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Abstract

Lysophospholipids are a class of bioactive lipid molecules that produce their effects through various G protein-coupled
receptors (GPCRs). Sphingosine 1-phosphate (S1P) is perhaps the most studied lysophospholipid and has a role in a wide
range of physiological and pathophysiological events, via signalling through five distinct GPCR subtypes, SIPR, to SIPR;.
Previous and continuing investigation of the S1P pathway has led to the approval of three STPR modulators, fingolimod,
siponimod and ozanimod, as medicines for patients with multiple sclerosis (MS), as well as the identification of new S1PR
modulators currently in clinical development, including ponesimod and etrasimod. S1PR modulators have complex effects
on S1PRs, in some cases acting both as traditional agonists as well as agonists that produce functional antagonism. S1PR
subtype specificity influences their downstream effects, including aspects of their benefit:risk profile. Some S1PR modulators
are prodrugs, which require metabolic modification such as phosphorylation via sphingosine kinases, resulting in different
pharmacokinetics and bioavailability, contrasting with others that are direct modulators of the receptors. The complex inter-
play of these characteristics dictates the clinical profile of SIPR modulators. This review focuses on the S1P pathway, the
characteristics and S1PR binding profiles of SIPR modulators, the mechanisms of action of SIPR modulators with regard
to immune cell trafficking and neuroprotection in MS, together with a summary of the clinical effectiveness of the SIPR
modulators that are approved or in late-stage development for patients with MS.
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Lysophospholipids are a class of bioactive lipid molecules
that produce their effects through a large number of G
protein-coupled receptors (GPCRs). The lysophospholipid
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Previous and continuing investigation of S1P (a bioac-
tive lysophospholipid) and the modulation of the S1P
signalling pathway through five distinct GPCR subtypes
(S1PR; to S1PRs) has led to the approval of three SIPR
modulators, fingolimod, siponimod and ozanimod, as
medicines for patients with MS, as well as the identi-
fication of new S1PR modulators currently in clinical
development.

S1PR modulators have complex effects on S1PRs, acting
both as agonists with functional antagonism (S1PR,) and
as presumed agonists (S1PR; 4 5). For all STPR modula-
tors, the complex interplay of these modes of action,
S1PR subtype specificity and variable requirement for

in vivo phosphorylation or other metabolic steps for
activity dictate their pharmacokinetics, bioavailability
and ultimately their clinical profile.

In MS, the mechanisms of action of S1PR modulators
have positive effects with regard to immune cell traf-
ficking, and likely effects in the CNS which may lead

to neuroprotection; second-generation modulators with
good bioavailability, high specificity for and activity

at SIPR; and S1PRy may, together with dose titration,
avoid some side effects associated with this drug class
while maximising potential clinical benefit, including in
progressive forms of MS.

parenchyma of patients. Previous and continuing investiga-
tion of the S1P pathway has led to approved medicines as
well as the identification of potential new targets for further
therapeutic intervention [4].

Fingolimod (FTY720; Gilenya®) is approved for the treat-
ment of patients with relapsing forms of MS (RMS), as well
as for use in paediatric patients with MS; it was the first S1P
receptor (S1PR) modulator approved for the treatment of any
disease. Several second-generation SIPR modulators have
been, or are currently being, developed for MS, including
amiselimod, ceralifimod, etrasimod, GSK2018682, oza-
nimod, ponesimod and siponimod. Among these agents,
siponimod (BAF312; Mayzent®) was recently approved for
use in adults with RMS, including active secondary pro-
gressive MS (SPMS) in the USA, active SPMS in Europe,
and SPMS in Australia and Japan [5-8]. It is the only oral
agent to complete a successful Phase 3 clinical study in
patients with SPMS [9]. Ozanimod (Zeposia®) has also been
approved in the USA for use in adults with RMS, includ-
ing active SPMS [10], although clinical trials were limited
to patients with RMS [11, 12]. Ozanimod has also been
approved in Europe in patients with relapsing—remitting
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multiple sclerosis (RRMS) [13]. S1P modulators have
complex actions on receptors, in some cases acting both
as agonists with functional antagonism, and as traditional
agonists. Furthermore, some of the modulators are prodrugs
that require phosphorylation or other metabolic steps, result-
ing in different pharmacokinetics, whereas others are direct
modulators of the receptor.

This review focuses on the S1P pathway, the character-
istics and S1PR binding profiles of SIPR modulators, the
mechanisms of action of SIPR modulators with regard to
immune cell trafficking and neuroprotective activities in
MS, together with a summary of the clinical effectiveness
of S1PR modulators in patients with MS.

2 S1P and S1PR Modulators
2.1 S1P Structure, Function and Distribution

S1P is a lysophospholipid with a polar head-group and lipo-
philic tail, produced intracellularly via phosphorylation of
sphingosine that is synthesised through the metabolic recy-
cling of sphingolipids or de novo sphingolipid biosynthesis
[14, 15]. S1P is a potent signalling molecule that is bio-
logically known to be an extracellular lipid mediator acting
through defined receptors [15-18], with roles in many pro-
cesses including angiogenesis, cell growth, survival, motil-
ity, cytoskeletal rearrangement, neural development, CNS
cell functions and immune cell trafficking [19-22]. Indeed,
knockout mice with impaired S1P synthesis or SIPR expres-
sion often have vascular or neurogenic defects, and lead to
embryonic lethality in the case of SIPR, knockouts and
sphingosine kinase 1/2 double knockouts [23, 24]. Multiple
cell types can release S1P into plasma, but erythrocytes are
probably the main contributor of plasma S1P [25].

S1P and sphingosine, as well as the parent lipid molecules
ceramide and sphingomyelin, are in equilibrium depending
on local tissue concentrations and the presence of key meta-
bolic enzymes. Tissues vary widely in the presence of sphin-
gomyelinase, ceramidase and sphingosine kinase 1 and 2,
the enzymes relevant to the production of S1P. The presence
of degradative S1P lyase, which hydrolyses S1P to phos-
phatidyl ethanolamine and hexadecanal, also determines
local S1P concentrations and clearance [26]. Therapeutic
S1PR ligands, such as those that closely resemble the struc-
ture of sphingosine 1-phosphate (i.e. fingolimod-phosphate),
are also affected by one or more of these enzymes.

Approximately 70% of plasma S1P is carried by apoli-
poprotein M (apoM) as part of the high density lipopro-
tein (HDL) [27], and the remaining 30% by albumin [25].
Endothelial cells comprising part of the BBB secrete apoM,
into both the bloodstream and the brain. It has been hypoth-
esised that HDL-apoM particles containing S1P are taken
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Fig. 1 Lysophospholipid receptors and their downstream intracel-
lular signalling pathways. Lysophospholipid ligands (S1P, LPA,
LPI and LysoPS) bind to their cognate GPCRs, which activate het-
erotrimeric G-proteins (defined here by their o subunits) to initiate
downstream signalling cascades. The five SIPRs are highlighted in
coloured text. Major signalling pathways activated through G;;,, G,
G,,3 and G, proteins are shown. Signalling through Gj, can pro-
mote: (1) activation of the small GTPase Ras and the ERK to pro-
mote proliferation; (2) activation of PI3K and PKB/Akt to increase
survival and to prevent apoptosis with important implications for
neuroprotection; (3) induction of PI3K and the small GTPase Rac
to promote migration, to enhance endothelial barrier function and to
induce vasodilation; and (4) activation of PKC and PLC to increase
intracellular free calcium (Ca®*), which is required for many cellular
responses. Furthermore, signalling through G;,, can inhibit AC activ-
ity to reduce cAMP. Signalling through G, primarily activates PLC

up by cells of the BBB and transported into the brain paren-
chyma, leading to increased intracerebral S1P [28].

2.2 S1PR Subtypes and Modulators

S1P shows binding affinity for five different S1IPR sub-
types (SIPR; to SIPRs), through which cellular signals are
transduced [29]. Based on the structural characterisation of
S1PR,, S1P translocates through the membrane bi-layer into
the linear-appearing active site, with the anionic phosphate
group on S1P interacting with the cationic side-chains of
arginine residues within SIPR;, and a protonated amino
group adjacent to the phosphate group in S1P interacting
with the anionic side-chain of a neighbouring glutamate resi-
due in the S1PR, polypeptide [30-32]. Mechanistic steps
may vary for S1P presented to its cognate receptor when
bound to a chaperone protein [33].

pathways and signalling through G, can promote activation of
the small GTPase Rho and the ROCK to inhibit migration, to reduce
endothelial barrier function and to induce vasoconstriction. S1PR
signalling does not appear to be transduced via G,. Figure elements
reproduced/adapted with permission [15, 55]. AC adenylyl cyclase,
ATP adenosine triphosphate, cAMP cyclic adenosine monophos-
phate, DAG diacylglycerol, EPAC exchange protein activated by
cAMP, ERK extracellular signal-regulated kinase, GPCRs G-protein
coupled receptors, GTPase guanosine triphosphatase, /P; inositol tri-
phosphate, LPA lysophosphatidic acid, LPI lysophosphatidyl inositol,
LysoPS lysophosphatidyl serine, MAPK mitogen-activated protein
kinase, PI3K phosphatidylinositol 3-kinase, PIP phopsatydlinosi-
tol phosphate, PKA protein kinase A, PLC phospholipase C, PKB/
Akt protein kinase B, PKC protein kinase C, ROCK Rho-associated
kinase, S/P sphingosine 1-phosphate, S/PRs sphingosine 1-phos-
phate receptors

Most S1PR modulators in clinical development or
approved for MS treatment display high affinity for SIPR,,
and typically one or more of the other SIPR subtypes;
efforts to synthesise functional analogues have generated
molecules with a range of affinities for other SIPR subtypes
(Table 1 and Online Resource Table 1) [29]. Some S1PR
modulators, including fingolimod, are prodrugs, which
must be phosphorylated by sphingosine kinases before they
display high binding affinity for SIPRs [34, 35]. Several
second-generation S1PR modulators, such as siponimod,
have been designed to include moieties that mimic the ter-
minal phosphate group of S1P and therefore do not require
phosphorylation for activity [36]. Terminal phosphorylation
is also thought to contribute to the relatively long elimina-
tion half-life (#,,) of fingolimod and other prodrugs [35, 37],
compared with other SIPR modulators.
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Fig.2 Interaction of SIPR modulators with SIPR subtypes, down-
stream Go subunit targets and their physiological consequences.
S1PR modulators are agonists of SIPR, and produce functional
antagonism. Therefore, the net effect of treatment would be to depress
signalling through these pathways. In contrast, SIPR modulators
appear to act as traditional agonists of S1PRs; the expected outcome
of treatment would therefore be increased activity through these path-
ways, although forms of antagonism may occur. Crosstalk between
S1PRs and downstream G-protein signalling occurs, with some (but

Other structural refinements in second-generation S1PR
modulators have focused on trying to minimise binding
to S1PR;, which was believed to mediate chronotropic
cardiac effects, and also to improve penetration into the
brain [30]. The characterisation of S1PR;-mediated effects
in mice has shown that the distribution and function of
this receptor subtype in the ventricular cardiac conduction
system are suggestive of a direct mechanism for the risk
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cell migration
(migration, chemokinesis)

(chemokinesis, cell-cell
interaction, cellular
activation)

3. Vasoconstriction
(cellular activation)

not all) crosstalk depicted (coloured arrows); potential crosstalk
through G, and resulting downstream calcium signalling may have
neuroprotective effects. It is important to note that the different path-
ways are subject to regulation by other activation and differentiation
signals that may also affect the relative expression of individual STPR
subtypes on individual cells. Figure elements reproduced/adapted
with permission [15, 55]. “Requires phosphorylation in situ for activ-
ity. CV cardiovascular, S/P sphingosine 1-phosphate, S/PR sphingo-
sine 1-phosphate receptor, Ty;17 T-helper cell

of type I and type II atrioventricular block [38]. However,
this is a species-specific difference that appears not to
occur in humans. Siponimod and other SIPR modulators
that have very low affinity for SIPR; are associated with
some first-dose cardiac effects [39, 40], suggesting that
chronotropy in humans is also governed by S1PR,, which
had resulted in first-dose observation (FDO) for fingoli-
mod to address heart rate reductions produced by initial
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Table 1 Sphingosine 1-phosphate receptor (S1PR) modulator structures, receptor subtype interactions (adapted from Vogt and Stark [29]) and
summary of SIPR modulator pharmacokinetics and pharmacodynamics. Reproduced with permission from Comi [55]
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t,,q, time to maximum plasma concentration, t,, elimination half-life

receptor agonism (see Sect. 4.2 for details). However, the
pharmacodynamic reduction in heart rate can be circum-
vented by implementation of drug titration for the first

4-5 days of treatment, as demonstrated in most patients
being treated with siponimod [5] and in the ozanimod tri-
als [11, 12].
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Fingolimod has also been shown to induce the inflamma-
tory mediator cyclooxygenase 2 (COX2) in rat astrocyte cell
cultures [41], and increase COX2 expression in mice and
human HepG2 cell cultures via SIPR; [42, 43], suggesting
that activity at this receptor may contribute to inflammatory
processes. However, unlike S1P, in vitro studies have shown
that fingolimod may be a partial agonist of SIPR; compared
with S1P, and possibly have antagonistic properties under
certain conditions [44—46], so the biological significance of
this observation is unclear.

All SIPR modulators targeting SIPR; appear to produce
functional antagonism with chronic drug exposure, thus pro-
ducing a paradoxical loss of receptor signalling as part of
the mechanism of action, with no evidence of compensatory
receptor upregulation.

3 S1PRs: Molecular Structure and Signal
Transduction

3.1 Phylogeny of S1PR Subtypes

Various S1PR genes were identified by deoxyribonucleic
acid (DNA) sequence homology to orphan receptor genes
following functional characterisation of the first identified
member of the lysophospholipid receptor family, LPA,
(Fig. 3) [15]. The five SIPR subtypes (S1PR; to SIPRs)
are conserved across phylogeny at the polypeptide sequence
level [47].

Each receptor-subtype clusters among its particular sub-
type in other species, rather than among other subtypes of
its own species, with SIPR;, SIPR; and S1PR more closely
related to each other than they are to S1PR, and S1PR,.
S1PR, exhibits the most divergence from the other subtypes
[47]. This relatedness across species suggests that results
from animal models may well reflect similar function in

Fig.3 Phylogenetic relation-
ships between S1PRs and other
LP receptor family members.
Phylogenetic tree of human
G-protein coupled receptors and
LP receptors. GPCR G-protein
coupled receptor, LP lysophos-
pholipid, LPA lysophosphatidic
acid receptor, LPI lysophos-
phatidyl inositol receptor, LyPS
lysophosphatidyl serine
receptor, S1P sphingosine
1-phosphate receptor.
Reproduced/adapted with
permission from Chun [15]
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humans, but there are exceptions; for example, the species-
specific SIPR;-mediated chronotropic effects discussed
above. Divergence of the different subtypes was likely an
evolutionary event, and the level of sequence conservation
after divergence suggests differentiated functional roles for
each subtype across species. The next most related family of
receptor genes compared to lysophospholipid receptors are
the cannabinoid receptors CB1 and CB2. Structural analyses
have revealed shared and distinct features for SIPR; and
LPA,, the latter with a binding pocket capable of accom-
modating both LPAs and phosphorylated endocannabinoids,
underscoring further relationships amongst these lipid
GPCRs [32, 33].

3.2 Distributions

The distributions of SIPR,_s with their key biological roles
are summarised in Fig. 2 and are described here in brief.
The S1PR, subtype is expressed on lymphocytes where
it mediates lymphocyte migration from lymph nodes [48].
This subtype is also found on cells of the nervous system,
including neural progenitor cells, astrocytes and oligoden-
drocytes, where it acts to influence neurogenesis, cell migra-
tion, neurotransmission and survival [49]. Its expression on
endothelial cells affects vasculature formation and endothe-
lial barrier function, which, combined with expression on
astrocytes, regulates BBB function [50]. In addition, expres-
sion on atrial myocytes mediates cardiovascular effects [39].
S1PR, is expressed on cells of the CNS (neurons, astro-
cytes and microglia), endothelial cells and smooth muscle
cells, and has been implicated in endothelial barrier function
and vascular tone, hearing and vestibular function [50, 51].
S1PR; expression is similar to that of SIPR, but includes
oligodendrocytes in the CNS; it influences endothelial bar-
rier function, neural cell migration and astrocyte activi-
ties [49, 51]. SIPR, is mainly expressed on lymphocytic

LP receptors

S1P,

S1P,;
$1Ps g1p, S1P;
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and haematopoietic cells but it has also been detected on
human airway smooth muscle cells [2, 52]. It is involved in
lymphocyte migration as well as dendritic and T-helper 17
(Th17)-cell modulation [53, 54]. Its expression on airway
smooth muscle cells appears to be associated with bron-
chospastic effects. SIPRs is mainly expressed on oligoden-
drocytes in the CNS, and on natural killer cells and other
lymphocytes in the spleen, mediating cell functions and cell
migration [55, 56].

3.3 Signalling Pathways

The tissue distribution and pathways that transduce S1PR-
ligand-binding signals are instrumental in eliciting the
effects observed at a physiological level. Characterisation of
the respective G protein-coupled signalling pathways associ-
ated with different SIPR subtypes has revealed evidence of
both redundancy and differentiation among them (Figs. 1,
2) [52, 54].

Signal transduction through GPCRs occurs via G pro-
teins, which are heterotrimeric protein complexes compris-
ing a G, subunit and a dimeric GG, subunit. When a ligand
binds to a GPCR, the G, subunit undergoes a conformational
change and dissociates from the GG, dimer. The dissociated
subunits then interact with other signal transduction proteins
to propagate the ligand-binding signal.

There are four subclasses of G, subunit (G, Gjo, Ggs
G ,13; Fig. 1) and S1PRs act through various combinations
of three of these subunits. SIPR, primarily couples through
Gj/,» while S1PR, and S1PR; couple through G;;,, G, and
G y/13- and S1PR, and S1PR couple through G;,, and G5
(Fig. 2) [1, 57, 58]. These interactions lead to activation
of several classical pathways downstream of these G pro-
teins, including adenylyl cyclase inhibition, the Ras/MAP
kinase cascade, phosphatidylinositol 3-phosphate kinase/Akt
for Gj;,, phospholipase C for G, and small Rho GTPases
for G,/5. Different downstream signalling events promote
effects such as cell-cell communication in the CNS and cell
proliferation, survival and migration [54, 58] (Fig. 1). Cross-
talk between different GPCR-mediated pathways extends to
other members of the lysophospholipid family, with addi-
tional G, subunits (G, G,,) involved in LPA signal trans-
duction [1, 15].

4 Pharmacodynamic and Pharmacokinetic
Profiles of the S1PR Modulators

4.1 Characteristics and S1PR Binding Profiles
of STPR Modulators

Fingolimod was the first S1PR modulator (and the first oral
agent) approved for the treatment of patients with MS [55],

and there are currently a number of other SIPR modula-
tors at various stages of clinical development or recently
approved for the treatment of MS. Siponimod, a second-
generation S1PR modulator, was recently approved for
use in adults with RMS, including clinically isolated syn-
drome, RRMS, and active SPMS in the USA, active SPMS
in Europe and SPMS in Australia and Japan [5-8, 59].
Ozanimod (RPC1063) is approved for use in adults with
RMS, including clinically isolated syndrome, RRMS and
active SPMS in the USA [10], and in Europe in patients
with RRMS [13], and ponesimod (ACT-128800) is being
evaluated in RMS (Table 1). Ozanimod and etrasimod are
also being evaluated for use in inflammatory bowel disease,
and ponesimod in psoriasis. Other S1PR modulators include
ceralifimod (ONO-4641) and amiselimod (MT-1303), which
were assessed in patients with RMS but are no longer in
clinical development for MS; GSK2018682, which was eval-
uated in healthy volunteers but not developed further in MS;
and etrasimod (APD334), which is currently being evaluated
for the treatment of ulcerative colitis and atopic dermatitis
(Online Resource Table 1). SIPR modulators approved or
currently in development for MS are discussed further in the
sections to follow.

These SI1PR modulators differ in their affinities for SIPR
subtypes (Fig. 2). Fingolimod (when phosphorylated) targets
four of the receptor subtypes (SIPR;, SIPR;, SIPR, and
S1PR5), while siponimod and ozanimod target SIPR; and
S1PR; [55, 60], and ponesimod [61, 62] shows high affin-
ity for SIPR;. Notably, fingolimod is a prodrug and must
be phosphorylated by sphingosine kinase before it displays
binding affinity for S1IPRs [34].

Fingolimod-phosphate has affinities (or effective concen-
tration to half-maximal response; ECs) in the sub-nanomo-
lar to nanomolar range for four receptor subtypes (S1PR,
S1PR;, SIPR, and S1PRs) [30, 54], although some studies
suggest that fingolimod-phosphate shows weaker binding to
S1PR, than to the other three subtypes [35, 60]. Siponimod
is selective for SIPR, and S1PRs, with affinities in the sub-
nanomolar range for both receptor subtypes, and shows only
low affinity for SIPR; (> 1000 nM) and S1PR, (750 nM)
[39]. Both fingolimod and siponimod lack affinity for SIPR,
(ECs5,> 10,000 nM) [39, 54].

Ozanimod is also specific for SIPR, and S1PRs [60]; it
has an affinity for SIPR; similar to that of siponimod but
an affinity for S1PR; that is approximately 10-fold weaker
[60]. The pharmacology and metabolism of ozanimod,
while described, remain complex. The complexity was not
recognised early in development, leading to additional,
significant ongoing investigation into the metabolites of
ozanimod. Studies in healthy volunteers showed that oza-
nimod is cleared faster than siponimod, with an elimination
t, of 17-21 h [63], compared with approximately 30 h for
siponimod [39], although head-to-head comparisons have
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not been done. However, following multiple dose admin-
istration of ozanimod in healthy people, two major metab-
olites of ozanimod represent most of the circulating total
active drug exposure (CC112273 and CC1084307; 73%
and 15%, respectively); ozanimod represents 6%, with other
active minor metabolites making up the remainder, includ-
ing RP101075 [64]. Ozanimod metabolism steps appear to
begin with irreversible N-dealkylation to RP101075, either
directly by cytochrome P450 (CYP) 3A4 and 1A1, or via an
intermediate (RP101988; driven by alcohol- or aldehyde-
dehydrogenases). RP101075 is then either terminally con-
verted to another minor active metabolite (RP112289) by
CYP3A4/5 N-hydroxylation or converted via monoamine
oxidase B (MAO-B) to form the most abundant major active
metabolite CC112273, which exists in reversible equilibrium
with the less abundant but more potent major active metabo-
lite, CC1084307 [64].

Preclinical studies have shown that the pharmacoki-
netic properties of the first two minor active metabolites
(RP101988 and RP101075) are similar to those of ozani-
mod; the minor metabolites also have similar affinities to
ozanimod for SIPR; and S1PRs [65]. The downstream
active metabolites in humans, including the major metabo-
lites CC112273 and CC1084307, have only recently been
characterised and available data regarding their properties
are limited. Most have a distinct pharmacokinetic profile
compared with ozanimod, with a #,, of 10-13 days [66].
CC112273 is several-fold less potent than ozanimod for
S1PR, and S1PRs, and is thought to account for the major-
ity of ozanimod activity in humans owing to its relative
abundance [64]. Importantly, the less abundant major active
metabolite CC1084307 is about ten times as potent as the
more abundant major active metabolite CC112273, and five-
fold as potent as the parent ozanimod molecule, although it
is present at one tenth the concentration of (and in reversible
equilibrium with) CC112273 [64]. Therefore, in the average
human, the two metabolites likely contribute similarly to
S1P receptor effects, together with a minor contribution of
the parent drug. In contrast, ponesimod is specific for SIPR,
with little or no affinity for the other receptor subtypes, rela-
tively little biotransformation and no active metabolites [61,
67, 68]; it has an elimination #,, of approximately 22—-67 h
[61, 68].

The initially proposed main mechanism of action of
fingolimod and siponimod in MS is slowing of the egress
of lymphocytes from lymph nodes, an effect mediated by
functional antagonism at S1PR, [52, 54, 69]. This reduces
the number of circulating central memory T cells, includ-
ing potentially autoreactive T cells, which can stimulate
MS-related inflammation if they reach the CNS [69, 70]. In
addition, it is likely that a second, distinct CNS mechanism
targeting S1PRs in astrocytes and other resident CNS cells
operates in parallel to promote direct CNS effects, which
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also involves functional antagonism receptor mechanisms.
These conclusions are supported by multiple lines of evi-
dence, including animal studies employing astrocyte-spe-
cific receptor deletion [71], paradoxical dose responses in
clinical trials where efficacy does not track with increasing
dose [72-74], and brain volume preservation of fingolimod
[72-74] and siponimod [9], which contrast with pseudoatro-
phy produced by anti-inflammatory therapies such as natali-
zumab [75]. These mechanisms are discussed in more detail
in the following sections.

4.2 Functional Antagonism and Agonism of S1PRs

Functional antagonism occurs because ligand binding at
S1PR, leads to the irreversible internalisation of SIPR, and
a loss of receptor signalling. Evidence suggests that when
phosphorylated fingolimod binds to S1PR; it first acts as a
potent agonist, accounting for transient cardiac side effects
[76], but this is rapidly superseded by functional antago-
nism, whereby ligand binding causes S1PR, to be internal-
ised and degraded [39, 69, 77]. Cell culture studies have
shown that fingolimod and siponimod induce the internali-
sation of SIPR, in mouse astrocytes [77], and siponimod
produces prominent internalisation of SIPR; in Chinese
hamster ovary (CHO) cells over-expressing human S1PR;
molecules [39]. All SIPR modulators targeting S1PR;
appear to produce functional antagonism with chronic drug
exposure, resulting in a paradoxical loss of receptor signal-
ling as part of the mechanism of action.

Siponimod and ozanimod have high affinity for SIPR,
and S1PR5 and produce manageable chronotropic cardiac
effects at initiation, via titration that bypasses a need for
FDO, followed by expected reductions in peripheral blood
lymphocyte count [63, 78]. This profile is consistent with
transient agonism and subsequent functional antagonism
of S1PR,. Ponesimod is specific for SIPR, and is not a
prodrug. A reduction in lymphocyte count has also been
observed with ponesimod [79]. Unlike fingolimod (requires
phosphorylation) and ozanimod (metabolites make up the
majority of activity), siponimod and ponesimod do not
require further metabolism to produce the active molecule.

Although the internalisation of SIPR; in response to
ligand binding that leads to functional antagonism is well
established, evidence suggests that the binding to SIPR;
may not lead to receptor down-modulation or halt signal-
ling in the same manner. A study of CHO cells expressing
human SI1PR;, S1PR; or SIPRy showed dose-dependent
receptor internalisation for SIPR; with fingolimod, siponi-
mod and ozanimod, and complete internalisation of S1PR;
with fingolimod, but not siponimod or ozanimod, in line
with their receptor-binding profiles [80]. By contrast, none
of the three compounds led to SIPRj internalisation [80].
This suggests that fingolimod, siponimod and ozanimod
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may act as agonists at SIPRs, in contrast to their activity at
S1PR,, although inhibition by non-internalisation mecha-
nisms remains a possibility.

4.3 Impact of Phosphorylation Requirements
on Bioavailability of STPR Modulators

The penetration of a drug or prodrug into the CNS is affected
by its lipophilicity, half-life, transport mechanisms and CNS
metabolism (phosphorylation, oxidation), all of which can
affect S1PR activity in the CNS [81]. Drugs may have dif-
ferent actions as the concentrations rise in the CNS com-
partment. Since steady state in the CNS is a function of
half-life and partition, short half-life drugs are likely to reach
this state rapidly. Sphingosine kinases and hydrolases differ
in their distribution and activity, and the balance between
them and the consequent effects on activity, are incompletely
understood. In general, there is less phosphorylation in the
CNS than in the periphery, hence phosphorylation of fingoli-
mod in the CNS may be rate limiting in some of its effects,
unlike in the periphery.

These considerations affect the metabolism and acces-
sibility of S1P and fingolimod-phosphate, which likely do
not penetrate as rapidly and directly into the CNS owing to
their polarity. Indeed, while radiolabelled analogues of both
fingolimod and siponimod readily cross the BBB [82, 83],
imaging studies showed that the highest drug concentrations
in the brain were observed 2 days after injection of fingoli-
mod in human volunteers [83], and 24 h after injection of
siponimod in non-human primates [82].

Preliminary studies in experimental autoimmune enceph-
alomyelitis (EAE) mice showed differences in the bioavail-
ability of fingolimod and siponimod in the brain. Brain pen-
etration was 3- to 4-fold greater with fingolimod than with
siponimod; at doses producing full lymphocyte depletion,
the brain:blood ratio was 30—40:1 with fingolimod compared
with 10:1 for siponimod [84]. However, the relevance of this
finding is not yet clear, because drug levels in brain tissue do
not indicate the levels of free drug available to act on recep-
tors. A second study evaluating brain uptake showed that the
brain:blood ratio for siponimod was similar in healthy mice
and in EAE mice (5-6:1), indicating consistent exposure in
inflamed and non-diseased brains [85]. When fed fingoli-
mod-loaded diets, fingolimod and fingolimod-phosphate also
had a similar brain:blood ratio in healthy mice (7-8:1 and
5-6:1, respectively); however, ratios for both were markedly
higher in EAE animals, especially for fingolimod-phosphate
(16—40:1) [85]. This suggests that, unlike siponimod, CNS
penetration and distribution of fingolimod is dependent
on the changes associated with EAE (and MS) pathology.
Although the significance of this finding is also unclear, this
may mean that the bioavailability of siponimod could be

less affected by disease progression, including changes in
metabolic and inflammatory processes.

In terms of the physiological profiles of these different
S1PR modulators, the effects associated with transient ago-
nism and subsequent functional antagonism of S1PR; seen
with fingolimod and siponimod would be expected to occur
with any of the other modulators, as they all bind to S1PR;.
In the CNS, functional antagonism of astrocytic SIPR;
reduces astrogliosis [71, 86, 87] and agonism of oligoden-
drocytic S1PR; is involved in cell survival and possibly in
promoting myelination [88]. Human brain penetration of
ozanimod (especially its biologically relevant metabolites)
and ponesimod, along with their functional endpoints within
the brain, are currently less clear.

5 S1PR Modulation and Immune Cell
Trafficking and Migration in MS

5.1 S1PR Modulation and Effects on Lymphocytes

The effects of SIPR modulators on the trafficking of immune
cells in MS is proposed as the primary mechanism of action
for this drug class. Reduction in circulating levels of T
lymphocytes begins with functional antagonism of SIPR;
by any of the SIPR modulators discussed here. Binding to
S1PR, leads to recruitment of beta-arrestins to the recep-
tor complex, which in turn promotes receptor internalisa-
tion and uncoupling from the GPCRs [89]. The presence of
S1PR, is essential for egress of lymphocytes from the lymph
nodes into lymph, a process mediated by a concentration
gradient of S1P. With S1PR, internalised and uncoupled,
cells do not respond to this gradient and remain within the
lymph nodes (Fig. 4) [89].

As well as slowing T-cell egress, interaction of S1P with
S1PR, also influences T-cell differentiation, affecting the
production of Th17 cells [89]. Th17 cells are considered
key mediators of inflammation in MS, and S1P can act to
promote the formation of Th17 cells via SIPR,. Activation
of an interleukin-6-dependent pathway enhances the polari-
sation of CD4™ cells to form Th17 cells. In addition, S1P
acting at SIPR; inhibits the function of regulatory T cells,
by blocking the differentiation of precursor cells and the
function of mature cells, and so reduces their suppression
of Th17 formation [89]. Interestingly, immunophenotyping
analyses have shown that fingolimod and siponimod induce
areduction in circulating CD4+ T cells, CD8+ T cells (spe-
cifically a selective reduction of naive and central memory
T cells with a relative increase of peripheral effector mem-
ory T cells), as well as B cells, in patients with RRMS and
SPMS, respectively [90-92]. Gene expression studies have
also shown reductions in the expression of key inflamma-
tion-related genes with fingolimod in patients with RRMS
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«Fig. 4 Peripheral and CNS mechanisms of action of SIPR modula-
tors. a Binding of S1PR modulators to SIPR; on central memory and
naive T cells produces SIPR, internalisation, resulting in cells that
are unresponsive to S1PR;-mediated signalling. Any new SIPR,
being produced inside the cell will also be functionally antagonised
until SIPR; modulation is removed. Therefore, activated central
memory/naive T cells do not leave the lymph node in response to
S1P signals. By inhibiting their movement into the circulation, SIPR
modulator treatment prevents these autoreactive cells from migrating
into the CNS. In contrast, the levels of peripheral effector memory
T cells are largely unaffected by S1PR modulators, thus preserv-
ing immunosurveillance and the capacity to respond to and contain
locally invading pathogens. b S1PR modulators can also cross the
blood-brain barrier (to varying degrees) and have direct effects on the
S1PR subtypes expressed throughout the CNS. ¢ Distribution, signal-
ling and downstream biological effects of targeting S1PR subtypes in
CNS cells. Information is from a composite review of the literature
covering many different growth conditions in culture, developmental
stages, disease states or animal models [49]. CNS central nervous sys-
tem, OPC oligodendrocyte precursor cell, S/P sphingosine 1-phos-
phate, S1PR sphingosine 1-phosphate receptor

[93] and with siponimod in patients with SPMS [91]. Addi-
tionally, siponimod was shown to shift the immune system
toward an anti-inflammatory and suppressive homeostatic
state through enrichment of regulatory T cells, transitional
regulatory B cells and B1 subsets, possibly contributing to
the clinical efficacy of siponimod in SPMS [91].

The time taken for lymphocyte counts to fall after treat-
ment initiation, and the time taken for them to recover fol-
lowing treatment cessation, are summarised for various
S1PR modulators in Table 1 [55]. The onset of the effects
of SIPR modulators on lymphocyte trafficking is rapid, with
effects observed within 4—16 h of administration. As might
be expected, the time taken for lymphocyte counts to fall is
broadly similar among the different compounds, while the
time taken for them to recover appears to reflect differences
in t,, [55].

5.2 S1PR Modulation and Immunocompetence

Changes in the profile of circulating lymphocytes with SIPR
modulators have led to concerns about a blunted responsive-
ness to vaccination in patients. Increasing reports of vari-
cella zoster virus (VZV) infections in patients with MS are
also a concern, given the effects of disease-modifying thera-
pies on T-cell-mediated immunity. As of 31 May 2020, more
than 303,600 patients had received fingolimod in a clinical
trial or post-marketing setting, representing a cumulative
exposure of more than 808,900 patient-years [94]. In clini-
cal trials, rates of VZV infection with fingolimod were low,
but were higher than with placebo; in the post-marketing
setting, rates of VZV infection or herpes zoster with fin-
golimod were lower than in clinical trials, and serious or
complicated cases of herpes zoster were uncommon [95].
To minimise the risk of VZV infection, patients without

a confirmed history of chickenpox or without documenta-
tion of a full course of vaccination against VZV must be
tested for antibodies to VZV before initiating fingolimod
treatment. Vaccination against VZV in antibody-negative
patients is recommended 1 month before starting fingolimod
[96]. Current guidance from the Centers for Disease Control
and Prevention also counsels that individuals not meeting
specified criteria for evidence of VZV immunity should be
vaccinated [97]. Patients taking fingolimod should avoid
exposure to live attenuated vaccines while taking the drug
and for 2 months after stopping treatment [96].

Studies with siponimod have so far indicated a limited
effect on vaccination efficacy [98]. In a randomised, double-
blind, placebo-controlled study in healthy volunteers, siponi-
mod showed no relevant effects on the antibody response
to the pneumococcal polysaccharide vaccine (PPV-23), a
T-cell-independent vaccination. Similarly, following the
T-cell-dependent influenza vaccination, response criteria
were met for three of the four antigens (HIN1, H3N2 and
B-Massachusetts) in the siponimod and placebo groups,
although titres were lower in the group receiving siponimod
concomitantly with vaccination than in the groups receiving
siponimod either before vaccination or before and after vac-
cination [98]. There are currently no clinical data available
on the efficacy and safety of vaccinations in patients receiv-
ing ozanimod [10]; as with fingolimod [96] and siponimod
[5], patients should be considered immune to VZV by docu-
mented infection (varicella or zoster), immunisation or serol-
ogy before initiating treatment [10].

The use of SIPR modulators means that the immune
status of patients cannot be monitored by CD4:CD8 ratios
alone. S1P modulation affects circulating lymphocytes by
inhibiting the egress of T cells from lymph nodes, but not
the tissue distributions of lymphocytes. As such, circulating
phenotypes do not necessarily reflect the tissue populations
and cannot be used to ascertain host immunocompetence.

6 S1PR Modulation and Neuroprotection
in MS

The distribution of SIPRs on cell types in the CNS and roles
of S1P-mediated signalling are summarised in Fig. 4 [49].
S1PR;, S1PR; and S1PR; subtypes are located on neurons,
astrocytes, microglia, oligodendrocytes and oligodendrocyte
precursor cells (OPCs), while S1PR, is found on neurons,
astrocytes and microglia but not oligodendrocytes or OPCs.
The roles of S1P-mediated signalling differ between the cell
types, and include proliferation, migration, survival and the
production of cytokines and growth factors [49].

Most of the published data characterising the CNS effects
of S1PR modulators currently come from cellular and animal
studies of fingolimod (summarised in Fig. 4) or siponimod,

A\ Adis



218

J.Chunetal.

and these have demonstrated a range of effects including
actions on astrocytes and microglia, and involvement in
remyelination and repair [49, 99, 100]. The most common
animal model for MS is EAE, which involves induced demy-
elination of the nervous system and is the most common
model used to study S1PR modulators.

6.1 Effects on Astrocyte and Microglial Biology

S1PR, levels on astrocytes are increased in MS, and func-
tional antagonism of S1PR; with fingolimod is associated
with reduced levels of astrogliosis [71, 86, 87]. Fingolimod
activity was shown to require SIPR; on astrocytes in EAE
models [71]. In EAE, fingolimod reduced clinical scores
and peripheral blood lymphocyte counts when administered
following EAE onset in control mice. However, in mice
engineered to be conditionally null for SIPR, in glial fibril-
lary acidic protein (GFAP)-expressing astrocytes, EAE was
less severe and became unresponsive to fingolimod, despite
maintenance of fingolimod-dependent lymphocyte deple-
tion. Histological analysis showed prominent astrogliosis
(identified by GFAP immunoreactivity) in EAE controls,
which was prevented or reduced by fingolimod and by the
genetic deletion of SIPR, on astrocytes, suggesting a role
for SIPR, in astrogliosis in MS [71].

Another study involving EAE mice showed that the com-
bination of fingolimod and neural stem cells significantly
reduced astrogliosis in the secondary progressive stage of
relapsing-remitting EAE, as assessed by GFAP immunore-
activity. Furthermore, fingolimod significantly reduced the
expression of astrocyte genes, including GFAP, vimentin
and N-cadherin, in neural stem cells in vitro under differenti-
ation conditions [101]. Fingolimod was also associated with
reduced astrogliosis in a cuprizone mouse model (where
copper chelation causes demyelination, apoptosis of mature
oligodendrocytes and activation of CNS inflammation but
leaves the BBB intact, and so excludes any contribution of
T-cell infiltration from the periphery [102]). In this mouse
model, the accumulation of reactive astrocytes and microglia
seen with cuprizone-induced demyelination was reduced by
fingolimod [86]. In addition, fingolimod reduced the forma-
tion of immediate-early astrocytes in EAE mice, a subpopu-
lation of inflammatory astrocytes defined initially by c-Fos
activation in vivo using a green fluorescent protein-tagged
reporter [103]. Immediate-early astrocytes are the earliest,
and most prominent, cell type to respond to EAE induction,
and the numbers of these astrocytes correlate with disease
severity in vivo [103], suggesting that they could represent
a new therapeutic target in MS.

Fingolimod administration reduced the expression of pro-
inflammatory cytokines and chemokines in astrocytes iso-
lated from mice following the induction of EAE [104]. In
human astrocyte cultures in vitro, the expression of a range
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of proinflammatory chemokines, cytokines and neurotoxic
factors was decreased with fingolimod, and fingolimod also
up-regulated the expression of interleukin-10, a neuroprotec-
tive factor. Analysis showed that these effects were mediated
in part by the suppression of NF-«xB signalling by fingoli-
mod [104]. Cell culture studies also suggest that fingoli-
mod may regulate specific neuroinflammatory responses by
desensitising astrocytes to stimuli through the natural S1P
ligand signalling at external S1PRs, while sustaining cel-
lular effects independent of new surface S1PR activation
[105]. For example, fingolimod inhibited the protein kinase
R-like endoplasmic reticulum kinase (pERK1/2) signalling
induced by S1P and reduced the proliferative responses to
S1P in astrocytes [105]. In addition, fingolimod inhibited
the release of intracellular calcium when stimulated by inter-
leukin-1beta, demonstrating that fingolimod maintained a
functional cellular response [105].

Other studies have also reported beneficial effects of
siponimod on astrogliosis and microgliosis. In EAE mice,
intracerebroventricular infusion of siponimod attenuated
astrogliosis and microgliosis, and reduced striatal lym-
phocyte infiltration [106]. Siponimod reduced grey matter
inflammation in EAE mice, with analysis of immunofluores-
cence showing a reduction in astrogliosis and microgliosis in
the striatum compared with the vehicle control. In addition,
siponimod reduced lymphocyte infiltration detected in coro-
nal striatal sections [106]. In a model of subpial pathology,
where proteolipid protein-primed Th17 cells were trans-
ferred into EAE mice, siponimod significantly reduced EAE
and subpial pathology concurrent with a selective reduction
in Th17 cytokine production in the transferred T cells [107].
In another study, oral siponimod treatment decreased mac-
rophage infiltration/microglia activation in the spinal cord
in mice with chronic EAE [108]. Inflammation and demy-
elination were also reduced along with disease symptoms
compared with the vehicle control [108]. A mouse model
of traumatic brain injury reported benefits, wherein siponi-
mod reduced astrocytosis, microglial activation and cytokine
release, decreased CD4+ and CD8+ T-cell activation and
reduced lesion area [109].

Fingolimod and siponimod also appear to mitigate syn-
aptic neurodegeneration in EAE mice [106]. Inflammation-
dependent synaptopathy in EAE mice involves reduced
inhibitory GABA signalling and results in neurodegen-
eration. Intracerebrovascular administration of siponimod
significantly ameliorated the reduction in inhibitory GABA
signalling in the striatum of EAE mice [106]. Siponimod
administration also reduced striatal astrogliosis and micro-
gliosis, and was associated with improved EAE clinical
scores [110]. When directly administered into the CNS
of EAE mice with distinct grey- and white-matter lesions,
siponimod-treated mice showed partial restoration of cor-
tical neuronal circuit function compared with untreated,
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lesioned controls, suggesting that siponimod may exert neu-
roprotective effects in the CNS, independent of peripheral
effects [111].

A recent study of ex vivo brain slice cultures from EAE
mice and a Th1 cytokine-activated EAE-like microglial cell
line suggests that ozanimod may also exert direct neuropro-
tective effects and attenuate local inflammatory responses
[112]. Ozanimod treatment ameliorated EAE-driven striatal
glutamatergic synapse alterations in an S1PR;-dependent
manner and lowered the expression level of pro-inflamma-
tory markers in EAE brain slices and microglial cell cultures
[112].

The involvement of the SIPR, subtype in astrogliosis, as
noted in the sections above, was demonstrated using genetic
deletion studies where it ameliorated the development of
EAE in mice [71]; similarly, another recent study in EAE
mice showed that the astrocyte-specific genetic removal of
S1PR; reduced both immediate-early astrocyte numbers
and disease severity [103]. However, other S1PR subtypes
may also have a role: a recent study indicated that protection
of astrocytes by fingolimod against certain types of neuro-
inflammation was mediated by its interaction with S1PR,
[113]. Analysis showed that down-regulation of S1PR; in
astrocytes using an antisense oligonucleotide abolished the
protective effects of fingolimod against oxygen—glucose dep-
rivation injury and reversed the reduction in pro-inflamma-
tory cytokine release seen with fingolimod [113].

6.2 Effects on Remyelination and Repair

Interaction of fingolimod and siponimod with S1PRs on oli-
godendrocytes has been associated with protection against
demyelination and the promotion of remyelination in both
in vitro and in vivo animal studies [77, 99, 114-116]. A
cell culture study showed that, following demyelination,
fingolimod exposure was associated with increases in the
biochemical and morphological markers of remyelination
[114]. Siponimod also increased the levels of myelin basic
protein (a biochemical marker of remyelination), whereas no
effect was observed with a SIPR-specific agonist, suggest-
ing the involvement of S1PR;s in the remyelination process
in vitro [114]. Another in vitro study showed that fingolimod
enhanced remyelination and process extension of OPCs and
mature oligodendrocytes [117], events that are thought to be
important for remyelination.

Fingolimod enhanced endogenous myelin repair in a
mouse model of local demyelination induced by lysolecithin
[118]. Fingolimod decreased the extent of demyelinated area
when administration was started prior to lysolecithin induc-
tion, and continued administration after induction increased
the number of OPCs and oligodendrocyte lineage cells in the
lesion, which are important for remyelination. While this is
a model for demyelination, it is notable that lysolecithin is

also known as lysophosphatidylcholine, a precursor to the
major lysophospholipid LPA that modulates myelination in
a receptor-dependent fashion [119, 120]. In addition, fingoli-
mod was associated with an increase in remyelinated axons
and newly produced myelinating cells [118]. Fingolimod can
also induce OPC process extension and enhance oligoden-
drocyte cell survival in a human cell culture model, both
mechanisms necessary for remyelination [121].

In a study involving neural stem cells, fingolimod pro-
tected their survival in vitro, and enhanced their develop-
ment into mature oligodendrocytes [101]. Further investiga-
tion using specific SIPR, and S1PRs antagonists suggested
that fingolimod acts through S1PRs to enhance the differen-
tiation of neural stem cells into oligodendrocytes. Further-
more, in mouse EAE, fingolimod improved the incorpora-
tion and survival of transplanted neural stem cells in the
CNS and promoted their development into oligodendrocytes
and OPCs, thus promoting remyelination [101].

Enhanced remyelination was observed with siponimod
under functional antagonist conditions using an in vivo
Xenopus tadpole model [116]. Following induced demyeli-
nation, a marked increase in myelinated fibres was observed
with siponimod compared with the spontaneous remyeli-
nation control. Remyelination was improved by a selective
S1PRs agonist, but not by a selective SIPR; agonist, and
siponimod was ineffective following deletion of SI1PR; by
gene editing, indicating the importance of S1PR5 in the pro-
myelinating effects of siponimod [116].

In the cuprizone mouse model of demyelination, siponi-
mod decreased axon demyelination and oligodendrocyte cell
death [115]. Siponimod was associated with a decrease in
axon damage and a reduction in the loss of myelin proteins
and mature oligodendrocytes of 25%—-40% compared with
the vehicle control during the demyelination period. Fur-
thermore, electron microscopy showed a 25% increase in the
number of myelinated axons during remyelination. In addi-
tion, there was a decrease in microglia/macrophages with
siponimod, although astrocyte numbers increased [115]. In
organotypic cerebellar slice cultures, siponimod reduced
demyelination induced by lysophosphatidylcholine (lysol-
ecithin) and by psychosine, although it had only a mod-
est effect in reducing the increase in the proinflammatory
cytokine interleukin-6 stimulated by lipopolysaccharide or
tumour necrosis factor-alpha/interleukin-17 in astrocyte and
microglia cell cultures [77].

6.3 Effects on Brain-Derived Neurotrophic Factor

Both fingolimod and siponimod have been shown to increase
the levels of brain-derived neurotrophic factor (BDNF), a
neurotrophin involved in neuronal differentiation and sur-
vival, in neuronal cultures and in brain tissue in both healthy
and EAE mice [122, 123]. Fingolimod and siponimod each
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increased BDNF levels in cortical neuronal cultures, while
in healthy mice, daily administration of either fingolimod or
siponimod led to increased BDNF levels in the cortex, hip-
pocampus and striatum when compared with saline [123].
No increase in BDNF was observed in the cerebellum with
siponimod compared with controls (fingolimod was not
tested). Increased BDNF levels in the cortex, hippocampus
and striatum (but not the cerebellum) were also observed
with a specific SIPR, agonist, indicating that treatment
effects were at least in part mediated via the SIPR; subtype
[123].

In EAE mice, fingolimod treatment significantly increased
BDNF protein levels in the forebrain, midbrain and cerebel-
lum compared with vehicle controls, although levels in the
spinal cord were not affected [122]. Fingolimod treatment,
administered once EAE was established, ameliorated the
progressive reductions in cerebellum and striatum volume
seen in vehicle-treated EAE mice, resulting in cerebellum
and striatum volume profiles similar to healthy control ani-
mals. By contrast, the approved MS therapy teriflunomide
showed no significant improvements in any brain volume
measures in EAE mice compared with controls [122].

7 S1PR Modulation and Cardiac Effects

As discussed above, cardiac effects associated with treat-
ment initiation appear to be mediated by transient agonism
of SIPR, and thus, all agents that engage this receptor will
have some form of cardiac effect. The possible involvement
of SIPR; in humans remains unclear, and even though
endeavours to develop new modulators with low affinity for
S1PR; have been extensive, minimising S1PR; binding does
not prevent first-dose cardiac effects [30, 68]. For example,
siponimod and ozanimod, which target SIPR; and S1PR;
but have only low affinity for SIPR;, are associated with
chronotropic effects at initiation that are manageable via
dose titration [63, 65, 78, 124].

For S1PR modulators with short half-lives and without
long half-lived active metabolites such as siponimod and
ponesimod [67, 78], there exists a potential for ‘inadvertent
first-dose effects’ following relatively brief treatment inter-
ruptions. In case of treatment interruption, therapy should
be reinitiated with dose titration [5].

8 S1PR Modulation and Endothelial Effects
8.1 Macular Oedema
S1PR modulators are known to produce endothelial-medi-

ated abnormalities manifesting as a low incidence of early
macular oedema (0.2%-2.0% depending on the patient
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population, agent and dose; Online Resource Table 2).
Macular oedema has significant additional risk with age,
and with maculopathies from diabetes or uveitis.

8.2 Blood Pressure Regulation

Receptor subtypes S1PR, and S1PR; also play a pivotal role
in blood pressure regulation, including endothelial barrier
function [26, 52, 54]. Functional antagonism of S1PR; by
fingolimod (and other S1PR modulators) might therefore be
expected to herald changes in blood pressure, but based on
studies to date, effects in humans appear to be mild at most
[55]. If hypertension is observed, it is typically mild and
rarely dramatic, although in a few cases it has been asso-
ciated with posterior reversible encephalopathy syndrome
[96]. Small transient decreases in blood pressure have been
reported in clinical trials in patients with MS following the
initiation of fingolimod treatment; these initial reductions
started to attenuate by 6 h after dosing [125]. Small mean
increases in systolic and diastolic blood pressure (3 mmHg
and 1 mmHg, respectively) were observed with long-term
treatment in fingolimod clinical trials [126]. Increases in
blood pressure were apparent at 2 months after starting ther-
apy and then increased over the following 4 months before
stabilising [126]. As with cardiac effects, these may in part
reflect action of the drug at the receptors.

8.3 Blood-Brain Barrier

Changes in the BBB have long been recognised as an impor-
tant part of the pathophysiology of MS. Autoreactive lym-
phocytes bind to the BBB endothelium before extravasation
into the CNS, where they lead to the characteristic neuro-
inflammatory events. While BBB disruption is often seen
around lesions in magnetic resonance imaging, it is not lim-
ited to lesion activity; tight junction (TJ) protein pathology
(for example of occludin, claudin-5 and zona occuldens-1)
is apparent throughout the BBB, including in active lesions,
in non-active chronic lesions and normal-appearing white
matter, affecting BBB integrity [127-131]. Shedding of
TJ proteins into the serum is thought to be indicative of
BBB disruption in stroke, intracranial haemorrhage and MS
[132—-134]; however, serum TJ concentrations were signifi-
cantly reduced in patients with MS after 12 months of fin-
golimod treatment [134]. While there are no patient data on
the effect of other SIPR modulators on BBB integrity in MS,
siponimod has also been shown to have beneficial effects
on occludin and zonula occludens-1 in a mouse model of
traumatic brain injury [109], suggesting that positive effects
on TJ and BBB integrity may prove to be a class effect of
S1PR modulators.
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9 Metabolism of S1PR Modulators
and Clinical Implications

Patients experiencing excess S1P modulatory effects can
experience lymphopenia, which when excessive (<200
lymphocytes per pL) under other scenarios, raises safety
concerns including its impact on the total white blood cell
count, which can elicit concerns in some healthcare profes-
sionals. However, careful review of events in clinical trials
indicated that severe lymphopenia is not a risk, is manage-
able with dose adjustment or interruption, and is not associ-
ated with serious adverse events [55, 135, 136].

Fingolimod has a relatively simple metabolism requir-
ing phosphorylation for activity and slow rates of elimina-
tion. It can be eliminated by hepatic metabolism, enhanced
slightly by potent CYP3A4 enzyme inducers (such as carba-
mazepine) and blocked significantly by powerful CYP3A4
inhibitors, such as ketoconazole. In practice these effects
are not noticed.

Clearance of siponimod is normally dependent on
CYP2C9 metabolism, with a minor contribution of
CYP3A4. Because of CYP2C9 polymorphisms, a precision
dosing plan was developed during the regulatory process in
the USA using pharmacokinetic data, principally driven by
the presence of severe lymphopenia (which it was felt desir-
able to avoid). Use in poor CYP2C9 metabolisers (CYP2C9
*3/*3) is contraindicated, and intermediate CYP2C9 metab-
olisers (CP2C9 *1/*3; CP2C9 *2/*3) receive half the dose
of normal metabolisers. Although CYP3A4 normally has a
minor contribution to termination of siponimod action, this
pathway is highly inducible by agents commonly used in
neurology patients, including barbiturates, carbamazepine,
phenytoin and similar agents, and can halve circulating con-
centrations of siponimod [5]. In addition, a number of agents
potentially inhibit CYP2C9, which could increase exposure
to siponimod [5]. Appropriate therapeutic substitutions and
dosing for patients on this drug can address these issues, and
the availability of easily reduced dosing strategies may be
beneficial in exceptional circumstances.

Ozanimod metabolism is complex and has only recently
been elucidated as compared with other, better studied,
S1PR modulators (see Sect. 4.1 for details). Most impor-
tantly, the two key biotransformations involve CYP3A4 and
MAO-B (which is expressed in the CNS) [64]. As discussed
above, CYP3A4 both activates ozanimod and inactivates
ozanimod [64], and may terminate the bulk of the activated
metabolites. CYP3A4 inducibility could shorten the clear-
ance of the active metabolites dramatically, reducing their
therapeutic actions. Activated metabolites are terminated
by CYP2C8 [10], which has few significant interactions,
although co-administration of strong CYP2CS inhibitors
(such as gemfibrozil) or inducers (such as rifampin) are

not recommended owing to the potential for inadvertent
increases or decreases in exposure to the active metabolites,
respectively. Concomitant use of MAO inhibitors is also
contraindicated [10]. Ponesimod has so far been felt to have
a relatively simple and uncomplicated biotransformation;
drug interactions of importance have not yet been identified.

10 Clinical Efficacy of S1PR Modulators

An overview of study designs, and safety and efficacy find-
ings with fingolimod, siponimod and other SIPR modula-
tors in clinical trials of patients with MS are provided in
Table 2 and in Online Resource Tables 2 and 3. The major-
ity of these studies have involved patients with RMS, with
only siponimod having completed a Phase 3 trial in patients
with SPMS, to date [9]. The Phase 2 and Phase 3 clinical
trials assessing S1PR modulators in patients with MS are
as follows: fingolimod has been evaluated in three RRMS
Phase 3 trials, two of which were placebo-controlled (FREE-
DOMS, FREEDOMS II) and one of which compared fin-
golimod with interferon beta-1a TRANSFORMS) [72-74],
while siponimod has been assessed in the placebo-controlled
Phase 2 BOLD trial and extension, in patients with RRMS
[78, 137] and in the placebo-controlled Phase 3 EXPAND
trial in patients with SPMS [9]. Evaluation of ozanimod has
involved a placebo-controlled and active-controlled (vs inter-
feron beta-1a) combined RMS Phase 2/3 trial (RADIANCE)
[12, 138, 139] and an active-controlled Phase 3 trial versus
interferon beta-1a (SUNBEAM) in patients with RMS [11,
140, 141], while the assessment of ceralifimod in patients
with RRMS has involved a placebo-controlled Phase 2 study
(DreaMS) [142]. Ponesimod has been assessed in a placebo-
controlled Phase 2b study (NCT01006265) [67], and a com-
pleted active-controlled Phase 3 trial versus teriflunomide
(OPTIMUM) in patients with RRMS (NCT02425644),
while the placebo-controlled Phase 2 MOMENTUM study
and extension have evaluated amiselimod in patients with
RRMS [143, 144].

The results of the clinical trials in RRMS appear to be
fairly consistent across the different SIPR modulators,
indicating the effectiveness of this mechanism of action in
patients with MS. As there are no head-to-head data com-
paring the different SIPR modulators, direct efficacy or
safety comparisons cannot be made. However, fingolimod,
siponimod, ozanimod and ponesimod have all demonstrated
reductions in annualised relapse rates and lesion activ-
ity (gadolinium-enhancing T1, new/enlarging T2) in their
respective trials. Reductions in the proportions of patients
with confirmed 3- and/or 6-month disability progression
and reductions in the rate of brain volume loss (BVL) have
been reported for fingolimod and ozanimod. Disability pro-
gression and BVL were not assessed in the BOLD study of
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Table 2 (continued)

Intervention

Patients (N)

Study design

Study duration

Study name/database

Ceralifimod 0.15 mg/0.1 mg/0.05 mg

RRMS (340)

Randomised, double-blind, parallel-group,

4.3 years; terminated, has results

DreaMS—extension
NCTO01226745

Amiselimod

Phase 2 extension

Amiselimod 0.4 mg/0.2 mg/0.1 mg/placebo

RRMS (415)

Randomised, double-blind, placebo-

24 weeks; complete

MOMENTUM [143]
NCTO01742052

controlled, parallel-group, dose-finding,

Phase 2
Randomised, double-blind, parallel-group,

Amiselimod 0.4 mg/0.2 mg/0.1 mg

RRMS (367)

18 months; complete

MOMENTUM—extension
NCT01890655

dose-finding, Phase 2 extension

Summaries of safety and efficacy data from the trials listed in this table can be found in Online Resource Tables 2 and 3, respectively

“Following a protocol amendment, patients randomised to fingolimod 1.25 mg were switched in a masked manner to fingolimod 0.5 mg and remained on that dose until study end; patients on

placebo remained on placebo

BOLD BAF312 on magnetic resonance imaging lesion given once daily, DMT disease-modifying therapy, DreaMS a study of the safety and efficacy of ONO-4641 in patients with relapsing—
remitting multiple sclerosis, EXPAND exploring the efficacy and safety of siponimod in patients with secondary progressive multiple sclerosis, FREEDOMS FTY720 research evaluating effects

of daily oral therapy in multiple sclerosis, IFN interferon, MS multiple sclerosis, OPTIMUM oral ponesimod versus teriflunomide in relapsing MS, PPMS primary progressive MS, RADIANCE
safety and efficacy of the selective sphingosine 1-phosphate receptor modulator ozanimod in relapsing MS, RMS relapsing MS, RRMS relapsing—remitting MS, SPMS secondary progressive

MS, SUNBEAM Phase 3 study of RPC1063 in relapsing MS, TRANSFORMS trial assessing injectable interferon versus FTY720 oral in relapsing—remitting MS

siponimod in patients with RRMS, but siponimod signifi-
cantly reduced the risk of disability progression and the rate
of BVL in patients with SPMS in EXPAND, together with
reductions in annualised relapse rates and lesion activity [9].
Indeed, siponimod is currently the only therapy in MS that
has demonstrated efficacy in the SPMS patient population.

Earlier in this review, the considerable evidence from cell
and animal models of MS of direct effects on the CNS and
on neurodegeneration with fingolimod and siponimod was
discussed. The evidence for parallel effects in patients is lim-
ited, but there is some indication of S1PR modulation having
some efficacy on progressive, neurodegenerative disease in
MS. Unlike natalizumab, where the primary mechanism of
action is also to prevent lymphocytes from accessing the
CNS, fingolimod reduced the rate of BVL in patients with
RRMS [72-74]. While it is likely that the effects on inflam-
matory processes in the CNS contribute to the effect on
BVL, the potential effects of SIPR modulation on the CNS
through S1PR, 5 may also play a role. Reductions in the rate
of cortical grey matter volume loss and thalamic volume loss
observed in patients receiving fingolimod, siponimod or oza-
nimod suggest some efficacy in managing neurodegenerative
aspects of the disease [145-147].

Evidence of disease-modifying effects in patients with
more progressive forms of MS would also indicate a role for
S1PR modulation in this patient group. Fingolimod was tri-
alled in patients with primary progressive MS in INFORMS
[148]. The study did not meet the primary endpoint, with
no benefit shown with fingolimod in terms of disability
progression or BVL versus placebo. However, INFORMS
succeeded in recruiting a population with progressive MS
and very-low inflammatory activity. In a post hoc analysis,
a positive effect on BVL was observed in the subgroup of
progressive patients who had some inflammatory CNS activ-
ity at baseline [149]. The reasons for this are not known,
but may reflect the action of fingolimod on inflammatory
disease in MS. It may also suggest that in most patients, dis-
ease progression was too advanced for therapeutic efficacy,
analogous to Alzheimer’s disease trials. A nuclear transcrip-
tome analysis of single cells extracted from post-mortem
prefrontal cortex samples from patients who had RRMS or
SPMS suggests that sphingosine kinase 1 and 2 expression
may be significantly lower in SPMS [150]. A reduction in
the phosphorylation of fingolimod in the CNS of patients
with progressive disease may thus contribute to the lack of
efficacy of fingolimod in this patient group. By compari-
son, reductions in BVL over 12 and 24 months, compared
with placebo, were significant with siponimod in patients
with SPMS in EXPAND [9], and sensitivity analyses sug-
gest that effects on disability progression were largely inde-
pendent of the effect on relapses [9, 151], consistent with
siponimod’s independence from sphingosine kinases and
likely direct CNS activities. Post hoc analyses of the time to
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sustained disability progression to an Expanded Disability
Status Scale (EDSS) score of 7 or more in the EXPAND
patient population suggested that siponimod significantly
reduced the risk of progression to this point compared with
placebo, and of particular clinical relevance, increased the
median time before patients had transitioned to the use of a
wheelchair [152]. In addition, assessment of neurofilament
levels in blood samples from patients with relapsing and
non-relapsing forms of SPMS suggested that siponimod
reduced neuronal damage compared with placebo [153].
Together, the clinical evidence suggests that S1PR modula-
tors may have a direct effect on neurodegenerative processes
in MS; however, additional analyses and data from longer-
term studies are needed to confirm this mechanism of action.
With regard to safety signals, all the SIPR modulators
appeared to be relatively well tolerated compared with their
on-study comparators. The most common adverse events
were similar across the drug class, including headache,
nasopharyngitis, urinary tract infections and respiratory
infections. As of 31 May 2020, more than 303,600 patients
had received fingolimod in a clinical trial or post-marketing
setting, representing a cumulative exposure of more than
808,900 patient-years [94]; however, the drug has been asso-
ciated with some rare but serious events. Cryptococcal infec-
tions, including cases of fatal cryptococcal meningitis and
disseminated cryptococcal infections, and cases of progres-
sive multifocal leukoencephalopathy have occurred, gener-
ally in patients receiving treatment for more than 2 years.
Life-threatening disseminated VZV and herpes simplex
infections, including cases of encephalitis and multiorgan
failure, have been reported, as have cases of Kaposi’s sar-
coma [96]. Whether such events will prove to be a class
effect relies on accumulation of more clinical evidence from
other drugs, but it is reasonable to be concerned and to mon-
itor for this in the long term among all S1PR modulators.
Unanticipated first-dose cardiac effects are a known but
uncommon effect with fingolimod, with the vast majority
of events being benign and resolving without intervention
[154]; first-dose cardiac effects were also seen with pone-
simod [67]. The EXPAND study of siponimod was con-
ducted in an older, progressive population compared with
other S1PR modulator trials (patients with SPMS: baseline
mean age was 48 years and mean EDSS score was 5.4, with
56% of patients having an EDSS score > 6.0) and allowed
certain patients with cardiovascular risks to participate in the
study [9]. On the other hand, the two pivotal ozanimod tri-
als, RADIANCE Phase 3 and SUNBEAM, enrolled patients
with RMS who were typically younger and with less dis-
ability (mean ages at baseline were 35.5 and 35.6 years,
respectively, and mean baseline EDSS scores were 2.5-2.6
and 2.6-2.7, respectively, depending on randomisation
group). While the exclusion criteria of the ozanimod trials
were very similar to EXPAND in terms of cardiovascular
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risk, the ozanimod trials may have been somewhat more
restrictive; patients with conduction abnormalities or cardiac
conditions that in the opinion of the treating investigator
could jeopardise the patient’s health were excluded, as were
patients with pre-existing stable cardiac conditions with-
out clearance from a cardiologist [10-12]. Irrespective of
these differences, dose titration effectively mitigated cardiac
chronotropic effects with both drugs and the resulting label
contraindications for ozanimod and siponimod with regard
to the cardiovascular histories of patients are nearly identi-
cal [5, 10]. With siponimod, the majority of patients can
initiate treatment without the need for monitoring and FDO
is recommended only for patients with sinus bradycardia,
first- or second-degree (Mobitz type I) atrioventricular
block, or a history of myocardial infarction or heart failure
[5]. With ozanimod, no monitoring at treatment initiation
is required but cardiologist consultation is suggested for
patients with conduction abnormalities [10]. Consultation
is also suggested for both siponimod and ozanimod in cases
where patients require concomitant use with other drugs that
decrease heart rate [5, 10].

Owing to the differential pharmacokinetic response
to siponimod in patients with CYP2C9 genotypes 1/3 or
2/3, genotyping of patients must be performed and treat-
ment initiated at the relevant maintenance dose (1 mg for
CYP2C9 1/3 or 2/3 patients; 2 mg for all other patients),
according to the prescribing information [5]. Ozanimod
is transformed into multiple active metabolites, two of
which are principally responsible for biological activity
(CC112273 and CC1084307; 73% and 15%, respectively, as
noted above), with a small contribution from ozanimod itself
[64]. Whether the pharmacokinetics of ozanimod affects its
efficacy or safety profile in the longer term remains an open
question.

11 Discussion/Conclusion

Via signalling through five distinct lysophospholipid GPCR
subtypes, SIPR; to S1PRs, the physiological and pathophys-
iological roles of S1P are wide-ranging. Investigation of the
S1P receptor pathway has proved instrumental in develop-
ing a novel class of therapies for patients with MS. The first
S1P receptor modulator to be approved for use in patients
with relapsing forms of MS, and more recently in paediatric
patients with MS [96], fingolimod, has been shown to be a
useful treatment option.

Indeed, by 31 May 2020, it was estimated that more than
303,600 patients had been treated with fingolimod, corre-
sponding to approximately 808,900 patient-years of clinical
trial and post-marketing exposure [94], with clinical trials
demonstrating reductions in rates of relapse, lesion activity
and BVL in patients with RRMS, but more limited effects
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in progressive forms of disease. Owing to the affinity of
fingolimod to most of the S1PR subtypes, including S1PR,
cardiac chronotropic effects at first dose were expected, as
they should be for all SIPR modulators engaging S1PR;.
Notably, retrospective assessment of a large-scale, real-
world dataset of over 20,000 FDO procedures has shown
that effects at first dose were generally mild in most patients
and complications were rare [154].

The chemical structural refinements in second-generation
S1PR modulators avoided the need for in vivo phosphoryla-
tion for activity. Together with the adoption of dose-titration
strategies, siponimod and ozanimod do not require FDO for
the majority of patients; for siponimod it is only recom-
mended for those with a history of certain cardiac comor-
bidities [5] and the chronotropic effects of ozanimod appear
to be similarly mild [11, 12]. The improved pharmacody-
namics and subtype specificity for SIPR,; and S1PR5 may
also contribute to improved bioavailability and potentially
greater CNS effects compared with fingolimod, although
only siponimod has so far demonstrated efficacy in SPMS
[9, 147, 152], contrasting with the absence of clinical effects
with fingolimod in primary progressive MS [148]. Func-
tional differences between fingolimod and siponimod are
supported by nuclear transcriptome analysis of human pri-
mary astrocytes treated with either phosphorylated fingoli-
mod or siponimod that revealed differential effects where
siponimod up- or down-regulates many fewer genes than
does fingolimod [150]. These observations support differ-
ential effects amongst chemically distinct S1PR modulators.

In summary, SIPR modulators have complex effects on
S1PRs and the S1P signalling pathway. The intricate inter-
play of S1PR subtype specificity, functional antagonism and
agonism of receptors, and activation requirements dictates
their pharmacokinetics, bioavailability and ultimately their
clinical profile. In MS, the mechanisms of action of SIPR
modulators have positive effects with regard to immune cell
trafficking and likely direct CNS effects, which may lead to
a range of efficacy signals including neuroprotection; sec-
ond-generation modulators with good bioavailability, high
specificity for and activity at SIPR; and S1PR5 may mitigate
some side effects associated with this drug class while max-
imising potential clinical benefit, including in progressive
forms of MS.
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