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Abstract

Development of sphingosine-|-phosphate receptor | (SIP) modulators to dampen inflammation and
its sequelae is becoming increasingly promising for treating medical conditions characterized by
significant immunopathology. As shown by the non-selective SIP receptor modulator FTY720
(fingolimod [GiIenya®]) in the treatment of relapsing-remitting multiple sclerosis (MS), the ability to
use SIP, modulation to precisely block immune cell traffic—immunomodulation—while maintaining
immunosurveillance, has opened therapeutic opportunities in various other immune-derived chronic
pathologies, including inflammatory bowel disease (IBD), lupus, psoriasis, as well as, potentially, in
early acute viral respiratory infection. Proof-of-concept studies across validated animal models with
SIP receptor modulators highly selective for SIP,, such as BAF-312 (Siponimod), KRP-203, ONO-
4641 (Ceralifimod), ponesimod and RPC-1063, and emerging clinical trials for safety and efficacy in
humans, particularly in MS, ulcerative colitis (UC) and psoriasis, have set the stage for us to consider

additional testing in various other autoimmune diseases.

Introduction

Four years after Food and Drug Administration (FDA)
approval, the first oral treatment for relapsing forms of
MS, FTY720, is showing good efficacy for managing
morbidity and the progression of active disease [1,2].
Therapeutically, the benefit afforded by FTY720 in
managing symptoms of relapsing-remitting MS appears
largely dependent on S1P;-dependent modulation on
immune blood cells [3], neurons [4], astrocytes [5] and
endothelia [6], all mediated by its active phosphorylated
FTY720-P (S1P-mimic, Figure 1) product. In 1996,
closely following its synthesis, FIY720 demonstrated
efficacy in preventing transplant rejection across animal
models due to its potent immunosuppressive action. It
later became discontinued for that indication based on
findings that FTY720 did not afford additional benefit to
standard of care therapy. Findings that S1P; modulation
was the driving force behind FTY720’s efficacy and that
the FTY720-mediated sequestration of circulating lym-
phocytes, or immune modulation (correlated with posi-
tive therapeutic outcomes), has prompted the search
for second-generation compounds. These compounds

either have a structural similarity to the FTY720
prodrug backbone, or are newer, directly acting mod-
ulators having chemically optimized aromatic back-
bones and a higher selectivity window for S1P; over
S1P3, while still having S1Ps activity (Figure 2 and
Table 1). The other difference between the newer class
modulators and FTY720 appears to be in the time
course of immunosuppression, with the newer com-
pounds having shorter half-lives and a shorter duration
of lymphopenia, in contrast to the long-lasting FTY720
actions [7,8]. In addition, the therapeutic efficacy of the
newer compounds appears to correlate well with the
lymphocyte reduction mechanism(s) first defined by
FTY720. In MS, there are several S1P receptor mod-
ulators being tested, such as Siponimod, KRP-203,
CS-0777, and RPC-1063. Siponimod is an oral, second-
generation S1P,;5s modulator in Phase 3 development
for secondary progressive MS. The results from the BOLD
Siponimod study, an adaptive dose-ranging Phase 2 study,
were published in 2013 [9] and showed that, compared
to placebo, Siponimod reduced brain magnetic resonance
imaging (MRI) lesions and relapses by up to 80% in
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Figure |I. Comparison of the key enzymes that regulate synthesis and metabolism of SIP and FTY720-P
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a) Sphingosine is a substrate for two long-chain base kinases, sphingosine kinase | and 2 (SphK| and SphK2), which phosphorylate sphingosine on its primary
hydroxyl group generating SIP. SIP accumulation in distinct intracellular environments also mediates a variety of biological processes through non-receptor-
mediated mechanisms. These processes include a role for SphK2-generated SIP in the apoptosis of lymphoid cells and SphK2-mediated S|P formation
and SIP binding to the histone deacetylases HDACI| and HDAC?2 to control gene transcription [33]. SIP can also be degraded intracellularly by
dephosphorylation to sphingosine, or being diverted from lysolipid metabolism by degradation to phosphatidylethanolamine and hexadecanal by SIP lyase.
b) Circulating SIP binds to and activates five high-affinity G protein-coupled receptors (GPCRs), SIP,_s. Unlike sphingosine phosphorylation, FTY720
phosphorylation appears to be exclusively mediated by SphK2 [34,35]whereas the dephosphorylation of FTY720-P has been shown to involve both lipid
phosphate phosphatase 3 and la. FTY720-P is able to bind with high nanomolar affinity to all SIP receptors, except SIP,. In addition to SIP receptors, the
prodrug has been found to target cytosolic phospholipase A2 (cPLA?2), sphingosine lyase, and transient receptor potential cation channel (TRP7) and while
these other interactions may not prove critical in the regulation of lymphocyte sequestration by FTY720, they may play a role in its tolerability and potential

side effects following long-term, broad exposure in patients.

relapsing-remitting MS. Phase 3 development of Siponi-
mod in secondary progressive MS started in 2012, and
results should be available in 2017. This article will
highlight key preclinical findings of immunomodulators
with a high selectivity window for S1P; and/or S1P5 in
support of furthering available treatment options in various
autoimmune conditions.

Effective SIP-R therapy in murine models

of IBD

There is an increasing need for newer and safer
therapeutics in IBD. First-line corticosteroidal therapy
and sulfasalazine ameliorate intestinal inflammation but
have substantial toxicity. Suppressing local inflamma-
tion to the intestine by conventional 5-aminosalicylic
acids (5-ASA) therapeutics reduces and maintains disease

remission but does not truly inhibit relapse rates across
all patients. Second-line anti-tumor necrosis factor alpha
(TNF-a) monoclonal antibodies, though safer than
conventional immunosuppressants, are another option,
yet can lose effectiveness over time, and can predispose
certain patients to potentially fatal opportunistic infec-
tions [10,11]. S1P receptor modulatory strategies have
been evaluated in animal models of IBD in the past. Data
using FTY720 and KRP-203, and later backed by the
ONO-4641 prototype W-061 (S1Py;5 modulator of
unpublished structure), show effectiveness for alleviating
multiple aspects of chronic intestinal inflammation.
KRP-203 is a S1P;4/5 agonist prodrug with a molecular
structure resembling FIY720. Like FI'Y720, KRP-203
sequesters circulating lymphocytes in secondary lymphoid
organs in mice, and was first shown to prolong skin and
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Figure 2. Chemical structures of SIP-R modulators
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Structures of the endogenous ligand SIP, the non-selective SIP 35 receptor
modulator pro-drugs FTY720 and AAL-R, the SIP,.4s modulator prodrug
KRP-203, and the SIP;;5s modulators ceralifimod, ponesimod, Siponimod,

CYM-5442 and RP-001. AAL-R, CYM-5442 and RP-001 are research tools.
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heart allograft survival and significantly attenuate chronic
rejection [12].

The efficacy of KRP-203 was assessed in the validated IL-
10-deficient mouse model of human IBD [13,14]. IL-10
knockouts develop distal small bowel inflammation
spontaneously and display hallmark IBD histolopatho-
logical findings due to immune cell recruitment to the
mucosa, enhanced production of T helper (Th)-1
cytokines, resulting in the disruption of the mucosal
barrier, low body weight and poor survival. Song et al.
[15] reported that KRP-203 administration to IL-10
knockout mice reduced mortality once the disease had
been established. Both acute, 7-day, and chronic, 28-day,
daily KRP-203 protocols reduced histological scores in
the colon and prevented weight loss vs. vehicle-treated
controls. A decreased recruitment of lymphocytes to the
colonic lamina propria in the KRP-203 group correlated
with the survival benefit and the immunohistological
findings. A separate study using W-061 reported reduced
inflammation to the distal colon of mice that underwent
chemical dextran sodium sulfate (DSS)-induced colitis
[16]. W-061 administration in this model reduced
cellular infiltration to the colonic lamina propria, with
associated reductions in Th17 and Thl cytokines as
measured in cultured CD4-T cells isolated from the
W-061 treated group at study end. W-061 also prevented
mucosal thickness and mucin depletion induced by DSS,
relative to vehicle treatment. The results with KRP-203
and W-061 are promising and recapitulate some of the
findings of FTY720 in animal models of IBD. FTY720 at
low 0.3 mg/kg dose was effective in preventing body
weight loss in the DSS colitis model and the CD4+
CDG62L+ T cell transfer models of colitis. In addition,
therapeutic efficacy of FTY720 was reported in the 2,4,6-
trinitrobenzenesulfonic acid (TNBS) inflammatory coli-
tis model, whereby drug treatment led to the dampening
of IL-12p70 and subsequent Th1l pro-inflammatory
cytokines, while simultaneously inducing the functional
activity of CD4+CD25+ regulatory T cells. This indicates
that, besides migration and the homing of lymphocytes
to secondary lymphoid organs via S1P;, FTY720 can also
influence cytokine effector function directly, as was
shown by the prophylactic and therapeutic efficacy of
FTY720 in the Th2-mediated oxazolone-induced colitis
model in BALB/c mice.

Another class of S1P; modulator, RPC-1063 (of unpub-
lished structure, but of similar backbone to RP-001,
Figure 2), is being currently tested worldwide as an oral
therapeutic in phase 2 clinical trials of UC. In healthy
subjects, RPC-1063 has shown no QTc interval altera-
tions, and is additionally being evaluated in phase 3 trials
in relapsing-remitting MS.
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Table I. Features of clinical and pre-clinical compounds targeting SIP receptors

Compound Target Disease SIP receptor Stage of Commercial Side effect Profiles
activity development manufacturer
FTY720 RR-MS SIPy, 3, 4,5 Clinical Novartis AG; Mitsubichi  Transient bradycardia; QT
Tanabe Pharma prolongation; AV-block;
Macular edema; Reduced FEV;
increased liver enzymes [36]
BAF312 SP-MS, polymyositis SIP;, 5 Phase 3 (SP-MS) Novartis AG Transient bradycardia [9,37]
Siponimod Phase 2 (polymiositis)
Ponesimod RR-MS, plaque psoriases SIP; 3 s Discontinued (MS) Actelion N/A
Phase 2, psoriasis
ONO-4641 RR-MS SIP;, s Discontinued Ono Pharmaceutical Transient bradycardia
Ceralifimod
KRP-203 uc SIPy 45 Phase 2 Novartis AG; Kioryn N/A
Pharmaceutical
CS-0777 MS SIP 45 Phase | Daiichi Sankyo Co., Ltd  Transient bradycardia [38]
RPC-1063 RR-MS, UC SIP, s Phase 3 (RR-MS) Receptos, Inc No QTc prolongation in TQT

Phase 2 (UC)

study [39]

AV-block, atrioventricular block; FEV, forced expiratory volume; MS, multiple sclerosis; RR-MS, relapsing-remitting MS; SP-MS, secondary progressive

multiple sclerosis; SIP, sphingosine- | -phosphate; UC, ulcerative colitis.

Advancements of SIP-R modulation therapy in
experimental systemic lupus erythematosus (SLE)
FTY720 has been compared against methylprednisolone in
the MLR/Ipr experimental autoimmune lupus mouse
model, which has a mutation in T cell-dependent immune
dysfunction with human-like SLE phenotype. The clinical
goal of therapy relies on suppressing the renal
complications, or lupus nephritis that leads the mortality
index in SLE. Genetically modified MRL/Ipr mice have a
mutational deficit in the Fas-mediated apoptosis of
lymphoid cells, and spontaneously develop severe
glomerulonephritis, vasculitis and tubular atrophy,
replicating some of the clinical features of the human
disease. Proteinuria, microscopic deposition of anti-
double stranded DNA antibodies with complement
contribution are strong markers of kidney
malfunction in MLR/Ipr mice, as well as in patients with
SLE. Okazaki et al. [17] reported on survival, disease
biomarkers, apoptotic indexes, and immune cellularity in
MRL/Ipr mice treated with FIY720 or methylprednisolone.
FTY720 and the steroid showed survival protection
vs. controls, with reduced IgG glomerular complex
deposition consistent with the survival advantage.
Notably, FTY720 treated MLR/Ipr mice had drug-induced
apoptotic destruction of a double-negative T cell
population that is inherently dysregulated in this
model. While the paper did not report on histopatho-
logy, Wenderfer et al. [18] showed histological findings
after a 12-week 6 mg/kg KRP-203 daily dosing study
in MLR/lpr mice. Drug treatment increased survival
only at therapeutic dosing, inhibiting glomeruloneph-
ritis, vasculitis and tubular atrophy. There was also
decreased proteinuria by KRP-203, although no
differences in serum anti-double stranded DNA IgGs titers
were noted. Findings that KRP-203, like FTY720, promoted
dose-dependent apoptosis in double-negative T cells

in MLR/Ipr mice strongly support the argument that S1P
receptor targeting efficacy, in this model, is mostly
dependent on Fas-independent pathway apoptosis.

Psoriasis

The selective S1P; 3,5 modulator Ponesimod has success-
fully met the primary endpoint of efficacy and safety in
patients with moderate to severe chronic plaque psoriasis.
The proportion of patients with at least 75% improvement
in Psoriasis Area and Severity Index (PASI) from baseline
(PASI75) at week 16 was determined in a double-blind,
placebo-controlled study consisting of 326 patients. With
Ponesimod 20 mg daily, nearly half of patients improved
by at least 75% at week 16 (p<0.0001 vs. placebo) [19].
Doubling the dose improved the outcome by at least 75%
in patients at week 16 (p<0.0001 vs. placebo), whereas
only 13.4% of the placebo group improved by 75%.
Another endpoint of the study included Physician Global
Assessment at week 16. Accordingly, patients continued to
improve beyond the initial 16-week dosing phase. Safety
and tolerability data from this study were consistent with
the safety profile of Ponesimod observed in the past,
including a Phase 2 study in MS [20]. As expected of S1P
receptor modulators, there was a transient bradycardia
and, less frequently, a transient effect on atrioventricular
conduction. Dyspnea and asymptomatic liver enzyme
elevations were two commonly reported side effects. These
results suggest that Ponesimod could become a first in its
class, oral therapeutic for treating psoriasis, although it has
been discontinued as a potential MS therapeutic.

Dampening the early cytokine storm by local SIP,
modulation provides a survival advantage to

acute lung viral infections

Early studies of acute viral lung pathogenesis, using the
WSN strain of the influenza A virus, demonstrated that
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compounds targeting multiple SI1P receptor subtypes
suppressed the cytokine response during infection. Speci-
fically, the results demonstrated that intratracheal but not
intraperitoneal administration of AAL-R [21], an FTY720
analog (Table 1), to infected mice reduced mortality and
the accumulation and proliferation of activated CD8+-T
cells into the lung. Subsequent studies with CYM-5442
and RP-001, compounds designed to target only the S1P1
subtype, also significantly reduced morbidity and mortal-
ity in mice infected with the highly virulent human isolate
of pandemic 2009 H1NT1 [22,23]. The authors proposed
that these compounds increased survival by blunting and
not abolishing excessive cytokine production often
associated with certain virus strains.

A follow up animal study using ferrets, a relevant model
used in influenza research due to its human-like mode of
airway viral propagation and ability to develop symptoms
seen in humans, were performed using the S1P; specific
agonist RP-002. The study demonstrated that agonism of
the S1P; receptor down-regulated and controlled the
overly robust innate inflammatory response while mini-
mally altering viral replication. Gavage administration of
RP-002 [24] to HIN1:2009 infected ferrets significantly
reduced mortality as compared to vehicle-administered
controls. Additionally, the survival benefit in the ferret
study was improved upon co-administration of RP-002
with the neuraminidase inhibitor oseltamivir. The authors
concluded that RP-002 and oseltamivir as combined
therapy conferred maximal protection by blunting both
the immune pathology and viral replication.

The mechanism used by the S1P1 receptor to modulate
cytokine secretion and subsequent morbidity remains
unknown. Future studies should examine whether the
S1P1 receptor directly modulates Toll-Like receptor-7
(TLR-7). It is feasible that both of these transmembrane
proteins reside in the same subcellular compartment and
upon S1P1 agonism whether a transient disruption of
TLR-7's microdomain occurs. This disruption may result
in the abrogation of TLR-7 signaling through the
canonical MyD88-IRF-7 pathway [25]. Since this pathway
is chemically tractable, careful dissection of the pathway
remains a possibility.

Overall, the data is promising in defining a proof-of-
concept mechanism and should be carefully explored as
an option to dampen excessive host innate immune
collateral damage from highly pathogenic viruses.

Conclusion

The remarkable impact of therapeutic modulation of the
S1P-S1PR1 axis reflects the multi-point interdiction of
autoimmune pathogenesis. By blunting but not abolishing

http://f1000.com/prime/reports/b/6/109

immune protection, these therapies provide unpre-
cedented efficacy in MS and UC with a tolerability win-
dow that enhances the possibilities of treating auto-
immune diseases with fewer infectious complications.
Because disease relapse is clinically unpredictable, and
especially difficult to treat in certain patients [26,27],
evaluation of S1P receptor modulatory therapies needs to
be thoroughly explored in additional pre-clinical studies.
Underlying the disease is a chronic and progressive state
of local inflammation known to alter the metabolism
of pathway(s) regulating S1P levels. For instance,
intestinal biopsy samples in patients with UC reveal a
deregulated metabolic pathway whereby sphingosine
kinase 1 (SphK-1) and S1P phosphohydrolase-1 (Sph-
PPase) are upregulated and sphingosine 1-phosphate
lyase (SPL) is downregulated (Figure 1), leading to
high local tissue S1P concentration [28,29]. SphK-1
upregulation in humans is consistent with a key role of
SphK1 in promoting murine intestinal inflammation and
colitis-associated cancer via hyperactive intestinal
nuclear factor-xB (NF-kB)-signal transducer and activator
of transcription 3 (STAT-3) signaling [30,31]. One import-
ant question is whether S1P; modulation alone
would be sufficient to clinically reduce fully active
intestinal disease, or whether it may be indicated as
maintenance therapy. The other question is whether
global immunomodulation by S1P; selective or S1Py/5
selective compounds may be contraindicated with
adjunct therapeutics of IBD, as shown with TNF-a
blockers and other immunomodulators.

The UC TOUCHSTONE Phase 2 clinical trial results
demonstrated the medically significant efficacy of daily
1 mg RPC1063 [32]. The study enrolled 199 patients split
into three arms, placebo, low dose (0.5 mg) and high dose
(1.0 mg). At 8 weeks of treatment, induction of clinical
remission reported by standard Mayo scoring, was 16.4%
(p<0.05) of the patients on the 1 mg dose as compared to
6.4% on placebo. The low dose group demonstrated a non-
significant trend of 13.8% clinical remission. These results
provide evidence for the utility of pharmacologically
modulating S1P; 5 in UC. Whether human genetic factors
are involved that would alter the predisposition for such
SphK-1 pathways in UC and colitis-associated cancer needs
to be investigated, and whether S1P; and or S1Py/s
modulator therapy can dampen inflammation-promoting
colitis-associated cancer is not known. Nevertheless, S1P;
modulations of lymphocyte trafficking and cytokine
production strategies represent a good opportunity to
reduce intestinal inflammation in IBD and provide a
steroid alternative to chronic use.

Abbreviations
DSS, dextran sodium sulfate; IBD, inflammatory bowel
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disease; MS, multiple sclerosis; PASI, Psoriasis Area and
Severity Index; SLE, systemic lupus erythematosus;
SphK1, sphingosine kinase; Th, T helper; TLR, Toll-like
receptor; TNF, tumor necrosis factor.
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