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Repair: Estrogen Receptor Ligand Effects
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1Division of Biomedical Sciences, School of Medicine at the University of California, Riverside

2Neuroscience Graduate Program, University of California, Riverside

Abstract

Demyelination in multiple sclerosis (MS) leads to significant, progressive axonal and neuronal
degeneration. Currently existing immunosuppressive and immunomodulatory therapies alleviate
MS symptoms and slow, but fail to prevent or reverse, disease progression. Restoration of
damaged myelin sheath by replenishment of mature oligodendrocytes (OLs) should not only
restore saltatory axon conduction, but also provide a major boost to axon survival. Our previous
work has shown that therapeutic treatment with the modestly selective generic estrogen receptor
(ER) p agonist diarylpropionitrile (DPN) confers functional neuroprotection in a chronic
experimental autoimmune encephalomyelitis (EAE) mouse model of MS by stimulating
endogenous myelination. Recently, we found that the more potent, selective ERB agonist indazole-
chloride (Ind-Cl) improves clinical disease and motor performance. Importantly,
electrophysiological measures revealed improved corpus callosal conduction and reduced axon
refractoriness. This Ind-ClI treatment-induced functional remyelination was attributable to
increased OL progenitor cell (OPC) and mature OL numbers. At the intracellular signaling level,
transition of early to late OPCs requires Erk1/2 signaling, and transition of immature to mature
OLs requires mTOR signaling; thus, the PI3K/Akt/mTOR pathway plays a major role in the late
stages of OL differentiation and myelination. Indeed, therapeutic treatment of EAE mice with
various ERp agonists results in increased brain-derived neurotrophic factor (BDNF) and
phosphorylated (p) Akt and p-mTOR levels. It is notable that while DPN’s neuroprotective effects
occur in the presence of peripheral and central inflammation, Ind-Cl is directly neuroprotective, as
demonstrated by remyelination effects in the cuprizone-induced demyelination model, as well as
anti-inflammatory. Elucidating the mechanisms by which ER agonists and other directly
remyelinating agents modulate endogenous OPC and OL regulatory signaling is critical to the
development of effective remyelinating drugs. The discovery of signaling targets to induce
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functional remyelination will valuably contribute to the treatment of demyelinating neurological
diseases, including MS, stroke, and traumatic brain and spinal cord injury.

Keywords

estrogen receptor ligands; multiple sclerosis; demyelination; remyelination; experimental
autoimmune encephalomyelitis; axon degeneration

Introduction

Multiple sclerosis (MS) is a neurodegenerative, inflammatory demyelinating disease of the
central nervous system (CNS) which affects 2 to 2.5 million people worldwide[1] [2]. MS
causes a variety of neurological deficits that severely impact the patient’s quality of life
(e.9., loss of vision, sensory deficits, ataxia, paralysis, brainstem dysfunction, dementia,
psychiatric disorders [3]. MS is considered an autoimmune disease, a systemic or tissue-
specific disorder in which the immune system attacks the body’s own tissue. Silencing
autoreactive T- and B-lymphocytes normally helps to prevent development of autoimmune
disease. [4]. Myelin-specific CD8+ T cells are the primary mediators of MS, which is
characterized by multiple lesions called “plaques” [5,6]. CD8+ T lymphocytes, B
lymphocytes, microglia, macrophages, and reactive astrocytes contribute to the cellular
composition of these inflammatory lesions, along with oligodendrocyte (OL) death and
demyelinated axons [1]. Nonetheless, emerging evidence has begun to implicate autoreactive
CD4+ T cells in MS pathogenesis[4], and indeed, the HLA-DR gene encoding MHC-I11 has
been implicated as an MS susceptibility site [5]. Continued lesion formation leads to
physical disability and cognitive decline [1].

Most commonly, MS presents in the relapse-remitting form (RRMS), which is characterized
by acute episodes of disability followed by recovery. In this disease stage, lesions may
exhibit remyelination and continued presence of immune cells [1]. As patients age and
experience multiple relapses with decreasing remittance, the disease enters the progressive
stage [7]. Heterogeneity in MS pathology makes it difficult to classify progressive MS
lesions, as both CD8+ T cells and CD68+ microglia are observed adjacent to damaged
neurons participating in neurodegenerative processes [8], whereas some chronically
demyelinating lesions distinctly lack immune cell infiltration or activated glial cells [9]. As
neurodegeneration ensues, patients develop permanent motor and cognitive impairments.

MS is a multifaceted disease with an unknown etiology and no effective cure. Researchers
have limited access to active MS tissue samples, and manipulation of experimental
circumstances is restricted in human studies compared to studies in animal models, although
new imaging modalities have yielded helpful insights in patients, especially the white matter
and ophthalmologic manifestations. For these reasons, animal models such as experimental
autoimmune encephalomyelitis (EAE) are needed to clarify the underlying immune-
pathological mechanisms and test novel therapeutic and reparative approaches [10]. EAE, is
the most common inducible animal model of MS. It recapitulates inflammation,
demyelination, and neurodegeneration components of MS disease. EAE is a CD4+ T cell-
mediated autoimmune disease, whereas human MS is a macrophage, B cells and CD8+ T-
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cell mediated disease. EAE induction requires immunization with myelin proteins or
peptides. EAE model has improved our overall understanding of CNS inflammation,
immune surveillance and immune-mediated tissue injury. Furthermore, therapeutic studies
using the EAE model have led to the development of approved MS treatments [10].

In this review, we hope to illustrate the need for combined immunomodulatory and
neuroprotective therapies in MS. We begin with a discussion of pathophysiology, framing a
central problem in MS therapy: the differentiation block of OPCs in the face of ongoing
inflammation that contributes to remyelination failure and disease progression. Next, we
explore the contribution of endogenous estrogens on the disease process; the preclinical
advancements in mouse models of MS by targeting the estrogen receptor (ER) with ER-
selective ligands; the signaling pathways affected by ER agonists; and future directions in
the field.

Axon Myelination

Mpyelin sheath, the insulating layer surrounding the axon, is required for efficient function in
the vertebrate nervous system. It is responsible for maximizing the conduction velocity of
action potentials [6]. In the central nervous system (CNS), OLs, a terminally differentiated,
nonproliferative population of cells are responsible for myelin production. The number of
differentiated OLs is dependent on the extent of proliferation of the OL precursor cell
(OPC). During early embryonic development, OPCs are generated in the ventral
neuroepithelial motor neuron progenitor domain of the neural tube [7, 8]. During late
embryonic and early post-natal development, the dorsal spinal cord and hindbrain/
telencephalon are responsible for OPC production [9, 10]. OPCs are proliferative and motile
cells expressing GT3 ganglioside A2B5, platelet-derived growth factor receptor alpha
(PDGFRa), and the proteoglycan NG2 [11]. OPC specification is regulated by the basic
helix-loop-helix (bHLH) transcription factors Oligl, Olig2, mammalian achate schute
homolog 1 (Mash1), and the zinc finger transcription factor myelin transcription factor 1
(MyT1) [12-14]. Proliferative OPCs migrate into developing white matter, exit the cell
cycle, undergo differentiation, express a subset of myelin-associated proteins, and transition
to mature OLs [15]. Various agents, including insulin-like growth factor (IGF)-1, ciliary
neurotrophic factor (CNTF), and thyroid hormone (T3), are involved in promoting OPC
differentiation to OLs along the oligodendroglial lineage [16-18]. Myelination consists of
OL plasma membrane loops tightly wound concentrically around the axon. One OL can
produce up to forty myelin segments on multiple axons [15]. Myelin membrane maintenance
occurs throughout childhood and young adulthood leading to maturation of the complex
neural circuitry. Classically myelination is thought to complete when the frontal lobes finish
myelination in the fourth decade of human life [19, 20].

Demyelination and Remyelination

Demyelination is the pathological process in which myelin sheaths surrounding axons are
lost. CNS “primary” demyelination is usually the consequence of OL loss, whereas
“secondary” demyelination (or Wallerian degeneration) is a consequence of primary axonal
loss [21]. Demyelination impairs neuronal function. It destroys reciprocal communication
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between axons and OLs, and the acute loss of a myelin internode is associated with
conduction block. In MS, OL loss and demyelination are associated with disruption of the
paranodal region, progressive axonal degeneration, and neurological decline [1]. An
immediate adaptive response of Na* channel redistribution along demyelinated axons allows
for some non-saltatory conduction [21]. Recovery from MS relapses (remittances) can
reflect the resolution of exaggerated inflammatory response, consequent sparing of neural
cells, and myelin repair (remyelination), and leading to the functional reorganization of
nodal components and recovery of some axon function.

Remyelination involves the generation of new mature OLs and is the default spontaneous
process by which demyelinated axons undergo ensheathment by new myelin sheaths,
leading to functional recovery. During remyelination in the adult CNS, OLs are derived from
a population of adult CNS stem/progenitor cells referred to as adult OPCs [22, 23]. These
multiprocessed adult OPCs are found in both white and grey matter throughout the CNS, at
a density 5-8% of the cell population [24]. Adult OPCs arise from the subventricular zone
(SV2), either from progenitors that contribute to the rostral migratory stream or from glial-
fibrillary acidic protein (GFAP)-expressing stem cells [25]. These OPCs are generally
quiescent until activated by homeostatic insult, such as OL death and axon demyelination.
Adult OPC activation is likely secondary to astrocytic and microglial activation [26], and
growth factors upregulated during remyelination induce OPC proliferation, migration, and
differentiation into mature, myelinating OLs [27].

In a healthy CNS, the regenerative process that underlies endogenous remyelination is
initiated and proceeds to completion naturally in response to minor demyelinating insults
such as infectious, metabolic, immune, and other demyelinating perturbations [28]. In
diseases such as MS, demyelination, along with substantial axonal and neuronal loss, forms
a major part of the pathology. A limited number of MS patients exhibit spontaneous
remyelination in ~95% of lesions and OPC numbers are increased in actively demyelinating
MS plaques [29]. However, remyelination eventually fails in MS and the disease inches
towards the progressive phase. Theoretically, remyelination could fail because of a
deficiency in precursor cells, failure of progenitor cell recruitment, and/or failure of OPC
differentiation and maturation [30]. Other remyelination failure hypotheses include changes
in environmental inputs or intrinsic signals regulating OPC function [21]. Each of the above
hypotheses is possible to some degree. First, over time OPCs are depleted in most
progressive MS patients, leading to insufficient remyelination as the disease progresses [22,
29, 31]. A failure of OPC recruitment involving proliferation, migration, and repopulation of
demyelinated areas also contributes to remyelination failure [32]. Lastly, a failure of OL
differentiation and maturation in areas of demyelination indicates that this stage of
remyelination is most vulnerable to failure in MS [28, 32, 33].

Stimulating Functional Remyelination

Understanding and stimulating remyelination in human MS patients presents a challenge.
While the dynamic nature of remyelination may be assessed murine models /n vivo, it is
difficult to investigate this complex process ex vivo (e.g., in post-mortem tissue) [34, 35].
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Thus, a thorough understanding of therapeutics-induced remyelination in the context of MS
requires comparative analyses of animal models and human tissue.

To attain efficient remyelination, it may be necessary to investigate genes, transcription
factors, and signaling molecules controlling OPC differentiation during development, as they
may play similar roles in activated adult OPCs. Consistent with this, expression of
transcription factor Olig2 and homeodomain transcription factor Nkx2.2 in OPCs is a
genetic switch required for OPC differentiation [36]. The expression of these factors
converges in OPCs during development and is upregulated in response to demyelination
[37]. In addition, growth factors IGF, PDGF, and BFGF can act individually as mitogens for
OPCs in vitro. A number of extracellular signals that regulate a series of transcription factors
that promote OPC differentiation to myelinating OLs have been identified ([38], reviewed in
[15]). The mTOR (mammalian target of rapamycin) pathway, which is downstream of PI3K
(phosphoinositide 3-kinase)/Akt, promotes OL differentiation and myelination [39-42]. In
addition, ERK1/2-MAPK (mitogen-activated protein kinase) [43] regulates myelin
thickness, independent of OL differentiation, and myelination initiation [44]. The other
signaling pathways and molecules behind impaired remyelination in animal models include
involvement of the Notchl, LINGO1, wnt/p catenin, and hyaluronan/TLR2 pathways
(reviews [45] [46]).

Most of these relevant molecules, many of which were identified in developmental
myelination studies, are detected in MS. OPCs that express PDGFRa can be abundant in
MS lesions [47] and PDGF and FGF-2 ligand expression increases in demyelinated lesions
[48]. An integral component of the environment surrounding OPCs is neurotransmitters that
could, potentially, regulate integrin-mediated functions such as survival, proliferation, and
migration [49]. Several other factors have been shown to either promote or inhibit
remyelination. Endogenous remyelination is promoted by cytokines tumor necrosis factor-a
(TNFa) [50] and interleukin 1p [51], chemokines CXCL-12 and CXCR4 [52], and growth
factors PDGF, BFGF, and IGF-1 [53-58]. In contrast, other molecules such as the axon-
derived polysialylated form of the neural cell-adhesion molecule (NCAM) [59], contactin-a
non-canonical Notch1l ligand [60], wnt/p catenin [61], the g domain—containing Nogo
receptor—interacting protein LINGO-1[62], myelin debris [63], and hyalourinadase [64]
inhibit myelination and contribute to remyelination failure.

Current therapeutic strategies for MS have focused on attenuating the immune response.
Immunomodulators [Interferon beta-1b (Betaseron, Extavia), Dalfampridine (Ampyra),
Interferon beta-1a (Avonex, Rebif), Alemtuzumab (Lemtrada), Peginterferon beta-1a
(Plegridy), Natalizumab (Tysabri), Glatiramer acetate (Copaxone), Fingolimod (Gilenya),
Dimethyl fumarate (Tecfidera)] and corticosteroids [Methylprednisolone (Solu-Medrol,
Depo-Medrol), Dexamethasone (Baycadron, Dexamethasone Intensol), and Prednisone
(Sterapred[65] are indicated for treatment of RRMS patients. These compounds slow the
accumulation of physical disability and decrease the frequency of clinical exacerbations;
however, they do not reverse existing damage. Additionally, the utility of anti-inflammatory
therapies is limited because progressive MS lesions do not exhibit a strong inflammatory
component. Accumulating data regarding MS lesions and the influence of regenerative
medicine have begun to shift the field’s understanding of the role inflammation in MS.
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Originally, a link between the presence of immune cells and lesions was observed [66]. Over
time, however, a more nuanced perspective has revealed a link between immune activation
and successful remyelination [21]. Inflammation in MS has been reframed into a
dichotomous role: it is necessary to resolve the destruction it initially causes. Whatever the
order of these pathological events, it is clear that preventing inflammation, demyelination,
and neurodegeneration, or enhancing remyelination and neuroprotection, are all potential
targets for therapies that reduce disease and disability in MS. Ideal drug therapies will need
to address both myelin sheath protection and subsequent repair via remyelination
modulation.

Approved MS treatments, as well as those currently in the pipeline, target some aspects of
the above-referenced signaling directly or indirectly to initiate transient recovery. Whether
some of these treatments also act on the CNS to directly promote myelin repair remains
debated. One promising remyelinating drug is the anti-LINGO antibody [67]. Biogen’s
B11B033, a human aglycosyl 1gG1 monoclonal antibody (mAb) that binds LINGO-1 with
high affinity and specificity, was developed as an investigational drug aimed at inducing
remyelination and axonal protection and/or repair in MS patients. This antibody yielded
positive results in a phase 11 trial for acute optic neuritis (AON), a relatively uncommon
disease (and condition that can precede MS diagnosis) [68, 69]. A recent study screened 727
drugs with a history of safe use in clinical trials from the US National Institutes of Health
(NIH) Clinical Collection I and Il libraries for modulation of OPC maturation into
myelinating OLs [70]. Two steroids, miconazole and clobetasol, were effective in promoting
myelination and decreasing clinical symptoms in mouse models of MS [70].

Estrogens

Experimental evidence supporting neuroprotective actions by steroid hormone, estrogen has
accumulated over the last two decades. For example, local synthesis of these molecules in
the CNS may prevent or reduce neurodegeneration [71]. Defensive steroid hormone actions
include stabilizing the blood-brain-barrier (BBB), alleviating brain edema, dampening pro-
inflammatory processes, activating anti-apoptotic molecules, stimulating survival-promoting
factors, counteracting oxidative stress, promoting respiratory chain function, and reducing
glutamate excitotoxicity [72]. Genomic and non-genomic steroid signaling pathways appear
to mediate defensive steroid hormone actions leading to CNS neuroprotection [73]. The
three major estrogens are estradiol (also referred to as E2 or 17p-estradiol), estrone (E1),
and estriol (E3). Estrogens regulate transcription by binding to nuclear estrogen receptors
(ER), ERa and ERp, which exhibit distinct transcriptional properties[74], whereas, plasma
membrane-associated ERs mediate the non-genomic signaling pathway[75] (Figure 1). Both
ERa and ERp are localized in reproductive tissues, as well as non-reproductive tissues
including cells of the immune system, cardiovascular system, CNS and bone. Within the
immune system, ERs are present in B lymphocytes, T lymphocytes, monocytes, and NK
cells [76].

In human and animal experimental models, estrogens have been shown to regulate both
innate and adaptive immunity [77]. Inflammation resulting from immune aggression during
the innate or adaptive immune response involves the release of pro-inflammatory cytokines.

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2017 June 01.
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Estrogen are immunomodulatory and may exert immunosuppressive and immunostimulatory
effects [78]and induce CNS neuroprotection. Here, we will focus on the role of estrogens in
CNS neuroprotection.

Estrogens and MS

The use of estrogens as a treatment for MS is based on the remarkable effects of pregnancy
and the post-partum period on disease activity in patients with MS and other autoimmune
diseases, including rheumatoid arthritis and psoriasis[79] [80, 81]. These patients experience
clinical improvement during pregnancy followed by a temporary ‘rebound’ exacerbation
postpartum. Increased levels of a variety of pregnancy-related factors including estrogens
(i.e., estradiol and estriol) are detected in maternal blood during pregnancy and many,
including cortisol, progesterone, vitamin D, early pregnancy factor, and a-Fetoprotein, have
been shown to be immunomodulatory and possess potential neuroprotective properties[82].
Estrogens downregulate the T cell-mediated adaptive immune response, simultaneously
activate the innate immune response that tolerates, supports, and regulates fetal
development, and confer neuroprotection and reduce relapses in pregnant women with
MS[83].

There exists a temporal correlation between increased estrogen levels in the last trimester of
pregnhancy and MS remission, and between decreased estrogen levels post-partum and MS
relapse [83]. Thus, estrogens represent therapeutic candidates for MS. Preclinical studies
using mouse models of MS reveal an attenuated disease course in response to estriol
administration at doses equivalent to late pregnancy levels[84]. While clinical observations
of pregnant MS patients are correlative, pre-clinical studies support a causative link between
increased estrogen levels and neuroprotection [85, 86]. While estrogens may play a role in
MS remission during late pregnancy, this does not preclude additional or synergistic roles
for other pregnancy factors [79]. In a small single-arm study of people with MS, estriol
reduced gadolinium-enhancing lesions and was favorably immunomodulatory [87]. In a
recently completed phase 1 trial using estriol in combination with glatiramer acetate to treat
female RRMS patients showed a small decrease in relapse rate compared to placebo with
glatiramer acetate [88]. However, the use of estrogens as a therapy must be carefully
considered, as these compounds are highly reactive in many tissues. Estrogen therapies
present several potential side effects, including increased risk of breast and endometrial
cancers in females and feminizing effects in males. Recent synthesis of a small-molecule
bioprecursor prodrug, 10p, 17p-dihydroxyestra-1, 4-dien-3-one (DHED), which converts to
estradiol in the brain after systemic administration but remains inert in the rest of the body,
could bypass negative peripheral side effects associated with estrogens [89]. Interestingly,
the carcinogenic effects of estrogens are reportedly mediated through ERa and not ER,
which supports the concept of receptor subtype-specific treatments [90].

Estrogens and Oligodendrocytes

OLs and OPCs express nuclear and membrane ERa and ERB mRNA and protein in 7n vitro
and /n vivo [91-95]. The classical estrogen-signaling pathway involves the binding and
activation of ERa and ER receptors and subsequent transcriptional activation of
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appropriate target genes. Estrogen and various growth factors such as BDNF and IGF-1
activate similar signaling pathways that lead to OL differentiation and myelination [44, 71,
96]. Both estradiol and BDNF enhance OPC differentiation to OLs through the Trk-B
receptor [97]. Reduced levels of BDNF, OPCs, and myelin proteins were observed in
transgenic mice heterozygous for BDNF [71, 98]. The association of estrogens with IGF-1R/
Trk-B through the PI3K/Akt/mTOR signaling pathway may illustrate the point of
convergence between estrogen and IGF-1/BDNF to promote OPC proliferation, OL
differentiation, and survival after demyelination [38, 71, 99]. Estrogen ligands that
successfully activate these pathways to initiate OPC/OL survival, OL differentiation, and
axon myelination would be most effective in prompting remyelination and neuroprotection.

ERP Ligands - Similarities and Differences in Structure and Mechanism

Selective estrogen receptor modulators (SERMs) are ER ligands that show preferential
binding affinity towards one receptor isotype over the other. SERMs may be extremely
useful in estrogen therapies, as they allow for targeting of specific tissues or signaling
pathways based on differences in receptor isotype activity and distribution within tissues.
Both ERa and ERp are expressed in the immune system and CNS [74]. Clinical protection
from EAE by estradiol is dependent on signaling through ERa. [100, 101]. Interestingly, the
anti-inflammatory effects of estrogens are mediated by ERa [74]. More specifically,
treatment with the ERa—selective ligand propylpyrazoletriol (PPT) was sufficient to
ameliorate EAE and induce favorable changes in autoantigen-specific cytokine production in
the peripheral immune system, and decreased CNS peripheral immune infiltration in EAE
[102]. Roles for ERpB are mixed, as different ERB-specific ligands induce multiple
therapeutic effects including immunomodulation and direct neuroprotection [102]; [103], as
will be discussed below.

Several synthetic and natural ERB-selective compounds with differential ER affinities and
selectivities have been identified [104—-106];[107];[108]. One class of ERpB-selective
agonists, represented by WAY-202041 (ERB-041) and WAY-200070, display >200-fold
selectivity for ERB over ERa.. ICsq values are 5 and 1216 nM for human ERp and ERa, 3.1
and 620 nM for rat ERP and ERa, and 3.7 and 750 nM for mouse ERp and ERa.,
respectively [109]. ERB-041 regulates hippocampal synaptic plasticity and memory
improvement in gonadectomized mice [110] and exerts an anti-inflammatory effect in a
lipopolysaccharide (LPS) model [54]. Clinically-relevant applications have included
inflammatory bowel disease, rheumatoid arthritis, endometriosis, and sepsis [111, 112], but
ERB-041 failed to improve EAE [113]. In a recent clinical trial, it failed to suppress
rheumatoid arthritis [114]. Meanwhile, WAY-200070 has also been shown to improve
hippocampal synaptic plasticity and memory improvements [115] [110]. Finally, DPN used
in published studies from our lab, represents a third class of ERB-selective compounds. DPN
was tested along with the ERa—selective ligand propylpyrazoletriol (PPT) in myelin
oligodendrocyte glycoprotein (MOG3s_55) EAE-induced C57BL/6 mice [102]. This
produces a chronic disease course similar to progressive MS; thus, it represents a rigorous
model to test potential MS therapeutics. Prophylactic treatment (i.e., treatment start prior to
clinical disease onset) with PPT was sufficient to prevent/blunt EAE onset and induce
favorable changes in autoantigen-specific cytokine production in the peripheral immune
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system [101]. While prophylactic and therapeutic (i.e., treatment start after clinical disease
onset) treatment of MOG35_g5-induced EAE C57BL/6 mice with DPN had no effect on
peripheral cytokine production or CNS infiltration, it increased axon myelination and corpus
callosal axon conduction and improved motor function [94, 100].

Similar biological activities for these three classes of ERB-selective compounds have
demonstrated that while some genes are commonly regulated by these agonists, others are
differentially regulated by these agonists and estradiol [106]. Very recently, another class of
highly selective ERB ligand with a halogen-substituted phenyl-2H-indazole core, indazole-
Cl (Ind-Cl), was shown to suppress inflammatory responses of microglia and astrocytes /n
vitro[107, 116] and attenuate EAE clinical symptoms[116]. Though Ind-CI’s
immunomodlulatory effect is distinct from DPN’s lack of effect on the immune response,
treatment with either ligand decreases EAE clinical symptoms via direct neuroprotection.
Below, we discuss a few major ER ligands that show promise in the chronic EAE mouse
model and an overview of their effects can be found in Figure 2.

DPN is a generic ERp ligand with 70-fold higher relative binding affinity and 170-fold
higher relative potency for ERP over ERa in transcription assays [117]. DPN exists as a
racemic mixture of two enantiomers, (R)}DPN and (S)-DPN. Both enantiomers show high
affinity and potency for ERP over ERa (80-300-fold). The enantio-selectivity is modest
(~3-4-fold), with the (R)-enantiomer possessing higher affinity and potency. While ER is
effectively stimulated by (R,5)-, (R)-, or (S)-DPN, (R)-DPN may be favored for biological
studies of ERp function [108, 118].

When administered prophylactically or beginning at peak clinical disease, DPN (racemic)
reduces EAE clinical symptoms in MOG3s_s5-induced C57BL/6 mice [94, 119]. Unlike
reports using other estrogens, such as estradiol, therapeutic improvement in this chronic
EAE model is not immediate [101]. Improvement was observed 20 days after initiation of
prophylactic treatment [94, 120]. Further, when treatment was begun 21 or 34 days post-
EAE induction, improvement was observed after one and one and a half weeks, respectively
[94]. DPN successfully attenuated clinical disease and improved motor function in EAE
mice with no effect on the immune response, providing evidence of direct neuroprotection.
Furthermore, DPN-induced EAE clinical improvements were associated with increased
mature OL numbers, increased myelin thickness, amelioration of corpus callosal axon
conduction deficit, and improved axon transport, all in the presence of an active immune
environment [100, 119]. These results are of great interest in light of accumulating evidence
connecting active immune response to successful remyelination in MS lesions.

Which cell type(s) mediate DPN’s direct neuroprotective effects? As the myelinating cells of
the CNS, OLs are of particular interest in MS and EAE. Using Cre recombinase technology,
we generated conditional knock-out mice lacking ERB in all OL lineage cells (ERB-Olig2
cKO). DPN treatment in MOGgs_55 EAE ERB-Olig2 cKO mice failed to induce many of the
key improvements observed in DPN-treated littermate controls [93]. ERP deletion from
astrocytes or neurons, however, did not affect DPN-induced EAE improvements [121]. This
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suggests that much of DPN-induced EAE improvement is mediated through direct action on
ERp in OL lineage cells [93].

As for DPN-induced downstream signaling in EAE, DPN treatment increases BDNF levels
and activates the PI3/AKT/mTOR pathway, which is essential for OL differentiation and
CNS myelination (discussed above) [94]. This suggests that DPN and DPN-like ERB
agonists may be capable of overcoming the OL differentiation block in chronically
demyelinated MS lesions, which represents a major goal for progressive MS therapeutics.

DPN is of particular interest in the study of MS and EAE because it does not show
significant immune modulation [102, 103]. Decoupling the anti-inflammatory component of
ERP action allows researchers to investigate direct effects of ERP ligands on remyelination
and disease treatment. Though this is useful in the pre-clinical setting, DPN’s low specificity
and high hydrophobicity may lead to non-specific side effects with prolonged or high dosage
use [120]. As a result, there is a need to identify ERp ligands that reduce MS symptoms with
greater potency and safety.

2. Indazole-Cl

Ind-Cl is a small molecule, potent ERp selective agonist based on a halogen-substituted
phenyl-2H-indazole core that[122] displays >200-fold selectivity for ERp over ERa [122].
It is in pre-clinical development and its promising pharmacokinetics are well-characterized
in rodents [123].

In contrast to DPN, Ind-Cl is immunomodlulatory as well as directly neuroprotective [103].
Prophylactic and therapeutic Ind-Cl treatment in MOGg3s_s5-induced EAE C57BL/6 mice
reduced invading immune cell numbers and resident pro-inflammatory cell activation in the
CNS [103]. Overall peripheral immune activation was decreased by Ind-Cl treatment, as
quantified by reduced Th1 and Th17 cytokine production (including IFN-y, IL-6, TNF-a.,
and IL-17) in isolated MOG3s_s5-stimulated splenocytes [103]. Ind-Cl and a similar
molecule made with the halogen bromine, Indazole-Br (Ind-Br), have also been shown to
radically alter the cytokine profile of human and murine microglia /n vitrovia
transrepression, ultimately increasing anti-inflammatory and reducing pro-inflammatory
cytokine production[116].

Several results from experiments in Ind-Cl-treated MOGg3s_s5-induced chronic EAE mice
point towards the induction of functional remyelination. These include increased myelin
basic protein (MBP) levels and myelinating OL numbers in the spinal cord and corpus
callosum. Additionally, treatment increased survival, proliferation, and migration of OPCs
from the SVZ to CC lesions [103]. At the functional level, prophylactic and therapeutic Ind-
Cl treatment improved CC axon conduction and rotarod motor activity in EAE mice.

Similar to DPN, Ind-Cl treatment in chronic EAE mice increased BDNF levels and activated
the PI3/AKT/mTOR pathway [103]. In the chronic demyelination cuprizone model (nine
weeks of continuous 0.2% cuprizone diet) followed by three weeks of remyelination (normal
diet), Ind-Cl treatment increased axon remyelination and OL numbers [103]. Unlike EAE,
the cuprizone model allows experimenters to isolate myelination events from primary
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inflammation. These findings suggest that Ind-Cl is capable of improving remyelination in
both inflammatory and non-inflammatory settings. Thus, Ind-Cl represents a promising,
more selective progressive MS treatment option, as it may overcome the differentiation
block in chronically demyelinated lesions.

3. 5-androsten-3p, 17p-diol (ADIOL)

4.1Y3201

5. ERB-041

ADIOL is an endogenous ERp ligand produced by enzymatic conversion of the steroid
dehydroepiandrosterone (DHEA). There is a genetic link between ADIOL and MS because
the enzyme that converts DHEA to ADIOL, 17p-hydoxysteroid dehydrogenase type 14
(HSD17B14), is located at a locus of human chromosome 19 that has been identified as an
MS susceptible locus [124]. This compound acts via transrepression to activate ERp to
recruit a protein complex which inhibits inflammatory gene expression in microglia and
astrocytes [116]. When administered at disease onset, this compound caused a transient
dose-dependent decrease in clinical symptoms of proteolipid protein (PLP139-151)-induced
EAE SJL/J female mice, a RRMS model [125]. While further studies are needed, the
discovery of an endogenous ERp ligand with a genetic connection to MS susceptibility adds
weight to the pursuit of estrogen ligands to treat MS.

LY 3201 is an ERB-selective ligand provided by Eli Lilly to Gustafsson and colleagues as a
potential MS treatment candidate. A RRMS-like EAE model, generated using SJL/J mice
immunized with proteolipid protein (PLP), was used to test LY3201 prophylactic treatment
effects. LY3201 reduced EAE-induced mortality within the first two weeks of disease
induction from ~50% to <10%. Within thirty days, it significantly attenuated EAE clinical
disease [126]. Effects on OPCs, OLs, functional myelination, and a chronic EAE model
were not assessed. LY3201 treatment reduced microglial activation and downregulated NF-
B activation and NF-xB-induced gene-inducible nitric oxide synthase (iNOS) in microglia
and CD3 (+) T cells of PLP-induced EAE mice [126]. Whether immune modulation via
microglia and T cells—and, thus, contribution to the regenerative cytokine environment
encountered by OPCs and OLs—by LY 3201 or LY3201-like ERp ligands induces
remyelination and repair remains to be tested.

ERB-041 is benzoxazole compound and is among the most selective ERp ligands, with 200-
fold selectivity for ERPB over ERa [127]. ERB-041 has been shown to improve several
rodent models of inflammatory disease /n vivo, including the HLA-B27 transgenic rat model
of inflammatory bowel disease and adjuvant-induced arthritis in Lewis rats [127]. The ligand
was administered orally and resulted in quantitative abrogation of sepsis and endometriosis
[111, 127, 128]. We have published [103] and preliminary data revealing decreased
MOG3s_s5-induced EAE clinical scores with both prophylactic and therapeutic ERB-041
treatment (administered subcutaneously). Additionally, preliminary /7 vivo data from our lab
suggest that this ligand has the ability to modulate the peripheral immune response.
Interestingly, while /n vivo studies cited above indicate an immunomodulatory effect based
on improved disease outcomes, the mechanisms of immune modulation appear to be at least
partially distinct from Ind-Cl and similar to DPN in the inability to reduce iNOS production
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in LPS-stimulated microglia [54]. This suggests that the anti-inflammatory effects of
ERB-041 are regulated through an alternate pathway and reinforces the view that anti-
inflammatory effects of ERp ligands are cell type-specific. In addition, this compound has
been tested in a version of EAE that results in an acute, monophasic disease course but the
results did not show a significant delay in disease onset or peak clinical scores[113]. Despite
this, and due to the relatively short symptomatic period in that model, there is still a need for
further study of this compound in either relapse-remitting or primary progressive EAE to
test the later stage effects of this drug. ERB-041 has already gone through a Phase | trial and
was deemed safe, it could be optimized and tested as potential MS therapeutic.

Summary and Future Directions

Historically, the argument for promoting axon remyelination is based on improved
conduction efficiency via non-saltatory to saltatory conduction switch. Our current
appreciation of axon loss as a major pathological correlate of progressive functional decline
in demyelinating neurodegenerative diseases has created an even more compelling case to
study remyelination. Promoting myelin repair represents a potentially highly effective means
of long-term axon protection and repair. Therefore, a key therapeutic goal for MS is to
remyelinate naked axons rapidly, thus repairing existing and preventing cumulative
disability. Existing data like those discussed here and studies currently underway support
ERB ligands as potential remyelinating, neuroprotective agents that may be used alone or in
combination with other therapeutics (e.g., approved immunomodulators) to attain functional
recovery in MS.

Through chemical modification of naturally occurring estrogens and synthesis of compounds
that mimic their neuroprotective effects, we may produce more selective compounds that
provide the benefits of estrogens to the CNS while avoiding negative side effects. ERp
ligands represent exciting potential MS therapeutics. DPN and Ind-Cl-induced activation of
P13/Akt/mTOR signaling suggests that these signaling molecules may be capable of
overcoming the differentiation block observed in chronic MS lesions. In addition, early
experiments by our lab suggest that these ligands are also capable of ERK activation. The
variety of mechanisms triggered by different ERB ligands warrants continued investigation.
Finally, the isolation of neuroprotective and immune effects of some ERp ligands offers new
possibilities for combination therapy, allowing for more fine-tuned and personalized
treatment of highly variable MS.
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Highlights

Pregnancy is associated with remission in patients with
multiple sclerosis (MS).

Estrogen receptor p agonists stimulate functional
remyelination in MS mouse models.

Some estrogen receptor beta ligands activate PI3K/Akt/
mTOR signaling pathways in oligodendrocytes to
stimulate remyelination

ERP agonists effects induce multiple therapeutic effects
on the CNS and are devoid of negative side effects
associated with ERa agonists

ERP agonists represent promising potential novel
therapeutics for MS.
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Figure 1.

Schematized general estrogen signaling pathway. Endogenous estrogens and estrogen
receptor (ER) agonists can activate cell and nuclear membrane-bound ERs. Binding induces
dimerization and translocation of ERs to the nucleus, where they exert effects on
transcription. Binding can also affect intracellular signaling pathways, including PI3K/Akt/
mTOR, Wnt, and Notch, ultimately influencing gene expression. ERa and p each activate
the PI3K/Akt/mTOR pathway, and activation of PI3K inhibits Notch. ERa activation
inhibits dickkopf WNT signaling pathway inhibitor 1 (DKK1), resulting in §-catenin
stabilization. The cell type-specific molecular mechanisms mediating the effects listed here
have yet to be parsed out for neural cells.
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Figure 2.

Therapeutic effects of endogenous estrogens and selective estrogen receptor (ER) agonists
on various CNS cell types.
(A) ERs are ubiquitously expressed, and ER ligands have differential effects on different cell
types. This diagram details experimentally-determined effects of each ligand in various
pathological models (hence the depiction of T-cell CNS infiltration). Solid arrows:
stimulating/protective effects; dashed arrows: anti-inflammatory/inhibitory effects.

(B) Dosage, route of administration, selectivity, effects, and clinical status of various ER
ligands.
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