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Preclinical discovery and development of fingolimod for the treatment of multiple
sclerosis
Claudia Volpia, Ciriana Orabonaa, Antonio Macchiarulob, Roberta Bianchia, Paolo Puccettia and Ursula Grohmanna

aDepartment of Experimental Medicine, University of Perugia, Perugia, Italy; bDepartment of Pharmaceutical Sciences, University of Perugia,
Perugia, Italy

ABSTRACT
Introduction: Fingolimod, the first oral disease-modifying treatment (DMT) in multiple sclerosis (MS), is
a sphingosine 1-phosphate receptor (S1PR) ligand. Approved in 2010, fingolimod has been extensively
studied and has been credited with several mechanisms of actions that contribute to its efficacy in MS,
among which is the regulation of lymphocyte circulation between the central nervous system and the
periphery. Concerns about toxicity, off-target effects, and real-life performance have been raised over
time in post-marketing studies of such that next-generation sphingosine-1 phosphate receptor ligands
are now being developed.
Areas covered: Herein, the authors expand upon previous systematic reviews obtained via PubMed and
through their expert opinion on fingolimod use in clinical practice. Long-term data including long-term
efficacy, safety, tolerability, and management especially within growing DMT options and pre-treatment
constellation in MS patients are discussed, together with the results of an increased understanding of the
chemistry underlying the structure–activity relationship.
Expert opinion: Despite the limitations illustrated in this article, fingolimod still constitutes a paradigm
shift in MS treatment. However, although immunomodulation via S1PRs on lymphocytes has repre-
sented a major breakthrough in the clinical management of MS, modifying the evolution of progressive
MS will likely require the development of approaches other than merely targeting S1PRs.
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1. Introduction

Multiple sclerosis (MS) is a demyelinating disorder of the
central nervous system (CNS) that typically appears in young
adults and continues chronically in older adulthood [1,2]. The
long-favored hypothesis in MS implicates autoreactive periph-
eral T cells that access the CNS, where they persist and induce
an inflammatory cascade resulting in myelin destruction,
decreased axonal transmission, and eventually neurodegen-
eration. Clinical symptoms are varied, and can involve any
functional neurological system depending on the affected
area of the CNS. MS can manifest in different forms, mainly
represented by relapsing-remitting MS (RRMS; the most com-
mon, affecting about 85% of MS patients at onset and marked
by flare-ups of symptoms followed by periods of remission,
when symptoms improve or disappear) and primary progres-
sive MS (PPMS; affects approximately 10% of MS patients and
continues to worsen gradually from the beginning). Most of
the RRMS patients evolve to a secondary progressive course
(SPMS) [3].

MS affects approximately more than two million people
worldwide (2,221,188 prevalent cases in 2016 [4]). Despite
this small global prevalence, MS has been one of the most
dynamic segments of the biopharmaceutical market, with
the approval of more than five new drugs since 2010 [5].
Among those, fingolimod (FTY720/Gilenya; Novartis)

represents the long-searched, disease-modifying drug
(DMD) administrable by the oral route. Fingolimod is
a highly lipophilic compound that was identified in Japan
by a University/industry joint project aimed at improving
safety and efficacy of an immunosuppressive metabolite of
fungi (Figure 1). Fingolimod was later on discovered to be
a prodrug; in fact, it is metabolized in vivo by the sphin-
gosine kinase (SPHK) enzyme to the active metabolite
fingolimod-phosphate (fingolimod-P), a nonselective mod-
ulator of sphingosine 1-phosphate receptors (S1PRs).
Although not entirely clarified in all molecular events, the
S1PR modulatory activity of fingolimod translates into
a block of the migration of T lymphocytes from lymph
nodes into CNS, thus reducing myelin-specific autoimmune
responses. Doing so, fingolimod reduces relapses and
delays the progression of disability in RRMS patients.

In 2011, when the drug entered the market, fingolimod
was considered a true breakthrough in MS therapy, by
virtue of the oral administration, the novel mechanism of
action, and relative safety. However, the goodness of the
fingolimod drug profile has been recently hampered by
a more comprehensive analysis of its adverse drug reac-
tions in the post-marketing phase and the discovery of
more selective S1PR modulators that may be approved
soon.
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2. Discovery strategy and preclinical development

2.1. Fingolimod, a myriocin derivative, has a unique
mechanism of action

The structure of fingolimod (2-amino-2[2-(4-octylphenyl)
ethyl]-1,3-propanediol) was originally designed and synthe-
sized in Japan as a result of joint research efforts among
researchers of Kyoto University, Taito and Yoshitomi
Pharmaceutical Industries, aimed at developing chemical

analogues of the fungal metabolite myriocin (thermozymoci-
din, ISP-1, 1; Figure 2) with reduced toxicity and improved
immunosuppressive activity [6]. Early screening protocols were
based on the appraisal of the inhibitory effect in experiments
of mouse allogeneic mixed lymphocyte reaction (MLR) in vitro
and prolonged rat skin graft survival time in vivo [6].
Specifically, a first round of chemical modifications was
focused on the simplification of myriocin structure with the
removal of side chain functional groups and chiral centers. The
first attempt led to investigate the replacement of the car-
boxylic group with a hydroxymethyl moiety, yielding com-
pound (2a) (Figure 2) that was found to prolong the rat skin
survival time and be less toxic than myriocin [7]. Additional
simplification of the lead compound 1 led to the synthesis of
2-alkyl-2-amino-l,3-propanediol derivatives (2b-d). These mod-
ifications proved successful in increasing immunosuppressive
potency as measured by the inhibition of MLR, while slightly
reducing toxicity. In particular, the compound bearing an alkyl
chain with 14 carbon atoms (2d) proved much more effective
both in vitro and in vivo appraisals, and was much less toxic
than myriocin. Grounding on these results, a second round of
chemical modifications was envisaged to restrict the confor-
mational freedom of the 14-carbon atom side chain by

Article highlights

● Fingolimod is the first disease-modifying drug administrable orally for
relapsing-remitting multiple sclerosis.

● Fingolimod was instrumental in the discovery of S1PRs.
● The molecular basis of the S1PR modulatory effects of fingolimod is

still unclear.
● Long-term (of at least 10 years) clinical studies are needed to eval-

uate more carefully the efficacy and safety profile of fingolimod.
● In the future, the value of fingolimod may decrease with the entrance in

the market of more selective, orally administrable S1PR modulators.

This box summarizes the key points contained in the article.

Figure 1. Timeline of milestones in the discovery and development of fingolimod as disease-modifying drug for MS.

Figure 2. Discovery of FTY720 (3c) as a result of lead optimization efforts around the chemical structure of myriocin (1). IC50 values are in vitro inhibition data of
mouse allogeneic mixed lymphocyte reaction (MLR).
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inserting a phenyl ring at different positions, while maintain-
ing the amphiphilicity of the molecule (3a-d; Figure 3). The
position of the phenyl group in the side chain resulted critical
for activity, with the optimal location being at C2 of the side
chain. This finding led to disclose the FTY720 compound
(fingolimod, 3c) with comparable in vitro activity to 2d, but
endowed with a better in vivo immunosuppressive activity.
FTY720 (3c) was able to prolong rat skin allograft survival in
a dose-dependent manner with no sign of toxicity up to
a dose of 10 mg/kg upon intravenous (i.v.) administration.

Later on, studies provided first clues on the molecular
mechanism of action of these compounds, reporting that
myriocin (1) is able to inhibit serine palmitoyltransferase
(SPT) [8], an enzyme involved in the biosynthesis of sphin-
golipids. Strikingly, FTY720 (3c) and compound 2d were
found inactive in inhibiting SPT, thereby suggesting
a different mechanism of immunosuppressive action for
these compounds [9]. The structural similarity between
FTY720 (3c) and sphingosine (4) prompted further studies
to investigate whether other sphingolipid binding proteins
could be targets of FTY720 (3c). As a result, much like
sphingosine (4) and the relative product sphingosine
1-phosphate (6, S1P), FTY720 was found to be a substrate
for SPHK leading to the formation of FTY720-phosphate (5)
[10]. S1P (6) is a nanomolar (nM) agonist of a class of lipid
sensing G-protein-coupled receptors (GPCRs), including five
members that are termed S1P1–5 receptors. Accordingly,
FTY720-phosphate (5) is the active metabolite of FTY720
and a potent agonist of all S1P receptors (S1PR), with the
exception of S1P2R (Table 1) [11–14]. The lack of activity of
FTY720-phosphate at the S1P2R is an important feature for
its therapeutic benefit. Indeed, S1P2R activation is

associated with several unwanted effects, including patho-
logical angiogenesis, vascular leakiness, vasoconstriction,
and increased vascular tone [15–18].

2.2. Pharmacodynamics of fingolimod: from agonist to
‘antagonist’ of SP1Rs

A pioneer work by Brinkmann et al. provided the proof of
concept of fingolimod as substrate of SPHK through an
in vitro kinase assay and demonstrated that several mouse
lymphoid tissues − including Peyer’s patches, spleen, and
lymph nodes − contained high level of fingolimod phosphate.
Accordingly, the same tissues also matched the RNA localiza-
tion of SPHK1 [19]. Brinkmann et al. also provided the first
evidence that the phosphate metabolite is the active agonist
of a family of GPCRs [6] that recognize the endogenous phos-
phorylated sphingosine 1 (S1P), generated in the intracellular
sphingolipid metabolism [11]. Specifically, fingolimod-
phosphate (fingolimod-P) − rather than the unphosphorylated
molecule − demonstrated high potency agonistic activity at
four out of the five members of the S1PR family, expressed in
endothelial cells and lymphoid tissues [20]. Competitive bind-
ing assay using [33P]-labeled S1P (S133P) on transfected chi-
nese hamster ovary (CHO) cells, expressing each of the five
S1PRs, demonstrated that fingolimod-P can displace S1P bind-
ing at S1P1R, S1P4R, and S1P5R with an IC50 value in the
picomolar and nanomolar range at S1P3, but no activity at
S1P2R [12].

Although fingolimod-P acts initially as an agonist at S1PRs,
in the longer term its effects are functionally inhibitory, an
outcome caused by a prolonged internalization followed by
degradation of the receptors. In fact, because of its ability to
down-regulate S1P1Rs, FTY720-phosphate has been pro-
posed to act as a functional antagonist rather than classical
pharmacological agonist at this class of GPCRs (Figure 4) [21].
This mechanism of action was also proposed to be different
from S1P, which does also promote internalization that is,
however, followed by recycling and membrane expression of
S1P1Rs [22]. Studies in cell lines overexpressing S1PRs
demonstrated that treatment with fingolimod caused the
receptor to internalize [23]. Similarly, fingolimod causes

Figure 3. Chemical structures of FTY720 (3c), sphingosine (4) and their phosphate adducts (5, 6).

Table 1. Binding affinities of FTY720-phosphate (5) and S1P (6) at S1P receptors.

GPCR FTY720-phosphate (5) S1P (6)

S1P1 IC50 = 0.28 nM IC50 = 0.67 nM
S1P2 IC50 > 10,000 nM IC50 = 0.35 nM
S1P3 IC50 = 6.3 nM IC50 = 0.26 nM
S1P4 IC50 = 15 nM IC50 = 34 nM
S1P5 IC50 = 0.77 nM IC50 = 0.55 nM

GPCR, G-protein coupled receptor
IC50, concentration inhibiting the 50% of the effect
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internalization of S1P1Rs from the cell membrane in lymph
node T cells [24]. Moreover, the conditional deletion of
S1P1Rs in T lymphocytes and hematopoietic cells mimics
in vivo fingolimod effect by decreasing the counts of blood
circulating T cells [25]. Therefore, activation of S1PRs by
fingolimod-P would alter lymphocyte trafficking by promot-
ing long-term downregulation of S1P1R expression on lym-
phocytes themselves and inhibition of S1P/S1P1R-dependent
lymphocyte egress from secondary lymphoid tissues and
thymus [12,25].

Physiologically, S1P1R and the lymph node-homing CC-
chemokine receptor (CCR7) play antagonistic roles. In
response to the endogenous ligand SP1, S1P1R signals to
counterbalance the retention signals mediated by CCR7 [24].
Therefore, the retention effect of T cells in the lymph node
evocated by fingolimod-P treatment may be due to the break
of the functional balance between S1P1R and CCR7 activities
(Figure 4). Another mechanism reported for FTY720 involves
a sustained activation of S1P1Rs located on the sinus lining
the endothelium in the lymph node, which would lead to an
increased barrier function and a reduction of lymphocyte
transmigration [26–28].

The first phase of in vivo experimentation, conducted
between the late 1990s and early 2000s, aimed to demon-
strate the efficacy of fingolimod as an immunosuppressant in
several animal models of organ transplantation [26,29,30].
However, in the subsequent phases of clinical trials, the drug
did not show characteristics that would make its use advisable
compared to other well-known immunosuppressants, such as
cyclosporine. At the same time, several in vivo preclinical
experiments highlighted the efficacy of fingolimod in the
management of symptoms and disease progression in animal
models of MS. Rat and mouse models of experimental auto-
immune encephalomyelitis (EAE) allowed to assess the efficacy
of fingolimod both in the prophylaxis and therapy of the
disease [31–33], and confirmed the inhibition of T cells

recirculating to CNS as one of the mechanism of action of
the drug.

In MS, most T cells accumulating in the cerebrospinal fluid
(CSF) are ‘central memory’ T cells, endowed with little or no
effector functions, but they can be easily restimulated by
antigenic stimuli, and can proliferate and differentiate in
‘effector memory’ T cells [34]. It has been demonstrated that
fingolimod selectively reduces naïve and central memory
T cells, but not effector memory T cells circulating in the
blood, irrespective of their T helper (Th) phenotype (i.e. Th1,
Th2, or Th17) (Figure 4). Thus, the selective retention of central
memory T cells in lymph nodes by fingolimod seems to be
sufficient to control central inflammation and, at the same
time, would spare peripheral effector T cells involved in the
protection against infections.

Fingolimod has also been shown to affect the functions of
B cells in MS patients. More specifically, MS patients treated
with fingolimod have reduced numbers of circulating B cells,
in which, however, there is an increased proportion of a naïve
B-cell subset, i.e. transitional B cells, with anti-inflammatory
properties [35]. Recently, the expansion of transitional B cells
in MS patients under fingolimod treatment has been ascribed
to increased levels of the B cell-activating factor of the tumor
necrosis factor family (BAFF) [36]. Because patients treated
with fingolimod do not show signs of memory B cell or plasma
cell activation, the effects of fingolimod on B cells would be
favorable for the treatment of MS.

More in-depth studies further elucidated and explained
fingolimod therapeutic effects, involving not only
a slowdown of the progression of the pathology, but also
mechanisms of repair, remyelination, and reduction of the
neuroinflammation in the subjects treated with the drug. It
was demonstrated that fingolimod restores the permeability
of the blood-brain barrier, and consequently neuronal func-
tions, in rats with EAE [37]. These effects could be explained
considering that endothelial barrier permeability can be

Figure 4. Mechanism of action of S1P and fingolimod-P. (a) In physiological conditions, naïve T lymphocytes and memory (both central and effector) T lymphocytes
circulate in the blood; the egression from lymph nodes is activated by the signal induced by S1P via S1P1R, overcoming the retention in lymph nodes mediated by
the CCR7 receptor (CCR7R) signaling. (b) Fingolimod-P binding induces the internalization, and subsequent degradation, of S1P1R, thus favoring the CCR7R-
mediated retention of naïve and central memory T cells in lymph nodes. Effector memory cells lacking CCR7R are not affected by the drug and continue to egress
from lymph nodes, ensuring an appropriate immune response, i.e. against microbial and/or danger insults.
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modulated by S1P1R and that, in an inflammatory context, the
expression of those receptors in endothelial cells is upregu-
lated [38]. The S1P1R internalization induced by fingolimod
could contribute to the maintenance of the physiologic per-
meability of the endothelial barriers. A relationship between
S1P levels in CSF and the worsening of the disease-related
disability in patients with MS has been thoroughly demon-
strated [39], as well as an increase in S1P levels in the spinal
cord of mice with EAE [40]. Moreover, S1P1R knocked-out mice
show reduced EAE symptoms and slow disease progression,
and fingolimod is capable to induce the internalization of the
receptor in astrocytes [40]. Altogether, these data could give
a possible explanation for the therapeutic effect of fingolimod
in EAE models and, subsequently, in MS patients and support
the evidence of remyelination and restored communication
between astrocytes and other neuronal cells found in precli-
nical animal models [41].

Experimental evidence increasingly supports a direct action
of fingolimod on neural cells within the CNS, providing pro-
tection against the neurodegenerative component of MS [42].
In fact, S1P receptors, particularly S1P1R, are expressed by
astrocytes, oligodendrocytes, neurons, and microglia cells.
Fingolimod affects each of these cells in ways relevant to MS
pathology. In astrocytes, the drug attenuates astrogliosis,
a histopathological feature of EAE, and the production of
proinflammatory cytokines. In oligodendrocytes, it promotes
cell survival and enhances remyelination. In neurons, fingoli-
mod reduces dendritic spine loss, protects from excitotoxic
cell death, and restores functions, whereas, in microglia, it
reduces cell activation [42]. Therefore, as a whole, the bulk
of available data would suggest that fingolimod restores an
appropriate balance between mechanisms of damage and
repair in CNS [43].

2.3. Pharmacokinetic profile

The therapeutic effects of fingolimod in animal models were
achieved using a dose of 0.3 mg/kg; these data provided
fundamental clues for the dose selection in humans, in
which similar levels of the phosphorylated and unphosphory-
lated drug in the blood (7.4 versus 5.4 ng/ml in plasma and
0.23 versus 0.07 ng/ml in CSF, respectively) were reached
with a dose of 0.5–1.25 mg of fingolimod/day [44].
A detailed description of the pharmacokinetic features of
fingolimod is provided in the report approved by the Food
and Drug Administration (FDA; NDA22-527). This submission
summarizes the results obtained from in vitro and in vivo
pharmacokinetic and pharmacodynamic studies; more in
details, 56 human studies, including 31 specific studies of
clinical pharmacology, have been considered, collectively
involving more than 1,000 subjects. Human studies were
conducted in healthy volunteers compared to renal trans-
planted patients, and patients with moderate or severe hepa-
tic or renal impairment. The overall data allowed to identify
the use of a dosage of 0.5 mg fingolimod, administered daily
and orally in the form of hard capsules. Notably, the possibi-
lity of oral administration represents a relevant feature that
differentiates fingolimod from the other DMDs commonly
used for the treatment of RRMS. Fingolimod is slowly but

efficiently absorbed, the maximal plasma concentration
being reached after 12–16 h post-oral dose, irrespective of
food intake and with a high bioavailability (93%). Upon daily
dosing, steady-state concentrations are reached after 1–2
months. More than 99% of fingolimod binds to plasma pro-
teins, mainly to albumin; the drug has a large volume of
distribution (approximatively 20 l/kg), and shows slow
blood clearance (6.3 ± 2.3 l/h), with a half-life of 6–9
days [45].

Fingolimod is a prodrug, which requires SPHK to become
phosphorylated in its active form, the S-enantiomer fingoli-
mod-P. While both SPHK subtypes, i.e. SPHK1 and SPHK2, can
phosphorylate fingolimod in vitro [46], it has very recently
been demonstrated that only the SPHK2 enzyme is necessary
for the in vivo activation of the drug. In fact, in SPHK2 but not
SPHK1 knockout mice, fingolimod fails to protect from disease
symptoms and progression in a model of EAE [47]. In the
blood, fingolimod and fingolimod-P are found in a stable
equilibrium, since they possess similar elimination kinetics.
Besides phosphorylation, fingolimod can undergo two differ-
ent biotransformations, one mediated by the cytochrome
P450 isoform CYP4F2 and the other mediated by a still
unknown acyltransferase. Because the CYP4F2 oxidative sys-
tem is not known as being involved in the metabolism of
other drugs, the interaction of fingolimod with other drugs
seems unlikely.

Fingolimod has a rapid onset, and within hours of its first
dose, the peripheral lymphocyte count decreases in a dose-
dependent fashion. With daily dosing, a stable blood concen-
tration of the drug as well as a stable reduction of circulating
lymphocytes can be observed. The number of circulating per-
ipheral blood lymphocytes slowly increases within few days of
fingolimod discontinuation, and returns to normal range
within 6 weeks [48].

2.4. Toxicologic profile

The adverse events seen most frequently in patients with
RRMS treated with 0.5 mg fingolimod daily for 24 months
are lymphopenia, herpes viral infections, increased liver trans-
aminases, hypertension, initial bradycardia, and first-degree
atrioventricular block. The reduction of the peripheral blood
lymphocyte count, which is an obvious indication for
a positive biological response, is instead considered as adverse
event when the count falls below 0.2 × 109 lymphocytes per
liter [45]. In a clinical trial known as TRANSFORMS (see below),
herpes infections mainly occurred in patients receiving
1.25 mg fingolimod. Nevertheless, those infections might
depend on the concomitant use of high-dose steroids to
treat relapses and are not easily explained on the basis of
the mechanism of action of the drug [49]. As for the higher
incidence of herpes infections, the mechanism underlying the
increase of hepatic enzymes remains unclear, and this adverse
event does not have a correspondence in any animal experi-
ment, even using doses higher than those given to patients
with MS [50]. On the contrary, the effects on the cardiovascu-
lar system are easily attributable to the fingolimod’s mechan-
ism of action, i.e. modulation of S1P1R. Bradycardia and
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slowing of the atrioventricular conduction could occur
because of a short-term activation of the Gαi protein-gated
potassium channel in atrial myocytes, before internalization
and/or desensitization of S1P1Rs. Animal data suggested that
the transient reduction in heart rate produced by fingolimod
may involve mainly S1P3Rs. However, there are species-related
differences that may change the relative importance of the
individual S1PRs in the cardiovascular effects of fingolimod,
particularly on heart rate and atrioventricular conduction, in
humans and mice [51]. In fact, there is a higher expression of
the S1P1R subtype in human ventricular, septal, and atrial
cardiomyocytes, compared to rodents [52,53]. Moreover,
a mild prolongation of the QT interval by the drug has also
been observed in MS patients treated with the drug [54].
Analyses of pooled safety data from various clinical studies
also revealed a potential risk of macular edema in subjects
with coexisting diabetes or uveitis [55,56]. Additional adverse
effects include reduced lung and renal function, which was
noticed in phase II trials with renal transplant recipients trea-
ted with fingolimod (5 mg daily) in combination with other
immunosuppressive drugs [57]. The combined data from the
phase III trials did not suggest any increase of the incidence of
malignancies associated with fingolimod treatment [49].
Overall, fingolimod appears to be effective and well tolerated,
with a favorable safety profile at the dose of 0.5 mg; the above
mentioned adverse events are generally reversible after drug
discontinuation. However, fingolimod cessation also requires
a careful attention, because it can lead to a ‘rebound syn-
drome,’ i.e. potent reactivation of lymph node egress of effec-
tor T cells. The mechanism underlying this phenomenon is still
unclear, but it could be related to the repopulation of the
circulating pool of immune cells by the different T cell subsets
with different kinetics [58].

3. Clinical development

Long-term data of initial clinical trials and post-marketing
evaluations including long-term efficacy, safety, tolerability,
and management especially within growing disease-
modifying treatment options and pre-treatment constellation
in MS patients have recently and critically been discussed in
detail in 2017 [59]. An initial evaluation does actually date
back to 2016, some six years after its approval for the treat-
ment of patients with RRMS. While it had been designed to
reduce the frequency of exacerbations and to delay disability
worsening, issues on its safety and efficacy, mainly as com-
pared to other DMDs, were being raised [60]. That initial
survey aimed at assessing the safety and benefit of fingolimod
versus placebo, or other DMDs, in reducing disease activity in
people with RRMS, by searching the Cochrane Multiple
Sclerosis and Rare Diseases of the Central Nervous System
(CNS) Group’s Specialised Trials Register and US Food and
Drug Administration (FDA) reports, as of February 2016. The
selection criteria involved randomized controlled trials (RCTs)
assessing the beneficial and harmful effects of fingolimod
versus placebo or other approved DMDs in people with
RRMS, and data were analyzed according to standard metho-
dological procedures as expected by Cochrane [60]. The main
conclusions of the study were that treatment with fingolimod

compared to placebo in RRMS patients was effective in redu-
cing inflammatory disease activity, but it might lead to little or
no difference in preventing disability worsening. The risk of
withdrawals due to adverse events would call for careful
monitoring of patients over time. The evidence on the risk/
benefit profile of fingolimod compared with intramuscular
interferon-β1a was uncertain, based on a low number of head-
to-head RCTs with short follow-up duration, implicitly requir-
ing the need for further trial results in order to satisfy those
issues [60]. On a negative note, the Authors found a likelihood
of participants discontinuing fingolimod, as compared to
other DMDs, due to adverse events in the short term (6
months) (RR 3.21, 95% CI 1.16 to 8.86), but there was no
significant difference versus interferon-β1a at 12 months (RR
1.51, 95% CI 0.81 to 2.80; moderate quality evidence). A higher
incidence of adverse events was taken as suggestive of the
lower tolerability rate of fingolimod compared to inter-
feron-β1a.

In 2017, a subsequent study conducted a PRISMA-
compliant systematic review of the literature (cut-off date:
4 March 2016). Published papers reporting real-world data
for fingolimod with regard to clinical outcomes, persistence,
adherence, health-care costs, healthcare resource use, treat-
ment patterns, and patient-reported outcomes that met all the
eligibility criteria were included for data extraction and quality
assessment [61]. Based on 34 included studies, this analysis
found that fingolimod treatment improved outcomes com-
pared to the period before treatment initiation and was
more effective than interferons or glatiramer acetate (GA).
However, among studies comparing fingolimod with natalizu-
mab, overall trends were inconsistent: some reported natali-
zumab to be more effective than fingolimod and others
reported similar effectiveness for natalizumab and fingolimod.
These studies were taken as emphasizing the challenges of
investigating MS in the real world, including the subjectivity in
evaluating some clinical outcomes and the heterogeneity of
methodologies used and patient populations investigated,
which limit comparisons across studies. Gaps in available real-
world evidence for MS were also highlighted, including those
relating to patient-reported outcomes, combined clinical out-
comes (to measure overall treatment effectiveness), and
health-care costs/resource use. Overall, the survey was consid-
ered as providing good evidence of the real-world effective-
ness of fingolimod and highlighted the diversity of
methodologies used to assess treatment benefit in clinical
practice, while, again, advocating future studies for addressing
the evidence gaps found in the literature and the challenges
associated with researching MS when designing real-world
studies, assessing data, and comparing evidence across stu-
dies [61].

In addition to covering topics as diverse as chemistry, reg-
ulatory affairs, pharmacokinetics and metabolism, mechanism
of action and S1P receptor modulation, and S1P receptor mod-
ulation in CNS, a paper in 2017 provided the most comprehen-
sive update by that time on clinical efficacy/effectiveness of
fingolimod for the treatment of RRMS [59]. The study examined
three large phase 3 clinical trials (Table 2) that, overall, demon-
strated superiority of fingolimod versus placebo respective fin-
golimod versus interferon β-1a regarding clinical and magnetic

6 C. VOLPI ET AL.
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resonance imaging (MRI) disease activity [49,62–64]. These
effects on clinical and MRI parameters were observed early
after fingolimod initiation. Compared to placebo (FREEDOMS
I and II trial) and interferon β-1a (TRANSFORMS trial), 0.5 and
1.2 mg dosing group presented significant lower annualized
relapse rate and significant fewer T2 weighted or gadolinium-
enhancing lesions on T1 weighted images. However, the sec-
ondary end point of confirmed disability progression documen-
ted by confirmed EDSS (Expanded Disability Status Scale)
change was only met in the FREEDOMS I, but not
TRANSFORMS or FREEDOMS II trial. Additional evaluation of
FREEDOMS and FREEDOMS II data as to the status of no evi-
dence of disease activity (NEDA) showed that 31.0% of fingoli-
mod-treated patients achieved NEDA-3 status (relapses, MRI
activity, disability progression) compared to 9.9% of placebo
patients. Using NEDA-4 (additional criteria of 0.4% brain volume
loss), 19.7% of fingolimod patients achieved NEDA-4 compared
to 5.3% on placebo. Taken as a whole, the major conclusions of
the survey were that ‘There is an extensive long-term experi-
ence on fingolimod use in clinical practice demonstrating the
favorable benefit-risk of this drug. Using a defined risk manage-
ment approach, experienced MS clinicians should apply fingo-
limod after critical choice of patients and review of clinical
aspects. Further studies are essential to discuss additional ben-
efit in progressive forms in MS’ [59].

4. Post-launch of fingolimod

In September 2010, fingolimod (0.5 mg) was approved by FDA
as first oral treatment for adults with RRMS. After just 3
months from fingolimod launch, more than 2,000 patients
had been treated with the drug with more than 13 million
US$ sales. In May 2018, FDA approved the extension of the use
of fingolimod to children and adolescents (10–17 years of age)
with RRMS. In January 2011, the European Medicines Agency
(EMA) expressed a positive opinion for the second-line use of
fingolimod in patients with RRMS and first-line use in rapidly
evolving, severe RRMS. The drug was eventually approved by
the European Commission in March of the same year. In
September 2011, fingolimod was approved in Japan to pre-
vent relapses and to delay the progression of physical disabil-
ity in adults with MS. Fingolimod became available in
Canadian pharmacies in April 2011.

4.1. Post-marketing data

The largest real-world data program of fingolimod is
PANGAEA, a noninterventional study aimed at assessing pro-
spectively the persistence, effectiveness, and safety of the
drug over 36 months in patients with RRMS in Germany. In
the most recent analysis [67], patients (N = 2,537) were
required to have received fingolimod for the first time in
PANGAEA, to have at least 12 months of data, and to have
completed each a 12-month follow-up period. For the safety
analysis (N = 3,266), patients were additionally allowed to have
received fingolimod before enrollment. The results showed
sustained effectiveness, high persistence, and manageable
safety profile of fingolimod over 36 months. Although the
collected data may reflect the use of fingolimod in a specific

population (i.e. German) and may not be generalizable to
other countries (where fingolimod is mainly used as first-line
therapy), the PANGAEA study highlighted the potential of
fingolimod as a DMD for the long-term management of
patients with RRMS. An ongoing German study, PANGAEA
2.0, aims to assess the benefits of a treatment change to
fingolimod in patients (N = 1,500) identified as not responding
to or having treatment failure with their current therapy [68].
Therefore, this study may expand the existing safety and
efficacy profile of fingolimod. In another real-world study,
fingolimod treatment was associated with reduced relapse
and MRI activity, and an improved EDSS score (N= 175) [69].
When compared to β-interferons plus GA (PEARL study [70]) or
dimethyl fumarate (DMF) [71], fingolimod demonstrated simi-
lar efficacy. Further reports presented disease reactivation with
severe neurological symptoms and MRI activity following fin-
golimod withdrawal [72]. However, evaluating the efficacy of
natalizumab versus fingolimod in active RRMS leads to con-
troversial results [73,74].

Other groups argued that the results obtained from real-
world studies should be interpreted with caution because of
the bias introduced by patient dropouts due to adverse
events, lack of efficacy, or termination of a study before all
patients had reached a defined treatment duration [75]. As
a matter of fact, only 60% of the intent-to-treat patients
completed the Phase III fingolimod extension studies [59].
Long-term studies (i.e. of at least 10 years) are needed to
obtain a more compelling profile of fingolimod performance
in the real world.

4.2. Safety and pharmacovigilance

Safety is an important concern in long-term therapy with
DMDs in MS. A systematic review and network analysis post-
marketing indicated a percentage of 82% of patients that
discontinues the fingolimod treatment for adverse events,
although the severity of these events appears of a lesser
extent as compared to several other MS drugs. The most
important safety concern of fingolimod is cardiac toxicity,
which includes increased risk of bradycardia and prolonged
QT interval. These effects are probably caused by the activa-
tion of S1P3R, a receptor associated with heart rate modula-
tion in mice [76,77]. In contrast, S1P1R and S1P5R activation
would responsible for the beneficial effects in MS. Although
peripheral blood lymphocyte counts decline by 73% from
baseline values within 1 month of drug initiation, consistent
with the pharmacodynamic action of fingolimod, serious or
opportunistic infections have been infrequently observed in
the post-marketing setting. However, deaths caused by pri-
mary disseminated varicella zoster infection or herpes simplex
encephalitis have been reported at the dose of 1.25 mg/day
[78]. To date, no correlation has been shown between abso-
lute lymphocyte counts and the incidence of serious or oppor-
tunistic infections. Overall, incidence rates of the reported
adverse events are consistent with the known safety profile
of fingolimod, except for cryptococcal infections and progres-
sive multifocal leukoencephalopathy (PML), which emerged in
the postmarketing setting, including pharmacovigilance stu-
dies (Table 3).
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PML is a rare opportunistic infection of the CNS caused by
reactivation and the presence of mutated forms of a latent
John Cunningham virus (JCV) [84]. In 2005, PML was confirmed
in three patients participating in natalizumab clinical trials of
MS and Crohn disease [85–87], disorders that were not pre-
viously associated with PML. In August 2017, hundreds of
cases of PML associated with natalizumab were confirmed
(Tysabri Safety Update), thus raising the possibility of
a general, increased risk of PML in patients with MS treated
with immunosuppressive or immunomodulatory agents [88].
Since 2015, PML cases not attributed to prior exposure to
immunosuppressants have thus been reported in fingolimod-
treated patients. However, a higher risk/occurrence of PML
was observed in patients who had switched from natalizumab
to fingolimod and/or were positive for anti-JCV antibodies
[89]. Although the estimated risk of PML with fingolimod
treatment is quite low (i.e. 0.069 per 1,000 patients; 95%
confidence interval: 0.039–0.114) [88], vigilance toward PML
is required for all patients treated with this drug. The US
prescribing information has been in fact updated to include
opportunistic infections, specifically mentioning PML. The
known mechanism of action of fingolimod does not provide
a convincing causal link for the induction of PML. The drug
prevents the egress of CCR7+ naive T cells but not of CCR7−

effector memory T cells from lymph nodes [90]. Therefore,
because of its partial sequestration of T cells, fingolimod may
contribute to reduce immune responses to JCV reactivation.
However, a full characterization of JCV in fingolimod-
associated PML is needed in order to better understand the
disease pathogenesis with fingolimod.

4.3. Studies on market and main competitors

In 2016, worldwide sales of fingolimod were 3.1 billion US$,
representing one of the highest percentages (i.e. 14.0%) of the
global market for MS drugs together with DMF (18.1%) and GA
(19.0%) [5]. However, a consensus forecast for 2022 would
indicate a drop of fingolimod sales to 1.3 billion US$ (5.6%
of the global MS market), mostly imputable to the approval of
new drugs, including ocrelizumab (Ocrevus; Roche/
Genentech) and daclizumab (Zinbryta; Biogen and AbbVie),
as well as the anticipated introduction of less expensive gen-
eric fingolimod [5]. Ocrelizumab, a CD20-specific monoclonal
antibody that leads to B-cell depletion, is the first DMD
approved for both RRMS and PPMS (March 2017 by FDA and
January 2018 by EMA). Daclizumab (a blocker of IL-2 receptors
containing the CD25 subunit), however, was withdrawn from
the market in 2018, because of mounting concerns about its
safety, i.e. severe liver damage and immune-related condi-
tions. Therefore, although very infrequently prescribed, the
disappearance of daclizumab as a valid competitor may
reset, at least in part, the forecast for 2022 sales of MS drugs,
including fingolimod. Regarding novel S1PR-selective drugs
that lack the cardiotoxic effects of fingolimod, siponimod
(selective for S1P1R; Novartis) recently received regulatory
approval, whereas the application for ozanimod (selective
agonist of S1P1R and S1P5R) approval has been recently sub-
mitted by Celgene to FDA (March 2019). Another selective

agonist of S1P1R, i.e. ponesimod (Actelion), is on its way in
completing phase 3 clinical studies.

Therefore, although representing a breakthrough in MS
therapy as the first oral DMD, fingolimod incomes may con-
siderably decrease over the next years. Nevertheless, the pos-
sibility of a forthcoming entrance of several selective S1PR
agonists in MS therapy further underlines the importance of
S1PRs as valuable target in DMTs of MS.

5. Expert opinion

Given the great complexity of the disease, tackling MS is a very
hard task. In fact, MS involves several types of cells, mostly
nervous and immune in nature, and multiple pathogenetic
mechanisms. The main therapeutic approach in containing
MS has been immunosuppression, with the aim of reducing
the inflammatory damage provoked by immune cells inside
CNS. As per their definition, i.e. drugs that lower adaptive
immune responses, immunosuppressive agents impair activa-
tion and proliferation of T and of B lymphocytes. However,
given their nonselective mode of action, such drugs are una-
voidably accompanied by significant adverse effects. As
a selective adhesion-molecule inhibitor and thus capable of
preventing the entrance of activated lymphocytes in CNS,
natalizumab provided a new strategy that could well accom-
modate the therapeutic needs of a neuroinflammatory, auto-
immune disease. In this scenario, the appearance of a small
molecule such as fingolimod, whose true mechanism of action
was identified after its discovery, was absolutely timely. In fact,
fingolimod would act even earlier than natalizumab, i.e. by
blocking the lymph node egression of autoreactive lympho-
cytes on their way to CNS. Thus, although born to be ‘simply’
a better immunosuppressant than its parental molecule (i.e.
myriocin), fingolimod was the forerunner in the discovery of
a completely new mechanism.

The beneficial effects of fingolimod in MS therapy are currently
thought to be due to the action of drug on preventing the
egression of lymphocytes from lymphoid tissue into the circula-
tion, thereby sparing the CNS from attack by myelin-reactive
lymphocytes. Yet, the data obtained so far are still inconclusive
as to its overall mechanisms of action, which appear now to be far
more complex than previously anticipated. In vivo, fingolimod
exerts – at least in part – immunomodulating effects through
binding S1PRs on lymphocytes. Although S1PRs are found with
the highest density in leucocytes and lymphoid tissue, they are
also widely expressed in many cell types in other organs systems,
including the heart, brain, liver, stomach, and probably also in the
retina. This ubiquitous nature of the target receptor for fingolimod
accounts for the wide range of adverse effects, including hyper-
tension, heart block, bradycardia, andmacular edema. Refinement
of its clinical use along as well as the search for analogs with
improved tolerability are both the subject of ongoing research.
Fulminant multifocal relapse in a fingolimod-treated multiple
sclerosis patient has also been described.

A recently published primary analysis of severe adverse
events in new users of disease-modifying drugs (DMDs) –
including fingolimod, natalizumab, glatiramer acetate, and
IFNβ1a – did not reveal significant differences in incidence
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rates among individual DMDs [91]. In general, the observed
absolute number of adverse events was low, especially for
those with low background incidence in the overall popula-
tion, such as lymphoma, stroke or PML, as well as for natali-
zumab and fingolimod, as newer DMDs with small samples.
This finding is of particular clinical relevance, since disconti-
nuation of the latter drugs due to safety concerns has been
associated with severe rebound effects that have to be
balanced against the possible risk of severe adverse events,
as mentioned above. The issue of balanced efficacy and toler-
ability as revealed by drug-use patterns and severe adverse
events with DMDs in patients with MS remains critical, with
a definite need for appropriate refinement of current
therapies.

The FDA has approved siponimod for oral treatment of adults
with relapsing forms of MS, including clinically isolated syndrome
(initial neurological episode), relapsing-remitting disease, and
active SPMS. Siponimod is the second S1PR modulator to be
approved in the US; fingolimod, which is approved for oral
treatment of RRMS in patients ≥10 years old, was the first.
Siponimod is under regulatory review in the EU and Japan for
SPMS. Overall, although on the surface the development of new
inflammatory CNS lesions in MS may appear consistent with
a primary recruitment of peripheral immune cells, questions
have been raised as to whether lymphocyte and/or monocyte
invasion into the brain are really at the root of inflammatory
lesion development. Such a concept is discussed in the context
of the EXPAND trial, showing that siponimod exerts anti-
inflammatory and neuroprotective activities in SPMS patients.
The verification or rejection of such a concept is vital for the
development of new therapeutic strategies for progressive MS.

Major therapeutic achievements have been made concerning
the relapsing phase butmodifying the evolution of progressiveMS
remains an unmet need. A recent survey led to the conclusion that
siponimodmay reduce the activity of thedisease andhas amodest
effect on the gradual disability accrual [92]. It is possible that,
although immunomodulation through binding S1PRs on lympho-
cytes has been representing a major breakthrough in the clinical
management of MS, modifying the evolution of progressive MS
will require the development of approaches other than merely
targeting S1PRs.

In conclusion, despite the limitations illustrated in the para-
graphs above, fingolimod still constitutes a paradigm shift in
treatment optimization for MS. It might represent a starting
point for both an improved understanding of the pathogenesis
of the disease and the development of new classes of drugs, thus
resulting in optimization of therapy in individual patients.
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