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Ozanimod (RPC1063) is a potent sphingosine-
1-phosphate receptor-1 (S1P1) and receptor-5
(S1P5) agonist with autoimmune disease-
modifying activity
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BACKGROUND AND PURPOSE
Sphingosine1-phosphate (S1P) receptors mediate multiple events including lymphocyte trafficking, cardiac function, and
endothelial barrier integrity. Stimulation of S1P1 receptors sequesters lymphocyte subsets in peripheral lymphoid organs,
preventing their trafficking to inflamed tissue sites, modulating immunity. Targeting S1P receptors for treating autoimmune
disease has been established in clinical studies with the non-selective S1Pmodulator, FTY720 (fingolimod, Gilenya™). The purpose
of this study was to assess RPC1063 for its therapeutic utility in autoimmune diseases.

EXPERIMENTAL APPROACH
The specificity and potency of RPC1063 (ozanimod) was evaluated for all five S1P receptors, and its effect on cell surface S1P1
receptor expression, was characterized in vitro. The oral pharmacokinetic (PK) parameters and pharmacodynamic effects were
established in rodents, and its activity in three models of autoimmune disease (experimental autoimmune encephalitis, 2,4,6-
trinitrobenzenesulfonic acid colitis and CD4+CD45RBhi T cell adoptive transfer colitis) was assessed.

KEY RESULTS
RPC1063 was specific for S1P1 and S1P5 receptors, induced S1P1 receptor internalization and induced a reversible reduction in
circulating B and CCR7+ T lymphocytes in vivo. RPC1063 showed high oral bioavailability and volume of distribution, and a
circulatory half-life that supports once daily dosing. Oral RPC1063 reduced inflammation and disease parameters in all three
autoimmune disease models.

CONCLUSIONS AND IMPLICATIONS
S1P receptor selectivity, favourable PK properties and efficacy in three distinct diseasemodels supports the clinical development of
RPC1063 for the treatment of relapsing multiple sclerosis and inflammatory bowel disease, differentiates RPC1063 from other S1P
receptor agonists, and could result in improved safety outcomes in the clinic.

Abbreviations
CD, Crohn’s disease; EAE, experimental autoimmune encephalitis; IBD, inflammatory bowel disease; PK, pharmacokinetic;
RMS, relapsingmultiple sclerosis; S1P, sphingosine-1-phosphate; TNBS, 2,4,6-trinitrobenzenesulfonic acid; UC, ulcerative colitis
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Introduction
Relapsing multiple sclerosis (RMS) is a chronic autoimmune
disease of the CNS, characterized by neurological dysfunction
including disruption of the blood–brain barrier, nerve cell
demyelination, axonal severing and loss, and astrogliosis. The
two major clinically defined forms of inflammatory bowel
disease (IBD) include ulcerative colitis (UC) and Crohn’s disease
(CD) both characterized as autoimmune diseases. UCmanifests
as superficial inflammation of the mucosa of the colon. CD is
characterized by transmural inflammation that primarily occurs
in the terminal ileum and proximal colon, but can develop
anywhere along the gastrointestinal tract. Though RMS, UC
and CD are distinct autoimmune diseases with unique
pathologies, they are characterized by the trafficking and
accumulation of autoimmune-driven T and B lymphocytes in
inflamed tissues (reviewed in Davenport and Munday, 2007).
Agents that block immune cell trafficking demonstrate efficacy
in these autoimmune diseases. Natalizumab (TysabriW), an
antibody that targets the α4 integrin and restricts leukocyte
trafficking, has been shown to be effective in the treatment of
RMS and CD. Similarly, the α4β7 integrin-directed anti-
leukocyte trafficking antibody vedolizumab (EntyvioW) and
the β7 integrin-selective antibody etrolizumab have demon-
strated significant activity in patients with UC and CD (Danese
and Panes, 2014).

Sphingosine 1-phosphate (S1P) is a sphingolipid whose
physiological functions include controlling lymphocyte tra-
fficking, heart rate and rhythm, and vascular tone (reviewed in
Brinkmann, 2007). These activities are mediated through inter-
actionwithfiveG-protein coupled receptors (S1P1-5 receptors) that
have varying expression on diverse cell types including
lymphocytes, atrial myocytes, endothelial cells and all cell types
within the CNS (Martin and Sospedra, 2014). Multiple studies
have suggested that direct effects on S1P receptors in CNS cells
can promote neuronal protection (reviewed inGroves et al., 2013).

For CCR7+ lymphocytes that circulate through peripheral
lymphoid tissues, the S1P1 receptor provides the appropriate
exit signal by sensing the S1P chemotactic gradient between
peripheral lymphoid organs and the circulation.
Supraphysiological and pharmacological activation of the S1P1
receptor induces rapid and persistent receptor internalization
and desensitization, rendering these cells unable to respond to
a S1P gradient (Mullershausen et al., 2009). Lymphocytes that
traffic through lymph nodes, such as naïve and central memory
T cells, and B cells remain sequestered in peripheral lymphoid
organs. Autoreactive lymphocytes are also thought to be
sequestered thus preventing their trafficking to sites of
inflammation where they contribute to immune-mediated
pathology. Circulating effector memory lymphocyte levels are
unaffected as they do not traffic through peripheral lymphoid
tissues, and thus remain in the periphery to maintain
immune-surveillance.

The utility of targeting S1P receptors for the treatment of
autoimmune diseases has been well established in both
preclinical disease models and in clinical studies. FTY720
(fingolimod, Gilenya™), an analogue of S1P, is a prodrug that
is phosphorylated in vivo by sphingosine kinase-2 generating
the pharmacologically active FTY720-P, a non-selective
potent agonist of S1P1,3,4,5R (Mandala et al., 2002). FTY720
has demonstrated activity in animal models of experimental
autoimmune encephalitis (EAE), IBD, rheumatoid arthritis,
systemic lupus erythematosus and asthma (Okazaki et al.,
2002; Mizushima et al., 2004; Deguchi et al., 2006; Idzko
et al., 2006; Balatoni et al., 2007; Wang et al., 2007), and is
approved for treatment of RMS. A related compound,
KRP203 ameliorated disease in an IL-10 knockout mouse
model of IBD (Song et al., 2008). FTY720 has limiting
properties including a long circulatory half-life resulting in
a prolonged reduction in peripheral lymphocytes following
cessation of dosing, and broad agonist activity across S1P
receptor subtypes that probably contribute to safety-related
side effects. Other, more selective S1P receptor-targeting
agents have demonstrated activity in RMS (Selmaj et al.,
2013; Olsson et al., 2014; Krosser et al., 2015) and psoriasis
(Vaclavkova et al., 2014).
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We developed a S1P receptor agonist with improved
receptor selectivity and optimal PK properties, including a
short circulatory half-life resulting in rapid lymphocyte
repopulation kinetics. RPC1063 is a potent, orally available
small molecule S1P1 and S1P5 receptor-selective agonist that
induces significant S1P1 receptor internalization and a robust
but rapidly reversible reduction in circulating lymphocytes in
animals. We demonstrate that this receptor selectivity profile
is sufficient for RPC1063 to be as effective as FTY720 in
experimental autoimmune encephalitis (EAE), a preclinical
model of multiple sclerosis. RPC1063 also demonstrated
robust efficacy, comparable to anti-TNF antibody therapy, in
the naïve CD4+CD45RBhi T cell adoptive transfer model of
Crohn’s disease, and TNBS-induced colitis, with efficacy
correlating with the magnitude of lymphocyte reduction
and suppression of inflammatory cytokines.
Methods

Animals and compounds
Animal studies are reported in compliance with the ARRIVE
guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015). A
total of 295 animals were used in the experiments described
here. All rodents were purchased from Harlan Laboratories
(Indianapolis, IN, USA) or Simonsen Laboratories (Gilroy, CA,
USA). Animals were housed in an ALAAC accredited facility,
acclimatized for 3–7 days under standard light- and climate-
controlled conditions with free access to food and water. The
research was approved by the facility’s Institutional Animal
Care and Use Committee. FTY720, FTY720-P, KRP203 KRP203-
P were from Cayman Chemicals (Ann Arbor, MI, USA).
BAF312 was as described (Gergely et al., 2012). Cyclosporine
was from Paddock Labs (Minneapolis, MN, USA). Hamster
anti-mouse TNF (TN3–19.12) was from ThermoFisher Scientific
(Waltham, MA, USA). All other chemicals and reagents were
from Sigma-Aldrich (St Louis, MO, USA).

In vitro pharmacology assays
Cell signalling assays used the LiveBLAzer™-FRET B/G assay
(Life Technologies, Carlsbad, CA) to detect cAMP (S1P1
receptor) or β-arrestin signalling (S1P4 receptor). Assays were
performed in 384-well plates in triplicate according to the
manufacturer’s instructions. Compound stocks were stored
at 10 mM in 100% DMSO at �80°C, and initially diluted
1:10 with 20% (2-hydoxypropyl)-β-cyclodextrin. A 10-point
dose-response curve was generated at 40-times the final assay
concentration in 10 mM HEPES pH 7.4, containing 0.1%
pluronic F-127. For the S1P1 receptor assay, 80 μM forskolin
was included in the diluent. Briefly, 104 cells/well were
incubated with a dose response of ligand at 37°C for 4 hrs.
CC4-AM substrate and probenecid were added and incubated
at 37°C for a further 2 h and analysed with a SpectramaxM5
(Molecular Devices, Sunnyvale, CA, USA). For S1P1 receptor
cAMP assays, data were normalized to the maximum
fluorescence generated by 2 μM forskolin. For GTPγS binding
assays, 1-5 μg per well of membrane protein was incubated
with 10 μM GDP, 100–500 μg per well Wheat Germ
Agglutinin PVT SPA beads (Perkin Elmer) in 50 mM HEPES,
100 mM NaCl, 10 mM MgCl2, 20 μg·mL-1 saponin and 0.1%
1780 British Journal of Pharmacology (2016) 173 1778–1792
fatty acid free bovine serum albumin (BSA) for 15 min in
96-well plates. After the addition of compound and 200 pM
[35S]- GTPγS (Perkin Elmer, 1250 Ci ·mmol-1), the plates were
incubated for 120 min and centrifuged at 300 g for 5 min.
Radioactivity was detected with a TopCount Instrument
(Packard Instruments, Waltham, MA, USA). All data were fit
with a four parameter variable slope non-linear regression
(GraphPad Prism) to generate half-maximal effective
concentration (EC50) and maximum efficacy relative to S1P.

MOG-induced EAE model in C57Bl6 mice
FemaleC57BL/6mice (60 total, 10weeks of age)were immunized
withMyelinOligodendrocyte Glycoproteins (MOG)35–55 peptide
with complete Freund’s adjuvant on day 0, and pertussis toxin
was administered 2 h and 24 h later. At the first instance of
clinical symptoms of EAE (limp tail), mice were randomized into
treatment groups (n = 10 per group) and administered the test
compound, p.o., once daily for 14 days. Mice that developed
disease earlier than 9 days post-immunization were not
enrolled, as these often develop fulminant disease that does
not respond to therapy. Test compounds were 0.2 and 0.6
mg·kg�1 RPC1063, 3 mg·kg�1 FTY720 or vehicle (5% DMSO,
5% Tween-20, 90% 0.1 N HCl). Animals were monitored daily
for body weight and clinical symptoms and scored according
to standard methods as described in the Supplemental
Materials. At the end of the study, mice were anaesthetized via
inhalation of isoflurane bubbled with oxygen at 10-20 kPa,
blood drawn via cardiac puncture to exsanguination and
analysed by a veterinary haemoanalyser. One mouse died in
the 0.6 mg·kg�1 RPC1063 group, possibly due to aspiration of
test compound, and was eliminated from the analysis.

TNBS model of inflammatory bowel disease
Male Sprague Dawley rats (48 total;180–200 g) were fasted
overnight, lightly anaesthetized by inhalation of isoflurane,
as described above, intra-rectally administered 64 mg TNBS
in 50% ethanol and held inverted for 1 min to ensure
distribution throughout the colon. Oral gavage of the test
compound (5 mL·kg�1) began 2 h after TNBS treatment and
continued daily for 7 days. Treatment groups included 0.1, 0.3
and 1 mg·kg�1 RPC1063, 10 mg·kg�1 prednisolone and vehicle
(5% DMSO, 5% Tween-20, 90% 0.1 N HCl). Body weight and
clinical observations were monitored daily. At the end of the
study, rats were anaesthetized via inhalation of isoflurane as
described above, and blood drawn via cardiac puncture to
exsanguination 24 h after the final dose for lymphopenia
analysis by flow cytometry. Colon disease score was a sum of
the number of adhesions, strictures and ulcers combined with
ulcer size and colon wall thickness as described in the
Supplemental Materials. Colons were resected, flushed of faecal
material and the colon length and weights recorded.

Naïve CD4+CD45Rbhi T cell adoptive transfer
model in SCID mice
Female SCID mice (54 total, 12 weeks of age and 18–24 g)
were injected i.p. with 4x105 CD4+CD45Rbhi T cells from
age-matched female Balb/c mice (70 total) on day 0, and body
weight wasmeasured every 3 days. Three weeks after adoptive
transfer, mice began to show clinical signs of colitis,
including reduced body weight and perianal staining. Mice



Figure 1
Chemical structure of RPC1063.
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were administered the test substance p.o. by gavage
(5 mL·kg�1) once daily for 21 days. Treatment groups
included 1.2 mg·kg�1 RPC1063, 50 mg·kg�1 cyclosporine or
vehicle. A separate group for comparison received 300 μg
hamster anti-mouse TNF antibody (TN3–19.12) i.p., once
Figure 2
RPC1063 is a potent S1P1 receptor (S1P1R) agonist and induces sustained recept
with 2 μM forskolin in the presence of increasing doses of compound for 4 h.
activity on Gi/o coupled S1P1 receptors. (B) Representative histograms of trans
control or 1 μM RPC1063. HEK293T cells were incubated with increasing dose
remove compound, then a 24 h recovery period (D) and cell surface receptor e
weekly. At the end of the study, mice were anaesthetized via
inhalation of isoflurane as described above, and blood drawn
via cardiac puncture to exsanguination. Colons were resected,
flushed of faecal material and the colon length and weight
recorded. Colons were fixed in formalin, paraffin embedded
and sections stained with haematoxylin and eosin for
histopathology assessment. The scoring system is described in
the Supplemental Materials. In a separate study, mice were
treated for 21 days with vehicle, 50 mg·kg�1 cyclosporine, or
0.3 mg·kg�1, 0.6 mg·kg�1, 1.2 mg kg�1 RPC1063, and a 2 cm
piece of distal colon snap-frozen for cytokine analysis.

Data and statistical analysis
The data and statistical analysis comply with the
recommendations on experimental design and analysis in
pharmacology (Curtis et al., 2015). Scoring for in vivo studies
or internalization. (A) S1P1 receptor CREblaCHO-K1 cells were incubated
Inhibition of forskolin-induced cAMP generation is indicative of agonist
fected HEK293T cells expressing S1P1 receptors incubated with vehicle
s of compound for 1 h (C), or for 1 h followed by extensive washing to
xpression was monitored. Error bars represent SEM of triplicate assays.
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was done in a blinded fashion. Some of the data were
normalized to control for unwanted sources of variation.
Statistical analysis was performed using GraphPad Prism V6,
using either Student’s t-test or one-way ANOVA with
Dunnett’s comparison for experiments with more than two
groups. Statistical significance is defined and reported as
P > 0.05.

Other methods
Details for animals and reagents, receptors and cell lines, S1P1
receptor internalization assays, flow cytometry, cytokine
analysis and PK of RPC1063 are in Supplemental Methods.
Results

RPC1063 is an agonist of S1P1 and S1P5
receptors
RPC1063 is a bi-aryl oxadiazole whose full chemical name is
(S)-5-(3-(1-((2-hydroxyethyl) amino)-2,3-dihydro-1H-inden-
4-yl)-1,2,4-oxadiazol-5-yl)-2-isopropoxybenzonitrile hydro-
chloride (Figure 1). The S1P1 receptor is a Gi/o coupled
receptor whose activation inhibits adenylyl cyclase, thus
reducing cAMP production. The potency and selectivity of
RPC1063 for the S1P receptor family was assessed through
inhibition of forskolin-induced cAMP production (S1P1
receptor), [35S]- GTPγS binding assays (S1P1,2,3,5 receptors),
or β-arrestin signalling (S1P4 receptor). RPC1063 demon-
strated potent agonist activity of S1P1 receptors. The EC50

values were subnanomolar for S1P1 receptors whether
measuring inhibition of cAMP generation (160 ± 60 pM) or
[35S]- GTPγS binding (410 ± 160 pM; Figure 2A and Table 1).
RPC1063 also demonstrated agonist activity at the S1P5
receptor [11 ± 4.3 nM and 83% Emax (percentage of maximum
stimulation)]. This represents a 27-fold selectivity for S1P1
over S1P5 receptors. Selectivity for S1P1 over S1P2,3,4 receptors
was significantly greater than 10,000-fold. RPC1063 receptor
Table 1
In vitro activity of RPC1063 on the S1P receptor family compared to other S

S1P1R

cAMP
S1P1R

GTPγS

RPC1063 EC50 (nM) 0.16 ± 0.06 0.41 ± 0.16

Emaxa (%) 100 97

FTY720-P (Gilenya) EC50 (nM) 0.27 ± 0.02 0.27 ± 0.04

Emaxa (%) 100 85

BAF312 (Siponimod) EC50 (nM) 0.21 ± 0.02 0.39 ± 0.29

Emaxa (%) 100 75

KRP203-P EC50 (nM) 0.27 ± 0.10 0.28 ± 0.11

Emaxa (%) 100 N.D.

Data represent n = 3–5 independent experiments for all receptors in all signa
aEmax is relative to the maximal signalling produced by S1P.
bS1P1,2,3,5 receptors were assessed by GTPγS binding. S1P4 receptor activity w
cKRP203-P is an inverse agonist on S1P3 receptors.
N.D. = Not Determined
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selectivity and potency were compared to FTY720, KRP203,
and BAF312 (Siponimod), other compounds known to
interact with S1P receptors. FTY720 and KRP203 are pro-drugs
that are phosphorylated in vivo, so comparison was made to
the biologically active phosphorylated species, FTY720-P and
KRP203-P, respectively. RPC1063 was very similar in potency
at S1P1 receptors when compared to FTY720-P, BAF312 and
KRP203-P (Table 1). In addition to S1P1 receptors, FTY720-P
potently stimulated S1P3,4,5 receptors, BAF312 stimulated the
S1P5R receptor, while KRP203-P stimulated S1P4, 5 receptors
and demonstrated inverse agonist activity on S1P3 receptors
(Table 1). None of the compounds demonstrated activity on
S1P2 receptors. These studies established that RPC1063 was a
potent agonist of the S1P1 receptor with additional agonist
activity on the S1P5 receptor, and that activity on the S1P1
receptor was similar to other known, less selective S1P
receptor agonists.

RPC1063 induces sustained S1P1 receptor
internalization and degradation
Upon stimulation with potent agonist compounds, the S1P1
receptor has been shown to be internalized and degraded
via ubiquitin-proteosome degradation pathways (Jo et al.,
2005). To determine whether RPC1063 induced sustained
S1P1 receptor internalization, S1P1 receptor-HEK293T cells
were incubated with different doses of RPC1063 in the
presence of 10 μM cycloheximide to prevent translation of
new S1P1 receptor protein. Cells were analysed after 1 h
treatment, or, after the 1 h treatment washed thoroughly to
remove RPC1063 and incubated with 1 μM cycloheximide
for a further 24 h. After a 1 h treatment RPC1063 induced
significant loss of S1P1 receptor cell surface expression
(Figure 2B), similar in magnitude and potency to that seen
with FTY720-P-treated cells (Figure 2C). Higher
concentrations of BAF312 were required to induce a similar
magnitude of loss of cell surface receptor expression, while
KRP203-P induced a more modest effect (Figure 2C).
1P1 receptor agonists in clinical development

S1P2R

GTPγS
S1P3R

GTPγS
S1P4R

b

Β-arrestin
S1P5R

GTPγS

>10,000 >10,000 >7,865 ± 3697 11 ± 4.3

70 109 21 83

>10,000 0.90 ± 0.50 345 ± 39 0.50 ± 0.08

22 57 130 61

>10,000 >10,000 920 ± 215 0.38 ± 0.09

15 97 38 89

>10,000 22 (IC50) 11 ± 3.6 3 ± 1.2

9 �55c 107 36

lling pathways.

as assessed using β-arrestin.



Table 2
Pharmacokinetic parameters in blood after a single oral dose of RPC1063

Dose
Cmax
(μM)a

AUC0-infinity

(μM*h)a t1/2 (h)
Clearance

(ml min�1 kg�1)
Vd

(L kg�1)
Tmax
(h)

Brain:
blood

C57Bl/6 Mice 1 mg·kg�1 0.16 ± 0.03 1.50 ± 0.15 4.7 28 10 3 10

Sprague–Dawley Rats 0.5 mg·kg�1 0.06 ± 0.003 0.70 ± 0.07 5.1 30 13 3 16b

aMean ± SEM; n = 3 animals per time point
bFive days of QD dosing.
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Following 1 h of treatment and a 24 h washout period,
RPC1063 demonstrated a dose-dependent effect on S1P1
receptor re-expression on the cell surface, with near complete
and sustained loss of cell surface receptor expression at
concentrations above 10 nM (Figure 2D). Loss of cell surface
S1P1 receptors was similar to previous reports for BAF312
and FTY720-P (Mullershausen et al., 2009; Gergely et al.,
2012), and RPC1063 was 10-fold more potent than all three
comparators. In a separate immunoblot experiment,
continuous exposure to RPC1063 confirmed that the total
cellular pool of S1P1 receptors decreased by up to 70% over
18 h (Supporting Information Fig. S1) consistent with
receptor internalization followed by ubiquitin-proteosome
dependent degradation as reported for FTY720-P (Jo et al.,
2005; Oo et al., 2007). Finally, pretreatment of S1P1
receptor-transfected HUVEC cells with RPC1063 rendered
them biochemically unresponsive to further stimulation
Figure 3
RPC1063 induces dose-dependent, selective lymphopenia and rapid lymph
were dosed 1 mg·kg�1 RPC1063 p.o. and blood samples collected at 1, 3, 6
0.5 mg kg�1 RPC1063 p.o. and blood samples collected at 1, 2, 4, 7, 12 an
RPC1063 p.o. and blood samples were collected at 6 h post dose. Lymph
Dawley rats (n = 3) were administered 0.2 mg·kg�1 RPC1063 p.o. or 0.1 m
6 and 24 h after the final dose. RPC1063 was measured in plasma and c
represent SEM.
with FTY720-P (Supporting Information Fig. S2), as measured
by phosphorylated Extracellular Signal-Regulated Kinase
(pERK) activation. In contrast, pretreatment of cells with
the natural ligand S1P, a relatively weak S1P1 receptor agonist
did not affect FTY720-P activity, consistent with S1P having
limited ability to induce sustained receptor internalization
and degradation (Jo et al., 2005).
RPC1063 is orally bioavailable and induces a
dose-dependent reduction in peripheral
lymphocytes
Administration of RPC1063 p.o. demonstrated dose linear PK
(data not shown) with a t1/2 of 4.7 h and 5.1 h in mice and
rats, respectively (Table 2). RPC1063 also demonstrated a
high volume of distribution in both species, 10 L·kg�1 and
13 L·kg�1, and effectively partitioned to the brain, with a
ocyte repopulation kinetics. (A) C57BL/6 mice (n = 3 per time-point)
, 12 and 24 h post dose. (B) Sprague Dawley rats (n = 6) were dosed
d 24 h post dose. (C) C57BL/6 mice (n = 3) were dosed 1 mg·kg�1

ocyte subsets were then evaluated by flow cytometry. (D) Sprague
g·kg�1 FTY720 p.o. daily for 5 days. Blood samples were taken 0,
irculating T lymphocytes quantified by flow cytometry. Error bars
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Figure 4
RPC1063 treatment reduces ongoing disease symptoms in EAE. EAE was induced in mice by immunization with MOG35–55 peptide and at the
first signs of clinical disease (limp tail) individual mice were randomized and dosed with test compound for 14 days. Clinical disease scores were
assessed daily (A) and at the end of the study (B). Body weights (C) were assessed at the end of the study. The number of circulating
lymphocytes was assessed by differential count 24 h after the final dose (D). n = 9–10 per group. Error bars represent SEM; *P < 0.05 by
One-way ANOVA.
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brain to blood ratio of 10:1 and 16:1 in mice and rats,
respectively (Table 2).

A pharmacodynamic effect of S1P1 receptor agonism is
the rapid reduction in the number of circulating lym-
phocytes, thought to be a consequence of receptor
internalization and subsequent inability of lymphocytes to
respond to an S1P blood/lymph node concentration gra-
dient, thus resulting in their sequestration in peripheral
lymphoid tissues (Brinkmann, 2007). In both mice and rats
RPC1063 reduced circulating T lymphocytes in an exposure-
dependent manner, establishing a direct relationship
between compound PK and the pharmacodynamic response
(Figure 3A, B). A maximal effect, 81–82% decrease in
circulating T lymphocytes, was observed 6 h after dosing,
with a maximal blood concentration of 159 nM and 45 nM
in mice and rats respectively. B lymphocytes (B220+) were
similarly reduced (Supporting Information Fig. S3). In
agreement with the findings obtained with other S1P1
receptor agonists, RPC1063 selectively reduced CD4+CCR7+

and CD8+ CCR7+ T cells (Figure 3C), with significantly less
effect on CCR7� lymphocytes (Mehling et al., 2008).

Given the shorter half-life of RPC1063 relative to FTY720
(25–34 h in mice (Brown, 2009) and 15–30 h in rats (Meno-
1784 British Journal of Pharmacology (2016) 173 1778–1792
Tetang et al., 2006)), we predicted that, as RPC1063 was
cleared from circulation, lymphocytes would rapidly
repopulate the periphery. In single dose studies, lym-
phocytes began to repopulate peripheral blood once
RPC1063 fell below ~100 nM and ~30 nM in mice and rats
respectively (Figure 3A,B). Lymphocyte repopulation
kinetics were also evaluated following 5 daily doses of
FTY720 or RPC1063 in rats at doses that achieved an
equivalent reduction in lymphocytes at 6 h following the
final dose. Maximum sequestration of lymphocytes was
sustained for at least 24 h after the final dose of FTY720. With
RPC1063, significant repopulation of circulating lymphocytes
occurred within 24 h of the final dose (Figure 3D).
Therapeutic administration of RPC1063
suppresses clinical symptoms in MOG(35–55)
peptide-induced EAE in a dose-dependent
manner
The MOG35–55 peptide-induced EAE model was used to
evaluate the therapeutic potential of RPC1063. MOG35–55

peptide-immunized mice develop disease symptoms
9–12 days post-immunization, and at first signs of clinically
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relevant symptoms (limp tail), were administered therapy by
oral gavage. Control vehicle-treated mice developed a
progressive disease that manifests as weight loss and
progressive paraplegia. Disease scores peaked in these
animals 4 days after vehicle treatment began, with a clinical
score of 2.9 ± 0.46. After 14 days of vehicle treatment, animals
had a clinical score of 2.5 ± 0.85 (Figure 4A and B). RPC1063-
treated mice showed a reduction in disease score in a dose-
dependent manner with both doses (0.2 or 0.6 mg·kg�1·day�1)
achieving statistical significance over vehicle-treated animals at
the end of the study (Figure 4B). Efficacy achieved by RPC1063
was very similar to that seen with high dose, maximally
efficacious FTY720 treatment. Vehicle-treated animals lost
>10% of their body weight over the course of the experiment.
All interventions reduced weight loss associated with EAE,
while the high dose RPC1063- and FTY720-treated
animals actually gained weight during the course of the
experiment, a finding consistent with a reduction in disease
severity (Figure 4C).

Analysis of circulating lymphocytes showed that 24 h
after the final dose, 0.6 mg·kg�1 RPC1063 reduced the
number of lymphocytes by 51% while FTY720 treatment
reduced the number by 78% (Figure 4D). Interestingly,
although 0.2 mg·kg�1 doses of RPC1063 produced a
significant improvement in disease scores and body weight,
the lymphocyte reduction induced by this dose was
Figure 5
RPC1063 treatment reduces disease activity in TNBS-induced colitis. Col
daily oral drug treatment. Body weight was assessed daily (A) and *P < 0.0
(B) and macroscopic colon disease score (C) were determined at the end o
vehicle treated healthy animals was assessed 24 h after the final dose (D). n
way ANOVA.
transient, as the number of circulating lymphocytes had
returned to baseline 24 h after the final dose.
Therapeutic administration of RPC1063
inhibits clinical and histological disease
scores in IBD models
To determine the therapeutic benefit of RPC1063 in other
inflammatory conditions we assessed the efficacy of
RPC1063 in two preclinical models of inflammatory bowel
disease: TNBS-induced colitis in Sprague Dawley rats and
naïve T cell adoptive transfer into Severe Combined
Immunodeficiency (SCID) mice.

Colitis was induced by rectal administration of TNBS into
SpragueDawley rats. A dose range of RPC1063was administered
once daily for 7 days in therapeutic mode with the first dose 2 h
after TNBS administration. Two rats in the TNBS vehicle-treated
group died from intestinal rupture on day 6 and 7 of the study in
line with the acute nature of this disease model. However, none
of the RPC1063- or prednisolone-treated animals died,
consistent with improved intestinal health. TNBS vehicle-
treated mice showed an 18 ± 5% decrease in body weight at
the end of the study (Figure 5A) and did not produce faecal
pellets indicating loss of colon function. RPC1063 reduced
weight loss in a dose-dependent manner, achieving statistical
significance for the 1 mg·kg�1 group (Figure 5A), and restored
itis was induced by rectal instillation of TNBS followed 2 h later by
5 (determined using Student’s t-test). Colon weight to length ratio
f the study. The percentage of CD4+ T cells in circulation relative to
= 6–8 per group. Error bars represent SEM. (B-D) *P< 0.05 by one-
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colon function as demonstrated by faecal pellets in the cage.
RPC1063 also reduced the colonweight:length ratio, a surrogate
measure of colon inflammation, with the mid and high dose
cohorts (0.3 and 1 mg·kg�1) demonstrating similar efficacy to
prednisolone (Figure 5B). The overall macroscopic colon disease
score improved in a RPC1063 dose-dependentmanner (Figure 5
C). Finally, the reduction in circulating lymphocytes correlated
with the degree of efficacy (Figure 5D).

We further assessed the efficacy of RPC1063 in a T cell
adoptive transfer colitis model with pathological features
resembling human Crohn’s disease (Ostanin et al., 2006;
Maxwell et al., 2009), where agents including anti-TNF,
anti-IL-12p40 and anti-α4β7 antibodies have demonstrated
efficacy (Lindebo Holm et al., 2012). As a mechanistic
comparator we chose KRP203 which is in clinical deve-
lopment for the treatment of patients with inflammatory
bowel disease and has shown efficacy in the IL-10�/� mouse
model of colitis (Song et al., 2008). The selected doses of
RPC1063 (1.2 mg·kg�1) and KRP203 (0.3 mg·kg�1)
equivalently reduced circulating lymphocytes in C57BL/6
mice after five daily doses of drug (Figure 6A). Immune
deficient SCID mice received CD4+CD45Rbhi T cells purified
from the spleen of Balb/c mice. Three weeks post-transfer,
mice began to lose weight indicating disease activity, at
which point treatment was initiated. During the 20-day
Figure 6
Therapeutic administration of RPC1063 preserves body weight and reduces
Lymphopenia induced by RPC1063 and KRP203 in C57Bl/6 mice after 5 d
CD8+ T cells, 6 and 24 h after the final dose and compared to vehicle
CD4+CD45Rbhi T cells into SCID mice. Daily drug treatment began 21 day
and D) Body weight was assessed every other day and *P < 0.05 (determine
on different graphs for clarity. (C) Colon weight to length ratio was determin
*P < 0.05 by one-way ANOVA.
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treatment period, vehicle-treated mice lost 10.5 ± 3.3% body
weight at the peak of the disease (day 35 post adoptive
transfer), while animals that did not receive adoptive transfer
maintained a stable body weight (Figure 6B, D). Both
cyclosporine and anti-TNF antibody therapy were effective
at reducing disease severity as assessed by both body weight
and colon weight:length ratio (Figure 6B,C). Daily
administration of RPC1063 p.o. significantly reduced weight
loss for the majority of the treatment period (Figure 6D). In
addition, RPC1063 significantly reduced the colon weight:
length ratio similar to anti-TNF- and cyclosporine-treated
animals (Figure 6C). By comparison, KRP203-treated animals
demonstrated a colon weight:length ratio and weight loss
similar to vehicle-treated control animals (Figure 6C, D).

Histological assessment of colon tissue revealed that
RPC1063 treatment significantly reduced disease severity as
assessed by measuring the degree of inflammation, gland
loss, hyperplasia, neutrophil infiltrate and mucosal thickness
(Figure 7A,C). Reduction in disease severity was similar to
that seen with cyclosporine and anti-TNF therapy, and
superior to KRP203 treatment. A significant reduction in
inflammatory cell infiltrate to the lamina propria of the colon
and preservation of colon tissue architecture after treatment
with RPC1063 can be seen in Figure 7B. In a separate T cell
adoptive transfer study, RPC1063 was administered at 0.1,
inflammation in a naïve T-cell adoptive transfer model of colitis. (A)
ays of oral dosing, as assessed by measuring circulating CD4+ and
treated animals. (B-D) Colitis was induced by adoptive transfer of
s post-transfer, when the first signs of weight loss were observed. (B
d using Student’s t-test). Data are from the same study but displayed
ed at the end of the study. n = 10 per group. Error bars represent SEM;



Figure 8
RPC1063 dose-dependently reduces inflammatory cytokine expression in a naïve T-cell adoptive transfer model of colitis. At the end of the study,
protein was extracted from a 200 mg section of the distal colon and analysed in duplicate for cytokines using Meso Scale Discoveries
Electrochemiluminescence system. n = 10 per group. Error bars represent SEM; *P < 0.05 by one-way ANOVA.

Figure 7
Therapeutic administration of RPC1063 reduces histological disease scores in a naïve T-cell adoptive transfer model of colitis. (A) End of study
histopathological assessment of disease measuring multiple parameters. Scoring system is described in Supplemental Information. (B)
Representative images of H&E-stained distal colon tissue sections demonstrating disruption of gut architecture and mononuclear cell infiltration
into the lamina propria of diseased animals, but absent in RPC1063-treated animals. (C) Mucosal thickness was measured at the end of the study.
n = 10 per group. Error bars represent SEM; *P < 0.05 by one-way ANOVA.
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0.6 and 1.2 mg·kg�1 and colon tissue extracts were assessed
for expression of a selection of inflammatory cytokines (Figure-
8). RPC1063 treatment reduced the expression of IFNγ, IL-10,
IL-1β, IL-6, IL-8 and TNFα in a dose responsive manner, with
the highest RPC1063 dose (1.2 mg·kg�1) demonstrating similar
cytokine reducing effects to cyclosporine.
Discussion and conclusions

This study characterizes RPC1063, a novel S1P1 and S1P5
receptor selective agonist. RPC1063 induced durable S1P1
receptor internalization and degradation, resulting in pharma-
codynamic effects characterized by a significant but rapidly
reversible reduction in circulating lymphocyte subsets.
RPC1063 also demonstrated excellent PK and pharmaceutical
properties; having high oral bioavailability, a circulating half-life
that supports daily dosing in humans, and also effectively
crossing the blood–brain barrier resulting in exposure in the
brain. RPC1063 was effective in reducing established disease in
mouse EAE thus supporting the development of RPC1063 for
the treatment of RMS. RPC1063 also demonstrated significant
efficacy in models of IBD, suggesting that inhibition of
lymphocyte trafficking via S1P1 receptor engagement may be
an effective strategy for treating patients with IBD. RPC1063 is
currently in clinical development for the treatment of RMS
and IBD.

Multiple assays were performed to explore the potency,
specificity and signalling properties of RPC1063. RPC1063
potently induced S1P1 receptor-mediated induction of GTPγ35S
binding and inhibition of cAMP generation, similar to that
observed for other known S1P1 receptor agonists FTY720-P,
BAF312, and KRP203-P. RPC1063 also demonstrated S1P5
agonist activity and no activity on S1P2,3,4 receptors, making it
more selective than FTY720-P.

Unlike FTY720-P, RPC1063 does not engage S1P3 receptors.
This is relevant to the clinical safety profile of this class of
compounds. In man, FTY720 has demonstrated cardiac
conduction abnormalities including QT interval prolongation
(Gilenya, unpubl. data). This was not observed with RPC1063
at supratherapeutic doses (J Hartung unpublished observations).
Inmice, the S1P3 receptor is expressed on cardiac Purkinje fibers,
and FTY720 induces cardiac conduction abnormalities, effects
that can be reversed with a selective S1P3 receptor antagonist,
and importantly are not observed in S1P3 receptor knock-out
animals, or with S1P1 receptor–selective compounds (H Rosen,
personal communication). FTY720 also induces hypertension
in both humans and mice, probably through engagement of
S1P3 receptors on vascular smooth muscle cells (Fryer et al.,
2012). RPC1063 does not induce hypertension in humans (data
not shown). Finally, FTY720-P demonstrates pro-fibrotic
activity, including induction of myofibroblast differentiation,
Smad3 signalling, and up-regulation of connective tissue
growth factor and type IV collagen, apparently via S1P3 receptor
engagement (Xin et al., 2006; Keller et al., 2007). Fibrosis in heart
and lungs was also reported in preclinical toxicology studies
with FTY720 (Siarey, 2009). In contrast, there was no
evidence of fibrosis following 6–9 month, RPC1063 toxicology
studies in either rats or monkeys (data not shown),
suggesting that FTY720-related profibrotic activity is due to
S1P3 receptor activation.
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Internalization of the S1P1 receptor drives reversible and
selective reductions in lymphocytes that modulate the
immune system (Thangada et al., 2010). Lymphocyte egress
from thymus, lymph nodes and Peyer’s patch is dependent
upon an S1P gradient between the lymphoid tissue
(nanomolar S1P) and plasma (micromolar S1P). Down-
regulation of the lymphocyte-expressed S1P1 receptor
prevents their ability to respond to the S1P gradient and
egress from peripheral lymphoid tissues. This “functional
antagonism” reduces circulating lymphocytes, including
auto-reactive lymphocytes, preventing trafficking to sites of
inflammation and contributing to disease. This effect is
primarily observed on naïve and central memory B and T
lymphocytes expressing the chemokine receptor CCR7
(Pham et al., 2008). A single oral dose of RPC1063 reduced
circulating lymphocytes in a rapidly reversible manner as
the compound was cleared from the circulation (Figure 2).
At doses of RPC1063 and FTY720 that induced similar
reductions in lymphocytes, RPC1063-treated animals
experienced faster recovery towards baseline. This was
probably because RPC1063 has a shorter half-life (t1/2 is
~5 h in mice) than FTY720 (t1/2 is 25–34 h in mice; (Meno-
Tetang et al., 2006)). In humans RPC1063 has a 19 h half-life
and 3-day lymphocyte count recovery into the normal range
(Phase I clinical study, unpublished observations). This is in
contrast to FTY720 which has a very long half-life of 168 h
in humans (Kovarik et al., 2004) and 4–8 week lymphocyte
recovery period (Gilenya Prescribing Information). Having a
shorter half-life and rapid peripheral lymphocyte recovery
may provide RPC1063 with significant advantages, including
flexibility in treatment with other immune-modulating
agents as needed or allowing for a rapid switch to alternative
therapies if the patients disease flares while on therapy. A
shorter time to lymphocyte recovery would also offer
advantages should opportunistic infections or other
treatment-related complications occur, or if female patients
wanted to become pregnant, as targeting the S1P1 receptor
pathway has been shown to be teratogenic (Liu et al., 2000;
Allende et al., 2003).

Oral administration of RP 1063 following establishment
of disease (therapeutic dosing) demonstrated a dose-
dependent reduction in disease scores in EAE, a mouse model
of multiple sclerosis. Efficacy achieved was comparable to
FTY720 and was consistent with previous findings (Kataoka
et al., 2005). Amelioration of EAE disease activity by
RPC1063 appears to be due to sequestration of auto-reactive
lymphocytes in peripheral lymphoid tissues, preventing
trafficking to the brain and limiting inflammation and tissue
damage. However, we found that RPC1063 was efficacious in
the EAE model at doses (0.2 mg·kg�1) that produced only
transient lymphocyte reductions, consistent with previous
studies with CYM5442, a brain penetrating S1P1 receptor
selective agonist (Gonzalez-Cabrera et al., 2008, 2012).
Collectively, this suggests there may be other direct CNS
effects in addition to restriction of auto-reactive lymphocyte
trafficking that contribute to disease amelioration.

The S1P1 receptor is expressed on multiple cell types in
the CNS, including neurons and astrocytes, and engagement
of the S1P1 receptor promotes neuronal protection (reviewed
in (Dev et al., 2008). In vitro studies demonstrated that
FTY720 and SEW2871 (S1P1 receptor-specific), promoted
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oligodendrocyte precursor cell survival and differentiation
(Coelho et al., 2007; Miron et al., 2008), as well as astrocyte
signalling and migration in a S1P1 receptor-dependent
manner (Mullershausen et al., 2007; Osinde et al., 2007). In
vivo, FTY720 and SEW2871 reduced infarction size in an
ischaemia model (Hasegawa et al., 2010), and astrocyte S1P1
receptor expression was required for FTY720 efficacy in a mouse
EAE model (Choi et al., 2011), arguing for direct engagement of
S1P1 receptor in the CNS for disease amelioration. Galicia-Rosas
and colleagues made similar observations with AUY954 (S1P1
receptor -specific) in EAE (Galicia-Rosas et al., 2012). The S1P5
receptor is also expressed on various CNS cells. Through
engagement of S1P5 receptors on oligodendrocytes and brain
endothelial cells, FTY720-P supports oligodendrocyte progenitor
process extension and survival (Miron et al., 2008), and
contributes to blood brain barrier integrity (van Doorn et al.,
2012). Thus engagement of S1P1 and S1P5 receptors in the CNS
may contribute to important neuroprotective mechanisms of
clinical significance, supported by the finding that non-selective
FTY720 reduces brain volume loss in RMS patients (Barkhof
et al., 2014). RPC1063 effectively partitions to the brain (Table 2)
and in the EAE model achieves concentrations 146-fold and 6-
fold above the EC50 for S1P1 and S1P5 receptors respectively (J.
Brooks, unpublished observations). This suggests RPC1063
engages both S1P1 and S1P5 receptors in the CNS.

FTY720 reduces disease in multiple animal models of IBD
(Mizushima et al., 2004; Deguchi et al., 2006; Fujii et al., 2006;
Daniel et al., 2007). Natalizumab, vedolizumab and etrolizumab
are antibodies that target integrins and block the trafficking of
various leukocyte populations to sites of inflammation, and are
effective drugs in the treatment of patients with RMS and IBD
(reviewed in Davenport and Munday, 2007; Danese and Panes,
2014). Cell populations targeted by vedolizumab, including B
cells and naïve and central memory CD4+ and CD8+ T cells,
overlap significantly with those targeted by RPC1063 (Soler
et al., 2009). Indeed, therapeutic dosing of RPC1063 in both IBD
models demonstrated significant dose-dependent disease
amelioration of all disease parameters measured. Importantly,
RPC1063 was as efficacious as an anti-TNF antibody in the
adoptive transfer model of IBD. This has clinical relevance
because several biologics targeting the function of TNF are
indicated to treat IBD (reviewed in Croft et al., 2013).
Interestingly, in the adoptive transfer model RPC1063 was
significantly more effective than KRP203, despite both agents
achieving similar levels of lymphocyte reduction. The reason for
this is unclear, though it should be noted that KRP203 and
RPC1063 have different structural features, receptor specificities
and PK properties.

In conclusion, RPC1063 has demonstrated favourable
specificity for S1P1 and S1P5 receptors, PK and pharmacodynamic
properties. RPC1063 has also demonstrated significant disease
ameliorating activity in animal models of multiple sclerosis and
IBD.Given the dose-dependent effects of RPC1063 in these disease
models, lymphocyte subset sequestration in peripheral lymphoid
tissues probably plays an important immunomodulatory role in
controlling disease pathology. However, other effects may also be
relevant to treating disease, including direct S1P1- and S1P5
receptor-mediated neuroprotective effects on various CNS cell
types in RMS patients. Consistent with preclinical observations,
early RPC1063 clinical trial data in healthy volunteers established
a favourable PK/PD and safety profile, including limited effects
on heart rate and no effect on QT interval prolongation. Also
consistent with preclinical EAE studies, RPC1063 recently
completed a clinical trial in patients with RMS, demonstrating a
compelling safety and efficacy profile (Cohen et al., 2014). Finally,
and also consistent with preclinical disease model observations,
RPC1063 induced clinical remission and clinical responses during
the induction period of a clinical study in patients with ulcerative
colitis. Thus the mechanism of action of RPC1063 allows for the
treatment of patients with very different disease pathologies but
with similar underlying autoimmune-driven mechanisms.
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Figure S1 HEK293 stable cell line expressing S1P1R-GFP was
incubated with 1 μM cycloheximide and a dose response of
compound for 18 hrs. Cells were lysed in modified RIPA
buffer containing Complete Protease Inhibitor cocktail
(Roche). (A) Lysates were separated on 4-12% SDS PAGE using
6M urea in the loading buffer, transferred to nitrocellulose
membrane and blotted with rabbit anti-GFP(Santa Cruz
Biotechnology) and mouse anti-HSP90 (BD Biosciences)
antibodies, followed by Licor Odyssey imaging. (B)
Normalized total S1P1-GFP expression relative to HSP90.
Figure S2 HUVEC cells expressing endogenous S1P1R were
used to show that the functional consequence of receptor
internalization is loss of response to S1P1R agonist. Cells were
preincubated for 1hr with 1 μMRPC1063, FTY720-P or S1P to
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induce receptor internalization. Compound was washed out
for 5hrs, and cells were re-stimulated with an S1P1R agonist
(FTY720-P). pERK1/2 activation was assessed using rabbit
anti-Phospho-ERK1/2 (Cell Signaling #4377) and normalized
to mouse anti-ERK1/2 (Cell Signaling #9107) by in cell
western analysis and Licor Odyssey imaging. Data represents
mean of triplicate data points. Error bars represent SEM.
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Figure S3 C57Bl/6 mice were treated with vehicle or 1 mg
kg�1 RPC1063 and blood was taken by cardiac puncture 6
hours later. Blood was incubated with antibodies to the
indicated cell surface markers according to Materials and
Methods. Data represents mean of three individual mice.
Error bars represent SEM.


