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Summary

Fingolimod (FTY720) is a first-in-class orally bioavailable compound that has shown efficacy in
advanced clinical trials for the treatment of multiple sclerosis (MS). In vivo, fingolimod is
phosphorylated to form fingolimod-phosphate, which resembles naturally occurring sphingosine
1-phosphate (S1P), an extracellular lipid mediator whose major effects are mediated by cognate G
protein-coupled receptors. There are at least five S1P receptor subtypes, known as S1Pq_s, four of
which bind fingolimod-phosphate. These receptors are expressed on a wide range of cells that are
involved in many biological processes relevant to MS. S1P; plays a key role in the immune
system, regulating lymphocyte egress from lymphoid tissues into the circulation. Fingolimod-
phosphate initially activates lymphocyte S1P via high-affinity receptor binding, yet subsequently
induces S1P; down-regulation that prevents lymphocyte egress from lymphoid tissues, thereby
reducing autoaggressive lymphocyte infiltration into the central nervous system (CNS). S1P
receptors are also expressed by many CNS cell types and have been shown to influence cell
proliferation, morphology and migration. Fingolimod crosses the blood—brain barrier and may
therefore have direct CNS effects, distinguishing it from immunologically targeted MS therapies.
Prophylactic administration of fingolimod to animals with experimental autoimmune encephalitis
(EAE), a model of MS, completely prevents development of EAE features, while therapeutic
administration significantly reduces clinical severity of EAE. Therapeutic efficacy observed in
animal studies has been substantiated in phase 2 and phase 3 trials involving patients with
relapsing or relapsing-remitting MS.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic autoimmune and neurodegenerative disease of the
central nervous system (CNS) associated with irreversible progression of disability; it affects
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up to 2.5 million people worldwide (1-3). Disability in MS reflects myriad neurological
sequelae and includes physical and cognitive impairment, as well as fatigue, pain,
depression and bladder dysfunction. Untreated, the disease may progress, significantly
interfering with lifestyle and career plans and shortening lifespan. The primary cause is
unknown; however, a key aspect of the pathology of MS is generally believed to be the
activation of autoimmune lymphocytes in the periphery. These cells proliferate and mature
within lymphoid tissues. They then egress into the blood and cross the blood—brain barrier
(BBB), entering the CNS, where their autoaggressive nature produces inflammation,
demyelination, axonal damage, gliosis and, ultimately, neurodegeneration (4-9).

Inflammatory tissue damage early in the course of the disease can be overcome to some
extent by endogenous CNS repair mechanisms (including remyelination, regeneration and
restoration of adequate nerve conduction). Ultimately, however, these mechanisms provide
only partial recovery and as MS progresses CNS repair increasingly fails, due in part to
recurring inflammatory attacks (2,5,8,9). Disability in patients with MS is caused by
incomplete recovery from inflammatory relapses, gliotic changes and progressive
irreversible neurodegeneration (5,10). Accordingly, the degree of disability in MS reflects a
balance between damage to the CNS and the extent to which this is countered by
endogenous repair processes (9-11). Novel treatments for MS that beneficially affect not
only the immune system to reduce inflammation but also the CNS to promote
neuroprotection and repair are therefore desirable (12,13).

Most current disease-modifying therapies (DMTSs) for MS primarily target the
immunological inflammatory component of the disease without acting directly on the CNS;
such DMTs have been shown to be only partially effective (12). First-line DMTs —
interferon p-1a or —1b (IFNB-1a, 1b) and glatiramer acetate — provide a reduction in relapse
rate of 29-34% compared with placebo over a 2-year period and show modest effectiveness
at slowing disability progression (14,15), whereas no current DMT is effective in patients
with primary progressive MS (16). Another DMT, natalizumab, appears to be more effective
than current first-line DMTS, as suggested by results of a phase 3 study which demonstrated
a reduction in relapse rate of approximately 65% compared with placebo, and a reduction in
risk of sustained disability progression over 2 years of approximately 42% (17). However,
use of natalizumab is restricted to a subgroup of patients (those who have rapidly evolving,
severe relapsing—remitting MS (RRMS) or who have high disease activity despite treatment
with first-line DMT), because of safety concerns — most notably the increased risk of
progressive multifocal leukoencephalopathy, a rare but debilitating demyelinating disease of
the brain which can be fatal (18-22). A chemotherapeutic agent, mitoxantrone, has also been
approved; however, cumulative cardiac toxicity and drug-induced acute myelogenous
leukemia limits its use to patients with rapidly worsening or progressive relapsing forms of
MS (23). These two drugs are therefore generally not used as first-line therapies for MS.

All currently approved MS treatments are injected (subcutaneously or intramuscularly) or
are given by intravenous infusion which can be associated with reduced convenience,
compliance and with injection- or infusion-related adverse effects (24-28). Given the
limitations of current interventions, management of MS could be significantly improved by
new treatments that influence not only the immune system but also the pathological changes
in the CNS, while also being amenable to oral administration, thus avoiding the drawbacks
of parenteral administration. Several oral agents are currently in development, including
cladribine, laquinimod, teriflunomide, BG-12 and fingolimod (FTY720) — the subject of this
review (12,28). As the lead compound in a new class of agents — sphingosine 1-phosphate
(S1P) receptor modulators (4,29) — fingolimod is currently being assessed in one of the
largest phase 3 MS study programs ever undertaken (30), having shown promise in a phase
2, 6-month placebo-controlled study in patients with relapsing MS in which oral fingolimod
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significantly reduced annualized relapse rate and inflammatory activity according to MRI
scans compared with placebo (31). This paper reviews current understanding of the role of
receptor-mediated S1P signaling within the body and its relevance to MS pathology, along
with data for fingolimod-induced modulation of S1P receptors. Evidence for beneficial
effects of fingolimod on MS obtained from studies in experimental autoimmune encephalitis
(EAE) animal models of MS and clinical data from patients with relapsing MS are also
discussed.

SPHINGOSINE 1-PHOSPHATE (S1P) BIOLOGY AND ITS RELEVANCE TO
MULTIPLE SCLEROSIS PATHOLOGY

Sphingolipids were first identified in ethanolic brain extracts in the 1870s and were named
after the Greek mythological creature, the Sphinx, because of their enigmatic nature (32).
S1P represents a minor constituent of total sphingolipids. However, in the last decade the
structural relationship of S1P to lysophospholipids suggested that it might have a related
signaling function, which was initially believed to be as an intracellular second messenger
(32). The discovery that the actions of S1P are mediated by cell surface G protein-coupled
receptors (GPCRs) (33-36), now known as S1P receptors, opened the way for studies which
showed that S1P has important roles as an extracellular lipid mediator in higher organisms
(37).

S1P is produced by phosphorylation of sphingosine by ubiquitously expressed sphingosine
kinases (38—41). It is present at concentrations of 100-1000 nM in blood (42-44) and, as
with most small lipids, is preferentially bound to albumin and other plasma proteins. S1P
signaling through its cognate GPCRs has key roles in processes relevant to MS, including
inflammation and repair (4,29,45,46). Indeed, recent studies suggest an association between
S1P biology and MS pathology (41). S1P receptors have been implicated in disease
progression on the basis of studies in animal models of MS (47,48), while data from a
human study suggest that there is a disturbance in sphingolipid metabolism in MS patients
(49).

There are five known S1P receptor subtypes, S1P;_s, and these are expressed on a wide
range of cell types, including lymphocytes and neural cells (50-57). S1P1_3 are widely
distributed in the immune and cardiovascular systems and the CNS; S1P; is highly
expressed on T and B lymphocytes (35,38). In adults, S1P, is generally confined to
lymphoid and hematopoietic tissues, and S1Pg is predominantly located in the CNS white
matter (Table 1) (51,58). Patterns of expression of S1P receptors can change with the
activation and functional status of cells (59,60).

S1P receptors are involved in multiple biological processes, including leukocyte
recirculation, neural cell proliferation, morphological changes, migration, endothelial cell
function, vasoregulation and cardiovascular development, as summarized in Table 1
(29,46,47,50-57,61,62). In particular, S1P; expressed on lymphocytes regulates the normal
egress of lymphocytes from lymphoid tissues (38-40,60,63), while S1P receptors expressed
in the CNS have been shown to modulate functions relevant to MS neuropathology,
including neurogenesis, neural function and migration (as described below)
(4,41,46,61,62,64,65). In addition, evidence suggests that S1P;_3 on smooth muscle and
endothelial cells plays pivotal roles in regulating vascular homeostasis and vascular
permeability, while S1P; on atrial myocytes is involved in the control of heart rate
(39,66,67).
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EFFECTS OF FINGOLIMOD IN THE IMMUNE SYSTEM

As a structural analog of natural sphingosine (68), fingolimod can undergo rapid
phosphorylation in vivo by sphingosine kinase 2 (69) to produce fingolimod-phosphate
which binds to four of the five S1P receptors (S1P1 and S1P3_5) with high affinity (0.3-3.1
nM) (29,35,38-40,61,62,64,70) (Fig. 1). Fingolimod exerts its therapeutic effects through
modulation of S1P receptors by fingolimod-phosphate, and may well achieve its beneficial
effects in patients with MS through receptor-mediated actions both on the immune system
and in the CNS (4,39,46,59,70).

Role of S1P Receptors in Lymphocyte Recirculation

S1P and S1P receptors play important roles in normal immune function. Adaptive immunity
depends on regular circulation of lymphocytes between blood and lymphoid tissue in the
search for antigens. When an activating antigen is encountered in the lymph nodes, T cells
are retained in the lymph node where naive T cells become activated and central memory T
cells (TCM) are reactivated. Following activation, these T cells return to the blood
circulation, allowing them to reach sites of inflammation.

Retention in lymphoid tissues and recirculation of lymphocytes back to the blood circulation
is regulated in part by a concentration gradient of S1P between lymphoid tissues and other
tissues or body fluids, which is sensed through S1Pq expressed on lymphocytes (Fig. 2a)
(39,63). When a suitable antigen is encountered in the lymph node, expression of S1P; on T
cells is transiently downregulated, allowing the T cells to remain in contact with antigen-
presenting cells and to become activated. After clonal expansion of the activated T cells,
cell-surface expression of S1P, is upregulated, allowing cells to respond to the S1P gradient.
S1P concentrations are higher in body fluids and tissues than in lymphoid tissues, thus
creating a gradient which drives egress of lymphocytes into the circulation (38,40,60,63).
The S1P levels in different tissues are maintained by the orchestrated activities of enzymes
that regulate sphingolipid metabolism, including kinases, lyases and phosphatases (39,63).

The essential role of expressed S1P; on lymphocytes and their interaction with S1P in the
control of lymphocyte recirculation has been elucidated in elegant studies with knockout
mice that lack S1P; or sphingosine kinases. These studies show that S1P; and S1P are
necessary for the egress of thymocytes from the thymus, and for egress of T and B cells
from lymphoid tissue (32,40,60,63). In mice lacking lymphoid S1Pq, immature T cell
precursors are able to enter the thymus but mature T cells are unable to exit the organ. Other
studies have shown that S1P;-deficient lymphocytes transferred into wild-type mice are
retained within peripheral lymphoid tissue (60).

Effects of Fingolimod on Lymphocyte Recirculation

Oral fingolimod is thought to provide therapeutic benefit in MS by preventing normal
lymphocyte egress from lymphoid tissues, thus reducing the infiltration of autoaggressive
lymphocytes into the CNS, where they would cause inflammation and tissue damage
(38,60,71-73). This action of fingolimod is predominantly mediated by modulation of S1P;
on lymphocytes.

Phosphorylated fingolimod binds with high affinity to S1P, expressed on lymphocytes.
Initial receptor activation is paradoxically followed by S1P; functional antagonism, whereby
receptors are internalized and degraded, thus reducing or eliminating them from the
lymphocyte cell surface (40,60,70,74,75). This downregulation renders lymphocytes
unresponsive to the normal S1P gradient and thus deprives them of the obligatory signal that
would ordinarily allow them to egress from lymphoid tissues and recirculate to the periphery
(Fig. 2b) (40). Oral fingolimod thus prevents normal egress of lymphocytes, including
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autoaggressive forms, which are retained in lymph organs and away from sites of
inflammation (38,40,60,63,71,76).

Fingolimod has been shown to selectively retain T cells that regularly traffic through lymph
nodes and which express the homing receptor, CCR7. In a recent study involving patients
with relapsing MS, fingolimod was found to prevent the egress of CCR7-positive naive T
cells and TCM from the lymph nodes but to spare CCR7-negative effector memory cells
(TEM) (Fig. 3) (72). The percentages of naive T cells and TCM in peripheral blood were
significantly reduced in patients treated with fingolimod compared with untreated patients,
and consequently the percentages of TEM in peripheral blood increased significantly in
fingolimod-treated patients compared with untreated patients. While fingolimod reduced the
numbers of both CD4+ and CD8+ T cells, the effect was more pronounced for the CD4+ T-
cell subset.

Evidence suggests that the autoaggressive lymphocytes important in MS are primarily of the
TCM subset (77). These subsets include the pro-inflammatory Th17 cells, which produce
the inflammatory cytokine interleukin 17 (IL-17) and have been implicated in MS
pathogenesis. Production of IL-17 and enrichment of Th17 has been noted in active MS
lesions (78), while data from human in vitro models have shown that Th17 cells migrate
across the BBB, disrupt BBB tight junctions and promote CNS inflammation through
lymphocyte recruitment (73,79). In addition, Th17 cells produce pro-apoptotic granzyme B
and can kill human neurons in vitro (79). In patients with relapsing MS, oral fingolimod has
been shown to reduce the number of Th17 cells in peripheral blood (73). Analysis of T-cell
subpopulations showed that levels of IL-17-producing cells were significantly lower in MS
patients treated with fingolimod than in untreated patients.

Oral fingolimod does not appear to affect TEM (72), cells that do not express the CD62L
and CCR7 lymph-node-homing receptors and so do not recirculate through lymph nodes on
a regular basis (77,80-83). This has significant implications, since peripheral TEM (i.e., in
gut epithelial surfaces, small intestine lamina propria, lung, liver, kidney, peritoneum, bone
marrow and blood) are thought to be involved in the rapid containment of locally invading
pathogens (77), and may be important for immune surveillance and memory immune
responses in peripheral tissues (71,72,80). Their maintenance during fingolimod exposure
could help retain desirable immunological functions.

As a result of lymphocyte retention, overall peripheral blood lymphocyte counts are reduced
during treatment with oral fingolimod. This was initially observed in animal models in
which fingolimod reversibly reduced the number of circulating peripheral CD4+ and CD8+
lymphocytes (60,84), as well as in healthy volunteers and in patients with relapsing MS
(84,85). However, the retention of lymphocyte subsets induced by fingolimod does not
appear to result in obvious cell accumulation or abnormal lymph node enlargement
(lymphadenopathy), reflecting the fact that only about 2% of the total lymphocyte
population circulates in the blood at any time (86). Moreover, once treatment is stopped,
lymphocyte counts return to normal values within 4-8 weeks (85). Thus, the reduction in
peripheral blood lymphocyte counts by oral fingolimod is reversible and reflects
redistribution of lymphocytes to the lymphoid tissues rather than lymphocyte destruction, as
seen with cytotoxic agents.

Effects of Fingolimod on Lymphocyte Function

Accumulating data indicate that while fingolimod modulates lymphocyte egress, it does not
inhibit lymphocyte effector functions; many normal immune response functions are
therefore maintained during treatment (87). For example, animal studies have shown that the
activation, proliferation and effector functions of T and B cells are not impaired by treatment
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with fingolimod; in response to antigen challenge, B and T cells can be induced to
proliferate, CD8+ T cells develop cytotoxic functions, CD4+ T cells develop B-cell helper
functions, and B cells develop antibody responses in models of systemic viral infection
(40,63,71,87-89).

Since fingolimod retains recently activated primary T cells and TCM in lymphoid tissues,
local immune responses that depend on these cells can be reduced or delayed, which may
increase the risk of infections, including common viral infections such as colds and
influenza (31,71,90). However, memory immune responses throughout the body that depend
on local peripheral TEM are unlikely to be inhibited because these cells do not recirculate
through lymph nodes and thus are not retained by fingolimod (84,91).

In addition, oral fingolimod does not appear to inhibit humoral immunity to primary
systemic viral or bacterial infections, since it does not suppress the generation of virus-
specific or bacterium-specific cytotoxic T cells in the lymph nodes that are responsible for
killing cells infected with pathogens (71). In mice infected with lymphocytic
choriomeningitis virus or vesicular stomatitis virus, treatment with fingolimod retained more
than 95% of circulating lymphocytes in the lymph nodes but did not impair the induction of
humoral immunity or specific cytotoxic CD8+ T cells (71). Similarly, no impairment of
CD8+ T cell immunity to Listeria monocytogenes was observed (92). Moreover, antigen-
primed T cells from fingolimod-treated and control mice produced comparable amounts of
IFNYy in response to antigen challenge (92).

Taken together, these data indicate that fingolimod selectively sequesters naive T cells and
TCM, including Th17 cells, within lymphoid tissues. These lymphocyte subsets are believed
to be important for inducing the neurological damage associated with MS; their containment
in lymphoid tissues is therefore expected to have beneficial effects in patients with MS. As a
result of cell retention within lymphoid tissues, peripheral blood lymphocyte counts are
reduced during treatment with fingolimod. This effect is readily reversed when fingolimod
treatment is stopped, because lymphocytes are redistributed and not destroyed. Intrinsic
lymphocyte functions are not affected by treatment with fingolimod and TEMs are spared,
whereas local immune responses dependent on naive T cells and TCM migration to tissues
are expected to be reduced or delayed.

S1P SIGNALING IN THE CNS AND EFFECTS OF FINGOLIMOD ON NEURAL

CELLS

Preliminary preclinical evidence indicates that fingolimod may also have direct effects
within the CNS. Fingolimod is able to cross the BBB (93); following oral administration,
fingolimod is found in the CNS where S1P receptors are expressed on most neural lineages
and resident CNS cells, particularly neurally derived glia and neurons. By modulating the
S1P receptors expressed on CNS cells (45,46,52-55,94-96), fingolimod may have a direct
impact on neuropathological processes such as neurodegeneration, gliosis and endogenous
repair mechanisms (4,29,46,59). Evidence for the functions of S1P in the CNS and the
effects of fingolimod on different neural lineages is reviewed next.

Effects of S1P Signaling in the CNS

Sphingolipids and S1P receptors are found in the CNS where they have been shown to
influence neurogenesis, neural cell function and migration (4,29,39,41,4°,46 52_

56,59 62,64,94-96). S1P receptors are expressed by virtually all neural cell lineages in the
CNS, including oligodendrocytes, neurons, astrocytes and non-neurally derived microglia
(Fig. 4) (4,39,45,46,%8 52-55,94-96), and S1P signaling has been found to be important for
multiple aspects of normal neural function (46,64,97). In addition, levels of S1P in the spinal
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cord are increased following injury (62). S1P has chemo-attractant activity for neural stem/
progenitor cells, which have been reported to migrate towards sites of injury in the CNS, and
S1P, has been implicated in this migration process (62). Furthermore, recent studies in EAE,
an animal model of MS, have suggested a key role for the S1P; on neural cells in disease
progression (47), and there is also evidence for altered sphingolipid metabolism in MS
patients (compared with healthy control subjects), which could contribute to myelin
disruption (49). The following sections describe some of the activities of S1P and S1P
receptors in different neural lineages and review the evidence suggesting that fingolimod
may interact with S1P receptors on neural cells to modulate their function in the treatment of
MS.

Oligodendrocytes—Remyelination has been documented to occur in human MS lesions
and animal models of MS. Remyelination is a complex process requiring cellular processes
of proliferation, migration, adhesion, process extension/retraction and differentiation (98).
S1P signaling has significant effects on these processes in oligodendrocytes (59,61,98-100).
S1P5 and S1P; are both expressed on oligodendrocytes and their relative levels of
expression appear to depend on developmental stages of the cell (59,96). Activation of S1P
receptor subtypes initiates distinct intracellular signaling pathways that can produce
opposing effects (34,35,56,57). The cellular responses mediated by S1P receptors may thus
vary with developmental stage and involved receptor subtypes. For example, S1P has been
reported to affect process outgrowth in pre-oligodendrocytes but not in mature cells, and to
promote survival of mature rat oligodendrocytes but not of precursors cells (61). In addition,
it has been reported that cross-talk can occur between S1P receptors and neurotrophin
receptors, since downregulation of sphingosine kinase (which regulates S1P levels)
abolishes the protective effect of neurotrophin-3 on survival of cultured oligodendrocyte
progenitors (99). Fingolimod exposure in vitro has also been reported to increase the number
of both progenitor and mature oligodendrocytes, to protect oligodendrocytes from cell death
induced by cytokines or the withdrawal of growth factors, and to modulate process
outgrowth (both retraction and extension) (59,101,102). The effects of fingolimod on human
oligodendrocytes and process extension/retraction were found to be time-, dose- and stage-
dependent, which may in part reflect the relative levels of expression of the relevant
receptors. These effects could formally alter the myelination or remyelination processes
(59).

Neurons—S1P receptors are expressed in brain areas showing active neurogenesis
(52,96,103), while knockout mice with a constitutive genetic deletion of S1P; showed
defective neuronal development (64). Cell culture studies have shown that S1P affects
process extension induced by nerve growth factor in dorsal root ganglion neurons. As with
oligodendrocytes, the cellular responses appear to depend on the stage of differentiation and
the relative expression of S1P receptors (41). In addition, S1P has been shown to promote
the migration of neural stem/progenitor cells towards areas of damage in the CNS via S1Pq,
which are abundantly expressed on neural stem/progenitor cells (62). S1P signaling may
also be neuroprotective, as suggested from data obtained from several different in vitro
systems (104-106). These observations suggest that receptor-mediated S1P signaling may
be involved in promoting some aspects of neuronal injury repair.

Fingolimod has been shown to affect neuronal function in both in vitro and in vivo studies
(107,108). In neuronal cell cultures, fingolimod increased the levels of the endogenous
neuroprotectant, brain-derived neurotrophic factor, in a dose-, time- and activation-
dependent manner (109), while in a DA rat model of chronic relapsing—remitting EAE,
treatment with fingolimod prevented a decrease in axonal density that occurred within the
optic nerve of control animals (108) while restoring neuronal function, as measured by
normalization of electrophysiological responses (108) and improvements in motor function
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(110). The receptor mechanisms involved in this response require further clarification, in
particular, identification of the target cells involved and the identity and state of the S1P
receptors.

Astrocytes—Astrocytes are, like oligodendrocytes, glial cells and are known to play an
active role in CNS inflammatory diseases such as MS. Astrocytes have the ability to act like
immune cells, enhancing immune responses that can inhibit myelin repair, as occurs during
gliosis and glial scar formation. However, they can also be protective and limit inflammation
while supporting oligodendrocyte and axonal regeneration (111). Reactive astrocytes appear
to play a beneficial role, especially in the acute stage following CNS injury, but may later
inhibit CNS regeneration (112). Studies delivering S1P in vivo and in vitro have reported
nervous system inflammatory responses that induce morphological changes in neural cells
and astrocytes, and increase the expression of glial fibrillary acidic protein (GFAP) (113).
GFAP is associated with astrogliosis, which is known to inhibit endogenous repair
mechanisms such as remyelination.

Astrocytes have been shown to express S1Pq, S1Py, S1P3 and S1Ps, with S1P3 and S1P;
being expressed at greater levels than the other two receptor subtypes (114). The results of
various studies suggest that S1P can influence astrocyte proliferation, migration and
astrogliosis (98,114-117). In vitro, S1P induced activation and proliferation of astrocytes,
while in vivo, injection of S1P into the striata of mouse brains induced astrogliosis (113). In
addition, fingolimod has been shown to affect S1P receptor-mediated signaling and
migration of astrocytes in vitro (115,118). These mechanisms can be explained by direct
effects of receptor modulation. However, proof-of-concept studies on a related
lysophospholipid receptor signaling system in astrocytes — lysophosphatidic acid — indicate
that indirect effects may also be important following receptor modulation (65).

POTENTIAL IMPACT OF FINGOLIMOD ON THE TREATMENT OF MULTIPLE
SCLEROSIS

The effects of fingolimod on the signs, symptoms and progression of MS have been
investigated in multiple animal models of MS and in clinical trials in patients with relapsing
or relapsing-remitting MS which are reviewed next (31,119-121).

Animal Models of MS

The effects of fingolimod on MS animal models (using EAE) at different clinical stages and
with different histopathologies have been reported (29,48,76,110,122,123). Prophylactic
administration of fingolimod prevented development of the clinical features of EAE, while
therapeutic treatment with fingolimod at different stages of disease, including late chronic
stages, reduced and even reversed the clinical signs of established disease (Fig. 5)
(48,76,122-124). In particular, in the Biozzi mouse model of relapsing—remitting EAE,
treatment with fingolimod at the second inflammatory episode (i.e., when damage was
clearly established, with pathological and clinical evidence of late-stage disease)
significantly reduced clinical disease features and improved motor function, as measured by
the RotaRod system, and reduced axonal loss, compared with vehicle controls (110). Further
studies have suggested that fingolimod may provide some form of neuroprotection:
treatment with fingolimod in a DA rat EAE model reversed paralysis in animals with
established EAE and normalized electrophysiological responses (108). These studies
documented improvements in clinical features as well as reductions in inflammatory
infiltrates, axonal loss and demyelination, as measured by histology and imaging, although
the precise mechanisms underlying these effects remain to be determined (48,76,110,122—
124).
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The effects of fingolimod on myelin protein expression and demyelination have also been
investigated in EAE studies. In the SJL/J mouse EAE model of MS that can show a
relapsing-remitting disease, fingolimod was found to normalize the expression of myelin
proteins (48), while in the DA rat model of chronic relapsing—remitting EAE, fingolimod
reduced brain inflammation and demyelination after immunization with syngeneic CNS
tissue, with associated improvements in physical and functional measures (123). Late
treatment with fingolimod has also been shown to reduce the extent of demyelination
(measured by magnetic transfer resonance) in DA rats with EAE induced by myelin
oligodendrocyte glycoprotein (124).

Taken together, these MS animal studies suggest that therapeutic administration of
fingolimod can have marked ameliorating effects on disease manifestations throughout the
course of disease, including the late stages.

Clinical Efficacy and Safety of Fingolimod—The promising therapeutic activity of
fingolimod against MS demonstrated in animal models has been substantiated by the results
of a placebo-controlled phase 2 study in patients with relapsing MS (31) and a phase 3 study
in patients with relapsing-remitting MS (119-121). In the 6-month phase 2 study, which
involved 281 patients with relapsing MS (from 32 centers across Europe and Canada), oral
fingolimod, administered once daily at a dose of 1.25 mg or 5.0 mg, significantly reduced
both the cumulative number of gadolinium (Gd)-enhancing lesions by up to 80% and
annualized relapse rates by more than 50% compared with placebo. Results from the open-
label extension of this study in which all patients received fingolimod indicated that
continuous treatment with oral fingolimod for up to 48 months maintained suppression of
clinical and MRI disease activity; at 48 months, 63—-70% of patients were relapse-free and
97% of patients were free from Gd-enhancing lesions (125). Initial reports of data from a
12-month phase 3 study indicate that fingolimod reduced relapse rate and MRI lesion
activity to a significantly greater degree than a currently approved MS therapy, IFNpB-1a,
(119-121) while data from a 2-year placebo-controlled study are awaited with interest.

As with all medications, oral fingolimod is not without risk of adverse events, and a variety
of side-effects have been documented in the phase 2 and phase 3 studies (31,119-121,125).
Two deaths were reported in a phase 3 study that involved 1292 patients, both of which were
due to herpes infection, and both occurred in the study arm in which patients received the
higher of the two fingolimod doses tested. The extent to which fingolimod contributed to the
deaths is unclear, however, since both cases involved confounding factors. Oral fingolimod
is generally well tolerated in patients with relapsing forms of MS and is not associated with
injection-site reactions or flu-like symptoms (31,125). Mean blood lymphocyte counts were
reduced to approximately 30% from baseline during therapy with fingolimod and remained
stable over time (85). There was a slight increase in the incidence of mild infections, mainly
nasopharyngitis and herpes zoster reactivation. Transient decreases in heart rate (reported
frequently) and the occurrence of conduction blocks (rarely reported) were observed on
treatment initiation, but resolved quickly despite continued therapy. These changes reflect
the effects of fingolimod on S1P receptors on atrial myocytes, as have been observed in
animal studies (126). Mild dose-dependent decreases in pulmonary function were observed
on initiation of therapy but pulmonary function remained stable with long-term therapy.
These effects on pulmonary function reflect the action of fingolimod on S1P receptors on
airway endothelial cells and smooth muscle (67). Macular edema, reversible with drug
discontinuation, has been reported in <1% of patients. Seven cases of skin cancer were
observed over the course of the phase 2 study; all were successfully excised and no new
cases were reported during months 36—48. Oral fingolimod is currently being evaluated
further in a large phase 3 clinical study program involving more than 3300 patients with MS.
In addition to the 1-year study comparing oral fingolimod with IFNB-1a administered
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intramuscularly once weekly in patients with RRMS, this clinical trial program includes
two, 2-year placebo-controlled studies of fingolimod, also in patients with RRMS. Because
of its mechanism of action that may include direct neural effects, oral fingolimod is also
being evaluated in a multicenter phase 3 study in patients with primary progressive MS.

CONCLUSIONS

The discovery of fingolimod and its targeted S1P receptors has raised the possibility of a
new generation of medicines for MS. These could have the advantages of oral
administration, while beneficially affecting not only the immune system to reduce
inflammatory damage but also the CNS to promote neuroprotection and repair.
Accumulating data indicate that oral fingolimod exerts beneficial effects in patients with MS
by modulating cognate S1P receptors, particularly the S1P4 subtype. The peripheral effects
on immune cells prevent the egress of autoaggressive lymphocytes from lymphoid tissues,
thus reducing their infiltration into the CNS and decreasing the potential for inflammatory
tissue damage. Moreover, fingolimod may also act directly on neural and resident non-
neural CNS cells to reduce neurodegenerative processes and to promote endogenous repair
processes, and has been shown to prevent or reduce neurological features of MS in animal
models, which may be attributable not only to immunological modulation but also to CNS
effects. Results from a phase 2 study in patients with relapsing MS have demonstrated a
significant and promising therapeutic benefit for oral fingolimod in the treatment of MS; this
beneficial response is being investigated further in an extensive phase 3 clinical
development program. Further studies are required to elucidate fully the mechanism of
action of fingolimod in the treatment of MS and to establish its role in managing this
debilitating disease. Both scientific and clinical data indicate that fingolimod represents an
important step forwards in the development of better MS treatments, being an oral therapy
with a novel mode of action and that is generally well tolerated. Results from the ongoing
phase 3 clinical studies will provide further important insights into the clinical utility of
fingolimod in the near future.
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FIG. 1.

Fingolimod is a structural analogue of naturally occurring sphingosine. Fingolimod
(molecular weight, 307.47 g/mol), like sphingosine (molecular weight, 299.49 g/mol) is
phosphorylated by sphingosine kinases, in particular sphingosine kinase 2, to produced
fingolimod phosphate (molecular weight, 387.47 g/mol) while sphingosine undergoes
phosphorylation to sphingosine 1-phosphate (molecular weight, 379.47 g/mol).
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FIG. 2.

Lymphocyte egress from lymph nodes is driven by a sphingosine 1-phosphate (S1P)
gradient (40).

a) S1P concentrations are higher in body fluids than in lymphoid tissues. Lymphoctyes
egress from the lymphoid tissues into the circulation along the S1P gradient.

b) Fingolimod downregulates S1P; on lymphocytes and thereby prevents lymphocyte egress
from lymphoid tissues. This in turn reduces the infiltration of autoaggressive cells into the
central nervous system.

CNS, central nervous system; S1P, sphingosine 1-phosphate; S1P4, sphingosine 1-phosphate
receptor subtype 1
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FIG. 3.

Treatment with oral fingolimod prevents the egress of naive and central memory T cells
(TCM) from lymph nodes into the circulation but spares effector memory T cells (TEM).
Percentages of naive T cells, TCM and TEM cells in peripheral blood in patients with
relapsing multiple sclerosis treated with fingolimod and in untreated patients. Adapted from
Mehling et al. 2008 (72).

MS, multiple sclerosis; naive, naive T cells (CCR7+, CD45RA+); TCM cells, central
memory T cells (CCR7+, CD45RA-); TEM cells, effector memory T cells (CCR7—,
CD45RA-).
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FIG. 4.
Distribution of sphingosine 1-phosphate (S1P) receptor subtypes on neural cells (44, 39,46).

OLG, oligodendrocyte; OPC, oligodendrocyte progenitor cell; S1P, sphingosine 1-
phosphate; S1P1_s, sphingosine 1-phosphate receptor subtypes 1-5.
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FIG. 5.

Oral fingolimod has prophylactic and therapeutic effects in animal models of multiple
sclerosis. Fingolimod was administered at a dose of 0.3 mg/kg on days 0-11 (prophylactic
administration), days 12-28 (therapeutic administration) or days 40-53 (rescue therapy)
after immunization in a rat experimental autoimmune encephalitis model. (123)
Reproduced from with permission from Wiley: Brain Pathology. Foster et al Brain Pathol
2009;19(2):254-66. Copyright 2009.

***p <0.001.

Clinical score was determined from physical and functional signs as follows: 0 = healthy; 1
= flaccid tail; 2 = hind-limb weakness; 3 = paralysis of one or both hind limbs; 4 = forelimb
paralysis; 5 = death.
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TABLE 1

Distribution and key functions of sphingosine 1-phosphate (S1P) receptor subtypes (29,34—
36,47,57,61,62,127).

Oligodendrocytes

Receptor | Distribution (MRNA) Key functions
S1P; Ubiquitous (high expression on . Lymphocyte egress from secondary lymphoid organs
lymphocytes, neural cells, o i
vasculature) . Neural cell migration/function
. Embryonic development of cardiovascular and nervous systems
. Blood vessel formation
. Endothelial barrier function
S1P, Ubiquitous . Vascular tone
. Endothelial barrier function
. Inner ear maintenance affecting hearing and balance
. Nerve conduction
S1P3 Ubiquitous, including CNS (neural . Several functions, endothelial barrier function
cells/astrocytes), endothelium L i
. Neural cell migration/function
S1P, Lymphocytes (low) . Unknown
S1Pg Brain/white matter, . Oligodendrocyte function

Natural killer cell migration
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