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Mechanisms of Fingolimod's Efficacy and
Adverse Effects in Multiple Sclerosis

Jeffrey A. Cohen, MD" and Jerold Chun, MD PhD?

Until recently, all approved multiple sclerosis (MS) disease treatments were administered parenterally. Oral
fingolimod was approved in September 2010 by the US Food and Drug Administration to reduce relapses and
disability progression in relapsing forms of MS. In the clinical trials that led to approval, fingolimod reduced not only
acute relapses and magnetic resonance imaging lesion activity but also disability progression and brain volume loss,
suggesting preservation of tissue. Fingolimod’'s mechanism of action in MS is not known with certainty. Its active
form, fingolimod-phosphate (fingolimod-P), is a sphingosine 1-phosphate receptor (S1PR) modulator that inhibits
egress of lymphocytes from lymph nodes and their recirculation, potentially reducing trafficking of pathogenic cells
into the central nervous system (CNS). Fingolimod also readily penetrates the CNS, and fingolimod-P formed in situ
may have direct effects on neural cells. Fingolimod potently inhibits the MS animal model, experimental autoimmune
encephalomyelitis, but is ineffective in mice with selective deficiency of the STP; S1PR subtype on astrocytes despite
normal expression in the immune compartment. These findings suggest that S1PR modulation by fingolimod in both
the immune system and CNS, producing a combination of beneficial anti-inflammatory and possibly neuroprotective/
reparative effects, may contribute to its efficacy in MS. In clinical trials, fingolimod was generally safe and well
tolerated. Its interaction with S1PRs in a variety of tissues largely accounts for the reported adverse effects, which
were seen more frequently with doses 2.5 to 10x the approved 0.5mg dose. Fingolimod’s unique mechanism of
action distinguishes it from all other currently approved MS therapies.
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Until recently, a key limitation of all approved thera-
pies to treat relapsing—remitting multiple sclerosis
(RRMS) was their parenteral administration route. Fin-
golimod (FTY720, Gilenya, Novartis AG, Basel, Switzer-
land), approved by the US Food and Drug Administra-
tion (FDA) in September 2010 to reduce relapses and
accumulation of disability in patients with relapsing
forms of multiple sclerosis (MS), is the first oral disease-
modifying therapy. This review summarizes the biologic
effects of fingolimod potentially responsible for its effi-
cacy and adverse effects (AEs).

MS Pathogenesis

MS pathogenesis is multifactorial, producing multifocal
central nervous system (CNS) lesions with perivenular
inflammation, demyelination, axonal transection, neuro-
nal degeneration, and gliosis in both white and gray mat-
ter." Proinflammatory CD4" and CD8" effector T cells
reactive to CNS myelin antigens are postulated to medi-

ate the initial phases of lesion formation. More recently,
other T-cell subsets, B cells, monocyte-macrophages, and
natural killer cells have been implicated in both effector
and regulatory mechanisms. Inflammatory processes pre-
dominate in early disease (reflected most directly in
relapses and magnetic resonance imaging [MRI] lesion
activity), but progression may reflect neurodegeneration.
Intrinsic repair processes fail to compensate for ongoing
damage in most patients. Although oligodendrocyte pre-
cursors and premyelinating oligodendrocytes extending
processes to demyelinated axons exist in chronic lesions,”
remyelination is incomplete and variable between lesions®
and patients.” Animal studies suggest that remyelination
may be neuroprotective, but only before persistent neuro-
nal damage occurs.” The implication is that comprehen-
sive MS treatment strategies must address several patho-
genic  mechanisms to limit not only ongoing
inflammatory tissue damage but also degeneration, and

augment remyelination and axonal regeneration.
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Lymphocyte Recirculation

Adaptive immunity requires recirculation of T cells and
B cells between secondary lymphoid organs and tissues
to monitor for antigens. Although it is estimated that
73% of the body’s lymphocytes are in lymphoid tissue
and 2% in the blood, ~500 x 10 (equal to the total
body number) traffic between blood and lymphoid dis-
sues daily.” Naive T cells move from blood into lymph
nodes (LNs) in search of antigen presented by dendritic
cells. If activated, they proliferate, differentiate to effector
cells, and migrate to B-cell areas in the LN or exit the
LN to travel to inflamed tissues. A fraction of primed T
cells become long-lived memory cells that, upon rechal-
lenge, generate an accelerated and enhanced immune
response. Several functional subsets of memory T cells
are distinguished.6 Central memory T cells (Tcn), like
naive T cells, recirculate through secondary lymphoid tis-
sues. Upon secondary antigenic challenge, they provide
B-cell help and generate a new wave of effector T cells.
In contrast, effector memory T cells (Tgp) reside in the
tissues to provide an immediate response to pathogens,
and do not recirculate through LNs. It is presumed there
is a comparable dependence on autoreactive T-cell recir-
culation between blood, CNS, and LNs to perpetuate
the abnormal inflammatory response in MS.”

Biology of Sphingosine 1-Phosphate

Sources of Sphingosine 1-Phosphate

Sphingosine 1-phosphate (S1P) is a bioactive lysophos-
pholipid that mediates diverse physiological functions. It
is generated from sphingomyelin by sequential reactions
catalyzed by sphingomyelinase, ceramidase, and sphingo-
sine kinase (SphK). There are 2 SphK isozymes, SphK1
and SphK2, with different kinetic properties, tissue distri-
bution, developmental expression pattern, and regula-
tion.>? Erythrocytes are a main source of plasma S1P,
which is also produced by platelets during activation and
thrombotic processes. Other sources include mast cells,
vascular and lymphatic endothelial cells, and fibroblasts
as well as CNS sources (see below).

S1P regulates diverse cellular responses, including pro-
liferation, differentiation, survival, cytoskeletal reorganiza-
tion, process extension, chemoattraction and motility, and
cell-cell adherence and tight junction formation. As a result,
S1P is involved in numerous physiologic processes, including
immunity; vascular and pulmonary smooth muscle tone; en-
dothelial barrier function; and morphogenesis and function
of the cardiac, vascular, and nervous systems.

Tissue SIP levels are tightly regulated by a balance
among synthesis, release, and degradation. Concentra-

tions approximate 0.5 to Gpmol/mg wet weight,'’ with
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the lowest levels in heart and testes, and higher levels in
brain, spleen, and eye. The concentration of S1P is also
relatively high in blood and lymph, but low in LNs.
This concentration gradient plays an important role in
lymphocyte trafficking (see below).

S1P Receptors

Extracellular S1P functions in both a paracrine and auto-
crine fashion by binding to 5 SIP receptors (S1PRs) that
constitute a widely expressed, developmentally regulated
family of G protein-coupled receptors characterized by
7 transmembrane domains.®!'!"14 Subtypes S1P;, S1P,,
and S1P; are ubiquitously expressed. S1P4 is primarily
expressed by lymphoid cells. S1P5 is primarily expressed
in spleen and CNS white matter (oligodendrocytes). Dif-
ferential cell-specific SIPR expression, changes related to
cellular history and exposure to other mediators, differen-
tial coupling to G proteins and downstream signaling
pathways, and cross-talk with other receptors provide for
a wide dynamic range of S1P/S1PR-mediated actions.
Signaling can be terminated by cell surface phosphohy-
drolase-mediated dephosphorylation of S1P to sphingo-
sine and by receptor phosphorylation, uncoupling from
G proteins, and internalization (Fig 1).

S1PR Expression by Immune Cells

Resting T cells and B cells express S1P; and lower levels of
S1P4 and S1P5.">'® The S1PR profile is similar for CD4",
CD8", and CD4"CD25" T cells. The latter comprises the
regulatory T cell subset that inhibits the activation and pro-
liferation of other immune cells and is thought to be impor-
tant in the control of autoimmunity. SIP-S1P; interaction
plays a key role in lymphocyte trafficking, particularly egress
from LNs. During lymphocyte recirculation, there is cyclical
expression of S1P; by lymphocytes.'” S1PRs are normally
downregulated on circulating T cells in blood and lymph,
where the concentration of S1P is relatively high. Conversely,
after a few days in the LNs, where the S1P concentration is
low, T cells re-express S1PRs. If after entering the LN, T
cells fail to encounter their cognate antigen in the appropri-
ate context that leads to activation, they exit through the
efferent lymphatics in response to an S1P concentration gra-
dient."® Antigen-induced activation leads to downregulation
of S1P; expression and initial retention of activated T cells.
After proliferation and differentiation, S1P; upregulation re-
establishes responsiveness to the LN-lymphatic S1P gradient,
thereby allowing egress.

Pharmacology of Fingolimod

Fingolimod—2-amino-2-(2-[4-octylphenyl]ethyl)-1,3-pro-
panediol hydrochloride—was identified in the -early
1990s from an extensive chemical derivatization program
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FIGURE 1: Comparison of the interactions of sphingosine 1-
phosphate (S1P) and fingolimod-phosphate with the S1P,
receptor subtype.

of myriocin (ISP-1, thermozymocidin), an immunosup-
pressant isolated from the entomopathogenic fungus fsaria
sinclairii.’®  Bioavailability after oral administration is
>90%.%"*" Blood levels are nearly linearly dose-related in
the range of 0.125 to 5mg/day with low interindividual
variability.*>**™*> Fingolimod is >99% protein bound in
blood. Consistent with the molecule’s amphipathic charac-
teristics, it has a large volume of distribution and is exten-
sively distributed to tissues, including brain.*"*>"*"
Fingolimod is a prodrug and is reversibly phosphoryl-
ated to fingolimod-P, the active moiety,”*?’ predominantly
by SphK2 rather than SphK1.>°* It is presumed that
because fingolimod-P is polar, it does not readily penetrate
the blood-brain barrier (BBB). Rather, fingolimod crosses
the BBB and is phosphorylated by endogenous SphKs in
the CNS.*”*° Fingolimod-P is dephosphorylated back to
fingolimod by sphingosine phosphatase and irreversibly
metabolized by cytochrome DP450 enzymes, primarily
CYP4F2 with minor contributions from CYP2DG6, 2El,
3A4, and 4F12, to inactive carboxylic acid metabolites,

then excreted in urine.
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Fingolimod-P binds with high affinity to 4 of 5
SIPR subtypes: S1P;, S1Ps, S1P4 and SIPs but not
S1P,.%® As shown in Figure 1, binding to S1P; initally
causes agonist effects, which are followed by aberrant re-
ceptor phosphorylation, long-lasting internalization, ubiqui-
tination, and proteosomal receptor degradation, leading to
a pharmacologic null state (functional antagonism).*” Fol-
lowing fingolimod-P binding, internalized SIP; receptors
may also maintain an active conformational state for a pe-
riod of time with persistent signaling via adenylyl cyclase
inhibition and extracellular-signal regulated kinase (ERK)
phosphorylation, and resultant cellular responses.®® S1P
does not have this action. Thus, the functional consequen-
ces of fingolimod-P interaction with S1P; are a complex
mixture of agonistic and functional antagonistic effects, at
least within the immune system.

Down-modulation of S1P; expression on lympho-
cytes by fingolimod renders them unresponsive to the LN-
efferent lymphatic SI1P gradient required for egress, rapidly
reducing lymphocyte counts in thoracic duct, peripheral

blood, and spleen_28,37,38

Redistribution of lymphocytes
from blood to LNs does not produce lymphadenopathy,
however, because the lymphocytes in blood represent only

about 2% of the total lymphocyte count in the body.”

Fingolimod Efficacy in MS Clinical Trials

Fingolimod’s efficacy in RRMS is supported by a 6-month,
placebo-controlled phase 1T study”; a 2-year, placebo-con-
trolled phase III study (FTY720 Research Evaluating
Effects of Daily Oral Therapy in Multiple Sclerosis [FREE-
DOMS]*); a 1-year phase III study (Trial Assessing Inject-
able Interferon versus FTY720 Oral in Relapsing—Remit-
ting Multdple Sclerosis [TRANSFORMS])*! with an active
comparator (interferon beta-1a [IFNf-1a]); and a >4 year
phase 1I extension’” (Table 1). These studies all demon-
strated benefit of fingolimod on relapses and MRI lesion
activity. FREEDOMS showed slowing of disability progres-
sion, and both phase III studies showed a reduction in
brain volume loss. Of note, fingolimod did not produce
pseudoatrophy, the transient acceleration of brain volume
loss seen with initiation of high-dose corticosteroids,
IFN,®* and natalizumab.*® There was no clear-cut dose
effect for clinical or MRI outcomes comparing 1.25mg
with 5mg in the phase II study or 0.5mg with 1.25mg in
FREEDOMS and TRANSFORMS.

Potential Mechanisms of Fingolimod'’s
Efficacy in MS

Fingolimod’s mechanism of action in MS is not known
with certainty. The predominant view is that immuno-
logic effects, specifically inhibition of lymphocyte egress
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TABLE 1: Clinical Trials of Fingolimod in MS

Treatment

Study

Phase 1T study®”*? Fingolimod
5.0mg or 1.25mg

vs placebo

FREEDOMS (phase

Fingolimod
14

0.5mg or 1.25mg
vs placebo

TRANSFORMS (phase

Fingolimod
141142

0.5mg or 1.25mg
vs IM IFNf-1a

Patient Population  Status and Results

Relapsing MS Status: core study (6 months) completed;

long-term extension ongoing

Results—month 6 analysis (n = 281):

ARR: 0.35-0.36 (vs 0.77; p < 0.01 for
each dose vs placebo)

Relapse free: 86% of patients (vs 66%; p
< 0.01 for each dose vs placebo)

Free from Gd-enhancing lesions: 77-82%
of patients (vs 47%; p < 0.001 for each
dose vs placebo)

Percentage brain volume change: —0.22 to
—0.40 (vs —0.31; p = NS for each dose
vs placebo)

Month 48 analysis (n = 155):
ARR: 0.18-0.20 (continuous fingolimod)

Relapse free: 63—70% of patients (contin-
uous fingolimod)

Free from Gd-enhancing lesions: >95% of
patients (continuous fingolimod)

RRMS Status: core study (24 months) completed;

long-term extension ongoing

Results—month 24 analysis (n = 1,272):

ARR: 0.16-0.18 (vs 0.40; p < 0.001 for
each dose vs placebo)

Relapse free: 70-75% of patients (vs 46%;
p < 0.001 for each dose vs placebo)

Free from new/enlarged T2 lesions: 51—
52% of patients (vs 21%; p < 0.001 for
each dose vs placebo)

Free from Gd-enhancing lesions: 90% of
patients (vs 65%; p < 0.001 for each dose
vs placebo)

Percentage brain volume change: —0.84 to
—0.89 (vs —1.31; p < 0.001 for each

dose vs placebo)

RRMS Status: core study (12 months) completed;

long-term extension ongoing)

Results—month 12 analysis (n = 1,292):

ARR: 0.16-0.20 (vs 0.33; p < 0.001 for
each dose vs IFNf-1a)

Relapse free: 80-83% of patients (vs 69%;
2 < 0.001 for each dose vs IFNf-1a)
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Patient Population

Relapsing MS

ARR = annualized relapse rate; Gd = gadolinium; IFNf-1a = interferon beta-1a; IM = intramuscular; MS = multiple sclerosis;

TABLE 1 (Continued)
Study Treatment
FREEDOMS 1I (phase Fingolimod RRMS
[I1) 143-144 0.5mg or 1.25mg
vs placebo
INFORMS (phase Fingolimod PPMS
1) 4! 0.5mg or 1.25mg
vs placebo
Japanese study (phase Fingolimod
H)145 0.5mg or 1.25mg
vs placebo
NS = not significant; PPMS = primary progressive MS; RRMS = relapsing-remitting MS.

Status and Results

Free from new/enlarged T2 lesions: 48—
55% of patients (vs 46%; p = 0.01 for
0.5mg dose vs IFN-1a)

Free from Gd-enhancing lesions: 90-91%
of patients (vs 81%; p < 0.001 for each
dose vs IFNf-1a)

Percentage brain volume change: —0.30 to
—0.31 (vs —0.45; p < 0.001 for each
dose vs IFNf-1a)

Month 24 analysis (n = 1,027):

ARR: 0.18-0.20 (vs 0.33; p < 0.001 for
each dose vs IM IFNf-1a/fingolimod)

Relapse free: 71-73% of patients (vs 60%;
2 < 0.001 for each dose vs IFNf-1a/
fingolimod)

Free from new/enlarged T2 lesions: 34—
42% of patients (vs 33%; p < 0.05 for
0.5mg dose vs IFNf-1a/fingolimod)

Free from Gd-enhancing lesions: 86% of
patients (vs 77%; p < 0.05 for each dose
vs IFNf-1a/fingolimod)

Percentage brain volume change: —0.61 to
—0.66 (vs —0.67; p = NS for each dose
vs IFNf-1a/fingolimod)

Status: ongoing (24-month trial +

extension)

Status: ongoing (36-month trial)

Status: ongoing (6-month trial)

from LNs and interruption of recirculation to the CNS,
account for the benefit on MS features that most directly
reflect infiltration of blood-borne inflammatory cells into
the CNS—relapses and MRI lesion activity. Slowed dis-
ability progression and brain volume loss indicate tissue
preservation, but it is not yet clear whether this repre-
sents an indirect effect of reduced inflammatory damage,
a direct neuroprotective effect, augmented repair, or a
combination. Several observations, discussed below and
summarized in Table 2 and Figure 2, suggest that direct
CNS effects may contribute. It is noteworthy that in re-
nal transplantation trials, fingolimod showed only modest

6-48

efficacy, even as an adjunctive therapy,” suggesting

May, 2011

that it does not have potent immunosuppressant effects

in humans.

Inhibition of Lymphocyte Recirculation

In phase II and phase III MS studies, fingolimod decreased
peripheral blood lymphocyte counts starting within hours
of the first dose, reaching 20 to 30% of baseline (mean,
500-600/mm>) within several weeks.>>*! The degree of
lymphopenia and its persistence after drug discontinuation
were dose dependent, although the relationships were not
linear. 2224394149 15 FREEDOMS, fingolimod 0.5mg
reduced the mean * standard deviation lymphocyte count
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TABLE 2: Observations That Suggest Mechanisms Other Than Interference with Lymphocyte Recirculation May

Be Involved in Fingolimod's Efficacy in MS

Between 0.5 and 5mg, there is a dose effect on peripheral blood lymphocyte level but lack of consistent
dose effect on clinical or MRI efficacy measures.

Slowing of disability progression and brain volume loss in MS indicates preservation of CNS tissue.
Fingolimod readily enters the CNS and is phosphorylated in situ.

S1P is produced in the CNS.

S1PRs are expressed by neural cells.

S1P and fingolimod have multiple effects on neural cell growth and function in vitro.

Benefit of fingolimod has been shown in animal models in which peripheral immune and direct

CNS effects can be distinguished.
Deletion of S1P; from CNS cells, particularly astrocytes, reduces EAE severity and fingolimod efficacy.

CNS = central nervous system; EAE = experimental autoimmune encephalomyelitis; MRI = magnetic resonance imaging; MS =

multiple sclerosis; SIP = sphingosine 1-phosphate; S1P; = SIPR subtype 1; SIPR = S1P receptor.

from 1.84 * 0.62 x 10°/1 at baseline to 0.49 + 0.34 x
10°/1 at month 24,
baseline with a range of 6.4 to 135.4% (Novartis, data on

corresponding to a mean of 27.2% of

file). Lymphopenia persisted at a stable reduced level with
continued treatment.*”*! Because fingolimod causes lym-
phocyte redistribution rather than depletion, the lympho-
penia is reversible. In FREEDOMS when fingolimod was
discontinued, mean lymphocyte counts rose within several

Cortical
Endothelium sinus

Fingolimod-P inhibits
S1P-Directed Egress (a)

Efferent
lymph

Lymph node

Circulating
pathogenic
lymphocytes

Afferent
lymph

Subcapsular
space

Blood

S1P Receptor

days and reached the normal range (0.8 x 10°/1) within 6
weeks.”® By 3 months, mean lymphocyte count was 80%
of baseline (vs 94% in the placebo group). Johnson et al
reported 2 patients with sustained lymphopenia, for 9 and
34 months, after fingolimod discontinuation.’! Thus, pro-
longed lymphopenia rarely may occur following fingoli-
mod therapy. The functional consequences of this response

remain uncertain.

g Astrocyte (S1P3>1>2>5)

(\_ Oligodendrocyte
I

= (51P5>1=253)
Microglia
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FIGURE 2: Potential effects of fingolimod on the pathogenesis of multiple sclerosis. BBB = blood-brain barrier; CNS = central

nervous system; S1P = sphingosine 1-phosphate.
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Fingolimod affects both T cells and B cells. Effects
on circulating granulocytes, monocytes, eosinophils,

erythrocytes, and platelets are modest or absent.”>** T

cells are affected more than B cells.”**® CD4" T cells
are affected more than CD8" T cells, decreasing the
blood CD4/CDS8 ratio.”>** Fingolimod preferentially
impairs recirculation of T cells expressing the LN hom-
ing receptors CCR7 and CDG62L (naive and Tem). >4
The latter population includes interleukin (IL)-17 pro-
ducing T cells (T},17 cells),”® which have been implicated
in MS pathogenesis and response to IFNf therapy.”®

In humans, approximately 30% of circulating T
cells are resistant to the LN trapping effect of fingolimod

over the dose range tested in MS clinical trials.>* ! Tt is

likely that this population contains CD8" Tgy cells,””*®
which lack expression of the LN homing receptors and,
therefore, do not regularly recirculate through LNs.
These long-lived cells persist in tissues and may provide
at least partial immunologic memory and protection
against pathogenic infections.

Fingolimod also inhibits B-cell trafficking. Mice
treated with fingolimod have decreased immunoglobulin
G (IgG) plasma cell and germinal center responses
because of decreased egress from spleen, with reduced
cell numbers in bone marrow and blood.”® However, in
mice treated with fingolimod or that lacked S1P; in B
cells, IgG-secreting cells could still be induced and local-
ized normally in secondary lymphoid organs.”® Thus,
analogous to fingolimod’s effects on T cells, interference
with B-cell recirculation might contribute to its efficacy
in MS, although this hypothesis is less well studied, par-
ticularly in humans, and must account for maintained B-
cell functions.

Overall, many studies indicate that fingolimod at
therapeutically relevant concentrations modulates T-cell
and B-cell trafficking rather than function. The expres-
sion levels of a variety of surface markers, including
chemokine receptors and adhesion molecules, are unal-
tered.”> Fingolimod does not inhibit T-cell activation,
proliferation, differentiation to an effector phenotype, or
cytokine production, or antibody production by B

cells.®0-62

Neurobiology of S1P and Potential Direct
CNS Effects of Fingolimod

Production of S1P in the CNS

Although S1P is present at significant levels within the
CNS, its physiologic role remains to be defined. Key
synthetic enzymes, SphK1 or SphK2, are expressed in the
CNS. However, it is notable that single deletions of
SphK1 or SphK2 do not produce obvious CNS defects,*®

May, 2011
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illustrating the uncertainty of non-in vivo approaches
that may not accurately reflect the redundant roles for
SphKs in the CNS. Expression of SIPRs in both the
immune system and CNS in embryogenesis and adult-
hood suggests roles in development, neuroinflammation,
and neurodegeneration (Table 3).04

Cells of neuronal lineage, encompassing varied de-
velopmental stages and subtypes, are a potential source of
SIP in the CNS. In vivo, SIP has been reported to be
preferentially detectable in neurons in normal spinal
cord.®> Rat cerebellar cortical granule cells in culture
release SIP® Cells of neuronal lineage can produce S1P
in response to a number of factors, including nerve
growth factor, fibroblast growth factor (FGF), phorbol
esters, dibutyryl cyclic adenosine monophosphate, and
forskolin.'®®” Cultured astrocytes also secrete S1P when
stimulated by phorbol esters, FGE, and tumor necrosis
factor-alpha (TNFx).%¢%%? S1P levels increase in spinal
cord following traumatic injury®® and in association with
inflammation in experimental autoimmune encephalomy-
elitis (EAE).”° The cellular source of S1P in these patho-

logic conditions is unknown.

Astrocytes

A central role for astrocytes in MS pathogenesis has been
postulated.”"”* Astrocytes are the most abundant cells in
the CNS and in MS lesions. Potential ways astrocytes
might contribute to MS lesion pathogenesis include
matrix metalloproteinase secretion and BBB breakdown;
adhesion molecule expression and chemokine secretion,
facilitating inflammatory cell entry; and secretion of
TNFa and lymphotoxin-o, causing oligodendrocyte death
and axonal damage. Finally, the astrogliosis and gliotic
scar formation that characterize chronic MS lesions
might interfere with precursor cell migration into the
lesion, remyelination, or axonal regeneration.

SIP; can be expressed widely in many lineages
within the CNS under varied conditions. However,
recent in situ hybridization data combined with condi-
tional knockout mice for S1P; indicated that most of the
specific signal in the normal CNS comes from astro-
cytes.”® Astrocytes mainly express SIP; and S1Pj along
with other subtypes at low levels.”*”® Immunohisto-
chemical studies demonstrated a marked increase in S1P;
and S1P; expression by reactive astrocytes in active and
chronic MS lesions.”” Several lines of evidence also sug-
gest that an S1P-FGF autocrine loop mechanism might
influences astrocyte proliferation.®®”%7>7>8%81 Tn yivo,
intracranial injection of SIP in mice induces astroglio-
sis.”> Treatment of cultured human astrocytes with fingo-
limod-P inhibits production of inflammatory cytokines.”
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TABLE 3: S1P Biology-Targeted KO Animals and siRNA-Treated Cell Lines Relevant to the CNS Degenerative

and Inflammatory Diseases

Model
SphK2 KO mice®?

Hexb ™', Sthlflf, or
S1P; '~ double null

. 732,64
mice®>°

SIP lyase KO'¢

siRNA-mediated down-
regulation of S1PR gene
expression1

siRNA-mediated down-
regulation of SphK1
gene expression' 8

Details

Targeted in-bred Balb/c mouse KO
model; homozygous S/thZfF
compared to SphK2™*"* WT
littermate controls

Sandhoff disease mouse model of
neurodegeneration deficient in
SphK1 or S1P5

Targeted KO; homozygous and
heterozygous inbred Balb/c mouse
model

HUVEC treated with SIP and
siRNA vs S1PRs

Primary cultures of rat
oligodendrocyte precursors

Results

Fingolimod induced lymphopenia in WT
but not in KO mice.

Fingolimod phosphate induced a transient
lymphopenia in KO mice.

Results indicate that SphK2 is required for
the phosphorylation of fingolimod and to
maintain fingolimod phosphate levels in
vivo.

Deletion of SphK1 resulted in milder Sandh-
off-like disease course, with reduced glial cell
proliferation and less severe astrogliosis.

Similar results were found with deletion of
the gene for the S1P; receptor.

Results suggest a functional role of S1P syn-
thesis and receptor expression in astrocyte
proliferation and that the SphK1/SIPR sig-
naling axis may be important in the pathoge-
nesis of neurodegenerative diseases.

Administration of fingolimod to SphK1 KO
mice resulted in lymphopenia, suggesting
that SphK1 is not required for activation of
fingolimod in vivo.

Both heterozygous and homozygous mice
with decreased S1P lyase activity demon-
strated marked lymphopenia, with accumula-
tion of mature T cells in the thymus and
LNGs.

Homozygous S1P lyase KO was either lethal
or had reduced lifespan, possibly associated
with aberrant sphingolipid storage.

These findings suggest that lymphocyte traf-
ficking is sensitive to S1P lyase activity.

Treatment with siRNA vs S1P; and S1P3
resulted in downregulation of IL-8 and
MCP-1 gene expression.

THP-1 cell chemotaxis was reduced toward
the S1P-treated HUVEC-conditioned me-

dium relative to control.

These results indicate a role for S1P; and
S1P; receptors in S1P-associated inflamma-
tory response.

SphK1 downregulation abolished NT-3—
mediated survival of oligodendritic
precursors.

These data suggest a functional link with
SphK1 as a modulator of NT-3 support of

oligodendrocyte development.

CNS = central nervous system; HUVEC = human umbilical vein endothelial cells; [L-8 = interleukin-8; KO = knockout; LN
= lymph node; MCP-1 = monocyte chemotactic protein-1; NT-3 = neurotrophin-3; S1P = sphingosine 1-phosphate; SIPR =
S1P receptor siRNA = small interfering RNA; SphK1 = sphingosine kinase type 1; SphK2 = sphingosine kinase type 2; THP-1

= human acute monocytic leukemia cell line; WT = wild type.




Overall, these data suggest that fingolimod could have
direct effects on astrocytes relevant to MS.

Oligodendrocytes

S1Ps mRNA and protein are abundantly expressed in the
CNS, predominantly by oligodendrocytes.***¢ Cultured
progenitor cells and mature oligodendrocytes also express
S1P; and, in some studies, lower levels of S1P; and
S1P,.5°7%2 Platelet-derived growth factor treatment of rat
oligodendrocyte precursor cells upregulated S1P; and
downregulated S1P5.%*

SIP has a number of effects on cells of oligoden-
drocyte lineages, including differentiation, migration, and
survival, depending on the assessed developmental
stage.**®® Similarly, a variety of fingolimod-P effects at
concentrations attained in brain and cerebrospinal fluid
of treated animals®’ have been reported on cultured cells
of oligodendrocyte lineages, which also represent a range
of different developmental stages. Fingolimod-P stimu-
lated the differentiation of oligodendrocyte precursor
cells into oligodendrocytes at low concentrations,®® but
high concentrations inhibited progenitor migration and
differentiation.*®*”?! Fingolimod-P protected oligoden-
drocyte progenitor cells from apoptosis induced by
growth factor deprivation, inflammatory cytokines, or
microglial activation.”"”*> Fingolimod-P also improved
survival of cultured oligodendrocytes, inhibiting apopto-
sis during serum withdrawal and glucose deprivation.*®”°
In progenitors but not mature oligodendrocytes, this
effect was mimicked by the selective SIP; agonist
SEW2871. Fingolimod-P also stimulated membrane elab-
oration and process extension by mature oligodendro-
cytes cultured from adult human brain in a time- and
dose-dependent manner.”® Overall, these studies suggest
fingolimod treatment could directly affect oligodendro-
cytes in MS.

Neurons

There is evidence that sphingolipids, including ceramide,
sphingosine, and S1B, play important roles in the regula-
tion of neuronal growth, differentiation, survival, and
function.”® Neural progenitor cells and neurons can
express S1P;, S1P3, and to a lesser extent S1P,, depend-
ing on the cell culture conditions®>?>® Genetic deletion
of S1P; or combined deletion of SphK1 and SphK2 in
mice severely disrupts neurogenesis, with increased apo-
ptosis and decreased proliferation of neuroblasts, ulti-
mately leading to neural tube defects,® suggesting that
S1P signaling is important during embryonic CNS devel-
opment and growth. Studies of cultured neurons and
neuronlike cell lines identified a number of S1P effects,
including cytoskeletal reorganization and morphological
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97-99 100,101

changes, cytoprotection, and electrophysiologic
changes.'”® S1P/S1P; may mediate migration of neural
stem cells to sites of spinal cord injury.®®> SIP has also
been reported to stimulate neural stem cell proliferation
and morphological changes.”

There have been relatively few studies of direct neu-
ronal effects of fingolimod. Fingolimod-P treatment of
primary cortical neuron cultures and embryonic stem
cell-derived neuronlike cells resulted in a dose-dependent
increase in phosphorylation of ERK1/2 and transcription
of the CREB transcription factor followed by increased
brain-derived neurotrophic factor mRNA.'® At present,
it remains possible but uncertain whether fingolimod

treatment of MS has relevant direct effects on neurons.

Fingolimod Activity in EAE

EAE is a well-studied animal model of MS, involving
inflammatory CNS demyelination and later stage neuro-
degeneration induced in susceptible laboratory animal
strains by immunization with a variety of CNS antigen
preparations. Fingolimod has been studied in a number
of EAE variants in both mice and rats (summarized in
Table 4), where it prevented development of clinical and
histological disease when given prophylactically'®*~'%”
and reversed manifestations when given therapeutically
after disease onset.'®*'°® Clinical benefit was accompa-

nied by decreases in electrophysiological abnormalities,'®’

107,109 107,109
axonal loss,

110

demyelination, synaptic dysfunc-
tion, and dendritic damage.

Fingolimod’s effects on lymphopenia in EAE is
dose dependent. However, its therapeutic effects only
somewhat correlate, while also showing non-dose-de-
pendent effects,'®® supporting the existence of distinct
mechanisms that could involve direct CNS actions.
Observations that support direct CNS effects include the
following. First, intraventricular fingolimod administra-
tion 2 weeks after disease onset in acute EAE in dark
agouti rats lessened clinical features, demyelination, and
axonal damage without producing lymphopenia.''" Sec-
ond, and most critically, recent studies of EAE in CNS
cell-specific conditional (loxP) S1P; knockout mice
strongly support a role for S1P; signaling in astrocytes
that promotes EAE pathogenesis as well as fingolimod ef-
ficacy distinct from effects on peripheral blood lympho-
cyte levels.”” Conditional deletion of S1P; in neuronal
cell lineages (via synapsin-cre) had no effect on EAE se-
verity or fingolimod efficacy. By contrast, mice with pan-
neural S1P; deletion that produced loss in all CNS cell
types including astrocytes (using nestin-cre) resulted in
EAE that was reduced in severity and abrogated fingoli-
mod efficacy. Considering the in situ hybridization
results that identified astrocytes as the predominant cell
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TABLE 4: Efficacy of Fingolimod in CNS Injury Animal Models

Experimental Model

PLP-induced relapsing EAE
in SJL/] mice'%®

MBP-induced acute EAE in
Lewis rats'%4

PLP-induced relapsing EAE
in SJL/J mice'®

MOOGS—induced EAE in DA

1
rats

Spinal cord homogenate-
induced EAE in ABH

-1
mice 06

DA rat EAE model'”?

MOG-induced EAE in DA

10
rats 7

MOG-induced chronic
relapsi%g EAE in C57BL/6
11

mice

MOGe-induced monophasic
EAE in C57BL/6 mice with
conditional deletion of
sip,”?

Timing of
Fingolimod
Treatment

Therapeutic

Prophylactic

Therapeutic

Prophylactic

Therapeutic

Prophylactic

Therapeutic

Prophylactic

Therapeutic

Therapeutic

Prophylactic
Therapeutic

Prophylactic

Therapeutic

Results and Comments

Fingolimod initiated at the peak of the initial acute
relapse resulted in rapid improvement in clinical status
and reversal of changes in the expression of mRNA
encoding some myelin proteins and inflammatory
mediators in the brain.

Complete inhibition of EAE clinical and histological
manifestations.

Significant inhibition of the progression of EAE clini-
cal manifestations and infiltration of inflammartory cells
into the spinal cord. The number of peripheral lym-
phocytes was decreased.

Complete inhibition of EAE clinical and histological
manifestations. Decrease of T and B cells in peripheral

blood.

Inhibition of clinical relapses and reduction in EAE-
associated clinical manifestations.

Protection against the emergence of EAE symptoms,
neuropathology, and visual and somatosensory evoked
potential abnormalities.

Reversal of paralysis and normalization of electrophysi-
ological disturbances, which correlated with decreased
brain and spinal cord demyelination.

Complete inhibition of disease development.

Inhibition of subsequent relapses and slowed develop-

ment of disability.

Rescue therapy with fingolimod up to 1 month after
onset of EAE reversed clinical manifestations, blood—
brain barrier disruption, demyelination, and axonal
loss.

Protection against the development of clinical disease.

Reduction in clinical scores and attenuation of CNS
inflammation, demyelination, and axonal loss.

Prevention of synaptic abnormalities manifested as loss
in sensitivity to the cannabinoid CB1 receptor agonist
HU210 in single cell recordings of striatal neurons in
brain slices. Prevention of loss of dendritic spines on
striatal neurons.

EAE severity was reduced and fingolimod efficacy was
eliminated in mutants lacking S1P; on CNS cells, par-
ticularly astrocytes. Immune function was preserved in
CNS mutants based on normal fingolimod effects on
lymphocyte trafficking and adoptive transfer
experiments.
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TABLE 4 (Continued)

Experimental Model Timing of
Fingolimod
Treatment
Lewis rat traumatic brain
injury“3

Lewis rat traumatic spinal
cord injury model®

Started immediately
after injury

Started immediately
after injury

Sprague-Dawley rat trau-
matic spinal cord injury''

1-phosphate.

ABH = antibody high; CNS = central nervous system; DA = dark agouti; EAE = experimental autoimmune encephalomyelitis;
MBP = myelin basic protein; MOG = myelin oligodendrocyte glycoprotein; PLP = proteolipid protein; SIP = sphingosine

Results and Comments

Decreased accumulation of macrophages and
microglia.

Levels of S1P increased 7 days after spinal cord contu-
sion, produced by astrocytes and microglia. S1P was
chemoattractant for neural stem/progenitor cells via

S1P;.

Improved functional recovery, higher somatosensory
evoked response amplitude and reduced latency, and
milder pathological changes.

type expressing S1P, this result supported astrocyte
involvement in both processes. Consistent with this
interpretation, similar results were obtained using an in-
dependent driver to produce selective deletion of S1P;
in astrocytes (GFAP-cre). Astrogliosis was also reduced
in both nestin-cre and GFAP-cre conditional mutant
mice, as it was with fingolimod treatment in wild-type
mice. Strikingly, the immunologic effects of fingolimod
remained intact in all CNS mutants based on both nor-
mal lymphocyte trafficking responses as well as adoptive
transfer experiments.”® Conversely, mice with deletion
of S1P; from T cells exhibited similar EAE induction
and therapeutic response to fingolimod compared to
controls. These data implicate astrocytic S1P; in the
pathogenesis of EAE and as a therapeutic target of
fingolimod.

Fingolimod Activity in Other Animal Models of
CNS Pathology

To determine whether fingolimod can effectively treat a
delayed-type (DTH)
response within the CNS behind an intact BBB, Lewis

hypersensitivity inflammatory

rats were injected stereotactically in the striatum with
heat-killed bacillus Calmette-Guérin (BCG).''? Four
weeks later, after the initial inflammatory response had
resolved, intradermal injection of BCG produced a focal
DTH lesion in the CNS with self-limited BBB disrup-
tion. Fingolimod treatment 19 to 31 days after intrader-
mal injection, after the transient BBB disruption had
resolved, reduced the CNS inflammatory response and
resultant demyelination.

In a rat traumatic brain injury model, fingolimod
treatment reduced infiltration of macrophages and micro-
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glia.u3 Similarly, in rat spinal cord injury, fingolimod

: . 114
treatment improved functional recovery.

Safety and Tolerability of Fingolimod
General Points

In published trials, fingolimod was generally well toler-
ated. The overall safety profile was better for 0.5mg, the
approved dose, than 1.25mg. Given that the efficacy
advantages of the 2 fingolimod doses over placebo and
IFNp-1a were similar, 0.5mg appeared to have a better
benefit-to-risk profile.

The overall MS safety experience comprises 2,615
patients and approximately 4,583 patient-years of expo-
sure.'"” The proportions of patients discontinuing medi-
cation or study participation due to an AE, laboratory
abnormality, or abnormal test result was low (4-10%) in
fingolimod groups in the phase IIT trials.*>*' In FREE-
DOMS, the risks of any AE, serious AE, or AE leading
to drug discontinuation were similar between fingolimod
0.5mg and placebo.*” Five deaths occurred during FREE-
DOMS and TRANSFORMS: 2 in the placebo arms and
3 in the fingolimod 1.25mg arms, with no deaths in the
fingolimod 0.5mg group of either trial.“>*' Specific AEs
associated with fingolimod included headache, influenza,
diarrhea, back pain, cough, dyspnea, lower respiratory
tract infection, elevation of liver enzymes, transient bra-
dycardia, and slowed atrioventricular (AV) conduction on
treatment initiation, blood pressure effects, and macular
edema 115116 Known pharmacodynamic effects of
fingolimod mediated by SIPRs account for many of the
observed AFEs. For others, the mechanism is uncertain.
FDA recommendations related to fingolimod use are
summarized in Table 5.''® In addition, to better clarify
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Administration

Drug—drug interactions

Immunizations

Hepatic abnormalities

Cardiac effects

Macular edema

TABLE 5: US Food and Drug Administration Recommendations Related to Use of Fingolimod'"®

The approved dose is 0.5mg by mouth once per day.

Bioavailability after oral administration is unaffected by food, so it can be taken with-
out regard to meals.”>*!

The elimination half-life averages 8.8 days.20’24 Steady state levels are reached after
4-8 weeks.”>*? Pharmacokinetics are not affected by ethnicity, gender, and mild to
moderate hepatic or renal impairment.20

Fingolimod does not interact significantly with other drugs used to treat MS, includ-
ing fluoxetine, paroxetine, carbamazepine, baclofen, gabapentin, oxybutynin, amanta-
dine, modafinil, amitriptyline, pregabalin, and corticosteroids.

Ketoconazole, a potent inhibitor of CYP3A and CYP4EF, increases fingolimod and
fingolimod-phosphate exposure up to 70%.

At present, there are no data concerning the safety and utility of combining fingoli-
mod with other immunomodulatory or immunosuppressive medications.

Patients on class Ia or class III antiarrhythmic drugs, beta blockers, or calcium
channel blockers should be monitored for accentuated cardiac effects at initiation

of fingolimod therapy.

Live attenuated vaccines should be avoided during and for 2 months after stopping
fingolimod therapy.

Elevations of liver enzymes may occur in patients receiving fingolimod, and patients
with pre-existing liver disease may be at increased risk.

Recent transaminase and bilirubin levels should be checked prior to treatment.

No specific monitoring schedule is indicated once fingolimod is initiated, but hepatic
function tests should be assessed in patients who develop symptoms suggestive of
hepatic dysfunction.

Fingolimod should be discontinued in patients who develop significant liver injury.

Fingolimod exposure is increased with severe hepatic impairment and should be used
with caution in this setting.

Patients receiving class Ia (eg, quinidine, procainamide) or class III (eg, amiodarone,
sotalol) antiarrhythmic drugs, beta blockers, and calcium channel blockers; with a
baseline low heart rate; or with a history of syncope, sick sinus syndrome, second-
degree or higher AV conduction block, ischemic heart disease, or congestive heart
failure may be at increased risk.

Patients should have an electrocardiogram prior to treatment.

All patients should be monitored for signs and symptoms of bradycardia for 6 hours
after the first dose of fingolimod. Bradycardia or AV conduction slowing may require
treatment with isoproterenol or atropine.

If fingolimod is discontinued for >2 weeks, the effects on heart rate and AV conduc-
tion may recur on reintroduction, so the same precautions apply.

Ophthalmological exam should be performed before starting fingolimod and 3-4
months after treatment initiation.

Visual symptoms and acuity should be monitored at routine evaluations. If a patient
reports visual disturbance at any time during treatment, additional ophthalmological
evaluation should be undertaken.

Patients with diabetes mellitus and uveitis are at increased risk of macular edema and
should have regular ophthalmologic evaluations.
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TABLE 5 (Continued)

Blood pressure

Pulmonary effects

In patients who develop macular edema, the risk of continuation of fingolimod or
rechallenge is uncertain.

Blood pressure should be monitored during fingolimod treatment.

Routine pulmonary function testing is not needed prior to or during fingolimod
treatment, but should be considered if clinically indicated.

Patients should have a recent complete blood count prior to initiation of

Patients without a history of chicken pox or varicella-zoster virus vaccination should
undergo serologic testing for varicella antibodies. Vaccination of antibody-negative
patients should be considered prior to initiation of therapy, and therapy should be

Fingolimod therapy should not be started in patients with acute or chronic

Patients should be monitored for signs and symptoms of infection during fingolimod
therapy and for 2 months after discontinuation.

Consider suspending fingolimod treatment if a patient develops a serious infection.

Concomitant use of fingolimod with antineoplastic, immunosuppressive, and immu-
nomodulatory agents would be expected to increase the risk of immunosuppression.

Infection
fingolimod.
postponed for 1 month.
infections.

Malignancy

AV = atrioventricular; MS = multiple sclerosis.

No special monitoring for cancer during fingolimod treatment is recommended.

the safety of fingolimod in clinical practice, the FDA
required a prospective postmarketing safety study. These
ongoing studies will better elucidate fingolimod’s safety
profile.

Hepatic Effects

After lymphopenia, increased alanine aminotransferase
(ALT) was the most common laboratory abnormality.
Increases in aspartate transaminase or bilirubin were
uncommon. The abnormalities generally were mild and
asymptomatic, with no cases of symptomatic liver injury
or a pattern/severity indicative of significant hepatocellu-
lar damage. The abnormalities were reversible, returning
to normal with discontinuation of treatment. Like other
AEs, risk of hepatic abnormalities was dose dependent.
In an integrated analysis of all patients in MS trials, ALT
>3x upper limit of normal (ULN) occurred in 94 of
1,172 (8.0%) patients treated with fingolimod 0.5mg,
and elevation >10x ULN occurred in 2 of 1,172
(0.2%) patients.115 After fingolimod discontinuation,
median time to recovery of ALT to >ULN but <2x
ULN was 64 days.'"’

Cardiac Effects
S1P regulates heart rate and conduction."'” S1P;, S1P,,
and S1P; are the dominant receptors in the cardiovascu-
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"% including atrial myocytes.""” Fingolimod

lar system,
binding to S1PRs in atrial myocytes initially leads to
activation of G protein-gated cholinergic potassium chan-
nels (Ixkacp) eliciting an inward rectifying potassium cur-
rent, membrane hyperpolarization, reduced cell excitabil-
ity, and decreased firing rate.'*® Receptor desensitization
makes this effect self-limited. This phenomenon is medi-
ated by SIP5 in rodents and rabbits®®'*"'** but by S1P,
in humans.'*

In clinical trials, fingolimod induced a transient,
dose-dependent, usually mild negative chronotropic effect,
reaching a maximum 4 to 5 hours after the first dose and
attenuating over time despite continued dosing and
increasing blood levels.'*” In a pooled analysis of FREE-
DOMS and TRANSFORMS, there were mean reductions
of ~8bpm at nadir with the 0.5mg dose and ~11bpm
with 1.25mg."** The decrease in heart rate usually was
asymptomatic; in the phase III trials, dizziness, fatigue,
chest discomfort, and palpitations were reported in <1%
of fingolimod-treated patients, and there were no cases of
syncope. No cases of symptomatic bradycardia developed
beyond 24 hours. The heart rate effect attenuated with
chronic treatment and returned to baseline by 1 month.'?*
Fingolimod also can cause dose-dependent slowing

of AV conduction. In a pooled analysis of FREEDOMS
and TRANSFORMS,'** first-degree AV block was the
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most common abnormality, with mean P-R prolongation
of 4.5 milliseconds with 0.5mg and 11.3 milliseconds
with 1.25mg. Second-degree block (Mobitz type I and
type 2:1) was rare and also more frequent with 1.25mg.
Mobitz type II and higher degree of block were not seen.
The incidence of electrocardiographic abnormalities was

comparable across treatment groups at 1 month.

Vascular Effects
S1P and fingolimod have complex effects on endothelial
barrier function, vascular tone, blood flow, and blood

117
pressure.

Vascular and lymphatic endothelial cells
express high levels of S1P; and lower levels of S1P, and
S1P5.'%>7'*7 The effects of SIP and fingolimod on endo-
thelial cells are heterogeneous, augmenting tight junction
and barrier function in some vascular beds and increasing
permeability in other tissues.'**"?! The direct effects of
S1P on vascular smooth muscle cells are mainly via S1Ps,
which tends to cause vasoconstriction.'*> However, S1P
and fingolimod induce endothelial nitric oxide synthase
expression and nitric oxide production by endothelial

cells via S1P3, indirectly producing vasodilation.'?%'%%

MACULAR EDEMA. In MS dlinical trials, macular
edema occurred in 0.3% of patients treated with fingoli-
mod 0.5mg and 1.1% of patients on 1.25mg.'"”> Most
cases developed in the first 3 to 4 months of treatment.
Approximately half were symptomatic; the remaining
cases were identified by ophthalmological exam. Most
cases improved or resolved with fingolimod discontinua-
tion. The pathogenesis of fingolimod-related macular
edema is unknown but may relate to effects on endothe-
lial barrier function.

BLOOD PRESSURE. In phase III MS trials, patients
treated with fingolimod 0.5mg had a mild increase in
blood pressure (~2mmHg increase in systolic blood pres-
sure and ~ImmHg increase in diastolic blood pressure)
over the first 6 months of treatment, which persisted but
did not increase further with continued treatment.*'%
Blood pressure elevation may relate to effects on vascular

smooth muscle.

MISCELLANEQOUS VASCULAR EVENTS. Rare or single
cases of ischemic and hemorrhagic stroke, peripheral arte-
rial occlusive disease, and posterior reversible encephalop-
athy syndrome were reported in patients treated with fin-
golimod 1.25 or 5mg but not 0.5mg.**™*! It is possible
these vascular phenomena relate to effects on vascular en-

dothelial or smooth muscle cells.
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Pulmonary Effects
S1PRs are expressed by airway smooth muscle cells, and
S1P may mediate airway hyper-responsiveness in some

136-138

pathologic  conditions. Alveolar  epithelium

expresses S1P3, and S1P administered in the airways dis-
rupts alveolar epithelial barrier function.'””

In the phase III MS trials, cough was reported as
an AE in 5 to 10% of fingolimod-treated patients versus
4 to 8% of control patients, and dyspnea was reported as
an AE in 2 to 7% of fingolimod-treated patients versus 2
to 5% of controls.*>*! Several patients discontinued fin-
golimod because of unexplained dyspnea. In a combined
analysis of FREEDOMS and TRANSFORMS,""”> minor
fingolimod dose-dependent decreases in forced expiratory
volume at 1 second (FEV)) and diffusing capacity for
carbon monoxide (D CO) were seen at month 1 and
were stable thereafter. At month 24 in FREEDOMS, the
mean reduction from baseline in percentage of predicted
FEV, was 3.1% for fingolimod 0.5mg and 2.0% for pla-
cebo. Reductions from baseline in D;CO were 3.8%
with fingolimod 0.5mg and 2.7% with placebo. FEV,
effects reversed following fingolimod discontinuation. At
present there are insufficient data to determine the re-
versibility of decreased Dy CO or whether asthma,
chronic obstructive pulmonary disease, or pulmonary
hypertension increase the risk of fingolimod-related pul-
monary AFs.

Infection

Because fingolimod is a potent immunomodulator,
increased susceptibility to infection, including opportun-
istic infections, would not be unexpected. However, sev-
eral factors may mitigate this risk. Fingolimod-induced
lymphopenia reflects redistribution to LNs rather than
depletion. Fingolimod appears to specifically retain those
T cells that regularly recirculate through LNs—that is,
naive T cells and Ty (including T,17 T cells), but not
effector T cells and Tgy—that are important for
immune surveillance and memory immune responses in
the peripheral tissues.”>” Many aspects of immune func-
tion are preserved with fingolimod therapy, including
lymphocyte numbers in LNs and tissues, function of LN
and circulating lymphocytes, ability to generate antibod-
ies, and innate immune mechanisms. However, the pref-
erential trafficking effects on naive T cells and Ty still
potentially might affect local immune responses.'*” Nor-
mal volunteers treated with fingolimod for 1 month
could mount IgG responses to both T cell-dependent
(keyhole limpet hemocyanin) and T cell-independent
(pneumococcal polysaccharide vaccine, PPV-23) novel
antigens, although the response was somewhat reduced

and delayed.'*
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The proportions of patients with infection AEs,
severe infections, and serious infections were similar in
the treatment groups in FREEDOMS and in an inte-
grated analysis of all MS studies, aside from increased
lower respiratory tract infections (mainly bronchitis)
across treatment groups.''> Overall, herpes virus infec-
tions were diagnosed in 2 to 9% of patients. In TRANS-
FORMS, they occurred in 5.5% of patients in the fingo-
limod 1.25mg group compared to 2.1% in the 0.5mg
group and 2.8% with IFNB-12.! The incidence was
$* and the inte-

grated analysis."'> Most herpes infections were mild. A

similar across treatments in FREEDOM

total of 11 herpes virus infection-related serious AEs
were seen, including 1 case of fatal disseminated primary
varicella zoster and 1 case of fatal herpes simplex enceph-
alitis in TRANSFORMS. Both cases had complicating
factors, but a role for fingolimod cannot be ruled out.
There have been no cases of progressive multifocal leu-
koencephalopathy with fingolimod.

There was no clear-cut relation between the level of
lymphopenia and infection risk in a pooled analysis of
FREEDOMS and TRANSFORMS.>® When fingolimod-
treated patients were grouped based on nadir lymphocyte
count, 156 of 206 (76%) patients with a nadir of <0.2
x 10°/1 had an infection of any type compared to 344
of 475 (72%) with nadir 0.2 to 0.4 x 10°/1, 97 of 168
(58%) with nadir >0.4 x 10%/1, and 301 of 418 (72%)
placebo-treated patients. There was no clear-cut relation-
ship between lymphocyte count and rates of any infec-
tion per patient-year, lower respiratory tract infection, or

herpes infection.

Malignancy

Like infection, because of fingolimod’s immunomodula-
tory and cell growth effects, there is a potendal for
increased risk of malignancy. In TRANFORMS there
were 3 cases of melanoma in the fingolimod 0.5mg
group and none in the other arms.*' However, in
FREEDOMS 1 case of melanoma was observed in each
of the 1.25mg and placebo groups.40 Thus, there was
no clear-cut association of melanoma or other malig-
nancies with fingolimod in the integrated safety

11
analysis.""”

Target Population for Fingolimod Therapy
Both FREEDOMS and TRANSFORMS showed that

fingolimod is efficacious in both treatment-naive and

40,41 . .
For patients with an

previously treated patients.
inadequate response to previously available agents and/or
intolerable side effects, fingolimod is a reasonable alterna-

tive. The observations that IL-17 production is elevated

May, 2011

Cohen and Chun: Fingolimod in MS

in some IFNf nonresponders’ ® and that fingolimod
reduces circulating 1L-17—producing T,17 cells’® suggest
that fingolimod may specifically be effective in patients
with continued activity during IFNfJ therapy, as was
observed in TRANSFORMS.*' For patients not cur-
rently on treatment, fingolimod was approved by the
FDA as a first-line agent, that is, patients are not
required to fail other agents prior to initiating fingoli-
mod. For patients currently receiving an approved MS
treatment with effective disease control and good toler-
ability, although the oral route of administration is
understandably attractive, it seems prudent not to switch
therapy routinely until there is greater long-term experi-
ence with fingolimod in routine practice. There are no
published data concerning the safety and efficacy of fin-
golimod as combination therapy in MS.

Completed clinical trials of fingolimod in MS
were restricted to patients with a relapsing course, the
type of MS for which it was FDA approved. There are
no published data concerning use in progressive MS or
neuromyelitis optica. A 3-year phase III trial in primary
progressive MS is ongoing.'*' The phase II study en-
rolled patients aged 18 to GO years,”” and the phase III
studies enrolled patients aged 18 to 55 years.*™*! Thus,
the safety and efficacy of fingolimod in pediatric and
elderly patients are not established. There have been no
controlled studies of safety in pregnant women. Because
studies in rats and rabbits demonstrated fetal develop-
ment toxicity, including teratogenicity and embryo
lethality,''® fingolimod is pregnancy category C, and
women of childbearing potential should use effective
contraception during and for 2 months after fingolimod
treatment. Fingolimod is excreted in the milk of rats. It

. oo . ay 116
is not known if it is excreted in milk in humans.

Conclusions

A phase II and 2 phase III MS trials demonstrated fingo-
limod’s benefit on relapses, disability progression, MRI
lesion activity, and brain volume loss. Its safety profile
and tolerability, including oral route of administration,
make fingolimod an attractive treatment option for
patients with relapsing forms of MS. Interaction with
S1PRs on T cells and B cells, inhibition of egress from
LNs, and reduced recirculation of inflammatory cells to
the CNS are the currently accepted mechanism of effi-
cacy in EAE and MS. However, direct effects in the
CNS may also contribute to its efficacy, including poten-
tial neuroprotective and/or reparative actions. As there
are no currently available treatments for MS demon-
strated to limit damage directly or improve repair, there
is a major unmet medical need in this regard, particularly

773



ANNALS of Neurology

for purely progressive forms of MS. Further studies are
needed to determine whether fingolimod meets this
need. Interaction of fingolimod with SI1PRs in a variety
of tissues accounts for many of its off-target AEs.
Ongoing studies will better define the SIPR mechanisms
accounting for both its beneficial immunomodulatory
and neuroprotective actions and AEs when used to treat

MS.
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