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ABSTRACT

Background: Sphingosine-one phosphate receptor (SIPR) modulation inhibits SIPR1-mediated lymphocyte
migration, lesion formation and positively-impacts on active multiple sclerosis (MS). These S1IPR modulatory
drugs have different: European Union use restrictions, pharmacokinetics, metabolic profiles and S1PR receptor
affinities that may impact MS-management. Importantly, these confer useful properties in dealing with COVID-
19, anti-viral drug responses and generating SARS-CoV-2 vaccine responses.

Objective: To examine the biology and emerging data that potentially underpins immunity to the SARS-CoV-2
virus following natural infection and vaccination and determine how this impinges on the use of current
sphingosine-one-phosphate modulators used in the treatment of MS.

Methods: A literature review was performed, and data on infection, vaccination responses; S1PR distribution and
functional activity was extracted from regulatory and academic information within the public domain.
Observations: Most COVID-19 related information relates to the use of fingolimod. This indicates that continuous
S1PR1, S1PR3, S1PR4 and S1PR5 modulation is not associated with a worse prognosis following SARS-CoV-2
infection. Whilst fingolimod use is associated with blunted seroconversion and reduced peripheral T-cell vac-
cine responses, it appears that people on siponimod, ozanimod and ponesimod exhibit stronger vaccine-
responses, which could be related notably to a limited impact on S1PR4 activity. Whilst it is thought that
S1PR3 controls B cell function in addition to actions by SIPR1 and S1PR2, this may be species-related effect in
rodents that is not yet substantiated in humans, as seen with bradycardia issues. Blunted antibody responses can
be related to actions on B and T-cell subsets, germinal centre function and innate-immune biology. Although
S1P1R-related functions are seeming central to control of MS and the generation of a fully functional vaccination
response; the relative lack of influence on S1PR4-mediated actions on dendritic cells may increase the rate of
vaccine-induced seroconversion with the newer generation of S1PR modulators and improve the risk-benefit
balance

Implications: Although fingolimod is a useful asset in controlling MS, recently-approved S1PR modulators may
have beneficial biology related to pharmacokinetics, metabolism and more-restricted targeting that make it
easier to generate infection-control and effective anti-viral responses to SARS-COV-2 and other pathogens.
Further studies are warranted.

Abbreviations: a.u, arbitrary units; COVID-19, coronavirus 2019; Cp,.x, maximum concentration; CNS, central nervous system; mRNA, messenger ribonucleic acid;
MS, Multiple sclerosis; SAR-CoV-2, severe acute respiratory corona virus two; S1PR, sphingosine-1-phosphate receptor, SmPC, Summary of Medical Product
Characteristics; ELISA, enzyme-linked immunosorbent assay; ECLIA, electrochemiluminescent immunoassay; CLIA, chemiluminescent immunoassay.
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D. Baker et al.
1. Multiple sclerosis and disease modifying treatments

Multiple sclerosis (MS) is an immune-mediated, demyelinating and
neurodegenerative disease of the central nervous system (CNS) that is
the major cause of non-traumatic disability in young adults (Dobson and
Giovannoni, 2019). Relapsing disease is associated with mononuclear
cell inflammation that enters and becomes sequestered in the CNS and
supports the generation of innate immune/glial-cell based inflamma-
tion, which promotes the development of accumulating neuro-
degeneration and disability (Dobson and Giovannoni, 2019). Active
inflammation, seen by new lesion activity on imaging and/or clinical
relapse, can be targeted by a large number of disease modifying treat-
ments (Dobson and Giovannoni, 2019; Lublin et al., 2014). Whilst MS is
thought to be driven by pathogenic T cells, it is evident that all effective
immunotherapies limit the capacity of B cell subsets to enter the CNS
(Dobson and Giovannoni, 2019; Baker et al., 2017). These therapeutic
monoclonal antibodies and small molecules target the adaptive immune
response to act largely via inhibition of immune-activation, peripheral
lymphocyte depletion or lymphocyte migration-inhibition (Dobson and
Giovannoni, 2019).

Current migration inhibitors affect both T and B cells, which are
central, interacting parts of the immune system that deals with infection
and vaccination (Mehling et al., 2008; Gergely et al., 2012; Jurcevic
et al., 2016; Petersone et al., 2018; Harris et al., 2020). Therefore, there
was major concern at the beginning of the coronavirus 2019 (COVID-19)
pandemic, caused by severe acute respiratory corona virus two (SAR--
CoV-2) infection, about the risks posed to people taking immunosup-
pressive treatments, particularly as severe disease was associated with
lymphopenia (Wang et al., 2020; Baker et al., 2020a). This led to
treatment delays, cessation and switching of agents to avoid lympho-
penia and to allow more rapid drug wash-outs in case of infection (Baker
et al., 2020a). With time, SARS-CoV-2 vaccines and anti-viral agents
have been developed to fight the disease that has killed millions of
people and created economic havoc (Khoury et al., 2021; Wu et al.,
2022; Gombolay et al., 2022; Sendi et al., 2022; Richards et al., 2022).
However, this has created further challenges for use in immunosup-
pressed people (Baker et al., 2020a), especially as this is occurring
within a landscape of global viral evolution and the generation of
circulating SARS-CoV-2 variants that have different morbidities,
contagion and immune-escape (Chen et al., 2022; Shrestha et al., 2022).
However, as immune-escape is in part attributable to viral evolution in
immunosuppressed individuals (Weigang et al., 2021; Scherer et al.,
2022), it is important to optimise anti-viral therapy within the need to
effectively control immune-mediated diseases.

2. Coronavirus-19 disease and issues with SARS-CoV-2
vaccination

As data emerged about COVID-19 pathogenesis it became evident
that lymphopenia was largely a consequence of severe COVID-19 and
that coagulation issues were central to pathology and morbidity (Baker
et al., 2020b). The biology of the disease modifying MS treatments in-
dicates that they have limited to no impact on coagulation and micro-
thrombi formation and vice versa (Farrokhi et al., 2015). Furthermore,
all MS treatments are largely targeted to the adaptive immune arm and
seem to have limited activity on the innate system, which appears to be
important in anti-viral immunity and some elements of pathology. This
suggested that treatment of MS was less of a risk factor than initially
feared (Baker et al., 2020a; Baker et al., 2020b). Indeed, it was found
that susceptibility of people with MS to the SARS-CoV-2 virus was
related largely to the risk factors seen within the general population,
such as age and co-morbidities, with the addition of disability due to MS
(Sormani et al., 2021; Simpson-Yap et al., 2021). Importantly, most
disease modifying treatments were not associated with a worse prog-
nosis following infection (Sormani et al., 2021; Simpson-Yap et al.,
2021; Simpson-Yap et al., 2022). However, a modestly worse course of
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infection seemed to occur in some individuals who were continuously B
cell depleted with either ocrelizumab or rituximab, CD20-depleting
agents (Sormani et al., 2021; Simpson-Yap et al., 2021; Simpson-Yap
et al., 2022; Reder et al., 2021). Furthermore, CD20-depletion was
predicted to (Baker et al., 2020b) and subsequently shown to limit
seroconversion to infection and SARS-CoV-2 vaccines, without major
impact on T cell responses, until therapeutic-antibody disappears and B
cell repopulation is allowed to occur (Wang et al., 2022; Gombolay et al.,
2022; Madelon et al., 2021; Baker et al., 2021; Sormani et al., 2021b;
Pitzalis et al., 2021; Tallantyre et al., 2022a; Tallantyre et al., 2022b).
CD20-depletion prevents the generation of immature/naive B cells
capable of producing novel antibody-responses that may have included
the inability to form protective, cross-reactive antibodies following
natural infection with other (corona)viruses, which could pre-
vent/protect against subsequent SARS-COV-2 infection (Baker et al.,
2020Db; Fraley et al., 2021; Klompus et al., 2021).

In contrast fingolimod (Fig. 1), which is a lymphocyte migration
inhibitor, was not associated with a worse outcome following natural
SARS-CoV-2 infection (Sormani et al., 2021; Simpson-Yap et al., 2021;
Simpson-Yap et al., 2022; Reder et al., 2021; Sullivan et al., 2021).
Perhaps consistent with this, the majority of people on fingolimod
appeared to seroconvert, albeit sometimes with lower antibody titres
following a natural SARS-CoV-2 infection (Bigaut et al., 2021; Bsteh
etal., 2021; van Kempen et al., 2021; Zabalza et al., 2021; Louapre et al.,
2022; Sormani et al., 2022a). Similarly, modest reductions in antibody
titres notably with other vaccines, have been seen in fingolimod-treated
individuals (Boulton et al., 2012; Kappos et al., 2015; Zoehner et al.,
2019). However, fingolimod consistently inhibits both seroconversion
and peripheral blood T cell responses following SARS-CoV-2 vaccina-
tion, although there was some variability between studies in part due to
the: individuals, viral strain, past infection, vaccine type; time of assay
relative to infection/vaccination, different assays and different func-
tional and physical targets (Wu et al., 2022; Gombolay et al., 2022;
Tallantyre et al., 2022a; Tallantyre et al., 2022b; Achiron et al., 2021;
Meyer-Arndt et al., 2022). Importantly, this had biological impact
because in comparison to other MS treatments, use of either fingolimod
or CD20-depleting antibodies was sometimes associated with COVID-19
disease breakthrough following vaccination (Schiavetti et al., 2022;
Garjani et al., 2022; Bsteh et al., 2022; Sormani et al., 2022). Impor-
tantly, this was seen even before the time when circulating SARS-CoV-2
variants of concern, notably omicron variants, required high
vaccine-induced antibody titres to protect from infection compared to
the initial SARS-CoV-2 variants (Chen et al., 2022; Sormani et al., 2022;
Cheng et al., 2022; Tuekprakhon et al., 2022). As this breakthrough was
associated with agents with poor seroconversion, it supports the view
that viral neutralizing antibodies are particularly important in pre-
venting infection/re-infection (Baker et al., 2020a; Sormani et al.,
2022). This indicates that the clinical responses observed can be
attributed to the chemistry and biology of the different agents. It
therefore remained to be seen whether there could be any differences
between fingolimod and the other sphingosine-one-phosphate receptor
(S1PR) modulators, approved shortly before or during the COVID-19
pandemic (Fig. 1) (Al-Salama and Siponimod, 2019; Lamb, 2020;
Markham, 2021), which may predict or explain likely COVID-19 infec-
tion and vaccine responses that may affect the risk-benefit balance.

3. Sphingosine-one-phosphate receptor modulators used in
multiple sclerosis

Migration-inhibition ultimately limits entry of pathogenic cells into
the CNS, which is an effective strategy to control relapsing MS (Dobson
and Giovannoni, 2019; Lohmann et al., 2018). Sphingosine-1-phosphate
acts via a number of G-protein-coupled S1P receptors (Fig. 1, Table 2).
Fingolimod is likewise phosphorylated by sphingosine kinase enzymes
to create an active molecule that performs important signalling function
related notably to the vascular and immune systems (Scott, 2011; Grassi
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Fig. 1. Sphinogsine-1-phosphate receptor modulators used in multiple sclerosis. Chemical structures, relative elimination half-lives, the presence of active metab-
olites (M) and receptor binding and distribution profiles were obtaining from the Summary of Medical Product Characteristic reported at the European Medicines
Agency website and the literature. Ponesimod has low affinity for S1PR5. Created with Biorender.com.

et al., 2019). Different levels of S1P within tissues, lymph and the cir-
culation and different cellular expression profiles of the S1PR creates
gradients that can effect migration and influence the biology of cells
(Cyster and Schwab, 2012). The current S1IPR modulators have distinct
S1PR binding affinities, pharmacokinetics and different use-indications
(Fig. 1).

In the United States of America: fingolimod, siponimod, ozanimod
and ponesimod all have a similar utility and are licensed for clinically-
isolated syndrome, relapsing MS and active secondary progressive MS
(Al-Salama and Siponimod, 2019; Lamb, 2020; Markham, 2021; Scott,
2011). These are all characterised by bout attacks and/or new T2 or
gadolinium enhancing T1 lesion formation (Lublin et al., 2014). How-
ever, in Europe, differences in the licensing exist that may influence use
in practice. As such, fingolimod is a second-line treatment for
highly-active relapsing MS, siponimod is licenced for active, secondary
progressive MS, whereas both ozanimod and ponesimod have recently
been approved as first-line treatments for active relapsing MS (Al-Sa-
lama and Siponimod, 2019; Lamb, 2020; Markham, 2021; Scott, 2011).
Fingolimod has been used and studied most extensively and forms the
basis for most COVID-19- related information. Fingolimod exhibits a
long half-life and so peripheral lymphocyte recover slowly after treat-
ment cessation (Table 1). However, once cells repopulate, disease may
relapse and therefore this requires an appropriately-timed switch to an
alternative treatment (Barry et al., 2019). Although there were initial
recommendations to stop fingolimod treatment following SARS-CoV-2
infection, the virus would be naturally cleared before therapeutic
levels have been eliminated (Baker et al., 2020a). This probably
prompted some people to switch to S1PR modulators with a more rapid
clearance, in case people exhibited COVID-19 symptoms.

Siponimod, ozanimod and ponesimod have relatively short half-lives
compared to fingolimod (Table 1) (Gardin et al., 2019; Brossard et al.,
2013; Surapaneni et al, 2021), although individuals with the
slow-metabolising cytochrome P450 variants for CYP2C9 (variant *3)

Table 1
Biological and pharmacokinetic characteristics of SIPR modulators.

Treatment S1PR Time to Approximate Median time
targeted Cmax Elimination half- lymphocyte

live recovery

Ponesimod 1 2-4h 33h 1 week

Siponimod 1,5 4h 30h 10 days

Ozanimod 1,5 6-8h 21 h/11days 30 days
(CC112273)

Fingolimod 1,3,4,5 12-26h 6-9days 1-2 months

Information about the pharmacokinetics of sphinogsine-1-phosphate receptor
(S1PR) modulators were obtained from the Summary of Medical Product
Characteristics from the European Medicines Agency website. CC112273 is a
metabolite of ozanimod. C,,x maximum concentration

are screened and excluded prior to commencement of siponimod treat-
ment (Al-Salama and Siponimod, 2019; Gardin et al., 2019). Further-
more, as ozanimod is metabolised to compounds with long half-lives, it
will exhibit similar issues to fingolimod in terms of slow lymphocyte
recovery following treatment cessation (Table 2) (Lamb, 2020; Sur-
apaneni et al., 2021). In contrast ponesimod has a relatively short life,
with a relatively rapid repopulation of lymphocytes (Table 1) (Valen-
zuela et al., 2021) and therefore could offer advantages following
infection or in using short treatment breaks to promote better vaccina-
tion responses. However, information on the time window before dis-
ease reactivation occurs after cessation is currently limited (Lublin et al.,
2022), but effective vaccination following discontinuation that avoids
disease breakthrough seems feasible with short-half live agents (Ufer
et al., 2017; Ziemssen et al., 2022, Spiller et al., 2021).

Fingolimod binds to S1PR1, SIPR3, S1PR4, and S1PR5, which have
distinct tissue distributions that will impact on its function (Fig. 1;
Table 2) (Brinkmann et al., 2002). However, it is clear that the major
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Table 2

Receptors specific cities of approved S1PR modulators.
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Treatment Sphingosine-1-phophate (S1P) receptor binding affinities

S1PR1 S1PR2 S1PR3 S1PR4 S1PR5 Reference
S1p 0.47nM" 0.31nM" 0.17nM" 95 nM* 0.61nM" Mandala et al., 2002
Fingolimod 300nM* >10,000nM" >10,000nM" >5,000nM" 2623nM"
Fingolimod-P 0.21nM" >10,000nM" 5.0nM" 5.9 nM* 0.59nM"
Fingolimod-P 8.2nM" >10,000nM"” 8.4nM" 7.20M" 8.2nM" Brinkmann et al., 2002
Siponimod 0.39nM" >10,000nM” > 1,000nM” 750nM"” 0.98nM" Gergely et al., 2012
OzanimodFingolimod-P 0.41nM" >10,000nM" >10,000nM" >7,865nM* 11nM" Scott et al., 2016
Siponimod 0.27nM" >10,000nM"” 0.90nM" 345nM° 0.5nM"

0.39nM" >10,000nM" >10,000nM” 920nM°® 0.38nM"
Ponesimod 5.70M" >10,000nM" 105nMa” 1,108nM"¢ 59.1nM"! Bolli et al., 2010
S1P 25.3nM" 43.9M" 0.7nM" 164nM” 1.1nM"

The S1P1R binding affinities of sphinogsine-1-phosphate (S1P) and the S1PR modulators were extracted from the literature. The results report the *ICso or ®°ECs

binding levels using either.
@ competitive radio-ligand binding.
b gamma GTPS or.
¢ beta-arrestin binding assays.

4 Maximal effect at 10,000 nM on S1PR4/S1PR5 was 18/42%, respectively of the effect on S1P response, so was not only less efficacious but also less potent than S1P.
The standard daily doses are: 0.5 mg fingolimod, 1 mg siponimod, 0.92 mg ozanimod or 20 mg ponesimod.

therapeutic impact on lymphocyte migration is mediated by S1PR1
(Sanna et al., 2004). Ponesimod targets largely SIPR1, with lower af-
finities and partial activity for other receptors, notably SIPR5, and in-
hibits relapsing MS (Fig. 1, Table 2) (Markham, 2021; Bolli et al., 2010).
Siponimod and ozanimod both target S1P1R and S1PRS5, to notably to
limit perceived S1IPR3-mediated side effects encountered with fingoli-
mod (Gergely et al., 2012; Sanna et al., 2004; Scott et al., 2016). They
also target SIPR5 on oligodendrocytes and their precursors to poten-
tially better influence remyelination (Fig. 1, Table 2) and do not require
the action of phosphorylating S1P kinases for activity (Liu et al., 2000;
Kharel et al., 2005; Roggeri et al., 2020). Although remyelination effects
are largely unproven in MS, oligodendrocyte actions are unlikely to be of
major importance to COVID-19, therefore targeting this pathway is
unlikely to impact on SARS-CoV-2 infection or vaccination responses.
However, S1IPR5 modulators may affect natural killer cell function,
which may influence COVID-19 biology (Walzer et al., 2007; Drouillard
et al., 2018; Di Vito et al., 2022). However, given that the impact of
these agents on natural killer cell numbers is often minimal (Harris et al.,
2020) and that fingolimod, which also targets SIPR5 and is not associ-
ated with a worse prognosis following SARS-CoV-2 infection (Sormani
et al., 2021; Simpson-Yap et al., 2021), indicates that likewise, siponi-
mod, ozanimod and ponesimod are unlikely to cause a worse prognosis
following COVID-19 infection. Indeed, this appears to be the case in the
few individuals that are reported to be infected with SARS-CoV-2 who
are taking these drugs (Sullivan et al., 2021; Czarnowska et al., 2021;
Berger et al., 2022, Cree et al., 2022). Natural killer cells are unlikely to
exhibit a major effect on the generation of T and B cell responses and this
suggests that siponimod, ozanimod and ponesimod may behave simi-
larly regarding vaccination.

4.1. Sphingosine-1-phopshate receptors controlling multiple sclerosis and
COVID-19 infection and vaccine responses

Currently all approved S1PR modulators target SIP1R (Table 2).
These may be agonists that trigger receptor internalisation and degra-
dation (S1PR1) or internalization and recycling (S1PR3 and S1PR4) to
be functional antagonists at SIPR1, S1IPR3, SIPR4 and possibly agonists
at S1PR5, which appears not to internalize (Grassi et al., 2019; Cyster
and Schwab, 2012; Bigaud et al., 2018). Simplistically, S1PR1 is
involved in lymphocyte egress from bone-marrow and some lymphoid
tissues and therefore S1IP1R modulators are associated with a rapid
peripheral lymphopenia limiting entry of pathogenic cells into the CNS
(Mehling et al., 2008; Jurcevic et al., 2016; Harris et al., 2020; Cyster
and Schwab, 2012; Brossard et al., 2013; Mandala et al., 2002;

Matloubian et al., 2004). In addition, S1IPR1 is also expressed by the
vascular system and brain endothelial cells, hence S1PR modulation can
further inhibit leucocyte trafficking into the CNS to prevent disease
(Zhao et al., 2018; Spampinato et al., 2015). This may be further
influenced by astrocytic SIPR1/S1PR3 activity, as astrocytes are known
to be involved in blood-brain barrier formation and targeting astrocytes
probably serves to help inhibit disease (Choi et al., 2011; van Doorn
et al., 2012; Spampinato et al., 2021).

Although it is clear that CD4, CD8 and CD19 expressing T and B
lymphocytes are markedly inhibited following S1P1R internalization, it
is evident that there is differential inhibition of lymphocyte subsets
notably due to S1IPR1 and CCR7 chemokine receptors (Mehling et al.,
2008; Jurcevic et al., 2016; Harris et al., 2020; Lu and Cyster, 2019;
Hjorth et al., 2020). This indicates that many studies showing dimin-
ished T cell responsiveness against SARS-CoV-2 vaccination are not
measuring the same populations of T cells, which may have different
stimulation thresholds and cytokine release profiles (Sallusto et al.,
1999; Geginat et al., 2003). As such naive (CD45RA-+, CCR7+) and
central memory [CD45RO+, CCR7+) populations, which are the cells
that will generate new responses in lymph nodes are trapped and
maintained in lymphoid tissues and bone marrow (Mehling et al., 2008;
Hjorth et al., 2020). The effector memory (CD45RO+, CCR7+) and
notably effector T-cells (CD45RA+, CCR7-), which will give the pro-
tective anti-viral responses in tissues can enter the circulation to pro-
mote defence against pathogens (Mehling et al., 2008; Jurcevic et al.,
2016; Harris et al., 2020; Hjorth et al., 2020). Furthermore, as lymphoid
tissue retention of CD8+ T-cell is less marked than seen with CD4+ T
cells, peripheral effector CD8+ T-cells are enriched (Mehling et al.,
2008; Jurcevic et al., 2016; Hjorth et al., 2020; Johnson et al., 2010).
This will further aid anti-viral immune responses that promote recovery
from COVID-19. However, this is a relative escape and there is an ab-
solute reduction in effector memory cells, which are the major T-cell
subset entering the CNS during MS (Hjorth et al., 2020; Mullen et al.,
2012). Thus, this action could promote efficacy in MS, in addition to any
effect on central memory T cells (Song et al., 2015).

Furthermore, the peripheral memory B cells are a major subsets of B
cells implicated in MS pathogenesis and are affected along with naive B
cells, at least for fingolimod (Baker et al., 2017; Johansson et al., 2021;
Kemmerer et al., 2020; Kowarik et al., 2021). Importantly, fingolimod,
like most other MS-disease modifying treatments, targets the adaptive
immune response and does not induce marked changes to the peripheral
innate immune response, which are sentinels located within the affected
tissues and appear to be central to SARS-CoV-2 removal (Baker et al.,
2020a; Kemmerer et al., 2020; Amor et al., 2020). This is facilitated by
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the cytotoxic T cell response and the subsequent generation of cyto-
pathic and neutralizing antibodies that can help protect against
re-infection (Baker et al., 2020a; Baker et al., 2020b; Sormani et al.,
2022). Antibody responses can be generated within the lymphoid tissue
from immature and naive B cells, which seem to express many S1PR
(Fig. 2) and thus may not require re-circulation to tissues to induce
antibody-producing plasma cells that could facilitate removal of the
SARS-CoV-2 virus (Turner et al., 2021; Kim et al., 2022). However,
S1P1R is involved in the release of immature B cells from bone marrow
and B cell migration within lymphoid tissues that involves shuttling of B
cells from marginal zones and B cell follicles using S1IPR1 and CXCRS5,
responding to CXCL13 (Lu and Cyster, 2019; Cinamon et al., 2008;
Allende et al., 2010). This could contribute to the reduction of
SARS-CoV-2 B cell responses as seen with fingolimod (Wu et al., 2022;
Gombolay et al., 2022).

Vaccine responses during fingolimod treatment are blunted
compared to untreated individuals with a seroconversion rate of 60.2%
in a meta-analysis of n = 785 people treated with SIPR modulators,
largely taking fingolimod n = 764 (Wu et al., 2022). This was supported
in an additional meta-analysis examining only fingolimod treatment,
which reported an antibody response in n = 160/220 (72.7%)

2400
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vaccinated and n = 152/198 (76.8%) mRNA-vaccinated, fingolimod--
treated individuals (Table 3) (Gombolay et al., 2022). In addition other
S1PR modulators also exhibited a blunted vaccine response, seen as
reduced antibody titres compared to untreated individuals following
SARS-CoV-2 treated vaccination in animals or people with MS treated
with either: siponimod (n = 50) (Ziemssen et al., 2022, Siddiqui et al.,
2021; Krbot Skori¢ et al., 2022; Milo et al., 2022; Satyanarayan et al.,
2022; Bar-Or et al., 2022), ozanimod (n = 228) (Satyanarayan et al.,
2022; Kantor, 2022, Cree et al., 2022b, Akgiin et al., 2022) or ponesimod
(n=103) (Spiller et al., 2021, Wong et al., 2022) (Table 3). This suggests
an important impact of SIPR1 on vaccine-induced antibody responses.

Interestingly, although the numbers of studies on non-fingolimod,
S1PR modulators are relatively small and the differences observed
may be part of the variability between studies, including the nature of
the vaccines and the immune-response detection assays used, it seems
that there are better seroconversion rates seen in the majority of people
treated with siponimod, ozanimod and ponesimod (Table 3). This con-
trasts with studies on fingolimod that often report that the minority of
people seroconvert following vaccination (Wu et al., 2022; Gombolay
et al., 2022; Ziemssen et al., 2022, Siddiqui et al., 2021; Krbot Skori¢
et al., 2022; Milo et al., 2022; Satyanarayan et al., 2022; Bar-Or et al.,
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Table 3
Influence of SIPR modulation on SARS-CoV-2 vaccine responses.
S1PR No. SARS-CoV-2 T cell Reference
modulator seroconversion/ Assay Response
Total (Source) assessed
(% response) &
subgroup
Fingolimod 160/220 Multiple Yes Gombolay
(72.7%) Varied et al., 2022
152/198 «
(76.8%) mRNA
20/37 (54.1%) ECLIA (Abbott) Yes Milo et al.,
mRNA 2022
11/18 (61.1%) Multiple No Satyanarayan
Varied et al., 2022
n = 86 (27.9%) CLIA Yes Akgiin et al.,
mRNA (DiaSorin) 2022*
Siponimod 15/21 (71.4%) Neutralization Yes Rauser et al.,
mRNA assay 2022*
1/1 (100%) ECLIA (Roche) No Siddiqui et al.,
mRNA 2021
11/13 (84.6%) ECLIA (Roche) No Krbot Skori¢
Varied et al., 2022
3/3 (100%) ECLIA (Abbott)  No Milo et al.,
mRNA 2022
7/8 (87.5%) Multiple No Satyanarayan
Varied et al., 2022
4/5 (80.0%) SARS-CoV IgG No Bar-Or et al.,
mRNA 2022*
Ozanimod 3/3 (100%) Multiple No Satyanarayan
Varied et al., 2022
30/30 (100%) ECLIA (Roche) Yes Kantor, 2022*
Varied
137/148 ECLIA (Roche) No Cree et al.,
(92.6%) Varied 2022b*
39/39 (100%) «
Exposed
98/109 (89.9%) « «“
Naive
80/80 (100%)
mRNA
n = 47 (84.2%) CLIA Yes Akgiin et al.,
mRNA (DiaSorin) 2022*
Ponesimod 89/103 (86.4%) ELISA No Wong et al.,
Varied (Nexelis) 2022*
11/11 (100%) “ “ “
Exposed
33/38 (86.8%) « « «
Naive
29/32 (90.6%)
mRNA

Information was extracted from data tables from a meta-analysis of 31 studies on
the influence fingolimod treatment on SARS-CoV-2 vaccination (two doses).
This was contrasted with individual public domain studies of SARS-CoV-2
vaccination in people treated with either siponimod, ozanimod or ponesimod.
The results show the number of serological responders, defined within their
studies, from the total analysed in response to any Index SARS-CoV-2 vaccine
(varied) or stratified into those receiving only mRNA vaccines. Data was also
stratified into those potentially previously exposed to COVID-19 infection,
indicated by serological responses to SARS-CoV-2 nucleocapsid, or were
considered to be infection-naive in the absence of nucleocapsid serology. Where
defined the SARS-Cov-2, antibody detection assay and manufacturer was indi-
cated and these included electro-chemiluminescent immunoassay (ECLIA) and
enzyme-linked immunosorbent assays (ELISA). It is indicated whether SARS-
CoV-2 T-cell recall responses were performed. The source references are
indicated.

" Indicates that the public domain information may not have been peer-
reviewed.

2022; Kantor, 2022, BAC Cree et al., 2022, Akgiin et al., 2022, Wong
et al.,, 2022). This could suggest that SIPR3 and S1PR4, which are
widely expressed by the immune system (Fig. 2), contribute to lower
antibody titres following vaccination, as suggested by the underlying
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biology.

Consistent with other studies (Khoury et al., 2021), the level of
seroconversion is influenced by the nature of administered vaccine
(Table 3) (Khoury et al., 2021). As such, mRNA vaccines induce better
seroconversion than seen following viral vector use (Wu et al., 2022;
Gombolay et al., 2022; Tallantyre et al., 2022a). Meta-analysis indicates
responses in n = 152/198 (76.8%) mRNA vaccinated individuals vs. n =
8/22 (36.4%) individuals vaccinated with SARS-CoV-2 viral vectors
administered during fingolimod (Wu et al., 2022) and was seen with
ozanimod and ponesimod (Table 3) (Cree et al., 2022b, Wong et al.,
2022). Likewise, as anticipated there were more marked vaccine re-
sponses in people who have seroconverted following natural
SARS-CoV-2 infection (Table 3) (BAC Cree et al., 2022, Wong et al.,
2022). Therefore, the demographics of individuals vaccinated will
potentially influence study outcome.

Furthermore, it could also be argued that the possible subtle differ-
ences reported between fingolimod and the more recently approved
variants may relate to biology created by the changing circulating SARS-
CoV-2 variants of concern and thresholds of immunity required for
immune protection (Sormani et al., 2022; Ohashi et al., 2022). However,
the information reported here was largely based on full vaccination
(typically two cycles) with the original index-SARS-CoV-2 virus-based
vaccines. This was also collected during periods when SARS-COV-2
alpha and delta variants of concern were prevalent (Looi, 2022 Sep
15) and most people appeared to be natural-infection naive (Table 3)
and respond consistently over time and between vaccine cycles (Tal-
lantyre et al., 2022a; Tallantyre et al., 2022b; Konig et al., 2022).
Therefore, the circulating SARS-CoV-2 variant, may have had limited
impact on the vaccine responses seen (Table 3).

However, it is likely that the threshold of assay detection of SARS-
CoV-2 antibodies is important in determining the level of seroconver-
sion. Therefore, it is perhaps of interest that the high frequency of
seroconversion seen notably in ozanimod-treated individuals was
largely detected in studies using the SARS-CoV-2 receptor binding
domain ECLIA Elecsys® assay (Table 3) (Kantor, 2022,(BAC Cree et al.,
2022). This seems to detect higher levels of seroconversion in
fingolimod-treated, infection-naive (SARS-CoV-2 nucleocapsid antibody
negative) individuals in comparison to the many different assays used
(Wu et al., 2022; Sormani et al., 2021b; Pitzalis et al., 2021).These large
studies may help skew the level of seroconversion observed, which can
be quite heterogenous between fingolimod-related studies (Wu et al.,
2022). As such a high level of seroconversion (n = 58/64. (90.6%)) was
detected following tozinameran (BNT162b2) vaccination using the
Elecsys® receptor binding domain antibody assay (Sormani et al.,
2021b). However, the median titre detected was only about 20 U/ml
(Sormani et al., 2021b). Likewise, in another similar fingolimod study,
again a median antibody titre of only 26.7 U/ml (n = 71) was reported in
infection-naive, tozinameran-vaccinated individuals (Pitzalis et al.,
2021). Importantly, it was reported that only 14/71 (19.1%)
fingolimod-treated, infection-naive individuals developed an index
SARS-CoV-2 strain neutralizing titre of >133 U/ml occurred in
fingolimod-treated individuals (Pitzalis et al., 2021). In contrast, the
median SARS-CoV-2 receptor binding domain-specific antibody in
ozanimod-treated, infection-naive individuals was 138 U/ml (BAC Cree
et al., 2022). Although caution is needed in comparing different studies,
this supports the view that at least ozanimod and perhaps other SIPR
modulators, may allow a higher antibody titre to develop and thus
create a potentially more effective vaccination response. Larger studies,
meta-analysis of numerous smaller studies (Wu et al., 2022; Gombolay
et al., 2022) or ideally clinical or experimental head to head studies will
be required to determine whether there are indeed any real differences
between the vaccine responses of the different SIPR modulators. How-
ever so far, this idea is suggested by some recent studies that contain
responses to multiple different SIPR modulators (Table 3) (Milo et al.,
2022; Satyanarayan et al., 2022; Akgiin et al., 2022).

Whilst the majority on SARS-CoV-2 vaccine responses have focused
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on antibody responses, reduced T-cell recall responses have also
repeatedly been reported during fingolimod treatment in many small
studies that are perhaps consistent with the induced T cell lymphopenia
(Wu et al.,, 2022; Gombolay et al., 2022; Tallantyre et al., 2022a;
Meyer-Arndt et al., 2022; Wolf et al., 2022). The peripheral blood T cell
responses in people treated with the more recent S1PR modulators have
been inconsistent and further study is required (Ziemssen et al., 2022;
Kantor, 2022; Akgilin et al., 2022). However, as memory T and B cell
recall responses require stimulation and are maintained even after
antibody titres are diminished (Tallantyre et al., 2022a; Konig et al.,
2022; Moore et al., 2022), the threshold level needed for immune pro-
tection requires further study and may vary with time, notably related to
the changing circulating SARS-CoV-2 variant of concern, as seen with
antibody protection from infection (Khoury et al., 2021; Sormani et al.,
2022; Ohashi et al., 2022).

4.2. Influence of non-sphingosine-1-phopshate 1 receptors controlling
antibody responses

None of the current SIPR modulators target SIPR2 (Table 2) and this
may be beneficial for vaccine responses as SP1R2 and the CXCR5 che-
mokine regulate the localization of follicular helper T cells into the B cell
follicles to promote antibody responses and are particularly important
for germinal centre reactions, where they can function to help antibody
responses to novel antigens, through production of cytokines and co-
stimulatory molecules (Moriyama et al., 2014; Cohan et al., 2021).
Furthermore, SIPR2 is expressed by B cells within follicles (Fig. 2) and
this regulates entry into a plasma cell or recycling germinal centre cell
fate and maintains the homoeostasis of germinal centre B cells (Cattor-
etti et al., 2009; Green et al., 2011; Green and Cyster, 2012; Ise et al.,
2018; Al-Kawaaz et al., 2019). As such, SIPR2 may inhibit some
S1PR1-mediated functions (Sic et al., 2014).

In contrast, it is also possible to speculate that potential differences
between fingolimod and the other S1P modulators could occur due to an
activity on S1PR3. Indeed, it has been suggested that SIPR3 controls B
cell function (Cinamon et al., 2008; Tedford et al., 2017; Donovan et al.,
2010). Notably, this receptor has been associated with the development
of progenitor cells; positioning of immature B cells within bone marrow
sinusoids and migration of B cells within the bone marrow and lymphoid
tissues (Donovan et al., 2010; Muppidi et al., 2015; Ogle et al., 2017).
Importantly, it is involved in B cell capture of antigens in the marginal
zones and shuttling to B cell follicles for the development of antibodies
(Cinamon et al., 2008; Tedford et al., 2017). However, this view may
only reflect the case in rodents, as there is a paucity of evidence to
suggest an SIPR3-mediated B cell activity in humans. As such, there may
be subtle differences in the migration cues between rodent and humans
(Park et al., 2021). Importantly, whilst mouse B cells express SIPR3
(Donovan et al., 2010; Wu et al., 2009) it appears that human B cells
express limited SIPR3 mRNA (Wu et al., 2009; Kassambara et al., 2015)
(Fig. 2). This may have parallels with the cardiac side-effect activity that
was originally attributed to S1IPR3, based on rodent studies (Gergely
et al., 2012; Sanna et al., 2004). It is now evident that these issues are
mediated by S1PR1 in humans (Gergely et al., 2012). As such all
approved S1P modulators, including those with no/limited SIPR3 ac-
tivity can induce cardiac arrhythmias (Al-Salama and Siponimod, 2019;
Lamb, 2020; Markham, 2021; Scott, 2011). However, SIPR3 can be
pathologically regulated within lymphoid tissues and may have some
element to play in B cell development, notably as it has been suggested
that SIPR3 contributes to vascular and dendritic cell function within B
cell areas (Muppidi et al., 2015; Girkontaite et al., 2004; Middle et al.,
2015; Nussbaum et al., 2015). As such SIPR3 can control dendritic cell
migration into secondary lymphoid tissues and monocyte activity
(Maeda et al., 2007; Keul et al., 2011) and may influence the generation
of primary immune responses that ultimately lead to a vaccination
response (Fig. 2).

Indeed, it is evident that SIPR4 is widely expressed by immune cells
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subsets (Fig. 2), including platelets (Golfier et al., 2010) (Fig. 2) and that
S1PR4 modulation may mediate effects on T and B cell migration and
may modulate S1PR1 function (Sic et al., 2014; Wang et al., 2005; Xiong
etal., 2019; Olesch et al., 2020; Riese et al., 2021), S1pr4-gene deficient
mice have normal lymphocyte numbers and regular architecture of
secondary lymphoid organs (Schulze et al., 2011). In contrast, there was
a marked impact of S1PR4 depletion on dendritic cell migration and
cytokine secretion leading to reduced Th17 T-cell differentiation and
inhibition of mouse and human dendritic cell activity (Schulze et al.,
2011; Mosheimer et al.,, 2005; Olesch et al., 2017). There is
S1PR-mediated control of dendritic (Langerhans) cell migration from
the skin (Bock et al., 2016). This could impact antigen-presenting cell
function in vaccine-induced responses and may affect progenitor
development in the bone marrow that limit the occurrence of dendritic
cells (Olesch et al., 2017; Dillmann et al., 2015). Furthermore, SIPR4 is
required for plasmacytoid dendritic cell differentiation (Dillmann et al.,
2015). Plasmacytoid dendritic cells secrete high levels of interleukin-6
and type I interferons in response to infection, which are protective
against the SARS-CoV-2 virus and can help induce the differentiation of
B cells into IgG-secreting plasma cells (Le Bon et al., 2001; Jego et al.,
2003; Poeck et al., 2004). The innate immune system and endothelial
express the S1P kinases, notably SPHK1 and can respond to fingolimod
(Schwiebs et al., 2016; Mohammed et al., 2019). However, it is impor-
tant to note that the affinity of fingolimod for SIPR4 may be low in some
functional assays (Table 2) and therefore differences between this and
other agents may only be incremental. Likewise, it is possible that dif-
ferences between fingolimod and other agents could relate to the
requirement for phosphorylation that may vary due to the potential
differential expression of SPKH1 and SPKH2 in tissues influencing fin-
golimod activity (Brinkmann et al., 2002; Liu et al., 2000)

The potential differences observed between seroconversion after
infection or vaccination during fingolimod use may simply reflect
variability between studies and it is important to note in both cases the
level of response is often diminished compared to untreated individuals.
However, whilst vaccination is induced via the skin, natural infection
with SARS-COV-2 occurs via the pulmonary and mucosal surfaces over
time and so the range of antigen-presenting cells and lymphoid tissues
involved may be broader and may account for potentially better sero-
conversion in these immunosuppressed people (Poeck et al., 2004;
Schwiebs et al., 2016; Mohammed et al., 2019). We hypothesise that the
apparent, subtle, differences between fingolimod and the newer gener-
ation S1PR modulators are most likely due to differences on SIPR3 and
notably SP1R4 modulation on the germinal centre formation and func-
tion, which are critical for neoantigen antibody responses (Fig. 3).

5. Influence of SARS-CoV-2 antiviral agents on S1PR modulators
5.1. Anti-viral antibodies

From SARS-CoV-2 vaccination have the potential to provide pro-
tection from infection and disease-related morbidity, but it is not
infallible (Sormani et al., 2021b; Tuekprakhon et al., 2022; Peng et al.,
2022; Cho et al., 2021; Gazit et al., 2022; Antonelli et al., 2022). This
may especially be the case as viral variants have evolved that are rela-
tively resistant to the original SARS-CoV-2 spike-based serology and
vaccines (Tuekprakhon et al., 2022; Schiavetti et al., 2022b, Planas
et al., 2022; Wang et al., 2022). However, blocking the serological re-
sponses to infection and/or vaccination in
immunosuppressed-individuals have supported the need for effective
anti-viral treatments. Monoclonal antibodies often generated from
COVID-19 convalescent individuals have shown promise in protecting
individuals from infection (Planas et al., 2022; Wang et al., 2022; Focosi
et al., 2022; Woopen et al., 25). There, is limited expression of SIPR
receptors, except for SIPR4, by polymorphonuclear neutrophils and
neutropenia is not typically associated with S1PR modulation and may
control egress from inflamed tissues (Harris et al., 2020; Sehr et al.,
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2020; Mao-Draayer et al., 2017). Although fingolimod, siponimod and
ozanimod could perhaps influence natural killer (NK) cell function
secondary to effects notably on S1P5R, and in the case of fingolimod
S1P4R, associated migration (Walzer et al., 2007; Drouillard et al.,
2018). Again, peripheral NK depletion is modest following S1PR mod-
ulation (Harris et al., 2020; Mehling et al., 2015; Michel et al., 2016).
This probably reflects a more limited activity on the CD16+, cpsedm
NK cell subset that are dominant in the periphery and are important for
antibody-mediated cytotoxicity (Harris et al., 2020; Mao-Draayer et al.,
2017; Mehling et al., 2015). There is therefore limited reason to believe
that S1PR would directly influence viral activity via antibodies or a
direct effect on viral activity. However, poor viral elimination in
SARS-CoV-2 neutralizing antibody-treated and immunosuppressed
people can support the selection of immune escape variants that can
render SARS-CoV-2-specific neutralizing antibodies such as casir-
ivimab/imdevimab, tixagevimab/cilgavimab and sotrovimab to become
rather ineffective as the SARS-CoV-2 virus evolves (Shrestha et al., 2022;
Scherer et al., 2022; Ohashi et al., 2022; Planas et al., 2022; Wang et al.,
2022; Woopen et al., 25; Magne et al., 2022). Therefore, alternative
strategies are needed.

5.2. Small molecule anti-viral agents

Have been identified and/or generated to block essential viral
function that are distinct from SARS-CoV-2 receptor-binding domain
targeting antibodies. These chemicals currently include: remdesivir in-
fusions for hospitalised individuals (Beckerman et al., 2022) and oral
molnupiravir (Jayk Bernal et al., 2022; Khoo et al., 2022, (Wen et al.,

2022) and ritonavir-enhanced nirmatrelvir (Wen et al., 2022; Sun et al.,
2022) that are used for COVID-19 prophylaxis or for a rapid,
post-infection application (Sun et al., 2022). Remdesivir prodrug is
metabolised by the cytochrome P450 CYP3A4 variant leading to
increased bioavailability of other CYP3A4 substrates that include some
MS-related drugs (Deb and Reeves, 2021; Hirai et al., 2022). Molnu-
piravir, is another prodrug and is rapidly converted to active drug in
plasma, which is excreted with limited hepatic metabolism (Painter
et al., 2021). This should not unduly influence S1PR modulators. In
contrast, ritonavir-enhanced nirmatrelvir may augment the pharmaco-
kinetics of many drugs, including nirmatrelvir, because ritonavir is a
potent inhibitor of CYP3A4, CYP2D6 and a number of drug transporters
(Heskin et al., 2022). Ponesimod is metabolised by a number of cyto-
chrome enzymes including: CYP2J2, CYP3A4, CYP3A5, CYP4F3A, and
CYP4F12 without major contribution by any single enzyme and as such
is considered unlikely that any major impact on ponesimod metabolism
will occur (Anon 2021). Likewise, fingolimod is metabolised mainly by
CYP4F2 and CYP4F3B enzymes and specific CYP3A4 inhibition did not
impact fingolimod distribution (Jin et al., 2011). Ozanimod is exten-
sively metabolised, notably by CYP2C8 and to a small extent by CYP3A4,
as such CYP3A4 inhibition had limited impact on ozanimod levels (Tran
et al., 2020). However, ozanimod and its active metabolites (notably
CC112273) are substrates for p-glycoprotein (ABCB1) and breast cancer
resistance protein (ABCG2), which can be inhibited by ritonavir and
could increase ozanimod exposure. However, this would be within safe
limits observed in ozanimod trials (Heskin et al., 2022). Siponimod
carries a warning that it should be avoided with CYP2C9 and CYP3A4
inhibitors (Huth et al., 2019). Whilst this may lead some people to avoid
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use of nirmatrelvir/ritonavir, the contraindication is based on the
combination of both CYP2C9 and CYP3A4 inhibition, whereas CYP3A4
inhibition alone exhibits limited impact on siponimod concentrations
(Gardin et al., 2019). Likewise, as with ozanimod, any enhanced levels
of siponimod would be within safe limits tested in trials. Whilst ritonavir
can induce CYP2C9 (Heskin et al., 2022), problems will be avoided as
people sensitive to the influences of CYP2C9 alleles, notably CYP2C9x 3
homozygotes as poor metabolizers, are excluded from siponimod
treatment as part of drug screening and those with CY2C9x2*3 and
CYPC9x1*3 genotypes are differentially dosed (Huth et al., 2019).
Currently there is no information to determine whether CYP2C9 geno-
types influences vaccine responses. However, given the short course of
anti-viral and the half-lives of the agents, there does not seem to be a
major risk-benefit barrier to offering anti-viral agents to people taking
S1PR modulators, if considered to be useful.

6. Conclusions

The success of fingolimod as a therapeutic in MS, has led to the
development of a number of other S1PR modulators for the treatment of
MS and other immune conditions, which have different binding and
pharmacokinetic activities. Whilst their selection may in part be
hampered by their licence/label, from a biological perspective these
differences can influence: dosing and activity; the strategy required to
switch to other agents in case of treatment failure and, as highlighted
here, the ability to facilitate vaccination and infection control. Whilst
vaccination issues have become evident due to the COVID-19 pandemic,
annual vaccinations such as with the current influenza vaccines, mean
that this element of S1P and S1PR biology will remain an issue. There-
fore, ways to improve/optimize vaccination responses will be beneficial
(Sullivan et al., 2022). Although, repeated boosting can increase the
titres of SARS-CoV-2 specific-antibodies in some people (Tallantyre
et al., 2022a; Milo et al., 2022; Capuano et al., 2022; Achtnichts et al.,
2022), uninterrupted S1PR modulator treatment is currently often
associated with a blunted vaccination response (Pitzalis et al., 2021;
Tallantyre et al., 2022a; Louapre et al., 2022, Meyer-Arndt et al., 2022;
Akgiin et al., 2022; Achiron et al., 2022). A long-period of fingolimod
discontinuation, to allow recovery of lymphocytes, may increase the
chance of a vaccine-induced antibody response, but risks disease
breakthrough that can occur within a few weeks of discontinuation
(Barry et al., 2019; Achtnichts et al., 2022). Short treatment breaks with
ponesimod may be feasible without disease breakthrough (Lublin et al.,
2022). Good vaccine responses have been seen with other immuno-
suppressive agents, with short half-lives, following short-term inter-
ruption of treatment in other immune conditions (Schnuelle et al., 2021;
Abhishek et al., 2022). This was seen in animals treated with ponesimod
(Spiller et al., 2021) and people given other vaccines during siponimod
treatment and potentially in a small number of people given the
SARS-CoV-2 vaccine (Ufer et al., 2017; Ziemssen et al., 2022). This is
consistent with the observations that vaccine-responsiveness correlated
with lymphocyte numbers, notably CD19+, CD27- B cell numbers
(Schiavetti et al., 2022b, Achiron et al., 2022). However, the primary
aim should be to effectively control disease and with anti-viral agents
available, potentially less virulent and vaccine immune-escape SAR-
S-COV-2 variants circulating, thought/evidence is needed to justify any
change to standard practice (Giovannoni, 2022). However, more
extensive studies to optimise responses whilst ensuring efficacy and
safety are needed to avoid disease-breakthrough and cardiac issues for
all S1P modulators (Orrico et al., 2021). This is important as the power
to rapidly generate vaccines to infections is likely to increase in the
future.
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