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ABSTRACT: A novel series of alkoxyimino derivatives as S1P, agonists were discovered
through de novo design using FTY720 as the chemical starting point. Extensive structure—
activity relationship studies led to the discovery of (E)-1-(4-(1-(((4-cyclohexyl-3-
(trifluoromethyl)benzyl) oxy)imino)ethyl)-2-ethylbenzyl )azetidine-3-carboxylic acid (32,
BAF312, Siponimod), which has recently completed phase 2 clinical trials in patients

with relapsing—remitting multiple sclerosis.
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phingosine-1-phosphate (S1P) is a bioactive sphingolipid

that regulates a diverse range of physiological processes
such as lymphocyte trafficking, cardiac function, vascular
development, and inflammation.'™ SIP mediates these
functions primarily through its interaction with five G-
protein-coupled receptors known as S1P,_s>® The SIP-
mediated signaling has become the focus of intense research
during the past decade, partly inspired by the therapeutic
development of FTY720 (fingolimod) (Figure 1), which was
recently approved as the first oral drug for relapsing—remitting
multiple sclerosis.” FTY720 effectively inhibits the lymphocyte
egress from the thymus and lymph nodes and thereby leads to
redistribution of lymphocytes away from peripheral inflamma-
tory tissues.” FTY720 is phosphorylated in vivo by sphingosine
kinase to the active metabolite FTY720-phosphate (Figure
1).*° The latter binds with nanomolar affinity as an agonist at
four of the five S1P receptors, namely, S1P;, S1P;, S1P,, and
S1P..*” Interestingly, FTY720-phosphate was shown to elicit its
immunosuppressive effect through functionally antagonizing
SIP, signaling pathway.'”'" It induces rapid and persistent
internalization of the SIP; receptor that is required for
lymphocyte egress from the secondary lymphoid organs.

A transient, dose-dependent decrease of heart rate was
observed with FTY720 in clinical studies.'* The S1P; receptor
is thought to be responsible for the bradycardia, based on the
lack of S1P-induced heart rate reduction in S1P; knockout
mice.'*'"* S1P; agonism is also known to be associated with
and bronchoconstriction and pulmonary epithelial
leakage.'® Numerous research groups have been working
toward discovering S1P;-sparing S1P, agonists.lé_19 However,
our recent report suggested species-dependent bradycardia and
a dominant role of SIP; in mediating heart rate in humans, as
the treatment with BAF312, a dual S1P, § agonist sparing S1P,
activity, caused GIRK channel activation in human atrial
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myocytes and bradycardia in healthy volunteers.”® In the same
report, we presented the in vitro profile of BAF312, including
its effects on SI1P, receptor internalization as well as its
preclinical efficacy in a rat experimental autoimmune
encephalomyelitis (EAE) model. Herein, we report our
medicinal chemistry efforts that culminated in the discovery
of (E)-1-(4-(1-(((4-cyclohexyl-3-(trifluoromethyl)benzyl)oxy)-
imino)ethyl)-2-ethylbenzyl)azetidine-3-carboxylic acid 32
(BAF312, Siponimod), a potent S1P;-sparing S1P; agonist
currently undergoing clinical trials in patients with multiple
sclerosis.

One focus of our initial efforts was to develop FTY720
analogues that could (1) achieve selectivity against S1P; and
(2) reduce in vivo elimination half-life. We envisioned that
modifications providing increased rigidity in the lipophilic alkyl
chain of FTY720 may lead to S1P receptor subtype selectivity.
One of the approaches led to the discovery of analogues
containing substituted benzyloxy oximes that replace the n-
octyl moiety, as exemplified in compound 1 (Figure 1). When
dosed orally to mice, compound 1 was equally efficacious as
FTY720 in inducing lymphocyte redistribution. However, the
in vivo elimination half-life of the corresponding phosphate
remained very long (t,,, > 30 h), and the volume of distribution
was large (Vss = 36.9 L/kg). One possible explanation for this
pharmacokinetic behavior is that the charged phosphate moiety,
which is generated in vivo, contributes to high nonspecific
binding to lipoproteins in tissues. We decided to explore
replacing the phosphate moiety with a carboxylic acid, which
might reduce nonspecific binding and thereby reduce the
volume of distribution and elimination half-life. An additional
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Figure 1. Structures of FTY720, FTY720-phosphate, and their analogues.
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Figure 2. Amino carboxylate to mimic amino phosphate.
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advantage of pursuing a nonpro-drug strategy is that we
eliminated the complication of understanding two overlapping
structure—activity relationships (SAR), namely, the SAR of the
sphingosine kinase, whose action is required to generate the
bioactive aminophosphate, and the SAR of the resulting
aminophosphate for the S1P-receptor family. To efficiently
identify an optimal amino carboxylate group, we utilized a
reductive amination strategy whereby an aldehyde fragment
corresponding to the “hydrophobic tail” of compound 1 could
be efficiently derivatized with a collection of amino carboxylic
acids (Figure 2). From this effort, compound 2 was identified as
one of the most potent compounds with an ECg, value of 300
nM at the SIP; receptor subtype in a GTPyS binding assay.”!
This compound was then used as a new lead for further
optimization.

We first turned our attention to the substitutions on the
phenyl rings A and B (see Figure 2). The key SAR results for
select analogues within this series are summarized in Table 1.
On ring A, substitution at the 2-position is well tolerated. Both
2-fluoro 4 and 2-trifluoromethyl 6 show increased agonism in
comparison to compound 2. Especially the latter reaches single
digit nanomolar potency. In contrast, the 1-position is less
preferred for substitution. 1-Fluoro 3 is 2-fold less potent than
its corresponding 2-fluoro analogue 4, while 1-trifluoromethyl §
shows very low activity at 10 yM. Substitutions on ring B
(compounds 7—12) are in general less tolerated than those on
ring A. Additional substitutions of ring B (compounds 13—16)
fail to further increase the potency of compound 6.

Although these chemistry efforts were not informed by
molecular modeling, they can now be rationalized using
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Table 1. S1P, Potencies with Different Biphenyl Substituents

(o]
compd R, R, S1P, ECyy (uM)“
2 H H 0.3
3 1-F H 0.12
4 2-F H 0.061
s 1-CF, H 10
6 2-CF, H 0.009
7 H 3'-F 0.21
8 H 3’-Me 0.64
9 H 3’-OMe 1.5
10 H 1’-OMe 14
11 H 3'-CF, 10
12 H 1'-CF, 17
13 2-CF; 1’-F 0.008
14 2-CF, 3F 0.011
15 2-CF; 3’-Me 0.094
16 2-CF, 2/-F-3'-F 0.016

“GTPyS binding assay (see ref 21 for detailed assay descriptions).

molecular modeling based upon the recently solved SIP,
crystal structure (PDB code: 3V2Y).”* The predicted binding
mode of compound 2 is illustrated in Figure 3. The ligand
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Figure 3. Binding mode of compound 2 in S1P;. The electrostatic
surface is color coded: blue is positively charged, red is negatively
charged, and green is hydrophobic.

binding pocket of S1P, consists of a charged entrance and a
large enclosed hydrophobic cavity. The carboxylic acid
headgroup forms salt bridges with Lys34 and Argl20 and a
hydrogen bond with Tyr29. In addition, the charged amine
group forms a salt bridge with Glul21. Therefore, the polar
headgroup involves multiple strong electrostatic interactions
that anchor the ligand molecule in the binding site. The
hydrophobic tail (i.e., biphenyl moiety) is predicted to fit nicely
into the large hydrophobic cavity. On the basis of the binding
mode, 2-F substitution (compound 4) adds additional
hydrophobic interaction relative to compound 2 and leads to
an increase in potency. In contrast, the fluorine at the 1-
position in compound 3 does not interact with the protein
residue as tightly as at the 2-position, and this is consistent with
the observed SAR. A bulkier trifluoromethyl group at the 1-
position in compound $ introduces a potential steric clash with
the receptor that leads to much reduced activity. The same
group substituted at the 2-position in compound 6, however,
engages improved nonpolar interactions with Leu276 and
Leu272. In addition, it forces the terminal phenyl ring into near
perpendicular position, which results into better van der Waals
interactions at this orientation. As the terminal phenyl group is
at the bottom of the hydrophobic pocket, substitutions at this
ring are much less tolerated (compounds 7—12).

To further optimize the interaction with the hydrophobic
pocket that is tightly occupied by phenyl ring B, we explored
several phenyl replacements as summarized in Table 2.
Compounds containing five-membered heterocycles such as
2-furanyl 17 or 2-thienyl 18 showed comparable activity to the
corresponding phenyl analogue 6. To our delight, the
replacement of the phenyl moiety by either a cyclopentyl 19
or a cyclohexyl 20 group resulted into a greater than 10-fold
increase in potency, while it had only marginal impact on the
S1P; activity.

\ \N'o\/©:ZF3
e
.
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Table 2. Structure—Activity Relationship of the Terminal
Hydrophobic Groups

(o]
ECso (uM)*
mpd R SIP, S1P,
17 2-furanyl 0.015 3.0
18 2-thienyl 0.018 5.9
19 cyclopentyl 0.0006 1.6
20 cyclohexyl 0.0003 LS

“GTPyS binding assay (see ref 21 for detailed assay descriptions).

After successfully optimizing the hydrophobic tail to reach
subnanomolar potency, we then turned our attention to the
phenyl ring C and the hydrophilic head groups. The SAR of

select compounds is summarized in Table 3. Replacing phenyl

Table 3. Structure—Activity Relationship of the Head
Groups

H
HO N
x? | Sn-© CF;
R1 NS
Ry

7%

R4 =B: Ho.
0o
ECso (ﬂM)a
compd R, R, X=Y S1P, S1P,
21 A H N=CH 0.0026 (86) 4.3 (44)
22 A H CH=N 0.0014 (92) 2.6 (53)
23 A H S 0.0022 (104) 4.0 (79)
24 A H 0 0.017 (100) 2.5 (62)
25 A F CH=CH 0.0003 (105) 2.2 (61)
26 A Cl CH=CH 0.0006 (106) 1.9 (50)
27 A Br CH=CH 0.0004 (85) 1.1 (65)
28 A Me CH=CH 0.002 (94) 5.9 (159)
29 A Et CH=CH 0.0007 (92) 7.2 (43)
30 A cyclo-Pr CH=CH 0.0004 (98) 1.3 (63)
31 B Me CH=CH 0.0016 (80) 3.2 (127)
32 B Et CH=CH 0.0004 (91) 5.0 (55)

“GTPyS binding assay (see ref 21 for detailed assay descriptions);
values in parentheses represent the E, ., % of agonism at 10 M as
compared to S1P.

ring C by heterocyles, such as pyridines 21 and 22 or a
thiophene 23, only led to marginal decreases in S1P; activity
while maintaining good selectivity against S1P;. However, the
furanyl analogue 24 showed significant loss of activity (>20-
fold) presumably due to the smaller ring size that leads to an
increased dihedral angle between the head and the tail groups.
Because there was no clear improvement in potency or
selectivity achieved by these modifications, we next examined
the effects of substitutions on the phenyl ring. Substitutions at
the R, position with halogens (compounds 25—27) or small
alkyl groups (compounds 28—30) are very well tolerated with
comparable activity to the phenyl analogue 20. Interestingly, a
methyl group (28) or an ethyl group (29) leads to weaker
activity on S1P;. As the azetidine carboxylic acid group showed
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comparable activity to the f-alanine analogue in our survey
summarized in Figure 2, we re-evaluated this headgroup with
the optimized lipophilic moieties with compounds 31 and 32.
Both compounds showed comparable activity and selectivity.
On the basis of favorable potency, selectivity, and other
druglike properties, compound 32 was chosen for further in
vitro and in vivo testing. Compound 32 is extensively bound to
rat, dog, monkey, and human plasma proteins (>99.9%). It
shows high and passive permeability in a Caco-2 human cell
permeability assay with no transporter-mediated efflux observed
at the test concentrations of 0.5—50 M. In vitro metabolism
studies with liver microsomes indicate that the metabolic
clearance of compound 32 is low in mouse and dog
microsomes, low to moderate in monkey and human, but
high in rat. In the rat, the fraction of the dose absorbed is 58%,
which is calculated from the total amount of metabolites
detected in feces and urine. The absolute bioavailability is 50
and 71% in the rat and monkey, respectively, indicating no
major presystemic first pass metabolism. Consistent with the
low metabolic clearance in vitro, the systemic clearance (CL) is
low in both rat and monkey relative to respective hepatic blood
flow (Table 4). The terminal half-life is approximately 6 and 19

Table 4. In Vivo Pharmacokinetics in Preclinical Species

mean + SD
CL (L/h/kg) Vss (L/kg) T, () F (%)
rat 0.36 + 0.023 2.15 £ 0311 6+13 S0
monkey 0.098 £ 0.9 2.12 £ 0.12 19 £ 0.5 71

h in rat and monkey, respectively, and therefore is considerably
shorter than those of FTY720 and FTY720-phosphate.
Compound 32 is moderately distributed to tissues as compared
to total body water following intravenous administration to rat
(Vss = 2.15 + 0.31 L/kg) and monkey (Vss = 2.12 + 0.12 L/
kg). On the basis of the ratio of metabolites versus parent
compound detected in feces and urine, oxidative metabolism is
determined as the predominant mechanism of elimination for
compound 32 in rat after intravenous and oral administration.
Direct renal excretion of compound 32 is not observed in the
rat.

For SIP; agonists, the reduction of peripheral lymphocyte
count has been used as a pharmacodynamic biomarker for
efficacy in autoimmune diseases. On the basis of the favorable
PK profile, compound 32 was evaluated in an in vivo PK/PD
model in Lewis rats, where lymphocyte count is measured in
blood at different time points. At a dose of 1 mg/kg per oral,
the rapid increase in the systemic compound concentration
coincides with a marked decrease in peripheral lymphocyte
counts as illustrated in Figure 4. At the T, of 8 h
postadministration, the Iymphocyte counts were decreased by
88%. In contrast to FTY720, after 48 h, the peripheral
lymphocyte counts returned to normal levels in animals treated
with compound 32 accompanying compound elimination from
the systemic circulation, suggesting it has a shorter duration of
action than FTY720. As determined in a separate experiment,
the effective dose for achieving 50% reduction of peripheral
lymphocyte counts at the 6 h time point postdose was 0.14 mg/
kg.

In cardiac repolarization assays (hERG patch clamp),
compound 32 showed minimal inhibition of less than 10% at
25 pM. It did not exhibit genotoxic potential in the standard
battery of in vitro and in vivo tests. Its selectivity was evaluated
by screening against a large panel of receptors, ion channels,
transporters, and kinases. No appreciable activities at
concentrations below 1 uM were identified, suggesting a low
potential for off-target effects. This was also confirmed by the
absence of unexpected adverse findings in the toxicology
studies performed.

In summary, a novel chemical series was developed using
FTY720 as an initial lead structure. Compounds were
optimized for potency at S1P, selectivity against S1P;, safety,
and pharmacokinetics. This led to the discovery of the clinical
candidate 32 (BAF312, Siponimod). Treatment with com-
pound 32 in Lewis rats led to a dose-dependent reduction of
peripheral lymphocyte counts that rapidly returned to normal
levels upon compound clearance from systemic circulation.
This compound is now in late-stage clinical trials in patients
with multiple sclerosis.
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Figure 4. PK/PD relationship of compound 32 after oral administration of 1 mg/kg to Lewis rats (n = 3).
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General scheme and analytical data of compounds 2-31;
synthetic scheme, procedure, and analytical data for compound
32; and experimental procedure for PK/PD studies of 32. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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