine
lupus [9]. Estrogens are capable of suppressing CIA and AA in rats [10, 11] and estrogen or
synthetic estrogen analogues have also shown to suppress EAE in both mice and rats[12,
13]. In summary, females have a stronger immune response than males, which is likely
responsible for their increased incidence of autoimmune disease. In females, estrogens can
enhance autoantibody production, resulting in increased severity of antibody-mediated
diseases such as lupus, but, at higher concentrations, estrogens have also been shown to
suppress experimental diseases mediated by T cells.

Multiple sclerosis (MS) a debilitating neurological and inflammatory autoimmune disease
finds itself in the list of the many other human autoimmune disorders that have a distinct
female predominance. The pathogenesis for MS is believed to involve activation or
dysregulation of T cells that recognize myelin protein antigens (Ag) in genetically
susceptible individuals. However, the cause of activation of T cells against self-Ag remains
yet unidentified. Subjects with MS often show clinical improvement during pregnancy,
followed by temporary post-partum exacerbations [7, 14]. Levels of sex steroids mirror
these improvements during pregnancy, suggesting an immunoregulatory role. Treatment
with pregnancy level estriol (E3) reduces central nervous system (CNS) lesions [15].
Experimental autoimmune encephalomyelitis (EAE) is a T cell-mediated disease directed at
CNS myelin proteins, including myelin basic protein (MBP), proteolipid protein (PLP), and
myelin oligodendrocyte glycoprotein (MOG) [16] and shares a number of immunological
similarities with the human demyelinating disease MS [17]. These myelin proteins are
widely encephalitogenic among mammalian species and strains when injected with
adjuvants, induce a spectrum of clinical and histological sequelae that mimic various aspects
of MS. As in humans with MS, EAE severity in guinea pigs, rats and rabbits improves
during pregnancy [14]. We have previously demonstrated that relatively low doses of 17p-
estradiol (E2) and E3 confer potent protection against clinical and histological signs of EAE
[18, 19]. Although sex hormones are clearly involved in regulating the immune response,
the mechanisms involved are complex and poorly understood. Studies demonstrate direct
effects of sex hormones on immunocompetent cells. In vitro studies have shown that high
doses of E2 can suppress mitogen- and antigen-induced proliferation of T cells, and depress
suppressor T cell activity [20, 21]. Sex hormones have also been shown to influence the
production of a number of inflammatory Th1 cytokines, including IFN-y, TNF-a, IL-1, and
IL-6, as well as anti-inflammatory Th2 cytokines IL-4, IL-5, and TGF-p [1].

Hormones, including steroids, play an important role in the regulation of normal physiology
and in the treatment of several human diseases, ranging from various cancers to many
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autoimmune diseases. The cellular responses to hormones initiate a complex array of events
within the cell upon ligand binding to specific hormone receptors. The cellular responses
that hormones elicit are broadly classified as i) genomic responses characterized by changes
in gene transcription requiring hours to days and ii) rapid signaling events occurring within
seconds to minutes of cell stimulation.

The most thoroughly characterized steroid-induced cellular responses are mediated by
estrogen. Estrogen (E2) is a critical hormone in the human body, regulating functionally
dissimilar processes in numerous tissues. Estrogen is one member of the family of steroid
hormones, which also includes progesterone, testosterone, cortisol/glucocorticoids and
aldosterone/mineralocorticoids that control many aspects of mammalian physiology.
Additional estrogen-based steroids, estrone and estriol are also known to mediate biological
functions. Estrogen is involved in diverse functions such as regulating growth, development
and homeostasis of numerous tissues [22]. The best understood of these are mammalian
female reproduction and breast development [23]. In addition, estrogen regulates skeletal
physiology [24], cardiovascular function [25] and the central nervous system [26] as well as
the immune system [27]. In addition to its well-characterized role in sexual differentiation
and regulation of reproductive neuroendocrine function, E2 also demonstrates important
neuroprotective effects in the central nervous system [28, 29]. E2 promotes the growth and
differentiation of neurons in the developing forebrain through high-affinity interactions with
E2 receptors [30]. E2 acts in concert with neurotrophins (e.g., nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF) and neurotrophins 3 and 4/5) that also have well-
documented effects on the development, survival, plasticity, and aging of neurons that
contribute to the reproductive and cognitive functions in the mammalian forebrain [30].

Until recently, the classical estrogen receptors (ER-a and ER-3) were considered to be the
sole contributors of both the genomic and rapid signaling responses initiated by estrogen.
However, during the past few years, a member of the 7-transmembrane (7-TM) G-protein
coupled receptor (GPCR) family, GPR30, has been characterized to be capable of mediating
both genomic and rapid events in response to estrogen [31]. The immunosuppressive effects
of E2 are mediated via specific receptors and depend on the regulated expression and
cellular distribution of these receptors [32], particularly estrogen receptor-a (ER-a) that
mediates the major therapeutic effects of E2 [33]. The expression of ERs on various immune
cells, including T and B lymphocytes and myeloid antigen presenting cells (APCs), suggests
that therapeutic effects of E2 may involve direct receptor binding. Neurons in the forebrain
co-express E2 and neurotrophin receptors [34] and also are abundant producers of E2 [35]
and neurotrophin. E2 and neurotrophins appear to reciprocally regulate each other’s actions
by cross-coupling of their signaling pathways, which eventually lead to the induction of
same set of genes involved in neurite outgrowth and differentiation. Studies demonstrating
the presence of membrane associated estrogen receptor (MER) in the oligodendrocyte
plasma membrane and within the myelin sheath [36] indicate the importance of estrogen-
mediated signaling via its various receptors in the neurological compartment as well. These
data suggest that estrogen could act directly on myelin as well and contribute to its
preservation and function. The striking protective effects of E2 in EAE raise the possibility
that some form of estrogen might be beneficial as a therapy for MS. Moreover, the
neuroprotective effects of estrogen might have a particular value in preserving the nerve
viability and myelin function in the CNS that is gradually lost during the progression of MS.
Rhonda Voskuhl and colleagues have now completed a phase | clinical trial of estriol to treat
10 female MS patients [37]. Their study demonstrated that at a dose of 8 mg/day given
orally for 6 months (producing serum levels of about 4 ng/mL), the patients had decreased
delayed-type hypersensitivity reactions to tetanus recall antigen, decreased IFN-y levels in
blood mononuclear cells, and reduced numbers and volumes of gadolinium enhancing
lesions. Moreover, there was a significant improvement in cognitive scores using the paced
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auditory serial addition (PASAT) test in women with relapsing—remitting MS, but not
secondary progressive MS. These are encouraging results that suggest a role for sex
hormones in the treatment of MS. It is of particular importance that the preclinical studies in
EAE involved a treatment regimen in which estriol was given 10-14 days prior to the
transfer of encephalitogenic T cells, resulting in disease reduction but not complete
protection [38]. This treatment regime has some similarity to the fully protective regime we
used routinely with low doses of E2 to prevent EAE. The studies carried out in our lab
makes use of estrogen pellets within the range: 0.36mg pellet providing 0.15-0.2 ng/ml
concentrations of serum estrogen (estrus levels); 2.5mg pellet providing 1.5-2.0 ng/ml of
estrogen (one-fifth of pregnancy level) and 15mg pellet providing 9.0-10.0 ng/ml serum
estrogen levels (pregnancy level). Thus, indicating that results obtained in our E2
pretreatment studies might also be translatable to MS patients.

In this review, we take into consideration the various controversies regarding GPR30, some
of them even questioning the very existence of GPR30 as a membrane ER. We are aware of
the fact that even as more studies recognize GPR30 as an estrogen receptor, many questions
pertaining to its function perhaps complementing the classical ERs and participating in the
non-genomic effects induced by estradiol, still remain unanswered. Some of these
unanswered questions include the physiological function of GPR30 in normal as well as
diseased tissues and discerning the overlapping or distinct functions of GPR30 with respect
to the classical ERs, ER-a and ER-B. We make use of the recent literature in understanding
this novel estrogen receptor and attempt to discuss the association of GPR30 with EAE. We
are aware that our understanding of GPR30 at both the molecular and physiological level is
very much in its infancy, and role of GPR30 as one of the ER and its subsequent role in
EAE remain to be thoroughly investigated. As the vast literature in this field of study points
towards the strengths and limitations of each of the mouse models used to study GPR30, this
review focuses on recent findings of GPR30 and its agonist G-1 and compares its functional
and physiological properties with those of classical estrogen receptors ER-a and ER-f in
EAE, as an attempt to characterize a putative therapeutic agent against MS.

ROLE OF ESTROGEN IN EAE

Since, subjects with MS are more females than males [1] and since it has been established
that the clinical signs of MS often show clinical improvement during pregnancy, followed
by temporary post-partum exacerbations [1, 7, 14], much interest has been generated on the
role of sex hormones especially estrogen and estriol on regulation of immune responses as
well as repair and protection of neurologic parameters. Extensive literature and work from
our laboratory demonstrate numerous processes impacted by estrogen (17p-estradiol) and its
derivatives, to inhibit the clinical and histological signs in EAE in mice.

EAE, a mouse model to study the clinical symptoms of MS, is a chronic disease that is
induced upon injection of MOG3s_s55 peptide/CFA/pertussis toxin. The initial immune
response in EAE is inflammatory and is mediated by cytokines such as IFN-y, TNF-a, IL-1,
IL-2, IL-6 and IL-8. In recent studies the pro-inflammatory cytokine, IL-17, has been
indicated to take center stage for induction of EAE since it is responsible for activation of T
cells leading to production of a variety of cytokines, chemokines and matrix
metalloproteases [39, 40]. The recovery phase of EAE is associated with the production of
Th-2 like cytokines, including IL-4, IL-5, IL-10, IL-13 and TGF-B. Although the etiology of
MS remains unknown, pathogenic mechanisms are similar to EAE. Patients with MS in
early phases demonstrate episodic loss of motor function, followed by a progressive
neurological deficit [41]. Histologically, there are perivascular demyelinating lesions that
develop into scarified plaques [42]. A common histopathological feature shared by EAE and
MS is that both diseases appear to be induced by auto-reactive T cells in the CNS, with an
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effector phase mediated by cells of the myeloid lineage. Macrophages and CD4* and CD8*
T cells have been identified in the active MS lesions in the CNS. Self-reactive T-cell clones
persist as a part of the normal repertoire and possess the capability to induce autoimmune
disease. In most normal individuals, potentially dangerous autoreactive T cells never exceed
a critical threshold frequency because of efficient peripheral regulatory mechanisms or the
lack of sufficient activation [43, 44].

Our studies clearly demonstrate an important regulatory role of estrogen in EAE.
Endogenous ovarian hormones naturally limit EAE [45]. We found that ovariectomized
(OVX) mice had significantly earlier onset and greater severity of EAE than sham operated
mice, clearly demonstrating that basal levels of ovarian hormones, including E2, acted to
regulate rather than facilitate EAE. Moreover, exogenous E2, given as implanted pellets a
week before EAE induction, inhibited clinical signs of EAE in a dose-dependent and mouse
strain—dependent manner at doses ranging from pregnancy levels (5000-10,000 pg/mL E2 in
serum delivered by 15mg pellets) to diestrus levels (20-30 pg/mL E2 in serum delivered by
0.1mg pellets) in both female and male mice [18, 19, 45, 46]. Histopathological examination
of spinal cords from E2-treated mice revealed a striking reduction of inflammation and
demyelination. Estrogen treatment has been found not effective when initiated after onset of
EAE [47], suggesting inhibition of naive rather than differentiated cells. Estrogen treatment
was effective at reducing the severity of EAE in a variety of mouse strains, although the
optimal dose varied. The rank order of susceptibility to E2 treatment versus EAE was SJL/
J>TCR AV4/BV8S2 double transgenic (Tg)>B10.PL>C57BL/6>TCR BV8S2 single Tg
mice. These data demonstrate conclusively the protective effects of E2 on EAE in five
mouse strains using three different encephalitogenic peptides. Furthermore, we have
established the role of various proinflammatory and regulatory cytokines in EAE
susceptibility and E2 treatment of EAE using WT, OV X, and cytokine knockout mice [19,
46]. We found that TNF-a, MIP-1a, and MIP-2 were associated with increased severity of
EAE. E2 treatment strongly inhibited infiltration of total cells, macrophages, and T cells into
the CNS, with a relative enrichment of brain microglial cells. This marked reduction in
inflammatory cells was reflected by a strong reduction in expression of RANTES, MIP-1a,
MIP-2, IP-10, and MCP-1, and CCR1, 2, and 5 in CNS of both intact and OVX mice, and
LT-B, TNF-a, and IFN-y in the CNS of intact mice [46]. Moreover, E2 inhibited intracellular
staining of TNF-a in CNS macrophages, microglia, and T cells at onset of EAE, and in
macrophages at the peak of EAE [19]. Surprisingly, proliferation responses to
encephalitogenic peptides were only modestly reduced in cultures from fully protected E2-
treated B6 mice [18, 19, 45], and there were no striking changes in expression of cell surface
markers from lymph node (LN) cells, including VLA-4, CD44hi, CD69, FasL, CD25,
CDA40L, CD28, and CD62lo [19]. We further documented a pronounced systemic effect of
estrogen on TNF-a production, in which expression of TNF-o was reduced>10-fold in
splenocytes from E2-treated mice compared with control mice with EAE [48]. Systemic E2
regulation of TNF-a production could account for much of the observed reduction in EAE
severity by restricting the ability of encephalitogenic cells to enter the CNS, suppressing the
recruitment and activation of other inflammatory cells, and/or inhibiting TNF-a-induced
damage to myelin-producing oligodendrocytes. These observations, coupled with the
established importance of TNF-a in the induction of EAE [49], provide strong evidence that
the inhibitory effects of estrogen on TNF-a production by T cells, macrophages, and
microglial cells constitutes a major regulatory pathway contributing to EAE protection. E2
treatment was demonstrated to have multiple effects on antigen-presenting cells,
macrophages and dendritic cells (DCs), which contribute to downregulation in activation of
Th1 cells. An E2-induced enhancement of programmed death receptor-1 (PD-1) expression
was observed in DCs and macrophages indicating that E2-mediated immunomodulation
could be in part via the PD-1 co-stimulatory pathway [50]. We were also able to
demonstrate that E2 contributed in the upregulation of T-regulatory (Treg) cell function
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during pregnancy and E2 treatment regimens [51] and that functional Treg suppression was
closely linked to PD-1 expression on the Treg cells [52, 53]. Thus, E2 can both upregulate
Treg suppression function and inhibit the ability of antigen presenting cells to activate T
cells indicating that E2 can mediate these opposing functions to curb inflammatory
environments during EAE and thereby mediate protection.

ROLE OF ESTROGEN RECEPTORS IN E2-MEDIATED PROTECTION
AGAINST EAE THE CLASSICAL ERs

There are two known classical intracellular estrogen receptors, ER-a and ER-f, which
mediate their effects by transcription regulation, as well as a newly described membrane
associated receptor GPR30 which is associated with calcium flux and other signaling events.
One of our main goals was to determine which ER mediates various E2-related effects on
EAE. To assess the role of intracytoplasmic estrogen receptors in mediating suppression of
EAE, we studied ER-a knockout (ERKO) and ER- knockout (BERKO) mice from Taconic
Farms (Korach line). We demonstrated that the protective effect of E2 was abrogated in
ERKO but not in BERKO mice [33]. The loss of E2-mediated protection from EAE in
ERKO mice immunized with encephalitogenic MOG-35-55 peptide was manifested
phenotypically by the development of severe acute clinical signs and histopathologic
lesions, even in the presence of moderately high serum E2 levels. On the other hand, despite
comparable serum levels of E2, E2 treatment in BERKO mice markedly suppressed clinical
signs of EAE and abolished inflammatory lesions in the CNS. The lack of E2-mediated
protection in the ERKO mice went along with an enhanced, rather than reduced secretion of
TNF-a, IFN-y and IL-6 in MOG-specific splenocytes and a lack of inhibition of message for
inflammatory cytokines, chemokines, and chemokine receptors in CNS tissue. These results
indicate that the immunomodulatory effects of E2 in EAE are dependent on ER-a and not
ER-p signaling. Our results have been independently confirmed [54] and are highly
consistent with another recent report showing that ER-a mediates anti-inflammatory effects
of E2 in brain [55].

Estrogen receptors are expressed by various immune cells (e.g., T and B lymphocytes,
antigen-presenting cells) suggesting that the therapeutic effect of E2 is likely mediated
directly through specific receptor binding. In furthering our estrogen receptor-related
studies, the pathogenic role for myelin specific T lymphocytes in EAE suggested that E2-
mediated protection from EAE might be mediated through direct effects on ER-a-positive T
lymphocytes. We examined this possibility by evaluating E2-protective effects in mice with
EAE induced after adoptive transfer of ER-a*/* versus ER-o/~ encephalitogenic T cells. E2
treatment protected mice from EAE and did not depend on ER-a expression by
encephalitogenic myelin-specific T cells [56]. This demonstrated that the disease-initiating
lymphocytes are not the primary E2-responsive cells and implicates other cell types as the
primary E2-responsive cells in EAE. The clinical response to E2 was associated with
decreased mononuclear cells (total cells, CD4* and CD8* lymphocytes, and CD11b*
macrophages and dendritic cells) in the CNS. The numbers of T cells expressing
inflammatory adhesion markers VLA-4 and LFA-1 in the brain was reduced in E2-protected
mice, indicating that E2 treatment blocks entry of T cells into the CNS indirectly and is
independent of E2 effects on adhesion molecule expression by encephalitogenic T cells. An
absence of inflammation and demyelination, pathological disease in all E2-protected mice
regardless of ER-a expression by encephalitogenic T cells further suggests that
encephalitogenic T cells do not directly mediate the E2 treatment response. This raises the
possibility that non-lymphoid cells such as bone marrow-derived dendritic cells and
macrophages are the primary E2-responsive cells in EAE.
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Although a requirement for ER-B was not previously demonstrated using homozygous
BERKO mice, role for ER-B could not be ruled out since the ER-B-selective ligand
treatment produced a delayed therapeutic response that depended on ER-f3 expression and
was attributed to an ER-B-mediated neuroprotective effect [57]. Therefore, we investigated
ER-p in the therapeutic response to E2 using bone marrow chimeric mice lacking ER-B in
the bone marrow versus non-bone marrow compartments. Our results demonstrated that ER-
a signaling was not sufficient to sustain the full E2 response in the absence of ER-f in the
non-bone marrow compartment, thus indicating that signaling through ER-3 on non-bone
marrow-derived cells (e.g. CNS) is important to the neuroprotective response to E2. ER-
signaling in bone marrow compartment did not appear to be at all necessary for the full
response to E2 when signaling though ER-a was intact. The early response to E2
(corresponding to early immunosuppression) seemed to be entirely independent of a
requirement for ER-B, instead depending on ER-a. ER-B was not required in the
hematopoietic compartment for E2-induced up-regulation of IL-5 and IL-13, nor for the E2-
induced down-regulation of I1L-2, IL-4, IL-6, IL-17 and IFN-y. However, when present with
ER-a in the hematopoietic compartment, ER-B may inhibit certain ER-o. mediated anti-
inflammatory cytokine responses to E2 [58]. However, with the discovery of the mER,
GPR30, one cannot disregard the potential multiple effects of E2 signaling through GPR30
and that additional therapeutic pathways may operate in presence and/or absence of ER-
mediated effects.

GPR30 AND THE NEED FOR ESTROGEN TO HAVE MULTIPLE RECEPTORS

In 1977, Pietras and Szego provided the first evidence of membrane associated ERs in rat
endometrial cells [59]. Subsequently ER-a has been shown to localize to the cell membrane
in vitro and possibly is derived from the same genes as the nuclear receptor. Thus, the
classical nuclear ER-a (and ER-B) have been characterized to relocate to the plasma
membrane under certain circumstances and mediate extra-nuclear functions of ER [32, 60—
63]. Post-translational modification of the receptor is believed to play a pivotal role in ER
membrane localization, for example lipid modification, such as palmitoylation of ER [60,
64]. Localization of ER-a to specialized membrane structures enriched in signaling
molecules, such as caveolae, provide an alternative mechanism for ER to communicate and
cross-talk with membrane or cytoplasmic signaling cascades [64—66]. ER-a, tethered to the
plasma membrane, is capable of mediating estrogen activation of MAPK and PI13K/Akt
pathway [67], however it’s presence at the membrane is insufficient to activate genes and
other cellular processes required for cell proliferation [68]. Moreover, mice expressing a
membrane-only estrogen receptor (MOER) do not exhibit normal phenotype indicating that
the nuclear function of ER-a. is required for normal development and physiological
functions. When co-expressed with ER-a, ER-f causes a reduction of the ER-a-mediated
transcriptional activation, including cell proliferation [69, 70]. In fact, findings indicate that
the plasma membrane localized ER-f is important for anti-proliferative effects of E2 [71].
Thus, despite advances in understanding of rapid extra-nuclear actions of ER-a in recent
years, the molecular mechanisms by which ER-a initiates and participates in extra-nuclear
signaling still remains unclear.

While the regulatory role of estrogen in controlling autoimmune diseases like EAE, have
been repeatedly demonstrated and therefore widely accepted, it is believed that this effect is
associate with the nuclear receptors that function as transcription factors. However, it is now
also known that various events, such as calcium influx and production of nitric oxide (NO)
elicited by E2 are observed within minutes of stimulation. The time course taken led to the
idea that a novel membrane receptor for E2 existed on the cell surface. In the past few years
a previously uncharacterized ‘orphan’ G protein coupled receptor (GPCR), GPR30 (GPR30)
has been shown to be a novel mediator of estrogenic action. GPR30 variously known as G
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protein-linked estrogen receptor (GPER-1), CEPR, FEG-1, CMKRL2 or LyGPR is a 375
amino acid ‘class-1’ G-protein-coupled receptor was first identified by several groups in the
late 1990s [72—-75], however little was known regarding its possible function. In 2000,
activation of MAP kinase (Erk1/2) by estrogen in breast cancer cell lines expressing GPR30
but not in cell lines lacking the receptor was demonstrated for the first time [76]. Recent
studies examining the identity of the membrane-bound estrogen receptor (mER) have
diverged into two schools of thought, the first being that an orphan G-protein-coupled
receptor (GPCR) protein ‘GPR30’ is the mER [77, 78]. Although Filardo et al. originally
described GPR30 as a plasma membrane receptor; Thomas et al. and Funakoshi et al.
reported the expression of GPR30 in the plasma membrane [78, 79]. However, numerous
subsequent studies have confirmed the expression of endogenously expressed GPR30 in the
endoplasmic reticulum/Golgi apparatus [80-82]. Although the majority of GPCRs are
expressed in the plasma membrane, it is becoming more evident that some GPCRs may be
functionally expressed at intracellular sites [83], particularly, the GPCRs with lipophilic
ligands. Given that the ligand for GPR30 is the lipophilic E2 that can permeate the
membrane easily, an intracellular localization of the receptor is consistent with its function
[22]. GPR30 was found to belong to the rhodopsin-like receptor super family and showed
highest homology to the interleukin 8 receptor and the angiotensin Il receptor type 1 [74,
75]. GPR30 has been found to be expressed on a wide variety of cell types including the
nervous system [22, 84] and on the cell that have immune functions [85-87].

GPR30 AND THE IMMUNE SYSTEM

Estrogens are known to exert multiple effects on the development and regulation of the
immune system including E2-promoted thymic atrophy during pregnancy [88]. Early
findings indicated a role for GPR30 in the immune system because of its robust expression
in human immune cells and immune cell-derived cell lines [79, 89]. GPR30 mRNA was also
detected in peripheral B cells, circulating T cells, and in CD14* monocytes, whereas no
mRNA was detected in CD15* cells (neutrophils and eosinophils) [89]. These observations
suggest that GPR30 may participate in adaptive immune system, particularly in B and T cell
maturation however similar such receptor mapping has not yet been performed in mouse.
Our lab reported [89] that GPR30-deficient mice are partly resistant to thymic atrophy
induced by E2. In an attempt to confirm this phenotype, we also treated wild type mice with
G-1 and E2; G-1 was found to be substantially less effective in inducing thymic atrophy than
E2, whereas G-1 and E2 were equally effective in inducing thymocyte apoptosis. However,
Windahl et al. [90], using ovariectomized GPR30-deficient mice generated by Martensson et
al. [91], were unable to reproduce our results on E2-promoted thymic atrophy. Consistent
with this, Otto et al. [92] did not observe any effect of G-1 on thymic atrophy in wild-type
mice. The precise reason for these conflicting observations is presently unclear but, as
suggested by Otto et al., could be related to the use of intact female mice that were not
controlled for the estrus cycle. However, Isensee et al. [93] reported an increased apoptosis
rate for naive T cells in their GPR30-deficient mice. Nevertheless, some results point
towards a possible role of GPR30 in adaptive immune cell maturation, but it is clearly
premature to specify what its role might be. Furthermore, additional studies are necessary to
determine if, besides the well documented role of ERa [94], GPR30 truly contributes to E2
regulation of immune cell function and thymic atrophy [84]. Currently, there are four
GPR30 mutant mouse lines available, each with diverse phenotypes generated using distinct
targeting strategies and genetic backgrounds. Each mouse model has its own strengths and
caveats with only partial overlap amongst the four models. The experimental purpose for
which each mouse model is being used might explain the difference in observations and
careful considerations must be made in order to facilitate the elucidation of the potential
physiological role of GPR30 [95].
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GPR30 AND EAE (THE GPR30 MOUSE MODEL AS DESCRIBED BY WANG

et. al.)

GPR30 signaling can account for several E2-induced effects such as inhibition of oxidative
stress-induced apoptosis and upregulation of NGF in macrophages [31]. Recently, we
reported the generation of GPR30-deficient mice (GPR30KO) [89] that possess many
similarities to the mouse strain generated independently by Martensson et al. [91]. Mice
homozygous for GPR30KO are viable, fertile, and do not display any gross physical or
neurological abnormalities; however, E2-induced thymocyte apoptosis and thymic atrophy
were drastically mitigated [89]. The mice used for our study were generated using a
targeting strategy wherein the exon 3 was replaced by neomycin resistance cassette, with the
neomycin cassette being retained in the genome. Homozygous intercrosses were set-up in
C57BI/6 mice, with the mice being backcrossed, 3 times before use using the SVEv ES cells.
We used these GPR30KO mice to investigate the role of GPR30 in E2-mediated protection
against EAE and to define whether GPR30 is indispensible for E2-mediated protection
against EAE. As indicated in Figure 1, GPR30 can be an active contributor but not the only
player in mediating the suppressive effects of E2 on EAE. This conclusion is consistent with
our previous results on ER-a knockout mice [33], which demonstrated that the protective
effect of E2 was mainly dependent on ER-a.. The study demonstrated that, although E2-
treatment delayed the disease onset for 4 days, it did not reduce the incidence, disease peak,
or CDI score. Similarly, Voskuhl et al. reported complete loss of protection by estriol
treatment in ERKO mice [54]. However, as shown in Figure. 1, there clearly is residual E2
protection in GPR30 KO mice, indicating contribution of other receptors, presumably ERa.
Thus, it is likely that both GPR30 and ERa participate in E2-mediated protection in an
additive manner.

ROLE OF G-1 AS GPR30-SPECIFIC AGONIST

The development of selective agonists for mER made it possible to specifically activate
mMER without transactivation of iERs. A synthesized compound, STX, that does not exhibit
any binding affinity for the nuclear receptors ER-a or ER-, but mimics the quick effect of
estrogens on neurons has been earlier described [96]. But since the molecular target of STX
has not been identified and it remains to be determined whether STX indeed interacts with a
mER. Besides STX, the only other reported mER ligand is G-1, which we selected for
further study due to its ability to bind GPR30 with high affinity and excellent specificity
[97]. Biomolecular screening was carried out using flow cytometry based on the competitive
binding of the fluorescent estrogen by 17p-estradiol in GPR30-transfected cells yielding a
single compound, referred to as G-1 that consistently competed for binding of the
fluorescent estrogen reporter [98]. In an attempt to characterize both the binding affinity of
G-1 to GPR30 and its binding specificity with respect to ER-o and ER-B, when competition
binding was carried out, it was found that K; values for 17p-estradiol binding to GPR30-
expressing cells were 5.7 nM as opposed to the K; values of 0.30 and 0.38 nM for 17f-
estradiol binding to ER-a and ER-f expressing cells. Whereas K; for G-1 in GPR30-
expressing cells was 11 nM with no substantial binding of G-1, at concentrations up to 1
uM, in the ER-a and ER-f expressing cells. These results indicated that G-1 not only has a
very high affinity for GPR30 but also great selectivity toward GPR30 as compared to ER-a
and ER-p [98]. Similarly, using competitive binding assays, it was demonstrated that,
whereas on one hand, G15 bound to GPR30 with an affinity of approximately 20 nM it
displayed very little binding to ER-o or ER-B, i.e. at concentrations up to 10 uM, where
estrogen competes with a K; of approximately 0.3—-0.5 nM. These results reveal that G15,
like G-1, displays high affinity for GPR30 with minimal binding to ER-o and ER-f (K; >10
mM) [99]. Since the loss of protection in GPR30KO mice indicated that GPR30 contributed
to E2-mediated protection against EAE, we next determined whether activation of GPR30
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alone could confer protection against EAE. Remarkably, none of the WT mice receiving the
highest dose of subcutaneous G-1 pellet implants or injections showed any clinical signs of
EAE (Figure 2A & B). In the absence of GPR30, the effect of G-1, but not E2 completely
disappeared (Figure 2C and Figure 4). These results suggested that solo activation of GPR30
is sufficient to confer protection against EAE. The protective effects of G-1 in WT mice
eliminated the possibility that the observed role of GPR30 could be due merely to an artifact
of gene deletion or a compensation effect in the developing animal. However, the immediate
question was that if GPR30 is only one of the receptors that mediate the protective effect of
E2, how could G-1 treatment at a sufficiently high dose completely protect mice against
EAE? Since G-1 did not protect the mice from EAE in GPR30KO mice, we did not believe
that transactivation of ER-a by G-1 played a significant role. Also, we did not detect any
significant increase in the serum levels of estradiol, corticosterone, progesterone or
testosterone in G-1-treated mice, thus ruling out the possibility that upregulation of
endogenous steroid hormones accounted for the clinical and neuroprotective effects of G-1
treatment (Figure 3). Thus, we concluded that ER-a. and GPR30 work together additively to
achieve optimal protection, and each receptor may adequately compensate the functional
loss of the other.

Mechanistically, we observed that G-1 treatment did not directly suppress pathogenic T cell
proliferation, nor did it increase the percentage of CD4*FoxP3* Treg cells. Nevertheless,
both E2 and G-1 markedly increased the level of PD-1 expression in CD4*FoxP3* Treg
cells. PD-1 has been found to play a crucial role in the development and maintenance of
peripheral tolerance [100]. Moreover, the therapeutic effect of G-1, but not E2, disappeared
completely in PD-1KO mice. Thus, it seemed that G-1 was exclusively dependent on the
presence of PD-1 to function, but the effects of E2 could be mediated by alternative
pathways in the absence of PD-1. Taken together, these results suggested that G-1 may
suppress EAE by upregulation of the PD-1 signaling pathway in CD4*FoxP3* cells. Also,
supporting the role of PD-1 in G-1-mediated stimulation of GPR30 was the fact that both E2
and G-1 decreased IL-17 in vivo, since this cytokine is closely linked to the development of
EAE. However, since G-1 failed to reduce I1L-17 production in PD-1 gene-deficient mice it
strongly supported the idea that G-1 regulated IL-17 production via manipulation of PD-1.

Most importantly, our results showed that treatment with G-1 in vivo lacked some of the
prominent “estrogenic effects” of E2 and did not cause any abnormalities in liver, eyes,
heart, mammary gland, brain, spleen, kidney, muscle or lung. Although we believe that the
use GPR30 ligands will avoid some of the side effects mediated by ER-a, it remains to be
seen whether or not GPR30 agonists represent a “safer” alternative to estrogen treatment.
Nevertheless, our study demonstrated that it is possible to avoid some of the side effects
mediated via intracellular ERs (iERs) by specifically targeting the membrane receptor, while
retaining much of the therapeutic efficacy of estradiol, at least in EAE. Taken together, we
showed that the putative mER, GPR30, is sufficient, yet not exclusively responsible for full
E2-mediated protection against EAE. Treatment with G-1 that specifically targets GPR30
suppressed clinical and histological EAE and the production of IL-17 by upregulation of
PD-1 expression in regulatory T cells. This study was the first to evaluate the contribution of
a membrane steroid receptor in suppression of autoimmune disease in an animal model, and
may provide the necessary foundation for the clinical application of membrane steroid
receptor agonists such as G-1 in human subjects.

Additionally, our group was able to demonstrate the neuroprotective and
immunosuppressive role of G1 in a stroke model. The reduced risk and severity of stroke in
adult females is thought to depend on normal endogenous levels of estrogen, a well-known
neuroprotectant and immunomodulator. In male mice, experimental stroke induces
immunosuppression of the peripheral immune system, characterized by a reduction in spleen
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size and cell numbers and decreased cytokine and chemokine expression. To test the
hypothesis that estradiol (E2) deficiency exacerbates immunosuppression after focal stroke
in females, we evaluated the effect of middle cerebral artery occlusion (MCAO) on infarct
size and peripheral and CNS immune responses in ovariectomized mice with or without
sustained, controlled levels of 17B-estradiol administered by subcutaneous implant or the
putative membrane estrogen receptor agonist, G-1. Both E2- and G-1-replacement decreased
infarct volume and partially restored splenocyte numbers [101]. In addition to the classical
estrogen receptors, ER-o and ER-p, that are known to contribute to protection in the brain
after MCAO [102, 103], the protective ability of G-1 renders it a potential candidate for
therapeutic intervention against ischemic brain injury because it lacks undesired effects on
reproductive organs.

Elsewhere, in an attempt to mimic an infectious disease model, it was demonstrated that E2
or GPR30-specific agonist decreased TLR4 expression on macrophages within 10-60min
and such effects were abolished following GPR30 knockdown [87]. Based on these findings,
it was suggested that estrogen may utilize GPR30 to limit potentially lethal acute
inflammatory responses without compromising long- term host defense. This adds on to the
capability of G1 in effectively limiting inflammatory responses, in concert with the finding
that G-1 can also reduce disease severity and CNS inflammation in both active and passive
EAE models of multiple sclerosis in SIL mice [85], raising an exciting possibility of its
therapeutic potential.

ETHINYL ESTRADIOL AND GPR30 IN EAE

We have earlier shown that 17p-estradiol can protect against the development of EAE when
administered subcutaneously prior to immunization with myelin peptide, but it cannot treat
the disease (Offner unpublished data; [47]). Conversely ethinyl estradiol (EE), a synthetic
estrogen, frequently used in oral contraceptives, can reduce disease severity when given
orally at the onset of the disease symptoms [104]. EE is able to maintain its bioavailability in
the host system after oral dosing, unlike E2 [105]. In addition to the differences in the
bioavailability, it is possible that differential activation of estrogen receptors may be
involved in the treatment ability of EE compared to the ineffectiveness of E2. We addressed
this issue by using mice lacking ER-a and GPR30 to explore their role in the ability of EE to
treat EAE. Expression of GPR30 seemed to be crucial in the ability of EE to reduce disease,
as no treatment effect was observed in GPR30KO mice while ERKO mice maintained their
ability to respond to EE treatment of EAE. When the IL-10 and IL-17, cytokine production
by splenocytes in response to antigen, was examined in an effort to discern the specific
changes responsible for the disease inhibition in EE-ERKO but not EE-GPR30KO mice, it
was found that the secretion of IL-10 was increased in EE-ERKO mice compared to
controls, but decreased in EE-GPR30KO mice. No change in IL-17 secretion as well as
percentage of Foxp3*PD-1" Treg cells was seen. This difference in IL-10 production may be
an important contributor to the disease reduction in EE-ERKO mice compared to the
GPR30KO mice which did not improve with EE treatment. However, the subset of cells
responsible for this differential secretion of IL-10 in these studies was unclear and warrants
further investigation [106].

Thus, based on our above mentioned results, it is likely that both GPR30 and ER-a
participate in E2-mediated protection in an additive manner. However, based on the
difference in residual protection in ERKO vs. GPR30KO mice treated with E2, we think that
there is a lesser contribution of GPR30 to protection when compared to ER-o. We cannot yet
conclude that E2-induced protection against EAE is mediated exclusively by ER-a plus
GPR30, but GPR30KO and ERKO double-gene-deficient mice are currently being
constructed to address this issue.
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FUTURE DIRECTIONS AND CONSIDERATIONS

As GPR30 becomes recognized as an estrogen receptor participating in the non-genomic
rapid effects induced by estradiol, the findings open a can of worms whose full impact has
yet to be understood. The questions yet unanswered not only include the physiological role
of GPR30 in normal and diseases states, but also understanding the distinct and/or
overlapping functions of GPR30 with respect to ER-a and ER-B. Despite several groups
having shown that GPR30 mRNA is ubiquitously expressed in both humans and rodents,
attempts to detect the receptor protein in tissues have met variable success. The quest for
deciphering the physiological role for GPR30 should take into consideration: a) receptor
expression patterns, b) phenotypes of receptor-deficient mouse models and c) earlier data on
non-genomic estrogen signaling. Also, although human and mouse GPR30 bear a 87%
homology, the fact that the remaining 13% could potentially impact the interpretation of
GPR30 function and pharmacological differences between the species should be taken into
consideration. It is slowly becoming evident that GPR30 does not participate in some of the
many and well-known estrogenic responses in vivo. Even if GPR30 does not involve in the
well-characterized estrogenic responses like regulation of reproduction, fat mass and bone
mineral density, its role has become evident as an estrogen receptor in some of the other
estrogenic responses where estrogen conditions the cells and tissues. Over time as more is
being unraveled, it appears that under certain circumstances both GPR30 and the iERs are
required, whereas in others, GPR30 can act in the absence of iERs to mediate estrogen-
dependent effects. Discovering the biological functions of GPR30 needs further
investigation and for more clearer results a consideration of the use of a combination of
genetic (for example, mouse knockouts in controlled genetic backgrounds, RNA
interference and gene transfer), pharmacological (synthetic agonists and antagonists) and
biochemical (highly specific and validated antibodies and other types of probes) tools
becomes a necessity. However with the use of selective ligands (agonist G-1 and the
antagonist G15), siRNA approach and knockout mouse models, an enhanced understanding
of the role of GPR30 in controlling normal and diseased conditions, stands firm for the
future. Based on our studies, we believe that the membrane steroid receptor, GPR30,
contributes to the suppression of EAE and future studies may provide the necessary
foundation for clinical application of GPR30 agonists such as G-1 in treating human subjects
with minimal side effects.
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LIST OF ABBREVIATIONS

MS Multiple sclerosis

EAE Experimental autoimmune encephalomyelitis
MBP Myelin basic protein

PLP Proteolipid protein

MOG Myelin oligodendrocyte glycoprotein

CNS Central nervous system

E2 17B-estradiol
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E3 Estriol

APCs Antigen presenting cells

DCs Dendritic cells

OovX Ovariectomized

ERKO ER-a knockout

BERKO ER-B knockout

mER Membrane associated estrogen receptor

iERs Intrinsic estrogen receptors

NGF Nerve growth factor

BDNF Brain-derived neurotrophic factor

MCAO Middle cerebral artery occlusion

EE Ethinyl estradiol
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Fig. (1). E2-induced protection against EAE is reduced in GPR30KO mice
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[0 Placebo

GPR30KO

Age-matched GPR30KO, WT and heterozygous mice from the same colony were implanted

with 2.5 mg/60 day release E2 or placebo pellets one week prior to immunization with

mMOG-35-55 peptide plus CFA and PTX. The mice were scored for EAE development and
euthanized 25 days after immunization. A. The protective effect of E2 was reduced but not

completely abrogated in GPR30KO mice. B. E2 did not prevent CNS infiltration and

demyelination in GPR30KO mice. For quantification, 5 mice randomly selected from each
group were included, and similar differences were noted consistently in all mice from each
group. “P < 0.05 or *"P < 0.01 as compared to placebo control. The experiment was repeated

3 times with at least 7 mice in each group.
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Fig. (2). Activation of GPR30 conferred substantial protection against clinical EAE in WT B6
mice

A. Treatment with G-1 delayed and ameliorated EAE in a dose-dependent manner. Various
doses of G-1, E2 or placebo pellets were imbedded underneath the skin on the back of the
mice. One week following the start of treatment, the mice were immunized with
mMOG-35-55 peptide plus CFA and PTX. The mice were scored for EAE development and
euthanized 34 days after immunization for ex vivo studies. P < 0.05 or 0.01 for 2.5 and 0.1
mg E2- and 3.7 mg G-1-treatment groups from Day 14 to 34 and for 0.1 mg G-1-treatment
group from Day 14 to 19 and from Day 25 to 34. The experiment was repeated 2 times with
5-8 mice in each group. B. G-1 injected s.c had nominally less protection than E2 against
EAE. G-1 (20 pg/mouse/day in 100 ul of 10% ethanol and 90% olive oil), E2 (1 pg/mouse/
day in 100 pl of 10% ethanol and 90% olive oil) or placebo (100 ul of 10% ethanol and 90%
olive oil) were daily injected underneath the neck skin of the mice one week prior to
immunization. The mice were monitored for changes in clinical EAE scores and euthanized
20 days after the immunization. P < 0.05 or 0.01 for E2-treatment groups from Day 11 to 20,
and for G-1-treatment group from Day 11 to 17 as indicated by One-way ANOVA followed
by Newman-Kuels multiple comparisons test. C. G-1- but not E2-indcued protection against
EAE was abrogated in GPR30KO mice. Neither G-1 nor E2 affected T cell proliferation to
mMOG-35-55. GPR30KO mice were immunized one week after implantation with 1.8 mg/
40 day release G-1 or 2.5 mg/60 day release E2 pellets for a week. The experiment was
concluded 29 days after immunization for ex vivo experiments. “P < 0.05 or ™P < 0.01
compared to placebo control. The experiment was repeated 2 times with 7-10 mice in each

group.

Immunol Endocr Metab Agents Med Chem. Author manuscript; available in PMC 2012 December 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bodhankar and Offner Page 21

E

N

Progesterone

Y SSs

0- T T
Pla G-1

|

Pla G-1

Testosterone Corticosteroid
3004 300+

ng/ml

1004 1004

d  a
o
)}

g &

T T
E2 Pla

Fig. (3). G-1 treatment did not change the serum levels of E2, progesterone or testosterone and
only slightly lowered corticosteroid
Steroid levels were measured in sera collected from placebo-, 3.7 mg G-1- and 2.5 mg E2-

treated mice used in clinical experiments shown in Fig. 2A. “P < 0.05 or ™*P < 0.001.
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Fig. (4). G-1 treatment reduced CNS infiltration (H&E), demyelination (LFB-PAS), axonal loss
(NFLs) and ongoing axonal damage (dephosphorylated NFLs)
The mice from the clinical experiment shown in Fig. 2a were euthanized at the end of the

experiment and spinal cords from >3 mice from each group were dissected for histology.
Immune cell infiltration and demyelination of CNS were examined with H&E and LFB-PAS
staining. Total and damaged axons were examined with immunohistological staining for
neurofilaments (NFLs) or dephosphorylated NFLs.
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