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Abstract

Siponimod is a selective sphingosine 1-phosphate receptor subtype 1 (S1P;) and 5 (S1P5) modulator approved in the United
States and the European Union as an oral treatment for adults with relapsing forms of multiple sclerosis (RMS), including
active secondary progressive multiple sclerosis (SPMS). Preclinical and clinical studies provide support for a dual mechanism
of action of siponimod, targeting peripherally mediated inflammation and exerting direct central effects. As an S1P, recep-
tor modulator, siponimod reduces lymphocyte egress from lymph nodes, thus inhibiting their migration from the periphery
to the central nervous system. As a result of its peripheral immunomodulatory effects, siponimod reduces both magnetic
resonance imaging (MRI) lesion (gadolinium-enhancing and new/enlarging T2 hyperintense) and relapse activity compared
with placebo. Independent of these effects, siponimod can penetrate the blood-brain barrier and, by binding to S1P; and
S1Ps receptors on a variety of brain cells, including astrocytes, oligodendrocytes, neurons, and microglia, exert effects to
modulate neural inflammation and neurodegeneration. Clinical data in patients with SPMS have shown that, compared with
placebo, siponimod treatment is associated with reductions in levels of neurofilament light chain (a marker of neuroaxonal
damage) and thalamic and cortical gray matter atrophy, with smaller reductions in MRI magnetization transfer ratio and
reduced confirmed disability progression. This review examines the preclinical and clinical data supporting the dual mecha-
nism of action of siponimod in RMS.

In patients with multiple sclerosis (MS), lymphocytes from Relapsing forms of multiple sclerosis (RMS) include
perip heral lymphoid organs cross the blood—brain bar- relapsing—remitting multiple sclerosis, defined as disease
rier (BBB) and enter the central nervous system (CNS) to relapses with full or partial recovery and mainly driven
attack oligodendrocytes and other brain cell types, leading by peripherally mediated inflammation, and secondary

progressive multiple sclerosis, defined as a gradual wors-
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to localized inflammation, demyelination, astrogliosis, and,
ultimately, axonal loss [1-4]. The mechanism of neuroaxonal
injury in MS is believed to be largely inflammation driven,
but neuroaxonal degeneration may also occur independently
of inflammation [5]. Cortical demyelination and diffuse neu-
rodegenerative damage of gray and normal-appearing white
matter, which are typically found in patients with progres-
sive forms of MS, may not solely occur as a direct result of
interaction with inflammatory T and B cells, but in addition
may be attributable to the effects of toxic cytokines released
by inflammatory cells, acting either directly or indirectly
through activation of microglia and macrophages [3]. More-
over, uptake of iron, probably released during the process
of demyelination, by pro-inflammatory macrophages and
microglia, may augment their pro-inflammatory status, and
in the context of chronic active MS lesions, may contribute
to tissue damage, disease severity or progression [6].

Disease progression in MS may be a process that reflects
the mounting residual effects of clinical relapses and of
clinically silent lesions that may contribute to disability
as functional reserve declines [7]. It is hypothesized that,
as MS progresses, CNS repair mechanisms are exhausted,
resulting in progressive irreversible neurodegeneration [3,
4, 8], in addition to the contributory aging factors such as
immunosenescence [9, 10]. Protection against neurodegen-
erative effects is a key aim of MS drug development [11].
The measure most commonly used to document physical
disability progression in MS clinical trials is the Expanded
Disability Status Scale (EDSS) score [12]. The score cap-
tures changes in one or more functional systems (pyramidal;
cerebellar; brain stem; sensory; bowel and bladder; visual;
mood and cognition). However, the EDSS emphasizes motor
changes affecting physical disability and is heavily weighted
by ambulation status, rather than recognizing equally impor-
tant signs and symptoms associated with MS progression,
such as increasing fatigue and cognitive decline, which are
only cursorily addressed in one subcomponent of the EDSS
[13-16].

1.1 Siponimod

Siponimod (Mayzent®) is a selective sphingosine 1-phos-
phate (S1P) receptor modulator. In the USA, siponimod is
approved as an oral disease-modifying therapy (DMT) for
the treatment of adults with relapsing forms of MS (RMS),
including clinically isolated syndrome, relapsing—remit-
ting MS (RRMS), and active (evidence of relapse in the
previous 2 years) secondary progressive MS (SPMS) [17].
In the European Union (EU), siponimod is approved for
the treatment of active SPMS evidenced by relapses or
imaging features of inflammatory activity [18] and for
SPMS in other countries, such as Australia and Japan
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[19, 20]. S1P is a lysophospholipid with a broad range of
extracellular signaling functions; it is found throughout
the body, exerting major effects on the immune and car-
diovascular systems, the BBB, and the CNS [21]. Most
bioactivity of S1P is mediated via five G protein-coupled
receptor subtypes (S1P;_5) [22-24], which are members
of the lysophospholipid receptor family and are expressed
both broadly and differentially across many cell types [22,
24-26].

Fingolimod was the first S1P receptor modulator to
be approved in MS, followed by siponimod, ozanimod,
and, more recently, ponesimod [17, 25, 27-30]. Most of
these molecules bind to S1P;, but their high affinity and
specificities for other S1P receptor subtypes vary (e.g.,
fingolimod, S1P; 5 5; siponimod and ozanimod, S1P| s;
ponesimod, S1P,) [25]. Siponimod is both an agonist of
S1P, and, with continued exposure, is a functional antago-
nist, causing persistent ligand-induced internalization and
deactivation of the receptor; it appears to be primarily an
agonist of S1P5 [25]. Outside the CNS, functional antago-
nism of S1P, renders lymphocytes unresponsive to S1P-
induced egress from lymph nodes and secondary lymphoid
organs [23, 31]. The resultant reductions in circulating
central memory and naive B and T lymphocytes in the
blood are thought to limit the peripherally mediated CNS
inflammation that is characteristic of RMS [8].

In addition to peripheral effects mediated by S1P,
siponimod can exert direct CNS effects mediated by both
S1P; and S1Ps. Any drug in the S1P receptor modulator
class has the potential to exert CNS effects, but there are
differences in how readily their active forms can reach
the CNS. This is influenced by factors such as lipophilic-
ity, elimination half-life, and transport mechanisms. Once
across the BBB, their metabolism within the CNS also
becomes a factor [25]. For example, fingolimod must be
phosphorylated for activity, but the polarity of the phos-
phorylated form likely impedes its ability to cross the
BBB. The unphosphorylated pro-drug form can cross the
BBB readily, but generally lower levels of kinase activity
in the CNS than the periphery may limit the rate at which
the active form is produced in the CNS compartment [25];
however, individual cell types such as astrocytes enable
phosphorylation and receptor activation [32]. Evidence
from preclinical and clinical studies that are summarized
in this review supports a dual mechanism of action for
siponimod that involves (1) suppression of peripherally
mediated inflammatory autoimmune processes within the
CNS that are characteristic of MS; and (2) neuroprotection
through inhibition of astrogliosis, promotion of oligoden-
droglial precursor cell (OPC) maturation, oligodendroglial
cell survival, and remyelination. Thus, siponimod is pro-
posed to act systemically by inhibiting lymphocyte egress
from lymph nodes and subsequent infiltration into the CNS
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[23, 33] and centrally after crossing the BBB, to exert
protective and regenerative effects, as well as targeting
compartmentalized inflammation typical of progressive
MS [2, 34, 35] (Fig. 1).

The aim of this review is to summarize the preclinical
and clinical data supporting the dual mechanism of action
of siponimod in RMS.

2 Immunomodulatory Effects of Siponimod
in MS: Peripherally Mediated Effects
on CNS Pathogenesis

2.1 The Role of S1P and its Receptors
in Lymphocyte Trafficking and Function

Siponimod indirectly influences CNS pathogenesis in MS
through differential effects on lymphocyte trafficking and
function.

S1P, and S1P, are the most highly expressed S1P recep-
tor subtypes on lymphocytes [36]. When S1P binds to these
receptors, they are activated and internalized, then the recep-
tors are recycled back to the cell surface [37, 38]. Lympho-
cyte egress from the thymus and peripheral lymphoid organs
is dependent on the binding of S1P to S1P,. S1P-deficient
mice have extremely low levels of peripheral T cells and
reduced numbers of B cells in both the lymph and peripheral
blood compared with control mice [31], indicating that these
cells remain trapped in the thymus or the peripheral lymph
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egress from secondary
lymphoid organs

Brain

Siponimod

Active
lesion

Secondary lymphoid organs

Functional antagonism of
lymphocyte S1P1 suppresses
egress from secondary lymphoid
organs, access to the brain, and
inflammatory lesion formation

nodes. Mouse strains that lack detectable circulating S1P
have significantly more natural killer (NK) cells in periph-
eral lymph nodes and far fewer in the lymph compared with
wild-type mice [32], indicating that these cells also remain
trapped in the thymus or peripheral lymph nodes. Lympho-
cytes in wild-type thymus and lymph nodes express high lev-
els of S1P, on their surface, indicating that extracellular S1P
is normally very low in these tissues [37] and that S1P levels
are key to the lymphocyte egress. Despite the low expression
of S1Ps in the periphery relative to the CNS, a significant
accumulation of NK cells was observed in the lymph nodes
of S1Ps-deficient mice, with reduced numbers in the lymph.
This indicates that S1P5 is important for NK-cell traffick-
ing [32]. In addition to slowing T cell egress, interaction of
S1P with S1P, influences T cell differentiation [39]. S1P
increases T helper (T,)17 polarization via the interleukin
(IL)-6-driven, Janus kinase/signal transducer and activator
of transcription 3 (JAK/STAT3) pathway, which is common
in central memory cells and blocks the differentiation of
regulatory T cell precursors. An unrestrained autoimmune
T, 17 response is a hallmark of MS; therefore, this implicates
S1P in T 17-related MS pathology.

Plasmacytoid dendritic cells (pDCs) modulate the sever-
ity of the CNS immune response, but their numbers are
reduced in the peripheral blood of patients with MS [40].
Depletion or peripheral sequestration of pDCs increases the
severity of murine experimental autoimmune encephalomy-
elitis (EAE) and is associated with increased levels of T, 1
and T} 17 CD4+ lymphocytes in the CNS [41, 42]. However,
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Fig. 1 The dual mechanism of action of siponimod in multiple sclerosis [2, 8, 23, 33-35]. BBB blood-brain barrier, CNS central nervous system,
S1P, sphingosine 1-phosphate receptor subtype 1, S1P; sphingosine 1-phosphate receptor subtype 5
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selective S1P, blockade in EAE mice reduced IL-17 and
interferon-y expression in the CNS, as long as pDCs were
present [43]. Mobilization of pDCs from lymph nodes is
S1P,-dependent and, accordingly, pDCs were retained in
lymph nodes in mice treated with fingolimod, which modu-
lates S1P, [44]. Siponimod binds S1P, with about 0.1% of
the affinity of fingolimod [21, 23], and therefore, would not
be expected to interrupt significantly recruitment of pDCs
into the CNS. These findings in the murine EAE model sug-
gest that the failure of siponimod to inhibit pDC mobiliza-
tion may be another pathway by which it could reduce CNS
inflammation.

2.2 Effect of Siponimod on Lymphocyte
Sequestration and Lymphocyte Composition
in Humans

A key aspect of the mechanism of action of siponimod
in MS is the inhibition of lymphocyte egress from lymph
nodes, which is mediated by functional antagonism of S1P,;
[33]. When siponimod binds S1P,, B-arrestins are recruited
to the receptor-ligand complex, promoting its internaliza-
tion [23, 25]. This state is perpetuated by continued drug
exposure; thus, siponimod acts as a functional antagonist of
S1P,. In the lymphocyte population, stimulation of S1P; by
S1P overrides retention signals induced by CCR7, leading
to the release and egress of CCR7+ lymphocytes (naive and
central memory cells) into the peripheral circulation [45].
Thus, functional antagonism of S1P; causes CCR7+ lym-
phocytes to remain sequestered in lymphoid tissues, while
leaving CCR7— lymphocytes (effector memory cells) rela-
tively unaffected [45]. Onset of the effects of S1P receptor
modulators on lymphocyte trafficking is observed within 16
h of administration [46].

Siponimod administration causes a persistent, dose-
dependent decline in absolute lymphocyte count (ALC). In
healthy individuals (n = 48), siponimod resulted in a dose-
dependent (0.3—-10 mg per day) decline in ALC, with maxi-
mal reduction observed at 4—6 h after administration, which
was maintained throughout 28 days of treatment [23]; in par-
ticipants with SPMS (n = 36), siponimod treatment led to a
71% reduction in ALC at 6 months and 69% at 9-12 months
compared with placebo [47]. Siponimod preferentially
reduces the levels of some leukocyte subsets: in healthy vol-
unteers, siponimod had the greatest effect on CD4+ cells
(median-fold decrease from baseline [baseline cell count
divided by post-baseline cell count], 22.8) compared with
CD8+ T cells (median-fold decrease from baseline, 5.9) (p
= 0.0003) [23]. Naive T cells were reduced the most, fol-
lowed by central memory T cells, with peripheral effector
memory T cells (Tpgy) largely unaffected. In participants
with SPMS, siponimod had the greatest effect on CD4+ T
cells (97% reduction from baseline at 6 months) and CD19+
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B cells (93% reduction from baseline at 6 months), with
CD8+ T cells reduced to a lesser degree (67% reduction
from baseline) over the same period [47]. As a proportion of
the overall CD4+ T cell population, naive T cells were sig-
nificantly depleted (by approximately 50% at 6 months), but
effector memory T cell levels were enriched by 240% after
6 months of treatment with siponimod compared with pla-
cebo. In addition, siponimod was associated with significant
relative increases in T,2, T regulatory, and B transitional
regulatory cells. This pattern of lymphocyte composition,
consistent with S1P,-mediated peripheral lymphocyte trap-
ping, was similar in healthy volunteers and participants with
SPMS treated with siponimod, and suggests a shift in the
immune system towards a more anti-inflammatory state [23,
47]. As with siponimod, absolute counts of central memory
T cells decrease after fingolimod initiation, but two small
studies in patients receiving fingolimod found an association
between increased levels of central memory T cells before
or during treatment and the likelihood of disease activity
while on treatment. This suggests a role for this lymphocyte
subset in MS relapse and thus possible value in predicting
treatment response [48, 49].

3 Clinical Evidence for the Peripheral
Immunomodaulatory Effects of Siponimod

As noted earlier, siponimod acts as a functional antagonist
of S1P, receptors causing lymphocytes to be sequestered
in peripheral lymphoid tissues [23, 33]. By inhibiting the
migration of lymphocytes from the periphery into the CNS,
siponimod is believed to reduce peripherally mediated
inflammation, manifested by evidence of reduced inflamma-
tory lesion activity in the CNS seen on magnetic resonance
imaging (MRI).

3.1 MRI Lesion Activity

The effect of siponimod on lesion activity was demon-
strated in 297 participants with RRMS in the phase 2 BOLD
study (NCT00879658) [50]. BOLD demonstrated a dose-
dependent reduction in combined unique active lesions
(CUALs), defined as new gadolinium-enhancing (Gd+)
lesions on T1-weighted images and new or newly enlarged
non-enhancing lesions on T2-weighted monthly MRI scans
(without double counting), in participants receiving siponi-
mod relative to participants receiving placebo (Fig. 2) [50].
Over 3 months of treatment, siponimod 10 mg per day
reduced CUALSs by 82% compared with placebo. A signifi-
cant dose—response relationship was also identified across
five doses of siponimod (0.25-10 mg; p = 0.0001) [50, 51].
When examining the effect of siponimod on Gd+ lesion
activity exclusively, significant reductions in new lesions
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Fig.2 Longitudinal dose-response curve at month 3 in BOLD and
relative reductions versus placebo in number of CUALs (patients
with RRMS) [50]. A negative binomial model was used to describe
CUAL count over time and an E_, model was selected to fit the

dose-response profile best over 3 months. A Bayesian model was also
chosen to fit the CUAL count data observed at month 3. The result-
ing siponimod dose-response curve was summarized by a plot of the

were seen at all doses of siponimod, except 0.25 mg/day,
compared with placebo. There were on average 0.38 new
Gd+ lesions at 6 months in participants treated with siponi-
mod 2 mg/day compared with 1.65 new lesions in partici-
pants receiving placebo (p = 0.0051). In participants with
SPMS in the EXPAND study (NCT01665144), siponimod
also significantly reduced the number of Gd+ lesions com-
pared with placebo, despite the fact that the proportion
of participants with Gd+ lesions at baseline was lower in
the EXPAND population than in the RRMS population in
BOLD (21% vs 44-57%) [50, 52]. Participants receiving
siponimod (7 = 1099) in EXPAND had on average 0.08 Gd+
lesions per scan from baseline to month 24, compared with
0.60 per scan among those receiving placebo (n = 546), a
reduction of 86% (rate ratio, 0.14; p < 0.0001) [52]. Simi-
larly, 89% of participants receiving siponimod who had MRI
scans in EXPAND had no Gd+ lesions on study, compared
with 67% of those receiving placebo [52].

Siponimod significantly reduced T2 lesion activity com-
pared with placebo in participants with RRMS in the BOLD
study at doses of 1.25 mg/day or higher. At the approved
dosage of 2 mg/day, participants receiving siponimod had on
average 0.41 new or newly enlarged T2 lesions at 6 months
compared with 2.09 in participants receiving placebo (p =
0.0012) [50]. In EXPAND, participants receiving siponi-
mod had on average 0.70 T2 lesions across all study visits,
compared with 3.60 among those receiving placebo, for a
reduction of 81% (rate ratio, 0.19; p < 0.0001); the increase
in T2 lesion volume on study was also lower with siponimod
treatment than with placebo (p < 0.001) [52]. Similarly, 57%

posterior median estimate and associated 95% ClIs and by the dose
achieving a 50% relative reduction in CUAL count versus placebo.
Reproduced with permission from Selmaj et al. Lancet Neurol. 2013;
12: 756-67. CI confidence interval, CUAL combined unique active
lesion, E,,,. maximum effect, RRMS relapsing-remitting multiple
sclerosis

of participants receiving siponimod who had MRI scans in
EXPAND had no new or enlarging T2 lesions, compared
with 37% of those receiving placebo [52].

3.2 Relapse Activity

Although the BOLD study was not designed to assess treat-
ment effects on relapse activity, annualized relapse rate
(ARR) was significantly lower at 6 months with siponimod
2 mg/day than with placebo (0.20 vs 0.58, p = 0.0408) [50].
Patients with SPMS typically relapse less frequently than
those with RRMS; however, siponimod still reduced ARR
and increased the time to first relapse compared with placebo
in EXPAND [52]. ARR was 0.07 with siponimod and 0.16
with placebo (rate ratio, 0.45; p < 0.0001), a 55% reduction;
there was a 46% risk reduction on time to first relapse with
siponimod compared with placebo (p < 0.0001).

4 The Role of S1P-Mediated Signaling
in the CNS

In the CNS, S1P receptors are expressed on astrocytes, oli-
godendroglia, microglia, and neurons, and were shown to
modulate processes relevant to MS neuropathology, includ-
ing OPC migration and maturation, oligodendroglial cell
survival, astrocyte activation, and microglial modulation [2,
21, 28, 35, 38, 53-58] (Fig. 3). S1P receptors are also found
in embryonic brain areas undergoing active neurogenesis:
in prenatal mice, S1P, expression colocalized with a marker
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Fig.3 Key roles of S1P-mediated signaling in the CNS [2, 21, 28,
35, 38, 53-58]. Owing to the ubiquitous nature of S1P receptors in
the neural cells of the CNS, S1P has wide-reaching effects. Here, S1P
receptor subtypes known to be expressed at high levels on CNS cells
are represented as lollipops with the subtype number in white text. If

of cell proliferation in the ventricular zone of the neocortex,
the hippocampal primordia, and ganglionic eminence [59].
S1P also functions as a chemoattractant for neural progeni-
tor cells, which migrate towards sites of neural injury [53].
In vitro studies suggest that S1P also modulates astrocyte
proliferation and migration; all S1P receptor subtypes can
be expressed on astrocytes, with particularly high levels of
S1P; and S1P; [53]. Oligodendrocytes, the myelinating cells
of the brain, express both S1P; and S1P5 [21, 53, 54]; how-
ever, the effects of S1P on these cells appear to vary with
the stage of cell development. S1P promotes the survival
of mature oligodendrocytes but not OPCs, yet it mediates
process retraction in OPCs but not in mature oligodendro-
cytes [55]; moreover, in mature oligodendrocytes deficient in
S1P,, the rate of process extension is lower than normal [60].
S1Pj5 is highly expressed in the CNS and is most abundant
in the white matter [21, 61].

4.1 S1P Receptors in the CNS

MS is associated with changes in the expression levels of
S1P, and S1Ps in the CNS, suggesting that alterations in
expression of these receptors may play a role in disease
pathology [28]. S1P, expression, as well as S1P; expres-
sion, is increased on astrocytes in MS lesions [35] and also
on astrocytes isolated from donors without neurological
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the effects of S1P are known to occur through a particular S1P recep-
tor subtype, this is indicated in brackets. The figure is not intended to
be comprehensive and illustrates the key roles and expression of S1P
receptors. BBB blood-brain barrier, CNS central nervous system, S/P
sphingosine 1-phosphate

disease, after stimulation by tumor necrosis factor-a (TNFa),
suggesting that S1P,, along with S1P; activation, may have
an early and persistent involvement in MS pathology [35].
Chronic activation of microglia and astrocytes drives pro-
gressive pathological responses in MS, even in the absence
of infiltrating inflammatory cells from the periphery [2].
Pathological specimens from progressive MS lesions dem-
onstrate primarily microglia, a small number of astrocytes,
and absence of lymphocytes [62]. Studies using the EAE
mouse model of MS have shown that genetic deletion or
pharmacological functional antagonism of astrocyte-
expressed S1P, reduces demyelination, axonal loss, and
astrogliosis [38].

S1P; is expressed on oligodendrocytes and OPCs, and
colocalizes with myelin [63]. In MS, S1Ps expression is
decreased in both active and chronic demyelinated lesions,
compared with non-inflamed control tissue, which may be
associated with myelin loss [63] or may reflect lower num-
bers of oligodendrocytes [1].

S1P,_; 5 are all expressed on the vascular endothelium
of the BBB [57]. Perturbation of structures comprising the
BBB, in particular post-capillary venules, plays a central
role in the pathogenesis of MS, allowing extravasation of
inflammatory lymphocytes into the brain [57]. SIP,_; appear
to increase while S1P5 reduces the permeability of the BBB:
S1P, modulates the endothelial cell (EC) cytoskeleton and
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S1P5 promotes the expression of intercellular binding mol-
ecules (cadherins) to reduce gaps between neighboring cells
[56, 57]; S1P; stimulates the migration and proliferation of
ECs, contributing to vasculogenesis [57]. In contrast, S1P,
activation increases the permeability of the BBB, at least in
part by preventing mobilization of cadherins to the extracel-
lular surface of ECs [57].

5 Preclinical Evidence for Direct Effects
of Siponimod on the CNS

As a small, lipophilic molecule, siponimod can penetrate
the BBB, enabling direct effects on S1P receptors in the
brain [64, 65].

5.1 Siponimod and Synaptic Neurodegeneration
in Animal Models

Experimental animal models of MS have been used to dem-
onstrate the direct effects of siponimod on disease pathology
in the brain. In one study, intracerebroventricular infusion
of siponimod (0.45 pg/day) significantly attenuated neural
inflammation compared with vehicle control [66]. Glial
fibrillary acidic protein levels (a marker of astrocyte acti-
vation) were reduced by 50% in the striatum of EAE mice
treated with siponimod (n = 5) compared with control mice
(n=15) (p <0.05), indicating reduced astrogliosis. Ionized
calcium-binding adaptor protein-1 levels (a marker of micro-
glia and macrophages) were reduced by more than 50% in
the striatum of EAE mice treated with siponimod (n = 5)
compared with control mice (n = 4) (p < 0.05), indicating
reduced microgliosis [66]. CD3 levels, indicative of infiltrat-
ing lymphocytes, were also reduced to a similar degree in
the striatum of siponimod-treated EAE mice compared with
controls [66].

In a separate study using a modified EAE mouse model
that targets induction of lesions in the cerebral cortex (focal
EAE model), the effects of siponimod on the integrity of
the auditory thalamocortical system were assessed using
voltage-sensitive dyes on sagittal brain slices from mice with
distinct focal cortical gray and white matter lesions. Changes
in neuronal activity in the auditory cortex, evoked by elec-
trical stimulation in the internal capsule, were detected as
fluorescence changes. Stimulation evoked a response that
subsided in controls but persisted in animals with lesions
in the auditory cortical network. Incubation of brain slices
with siponimod reduced this persistent state of activation
and decreased the amplitude of the response relative to EAE
controls, indicative of an improvement in the propagation of
the stimulus. Flow cytometry revealed that the focal EAE
model responded to oral siponimod, with peripheral lympho-
penia and decreases in lymphocyte infiltration of lesioned

gray and white matter; treatment with oral siponimod was
also associated with a less severe disease course compared
with controls. Intracerebral administration of siponimod
did not alter peripheral immunological responses, in con-
trast with the neuroprotective effects of siponimod in slice
preparations. These findings are consistent with effects of
siponimod in the brain occurring independently of effects
on peripheral immune cell trafficking [67].

5.2 Effects of Siponimod on Key Neural Cells
Involved in MS Pathology

The expression of S1P receptors and associated enzymes
across the spectrum of cells within the human CNS [68—70]
means that siponimod may affect these cells in multiple ways
to modulate the inflammation and neurodegeneration char-
acteristic of MS pathology (see data summary in Table 1).

5.2.1 Astrocytes

Astrocytes, which express S1P|_; 5, play an important role
in the development of MS lesions [53, 71, 72]. These cells
contribute to both lesion development and repair, depending
on lesion stage and topography [73]. Activated astrocytes
in acute MS lesions secrete compounds that are poten-
tially toxic to neurons and myelin [73]. However, following
demyelination, astrocytes may express neurotrophic factors
important for neuronal and axonal repair [74]. Siponimod
activates protein kinase R-like endoplasmic reticulum kinase
(pERK), phosphorylated protein kinase B/AKT (pAKT),
and Ca** signaling through S1P, in cultured mouse and
human astrocytes, suggesting an activation of pro-survival
pathways in these cells [72], and inhibits nuclear factor
kappa B translocation evoked by inflammatory cytokines
via S1P;-regulated downstream pathways in astrocytes gen-
erated from human fibroblasts that express S1P; ; but not
S1P5 [75]. Siponimod-treated astrocytes also maintained
high levels of the glial glutamate transporters GLAST and
GLT]1, which are typically downregulated by inflammatory
cytokines, implicating an S1P;-mediated mechanism that
may help to avert accumulation of excitotoxic levels of glu-
tamate under inflammatory conditions [75]. Astrocytes also
provide metabolic and structural support to the BBB; S1P
regulates the astrocyte cytoskeleton, modifying gap junc-
tions between cells [57] and maintaining the low paracel-
lular BBB permeability [76]. In MS, modulation of S1P5 by
siponimod may possibly maintain BBB integrity and impede
the ingress of proinflammatory cells into the CNS.

5.2.2 Neurons

Neuronal degeneration is a major determinant of reduced
function in patients with progressive MS. Axonal
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Table 1 Preclinical evidence for the effects of siponimod on neural cells involved in MS pathology

Cell type Role in MS Effects of siponimod
Astrocytes Contribute to lesion development and repair [73] Activates pro-survival pathways in astrocytes through S1P,
[72]
Inhibits NF-kB translocation evoked by inflammatory
cytokines [75]
Neurons Neuron degeneration is a major determinant of reduced Protects neurons from inflammation-induced damage by

function in patients with progressive MS [66]

Oligodendrocytes

Microglia

T cells crossing

the BBB into the neuropathology of MS
CNS
PMNLSs PMNLSs (including neutrophils, eosinophils, and basophils)

produce leukotrienes through the activity of 5-LO [98]

Responsible for the remyelination of axons in the CNS [75]

Involved in neuronal damage and T cell recruitment in the
CNS via the release of proinflammatory cytokines [66]

Lymphocyte infiltration of the CNS is a key stage in the

influencing astrocyte activity [75]
Induces partial recovery of PV+ GABAergic interneurons in
EAE mice [66]

Promotes myelin integrity through S1P, internalization on
oligodendrocytes [79, 81]

Attenuates microgliosis in preclinical models [66, 81, 84]

This may be an indirect effect, mediated through other
immune cells [72]

Reduces the lymphocyte proinflammatory activity in the
CNS, but prevention of infiltration is unlikely to be a piv-
otal mechanism of action [81]

Inhibits 5-LO production by PMNLSs by 50% via S1P, modu-
lation [98]

Leukotrienes are proinflammatory lipid mediators found at
high levels in the cerebrospinal fluid of patients with MS

[97]

5-LO 5-lipoxygenase, BBB blood-brain barrier, CNS central nervous system, EAE experimental autoimmune encephalomyelitis, GABA
y-aminobutyric acid, MS multiple sclerosis, NF-kB nuclear factor kappa B, PMNL polymorphonuclear leukocyte, PV+ parvalbumin-positive,
S1P, sphingosine 1-phosphate receptor subtype 1, S1P, sphingosine 1-phosphate receptor subtype 4

transection and destruction occurs during the acute inflam-
matory process and is abundant in active and chronic
active lesions [77]. Axonal degeneration is a chronic
process that begins with sustained demyelination, which
triggers a cascade of events (oxidative stress, mitochon-
drial injury, energy failure, ionic dysregulation) that lead
to axonal and retrograde neuronal degeneration [78].
Since neurons may at times express S1P; and/or S1Ps,
siponimod may have direct effects on their survival [66].
Human astrocyte cultures were treated with proinflamma-
tory factors, and the resulting conditioned media added
to pure cultures of spinal neurons, causing neuronal loss
and neurite fragmentation. However, pre-treatment of the
astrocytes with siponimod protected the spinal neurons
from neurodegeneration, suggesting that siponimod may
protect neurons from inflammation-induced damage by
down-regulating astrocyte activity [75]. In EAE mouse
models of MS, the loss of parvalbumin-positive (PV+)
y-aminobutyric acid (GABA)ergic interneurons in the stri-
atum has been proposed as a major determinant of reduced
function [66]. The striatum of EAE mice has been shown
to have a reduced number of PV+ neurons (mean = 1885;
n =5), compared with control mice (mean = 2664; n = 3).
Siponimod-treated EAE mice showed partial recovery to
a mean level of 2293 neurons (n = 5; p < 0.01), indicating
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that siponimod reduced GABAergic interneuron loss in the
striatum of EAE mice [66].

5.2.3 Oligodendrocytes

The S1Ps-mediated action of siponimod on oligodendrocytes
may promote myelin integrity. In both the Xenopus tadpole
and mice, S1Pjs is highly expressed on myelin-forming oli-
godendrocytes, with markedly lower expression on other
neural cells [55, 58, 79]. S1P5 expressed on OPCs are pre-
served throughout developmental stages, including mature,
myelinating oligodendroglia. S1P5 stimulation/modula-
tion promotes survival of mature oligodendrocytes [55].
Single-cell RNA sequencing identifies oligodendrocytes
as the cell type with the highest expression of S1P5 within
the human brain [80]. In the Xenopus tadpole, siponimod
demonstrated a promyelinating effect on oligodendrocytes
[79]: tadpoles were treated with metronidazole for 10 days,
inducing near complete demyelination, and then returned
to normal water (n = 3) or water containing siponimod
(3 nM) for 3 days (n = 3) or 8 days (n = 3). Exposure to
siponimod for 3 days resulted in an increase in myelinated
internodes compared with controls. Remyelination was also
observed when a selective S1P5 agonist was used, but not a
selective S1P, agonist. Furthermore, the pro-remyelinating
effect of siponimod was no longer apparent in knockout S1P;
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embryos (SIPS_"), revealing the critical role of S1P5 on
oligodendrocytes in this process. In EAE mice, although
the number of myelinating oligodendrocytes did not change
in response to siponimod, demyelination was reduced [81].
The adoptive transfer of proteolipid protein (PLP)-primed
T, 17 cells into naive mice resulted in aggregates of immune
cells (called tertiary lymphoid tissues [TLTs]) in the brain,
inducing acute EAE. Compared with controls, immunostain-
ing for myelin identified a gradient of demyelination that
was most pronounced in the layer proximal to meningeal
TLTs, becoming less pronounced in deeper cortical layers.
However, on histological detection of myelinating oligoden-
drocytes, there were no differences across the layers of the
cortex in EAE mice and no differences in the EAE mice
compared with controls, suggesting that myelin damage was
not accompanied by loss of myelinating cells. Treatment
with siponimod 5 days after adoptive transfer resulted in
a sparing of myelin compared with untreated controls, but
with no change in oligodendrocyte numbers [81]. A study
utilizing three experimental models (cuprizone and autoim-
mune encephalomyelitis-optic neuritis mouse models and a
conditional demyelination Xenopus tadpole model) observed
a protective effect of siponimod on oligodendrocytes [82].
Finally, post hoc analyses of MRI data from the phase 3
EXPAND trial also suggest that siponimod might have a
beneficial effect on myelination density in patients with
SPMS (see Sect. 6.4) [83].

5.2.4 Microglia

Microglia are involved in neuronal damage and T cell
recruitment in the brain via the release of proinflamma-
tory cytokines such as IL-6 and regulated on activation
normal T cell expressed and secreted (RANTES), both of
which are implicated in EAE and MS pathogenesis [66].
Siponimod attenuated microgliosis in EAE mice [66] in a
preclinical model of subpial cortical injury [81] as well as
in a traumatic brain injury mouse model, in which it also
preserved BBB tight junctions [84]. In mouse microglial cell
cultures, siponimod reduced lipopolysaccharide- or TNFa/
IL-17-induced levels of IL-6. However, this effect was
more pronounced in organotypic cerebellar slice cultures,
suggesting that reduction in microglial IL-6 was an indirect
effect of siponimod, mediated through other immune cells
[72]. Basal levels of receptor gene expression are highest
for S1P,, followed by S1Ps, and then the other S1P recep-
tors [58], although experimental or disease conditions can
alter expression levels. Beneficial effects of siponimod in
the CNS driven by shifting microglia to a regenerative state
have been found [82].

5.2.5 Endothelial Cells

ECs are a key element of the BBB; astrocytes and pericytes
cooperate with the ECs lining capillary walls to form the
BBB [85]. In the BBB, ECs interact with the astrocytes
and pericytes to form intercellular tight junctions and with
operating efflux pumps to prevent migration of cells and
molecules into the CNS [86-88]. SIP, is expressed on ECs
[22], and under various conditions, astrocytes can express all
S1P receptor subtypes. Agonism of S1P, on ECs appears to
be important in maintenance of the BBB [57, 89], and there
is also some evidence for the involvement of S1P5 [90]. The
effects of siponimod on ECs, however, are yet to be fully
elucidated.

5.2.6 T Cells Crossing the BBB into the CNS

Lymphocyte infiltration of the CNS is a key stage in the
neuropathology of MS, so it is possible that siponimod
could affect this process via S1P receptors on the surface
of lymphocytes. However, a recent study suggests that this
is not a pivotal mechanism of action of siponimod. In acute
EAE mice generated by adoptive transfer of PLP-primed
T,17 cells into naive mice, siponimod treatment 3 days
after adoptive transfer completely prevented EAE symp-
toms, while treatment 8 days after adoptive transfer had no
effect on clinical disease; treatment at 5 days resulted in
a significant reduction, but not elimination, of symptoms
assessed by composite clinical score (p < 0.001). Treatment
at day 5 was associated with a selective reduction in the
capacity of transferred T, 17 cells to produce proinflamma-
tory cytokines, accompanied by a reduction in demyelina-
tion, microglia/macrophage accumulation, and oxidative
injury [81]. This suggests that lymphocyte-induced, proin-
flammatory activity in the CNS may be downregulated by
siponimod in the presence of lymphocyte infiltration [81].
Functional antagonism of S1P; by siponimod could reduce
CNS inflammation by blocking S1P,-mediated activation
pathways that lead to recruitment of the JAK/STAT3 path-
way [91, 92]. In EAE mice, increased STAT3 expression
in CD4+ T cells and monocytes in the CNS drives T, 17
polarization and inflammation initiated by stimulation of
JAK/STAT?3 by IL-6 [93-96].

5.2.7 Polymorphonuclear Leukocytes

Leukotrienes are proinflammatory lipid mediators found at
increased levels in the cerebrospinal fluid of patients with
MS [97]. Polymorphonuclear leukocytes (PMNLSs) (includ-
ing neutrophils, eosinophils, and basophils) produce leu-
kotrienes through the activity of 5-lipoxygenase (5-LO)
[98]. S1P inactivated 5-LO in PMNLs isolated from human
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blood, and this effect was shown to be mediated by S1P,,
identified as the predominant S1P receptor on this cell type
[98]. Siponimod, with low affinity for S1P,, was able to
inhibit 5-LO production by PMNLSs by 50% compared with
untreated PMNLs. Fingolimod, which has a higher affinity
for S1P, than siponimod, achieved the same level of inhibi-
tion, but at a tenfold lower concentration [98].

5.3 Myelin Integrity in Preclinical Models

Chronic demyelination is a hallmark of MS, which disrupts
signaling and eventually leads to axonal degeneration and
neuronal death [8]. Toxin-induced models of demyelination
can be useful for investigations of remyelination without the
confounding impact of autoimmune processes. Siponimod
significantly attenuated lysophosphatidylcholine (LPC)-
mediated demyelination in organotypic slice cultures from
the cerebellum of 10-day-old mice (53.8% vs 97.4% [pres-
ence vs absence of siponimod]; p < 0.05) [72]. In a study
that used organotypic cerebellar slice cultures from rats, fin-
golimod and an S1P,-specific agonist also inhibited LPC-
mediated demyelination [99]. Experiments to characterize
the functional basis of remyelination of LPC-demyelinated
cerebellar slice cultures with fingolimod showed that an
S1P; 5 antagonist co-administered with fingolimod coun-
tered the remyelination effect seen with fingolimod alone;
co-administration of an S1P; antagonist with fingolimod
only slightly decreased fingolimod-mediated remyelina-
tion [100]. In another LPC-mediated demyelination model,
siponimod, but not a selective S1P; agonist, induced a signif-
icant increase in myelin levels in demyelinated CNS aggre-
gates from fetal rats, compared with controls. These find-
ings indicate that S1P; modulation alone is insufficient to
elicit changes in remyelination, and suggest that the trophic
actions of siponimod upon remyelination could be mediated
in part by S1P5 agonism [101].

6 Clinical Evidence for the Dual Benefit
of Siponimod in the CNS

Much of the clinical evidence for the effects of siponimod
in the CNS comes from patient data collected in the phase
3, randomized, parallel-group, double-blind, placebo-con-
trolled EXPAND trial. As well as effects on inflammatory
MRI lesion activity (see Sect. 3), siponimod reduced disabil-
ity progression in the EXPAND population compared with
placebo (see Sect. 6.3) [52]. Several MS DMTs that have
been evaluated in progressive forms of MS have not slowed
disability progression, possibly because they do not impact
both inflammatory and neurogenerative mechanisms. For
example, natalizumab, which has powerful anti-inflamma-
tory activity, did not reduce disability progression (based on
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changes in EDSS score and in timed 25-foot walk) compared
with placebo in participants with SPMS in the ASCEND
trial, even though exploratory analyses found improvements
in relapse rates and focal inflammatory outcomes [102].
Ibudilast, which has been described as possibly neuropro-
tective [103], reduced gray matter atrophy and total brain
volume loss compared with placebo in a mixed population
of patients with PPMS or SPMS in the phase 2, placebo-
controlled SPRINT-MS trial (NCT01982942) [104], but
did not reduce physical disability progression (secondary
endpoint) [105] or T2 lesion activity [104].

6.1 Inflammatory Disease and Neuronal Damage

Blood and cerebrospinal fluid neurofilament light chain
(NfL) levels are markers of neuroaxonal damage and dis-
ease activity in patients with MS [106, 107]. Levels of NfL
are increased in active MS, owing to ongoing neuroaxonal
damage, and are associated with active inflammatory MRI
lesion activity and relapses. One analysis found that high
baseline levels of NfL, after age adjustment, were prognostic
of increased risk of relapse and of new MRI lesion activity
during the subsequent year [108]. There is evidence that
changes in NfL levels are also associated with treatment
response. Longitudinal reductions in NfL in patients with
RMS have been associated with treatment with most of the
established MS DMTs, and analysis of data from partici-
pants with SPMS in EXPAND showed a significant 5.7%
reduction in NfL levels over 21 months among those treated
with siponimod compared with a 9.2% increase among those
on placebo (p = 0.0004). The greatest effects were observed

— Placebo (n = 480) — Siponimod (n = 972)
45

p = 0.003
40 -

NS p=0.001
35

30

NfL (pg/mL)

25

20 T T T T
0o 3 12 24

Time (months)

Fig 4. Effect of siponimod on blood NfL levels in patients with
SPMS [107, 124]. Data are geometric means of NfL concentration in
blood with 95% Cls. The green dashed line marks an estimate of the
NfL level of healthy controls of similar age. CI confidence interval,
NfL neurofilament light chain, NS not significant, SPMS secondary
progressive multiple sclerosis
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Fig.5 Percentage change in brain volume in a ¢cGM, b thalamus, and »

c total brain in the pooled MRI data set from participants with SPMS
in EXPAND [83]. Neural atrophy, estimated by changes in brain vol-
ume from baseline, increases over time in patients with SPMS. In
the EXPAND study, siponimod slowed brain atrophy over 1-2 years
of treatment. Data are from the per-protocol set and include all par-
ticipants who did not have any major protocol deviations that could
confound interpretation. Reproduced with permission from Arnold
et al. [83]. ¢GM cortical gray matter, CI confidence interval, LS Least
squares, M month, MRI magnetic resonance imaging, SPMS second-
ary progressive multiple sclerosis

in the subgroup of participants with active SPMS at base-
line, who experienced a 10.5% reduction in NfL levels with
siponimod treatment (Fig. 4) [107]. By virtue of their speci-
ficity for neurons, increased levels of NfL in active disease
support the association between active inflammatory lesions
in MS and neuroaxonal damage [106].

6.2 Neurodegenerative Disease and Brain Atrophy

Diffuse and progressive axonal injury together with a loss
of tissue volume in demyelinated plaques give rise to global
brain atrophy [1]. Cortical atrophy is profound in MS,
becoming very prominent at late stages of progressive dis-
ease; demyelinated plaques are seen in deep gray matter,
associated with some neuroaxonal injury and loss [1]. In
patients with progressive MS, gray matter atrophy steadily
increases over time and is closely correlated with accumula-
tion of long-term physical disability [109, 110] and cogni-
tive impairment [8]. Data from the EXPAND study showed
that siponimod significantly reduced brain volume loss [52]
and both thalamic and cortical gray matter (cGM) atrophy
compared with placebo in patients with SPMS, irrespective
of whether they had recent active disease [83, 111]. Gray
matter preservation was evident at both month 12 and month
24. The strongest effect was observed for cGM atrophy, for
which siponimod was associated with a 0.01% increase in
adjusted mean cGM volume at month 12, compared with a
0.6% decrease in volume in participants receiving placebo
(p < 0.0001) (Fig. 5) [83].

Results of secondary analyses of data from the EXPAND
study suggest that the beneficial effects of siponimod on
brain atrophy are accompanied with improvements in cog-
nitive processing speed (CPS). In EXPAND, CPS was
assessed using the Symbol Digit Modalities Test (SDMT),
which is thought to be the best measure of CPS for MS stud-
ies [112], with a 4-point change considered clinically mean-
ingful [113]. Patients receiving siponimod had a 21% lower
risk of having a sustained 4-point decrease on the SDMT
(p = 0.0157), while the probability of having a 4-point
sustained increase in SDMT score was 28% higher (p =
0.0131) than for participants in the placebo group [114].

Between-treatment difference: LS mean (95% CI)
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Paced Auditory Serial Addition Test and Brief Visuospa-
tial Memory Test—Revised scores were similar between the
siponimod and placebo groups [114]. These results sug-
gested that siponimod had a positive effect on CPS [114].
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Between-treatment difference: adjusted mean (95% ClI)
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«Fig. 6 Effect of siponimod on changes in median nMTR in a NABT,
b ¢cGM, and ¢ NAWM in patients with SPMS [83]. MTR may reflect
(at least in part) changes in myelin density, with decreases associated
with acute demyelination and increases with remyelination. nMTR
decreases in patients with SPMS. In the EXPAND study, siponimod
versus placebo reduced the rate of nMTR decrease, and increased
nMTR in some patients. Data are from the per-protocol set from
EXPAND and include all participants who did not have any major
protocol deviations that could confound interpretation. Reproduced
with permission from Arnold et al. [83]. ¢cGM cortical gray matter,
CI confidence interval, M month, MTR magnetization transfer ratio,
NABT normal-appearing brain tissue, NAWM normal-appearing white
matter, nMTR normalized MRT, SPMS secondary progressive multi-
ple sclerosis

6.3 Inflammatory and Neurodegenerative
Components of Disability Progression

Long-term disability progression in MS can be attribut-
able to the cumulative effects of unresolved relapses as
well as underlying neurodegenerative disease progression
that occurs independently of relapse activity. Indeed, dis-
ability progression in the absence of relapses is a defining
characteristic of non-active SPMS [115]. The EXPAND
study population included participants classified as relaps-
ing or non-relapsing based on their relapse history at enrol-
ment [52]. The primary analysis of EXPAND demonstrated
reduced disability progression in the overall population [52],
but analyses in the subgroup of participants classified as
non-relapsing (i.e., with non-active disease) found the effect
of siponimod on disability was not significant [116]. A com-
plication to be overcome in such an analysis is the fact that
even patients with no relapses for an extended period before
enrollment cannot be assumed to have non-active disease.
Moreover, if these patients are randomized to receive siponi-
mod, subsequent absence of relapse activity may be attrib-
utable to the anti-inflammatory effects of treatment. Using
methods to control for potential confounding treatment
effects in a post hoc analysis, it was possible to estimate
that siponimod reduced the risk of disability progression
confirmed at 6 months by up to 33% among patients with
non-active SPMS [117]. These findings support the notion
that, after excluding anti-inflammatory effects, siponimod
influences pathological processes in the CNS that contribute
to disability progression in SPMS.

6.4 Remyelination

Changes in magnetization transfer ratio (MTR) are used as
an MRI-based surrogate marker of changes in myelin density
in the brain, with decreases indicative of acute demyelina-
tion and increases of remyelination [118—-123]. However, it
should be noted that MTR recovery represents resolution of
edema, and therefore could be attributable to anti-inflamma-
tory effects rather than being indicative of remyelination. In

a post hoc analysis of data from the EXPAND study [52],
siponimod was associated with a smaller reduction in MTR
over time compared with placebo in normal-appearing brain
tissue and with improved MTR recovery in newly formed
MTR lesions (Fig. 6) [83]. Importantly, consistent effects
on MTR were seen with siponimod both in participants with
active disease and in those without acute inflammation in
EXPAND, lending weight to the possibility of treatment-
mediated effects on myelination.

7 Conclusions

There is an increasing body of evidence that siponimod has
a dual mode of action in MS: it suppresses characteristic
inflammatory autoimmune processes through peripheral
effects on migration and proinflammatory polarization of
lymphocytes and may further afford neuroprotection through
direct effects on the resident CNS cell population. Preclinical
data indicate that such neuroprotective mechanisms could
include activation of pro-survival pathways in astrocytes,
augmentation of BBB function mediated by the activity of
siponimod on astrocytes and ECs, attenuation of microglio-
sis, and attenuation of axonal demyelination and promo-
tion of axonal remyelination by oligodendrocytes. Further,
clinical data corroborate a beneficial effect of siponimod on
prevention of disability progression in SPMS, attenuation of
brain volume loss, and preservation of a clinically relevant
cognitive performance outcome. The positive associations
between regional brain volume at baseline and cognitive and
physical outcomes at 2 years in EXPAND may provide a
physiological basis for the improved volumetric MRI and
disability outcomes seen among participants receiving
siponimod compared with those receiving placebo. These
findings suggest that, as well as modulation of the systemic
immune system, the proposed interactions of siponimod
with S1P receptors on multiple cell types in the CNS may
lead to improvements in multiple MS clinical outcomes. Pre-
clinical data also support the possibility that the therapeutic
response to siponimod in progressive forms of MS could, at
least in part, be driven by direct effects on the CNS.

Acknowledgements Medical writing support to draft and edit the
manuscript and to develop the figures was provided by Angela Pozo
Ramajo, PhD, and Sarah Griffiths, PhD of Oxford PharmaGenesis,
Oxford, UK.

Declarations

Funding Medical writing support for this article and open access pub-
lication was funded by Novartis Pharmaceuticals Corporation, East
Hanover, NJ, USA.

A\ Adis



716

S.L.Cohanetal.

Conflict of interest Stanley L. Cohan has received speaking fees from
Biogen, Bristol Myers Squibb, Novartis, Roche Genentech, and Sa-
nofi Genzyme; and serves on advisory boards for or as a consultant
to AbbVie, Biogen, Bristol Myers Squibb/Celgene, Novartis, Pear
Therapeutics, and Sanofi Genzyme. Institutional research support (the
Providence Brain and Spine Institute) has been received from AbbVie,
Adamas, Biogen, MedDay, Novartis, Roche Genentech, Sage Bionet-
works, and Sanofi Genzyme. Ralph H.B. Benedict has received fees
and speaking or consulting fees from Biogen, Bristol Meyers Squibb,
EMD Serono, Genentech, Genzyme, Immunic Therapeutics, Latin
American Committee for Treatment and Research in Multiple Scle-
rosis, Merck, Novartis, Roche, and Sanofi; research support from Bio-
gen, Bristol Meyers Squibb, Genentech, Genzyme, Novartis, National
Institutes of Health, National Multiple Sclerosis Society, and Verasci;
and royalties from Psychological Assessment Resources. Bruce A.C.
Cree has received personal compensation for consulting from Alexion,
Atara Biotherapeutics, Autobahn Therapeutics, Avotres, Biogen, EMD
Serono, Neuron23, Novartis, Sanofi, TG Therapeutics, and Therini
Bio; and research support from Genentech. John DeLuca has received
speaking fees from Biogen and Sanofi Genzyme; has served on advi-
sory boards for or as a consultant to Biogen, Celgene, F. Hoffmann-
La Roche, MedRhythms, the National Multiple Sclerosis Society, and
Novartis; and has received research support from Biogen, Celgene, the
Consortium of Multiple Sclerosis Centers, EMD Serono, Genentech,
the International Progressive Alliance, the National Multiple Sclero-
sis Society, and the National Multiple Sclerosis Society of Canada.
Le H. Hua has received personal fees for speaking, consulting, and
advisory board activities from Alexion, Bristol Myers Squibb, EMD
Serono, Genentech, Genzyme, Greenwich, Horizon, Novartis, and TG
Therapeutics; and research support from Biogen paid to her institution.
Jerold Chun has received consulting fees or research support from Ab-
bott, AbbVie, Amira Pharmaceuticals, Arena Pharmaceuticals, Biogen
Idec, BioLineRx, Blade Therapeutics, Brainstorm Cell Therapeutics,
Celgene, GlaxoSmithKline, Inception Sciences, Johnson & Johnson,
Merck, Mitsubishi Tanabe Pharma, Novartis, Ono Pharmaceutical,
Pfizer, SKAI Ventures, Taisho Pharmaceutical Co., and Travecta Ther-
apeutics.

Ethics approval Not applicable.

Consent to participate Not applicable.

Consent for publication Not applicable.
Availability of data and material Not applicable.
Code availability Not applicable.

Authors’ contributions All authors discussed and agreed on the concept
for the article. APR and SG performed the literature research and data
analysis and drafted the manuscript. All authors critically reviewed
the data and each manuscript draft, have read and approved the final
submitted manuscript, and agree to be accountable for the work.

Open Access This article is licensed under a Creative Commons Attri-
bution-NonCommercial 4.0 International License, which permits any
non-commercial use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other
third party material in this article are included in the article's Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regula-
tion or exceeds the permitted use, you will need to obtain permission

A\ Adis

directly from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by-nc/4.0/.

References

1. Kutzelnigg A, Lassmann H. Pathology of multiple sclerosis and
related inflammatory demyelinating diseases. Handb Clin Neu-
rol. 2014;122:15-58.

2. Bar-Or A. The immunology of multiple sclerosis. Semin Neurol.
2008;28(1):29-45.

3. Lassmann H. Pathogenic mechanisms associated with dif-
ferent clinical courses of multiple sclerosis. Front Immunol.
2018;9:3116.

4. Mahad DH, Trapp BD, Lassmann H. Pathological mecha-
nisms in progressive multiple sclerosis. Lancet Neurol.
2015;14(2):183-93.

5. Bar-Or A, Rieckmann P, Traboulsee A, Yong VW. Targeting
progressive neuroaxonal injury: lessons from multiple sclerosis.
CNS Drugs. 2011;25(9):783-99.

6. Gillen KM, Mubarak M, Nguyen TD, Pitt D. Significance and
in vivo detection of iron-laden microglia in white matter multiple
sclerosis lesions. Front Immunol. 2018;9:255.

7. Kirieger SC, Cook K, De Nino S, Fletcher M. The topographical
model of multiple sclerosis: a dynamic visualization of disease
course. Neurol Neuroimmunol Neuroinflamm. 2016;3(5): €279.

8. Larochelle C, Uphaus T, Prat A, Zipp F. Secondary progression
in multiple sclerosis: neuronal exhaustion or distinct pathology?
Trends Neurosci. 2016;39(5):325-39.

9. Dema M, Eixarch H, Villar LM, Montalban X, Espejo C. Immu-
nosenescence in multiple sclerosis: the identification of new
therapeutic targets. Autoimmun Rev. 2021;20(9): 102893.

10. Scalfari A, Lederer C, Daumer M, Nicholas R, Ebers GC, Muraro
PA. The relationship of age with the clinical phenotype in mul-
tiple sclerosis. Mult Scler. 2016;22(13):1750-8.

11. Robertson D, Moreo N. Disease-modifying therapies in multi-
ple sclerosis: overview and treatment considerations. Fed Pract.
2016;33(6):28-34.

12. Kurtzke JF. Rating neurologic impairment in multiple scle-
rosis: an expanded disability status scale (EDSS). Neurology.
1983;33(11):1444-52.

13. Matias-Guiu JA, Cortes-Martinez A, Valles-Salgado M, Oreja-
Guevara C, Pytel V, Montero P, et al. Functional components
of cognitive impairment in multiple sclerosis: a cross-sectional
investigation. Front Neurol. 2017;8:643.

14. Papathanasiou A, Messinis L, Georgiou VL, Papathanasopoulos
P. Cognitive impairment in relapsing remitting and secondary
progressive multiple sclerosis patients: efficacy of a comput-
erized cognitive screening battery. ISRN Neurol. 2014;2014:
151379.

15. Jones E, Pike J, Marshall T, Ye X. Quantifying the relation-
ship between increased disability and health care resource uti-
lization, quality of life, work productivity, health care costs in
patients with multiple sclerosis in the US. BMC Health Serv Res.
2016;16:294.

16. Cinar BP, Yorgun YG. What we learned from the history of mul-
tiple sclerosis measurement: expanded disability status scale.
Noro Psikiyatr Ars. 2018;55(Suppl 1):S69-75.

17. Novartis AG. MAYZENT® (siponimod)—prescribing Informa-
tion. 2019 [cited September 16, 2020]; https://www.accessdata.
fda.gov/drugsatfda_docs/label/2019/209884s0001bl.pdf

18. Novartis Pharmaceuticals UK L. Summary of Product Character-
istics. MAYZENT® 2020. https://www.ema.europa.eu/en/docum


http://creativecommons.org/licenses/by-nc/4.0/
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/209884s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/209884s000lbl.pdf
https://www.ema.europa.eu/en/documents/product-information/mayzent-epar-product-information_en.pdf

The Two Sides of Siponimod

717

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

ents/product-information/mayzent-epar-product-information_en.
pdf. Accessed 8 Dec 2020.

Australian Register of Therapeutic Goods. Prescribing informa-
tion. MAYZENT® 2019. https://www.ebs.tga.gov.au/ebs/picmi/
picmirepository.nsf/pdf?OpenAgent&id=CP-2019-P1-02212-
1&d=20220425172310101. Accessed 25 Apr 2022.

K.K. NP. Prescribing information. MAYZENT® 2020. https://
www.pmda.go.jp/files/00024 14 14.pdf. Accessed 25 Apr 2022.
Brinkmann V. Sphingosine 1-phosphate receptors in health and
disease: mechanistic insights from gene deletion studies and
reverse pharmacology. Pharmacol Ther. 2007;115(1):84-105.
Ishii I, Fukushima N, Ye X, Chun J. Lysophospholipid receptors:
signaling and biology. Annu Rev Biochem. 2004;73:321-54.
Gergely P, Nuesslein-Hildesheim B, Guerini D, Brinkmann V,
Traebert M, Bruns C, et al. The selective sphingosine 1-phos-
phate receptor modulator BAF312 redirects lymphocyte distribu-
tion and has species-specific effects on heart rate. Br J Pharma-
col. 2012;167(5):1035-47.

Kihara Y, Maceyka M, Spiegel S, Chun J. Lysophospholipid
receptor nomenclature review: [IUPHAR Review 8. Br J Phar-
macol. 2014;171(15):3575-94.

Chun J, Giovannoni G, Hunter SF. Sphingosine 1-phosphate
receptor modulator therapy for multiple sclerosis: differential
downstream receptor signalling and clinical profile effects.
Drugs. 2021;81(2):207-31.

Chun J, Hla T, Spiegel S, Moolenaar W. Lysophospholipid recep-
tors. Hoboken: Wiley; 2013.

Cohen JA, Chun J. Mechanisms of fingolimod’s effi-
cacy and adverse effects in multiple sclerosis. Ann Neurol.
2011;69(5):759-717.

Chun J, Kihara Y, Jonnalagadda D, Blaho VA. Fingolimod:
lessons learned and new opportunities for treating multiple
sclerosis and other disorders. Annu Rev Pharmacol Toxicol.
2019;59:149-70.

Celgene Corporation. ZEPOSIA® (0zanimod) — Prescribing
Information. 2020 March 2020 [cited September 28, 2021];
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/
209899s0001bl.pdf

Janssen Pharmaceuticals Inc. PONVORY™ (ponesimod)—Pre-
scribing Information. 2021 [cited September 28, 2021]; https://
www.accessdata.fda.gov/drugsatfda_docs/label/2021/21349
8s0001bl.pdf

Matloubian M, Lo CG, Cinamon G, Lesneski MJ, Xu Y, Brink-
mann V, et al. Lymphocyte egress from thymus and periph-
eral lymphoid organs is dependent on S1P receptor 1. Nature.
2004;427(6972):355-60.

Jenne CN, Enders A, Rivera R, Watson SR, Bankovich AJ,
Pereira JP, et al. T-bet-dependent S1P5 expression in NK cells
promotes egress from lymph nodes and bone marrow. ] Exp Med.
2009;206(11):2469-81.

Novartis AG. MAYZENT® (siponimod)—summary of Product
Characteristics. 2020 [cited September 16, 2020]; https://www.
ema.europa.eu/en/documents/product-information/mayzent-epar-
product-information_en.pdf

Lassmann H, Bruck W, Lucchinetti CF. The immunopathology of
multiple sclerosis: an overview. Brain Pathol. 2007;17(2):210-8.
van Doorn R, van Horssen J, Verzijl D, Witte M, Ronken E,
van Het Hof B, et al. Sphingosine 1-phosphate receptor 1
and 3 are upregulated in multiple sclerosis lesions. Glia.
2010;58(12):1465-76.

Schulze T, Golfier S, Tabeling C, Rabel K, Graler MH, Wit-
zenrath M, et al. Sphingosine-1-phospate receptor 4 (S1P(4))
deficiency profoundly affects dendritic cell function and
TH17-cell differentiation in a murine model. FASEB J.
2011;25(11):4024-36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Cyster JG, Schwab SR. Sphingosine-1-phosphate and lym-
phocyte egress from lymphoid organs. Annu Rev Immunol.
2012;30:69-94.

Choi JW, Gardell SE, Herr DR, Rivera R, Lee CW, Noguchi
K, et al. FTY720 (fingolimod) efficacy in an animal model
of multiple sclerosis requires astrocyte sphingosine 1-phos-
phate receptor 1 (S1P1) modulation. Proc Natl Acad Sci USA.
2011;108(2):751-6.

Pyne NJ, Pyne S. Sphingosine 1-phosphate receptor 1 signaling
in mammalian cells. Molecules. 2017;22(3):344.

Sanna A, Huang YM, Arru G, Fois ML, Link H, Rosati G, et al.
Multiple sclerosis: reduced proportion of circulating plasma-
cytoid dendritic cells expressing BDCA-2 and BDCA-4 and
reduced production of IL-6 and IL-10 in response to herpes
simplex virus type 1. Mult Scler. 2008;14(9):1199-207.
Bailey-Bucktrout SL, Caulkins SC, Goings G, Fischer JA,
Dzionek A, Miller SD. Cutting edge: central nervous system
plasmacytoid dendritic cells regulate the severity of relaps-
ing experimental autoimmune encephalomyelitis. J Immunol.
2008;180(10):6457-61.

Isaksson M, Ardesjo B, Ronnblom L, Kampe O, Lassmann
H, Eloranta ML, et al. Plasmacytoid DC promote prim-
ing of autoimmune Th17 cells and EAE. Eur J Immunol.
2009;39(10):2925-35.

Galicia-Rosas G, Pikor N, Schwartz JA, Rojas O, Jian A,
Summers-Deluca L, et al. A sphingosine-1-phosphate recep-
tor 1-directed agonist reduces central nervous system inflam-
mation in a plasmacytoid dendritic cell-dependent manner. J
Immunol. 2012;189(7):3700-6.

Gao Y, Majchrzak-Kita B, Fish EN, Gommerman JL. Dynamic
accumulation of plasmacytoid dendritic cells in lymph nodes
is regulated by interferon-beta. Blood. 2009;114(13):2623-31.
Cohan S, Lucassen E, Smoot K, Brink J, Chen C. Sphingo-
sine-1-phosphate: its pharmacological regulation and the treat-
ment of multiple sclerosis: a review article. Biomedicines.
2020;8(7).

Comi G, Hartung HP, Bakshi R, Williams IM, Wiendl H. Bene-
fit-risk profile of sphingosine-1-phosphate receptor modulators
in relapsing and secondary progressive multiple sclerosis. Drugs.
2017;77(16):1755-68.

Wu Q, Mills EA, Wang Q, Dowling CA, Fisher C, Kirch B,
et al. Siponimod enriches regulatory T and B lymphocytes in
secondary progressive multiple sclerosis. JCI Insight. 2020;5(3):
el134251.

Ghadiri M, Rezk A, Li R, Evans A, Giacomini PS, Barnett
MH, et al. Pre-treatment T-cell subsets associate with fingoli-
mod treatment responsiveness in multiple sclerosis. Sci Rep.
2020;10(1):356.

Song ZY, Yamasaki R, Kawano Y, Sato S, Masaki K, Yoshimura
S, et al. Peripheral blood T cell dynamics predict relapse in mul-
tiple sclerosis patients on fingolimod. PLoS ONE. 2014;10(4):
€0124923.

Selmaj K, Li DK, Hartung HP, Hemmer B, Kappos L, Freedman
MS, et al. Siponimod for patients with relapsing-remitting mul-
tiple sclerosis (BOLD): an adaptive, dose-ranging, randomised,
phase 2 study. Lancet Neurol. 2013;12(8):756-67.

Kappos L, Li DK, Stuve O, Hartung HP, Freedman MS, Hemmer
B, et al. Safety and efficacy of siponimod (BAF312) in patients
with relapsing-remitting multiple sclerosis: dose-blinded, ran-
domized extension of the Phase 2 BOLD study. JAMA Neurol.
2016;73(9):1089-98.

Kappos L, Bar-Or A, Cree BAC, Fox RJ, Giovannoni G, Gold R,
et al. Siponimod versus placebo in secondary progressive mul-
tiple sclerosis (EXPAND): a double-blind, randomised, phase 3
study. Lancet. 2018;391(10127):1263-73.

A\ Adis


https://www.ema.europa.eu/en/documents/product-information/mayzent-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/mayzent-epar-product-information_en.pdf
https://www.ebs.tga.gov.au/ebs/picmi/picmirepository.nsf/pdf?OpenAgent&id=CP-2019-PI-02212-1&d=20220425172310101
https://www.ebs.tga.gov.au/ebs/picmi/picmirepository.nsf/pdf?OpenAgent&id=CP-2019-PI-02212-1&d=20220425172310101
https://www.ebs.tga.gov.au/ebs/picmi/picmirepository.nsf/pdf?OpenAgent&id=CP-2019-PI-02212-1&d=20220425172310101
https://www.pmda.go.jp/files/000241414.pdf
https://www.pmda.go.jp/files/000241414.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/209899s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/209899s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/213498s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/213498s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/213498s000lbl.pdf
https://www.ema.europa.eu/en/documents/product-information/mayzent-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/mayzent-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/mayzent-epar-product-information_en.pdf

718

S.L.Cohanetal.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Chun J, Hartung HP. Mechanism of action of oral fingoli-
mod (FTY720) in multiple sclerosis. Clin Neuropharmacol.
2010;33(2):91-101.

Miron VE, Jung CG, Kim HJ, Kennedy TE, Soliven B, Antel JP.
FTY720 modulates human oligodendrocyte progenitor process
extension and survival. Ann Neurol. 2008;63(1):61-71.
Jaillard C, Harrison S, Stankoff B, Aigrot MS, Calver AR,
Duddy G, et al. Edg8/S1P5: an oligodendroglial receptor with
dual function on process retraction and cell survival. J Neurosci.
2005;25(6):1459-69.

Yanagida K, Liu CH, Faraco G, Galvani S, Smith HK, Burg N,
et al. Size-selective opening of the blood-brain barrier by target-
ing endothelial sphingosine 1-phosphate receptor 1. Proc Natl
Acad Sci USA. 2017;114(17):4531-6.

Prager B, Spampinato SF, Ransohoff RM. Sphingosine 1-phos-
phate signaling at the blood-brain barrier. Trends Mol Med.
2015;21(6):354-63.

Saunders A, Macosko EZ, Wysoker A, Goldman M, Krienen FM,
de Rivera H, et al. Molecular diversity and specializations among
the cells of the adult mouse brain. Cell. 2018;174(4):1015-30.
el6.

McGiftert C, Contos JJ, Friedman B, Chun J. Embryonic brain
expression analysis of lysophospholipid receptor genes suggests
roles for s1p(1) in neurogenesis and s1p(1-3) in angiogenesis.
FEBS Lett. 2002;531(1):103-8.

Dukala DE, Soliven B. S1P1 deletion in oligodendroglial lin-
eage cells: effect on differentiation and myelination. Glia.
2016;64(4):570-82.

Noguchi K, Chun J. Roles for lysophospholipid S1P receptors in
multiple sclerosis. Crit Rev Biochem Mol Biol. 2011;46(1):2—-10.
Veroni C, Serafini B, Rosicarelli B, Fagnani C, Aloisi F, Agresti
C. Connecting immune cell infiltration to the multitasking micro-
glia response and TNF receptor 2 induction in the multiple scle-
rosis brain. Front Cell Neurosci. 2020;14:190.

Brana C, Frossard MJ, Pescini Gobert R, Martinier N, Boschert
U, Seabrook TJ. Immunohistochemical detection of sphingosine-
1-phosphate receptor 1 and 5 in human multiple sclerosis lesions.
Neuropathol Appl Neurobiol. 2014;40(5):564-78.

Tavares A, Barret O, Alagille D, Morley T, Papin C, Maguire
R, et al. Brain distribution of MS565, an imaging analogue
of siponimod (BAF312), in non-human primates. Neurology.
2014;82(10 Supplement):P1.168.

Bigaud M, Rudolph B, Briard E, Beerli C, Hofmann A, Hermes
E, et al. Siponimod (BAF312) penetrates, distributes, and acts
in the central nervous system: preclinical insights. Mult Scler J
Exp Transl Clin. 2021;7(4):20552173211049170.

Gentile A, Musella A, Bullitta S, Fresegna D, De Vito F, Fan-
tozzi R, et al. Siponimod (BAF312) prevents synaptic neurode-
generation in experimental multiple sclerosis. J Neuroinflamm.
2016;13(1):207.

Hundehege P, Cerina M, Eichler S, Thomas C, Herrmann AM,
Gobel K, et al. The next-generation sphingosine-1 receptor mod-
ulator BAF312 (siponimod) improves cortical network function-
ality in focal autoimmune encephalomyelitis. Neural Regen Res.
2019;14(11):1950-60.

Lake BB, Ai R, Kaeser GE, Salathia NS, Yung YC, Liu R,
et al. Neuronal subtypes and diversity revealed by single-
nucleus RNA sequencing of the human brain. Science.
2016;352(6293):1586-90.

Lake BB, Chen S, Sos BC, Fan J, Kaeser GE, Yung YC,
et al. Integrative single-cell analysis of transcriptional and
epigenetic states in the human adult brain. Nat Biotechnol.
2018;36(1):70-80.

A\ Adis

70.

71.

72.

73.

74.

75.

76.

1.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Palmer CR, Liu CS, Romanow WIJ, Lee MH, Chun J. Altered cell
and RNA isoform diversity in aging Down syndrome brains. Proc
Natl Acad Sci USA. 2021;118(47).

Ponath G, Park C, Pitt D. The role of astrocytes in multiple scle-
rosis. Front Immunol. 2018;9:217.

O’Sullivan C, Schubart A, Mir AK, Dev KK. The dual SIPR1/
S1PR5 drug BAF312 (Siponimod) attenuates demyelination in
organotypic slice cultures. J Neuroinflamm. 2016;13:31.
Brosnan CF, Raine CS. The astrocyte in multiple sclerosis revis-
ited. Glia. 2013;61(4):453-65.

Linker RA, Lee DH, Demir S, Wiese S, Kruse N, Siglienti I, et al.
Functional role of brain-derived neurotrophic factor in neuro-
protective autoimmunity: therapeutic implications in a model of
multiple sclerosis. Brain. 2010;133(8):2248-63.

Colombo E, Bassani C, De Angelis A, Ruffini F, Ottoboni L,
Comi G, et al. Siponimod (BAF312) activates Nrf2 while ham-
pering NFxB in human astrocytes, and protects from astrocyte-
induced neurodegeneration. Front Immunol. 2020;11:635.
Mathiesen Janiurek M, Soylu-Kucharz R, Christoffersen C,
Kucharz K, Lauritzen M. Apolipoprotein M-bound sphingosine-
1-phosphate regulates blood-brain barrier paracellular perme-
ability and transcytosis. eLife. 2019;8.

Trapp BD, Peterson J, Ransohoff RM, Rudick R, Mork S, Bo L.
Axonal transection in the lesions of multiple sclerosis. N Engl J
Med. 1998;338(5):278-85.

Van Schependom J, Guldolf K, D’Hooghe MB, Nagels G,
D’Haeseleer M. Detecting neurodegenerative pathology in mul-
tiple sclerosis before irreversible brain tissue loss sets in. Transl
Neurodegener. 2019;8:37.

Mannioui A, Vauzanges Q, Fini JB, Henriet E, Sekizar S, Azoyan
L, et al. The Xenopus tadpole: an in vivo model to screen drugs
favoring remyelination. Mult Scler. 2018;24(11):1421-32.

The Human Protein Atlas. SIPRS expression by single cell types.
2022 [cited 2022 25 April]; https://www.proteinatlas.org/ENSGO
0000180739-S1PR5/single+cell+type

Ward LA, Lee DS, Sharma A, Wang A, Naouar I, Ma XI, et al.
Siponimod therapy implicates Th17 cells in a preclinical model
of subpial cortical injury. JCI Insight. 2020;5(1): e132522.
Dietrich M, Hecker C, Martin E, Langui D, Gliem M, Stankoff
B, et al. Increased remyelination and proregenerative microglia
under siponimod therapy in mechanistic models. Neurol Neuro-
immunol Neuroinflamm. 2022;9(3): e1161.

Arnold DL, Bar-Or A, Benedict RHB, Cree BAC, Fox R, Giovan-
noni G, et al. Effect of siponimod on myelination and grey matter
atrophy in patients with secondary progressive multiple sclerosis:
a subgroup analysis from the EXPAND study. Mult Scler. 2022.
https://doi.org/10.1177/13524585221076717.

Cuzzocrea S, Doyle T, Campolo M, Paterniti I, Esposito E,
Farr SA, et al. Sphingosine 1-phosphate receptor subtype
1 as a therapeutic target for brain trauma. J Neurotrauma.
2018;35(13):1452-66.

Abbott NJ, Ronnback L, Hansson E. Astrocyte-endothelial
interactions at the blood—brain barrier. Nat Rev Neurosci.
2006;7(1):41-53.

Schinkel AH. P-Glycoprotein, a gatekeeper in the blood—brain
barrier. Adv Drug Deliv Rev. 1999;36(2-3):179-94.

Balda MS, Matter K. Transmembrane proteins of tight junctions.
Semin Cell Dev Biol. 2000;11(4):281-9.

Tsukita S, Furuse M, Itoh M. Multifunctional strands in tight
junctions. Nat Rev Mol Cell Biol. 2001;2(4):285-93.

Wang Z, Zheng Y, Wang F, Zhong J, Zhao T, Xie Q, et al. Mfsd2a
and Spns2 are essential for sphingosine-1-phosphate transport
in the formation and maintenance of the blood-brain barrier. Sci
Adv. 2020;6(22):eaay8627.


https://www.proteinatlas.org/ENSG00000180739-S1PR5/single+cell+type
https://www.proteinatlas.org/ENSG00000180739-S1PR5/single+cell+type
https://doi.org/10.1177/13524585221076717

The Two Sides of Siponimod

719

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

van Doorn R, Lopes Pinheiro MA, Kooij G, Lakeman K, van het
Hof B, van der Pol SM, et al. Sphingosine 1-phosphate receptor 5
mediates the immune quiescence of the human brain endothelial
barrier. ] Neuroinflammation. 2012;9:133.

Lee H, Deng J, Kujawski M, Yang C, Liu Y, Herrmann A, et al.
STAT3-induced S1PR1 expression is crucial for persistent
STAT?3 activation in tumors. Nat Med. 2010;16(12):1421-8.
Liang J, Nagahashi M, Kim EY, Harikumar KB, Yamada
A, Huang WC, et al. Sphingosine-1-phosphate links per-
sistent STAT3 activation, chronic intestinal inflammation,
and development of colitis-associated cancer. Cancer Cell.
2013;23(1):107-20.

Tsai HC, Nguyen K, Hashemi E, Engleman E, Hla T, Han MH.
Myeloid sphingosine-1-phosphate receptor 1 is important for
CNS autoimmunity and neuroinflammation. J Autoimmun.
2019;105: 102290.

Garris CS, Wu L, Acharya S, Arac A, Blaho VA, Huang Y, et al.
Defective sphingosine 1-phosphate receptor 1 (S1P1) phospho-
rylation exacerbates TH17-mediated autoimmune neuroinflam-
mation. Nat Immunol. 2013;14(11):1166-72.

Ajami B, Bennett JL, Krieger C, McNagny KM, Rossi FM. Infil-
trating monocytes trigger EAE progression, but do not contribute
to the resident microglia pool. Nat Neurosci. 2011;14(9):1142-9.
Rumble JM, Huber AK, Krishnamoorthy G, Srinivasan A, Giles
DA, Zhang X, et al. Neutrophil-related factors as biomarkers in
EAE and MS. J Exp Med. 2015;212(1):23-35.

Mirshafiey A, Jadidi-Niaragh F. Immunopharmacological role
of the leukotriene receptor antagonists and inhibitors of leukot-
rienes generating enzymes in multiple sclerosis. Immunophar-
macol Immunotoxicol. 2010;32(2):219-27.

Fettel J, Kuhn B, Guillen NA, Surun D, Peters M, Bauer R,
et al. Sphingosine-1-phosphate (S1P) induces potent anti-
inflammatory effects in vitro and in vivo by S1P receptor
4-mediated suppression of 5-lipoxygenase activity. FASEB J.
2019;33(2):1711-26.

Sheridan GK, Dev KK. S1P1 receptor subtype inhibits demyeli-
nation and regulates chemokine release in cerebellar slice cul-
tures. Glia. 2012;60(3):382-92.

Miron VE, Ludwin SK, Darlington PJ, Jarjour AA, Soliven B,
Kennedy TE, et al. Fingolimod (FTY720) enhances remyelina-
tion following demyelination of organotypic cerebellar slices.
Am J Pathol. 2010;176(6):2682-94.

Jackson SJ, Giovannoni G, Baker D. Fingolimod modulates
microglial activation to augment markers of remyelination. J
Neuroinflammation. 2011;8:76.

Kapoor R, Ho PR, Campbell N, Chang I, Deykin A, Forrestal
F, et al. Effect of natalizumab on disease progression in second-
ary progressive multiple sclerosis (ASCEND): a phase 3, ran-
domised, double-blind, placebo-controlled trial with an open-
label extension. Lancet Neurol. 2018;17(5):405-15.

Barkhof F, Hulst HE, Drulovic J, Uitdehaag BM, Matsuda K,
Landin R, et al. Ibudilast in relapsing-remitting multiple sclero-
sis: a neuroprotectant? Neurology. 2010;74(13):1033—40.
Naismith RT, Bermel RA, Coffey CS, Goodman AD, Fedler J,
Kearney M, et al. Effects of ibudilast on MRI measures in the
Phase 2 SPRINT-MS study. Neurology. 2021;96(4):e491-500.
Fox RJ, Coffey CS, Conwit R, Cudkowicz ME, Gleason T, Good-
man A, et al. Phase 2 trial of ibudilast in progressive multiple
sclerosis. N Engl J Med. 2018;379(9):846-55.

Kuhle J, Kropshofer H, Haering DA, Kundu U, Meinert R,
Barro C, et al. Blood neurofilament light chain as a biomarker
of MS disease activity and treatment response. Neurology.
2019;92(10):e1007-15.

Kuhle J, Kropshofer H, Barro C, Meinert R, Haring DA, Lep-
pert D, et al. Siponimod reduces neurofilament light chain blood

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

levels in secondary progressive multiple sclerosis patients [con-
ference abstract]. Neurology. 2018;90(Suppl. 15):S8.006.
Thebault S, Booth RA, Freedman MS. Blood neurofilament light
chain: the neurologist’s troponin? Biomedicines. 2020;8(11):523.
Eshaghi A, Marinescu RV, Young AL, Firth NC, Prados F, Jorge
Cardoso M, et al. Progression of regional grey matter atrophy in
multiple sclerosis. Brain. 2018;141(6):1665-77.

Papathanasiou A, Messinis L, Zampakis P, Panagiotakis G, Gour-
zis P, Georgiou V, et al. Thalamic atrophy predicts cognitive
impairment in relapsing remitting multiple sclerosis. Effect on
instrumental activities of daily living and employment status. J
Neurol Sci. 2015;358(1-2):236-42.

Fox R, Arnold DL, Giovannoni G, Cree BAC, Vermersch
P, Bar-Or A, et al. Siponimod reduces grey matter atrophy in
patients with secondary progressive multiple sclerosis: subgroup
analyses from the EXPAND study. Neurology. 2020;94(Suppl.
15):540.005.

Strober L, DeLuca J, Benedict RH, Jacobs A, Cohen JA, Chi-
aravalloti N, et al. Symbol Digit Modalities Test: a valid clinical
trial endpoint for measuring cognition in multiple sclerosis. Mult
Scler. 2019;25(13):1781-90.

Benedict RH, DeLuca J, Phillips G, LaRocca N, Hudson LD,
Rudick R, et al. Validity of the Symbol Digit Modalities Test as
a cognition performance outcome measure for multiple sclerosis.
Mult Scler. 2017;23(5):721-33.

Benedict RHB, Tomic D, Cree BA, Fox R, Giovannoni G, Bar-
Or A, et al. Siponimod and cognition in secondary progressive
multiple sclerosis: EXPAND secondary analyses. Neurology.
2021;96(3):e376-86.

Lublin FD, Reingold SC, Cohen JA, Cutter GR, Sorensen PS,
Thompson AlJ, et al. Defining the clinical course of multiple scle-
rosis: the 2013 revisions. Neurology. 2014;83(3):278-86.

US Food & Drug Administration. FDA approves new oral drug to
treat multiple sclerosis. https://www.fda.gov/news-events/press-
announcements/fda-approves-new-oral-drug-treat-multiple-scler
osis. Accessed 15 Dec 2021. 2019 [cited; Available from:

Cree BA, Magnusson B, Rouyrre N, Fox RJ, Giovannoni G,
Vermersch P, et al. Siponimod: Disentangling disability and
relapses in secondary progressive multiple sclerosis. Mult Scler.
2020:1352458520971819.

Chen JT, Collins DL, Atkins HL, Freedman MS, Arnold DL,
Canadian MS/BMT Study Group. Magnetization transfer ratio
evolution with demyelination and remyelination in multiple scle-
rosis lesions. Ann Neurol. 2008;63(2):254-62.

Liu Z, Pardini M, Yaldizli O, Sethi V, Muhlert N, Wheeler-
Kingshott CA, et al. Magnetization transfer ratio measures in
normal-appearing white matter show periventricular gradient
abnormalities in multiple sclerosis. Brain. 2015;138(5):1239-46.
Mallik S, Samson RS, Wheeler-Kingshott CA, Miller DH. Imag-
ing outcomes for trials of remyelination in multiple sclerosis. J
Neurol Neurosurg Psychiatry. 2014;85(12):1396-404.

Samson RS, Cardoso MJ, Muhlert N, Sethi V, Wheeler-Kingshott
CA, Ron M, et al. Investigation of outer cortical magnetisation
transfer ratio abnormalities in multiple sclerosis clinical sub-
groups. Mult Scler. 2014;20(10):1322-30.

Arnold DL, Gold R, Kappos L, Bar-Or A, Giovannoni G, Selmaj
K, et al. Magnetization transfer ratio in the delayed-release dime-
thyl fumarate DEFINE study. J Neurol. 2014;261(12):2429-37.
Filippi M, Bruck W, Chard D, Fazekas F, Geurts JJG, Enzinger
C, et al. Association between pathological and MRI findings in
multiple sclerosis. Lancet Neurol. 2019;18(2):198-210.
Disanto G, Barro C, Benkert P, Naegelin Y, Schadelin S,
Giardiello A, et al. Serum neurofilament light: a biomarker
of neuronal damage in multiple sclerosis. Ann Neurol.
2017;81(6):857-70.

A\ Adis


https://www.fda.gov/news-events/press-announcements/fda-approves-new-oral-drug-treat-multiple-sclerosis
https://www.fda.gov/news-events/press-announcements/fda-approves-new-oral-drug-treat-multiple-sclerosis
https://www.fda.gov/news-events/press-announcements/fda-approves-new-oral-drug-treat-multiple-sclerosis

	The Two Sides of Siponimod: Evidence for Brain and Immune Mechanisms in Multiple Sclerosis
	Abstract
	1 Introduction
	1.1 Siponimod

	2 Immunomodulatory Effects of Siponimod in MS: Peripherally Mediated Effects on CNS Pathogenesis
	2.1 The Role of S1P and its Receptors in Lymphocyte Trafficking and Function
	2.2 Effect of Siponimod on Lymphocyte Sequestration and Lymphocyte Composition in Humans

	3 Clinical Evidence for the Peripheral Immunomodulatory Effects of Siponimod
	3.1 MRI Lesion Activity
	3.2 Relapse Activity

	4 The Role of S1P-Mediated Signaling in the CNS
	4.1 S1P Receptors in the CNS

	5 Preclinical Evidence for Direct Effects of Siponimod on the CNS
	5.1 Siponimod and Synaptic Neurodegeneration in Animal Models
	5.2 Effects of Siponimod on Key Neural Cells Involved in MS Pathology
	5.2.1 Astrocytes
	5.2.2 Neurons
	5.2.3 Oligodendrocytes
	5.2.4 Microglia
	5.2.5 Endothelial Cells
	5.2.6 T Cells Crossing the BBB into the CNS
	5.2.7 Polymorphonuclear Leukocytes

	5.3 Myelin Integrity in Preclinical Models

	6 Clinical Evidence for the Dual Benefit of Siponimod in the CNS
	6.1 Inflammatory Disease and Neuronal Damage
	6.2 Neurodegenerative Disease and Brain Atrophy
	6.3 Inflammatory and Neurodegenerative Components of Disability Progression
	6.4 Remyelination

	7 Conclusions
	Acknowledgements 
	References




