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Abstract 
 
Background: Pediatric-Onset Multiple Sclerosis (POMS) is a rare disease that represents 3-10% 

of all MS cases. Despite the therapeutic developments that have taken place for the form of the 

disease that begins in adults, most approved disease-modifying therapies (DMTs) lack studies 

that demonstrate their efficacy and safety in the pediatric population. Sphingosine-1-Phosphate 

(S1P) receptor agonists, like fingolimod and siponimod, have shown interesting results in adult-

onset MS and there is a rise in the research regarding their effectiveness in treating POMS. This 

review explores the potential use of S1P receptor agonists in controlling neuroinflammation and 

promoting remyelination in children and adolescents diagnosed with MS. 

Methods: Scientific articles, systematic reviews, narrative reviews, clinical trials, and clinical case 

reports were analysed, accordingly to their relevance, using the platform PubMed. Considering 

the previously defined inclusion criteria, 45 references have been selected, according to their 

relevance, which formed the basis for the elaboration of this review. 

Results: S1P is a pleiotropic lysophospholipid mediator involved in various cellular processes, 

particularly in the immune and vascular systems. Its main role is to regulate lymphocyte egress 

from the thymus and secondary immune organs, via interaction with a S1P gradient. Fingolimod 

is the only drug acting on this system that is formally approved for use in POMS, based on the 

results of the PARADIGMS clinical trial. Its agonism for all types of S1P receptors, except for 

S1Pr2, made it assume an interesting role in the treatment of children and adolescents, but the 

attempt to mitigate some of its adverse effects, increasing the selectivity on some of the receptors 

is causing other drugs to be investigated and may even bring more clinical benefit, particularly by 

promoting remyelination. Siponimod, ozanimod, ponesimod, ceralifimod and amiselimod are also 

S1P modulators, but still not approved for POMS.  

Discussion: The overall usage of S1P modulators in MS patients is linked to a significant 

improvement in clinical and imaging measures and the knowledge acquired with the adult 

population has also been confirmed in children and adolescents, at least in relation to fingolimod. 

However, cardiovascular adverse effects, opportunistic infections, and an increased signal in the 

report of basal cell carcinomas are also associated with the use of this family of drugs. The 

development of molecules with more selective affinity for receptors that obviate some of these 

adverse effects is obviously very important, but no less relevant is their potential promoting effect 

on remyelination and neural repair, which is only now beginning to be properly explored. 

Conclusion: Early diagnosis and treatment initiation are crucial in reducing major and irreversible 

lesions in POMS patients. The treatment approach can be an escalation strategy or an aggressive 
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initial intervention, with fingolimod approval changing the therapeutic attitude to consider the drug 

earlier in treatment algorithms. Pediatric patients may be considered an optimal clinical model for 

studying and refining the use of S1P modulators as agents that promote remyelination and early 

repair of the disease. 

 

Keywords: multiple sclerosis; children; adolescents; remyelination; sphingosine-1-phosphate; 

fingolimod; siponimod. 
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1 – Background 
 

Multiple sclerosis (MS) is a neuroinflammatory and neurodegenerative disease normally 

diagnosed in young adults, particularly in the age group between 20 and 40 years old (1). 

Nevertheless, it can have its onset before the age of 18, being defined as Pediatric-Onset 

Multiple Sclerosis (POMS). This is estimated to be 3-10 % of all the patients diagnosed with 

MS, thus being considered a relatively rare disease in children and adolescents (2). There 

are also authors who refer to this disease as early-onset MS or juvenile MS (3).  

From a clinical point of view, the first event of central nervous system (CNS) 

demyelination, before the age of 18, is referred to with the generic term of Acquired 

Demyelinating Syndrome (ADS). When dealing with children, around 20% of the cases are 

diagnosed as MS, right at the first event (4). The development of laboratory and imaging 

techniques in recent years has allowed important advances in differential diagnosis and 

other relevant ADS are now to be considered in the pediatric age: myelin oligodendrocyte 

glycoprotein (MOG) antibody-associated disease (MOGAD), aquaporin-4 antibody-

associated neuromyelitis optica spectrum disorder (AQP4-NMOSD) or even monophasic 

conditions, as with most acute disseminated encephalomyelitis (ADEM), which may be the 

first manifestation of any of the previously mentioned syndromes. 

Considering POMS, the symptoms that may arise in children are the same as those 

associated with the adult-onset form of the disease. They include frequent involvement of 

long tracts, brainstem symptoms, optic neuritis, and myelitis, as more suggestive of the 

diagnosis (5). Some patients may have polyregional symptoms, which corroborates a 

relatively aggressive aspect of this disease at an early stage of life (6). However, it is unlikely 

that progressive forms of the disease, either primary (PPMS) or secondary (SPMS) will be 

seen at a pediatric age, with most cases corresponding to relapsing-remitting forms (RRMS) 

(7). Finally, it is more common for POMS patients to show a higher relapse rate when 

compared to adult-onset MS.  

As for the diagnosis, the McDonald criteria, defined for adults and revised in 2017, are 

also used in children, apart from having to comply simultaneously with the recommendations 

of the International Pediatric MS Study Group (IPMSSG) (6). The criteria are fundamentally 

based on the affirmation of the existence of dissemination in time and space, after excluding 

any other explanation for the clinical manifestations presented by the patient (6). With the 

evolution of this diagnostic process, new therapies and regimens have been studied, each 
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of them directly affecting some specific mechanism in the complex pathophysiology of MS. 

After making the diagnosis, it is possible to decide on a more incisive therapeutic plan, to be 

started as soon as possible, or in a more conservative approach. Some disease-modifying 

therapies (DMTs) used in adult-onset MS (AOMS) have also been tested on children, but 

most of the molecules that are used in the treatment of adults do not yet have studies that 

support their use in the pediatric population.  

 Agonists of the Sphingosine-1-Phosphate (S1P) receptors are an example of DMTs 

for MS and have been used in AOMS therapy since 2010, having fingolimod first in class. 

S1P is a lipid complex, which binds G protein-coupled receptors and can influence immune 

cells, so, these S1P receptors (S1PRs) can be considered targets in the treatment of many 

inflammatory and immune-mediated conditions (8). Fingolimod is the only molecule that acts 

by agonism of S1PRs which has already been tested in POMS. This drug was compared 

with interferon beta-1a in the PARADIGMS trial, demonstrating interesting results, both from 

a clinical point of view, with a significant reduction in the annualized relapse rates, and from 

an imaging perspective (9). Another S1P agonist, siponimod, has been approved for the 

treatment of AOMS in both the RRMS and SPMS forms. Additionally, a clinical trial is 

currently underway that aims to compare the use of this molecule with fingolimod and with 

ofatumumab (a fully human anti-CD20 monoclonal antibody) in children aged between 10 

and 17 years. Fingolimod-phosphate, the active form of the molecule, binds to four of the 

five subtypes of S1PRs (it binds to S1Pr1, S1Pr3, S1Pr4 and S1Pr5), whereas siponimod 

binds only to receptors S1Pr1 and S1Pr5. This allows siponimod to alleviate the cardiac 

adverse effects that are recognized with fingolimod (and which result from S1Pr3 receptor 

agonism) and allows exploring the potential promoter of remyelination that has been 

associated with the S1Pr5 receptor (10). 

 The purpose of this narrative review is to look up the scientific evidence regarding 

the S1P functioning and its receptors’ agonists, in view of the control of neuroinflammation 

and the potential effect promoting remyelination in the pediatric population.  
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2 – Material and methods 
 

 To elaborate this narrative review, scientific articles, reviews, and clinical case 

reports were analysed, having been extracted from the Pubmed platform. The searching 

equation was initially: ((fingolimod)) AND (siponimod)) AND (multiple sclerosis); 79 results 

have been found. After that, another search was done, to include scientific evidence related 

to pediatric MS, using the equation: (pediatric multiple sclerosis)) AND (fingolimod); 77 

results have been found, many of them already present in the previous search. In addition, 

both searches were restrained to articles written in english, portuguese or french, as well as 

published between 2017 and 2022. After reading the abstracts of all the articles, 45 

references have been selected, according to their relevance, which formed the basis for the 

elaboration of this narrative review. 

  



 12 

3 – Results 
 

3.1 – Sphingosine-1-Phosphate  
S1P is a lysophospholipid, resulting from the phosphorylation of sphingosine, by 

sphingosine kinase 1 or 2 (SphK1, SphK2) (10). It is a pleiotropic lipid mediator involved in 

different cellular processes, such as proliferation, migration, adhesion, and inflammation, 

especially in the immune and vascular systems.  Among all sphingolipids, S1P is the most 

well-characterized intracellular signalling molecule (11). In normal conditions, the major 

reserves of S1P are erythrocytes and endothelial cells, however, during inflammation, 

platelets and mast cells may also lead to its overproduction (10). 

This molecule can influence cellular processes, such as growth, survival, motility, 

angiogenesis and vascular integrity, neural development, and immune cell trafficking 

(11,12). The main one is the regulation of lymphocyte egress from the thymus and 

secondary immune organs, and it is in this step that most of the S1P modulators, described 

in this review, have their mechanism of action, by interacting with the S1P gradient. 

Normally, S1P has low concentrations in intracellular and interstitial fluids. On the other 

hand, in the blood and lymph, there is a higher concentration, which leads to an S1P 

gradient. Lymphocytes use this gradient to egress from the circulation to the lymphoid 

organs. When in the higher concentration fluids, S1P of lymphocytes is internalized, 

whereas in the lymphoid organs these cells gradually recover the surface expression of S1P, 

because of the low concentration, which gives them the ability to migrate out of the lymphoid 

organs. This gradient-dependent process is not unique to lymphocytes, it is also utilized by 

other immune cells, such as dendritic cells, natural killer cells (NK cells), and splenic B-cells 

(11). 

Regarding vascular integrity, some authors theorize about a probable vascular-

intrinsic stabilization capacity of S1P, leading to the better response of vessels to 

inflammatory signals. This molecule stabilizes the endothelial cells' cytoskeleton and 

strengthens the adherence junctions; consequently, the endothelial barrier becomes less 

permeable, one of the inflammatory processes' basal features. The blood-brain barrier 

(BBB) is also affected by S1P, as it acts the same way on the brain endothelial cells (13). 

S1P activity may be controlled in multiple steps, being its metabolism the first one: 

sphingolipids’ synthesis starts with the condensation of serine and palmitoyl-CoA into 3-

keto-dihydrosphingosine. After multiple enzymatic reactions, ceramide is obtained, being 

hydrolysed, by ceramidase, to sphingosine and, ultimately, leading to the production of S1P 
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(14). As for S1P, S1P phosphatase and S1P lyase are the two enzymes that keep the 

intracellular balance and affect its concentration. The second step refers to its transport: 

most of the S1P, in the plasma, is attached to High-Density Lipoprotein (HDL) (around 70%), 

and the rest is transported by albumin (11,12). It is also known that apolipoprotein M has a 

specific chaperone function, which was proven to ameliorate the exportation of S1P from 

erythrocytes to HDL, in comparison to albumin (15). Finally, S1P has its effects projected 

via specific receptors, which have a high affinity to G-proteins. Till now, there are 5 subtypes 

described: S1Pr1-5, widely spread in the body (11) and summarized in Table 1. 

 

3.2 – S1P receptors 
 

3.2.1. S1Pr1 

This receptor has its role in neurogenesis, angiogenesis, endothelial barrier function, 

as well as in regulating vascular tone. S1Pr1 is the one with a stronger influence on the S1P 

gradient described before, with lymphocyte expression, being also expressed in the 

endothelium where it affects vascular permeability (16). Studies in mouse models of MS, 

namely with experimental autoimmune encephalomyelitis, have shown that blocking S1Pr1 

leads to survival of the neurons and inhibition of demyelination (17), this being a critical 

aspect to consider this receptor as an important therapeutic target in MS. 

 

3.2.2. S1Pr2 

This receptor appears in relation to mast cell degranulation, histamine secretion, 

contraction of bronchial smooth muscle, and hair cell survival in the inner ear. S1Pr2 deletion 

was proven to reduce the secretion of reactive oxygen species, leading to the protection of 

the neural cells (18). It is also related to the development of the heart and the auditory and 

vestibular systems (19). 

In a 2021 study, Jonnalagadda D et al described the link between glutamate uptake 

by astrocytes and this specific subtype of S1Pr. S1P was identified as an inhibitor of 

glutamate uptake, in a dose-dependent manner, as well as an increasing factor of 

mitochondrial oxygen consumption, especially because of the activation of S1Pr2. Usually, 

the excess of glutamate is controlled by the astrocytic uptake, followed by the conversion 

into non-toxic glutamine. The investigation in receptor knock-out mice found that S1Pr2 was 

the receptor responsible for this inhibition in contrast to the other S1P receptors, which were 

not associated with this pathway.  With the discovery of this interaction, the authors point to 
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the search for S1Pr2 antagonists, to prevent glutamate neurotoxicity, present in neurological 

diseases, such as MS, and presenting with high concentrations of S1P (20). 

 

3.2.3. S1Pr3 

This receptor has an important influence on heart rate, as well as S1Pr1 (16). There 

are also authors who affirm S1Pr3 regulates vascular tone, by vasodilation (19). Others refer 

to its vasoconstrictive effect, by developing specific S1Pr3 antagonists and showing that its 

inhibition leads to a decrease in the concentration of calcium and protein Rho activation, 

involved in the contraction of smooth muscle cells (21). This receptor might have a dual 

effect on the immune system, as inducing pro and anti-inflammatory responses, but more 

research is needed, regarding this issue.  

Most of the evidence linking MS to S1Pr3 is related with its effect on the heart’s 

conductive system, since fingolimod (the first in class acting on these receptors), specifically 

by inhibiting S1Pr3 function, generates a negative chronotropic response, which will be 

further explored. 

 

3.2.4. S1Pr4 

This receptor is expressed especially in immune cells, but it is also present in airway 

smooth muscle cells (16). The function of this subtype is maybe the less well studied, but is 

associated with cytokine production by T cells, being S1Pr4 a negative regulator of its 

response (19). 

 

3.2.5. S1Pr5 

Mainly expressed in oligodendrocytes and brain endothelial cells, S1Pr5 can alter 

BBB integrity, having an important role in its maintenance. Its activation leads to a decrease 

in inflammatory cell adhesion on the surface and improves the protection of endothelial cells 

against penetration by monocytes (22). In addition, it regulates NK cell trafficking and seems 

to be involved in regulating distinct oligodendrocyte precursor cells and oligodendrocyte 

related processes (and these could be, in theory, important for remyelination). However, it 

is still unclear if the S1P modulators' interaction with this specific subtype of receptor leads 

to clinically valuable results in MS (16). 
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Table 1. S1Pr subtypes; function, cell and tissue expression and the respective antagonists available. 

 

  

 
 
 
 
 
 
 

 
 
 
 
 
 

CELL 
EXPRESSION 

Lymphocytes 
Neuronal cells 
Endothelial cells 
Cardiac 
conductive 
system  
Smooth muscle 

CNS cells 
Endothelial 
cells 
Smooth 
muscle cells 

Neuronal 
cells 
Cardiac 
conductive 
system 
Endothelial 
cells 
Smooth 
muscle cells 

Lymphocytes CNS cells 
NK cells 

FUNCTION Egress from 
lymph nodes 
Neuron migration 
and function 
Heart rate 
slowing 
Barrier 
permeability  

Hearing and 
balance 
Barrier 
permeability  
Vascular 
tone 

Neuron 
migration 
and function 
Barrier 
permeability  
 

Lymphoid 
tissue 
expression 
Dendritic and 
Th17 cell 
modulation 

Oligodendrocyte 
function 
NK cell migration 

ORGAN 
EXPRESSION 

Brain, heart, 
spleen, liver, 
lung, thymus, 
kidney, skeletal 
muscle, lymphoid 
organs 

Brain, heart, 
spleen, 
liver, lung, 
thymus, 
kidney, 
skeletal 
muscle 

Brain, heart, 
spleen, liver, 
lung, 
thymus, 
kidney, 
skeletal 
muscle, 
testis 

Lymphoid 
organs, lung 

Brain, skin, spleen 

DRUG Fingolimod 
Siponimod 
Ozanimod 
Ponesimod 
Ceralifimod 
Amiselimod 

 Fingolimod Fingolimod 
Amiselimod 

Fingolimod 
Siponimod 
Ozanimod 
Ponesimod 
Ceralifimod 
Amiselimod 
 

Gq 

G12/13 

G i/0 G i/0 

G i/0 
Gq 

G12/13 

G12/13 G12/13 G i/0 
G i/0 

S1Pr1 S1Pr2 
 

S1Pr3 S1Pr4 S1Pr5 
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3.3 – S1P modulators approved for POMS 
 

During the past years, there has been a vast increase in the investigation of POMS, 

regarding its epidemiology, pathophysiology, diagnosis, and treatment. This led to a change 

in the number and types of drugs used in the therapeutic plan, as well as an earlier diagnosis 

and initiation of DMTs. However, in this special population, the evidence of DMT’s 

effectiveness is not as strong as in adults, since most of it comes from observational studies 

and, that is why, to date, there is only approval of one S1P modulator, fingolimod, to treat 

this disease in the pediatric age (3).  

Currently, the first line treatment considered for POMS is still interferon beta (IFN-

beta) or glatiramer acetate (>12 years of age), since observational studies have shown these 

drugs to be safe and effective, with no serious adverse effects noted in this population (3,5).  

Fingolimod, as a DMT, is considered more effective than IFN-beta and glatiramer 

acetate. Its usage comes after its approval by the American Food and Drug Administration 

(FDA) and European Medicines Agency (EMA), after the findings of the PARADIMGS 

clinical trial, published in 2018 (3,5,9). In a 2021 study, Sandesjö et al proceeded with a 

survey which questioned clinicians regarding their therapeutic approach to POMS and 

weather the COVID-19 pandemic had affected their way of act, namely considering the 

possible reduction in the prescription of more effective drugs, such as fingolimod. The 

interesting finding was the increasing use of highly effective DMTs, in an earlier stage of the 

disease, being this slightly affected by COVID-19 (23). 

 

3.3.1. Fingolimod (FTY720) 

 

The mechanism of action of this S1P modulator is based on the inhibition of the 

gradient described before. By having a high affinity for all the S1P receptors, except S1Pr2, 

this drug acts as an antagonist of the receptors, inhibiting the normal egress of lymphocytes 

from the lymphoid organs. That turns to a reduction in the circulating lymphocytes, which 

leads to a limited inflammatory cell migration into the CNS, resulting, in consequence, in a 

smaller activity of the disease (16). Since it is an S1P analogue, fingolimod is phosphorylated 

by SphK and then fingolimod-P will bind to S1P receptors, which are coupled to different G 

proteins. When this bond happens, the G protein is activated, leading to the internalization 

of the receptor which would let lymphocytes egress to the lymph (24). 
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As already stated, the expression of S1P is not exclusive of immune cells, being 

present also in endothelial cells and astrocytes, main components of the BBB. Fingolimod 

can preserve BBB properties, by reducing its permeability by other cells. The increased 

barrier permeability is one of MS features, leading to the passage of aggressive cells which 

induce demyelination and axonal loss. Fingolimod lipophilic nature was proven to allow it to 

penetrate the CNS and, by modulating S1P functions, diminish the endothelial leakage 

previously present (25,26). 

As mentioned, fingolimod was approved to be used in children and adolescents in 

face of the results arising from the PARADIGMS study (9). This trial enrolled 10- to 17-year-

old patients with the diagnosis of MS. For 24 months, the comparison between the efficacy 

and safety of oral fingolimod (0.5 mg daily or 0.25 mg, for weights less than 40 kg) and 

intramuscular interferon beta-1a (30 μg weekly) was made. The results showed clearly 

superior efficacy of fingolimod, with an 82% relative reduction in the annualized relapse rate, 

compared to interferon. It should be noted that the annualized relapse rate in the interferon 

beta-1a group was almost twice what was observed in adult patients receiving the same 

treatment, in the TRANSFORMS trial (that underpinned the approval of fingolimod for 

adults), and so, the authors conclude that interferon might be considered weak in the 

pediatric population, when compared with fingolimod. Nevertheless, this drug is still used as 

first line treatment for POMS (9). 

Concerning safety and tolerability, the PARADIGMS study demonstrated that 

fingolimod is well tolerated in POMS. No serious adverse events were reported, and the trial 

described some cases of seizures and leukopenia (what would be expected, given the 

mechanism of action of the drug). Mild adverse effects were reported, such as lymphopenia 

and mild infectious complications. The association of fingolimod and skin carcinomas was 

not found in the pediatric population studied, in contrast with the increased risk described in 

adult trials (9). Nevertheless, there were some cases of bradyarrhythmia and/or macular 

edema reported, as well as Herpes virus infections, thus being recommended to screen for 

these conditions prior to the administration of fingolimod in children and adolescents, as it 

already happens with adults. As for the long-term effects of fingolimod on 

neurodevelopment, there is not enough evidence available to conclude anything, since there 

is a lack of longitudinal data (27). Fingolimod has a long circulatory half-life, which leads to 

a longer reduction of lymphocyte count, even after the administration, and this aspect can 

be related to more adverse reactions (28). This topic will be explained further in this review.  
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3.4 – S1P modulators under study for POMS 

  

3.4.1. Siponimod (BAF312) 

 

This drug was the second to be tested in clinical trials in AOMS, having been 

approved by FDA in 2018 for the treatment of SPMS. Siponimod was developed having its 

precursor fingolimod in mind, with the aim of finding a more selective S1Pr1 modulator: 

siponimod has high affinity with S1Pr1 and S1Pr5 receptors (only) and, unlike fingolimod, it 

does not require phosphorylation to be activated and does not have as many adverse effects 

on the heart, as it does not bind to S1Pr3 receptors. Still, the mechanism of action is similar 

and so siponimod also makes use of the S1P gradient, preventing the egress of lymphocytes 

(10), and, with this, a decrease the disease’s autoimmune activity.  

Some preclinical studies have demonstrated a protective effect of siponimod within 

CNS, through direct influence on astrocytes and oligodendrocytes (10,25). Other authors 

point out that siponimod reduces oligodendrocytes’ kinetics and axonal loss, during both 

acute and chronic phases of demyelination (29). Spampinato et al, in a study published in 

2021, using an in-vitro BBB model of endothelial-astrocytes co-culture exposed to an 

inflammatory insult, demonstrated that siponimod reduced the migration of peripheral blood 

mononuclear cells through the endothelial layer, only in the presence of astrocytes, 

concluding about this drug’s effect on the stability and reduced permeability of the 

astrocyte/endothelial barrier (26). In respect to remyelination, even though some authors did 

not find significative evidence in siponimod’s potential (29), there are others who stated, with 

preclinical observations, that the drug has promyelinating and neuroprotective properties, 

because of other effects of S1Pr1 and essentially of S1Pr5, still not completely understood. 

Montarolo et al investigated the expression of NR4A2, a transcription factor of the steroid 

nuclear hormone receptor family 4, group A (NR4A), in a sample treated with siponimod 

(30). This hormone family is related to an anti-inflammatory and protective function of the 

nervous system, by reducing the transcription of pro-inflammatory factors, such as NF-kB, 

in blood and CNS. In this study, authors found that siponimod increased the expression of 

NR4A1 and NR4A2, in the N9 microglial cell line, as well as increased expression of TREM-

2, a protein expressed in microglia, which facilitates recovery from brain injury, proposing its 

beneficial effects in CNS cells. However, no effect was found on oligodendrocytes and 

peripheral blood mononuclear cells, in this study (30). In contrast, a clinical experience with 

Xenopus tadpoles, in 2018, pointed to the particular interest of S1Pr5 receptor activity in the 
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myelin sheath repair; by comparing the effect on myelination of multiple compounds, the 

study stated siponimod was the most efficient, with its effect primarily based on S1Pr5 

receptor subtype activity, since with the S1Pr5-knocked-out model, the drug was no longer 

active (31). The protective capacity of siponimod was also mentioned in relation with 

astrocytes; a 2020 experiment generated human fibroblast-derived astrocytes, to identify 

the pharmacological effects of S1P modulators; the direct impact of siponimod on NFkB 

activation and glutamate transporters was shown, supporting the anti-inflammatory function 

of this drug (32). 

Concerning clinical trials, the most important study of the development of siponimod 

was the EXPAND study, a double-blind phase 3 multicentric trial, where the effect of 

siponimod was assessed on the progression of SPMS, by comparing its administration with 

a placebo. The S1P modulator decreased the risk of disease progression and has shown a 

safety profile similar to the previously tested S1P modulator, fingolimod (33). In 2020, data 

of EXPAND core and its extension up to >5 years were, also, analysed, corroborating the 

long-term clinical efficacy and consistent safety profile presented before. In the extension 

phase, patients receiving the placebo before were switched to siponimod; when comparing 

this sample with the group treated with the active drug since the beginning, both clinical and 

MRI features supported the fact thar earlier intervention with siponimod leads to better 

overall disease behaviour (34). 

Even considering all the potential of siponimod described in the adult population, so 

far fingolimod is the only S1P modulator approved worldwide for POMS (9). Nevertheless, 

there is an on-going clinical trial, the phase 3 NEOS study, which pretends to assess the 

efficacy and safety of siponimod and ofatumumab, in patients with POMS, from 10 to 17 

years, in comparison with fingolimod. NEOS includes a 2-year double blind core phase and 

an open-label extension part, and its primary outcome is the reduction of the annualized 

relapse rate in treated population, to conclude by the non-inferiority of siponimod and 

ofatumumab in comparison to fingolimod. Variables related to safety and imaging data will 

also be collected and analysed (35). 

 

3.4.2. Ozanimod (RPC1063) 

 

This drug has specific affinity for S1Pr1 and S1Pr5, inducing S1Pr1 internalization and 

reduction of circulating lymphocytes. Preclinical studies presented this drug as effective as 

fingolimod, in the EAE model, reducing the inflammatory activity of the disease (28). Plus, 
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some authors found ozanimod’s safety profile better, when comparing it with fingolimod (36). 

Ozanimod does not need to be phosphorylated to be activated, but it presents delayed 

absorption. This was revealed to be beneficial since the lower peak in blood concentration 

provokes fewer first-dose effects on heart rate, which, in themselves, are not very frequent, 

considering the weak affinity for the S1Pr3 receptor (10). 

Even though the drug will enter clinical trials recruiting children and adolescents 

soon, till now, there is no evidence of its efficacy in this special population.  

 

3.4.3. Ponesimod (ACT-128800) 

 

Ponesimod is an orally active S1P modulator with selective activity mostly on S1Pr1 

receptor (it has much less activity on the S1Pr5 one, compared to the previously mentioned) 

(37). It leads to the same lymphopenia as the others, manipulating the S1P gradient, by 

internalization and further degradation of the receptors (29). Some preclinical studies 

revealed that ponesimod reduced the amount of both B and T cells in the blood and spleen, 

as well as general inflammatory activity: pro-inflammatory cytokines, development of edema, 

and cell infiltration. Another important pharmacological aspect is its half-life; contrary to 

fingolimod’s long half-life and slow elimination, ponesimod is excreted after 1 week of 

discontinuation, which is an advantage when speaking of after-therapy adverse effects (37). 

As ozanimod, there are clinical trials expected to be conducted with ponesimod, 

studying children and adolescents with MS. However, so far there is no evidence supporting 

the prescription of ponesimod to the pediatric population.  

 

3.4.4. Ceralifimod (ONO-4641) 

 

This is another selective S1Pr1 modulator, with some activity on the S1Pr5 receptor 

as well. A phase II clinical trial was completed in adults, showing a reduction of gadolinium-

enhanced lesions in patients receiving this drug (38). Ceralifimod was not studied in further 

trials, since the manufacturers had referred to changes in the overall MS therapeutic 

paradigm and did not proceed with the investigation (37). 
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3.4.5. Amiselimod (MT-1303) 

 

Some authors also mention this selective S1Pr1 modulator, stating that its clinical 

studies have revealed a good outcome of treated patients, with a low risk for bradycardia 

(39). Once again, the developing company decided not to proceed the investigation with a 

phase III study. 

 

Table 2 summarizes some of the most significant aspects related to the 

pharmacokinetics of these products.  

 

 
Table 2. Pharmacokinetics of the different S1P modulators tested till the present moment.  

 

S1P 
Modulator 

Targets 

Time to 
maximum 

plasma 
concentration 

Half-
life 

Effect on 
lymphocyte 

count 

Lymphocyte 
recovery 

Approval 
for MS 

treatment 

Fingolimod S1P1, 

S1P3, 

S1P4, 

S1P5 

 

12-16 

hours 

 

6-9 

days 

 

~73% 

reduction 

 

 

4-8 weeks 

 

AOMS and 

POMS 

Siponimod S1P1, 

S1P5 

3-8 

hours 

22-38 

hours 

~70% 

reduction 

7-10 days 

or 

3-4 weeks 

AOMS (RR 

and SP 

forms) 

Ozanimod S1P1, 

S1P5 

6-8 

hours 

19-22 

hours 

~68% 

reduction 

30 days-3 

months 

AOMS 

(relapsing 

MS) 

Amiselimod S1P1, 

S1P5 

12-16 

hours 

32 

hours 

60-66% 

reduction 

7 days Discontinued 

Ceralifimod S1P1, 

S1P5 

4-6 

hours 

~ 3 

days 

40-65% 

reduction 

14 days Discontinued 

Ponesimod S1P1, 

S1P5 

2-4 

hours 

15-17 

days 

~70% 

reduction 

~7 weeks AOMS 

(relapsing 

MS) 
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4 – Discussion  
 

The approval of the use of fingolimod for the treatment of POMS opened a new page 

in the therapeutic approach of this clinical situation, in children and adolescents. SP1 

modulators are being increasingly used as an alternative to parenteral formulations of IFN-

beta and glatiramer acetate, which is why they have effectively allowed for a true change in 

the paradigm of disease treatment, prioritizing the use of oral drugs. 

Since the first line of prolonged treatment in POMS had been consisting in injectable 

drugs, most of the S1P modulators have been tested in comparison to IFN-beta. A recent 

meta-analysis of published randomized controlled trials regarding the safety and efficacy of 

S1P modulators in the treatment of RRMS patients revealed interesting conclusions. First, 

the overall usage of S1P modulators was linked to a significant decrease in annualized 

relapse rates, as well as in the number of new or enlarging T2 lesions on MRI scans. This 

aspect consolidates the effective anti-inflammatory role of these drugs, which is crucial, 

given the frankly inflammatory nature of the pediatric disease. Also, S1P modulators’ use 

was associated with better scores in the MSQOL-54 (Multiple Sclerosis Quality of Life-54), 

a physical health self-report, reinforcing their benefit in quality of life (36). 

In any case, the adverse effects reported in children and adolescents are not 

negligible. Several cardiovascular adverse effects (AEs) of fingolimod, such as 

atrioventricular block, sinus bradycardia, orthostatic hypotension, and hypertension, have 

been reported, even throughout the pharmacological development program, having been 

corroborated in the PARADIGMS clinical trial (9,10). These effects are explained by the 

expression and localization of the S1Pr subtypes and by the drug activity profile on them. 

As already mentioned, S1Pr1 is also expressed in atrial myocytes and endothelial cells and 

S1Pr3 is found in both smooth muscle and endothelial cells. The activation of the G protein-

coupled receptors, particularly S1Pr1 and S1Pr3, leads to myocyte hyperpolarization and a 

transitory reduction of their excitability state, elucidating why patients may present 

bradyarrhythmias and initial hypotension, after initiating these drugs. The continuous dosing 

and consequent effect on S1P gradient were found to shift the receptor profile, leading to an 

opposite finding in blood pressure, and hypertension (40). Since the cardiac events were 

believed to be triggered by the activation of S1Pr1 and S1Pr3 in cardiomyocytes, one of the 

purposes of the development of more specific agents, after fingolimod’s trials, was to 

understand if a non-interaction with S1Pr3 could lead to less frequent cardiac AEs. In 2022, 

Al-Yafeai et al reviewed the cardiac AEs of all S1P modulators approved and concluded that 
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even though siponimod’s activity is restricted to S1Pr1 and S1Pr5 modulation, cardiac AEs 

were still present (although to a much lesser extent). However, ponesimod and ozanimod 

did not show that association, suggesting these last two might be better therapeutic options, 

to avoid cardiac interference, particularly if that comorbidity is present (41). Considering this 

potential cardiovascular impact, it is recommended that all patients receive the first dose of 

these S1P modulators in a hospital environment, with monitoring of blood pressure, 

electrocardiogram, and heart rate. 

Opportunistic infections are also an important aspect that deserves some discussion, 

regarding the use of these drugs. It makes sense that a drug that incites a decrease in 

lymphocyte count can be associated with some infections, as it happens with any 

immunocompromised patient. Sharma et al reviewed the existing data on the most common 

infections associated with S1P modulators, being them caused by Varicella Zoster Virus, 

Herpes Simplex Virus and Cryptococcus neoformans (42). Since immunocompromised 

patients can sometimes present clinically atypical manifestations, it is very important to take 

into account the possibility of these infections in all patients starting treatment with S1P 

modulators, accessing all the possible symptoms of an initial infectious process, before they 

might become serious or even fatal conditions. 

 Schoedel et al also reviewed the available evidence around S1P modulators’ use to 

search for correlation with abuse of the prescription. Nevertheless, these drugs do not 

appear to be associated with abuse or any dependence potential (43). 

 Some authors point to the association of treatment with S1P modulators and skin 

cancers, particularly, basal cell carcinomas. By analysing FDA’s databases of adverse 

effects, populations treated with fingolimod and siponimod were found to have an increased 

signal in the report of basal cell carcinomas. The pathophysiological hypothesis described 

was focused on the mechanism of action of S1P modulators, as lymphopenia could result 

in a more difficult identification and elimination of malignant cells (44). Because of this 

correlation, it is imperative to screen for pre-cancerous skin lesions, as well as to have 

regular skin examinations once treatment is initiated.  

The PARADIGMS study revealed a higher frequency of seizures in the pediatric 

population treated with fingolimod than what was known in the adult (9). This naturally 

deserves some concern, but it does not appear that this adverse effect can be directly 

attributed to the use of the drug. The disease, being much more inflammatory in the pediatric 

age, naturally courses with more significant lesion loads, including the appearance of cortical 
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lesions, which can be potentially epileptogenic. When approached in this way, this AE does 

not require, in clinical practice, any other type of evaluation or monitoring. 

One of the most interesting chapters in the history of the use of these drugs, in 

POMS, may still be written and that concerns their potential to promote remyelination. The 

biology of S1Pr5 receptors is still not perfectly characterized and it is likely that it is through 

them that S1P modulators can promote remyelination and neural repair, acting on 

oligodendrocytes and respective precursor cells. In patients who participated in the 

EXPAND study, it was possible to identify siponimod in the cerebrospinal fluid, proving that 

the drug crosses the BBB (33). However, the concentration it reaches in this same location 

may be critical for the occurrence of remyelination and this aspect is still unclear. If, in fact, 

this repair takes place and effectively, children may be the ideal clinical model to better study 

it and to optimize the positioning of S1P modulators in the POMS treatment algorithm. 
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5 – Conclusion 
 

 

Most investigators claim that the most important aspect when treating patients with 

POMS is the earlier diagnosis and initiation of any treatment since it is the most efficient way 

of reducing the appearance of major and/or irreversible lesions in patients’ CNS. There is 

an increasing debate regarding the therapeutic attitude, with some clinicians defending an 

escalation strategy, used most of the time, versus an aggressive initial intervention (the so-

called induction therapy). Since the approval of the use of fingolimod in the treatment of 

POMS, the therapeutic attitude has changed, in the sense of considering this drug earlier in 

the treatment of the disease, which also allows to obviate some of the adverse effects that 

are attributed to the classic injectable drugs (45). 

There are several ongoing clinical trials that try to expand the range of therapeutic 

options for POMS, and this is a clinically desirable situation. More than that, a set of potential 

remyelination-promoting strategies is also being developed, and S1P modulators may have 

a word to say in this regard. The future will certainly be interesting in this field. 
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