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Multiple Sclerosis

Sphingosine-1-phosphate modulators may act through more than just inhibition
of neuroimmune and neuroinflammatory effects of multiple sclerosis.

By Mark B. Skeen, MD

The past 20 years have seen a revolution in
multiple sclerosis (MS) treatment with new
agents approved regularly. Despite this revo-
lution in therapy, treatment choices are com-
plicated by many factors, including lack of
well-controlled comparative trials; differences
in efficacy, tolerability, safety, and mode of administration;
and patient and physician preferences. Additional challenges
include how to measure MS disease activity, differences in
disease subtypes, and a lack of a basic understanding of dis-
ease progression mechanisms. We now have several highly
effective anti-inflammatory therapies for MS, but there is a
growing desire to understand the additional noninflamma-
tory mechanisms of disease progression and develop thera-
pies that also limit or reverse those aspects of the disease.
Traditionally, MS has been understood as an autoimmune
relapsing inflammatory demyelinating disease of white matter.
We are increasingly aware that this is only partially correct.
Early rather than late axonal loss and gray matter atrophy
in areas that do not demonstrate inflammation clinically or
radiographically suggest additional processes may be respon-
sible for disease progression. Early axonal loss occurs not just
after extensive white matter disease and in normal-appearing
white matter. Gray matter injury is associated with many of
the clinical manifestations of progressive disease. There is a
growing appreciation of progressive disability, which is not
relapse dependent and may not be inflammation dependent.
Treatments for progressive forms of MS remain the great
unmet need. Sphingosine-1-phosphate receptor (S1PR) modu-
lators are a newer class of therapies that includes the first oral
therapy for MS, the first approved therapy for children with
MS, and the first therapy to demonstrate efficacy in secondary
progressive MS (SPMS). The recognized mechanism of action
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of S1PR modulation is limiting lymphocyte egress from lymph
nodes, which effectively limits T-cell migration to tissues. The
S1PR is ubiquitous and expressed on the cell surface of many
cells throughout the body, including the central nervous
system (CNS). Recognition of the role of S1PRs within the
nervous system also begs the question as to whether there are
additional direct CNS effects of STPR modulation in addition
to limiting lymphocyte migration, and whether those effects
provide additional therapeutic benefit.

This review explores the mechanism of action of STPR
modulators focusing on potential direct CNS effects that
may be pertinent to treatment effects separate from immu-
nomodulation. We also review the clinical data upon which
recent regulatory decisions have been made and practical
aspects of STPR modulator use.

Sphingosine-1-Phosphate Receptor Modulation
The story of STPRs as immunomodulators is said to have
begun with traditional Chinese medicine and a fungus, Isaria

sinclairii, said to promote youthfulness. A natural immuno-
suppressive molecule, myriocin, was isolated from the culture
broth of the fungus and demonstrated immunosuppressive
properties during in vitro and in vivo studies. Myriocin was
then chemically modified to fingolimod, which became the
first approved S1PR modulator for MS. Of the 5 recognized
S1PR subtypes (Figure 1), STPR1 is expressed on lymphocytes
and is part of the signaling process that promotes egress

of lymphocytes from lymph nodes into the circulation.
Although the STPR modulators are agonists of the receptor,
binding to the STPRs causes internalization of the receptor-
modulator complex into the lymphocyte, making the modu-
lator an effective antagonist, reducing lymphocyte egress into
the circulation, and limiting lymphocyte effects in tissues. The



reduction in lymphocyte migration is believed to be respon-
sible for the therapeutic immunomodulatory effects of STPR
modulators.

Sphingosine in the Central Nervous System
Sphingosine is a major constituent of myelin, long consid-

ered just a structural component of the cellular membranes.
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Figure 1. Sphingosine-1-phosphate receptor (S1PR) modulator
therapies approved or being studied for treatment of multiple
sclerosis (MS) have different S1PR subtype specificities. All these
S1P modulators bind to STP1R on lymphocytes but additional

effects in other tissues may be mediated by other S1PR subtypes.
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We now know, however, that sphingosine metabolites,

such as ceramide and sphingosine-1-phosphate (S1P), play
crucial roles as signaling molecules. These metabolites are
implicated in the control of many CNS processes including
cell migration, differentiation, apoptosis, cellular maturation,
proliferation, myelination, and neurotransmitter release.” A
review of S1PR signaling in the CNS is beyond the scope of
this review, but a brief look at certain aspects helps convey
the complexity of issues and potential direct therapeutic
effects of STPR modulation in the CNS.

The brain has the highest concentration of STPRs. Cellular
levels of S1P are tightly regulated by the balance between syn-
thesis by sphingosine kinase and degradation by hydrolysis or
cleavage, suggesting a critical role within the CNS.2* The S1PR
receptors are expressed on neurons, oligodendrocytes, astro-
cytes, and microglia. Each of the 5 different S1PR subtypes is
bound to specific G proteins, each of which activates differ-
ent intracellular signaling cascades. Several lines of evidence
suggest that S1P functions as an intracellular second mes-
senger using both STPR-independent and S1PR-dependent
pathways.? The effect of S1PR stimulation in the CNS depends
on many factors, including which S1PR subtype(s) is (are)
expressed by the cell, which cells are stimulated, the state of
cell maturation, the milieu of stimulation (including the pres-
ence of other cytokines), and the state of cell activation."*
Some effects of S1PR stimulation depend on S1P concentra-
tion and the balance of stimulation among various S1PR sub-
types, which sometimes have opposing effects.>”

Observed effects of S1P signaling within the CNS include
the ability to modulate Nogo A-mediated inhibition of
neuronal plasticity and neurite growth; neuronal autophagy;
microglial proinflammatory cytokine release; oligodendro-
cyte migration, myelination, and survival; and astrocyte con-
trol of blood-brain--barrier permeability.”>'? In animal mod-
els of MS, the S1PR modulator fingolimod reduced the pro-
duction of microglial proinflammatory cytokines, increased
microglial expression of neurotrophic factor, improved
oligodendrocyte survival and differentiation, and inhibited
or blocked many inflammatory responses. Siponimod has
shown effects on modulating glial cell function and attenu-
ating demyelination in animal models, and ozanimod inhib-
its astrocytic proinflammatory cytokines.'”>"” The direct CNS
effect of various therapeutic STPR modulators may not be
equivalent. For example, fingolimod and siponimod induce
different astrocytic transcription products in vivo.'

We do not yet understand CNS S1P effects well enough
to predict the therapeutic effects of STPR modulation thera-
pies, and clinical use will continue to depend on demonstra-
ble clinical benefit demonstrated in well-controlled clinical
trials. The above observations should, however, serve to dem-
onstrate that STPR modulation likely has a significant impact
in many CNS functions and in many, if not all, CNS cell types.
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Some of those effects could be therapeutically important and
independent of lymphocyte sequestration peripherally.

Fingolimod

The therapeutic benefits of fingolimod were first explored in
clinical trials for renal transplantation before being developed
as a potential therapy for MS. Fingolimod was approved by
the Food and Drug Administration (FDA) for the treatment of
relapsing MS in September 2010. Fingolimod reduced the risk
of disability progression compared with placebo (hazard ratio
[HR]=0.70, P=.02) over 24 months.” The cumulative prob-
ability of disability progression (confirmed after 3 months)
was 17.7% with fingolimod and 24.1% with placebo for the
same period and fingolimod vs placebo resulted in fewer new
or enlarged T2 lesions, fewer gadolinium-enhancing lesions,
and less brain volume loss (P<.001 for all at 24 months)."”
Fingolimod reduced the annualized relapse rate (ARR) (0.27;
95% Cl, 0.17-0.25) compared with placebo (0.40; 95% Cl, 0.34-
0.48; P<.0001) as well.?° Fingolimod also improved ARR (0.16;
95% Cl, 0.12-0.21) compared with intramuscular interferon
b-1a (0.33; 95% Cl, 0.26-0.42; P<0.001).2" In children age 10 to
17 years, fingolimod vs interferon 3-1a reduced the ARR by
82% (0.12 vs 0.67, P=.0001) and significantly reduced new or
newly enlarged T2 lesions on brain MRI.?? Fingolimod did not,
however, significantly reduce disability progression compared
with placebo in people with primary progressive MS (PPMS).23

Fingolimod is generally well-tolerated, and the most con-
cerning adverse effects include transient cardiac rhythm distur-
bances at initiation of treatment. Fingolimod is contraindicat-
ed in people who have had transient ischemic attacks (TIAs)
or have certain cardiac conditions. A first-dose observation
procedure is required at initiation of therapy. Macular edema
has occurred in a small number of people, and screening is
required before starting fingolimod and 3 to 4 months later
because macular edema may be asymptomatic. Opportunistic
infections including progressive multifocal leukoencephalopa-
thy (PML) and cryptococcal meningitis have occurred rarely.
Vaccination for varicella zoster virus (VZV) is recommended
prior to initiation in individuals who are negative for antibod-
ies to VZV. Monitoring for lymphopenia and transaminase
elevations is recommended. In the appropriate patients with
relapsing forms of MS, fingolimod is generally considered a
rather efficacious well-tolerated therapy with rare serious
adverse effects when the prescribing information is followed.

Siponimod

In March 2019, the FDA approved siponimod to treat
adults with relapsing forms of MS, to include clinically iso-
lated syndrome (CIS), relapsing-remitting MS (RRMS), and
active secondary progressive MS (aSPMS). This FDA approv-
al represented a somewhat different approach compared
with prior approvals because the pivotal trial had enrolled
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only people with SPMS.2 See Point-Counterpoint: Food
and Drug Administration Multiple Sclerosis Categorization
Changes p. 44 this issue).

In a clinical trial of siponimod, 903 (82%) participants
treated with siponimod and 424 (78%) given placebo com-
pleted the study. Of those who received siponimod, 26%
(288/1096) and 32% (173/545) of those receiving placebo
had 3-month confirmed disability progression (HR=0.79,
95% Cl, 0.65-0-95; relative risk reduction 21%; P=.013).2 This
was the first phase 3 trial in SPMS to achieve the predesig-
nated primary endpoint. The Center for Drug Evaluation
and Research (CDER) summary review is available online
and is a very instructive document with a thorough and
insightful review of the data and extensive subset analyses.?>

Because other STPR modulators are effective anti-inflamma-
tory treatments for MS and siponimod demonstrated signifi-
cant efficacy in a phase 2 study for relapsing MS,? this author’s
perspective is that the question to answer is whether there is
additional benefit of siponimod for reducing disability in SPMS
that is perhaps attributable to direct CNS or other effects. As
Figure 2 (from the CDER summary review) shows, the hazard
ratio for time to confirmed disability progression was in favor
of siponimod in every subset. The largest effects were seen in
the subsets of participants who had: relapses in the 2 years
prior to the study, relapses during the study, younger relative
age, shorter disease duration, and lower Expanded Disability
Status Scale (EDSS) score at baseline. These subsets are more
likely to have active, relapsing, or inflammatory disease.

These and other analyses in the CDER summary review
led the FDA to conclude that efficacy was only adequately
demonstrated in people with aSPMS. Another approach to
this data would be to recognize that even subsets of par-
ticipants without relapses in the 2 years prior to the study,
without relapses during the study, baseline age 60, EDSS=6.0,
and disease duration of 30 years had an apparent delay in
disease progression, even if it was not statistically significant
in a subset analysis. It is not surprising that a therapy with
demonstrated efficacy for relapsing inflammatory disease
would show greater benefit in patients with relapsing inflam-
matory disease than in those without. Indeed, this finding
would be expected. Other statistical analyses have suggested
siponimod’s effect on disability is largely independent from
the effect on relapses.”’ For comparison, natalizumab is recog-
nized as a highly efficacious therapy for MS therapy for relaps-
ing or active disease, although it did not demonstrate efficacy
in the primary outcome measures for SPMS in trials with a
similar population to those studied in the siponimod SPMS
trial. 2428 At present, siponimod appears to have the best effi-
cacy data for treating SPMS. Clinicians and patients will have
to decide for themselves how this data is to be interpreted.

From a practical standpoint, siponimod is approved for
relapsing forms of MS and appears to have reduced adverse



cardiac effects, mitigating the need for first-dose observa-
tion except in the setting of certain pre-existing cardiac dis-
eases. Analysis of liver enzyme CYP2CP genotype is required
before starting siponimod to assess for potential effects

on siponimod metabolism that may contraindicate use or
mandate a reduced dose.

Ozanimod

Like siponimod, ozanimod is a more selective STPR modu-
lator with affinity for STPR1 and S1PRS5 (Figure 1). Treatment
with 0.5 mg ozanimod vs placebo reduced the mean num-
ber of gadolinium-enhancing lesions (1.5+3.7 vs 11.1+29.9;
odds ratio 0.16, 95% Cl .08-.30; P<.0001).2 Treatment with
0.5 mg ozanimod vs intramuscular interferon (3-1a for
24 months reduced ARR by 21% (P=.001).%° Treatment-
emergent adverse effects were higher in those treated with
interferon (3-1a, including treatment-emergent adverse
events that led to discontinuation. In another trial 0.5 mg
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Figure 2. Hazard ratio for progression to disability of participant
subgroups compared with total population in siponimod pivotal
trial. Authors of the Center for Drug Evaluation and Research sum-
mary review? noted those who had relapses in the 2 years prior to
the study (36% of participants) had a relative risk reduction of 33%
compared with 13% for those who did not. From this, they conclud-
ed that a minority of participants with more active disease drove
the overall treatment effect. Differences between subgroups with
lower age, shorter disease duration, relapse during the study, and
baseline lower Expanded Disability Status Scale (EDSS) scores were
also noted. From Lee P, Bastings E, Dunn B, Unger E, Center for Drug
Evaluation and Research. Application Number 2098840rig1s000
summary review. Available at https://www.accessdata.fda.gov/
drugsatfda_docs/nda/2019/2098840rig1s000SumR.pdf.
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ozanimod vs intramuscular interferon 3-1a reduced ARR
by 31% (P=0.0013).3" No first-dose clinically significant bra-
dycardia or second-degree or third-degree atrioventricular
block was reported. In both trials comparing ozanimod to
interferon [3-1a, ozanimod reduced volume loss in the whole
brain, cortical gray matter, and the thalamus.>* Among
those for whom cognitive processing speed was measured,
ozanimod treatment resulted in sustained improvement
compared with interferon -1a at 6 and 18 months.>* The
significance of these subset analyses will need to be con-
firmed by additional long-term studies.

Ponesimod

Ponesimod is an STPR modulator, highly selective for the
S1PR1 subtype. In a large head-to-head superiority study of
ponesimod (20 mg) vs teriflunomide (14 mg) for relapsing
MS, ponesimod significantly reduced ARR by 30.5% over
108 weeks (0.202 vs 0.290; P=0.0003).34 Those treated with
ponesimod also had significant reductions in fatigue com-
pared with those treated with teriflunomide, as measured by
the Fatigue Symptom and Impact Questionnaire-Relapsing
Multiple Sclerosis (FSIQ-RMS), a validated disease-specific
fatigue measure (mean FSIQ-RMS score -3.57; P =.0019).
Treatment with ponesimod also reduced combined active
lesions (new Gd* T1 plus new or enlarging T2 lesions) by
56% compared with teriflunomide (1.4 vs 3.16; P<.0001).

Summary
The S1PR modulators represent a unique class of oral
therapies for MS. By limiting the lymphocyte circulation, these
agents exert significant anti-inflammatory effects; through
direct CNS effects they may provide additional therapeutic
benefits. Whether a direct CNS therapeutic benefit of STPR
modulation exists is yet to be decided authoritatively. The
clinical significance of limiting disease progression, volume
loss, and cognitive decline is of utmost importance; any agent
with such properties may provide meaningful long-term
benefit in addition to reducing inflammation. Knowing that
cognitive impairment, volume loss, and the substrates of
progression occur early in MS suggest it may be beneficial to
use such agents early in the course of MS rather than waiting
until progression is clinically evident. The more selective STPR
modulators appear to have fewer short-term adverse effects,
particularly on cardiac conduction. The long-term adverse
effects of the newer agents are yet to be determined. m
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