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ABSTRACT

Multiple sclerosis (MS) therapies modulate T-cell autoimmunity in
the central nervous system (CNS) but may exacerbate latent in-
fections. Fingolimod, a nonselective sphingosine-1-phosphate
(S1P) receptor agonist that induces sustained lymphopenia and
accumulates in the CNS, represents a new treatment modality for
MS. We hypothesized that sustained lymphopenia would not be
required for efficacy and that a selective, CNS-penetrant, periph-
erally short-acting, S1P, agonist would show full efficacy in a
mouse MS model. Using daily treatment with 10 mg/kg 2-(4-(5-
(3,4-diethoxyphenyl)-1,2,4-oxadiazol-3-yl)-2,3-dihydro-1H-inden-
1-yl amino)ethanol (CYM-5442) at the onset of clinical signs in
myelin oligodendrocyte glycoprotein MOG,5_55- induced experi-
mental allergic encephalomyelitis (EAE), we assessed clinical
scores, CNS cellular infiltration, demyelination, and gliosis for 12
days with CYM-5442, vehicle, or fingolimod. CYM-5442 levels in
CNS and plasma were determined at experiment termination, and

blood lymphopenia was measured 3 and 24 h after the last injec-
tion. Plasma levels of cytokines were assayed at the end of the
protocol. Changes in S1P,-enhanced green fluorescent protein
expression on neurons and astrocytes during active EAE and
upon CYM-5442 treatment were quantified with flow cytometry
and Western blotting by using native-locus enhanced green fluo-
rescent protein-tagged S1P, mice. S1P, agonism alone reduced
pathological features as did fingolimod (maximally lymphopenic
throughout), despite full reversal of lymphopenia within each dos-
ing interval. CYM-5442 levels in CNS but not in plasma were
sustained. Neuronal and astrocytic S1P, expression in EAE was
suppressed by CYM-5442 treatment, relative to vehicle, and levels
of key cytokines, such as interleukin 17A, were also significantly
reduced in drug-treated mice. S1P,-selective agonists that induce
reversible lymphopenia while persisting in the CNS may be effec-
tive MS treatments.

Introduction

MS is a chronic inflammatory disease of the CNS that is
characterized by demyelination, axonal severing, axonal loss,
and astrogliosis and causes severe neurological dysfunction.
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Although the direct pathogenesis is unknown, establishment
of a chronic autoimmune response in the CNS requires that
T cells that are autoreactive to myelin components escape
negative selection and peripheral suppression to enter the
CNS, initiating a cascade of inflammation, demyelination,
phagocytosis of myelin debris, and astrogliosis. These pro-
cesses culminate in the sclerotic plaques that are pathogno-
monic for MS (Compston and Coles, 2008).

Several treatments for MS inhibit lymphocyte entry into
the CNS. Tysabri, a monoclonal antibody against very late
antigen 4, prevents integrin-mediated invasion of T cells into
the CNS (Yednock et al., 1992) but is associated with the
potentially fatal recrudescence of JC virus infection known as
progressive multifocal leukoencephalopathy (Kleinschmidt-
DeMasters and Tyler, 2005). Fingolimod (FTY720, Gilenya;
Novartis, Basel, Switzerland), whose active phosphate acts

ABBREVIATIONS: MS, multiple sclerosis; CNS, central nervous system; PBS, phosphate-buffered saline; PE, phycoerythrin; APC, antigen-
presenting cell; S1P, sphingosine-1-phosphate; MOG, myelin oligodendrocyte glycoprotein; EAE, experimental allergic encephalomyelitis; eGFP,
enhanced green fluorescent protein; PTX, pertussis toxin; LFB, Luxol fast blue; CYM-5442, 2-(4-(5-(3,4-diethoxyphenyl)-1,2,4-oxadiazol-3-yl)-
2,3-dihydro-1H-inden-1-yl amino)ethanol; RP-001, N-[4-[5-[3-cyano-4-(1-methylethoxy)phenyl]-1,2,4-oxadiazol-3-yl]-2,3-dihydro-1H-iden-1-yl]-

B-alanine.
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on the S1P receptors S1P,, S1P,, S1P,, and S1P; (Mandala et
al., 2002) and prevents the egress of lymphocytes from sec-
ondary lymphoid organs, was approved as an oral treatment
(Brinkmann et al., 2010). Fingolimod induction of lympho-
cyte sequestration is entirely dependent on its actions on
S1P; (Mehling et al., 2008; Gréler, 2010). However, S1P
receptors are expressed on a wide variety of cells other than
lymphocytes, including neurons (Kimura et al., 2007), oligo-
dendrocytes (Miron et al., 2008), macrophages (Singer et al.,
2005), microglia (Durafourt et al., 2011), and astrocytes (Mal-
chinkhuu et al., 2003). S1P receptors in primary CNS cells
directly affect morphological features, survival, proliferation,
and differentiation (Brinkmann et al., 2010). Astrocytes,
which migrate to S1P through S1P receptors (Mullershausen
et al., 2007), may play a critical role in the pathogenesis of
MS, inasmuch as mice lacking S1P; on astrocytes do not
develop symptoms as severe in MOG5;_55-induced EAE (Choi
et al., 2011). Because of the lack of selectivity of fingolimod
phosphate, insights into the specific receptors involved in its
efficacy in treating MS have been limited.

Here we explore the role of S1P; in the amelioration of EAE
symptoms by using the selective S1P; agonist 2-(4-(5-(3,4-
diethoxyphenyl)-1,2,4-oxadiazol-3-yl)-2,3-dihydro-1H-inden-
1-yl amino)ethanol (CYM-5442) (Gonzalez-Cabrera et al., 2008)
in combination with S1P;-eGFP knock-in mice (Cahalan et al.,
2011), which allow direct analysis of receptor expression, sig-
naling, and subcellular localization. We demonstrate that daily
CYM-5442 administration significantly reduces MOG;5 .-
induced EAE in mice despite the cyclical return of blood
lymphocyte levels to normal within each dosing interval. In
addition, we show that S1P,-eGFP expression during daily
CYM-5442 treatment leads to degradation of S1P;-eGFP on
neurons and astrocytes but not peripheral lymphocytes. There-
fore, cyclical restoration of normal lymphocyte recirculation
during each dosing interval, with a selective S1P; agonist that
persists within the CNS, provides a foundation of adequate
efficacy that may preserve the ability of the host to maintain
sufficient lymphocyte surveillance.

Materials and Methods

Mice. Six- to 8-week-old female C57BL/6J mice and congenic
Edg1°¢FPeCFP (§1P,-eGFP) mice were used (Cahalan et al., 2011).
All procedures were approved by the animal care and use committee
at The Scripps Research Institute (La Jolla, CA).

EAE Induction and Clinical Scoring. Mice, lightly anesthe-
tized with isofluorane (Isothesia, Butler, IL), received 200-ul intra-
dermal lumbar inoculations of immunogen (2 mg/ml MOG;;_55 pep-
tide; Cedarlane, Burlington, NC) dissolved in water and emulsified
1:1 in incomplete Freund’s adjuvant (Difco, Detroit, MI) supple-
mented with 4 mg/ml heat-inactivated Mycobacterium tuberculosis
(strain H37 RA; Difco). Immediately after immunization and on day
2 after immunization, mice received 0.1-ml i.p. injections of PTX (2
mg/ml) in PBS. Animals were weighed daily, and neurological signs
were scored as follows (Miller et al., 2010): 0, no symptoms; 1,
complete loss of tail tone or hind limb weakness; 2, loss of tail tone
plus hind limb weakness; 3, partial hind limb paralysis; 4, full hind
limb paralysis; 5, moribund. Animals with scores of 5 were eutha-
nized and were included in the clinical scoring.

S1P, Agonist Administration. CYM-5442 was synthesized as
described previously (Gonzalez-Cabrera et al., 2008) and was dis-
solved in sterile water. Mice were divided randomly into 2 groups at
the onset of clinical symptoms (10-13 days after immunization),
received daily injections of S1P; agonists, dosed at 10 mg/kg i.p.
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(CYM-5442) and 3 mg/kg i.p. (fingolimod; Cayman Chemical, Ann
Arbor, MI), or equal volumes of vehicle for an additional 8 to 12 days,
and then were euthanized for additional studies.

Histological Assessment and Immunofluorescence. Histolog-
ical examinations of brain and spinal cord specimens from vehicle- and
drug-treated groups were performed at the end of the study and on days
18 to 19 after EAE induction, when significant therapeutic differences
in clinical scoring results between drug-treated and vehicle-treated
mice typically were observed. After euthanasia, animals were perfused
with PBS and ice-cold 4% paraformaldehyde, and spinal cords and
brains were carefully removed and incubated for 1 h on ice in 4%
paraformaldehyde, followed by 72 h at 4°C in 30% sucrose. Cellular
infiltration and anatomic features were assessed in paraffin-embedded
CNS tissue sections that had been cut at 10 um and stained with
hematoxylin and eosin. Luxol fast blue (LFB) and FluoroMyelin Red
(Invitrogen, Carlsbad, CA) staining was performed with spinal cords,
for assessment of demyelination. Phase-contrast images of hematoxylin
and eosin- and LFB-stained sections were acquired by using a micro-
scope (BX51; Olympus (Tokyo, Japan).

Colocalization studies in spinal cords of S1P,-eGFP mice were
performed with frozen sections from tissues processed as described
in the previous paragraph. Tissues were embedded in Tissue-Tek
compound (Sakura Finetek USA, Inc., Torrance, CA), frozen in a dry
ice/2-methylbutane bath, and sectioned at 10 um by using a cryostat.
Slides underwent blocking at room temperature for 1 h in PBS
containing 1% fetal bovine serum, 1% normal goat serum, 0.01% fish
gelatin, and 0.1% Tween 20. Tissues were then incubated overnight
at 4°C with antibodies against green fluorescent protein (1:10,000;
Thermo Fisher Scientific, Waltham, MA), the vascular endothelial
marker CD31/platelet endothelial cell adhesion molecule (1:50; BD
Pharmingen, San Diego, CA), the neuronal marker microtubule-
associated protein 2 (1:10,000; Abcam, Cambridge, MA), the astro-
cyte marker glial fibrillary acidic protein (1:1000; Abcam), or the
oligodendrocyte marker myelin basic protein (1:100; Millipore, Bil-
lerica, MA). Slides were washed three times with PBS containing
0.1% Tween 20 and then were incubated for 1 h at room temperature
with secondary antibodies conjugated to 546-nm or 633-nm Alexa
fluor dyes (Invitrogen). Slides were washed with PBS containing
0.1% Tween 20, incubated with 0.5 ug/ml 4',6-diamidino-2-phenylin-
dole in PBS containing 0.1% Tween 20, rinsed with PBS, and
mounted with Vectashield mounting medium (Vector Labs, Burlin-
game, CA). Staining of spinal cord sections with the S1P; carboxyl
terminus-recognizing antibody (clone H-60, 1:50; Santa Cruz Bio-
technology, Santa Cruz, CA) or an isotype control was performed in
paraffin-embedded tissue.

Measurement of Blood Lymphocyte Counts. Cardiac blood
was obtained from mice in each treatment group and was left to
rotate for 2 h in EDTA-containing tubes on a Clay Adams Nutator
(BD Biosciences, San Jose, CA). Red blood cell lysis was performed
with two washes with 1 M Tris/azide/calcium chloride buffer for 15
min at 37°C. Samples were resuspended in 900 ul of fluorescence-
activated cell-sorting buffer, counted with a Coulter counter
(Beckman Coulter, Fullerton, CA), and stained with APC-CD4,
peridinin-chlorophyll protein-Cy5.5-CD8, and PE-CD19 antibod-
ies (BioLegend, San Diego, CA), for determination of T cell and B
cell numbers. Analysis was performed with FlowJo software
(Treestar, Ashland, OR).

Cellular Isolation and Flow Cytometry. Brains from wild-type
or S1P,-eGFP mice were manually dissociated in Hanks’ buffered
salt solution containing 1% fetal bovine serum, 500 uM EDTA, and
25 mM HEPES, and myelin was removed from the samples by using
a myelin removal kit (Miltenyi Biotec, Auburn, CA), according to the
manufacturer’s instructions. Lymph nodes were manually dissoci-
ated in the same buffer. Samples were then stained with one or more
of the following antibodies: PE-F4/80 (BioLegend), APC-GLAST-1
(Miltenyi), APC-Cy7-CD11b (BD Biosciences), PE-Cy7-CD4 (eBiosci-
ence, San Diego, CA), peridinin chlorophyll protein complex-Cy5.5-
CD8 (BD Biosciences), and/or Pacific Blue-B220 (BD Biosciences),
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and data were collected by using an LSR II flow cytometer (BD
Biosciences). Calculation of mean (neurons and astrocytes) or modal
(B220" and CD4" cells) fluorescence intensity was performed with
the method and for the statistical reasons described in detail in the
supplemental materials of the original description of S1P1-eGFP
mice (Cahalan et al., 2011).

Protein Electrophoresis and Western Blotting. Processing of
whole-brain and spinal cord specimens from mice with EAE for
electrophoresis was performed as described previously (Cahalan et
al., 2011). After electrophoresis, gels were scanned by using a Ty-
phoon in-gel scanner (GE Healthcare, Chalfont St. Giles, Bucking-
hamshire, UK) with a fluorescein isothiocyanate filter for identifica-
tion of S1P,-eGFP. The H-60 anti-S1P; antibody (Santa Cruz
Biotechnology) was used to confirm S1P; expression in the brains of
S1P,-eGFP mice. Detection of S1P,-eGFP ubiquitinylation in CNS
samples was performed as described previously (Gonzalez-Cabrera
et al., 2007).

Statistical Analysis. All analyses were performed by using ei-
ther unpaired, two-tailed, Student’s ¢ tests or analyses of variance.
The data bars and error bars indicate mean *+ S.E.M.

Results

Modulation of EAE by CYM-5442. Because long-lived
nonselective S1P receptor agonist prodrugs such as fingolimod
ameliorate EAE and selective S1P; agonists inhibit the devel-
opment of experimental autoimmune neuritis (Zhang et al.,
2009), a similar demyelinating disease, we sought to determine
whether the short-acting S1P; agonist CYM-5442 could modu-
late EAE severity in mice with clinical signs. Daily treatment of
mice with 10 mg/kg CYM-5442 from the onset of clinical signs
after EAE induction with MOGg;5_5, peptide significantly atten-
uated both clinical signs and weight loss (Fig. 1, A and B).

EAE efficacy of S1P, agonism without sustained lymphopenia

Fig. 1. Daily CYM-5442 treatment alleviates
EAE. A, mean clinical scores for the indicated

treatment in EAE are plotted. Mice under-
went EAE induction with a MOGg;_/incom-
plete Freund’s adjuvant/M. tuberculosis
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emulsification. Mice received daily injections
of 10 mg/kg i.p. CYM-5442 in water or an
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equal volume of water (vehicle). B, CYM-5442
prevents weight loss in mice with induced
EAE. The graph indicates the mean weights
of both animal groups from the onset of treat-
ment. C, CYM-5442 treatment inhibits in-
flammatory cell infiltration into the optic
tract (Opt) of the brain and into perivascular
cuffs of the spinal cords of mice with EAE.
DG, dentate gyrus; PC, pyramidal cell; GM,
gray matter; WM, white matter. Scale bar, 40
pm. Images are of hematoxylin and eosin-
stained sagittal sections of brains and spinal
cords. The left images are from a naive
mouse. Scale bar, 200 um. D, CYM-5442
ameliorates demyelination in the spinal cord
of mice with EAE. FluoroMyelin red staining
of spinal cord sections obtained at the end of
the protocol shows that outermost demyelina-
tion is reduced in CYM-5442-treated mice.
Blue staining, 4',6-diamidino-2-phenylindole
staining. Scale bar, 20 um. All curves and
images are representative of three experi-
ments with at least six mice per group per

Vehicle

experiment.
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Maximal clinical score differences between vehicle- and CYM-
5442-treated mice were observed at day 16 after immunization
(vehicle, 2.38 = 0.16, n = 9; CYM-5442, 1.11 = 0.29,n = 9;p <
0.0001). A significant reduction in infiltrating lymphocytes in
the brain parenchyma of CYM-5442-treated mice but not vehi-
cle-treated mice tracked with improved clinical scores. This was
particularly evident in the optic tract and within the perivas-
culature feeding the white matter of the lumbar and thoracic
spinal cord sections (Fig. 1C). Spinal cords of mice treated with
CYM-5442 showed preservation of myelination within the out-
most white matter, as demonstrated with FluoroMyelin red
staining (Fig. 1D) and LFB staining (Supplemental Fig. 1A).
LFB staining in brains of mice with EAE showed that CYM-
5442 treatment also protected the myelinated tracts lining the
optic tract (Supplemental Fig. 1B) and inhibited astrogliosis
(Supplemental Fig. 1C). Efficacy was also seen in severe EAE
with high mortality rates (Supplemental Fig. 2), as measured
with clinical scores (vehicle, 4.25 = 0.25, n = 4; CYM-5442,
2.28 = 0.36, n = 7, p = 0.0043). Therefore, CYM-5442 admin-
istration after disease onset inhibited cellular infiltration, neu-
ronal damage, and astrogliosis during MOG,5_55-induced EAE,
which was reflected in improved clinical scores, decreased CNS
parenchymal cell infiltration, reduced demyelination, and re-
duced mortality rates.

Cyclical Lymphopenia with CYM-5442 Sufficient for
Efficacy in EAE. CYM-5442 has a high CNS-to-plasma ratio
and a short half-life in circulation (Gonzalez-Cabrera et al.,
2008). Similar to CYM-5442, fingolimod displays a high CNS to
plasma ratio (Foster et al., 2007); however, fingolimod has been
shown to induce sustained lymphopenia with a single dose (Luo
et al., 1999). Rapid clearance of CYM-5442 from the circulation
led to short-duration lymphopenia, blood lymphocyte counts
reaching a nadir 4 h after treatment and returning to pretreat-
ment levels 16 to 24 h after treatment (Fig. 2A). A single low
dose of fingolimod (0.2 mg/kg i.p.) induced maximal lymphope-
nia for at least 48 h (Fig. 2B). Therefore, we compared CYM-
5442 and fingolimod to assess whether efficacy driven by tran-
sient lymphopenia would be similar to that achieved with
prolonged lymphopenia.

Mice with EAE that were treated daily with either 10
mg/kg CYM-5442 or 3 mg/kg fingolimod from the onset of
symptoms showed equivalent attenuation in mean clinical
scores relative to vehicle treatment (Fig. 2C). Maximal clin-
ical score differences between vehicle and CYM-5442 treat-
ment and between vehicle and fingolimod treatment were
observed at day 21 after immunization (vehicle, 2.33 + 0.10,
n = 6; CYM-5442, 0.86 + 0.14, n = 7; fingolimod, 0.83 *+ 0.42,
n = 6;p < 0.001).

Lymphocyte sequestration kinetics for CYM-5442 and fingoli-
mod on the last day of EAE treatment are shown in Fig. 2D. The
drugs showed similar B- and T-lymphocyte sequestration at 3 h
after the last injection, compared with vehicle, but only CYM-
5442 treatment showed significant recovery of lymphocyte
counts to near untreated levels by 24 h. In contrast, fingolimod
maintained nadir lymphopenia between 3 h and 24 h. These
data suggest that sustained lymphocyte sequestration through
S1P, agonism is not required for efficacy in MOGg5_55-induced
EAE in mice. Additional analyses of the plasma of animals with
EAE, at 24 h after the last injection, indicated that both CYM-
5442 and fingolimod led to significant reductions in the concen-
trations of interleukin 17 and interleukin 13, two proinflamma-
tory cytokines involved in the progression of EAE (Fig. 2E).
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Because fingolimod phosphate uptake into CNS has been asso-
ciated with cellular targeting and amelioration of EAE (Foster
et al., 2007), we determined the kinetics of CYM-5442 during
EAE amelioration. CYM-5442 accumulated in the CNS, rela-
tive to plasma (Table 1), high concentrations being found 3 h
after the last CYM-5442 treatment (brain, 5.91 = 0.17 umol/mg
of tissue; spinal cord, 4.32 = 0.16 umol/mg of tissue). CYM-5442
persisted in the CNS in significant concentrations 24 h after the
last CYM-5442 treatment (brain, 352 += 32 nmol/mg of tissue;
spinal cord, 360 * 72 nmol/mg of tissue). In contrast, CYM-5442
was cleared from plasma below the concentration required to
maintain lymphopenia by 24 h (3 h, 320 = 30 nM; 24 h, 10 = 1
nM). Therefore, the persistent presence of CYM-5442 in the
CNS may play an important role in the amelioration of EAE.

S1P,-eGFP Expression in CNS. S1P; is thought to be
expressed on several cell types involved in the pathogenesis of
MS, including lymphocytes that invade and attack the CNS,
endothelial cells that normally provide a barrier to entry of
these lymphocytes into the CNS parenchyma (Cahalan et al.,
2011), neurons that are targeted for destruction by autoreactive
lymphocytes (Nishimura et al., 2010), and astrocytes, which
play a major role in inflammation and CNS scarring associated
with MS (Sorensen et al., 2003). We analyzed S1P;-eGFP pro-
tein expression on these different cell types through immuno-
fluorescence assays using S1P;-eGFP mice, which retain full
physiological and pharmacological functions from the native
S1P; locus (Cahalan et al., 2011). S1P;-eGFP expression within
the spinal cord was localized primarily in gray matter (Fig. 3A).
Within the spinal cord white matter, S1P,-eGFP was expressed
on CD31-expressing endothelial cells and microtubule-
associated protein 2-expressing neurons, whereas expression on
myelin basic protein-expressing oligodendrocytes within the
white matter was below the limits of detection (Fig. 3B). S1P;-
eGFP expression in the brain was widespread over cell bodies
and neurites, with the highest levels in the cerebellum as well
as the cortex, hippocampus, and caudate putamen (Supplemen-
tal Fig. 3).

CYM-5442-Induced S1P,-eGFP Degradation During
EAE Treatment. We induced EAE in S1P,-eGFP mice to
examine the effects of EAE induction, and subsequent
daily treatment with CYM-5442, on the expression of
S1P,-eGFP. CYM-5442 administration for 8 days reduced
EAE clinical scores for S1P,-eGFP mice relative to vehicle
treatment (vehicle, 3.75 = 0.25, n = 4; CYM-5442, 2.20 *+
0.2,n = 5;p = 0.0017) (Supplemental Fig. 4A). A single 10
mg/kg CYM-5442 dose induced similar maximal lympho-
cyte sequestration in both C57BL/6J and S1P;-eGFP mice
under naive conditions (no EAE) (Supplemental Fig. 4B),
whereas lymphocyte subsets were significantly reduced in
S1P,-eGFP mice 3 h after the last CYM-5442 injection in
active EAE (Supplemental Fig. 4C). Because CYM-5442
accumulates in the brain and numerous S1P; agonists
cause cellular S1P, internalization and subsequent ubiq-
uitin-dependent S1P; down-regulation (Gréler and Goetzl,
2004; Gonzalez-Cabrera et al., 2007), we examined the
ability of CYM-5442 to modulate S1P;-eGFP expression
within the brain during active EAE, at 3 h after the last
CYM-5442 treatment. Treatment with CYM-5442 caused
significant loss of S1P;-eGFP in the spinal cords and
brains of mice with EAE (Fig. 4). This loss was clearly
evident in immunofluorescence examinations at 488 nm of
frozen sections of spinal cords from agonist-treated S1P;-
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eGFP mice and in assays using an antibody against the C
terminus of S1P; in paraffin sections of spinal cords (Fig.
4, B and C). The concomitant increase in polyubiquitiny-
lated receptors in brain from S1P;-eGFP mice with EAE
(Fig. 4C) indicated sustained agonist-induced S1P; inter-

TABLE 1
CYM-5442 retention in brain and spinal cord

Values are representative of two experiments, with three mice per group per exper-
iment.

CYM-5442 Level

Time after Last Injection

Brain Spinal Cord Plasma
nmol/mg tissue nmol/mg tissue nM
3h 5910 = 170 4320 *= 160 320 = 30
24 h 352 = 32 360 £ 72 10+1

Fig. 2. CYM-5442 induces short-term lym-
phocyte sequestration. A, dosing of naive
mice once with 10 mg/kg CYM-5442 induces
both T and B lymphocyte sequestration from
the blood, which recovers by 24 h. Graphs are
representative of two experiments, with four
mice per group per experiment. B, fingolimod
induces sustained maximal lymphopenia for
48 h in naive mice treated with a single 0.2
mg/kg i.p. dose. The graph represents one
experiment with at least six animals per
group. C, mean clinical scores for the indi-
cated treatment in EAE are plotted. Mice
underwent EAE induction with a MOGg;_g
incomplete Freund’s adjuvant/M. tuberculo-
sis emulsification. Mice received daily intra-
peritoneal injections of 10 mg/kg CYM-5442
in water, 3 mg/kg fingolimod in water, or an
equal volume of water. The graph is repre-
sentative of two experiments with at least
three mice per group per experiment. D,
blood from mice with induced EAE was re-
moved at day 23, either 3 h or 24 h after the
last fingolimod or CYM-5442 dose, and dem-
onstrated that, in mice with EAE, blood lym-
phocyte counts recover only in the CYM-5442
group, even after many daily doses of CYM-
5442. The graphs represent one experiment
with at least three animals per group. ns, not
significant. #*, p < 0.01; =+, p < 0.001.
E, cytokine levels are reduced in plasma
of CYM-5442- and fingolimod-treated
mice on day 23 of EAE. #, p < 0.05; #*,p <
0.01. The graph represents one experi-
ment with at least three animals per
group. TNF, tumor necrosis factor; RANTES,
regulated on activation, normal T ex-

pressed and secreted; MCP, monocyte
]* chemotactic protein; IL, interleukin.

N
KN

pg/ml

nalization and subsequent S1P; down-regulation in the
CNS. S1P,-eGFP expression also seemed to increase in the
gray matter after induction of EAE (Fig. 4, A and B);
however, we found that injecting PTX alone over the span
of 2 days, to resemble the EAE protocol, was able to up-
regulate S1P;-eGFP expression in the brains and spinal
cords of naive mice (Supplemental Fig. 5).

We used flow cytometry for single-cell analysis of S1P,-eGFP
expression on specific cell types within the brain and lymph
nodes 2 weeks after EAE induction, with or without daily CYM-
5442 dosing. After dissociation of myelin, astrocytes (identified
as FSC-ASSC-AMCD11b~ GLAST-1" cells) and neurons (iden-
tified as FSC-A®SSC-APICD11b~ GLAST-1" cells) up-regulated
S1P;-eGFP after induction of EAE, probably because of the
direct PTX effect. In addition, both of these cell types showed
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A Wild-type S1P,-eGFP

CD31 S1P e GFP Merge

S1P,-eGFP

MAP2 S1P,-eGFP

S1P;-eGFP down-modulation with daily CYM-5442 treatment.
In contrast, CYM-5442 treatment did not decrease S1P;-eGFP
expression in lymphocytes isolated from lymph nodes 3 h after

aspet

Fig. 3. S1P;-eGFP is highly expressed
within the spinal cord. A, fluorescence micro-
scopic images of spinal cord specimens from
wildtype and Edgl°¢*"SFF mice. S1P;-
eGFP is preferentially expressed within the
gray matter (GM) in the spinal cord. Scale
bar, 100 um. B, S1P;-eGFP is expressed on
endothelial cells and neurons but not oligo-
dendrocytes within the spinal cord. Spinal
cord sections from Edgl°¢F°C'Y mice were
stained with antibodies against CD31 (endo-
thelial cells; scale bar, 20 wm), myelin basic
protein (MBP) (oligodendrocytes; scale bar,
20 pm), or microtubule-associated protein 2
(MAP2) (neurons; scale bar, 100 um). WM,
white matter.

Discussion

Fingolimod has ushered in a new era of orally adminis-

the last injection of CYM-5442 and EAE induction did not tered disease-modifying MS treatments based on endpoints
induce changes in S1P,-eGFP expression in lymphocytes (Fig. ©f clinical score progression, annualized relapse rates, and
4B), despite the significant lymphocyte sequestration seen with ~ the accrual of gadolinium-enhancing lesions in magnetic res-
CYM-5442 at this time point. Supplemental Fig. 6 shows inter- onance imaging. All current MS treatments have significant
nalization of membrane-associated S1P,-eGFP into cytoplasmic ~ adverse effects, some of which may be life-threatening. Na-

vesicles with an acute 30-min CYM-5442 treatment in neuronal talizumab (Tysabri; Elan Pharmaceuticals, South San Fran-
progenitor cells isolated from day 13 S1P;-eGFP embryos. cisco, CA), for example, yields a significantly increased risk of
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A Non EAE

EAE induced

Vehicle - 488 nm

S1P,-eGFP - 488nm

WM
GM

Wild type - C-t-S1P,

B
Astrocytes Neurons
] 269
6762
1 8035 1
] 2549 |
S1P,-eGFP ————

CD4

CYM-5442 - 488nm

Fig. 4. Daily CYM-5442 treatment leads to
degradation of S1P;-eGFP specifically in the
CNS. A, expression of S1P,-eGFP in the spi-
nal cord is significantly reduced after daily
CYM-5442 treatment. Expression of S1P;
within the spinal cord was assessed with im-
munofluorescence assays (488 nm) using
—_— S1P;-eGFP mice (scale bar, 20 um) or immu-

nohistochemical staining of wild-type tissue

CYM-5442 - C-t-S1 P1 sections with an antibody against the car-

: \

GM WM

boxyl terminus of S1P, (C-t-S1P,) (scale bar,
100 pm). The left images are from a naive
mouse. GM, gray matter; WM, white matter.
B, S1P;-eGFP is degraded in the CNS of mice
with induced EAE that were treated daily
with 10 mg/kg CYM-5442. Both astrocytes
and neurons up-regulate S1P,-eGFP after
EAE induction and degrade S1P;-eGFP after
daily CYM-5442 treatment. Gray, wild-type
mouse; green, naive S1P;-eGFP mouse; red,
vehicle-treated S1P;-eGFP mouse with EAE;

C N blue, CYM-5442-treated S1P;-eGFP mouse
CQ\(’ A@ with EAE. Astrocytes were identified as FSC-
K\2NQ) A°SSC-A"CD11b GLAST-1" cells, whereas

neurons were identified as FSC-ASSC-
APMCD11b GLAST-1" cells. Lymphocytes in
the lymph node demonstrate negligible S1P; -
eGFP degradation after daily CYM-5442
treatment. Mean (neurons and astrocytes) or
modal (B cells and CD4™ T cells) fluorescence
intensities are indicated for each group.
C, brain S1P,-eGFP degradation with
CYM-5442 is associated with increased
S1P,-eGFP polyubiquitinylation. Receptor
expression was measured through in-gel
fluorescence imaging of brain lysates and
densitometry or Western blotting using the
antibody against the carboxyl terminus of
- S1P, (C-t-S1P,). Polyubiquitinylation was
2 15000 measured through immunoprecipitation
< (IP) of brain lysates with green fluorescent
g 10000 protein, followed by immunoblotting (IB)
»

1]

o

[oX

x

L

In-gel -—
S1P,-eGFP -

IP: GFP
IB: P4D1
IB: C+-S1P, [} ™=

IB: GAPDH ==

for ubiquitin (P4D1). GAPDH, glyceralde-

5000 hyde-3-phosphate dehydrogenase.

0

S1P, -eGFP

progressive multifocal leukoencephalopathy, which is the re-
sult of inadequate control of preexisting JC virus infection
stemming from deficits in immunosurveillance caused by
natalizumab inhibition of memory T cells’ entry into tissues
through postcapillary venules (Kleinschmidt-DeMasters and
Tyler, 2005). The long-term safety of the nonselective S1P
receptor prodrug fingolimod, which suppresses lymphocyte
recirculation for 4 to 6 weeks after withdrawal (Johnson et
al., 2010) as a result of its 1-week half-life, has yet to be
determined. However, it does not sequester circulating effec-
tor T cells efficiently from the circulation (Xie et al., 2003)
and thus may allow for effective immunosurveillance.
Understanding the molecular basis of S1P receptor agonist
efficacy in CNS inflammatory disease provides important
insights into approaches that might improve the safety/effi-
cacy window for patients. Administration of shorter-acting

»
>

agents, with which lymphopenia can return toward normal
levels during the dosing interval (Gonzalez-Cabrera et al.,
2008; Cahalan et al., 2011), may offer some advantages over
intermittent administration of long-acting agents, which
cause sustained lymphocyte sequestration. Here we demon-
strate this by using a short-acting selective CNS-penetrant
S1P; receptor agonist and S1P;-eGFP knock-in mice in a
murine EAE model, which permits tracking of ligand and
physiologically and pharmacologically active receptors in
both peripheral and CNS tissues. This has allowed an ac-
counting of cell- and tissue-specific receptor distributions
under physiological, disease, and treatment conditions.

The detailed quantitative distribution of S1P; in the CNS of
normal, inflamed, and CYM-5442-treated mice is important,
because agonism of S1P; alone shows significant efficacy across
all measures of EAE. Although expression of S1P receptors in
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the CNS has been explored by using mRNA profiling (Chae et
al., 2004) and sometimes by using antibody detection of S1P,
protein (Akiyama et al., 2008; Sinha et al., 2009), S1P;-eGFP
mice allow a high-resolution view of S1P; expression, at the
protein level, within the CNS. This enables the documentation
of significant up-regulation of S1P,-eGFP on neurons and as-
trocytes in mice with EAE. Because in vitro S1P enhances
neurite extension (Toman et al., 2004) and can dampen neuro-
nal excitability through G;-coupled suppression of intracellular
cAMP (Zhang et al., 2006), S1P; up-regulation may be a com-
pensatory mechanism to limit excitatory neuronal damage in
the inflammatory processes of EAE.

We showed here that S1P; agonism alone is sufficient to
ameliorate EAE. CYM-5442 is an important pharmacological
tool for understanding EAE because its pharmacokinetic fea-
tures produce strong lymphopenia that persists for 6 to 8 h
and returns peripheral blood lymphocyte numbers to basal
levels within 24 h after treatment. Given the association of
progressive multifocal leukoencephalopathy with the use of
natalizumab and the reports of some CNS herpetic infections
with the use of fingolimod, it is helpful to understand the
boundary conditions for the degree of lymphopenia that is
essential for efficacy. The full recovery of lymphocyte recir-
culation within a dosing interval, as observed for CYM-5442,
might result in lower efficacy compared with longer-duration
agonists that induce full sequestration for days. This was not
the case for CYM-5442 treatment, for which the treatment
outcome was indistinguishable from that of fingolimod in
both mild and severe models of EAE. Peripheral lymphope-
nia, although a convenient surrogate marker for efficacy, is
clearly not the sole contributor to the effective amelioration
of both demyelination and leukocyte infiltration in the brain
and the spinal cord parenchyma during EAE.

Although lymphocyte recirculation was restored during each
dosing interval of CYM-5442 treatment, the expression of S1P;-
eGFP in the CNS after daily treatment was down-regulated,
consistent with the higher maintained levels of CYM-5442
within the CNS. Although we observed decreased but not ab-
sent expression of S1P;-eGFP on neurons and astrocytes, evi-
dence for receptor down-regulation and degradation demon-
strates long-term alterations in S1P, signaling tone in the CN'S
and does not definitively demonstrate functional antagonism by
CYM-5442 in these cells in vivo. Despite lower total S1P; ex-
pression, the agonist present may lead to continual S1P; sig-
naling within the CNS, where any receptor that reaches the cell
surface is rapidly activated and internalized, consistent with
the polyubiquitinylation of S1P;-eGFP detected in mice treated
with CYM-5442. Degradation of S1P;-eGFP in the CNS was in
contrast to findings observed with peripheral lymphocytes,
which reflects the preferential distribution of CYM-5442 to
CNS tissue compared with the relatively rapid clearance from
plasma and secondary lymphoid organs. The lack of S1P;-eGFP
degradation on peripheral lymphocytes observed with CYM-
5442 is also in contrast to results found with either fingolimod
phosphate (Oo et al.2011) or the recently described short-
duration agonist N-[4-[5-[3-cyano-4-(1-methylethoxy)phenyl]-
1,2,4-oxadiazol-3-yl]-2,3-dihydro-1H-iden-1-yl]-B-alanine
(RP-001) (Cahalan et al., 2011), a compound closely related to
CYM-5442. This disparity demonstrates that agonist-induced
changes in S1P,; expression are dependent on both the cell type
on which S1P; is expressed and the specific agonist used; there-
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fore, the properties of pharmacological probes must be exam-
ined in detail.

Although we demonstrated that S1P; agonism is sufficient
to alleviate EAE, the relative quantitative contributions of
lymphocyte sequestration, sustained S1P; signaling, and
S1P; down-regulation require additional study. Cell-specific
deletion of S1P; on astrocytes suggested that astrocytic S1P;
contributes to fingolimod efficacy in models of EAE, at the
peak of disease severity (Choi et al., 2011). Continued devel-
opment of additional selective S1P; agonists with differences
in tissue distribution, potency, and capacity to down-regulate
receptors would allow for separation of these components. Of
particular interest would be identification of agonists that do
not cross the blood-brain barrier and evaluation of the ability
of such agonists to reverse EAE when administered either
systemically, which could exclude the role of CNS-expressed
S1P,, or intracranially, which could exclude the role of pe-
ripherally expressed S1P;. The combination of chemical and
genetic approaches to systematic mapping of S1P receptor
signaling under physiological, pathological, and therapeutic
conditions probably would facilitate the development of bet-
ter therapeutic agents for the treatment of MS, which could
achieve clinical efficacy while best preserving host defenses
against latent viruses within the CNS.
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