Sphingosine-1 Phosphate and Central
Nervous System

Roland Martin and Mireia Sospedra

Abstract The development of fingolimod, an unselective functional antagonist of
the interactions between sphingosine 1 phosphate (S1P) and sphingosine 1 phos-
phate receptors (S1PRs), as the first oral therapy for multiple sclerosis (MS) has
been a milestone. The parallel intensive research on the role of S1P, sphingosine
kinases, and the five known S1PRs, their tissue distribution and expression in
physiological and pathological conditions have led to a wide range of interesting
findings. The initial focus of this research in the context of developing fingolimod
as a treatment of MS has been on its immunological effects. The wide distribution
and important roles of sphingosine, its metabolites, and their receptors in the
central nervous system (CNS) in general, in myelin, and in all cell types of this
organ have spurred interest to examine S1P and its five receptors in the brain as
well. The present review will concentrate on the latter area and give a brief
overview of what is known about S1P/S1PR interactions in the CNS in physio-
logical and pathological conditions.
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1 Introduction

Sphingolipids, particularly sphingomyelin, are principal components of oligo-
dendrocytes and myelin and of the CNS in general. Sphingomyelin is catalyzed to
ceramide by sphingomyelinase, and ceramide metabolized further to sphingosine
by ceramidase, which then can be phosphorylated by sphingosine kinases (SphK)
to yield sphingosine-1-phosphate (S1P). The role of these metabolites was long
enigmatic until the discovery of fingolimod, a first-in-class agonist of sphingosin-1
phosphate receptors (S1PRs). The parallel growing understanding of the functions
of breakdown products of sphingomyelin, ceramide, and S1P, as signaling mole-
cules upon binding to S1PRs, has shown that these molecules are involved in a
wide range of functions of essentially all cells in our body via intracellular sig-
naling in different pathways that are mediated by Rho-/Ras, phospholipase C,
phosphatidylinositol-3 kinase, and Akt. Fingolimod binds to four of the five
S1PRs, and among its pharmacological effects, immunomodulation and those on
multiple CNS cells stand out. Based on the novel immunomodulatory mechanisms
fingolimod was first explored as a treatment to prevent the rejection of allo-
transplants and then for multiple sclerosis (MS). In 2010, fingolimod was approved
as the first oral treatment for MS. Already during later stage clinical development
and in parallel animal model studies, it has been shown that fingolimod, besides its
prominent effects on immune cell homing, has a number of mechanisms of action
on CNS cells and the blood-brain barrier (BBB) (Brinkmann et al. 2004; Groves
et al. 2013; Coelho et al. 2007; van Doorn et al. 2012), which are of interest not
only in MS, but also in other neurodegenerative diseases including stroke (Kimura
et al. 2008; Wei et al. 2011), brain/spinal cord injury (Lee et al. 2009), and glioma
(Estrada-Bernal et al. 2012). S1PRs are expressed on endothelial cells at the BBB
(van Doorn et al. 2012), on astrocytes (Sorensen et al. 2003; Wu et al. 2008), on
neuronal cell populations and their progenitors (Kimura et al. 2007), on oligo-
dendrocytes and their precursors (Jaillard et al. 2005), and on microglia (Kimura
et al. 2007). These observations have spurred intensive further research. Currently,
a series of small molecules and antibodies with more specific inhibitory profiles
regarding S1PR subtype inhibition are being developed. The current state of
knowledge about the role of S1P and SIPRs in the context of the CNS will be
reviewed here. Since numerous excellent reviews have been written along the
research in this field, a few are mentioned here for the interested reader (Groves
et al. 2013; Brinkmann 2009; Chun and Hartung 2010).
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2 Sphingosine-1 Phosphate Receptor Expression
and Functions in the CNS

2.1 Neuronal Cell Populations

Following the discovery of the structural analog of S1P, fingolimod (FTY720), and
its potent effects in MS, the role of SIP/S1PR interactions in CNS function and the
expression of SIPRs on CNS cells and tissue received increasing interest. The
involvement of S1P signaling in normal neural function became clear from in vivo
knockout studies, from effects of fingolimod and other pharmacological inhibitors
in various in vivo models, and also from in vitro studies with cultured cells (Kono
et al. 2007; MacLennan et al. 2001; Ishii et al. 2002; Akahoshi et al. 2011; Edsall
et al. 1997; Toman et al. 2004; Choi et al. 2011; Rau et al. 2011; Rossi et al. 2012;
Callihan and Hooks 2012). Indirect evidence for a role of SIP/S1PRs in CNS
function was derived from demonstration of sphingosine kinase 1 or —2 (SK1,
SK?2) expression in various cell types (Bryan et al. 2008) and their role in neural
development (Mizugishi et al. 2005). Regarding the expression of SIPRs on CNS
cells, since monoclonal antibodies (mabs) were not available until recently and are
still not available for all subtypes, the/tissue-/cellular expression was examined
mainly by nucleic acid-based methods (PCR, in situ hybridization), but recently
also by immunohistochemistry (IHC) and western blotting using a S1PR-specific
mab for staining autopsy specimens of brain tissue and parallel analysis by PCR
(Brana et al. 2013; Nishimura et al. 2010). The five S1PRs are found in the
developing and mature brain (Dubin et al. 2010), and constitutive knockout (ko) of
SIPR1 causes a behavioral phenotype reminiscent of schizophrenia (Contos et al.
2002). SI1PRI is expressed on neuronal precursor cells and likely also mature
neurons and has been found to affect neurogenesis, cell migration, and functions
such a brain-derived neurotrophic factor (BDNF)-induced process extension (Chun
and Hartung 2010; Deogracias et al. 2012). Fingolimod upregulates BDNF and
hence probably contributes to tissue protection in EAE *'. The fact that SIPRI is
expressed preferentially and several fold higher in the gray compared to white
matter hinted at prominent neuronal expression, but detailed examination of its
cellular localization revealed expression in astrocytic foot processes (Nishimura
et al. 2010). Further evidence for a role of SIP/S1PR signaling includes inhibition
of amyloid production by cultured neurons upon exposure to FT'Y720-phosphate
(FTY720-P) and a more selective SIPR1 agonist KRP203-P (Takasugi et al.
2013), the development of neural tube defects upon maternal ingestion of the
mycotoxin fumonisin (Callihan et al. 2012), the S1P-mediated increase in gluta-
mate release and expression of SK1 by hippocampal neurons (Kajimoto et al.
2007), the induction of neuronal precursor cell migration to areas of spinal cord
injury via increased S1P and interaction with SIPR1 (Kimura et al. 2007), and by
reduced neuronal cell death upon FTY720 treatment in stroke models (Hasegawa
et al. 2010). Existing data thus documents a wide range of effects of SIP/SIPR
signaling on neuronal precursor cells and mature neurons in different areas of the
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brain. Due to technical limitations, particularly the lack of mabs against all SIPRs,
the expression of the different SIPRs on different cell types is, however, not yet
clear. Developing a better understanding for the cellular distribution on neuronal
cells during development of the healthy brain and during pathological conditions
will be important.

2.2 Astrocytes

As already briefly mentioned above, S1PRs are widely expressed on astrocytes
(Nishimura et al. 2010), a cell population that tightly interacts with neurons and
endothelial cells of the BBB and is considered essential for many homeostatic
processes within the brain but also tightly involved in neuroinflammation
(Brinkmann 2007). Both in situ hybridization and conditional ko studies in animal
models as well as data from intracerebral injection of FTY720 indicate that
astrocytes are the major CNS cell type that is responsible for the beneficial effects
of FTY720 in experimental autoimmune encephalomyelitis (EAE), the main
animal model of MS (Choi et al. 2011; Miron et al. 2008; Wu et al. 2013). In vitro
studies with human fetal astrocytes documented that FTY720 inhibits subsequent
S1PR-mediated pERK1/2 signaling for a protracted period of time and thus
desensitizes neuroinflammatory effects on astrocytes and their proliferation
(Sorensen et al. 2003; Wu et al. 2013). Cultured murine cortical astrocytes express
a wide range of lipid-activated receptors including the protease-activated receptors
(PAR1-4), lysophosphatidic acid receptors (LPA1-3), and S1PR1, 3, 4, and 5, and
each of these activates multiple downstream signaling pathways that participate in
astrocyte proliferation and gliosis, Sorensen et al. 2003. Regarding S1PR subtypes
on astrocytes, Rao et al. (2003) have demonstrated expression of S1P1, S1PR2,
S1PR3, and S1PRS with relatively higher expression of SIPR3 and S1PR1. In vitro
or in vivo administration of S1P promotes the expression of glial fibrillary acidic
protein (GFAP) and astrogliosis, but also astrocyte proliferation and migration
(Chun and Hartung 2010). Particularly, SIPR3 appears to be involved in astrocyte
proliferation and neurodegeneration during the terminal stages of Sandhoff’s
disease (Wu et al. 2008). During treatment with FTY720, its metabolite FTY720P
induces astrocyte migration through preferential binding to S1P1, while SIP binds
to both S1P1 and S1P3, indicating that the profile of FTY720 could play a role for
its therapeutic effects in MS (Mullershausen et al. 2007). Since glial proliferation is
a general characteristic in many experimental models of neuroinflammation and
neurodegeneration and also human neurodegenerative/inflammatory diseases, it
is likely that S1P/S1PR-mediated functions play a major role during these patho-
logical conditions.
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2.3 Oligodendrocytes, Myelination, and Remyelination

Lipids and sphingomyelin, the precursor of SI1P, are abundant in the CNS white
matter and myelin. Further, myelin and oligodendrocytes (OLG) are the main targets
of the immune system during MS, and demyelination and partial remyelination are
characteristic of the disease (Noseworthy et al. 2000). In one pathological subtype of
MS, i.e., in pattern III, preferential loss of myelin-associated glycoprotein (MAG)
and metabolic alterations have been noted (Lucchinetti et al. 2000), and due to these
histopathological findings and the efficacy of fingolimod, the role of SIP/S1PR
interactions have been studied extensively in recent years in vitro in oligodendrocyte
cultures from adult human brain (Miron et al. 2008, 2010) and from various devel-
opmental stages in animals (Jaillard et al. 2005), in oligodendrocyte precursor
cell (OPC) models (Kim et al. 2011), in embryonic stem cell-derived OPCs
(Bieberich 2011), in organotypic cerebellar slices (Miron et al. 2010), and in models
of toxic (cuprizone, lysophosphatidyl-choline-induced, lysolecithin) demyelination
(Miron et al. 2008, 2010; Kim et al. 2011; Jackson et al. 2011). Various S1PR
subtypes are expressed by human and rodent OLGs, i.e., S1P5, S1P3, and S1P1 at
decreasing levels (Terai et al. 2003; Yu et al. 2004; Miron et al. 2012). Upon inter-
action with SI1P1 Gj,-associated signaling is mediated via Racl and Ras GTPase
activation, which affect membrane dynamics and survival (Jung et al. 2007; Spiegel
and Milstien 2003), while S1P/S1P3 and -S1P5 interactions lead to Gy,/13-mediated
RhoA GTPase activation (Jaillard et al. 2005; Toman et al. 2004). When OLGs from
adult human brain were exposed to various concentrations of fingolimod in vitro,
cyclical changes with sequential increase of membrane elaboration, retraction and
recurring extension were observed at low doses (0.1-1 nmol/L), while the opposite
sequence occurred at higher concentrations (10 nmol/L—1 pmol/L) (Miron et al.
2010). Further, membrane retraction could be reversed with a S1P3/S1P5 antagonist,
suramine (Miron et al. 2008). In parallel, fingolimod prevented negative effects
of serum and glucose withdrawal, which were again blocked by suramine (Miron
et al. 2008). S1PS (formerly Edg8) is expressed throughout oligodendrocyte differ-
entiation, and in vitro experiments with 04-positive pre-oligodendrocytes as well
as in S1P5 ko mice revealed that S1P/S1P5 interacions play a role in OLG process
retraction and cell survival (Jaillard et al. 2005). Activation of S1P5 in rat neonatal
cortex-derived OPCs in vitro inhibits the migration of these cells (Novgorodov et al.
2007). The systematic assessment of the effect of SIP and fingolimod on OLG
differentiation from ES cell-derived neural precursor cells (NPCs) demonstrated the
expression of S1P1 and protection from ceramide-induced apoptosis and preferential
differentiation into the oligodendrocyte lineage upon S1P or fingolimod exposure
(Bieberich 2011). When the effects of fingolimod were examined in demyelination
models, i.e., in lysolecithin-induced demyelination in organotypic cerebellar slice
cultures (Miron et al. 2010), in cuprizone-induced demyelination in vivo, and in
mixed neural/glial aggregate cultures (Jackson et al. 2011), remyelination and
increased process extension by OPCs and mature OLGs (Miron et al. 2008), reduced
damage to OLGs, myelin, and axons (Kim et al. 2011), and increased de novo
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synthesis of myelin proteins (Jackson et al. 2011) were observed. Together, these
data indicate not only the importance of SIP/SI1PR signaling in oligodendrocytes
and myelin, but also that pharmacological modulation of SIP represents an inter-
esting way to modulate OPC and OLG biology during de- and remyelination.

2.4 Microglia

Microglia are the CNS-resident equivalent of monocytoid cells in the peripheral
immune system (Benarroch 2013). Any type of damage and alteration of CNS cells
such as for example, protein aggregate deposition, neuronal cell death, or damage of
processes are sensed by microglia and lead to their activation (Benarroch 2013).
Microglia serve a wide range of functions including phagocytosis, cytokine/
inflammatory mediator release, antigen presentation, Fc receptor-mediated cell
killing, and migration, and hence are the main mediators of neuroinflammatory
processes, although astrocytes and innate and adaptive immune cells (T and B cells)
that have entered the brain also participate (Goldmann and Prinz 2013). In MS,
microglia activation is widespread, and it is currently believed that this cell pop-
ulation is activated already during the earlier relapsing-remitting phase of MS and
plays a central role in secondary (SPMS) and primary chronic progressive disease
(PPMS), i.e., during the phase (SPMS) or MS type that are characterized by
increasing neurological deficit in the absence of relapses (Lassmann 2013). Despite
the importance of microglia for MS and also for neurodegenerative disease, rela-
tively little attention has been devoted to this cell type in the context of SIP/SIPR
interactions and its pharmacological modulation by fingolimod. In the abovemen-
tioned model of lysophosphatidyl-choline-induced toxic demyelination, microglial
ferritin, the proinflammatory cytokines tumor necrosis factor alpha (TNF-o) and
interleukin-1 (IL-1), nitric oxide metabolites, and apoptosis mediators (caspase 3
and —7) were all reduced by fingolimod and probably represent an important factor
for increasing myelination (Jackson et al. 2011). In the lysolecithin-induced
demyelination in cerebellar slice cultures, fingolimod treatment interestingly
increased microglia numbers and also the expression of GFAP by astrocytes,
however, the number of phagocytosing microglia remained unchanged (Miron et al.
2010). If analogies can be drawn from peripheral innate immune cells such as
dendritic cells (DCs), which express all five of the SIPRs (Brinkmann 2009), it can
be expected that SIP/S1PR signaling and modulation by S1P agonists exerts a wide
range of effects on microglia (Brinkmann 2009).

2.5 Endothelial Cells and Blood—Brain Barrier

Maintaining brain homeostasis critically depends on the blood-brain (BBB) and
blood-CSF barriers, which restrict access of components of the blood to the CNS
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(Engelhardt 2011), The BBB is composed of a complex cellular network including
cerebrovascular endothelial cells with tight junctions, astrocytic foot processes and
pericytes, which jointly restrict the paracellular and transcellular passage of
molecules (Engelhardt 2011). The tight junctions together with membrane efflux
pumps assure that this specialized barrier separates the CNS from potentially
noxious substances within the blood and also blocks entry of immune cells
(Cannon et al. 2012). In MS T and B lymphocytes as well as innate immune cells
(macrophages and DCs) cross the BBB, and this transit involves a series of steps
including interactions of o4-integrins, specifically very late antigen-4 (VLA-4), on
activated immune cells with vascular cell adhesion molecule 1 (VCAM-1) on
activated endothelial cells (Vajkoczy et al. 2001). This step is a central aspect
during the formation of new inflammatory lesions in MS, and inhibition of binding
of VLA-4 on activated T cells to VCAM-1 by the humanized monoclonal antibody
natalizumab very efficiently blocks inflammatory disease activity and exacerba-
tions of MS (Yednock et al. 1992; Polman et al. 2006). Other MS treatments such
as interferon-f (IFN-f) have also been found to inhibit certain steps of BBB
opening such as matrix metalloprotease activation (Waubant et al. 1999), although
they are overall less efficient than natalizumab.

Understanding the effects of a novel drug on the BBB and the questions if it
accesses the CNS compartment are therefore of high interest, and an important
characteristic of fingolimod as a treatment of MS is the fact that it easily crosses
the BBB due to its lipophilic nature (Meno-Tetang et al. 2006). In addition to its
physicochemical characteristics, fingolimod inhibits P-glycoprotein, an ATP-
driven efflux pump, which inhibits drug delivery through the BBB (Cannon et al.
2012). Studies of S1P5, which is relatively specifically expressed in the brain, in
human brain tissue (autopsy material) and in vitro experiments using pharmaco-
logical modulation with fingolimod as S1P5 agonist as well as lentiviral knock-
down of S1P5 in cultures of human brain endothelial cells demonstrated its
involvement in BBB function (van Doorn et al. 2012). Fingolimod improved
several aspects of BBB integrity and reduced the migration of inflammatory cells
across endothelial cells (van Doorn et al. 2012a, b). Pharmacological modulation
of S1PRs also affect other mechanisms involved in BBB function. Protein S, a
vitamin K-dependent anticoagulant plasma protein, which is involved in main-
taining BBB integrity during hypoxia-induced BBB damage, mediates its effects
via the protein tyrosine kinase receptor Tyro3 and S1P1, and specific inhibition of
S1P1 with the antagonist W146 blocked the protein S-mediated protection of
ischemia-induced BBB opening (Zhu et al. 2010). During EAE, fingolimod enters
the CNS compartment in a dose-dependent manner and preferentially accumulates
in the white matter {Foster, 2007 #626}. Taken together, S1P and its interactions
with specific SIPRs (e.g., SIP5 on endothelial cells) affect several aspects of BBB
function, and functional S1PR antagonism appears to improve BBB integrity in the
context of inflammatory processes.
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3 Treating Multiple Sclerosis with the S1P Agonist
Fingolimod

MS is considered a prototypic T cell-mediated autoimmune disease with a complex
genetic background involving more than 100 quantitative trait loci conferring
genetic risk (Beecham et al. 2013), but environmental factors also contribute to MS
etiology (Ascherio and Munger 2008). MS pathogenesis involves the activation of
autoimmune CD4" T cells by molecular mimicry or other as yet incompletely
understood mechanisms (Sospedra and Martin 2005), their entry into the CNS and
initiation of inflammatory CNS lesions that result in damage of myelin, axons, and
neurons, astrocyte activation and gliosis as well as complex metabolic alterations
(Lassmann 2013). The inflammatory processes involve innate immune cells (DCs,
macrophages, microglia), perturbations of astrocyte function, CD8™ T cells, and to
various extents also antibody deposition and complement activation with the result
of different patterns of CNS pathology (Lucchinetti et al. 2000). Permanent CNS
tissue damage occurs already during the earliest stages of MS, but chronic
inflammation, gradually increasing loss of axons/neurons, and incomplete remye-
lination characterize the later stages of MS. MS affects young adults between the
ages of 20 and 40 years and women more than twice as often than men (Noseworthy
et al. 2000). It is highly specific for the CNS, and the peripheral nervous system is
almost never affected to a significant extent. MS can involve every functional
system of the CNS including visual, motor, sensory, cerebellar, autonomic, and
neurocognitive function, and consequently clinical signs and symptoms are very
heterogeneous. Most patients initially present with periodic neurological deficits
and a relapsing-remitting course (RRMS), which after 10-20 years often evolves
into secondary progressive MS (SPMS) (Noseworthy et al. 2000). Relapses grad-
ually disappear during SPMS, and neurological deficits and disability steadily
increase during this stage. A minority of patients show primary progressive MS
(PPMS). These patients worsen progressively from onset without relapses.

While many aspects of MS etiology and pathogenesis are still incompletely
understood, the development of treatments for this disease has been remarkably
successful during the last 20 years (Haghikia et al. 2013). Based on many lines
of evidence that MS is an autoimmune disease affecting the CNS and that
inflammation is the main cause of CNS tissue damage, several immunomodulatory
or—suppressive treatments have been developed and approved for clinical use in
RRMS. The injectable drugs IFN-f and a peptidic mixture, glatiramer-acetate
(GA), which are both moderately effective, but very well tolerated have long been
the mainstay of the treatment of RRMS until a humanized monoclonal antibody
against VLA-4, natalizumab, was introduced in 2006 (Polman et al. 2006). The
latter compound is considerably more effective than IFN-f and GA and usually
well tolerated, but more than 400 patients developed a serious and often fatal
complication, an opportunistic infection of the brain with the polyoma virus JC
called progressive multifocal leukoencephalopathy (PML). The introduction of the
oral S1P agonist fingolimod, which will be discussed in more detail below, was an
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important milestone in MS treatment since it was the first orally available
compound with superior efficacy when compared to the injectable first-line drugs
(IFN-f and GA) and an overall good safety profile (see below). Very recently, two
additional oral drugs, teriflunomide (O’Connor et al. 2011) and dimethylfumarate
(DMF) (Gold et al. 2012), and a humanized monoclonal antibody, anti-CD52
(alemtuzumab) (Coles et al. 2012) have been approved for the treatment of RRMS.
Based on data from the large phase III trials all appear superior to IFN-f and GA,
albeit only marginally in the case of teriflunomide. Among the oral drugs, DMF
appears most active based on the clinical trial data, but direct comparisons with
fingolimod or teriflunomide are not available. Alemtuzumab is more active than
the oral compounds and probably comparable to natalizumab. Different from
natalizumab, for which PML represents the most important liability regarding
safety, alemtuzumab leads so secondary autoimmune diseases in a substantial
fraction of patients and to an increased rate of infections probably due to the long-
lasting lymphopenia. The long-term safety of the newer agents, i.e., teriflunomide,
DMF, and alemtuzumab, remains to be determined. For a more detailed overview
about MS treatments the reader is referred to special reviews of the topic.

As indicated above, the introduction of fingolimod as the first oral agent to treat
MS has been a significant advance. Its development process has been summarized
in excellent reviews elsewhere (Brinkmann 2009; Chun and Hartung 2010), and
therefore we will focus here on the most important aspects in the context of S1P
and the CNS. Drug development in MS usually involves proof-of-concept in the
well established and widely used EAE model. Extrapolation from the EAE model
to MS has been difficult, and in many cases promising findings in EAE did not
hold up during clinical trials in MS from reasons such as differences between the
immune systems of rodents and humans and others. There are, however, notable
examples such as VLA-4 blockade by natalizumab and functional S1P antagonism
by fingolimod, for which EAE data was fully confirmed in MS (Brinkmann 2009;
Yednock et al. 1992). Fingolimod has been tested extensively both as prophylactic,
i.e., prior to disease development, and therapeutic, i.e., given after disease onset,
intervention in various chronic and relapsing-remitting EAE models (Fujino et al.
2003; Webb et al. 2004; Brinkmann 2009; Kataoka et al. 2005). Fingolimod
treatment efficiently blocks disease activity in the EAE model, and a number of
mechanisms, most importantly the trapping of CD4" T helper 1 (Thl, secreting
IFN-y) and Thl7 (secreting interleukin-17; IL-17) cells in lymph nodes, but
also the stabilization of the BBB, and the abovementioned effects on astrocytes,
oligodendrocytes and remyelination, and possibly also neurons, contribute to its
efficacy as well [for review see (Brinkmann 2009)].

Following the highly promising data in the EAE model, transplant, and other
animal models [for review see (Brinkmann 2009)], fingolimod was developed for
the use as oral immunomodulatory agent for RRMS in a large phase IIb and—III
program including multiple studies (Cohen et al. 2010; Kappos et al. 2010). Due to
the highly positive results, fingolimod (Gilenya®, Novartis) was approved for
RRMS in September 2010. In brief, the clinical trials showed the following: in a
phase III randomized, placebo-controlled trial of fingolimod given as either 0.5 or
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1.25 mg/d, the annualized relapse rate (ARR; primary outcome) was 0.18 with
0.5 mg fingolimod, 0.16 with 1.25 mg, and 0.4 with placebo (highly significant
reduction) (Cohen et al. 2010; Kappos et al. 2010). Furthermore, a significant
reduction with respect to cumulative probability of disability progression was
observed with both doses, and other secondary outcomes (MRI) were also sig-
nificantly improved (Kappos et al. 2010). In a second, similarly large phase III
study intramuscularly injected IFN-fla was compared with 0.5 and 1.25 mg/d
fingolimod (Cohen et al. 2010), and the primary outcome (ARR) showed a
significant reduction from 0.33 (placebo) to 0.16 (0.5 mg) and 0.20 (1.25 mg)
fingolimod (Cohen et al. 2010). Secondary (MRI) outcomes supported these data,
but there was no significant reduction of disability progression in the two verum
groups (Cohen et al. 2010). Two fatal adverse events (disseminated varizella zoster
virus (VZV) infection and herpes simplex (HSV1) encephalitis) were observed in
the 1.25 mg dose, which was a main reason for later continuation of studies and
filing for approval of the 0.5 mg dose, which is now in clinical use since
September 2010 (for further details on adverse event profile, see below).

3.1 Immunomodulatory Effects

The immunomodulatory effects have been reviewed extensively elsewhere
(Brinkmann et al. 2010) and therefore will only be briefly summarized here. The
preclinical studies in EAE and later the clinical experience in MS with natal-
izumab, the anti-VLA-4 monoclonal antibody have highlighted the importance of
keeping autoreactive T cells and other immune cells out of the brain. Therefore,
other approaches including anti-LFA-1 monoclonal antibodies, small molecule
VLA-4 inhibitors, and others were approached to achieve a similar outcome, and
among these the oral SIP agonist fingolimod showed a promising profile due to
oral availability and efficient modulation of lymphocyte migration/homing, which
was expected to lead to a similar outcome, i.e., keeping autoreactive immune cells
from gaining access to the CNS compartment. In brief, fingolimod interferes with a
well-known sequence of events that occur during de novo activation of immune
cells following antigen exposure in a peripheral organ, e.g., the skin, uptake and
processing of antigen by organ-residing DCs and transport into regional lymph
nodes (LN), where antigen is efficiently presented to T cells and results in T cell
activation and proliferation (Matloubian et al. 2004). The containment of the latter
step in LN leads to “trapping” of T lymphoctes and involves S1P/S1PR signaling
and downregulation of SIP1 mRNA, which was shown by several approaches
including mice with targeted deletion of S1P1 from hematopoietic cells resulting
in S1P1-deficient thymocytes and T cells, in mice with genetic deletion of
sphingosine kinase, which eliminated S1P, and by a series of other experimental
strategies (Matloubian et al. 2004; Pappu et al. 2007; Brinkmann 2009). As a
result, T cells cannot enter the LN cortical sinuses and consequently fail to enter
the medullary sinuses and exit the LN via the subcapsular space and efferent lymph
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(Grigorova et al. 2009). Administration of fingolimod mimicked the situation in ko
mice with targeted deletion of S1P1 in hematopoietic cells (Matloubian et al. 2004)
and upon binding to S1P1 led to receptor internalization in LN T cells and
subsequent ubiquitinylation and degradation in the proteasome (Oo et al. 2007,
2011). Interestingly, despite the efficient trapping of T cells in LN, viral immune
responses (Brinkmann 2009; Pinschewer et al. 2000), CNS immune surveillance
(Bartholoméus et al. 2008), and the development of thymocytes did not appear to be
compromised although the egress of thymocytes and the homing to peripheral
lymphoid structures were delayed (Metzler et al. 2008). Treatment with fingolimod
primarily traps CCR7" CD45RA™ naive and CCR7" CD45RA ™ central memory
T cells (Tcy) in LN, while CCR7~ CD45RA™ and CCR7~ CD45RA™ effector
memory T cells (Tgy) remain relatively unaffected (Mehling et al. 2008). The
recruitment into and regular passage through LN of naive and central memory
T cells via CCR7 play an important role in the relative subtype specificity of
fingolimod for lymphocyte homing to LN. Functional testing of fingolimod-
exposed T cells demonstrated reduced production of IL-2 and proliferation, but
unperturbed release of the proinflammatory cytokine IFN-y (Brinkmann et al. 2001;
Mehling et al. 2008). Overall, the effects of fingolimod on S1P/S1P1 interactions
preferentially affect CD4 " naive and Tcy T cells, but left the CD4 " Tgyy population
and CD8™ cytolytic T cells functionally unperturbed (Brinkmann 2009).
Regarding the effects on T cell subsets, particular attention has been given to
Th17 cells, which are defined by the production of IL-17 and IL-22 and the
expression of the signature transcription factor RORyt (Sallusto et al. 2012). Th17
cells play a prominent role in the EAE model (Peters et al. 2011), but their role is less
clear in MS (Lovett-Racke et al. 2011). Th17 cells can cross the BBB and kill
neurons and contribute to CNS inflammation by recruiting other immune cells
(Kebir et al. 2007). SIPR inhibition by fingolimod efficiently traps Th17 cells in LN
and reduces their numbers to less than 5 % in the peripheral blood of MS patients
(Hohlfeld et al. 2011) and also in CNS and PNS tissue in experimental models. Other
immune cells also express S1PRs (Mehling et al. 2008) and are affected by treatment
with fingolimod. B cells are retained in bone marrow and LNs, show reduced ger-
minal center reaction, and upon vaccination with KLH and a pneumococcal vaccine
a delayed production of specific IgG was observed (Sinha et al. 2009; Boulton et al.
2012). In fingolimod-treated MS patients, comparable vaccination efficacy was
observed during influenza vaccination, and influenza-specific T cell numbers and
IgM titers increased in both fingolimod- and placebo-treated patients (Mehling et al.
2008). DCs express all five SIPRs, but it is currently not clear to what extent the
redistrubition between antigen-draining LN, where DC numbers drop, and periph-
eral tissues are mainly due to alterations in T cell homing and numbers or to effects
on DCs (Brinkmann 2009). In macrophages, which express SIP1 and S1P2, fin-
golimod reduces the production of proinflammatory cytokines (Durafourt et al.
2011; Michaud et al. 2010). Monocytes are also affected and show a decrease in the
peripheral blood, increased numbers in LN and bone marrow, and reduced
expression of CD40 and TNF-« (Lewis et al. 2013). Regarding natural killer (NK)
cells, another innate immune cell population that plays important roles during
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anti-viral defense and also in immunoregulation, e.g., during pregnancy, global NK
cell numbers are not altered during fingolimod treatment in MS, but a subset of NK
cells expressing CD56""€" CD62L" CCR7™" are reduced, probably by trapping in
LN as it is observed for CCR7-expressing T cells (Johnson et al. 2011). NK cell
effector functions (cytokine release, cytolysis) are not affected in fingolimod-treated
MS patients, but the migratory properties of these cells are reduced (Johnson et al.
2011).

In summary, S1P modulation in vitro and in vivo has a broad range of effects on
immune cells, and the data from experimental models as well as from fingolimod-
treated MS patients indicate that the trapping of CCR7-expressing naive and
central memory T cells in LN and their drop in peripheral blood play a major role
in reducing inflammatory disease activity and relapse rates in MS. Whether the
inhibition of certain subpopulations of immune cells, e.g., the above mentioned
CD56bright NK cells, which have been shown to be beneficial in the context of
anti-CD25 blockade, another treatment approach in MS, and/or the effects on T
and B cells and monocytes are involved in rare infectious adverse events (see
below) remains to be determined.

3.2 Possible Neuroprotective Effects

Eight different immunomodulatory treatments are now available for the treatment
of RRMS, but none for the chronic progressive diseases (SPMS, PPMS). Altera-
tions in CNS tissue, which are often referred to as neurodegeneration, including
axonal transections, neuronal loss, glial proliferation, de- and partial remyelina-
tion, and metabolic changes in neurons occur already during the earliest stages of
MS and are the main causes of long-term disability and chronic progression.
Hence, treatments that are neuro- or myelin-protective and prevent astrogliosis are
urgently needed. Different from the reduction of new inflammatory lesions, which
can be easily measured by decrease in contrast-enhancing or new T2-weighted
MRI lesions in the brain (Stone et al. 1995), it is more difficult to document the
influence of a treatment on the neurodegenerative aspects. Several measures have
been proposed including the reduction of brain atrophy and brain volume loss,
which are considerably higher in MS than in healthy individuals (0.5-1 % annual
loss in MS patients vs. 0.1-0.2 % in controls), the reduction of lesions with signs
of permanent tissue damage (so-called T1 holes), the improved recovery with
respect to T1 hypointensity of new MRI lesions (Barkhof et al. 2009), and the
reduction of retinal nerve fiber layer thickness loss, which is measured by optical
coherence tomography (OCT) (Young et al. 2013). Each of these is considered
useful to document neuroprotection, but measuring small changes accurately over
time is technically demanding, and therefore it has remained difficult to document
neuroprotective effects for a given treatment.

When considering the cellular/molecular aspects of neuroprotection, it can be
defined as the lack of newly occurring damage or improvement of function and
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structural integrity of already damaged neurons and axons. Neuroprotection may
involve many different direct, i.e., functions of neurons/axons themselves, or
indirect mechanisms, i.e., functions of cells such as astroglia that metabolize
excitatory neurotransmitters and/or provide trophic support such as astrocytes and
oligodendrocytes. The reduction of autoimmune inflammatory mechanisms in the
brain also results indirectly in neuroprotection, but will not be considered in the
following brief summary of potential neuroprotective effects of SIP/S1PR inter-
actions and treatment with functional S1PR antagonists such as fingolimod. As
summarized above, several lines of evidence from in vitro experiments with various
CNS cells types including neurons and their precursors, astrocytes, oligodendro-
cytes and OPCs, microglia, and cerebrovascular endothelial cells, but also in vivo
animal models point at potentially beneficial effects in MS, EAE, and other CNS
diseases (see below). Further, S1P1 and S1P3 are expressed at higher levels in MS
brain tissue (van Doorn et al. 2010) indicating primary or secondary contributions of
S1P/S1PR signaling during the pathologic processes in MS. Support for mecha-
nisms of fingolimod that may result in neuroprotection stem from the phase III
clinical trials, in which an attenuation of brain volume loss by MRI was observed
after 2 years (Cohen et al. 2010). Another measure, i.e., persistent T1 hypointen-
sities, so-called T1 holes, which indicate focal permanent CNS tissue damage and
probably primarily the destruction of axons (Kappos et al. 2010), has also been
explored. The accrual of T1 hypointense lesions and their volume was attenuated
after 2 years in the FREEDOMS study, i.e., fingolimod versus placebo (Kappos
et al. 2010), but no significant change was observed in the TRANSFORMS study,
i.e., fingolimod versus IFN-f1a, after one year of treatment (Cohen et al. 2010).
Together, these data indicate that modulation of S1P/S1PR interactions by fingo-
limod not only exerts indirect neuroprotective effects via the reduction of CNS
inflammation, but may also protect axons/neurons and also myelin directly.

3.3 Adverse Event Profile

Balancing the risks versus the benefits has become more and more important with
the introduction of more effective therapies in MS. While the previous first-line
therapies, IFN-f# and GA, are only moderately effective, 20 years of clinical
experience have shown that they are very safe, and serious adverse events (AEs) are
extremely rare. The newer treatments of MS such as natalizumab, alemtuzumab,
but also fingolimod show increased clinical efficacy, but this comes at the price of
more frequent and more serious side effects, among the latter particularly notable
the occurrence of PML in natalizumab-treated patients (Kleinschmidt-DeMasters
et al. 2012). Considering the importance of SIP/S1PR signaling in almost every cell
and tissue and the potent immunomodulatory activity of functional S1P inhibition
by fingolimod, it is not too surprising that a treatment with such pleiotropic effects
has also resulted in a number of AEs. During clinical testing, total lymphocyte
numbers drop to about 50 % of the normal threshold and in most individuals return
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to normal numbers within 45 days after treatment cessation after long-term therapy,
however, some patients remain lymphopenic for prolonged periods of time from
reasons that are not understood (Mehling et al. 2011). Lymphocytopenia was
observed in 1 % (0.5 mg/d) and 4 % (1.25 mg/d) of fingolimod-treated patients in
the TRANSFORMS study (Cohen et al. 2010) and in 3.5 % (0.5 mg/d) and 5.4 %
(1.25 mg/d) in the FREEDOMS study (Kappos et al. 2010). Other notable AEs
included bradycardia, arrhythmias and atrioventricular blocks, macular edema,
epilepsia, a hint toward increased rates of malignancies or premalignancies, and
abnormal liver enzymes. Probably as a consequence of the immunomodulatory
effects, an increase in herpes virus infections, particularly those with varizella
zoster virus (VZC) and herpes simplex virus type 1 (HSV1) were noted, while no
general increase of infections was found. Two deaths, one from generalized VZV
infection and one with HSV1 encephalitis, occurred in the TRANSFORMS study
(Cohen et al. 2010), and increased reactivation of herpes viral infections have also
been observed during postmarketing surveillance of fingolimod-treated MS
patients. That the immune control of herpes viruses is reduced by fingolimod is
supported by a recent study, which documented a reduction of VZV- and EBV-
specific T cell reactivity and more frequent reactivation of latent VZV and EBV
infection under fingolimod treatment (Ricklin et al. 2013). Furthermore, two cases
of fatal hemophagocytic lymphohistiocytosis, which is characterized by a hyper-
inflammatory state due to uncontrolled T cell, macrophage, and histiocyte activa-
tion, accompanied by excessive cytokine production (Rosado and Kim 2013) have
recently been reported as another immune system-related AE (Novartis, Adverse
Even reporting). These occurred after 9 and 15 months fingolimod therapy with the
approved dose of 0.5 mg/d, and both cases suffered from concomitant viral
infections (Novartis, Adverse Even reporting). A case of hemorrhagic encephalitis
with subsequent epilepsy (Leypoldt et al. 2009) and the occurrence of HSV1
encephalitis [(Cohen et al. 2010), own unpublished case] under fingolimod indicate
that the CNS-related mechanisms of action may in certain, predisposed patients
contribute to CNS side effects. A rigorous pharmacovigilance program has there-
fore been started, and several safety measures are taken. Periodic dermatological
and ophthalmological examinations and cardiac monitoring are required during
fingolimod treatment, and patients are instructed with respect to the possibility of
herpes viral reactivations, however, it is currently not clear how patients at risk to
develop these side effects can be identified prospectively. In the case of the reac-
tivation of infections with herpes viruses probably a number of the immune effects
of fingolimod, i.e., perturbed migration and LN homing of T cells, B cells, and DCs,
changes in the composition of NK cells (Johnson et al. 2011) and other as yet
unknown factors contribute. Further research in this direction to develop bio-
markers and other means to define risk profiles are clearly needed. The fact that
very specific infectious complications occur with specific drugs, e.g., PML under
natalizumab and increased reactivation of herpes virus infections under fingolimod,
probably also teach us important lessons, which components of the immune system
play important roles during physiological immune control of these specific agents
and how to avoid these complications in the future.
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4 Potential Role of S1P and S1P Receptors in Models
of Neurological Diseases and CNS Tumors

Fingolimod is, at the moment, the only approved S1P/S1PR-modulating agent, and
MS is the only indication. There is, however, also promising data from using
fingolimod or examining the role of SIP/S1PR interactions in models of other
CNS diseases and from studies in the context of glioma. B cells that are deficient in
S1PR expression fail to disseminate prion proteins (Mok et al. 2012), in animal
model of heart failure interrupting TNF-o/S1P signaling inhibited vasoconstriction
and improved cerebral blood flow (Yang et al. 2012), elevated S1P levels
are involved in ethanol-induced neuroapoptotic effects in the developing brain
(Chakraborty et al. 2012), and fingolimod reduces CNS inflammation and pro-
motes functional recovery in a spinal cord injury model (Lee et al. 2009). Further,
fingolimod phosphate blocks neurotoxicity induced by amyloid-f aggregation via
release of brain-derived neurotrophic factor (BDNF) (Doi et al. 2013). Effects that
might be beneficial in the context of stroke are that fingolimod treatment results
in improvement of long-term outcome in stroke models primarily via its
anti-inflammatory rather than direct effects on neurons (Wei et al. 2011), the
contribution of SIP/S1PR signaling in hypoxic preconditioning via pathways
involving hypoxia-inducible factor (HIF), sphingosine kinase- and CCL2 signal-
ing-related signaling (Wacker et al. 2012). Neuromodulatory effects such as
antinociception, hypothermia, catalepsy, and reduced locomotion are also at least
in part mediated by S1PR-mediated (Sim-Selley et al. 2009).

Several lines of evidence show that SIP/S1PR interactions play a role in brain
tumors and that fingolimod may be promising in glioblastoma. Fingolimod induces
apoptotic death of glioblastoma stem cells (Estrada-Bernal et al. 2012), and S1P
regulates the invasive growth of glioblastoma cells via urokinase plasminogen
activating mechanisms (Young et al. 2009; Bryan et al. 2008).

Together, these preliminary data indicate that fingolimod or newer, more spe-
cific SIP/S1PR modulating agents may be useful in other CNS diseases such as
stroke, Alzheimer‘s and other neurodegenerative diseases, traumatic brain/spinal
cord injury, and in glioblastoma.

5 Conclusions

Research on the role of SIP/S1PR interactions in many cells and tissues including
the CNS and, in parallel, the development and approval of the functional S1P
antagonist fingolimod as the first oral immunomodulatory treatment of MS have
been very rewarding. These studies have not only led to many fundamental
findings regarding basic biological mechanisms in health and disease, but also
opened a new area of therapeutics, which may be effective not only in MS, but also
a number of other conditions. Further research is ongoing with respect to
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modulating S1P/SP1R interactions more specifically than with fingolimod, but also
with respect to mechanisms that are involved in overall rare, but sometimes serious
side effects.
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