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Two series of fused tricyclic indoles were identified as potent and selective S1P1 agonists. In vivo these
agonists produced a significant reduction in circulating lymphocytes which translated into robust efficacy
in several rodent models of autoimmune disease. Importantly, these agonists were devoid of any activity
at the S1P3 receptor in vitro, and correspondingly did not produce S1P3 mediated bradycardia in telem-
eterized rat.

� 2012 Elsevier Ltd. All rights reserved.
Fingolimod (1) is a potent immunosuppressant that was identi-
fied during a medicinal chemistry campaign aimed at dialing out
the GI side effect profile associated with the secondary fungal
metabolite ISP-1 (2, Fig. 1).1 In vivo, (1) is phosphorylated to the
(S)-isomeric mono-phosphate (3) which is an agonist at four of
the five sphingosine-1-phosphate receptors (S1P1, S1P3–5).2 The
S1P/S1P1 axis regulates the egress of lymphocytes from peripheral
All rights reserved.
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lymphoid tissue and (3) prevents this trafficking via sustained
receptor internalization accompanied by proteasomal degrada-
tion.3 Impaired lymphocyte trafficking reduces the circulation of
auto-reactive immune cells, which has been found to slow the pro-
gression of disease in multiple sclerosis patients.4 Fingolimod also
may be acting directly on astrocytes to reduce inflammation in the
CNS of these patients. S1P1 expression in central MS lesions is dra-
matically increased, and mouse neural S1P1 knockouts phenotypi-
cally show reduced disease severity, astrogliosis, demyelination
and axonal loss when compared to their wild type littermates.5

The precise role of the other S1P subtypes in the amelioration of
disease is less well understood, although (1) may be acting on
the S1P5 and S1P3 receptors expressed centrally on oligodendro-
cytes and astrocytes.3

Over the last decade, medicinal chemistry efforts have focused
on identifying alternative agents with improved selectivity. Partic-
ular emphasis has been placed on the cardiac expressed S1P3

receptor that is associated with bradycardia in rodents.6 However,
human trials of the S1P3-sparing agonist BAF312, suggests that the
transient effect on heart rate may not be attributable to S1P3 acti-
vation in humans.7 More recently, researchers have sought ago-
nists with improved pharmacokinetic profiles given the long
half-life of (1) in humans (T1/2 = 8 days).8 These efforts have also
centered around developing non pro-drug agonists that can pene-
trate the CNS and act directly on astrocytes.9 Development of
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Figure 1. Fingolimod origin and mechanism.
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agonists for other autoimmune indications such as psoriasis
(Ponesimod),10 polymyositis (BAF312),11 and ulcerative colitis
(KRP-203)12 is also underway.

As part of our effort to identify superior S1P1 agonists, we have
expanded upon an early series of 3-(indolin-2-yl)propanoic acids
(4, Fig. 2)13 and herein disclose two fused tricyclic indole S1P1

chemotypes (5, 6).
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Scheme 1. Cyclopenta[b]indole synthesis. (a) Ethyl 2-(2-oxocyclopentyl)acetate, PPTS,
ArCO2H, CDI (d) NaOH or LiBr, Et3N, MeCN, water.
The cyclopenta[b]indole ring system (8) was prepared via a
palladium mediated cyclization utilizing aniline 7 and ethyl
2-(2-oxocyclopentyl)acetate as coupling partners (Scheme 1). Sub-
sequent hydroxy-amidine formation (9), and treatment with an
activated benzoic acid afforded the 5-phenyl-1,2,4-oxadiazole mo-
tif (10). Ester saponification was typically performed using LiOH,
however, compound 17 (Table 1) required a milder procedure
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Table 1
Cyclopenta[b]indole and Pyrrolo[1,2-a]indole SAR

N
H

NO

N
CO2H
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NO

N
CO2H
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R2
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R1 R2 R3 Cmpd hS1P1 EC50
a (nM) Cmpd hS1P1 EC50

a (nM)

OCF3 H CN 17 1.1 23 0.25
OCH3 H CN 18 157 24 4.6
CF3 H CF3 19 76 25 2.1
H OCF3 CN 20 3.2 26 0.59
H OCH3 CN 21 4.6 27 2.9
H O-iPr CN 22 7.5 28 0.61

a EC50 values were determined in a human cAMP HTRF assay and are the mean of three or more replicates. All compounds afforded a full response relative to S1P in the
assay.
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employing lithium bromide in order to avoid reaction at the cyano
group.14

The pyrrolo[1,2-a]indole (12) was prepared upon treatment of
11 with butyl acrylate under basic conditions (Scheme 2). Hydroly-
sis and decarboxylation of the butyl ester gave ketone 13, which
was subjected to a Wittig reaction and subsequent cyanation.
Hydrogenation, followed by treatment with hydroxylamine, affor-
ded intermediate 15, which was used in the oxadiazole forming
step (16). The tert-butyl ester was removed upon treatment with
TFA and a cation scavenger.

Human S1P1 potency for several racemic analogs (17–28) was
determined in a HTRF cAMP assay (Table 1). Several structural per-
mutations were examined, of which the 3-cyano-5-trifluorometh-
oxy-phenyl array appeared to confer the greatest potency across
both chemical series. Compounds 17 and 23 were successfully sep-
arated into their respective enantiomers by chiral chromatography
using a ChiralCelOD� column (17, IPA/hexanes) and a ChiralPa-
kADH� column (23, MeCN). Stereochemical assignments were
not made at this time, but the individual enantiomers were re-
ferred to by their elution order (e.g., 17a first eluting, 17b second
eluting; 23a first eluting, 23b second eluting). The resolved enanti-
omers were subsequently characterized across several pre-clinical
species as well as the other human subtypes (Table 2). All four
enantiomers maintained a good level of activity for the rodent
receptors, and were selective against the human S1P2, S1P3, and
S1P4 subtypes. In all cases, significant agonism at the S1P5 receptor
was observed. Selectivity data was generated using a DiscoveRX b-
arrestin platform,15 wherein a significant shift in human S1P1 po-
tency was observed. The more potent enantiomer in each chemical
series (17b and 23b) was subsequently selected for further
evaluation.

ADME profiling revealed good stability in mouse, rat, and hu-
man liver microsomes, and 17b and 23b were determined to have
a terminal half-life of approximately 5 h in male Sprague–Dawley
rats after oral administration (Table 3). Both compounds had rela-
tively low systemic clearance and volume of distribution, but 23b
was found to have a higher oral bioavailability achieving plasma
concentrations of >10X that of 17b.

Based on the accepted mechanism of action, a reduction in cir-
culating lymphocytes is an essential requirement for the develop-
ment of new S1P1 agonists. Compounds 17b and 23b were
evaluated in a mouse lymphocyte lowering time-course experi-
ment at a 6 mg/kg oral dose (Fig. 3). Both compounds produced
a maximal reduction in circulating lymphocytes by the 5 h
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Figure 3. BALB/c mice lymphocyte lowering. Compounds 17b and 23b were dosed orally (6 mg/kg) as a suspension in 0.5% methyl cellulose.

Table 2
Cross species S1P1 activity and human subtype selectivity data

S1P1 EC50
a [cAMP, nM] hS1P1–5 EC50

a [b-arrestin, nM]

Human Rat Mouse S1P1 S1P2 SIP3 S1P4 SIP5

17a 1.73 1.4 8.3 55 >100,000 >100,000 239 11
17b 0.75 1.8 2.6 36 >100,000 >100,000 462 15
23a 0.76 3.4 5.5 123 >100,000 >100,000 >100,000 289
23b 0.08 0.1 0.52 4.8 >100,000 >100,000 >100,000 21

a EC50 values are the mean of three or more replicates.

Table 3
Microsomal stability and rat pharmacokinetics

Cmpd LMa (T1/2) Male Sprague–Dawley rat pharmacokineticsb

Cl (L/h/kg) Vss (L/kg) T1/2 (h) Cmax (ng/mL) AUClast (hr⁄lg/mL) %F

17b >60 min (m, r, h) 0.0834 0.734 5.46 1.40 11.0 32.5
23b >60 min (r, h) 0.0253 0.234 4.68 13.3 124 100

a Microsomal half-life.
b 2.0 mg/kg IV (100% PEG400), 3.0 mg/kg PO (0.5% methyl cellulose).
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time-point, with 23b maintaining this level of suppression out
to 24 h. Lowering the dose of 23b to 1.0 mg/kg produced an
equivalent response at 5 h, but normalization of lymphocyte levels
occurred by 24 h.

Both 17b and 23b were efficacious in several rodent models of
autoimmune disease; however, a much higher dose (30 mg/kg) of
17b was required to achieve complete suppression of lymphocytes
over 24 h and maximal benefit in these chronic studies. Consistent
with the 24 h lymphocyte data, 23b was efficacious at lower doses
and showed a clear dose response (Fig. 4 and 5). Compound 23b
was found to be effective in delaying the onset and reducing the
severity of disease in a mouse experimental autoimmune enceph-
alomyelitis (EAE) model, a myelin/oligodendrocyte glycoprotein
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Figure 4. Mouse experimental autoimmune encephalomyelitis (EAE) model. Female C57B
On day 3 mice were dosed orally (q.d.) with test compound in 0.5% methylcellulose. The
scale of 1–5, with one being limp tail or hind limb weakness and five being death.
(MOG) 35–55 induced demyelinating autoimmune response simi-
lar to MS (Fig. 4).16 At the highest dose, 23b showed comparable
efficacy to 1 in terms of reduced disease score and incidence.
Similarly, this compound was effective at preventing disease in a
cyclophosphamide-induced Type I diabetes model performed in
non-obese diabetic (NOD) mice ( Fig. 5a).17 Treatment with 23b
maintained normal glucose levels over the duration of the experi-
ment, indicating a reduction in T-cell mediated b-cell destruction
and delayed disease progression. Prophylactically, in a collagen in-
duced arthritis (CIA) model performed in female Lewis rats
(Fig. 5b),18 23b reduced joint inflammation (as measured by mean
ankle diameter) at all doses evaluated. Compound 23b appeared to
exceed the efficacy of the 1 mg/kg dose of (1), and approached the
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animals were monitored daily for signs of disease. Disease severity was graded on a
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cyclophosphamide (i.p.) on day 0 and 14 to accelerate the onset of diabetes. Oral dosing (q.d.) of test compound in 0.5% methyl cellulose was performed from day 0 to day 25.
Animals were considered diabetic if they had a non-fasting blood glucose value >250 mg/dL. (b) Bovine type II collagen emulsified in Freund’s complete adjuvant was
administered to female Lewis rats on days 0 and 6. Starting on day 0, test compound was delivered orally as a suspension in 0.5% methyl cellulose. Caliper measurements of
ankle diameter were taken on days 9–17. MTX = methotrexate.
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efficacy threshold achieved by methotrexate (MTX) which is a first
line therapy for the treatment of rheumatoid arthritis.

In vitro safety profiling included screening for unwanted cross-
reactivity at the CYP P450 isozymes and the hERG channel, as well
as evaluation of the cytotoxicity and mutagenicity potential. Com-
pound 23b was not an inhibitor (IC50 > 30 lM) of the major CYP
P450 isoforms (3A4, 2D6, 2C9, 2C19, 1A2), and no interaction with
the hERG channel was observed in astemizole binding (IC50 >
30 lM) or in patch clamp (IC50 > 400 lM). Little activity was ob-
served in an in vitro cellular toxicity assay measuring changes in
membrane integrity (IC50 = 25 lM), nuclear size (IC50 > 1000 lM),
mitochondrial membrane potential (IC50 > 1000 lM), and intracel-
lular calcium release (IC50 = 346 lM). Ames testing showed no
frame shift or base pair mutations in the five strains tested.

Given the bradycardia observed in human trials of 1, 23b was
examined in telemeterized Sprague–Dawley rats to detect any
changes in heart rate. Compound 23b was dosed orally at 3 and
30 mg/kg and 1 was included as a positive control. Heart rate
was measured over a 20 h period and the hourly readings are
shown in Figure 6. Consistent with literature reports,19 1 produced
a pronounced reduction in heart rate in this experiment. Overall,
compound 23b was very similar to the vehicle treated animals,
suggesting limited interaction with the rodent S1P3 receptor, and
supporting the in vitro findings.

In conclusion, we have identified two new S1P1 chemotypes
comprised of a fused tricyclic indole motif. Optimization efforts
led to the identification of two lead molecules which possess excel-
lent selectivity against the cardiac expressed S1P3 subtype. In vivo,
our most potent compound 23b demonstrated robust lymphocyte
lowering in mouse, which translated into impressive efficacy in
three different rodent models of autoimmune disease. Further-
more, this compound was found to have an acceptable in vitro
safety profile and did not induce S1P3 mediated bradycardia in ro-
dents. Additional studies for these compounds and other second
generation S1P1 agonists will be reported elsewhere in due course.
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