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Abstract: Nervous system disorders affect millions of people around the world, through a very broad range of
diseases. Here we describe our contribution to find a treatment for patients suffering from three of those diseases.
The first one, autism spectrum disorder (ASD), affects approximately one in every 59 children in US. The second
one, spinal muscular atrophy (SMA) is a rare disease affecting 1 in 10000 live births worldwide, often leading
to death if untreated. The third one, Alzheimer’s disease (AD) is a very well known devastating disease with an
estimated 50 million people living with AD and other dementia, a number expected to triple by 2050. Our strategy
to address those diseases was directed towards the discovery of a selective vasopressin 1a (V1a) antagonist for
ASD, a splicing modifier of the survival of motor neuron 2 (SMN2) for SMA, and finally a y-secretase modulator
(GSM) for AD. In the frame of our GSM project, we also reported the discovery of a bridge piperidine moiety as

a bioisostere for a phenyl moiety with an improved drug-like profile.
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1. Introduction

Nervous system disorders affects millions of people around
the world, through a very broad range of diseases. Not surpris-
ingly then, almost everyone knows someone affected by a neuro-
logical condition, which can have a profound impact on his or her
day-to-day life. Those diseases cover an extremely broad range of
incidence and prevalence as well as of patient ages, from newborn
to elderly. Highlighting this diversity, we describe our contribu-
tion to find a treatment for well-known diseases such as autism
spectrum disorder (ASD), Alzheimer’s disease (AD) as well as a
rare disease, spinal muscular atrophy (SMA) affecting newborns,
children and adults.

We considered the use of a selective vasopressin la (V1a) an-
tagonist for the potential treatment of ASD, which led to the dis-
covery of two molecules, RO5028442 (1)['l and balovaptan (2)21,
evaluated in clinic (Fig. 1). While compound 1 demonstrated a
proof of concept in a phase 1 clinical trial, compound 2 progressed
to phase 3 clinical trials. For the treatment of SMA, we focused on
the identification of selective survival of motor neuron 2 (SMN2)
gene splicing modifiers, which also led to two molecules evaluated
in the clinic, RG7800 (3)[3! and risdiplam (4)! (Fig. 1), compound
4 ultimately being approved by the FDA in August 2020 and EMA
in March 2021. Finally, our approach to tackle Alzheimer’s disease
relied on the discovery of y-secretase modulators (GSM) leading to
the discovery of RO7185876 (5)1! (Fig. 1) selected for entry into
human enabling studies (GLP toxicology).
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Fig. 1. Chemical structures of the V1a antagonists 1 and 2; the SMN2
splicing modifiers 3 and 4, and of the GSM compound 5.

In the frame of the GSM project, leading to the discovery of
5, we discovered that the bridge piperidine moiety was a suitable
replacement of a phenyl moiety (Fig. 2), leading to a superior
profile in terms of drug-like properties (solubility and lipophilic-
ity). Additionally, a systematic match pair comparison between
this bridge piperidine moiety with a phenyl and the recently re-
ported saturated bioisosteres such as bicyclo[1,1,1]pentane (BCP)
or bicyclo[2,2,2]octane (BCO) demonstrates its overall favorable

profile. (6]
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Fig. 2. Bridge piperidine moiety as a superior phenyl moiety replace-
ment.

In this article we report the research work done on the iden-
tification of the first brain penetrant V1a antagonists, then the
discovery of risdiplam, an approved drug for the treatment of spi-
nal muscular atrophy, and finally the identification of y-secretase
modulators for the potential treatment of AD.

2. Vasopressin 1a Antagonists

Arginine vasopressin (AVP) is an evolutionary highly con-
served 9-amino acid peptide activating G protein coupled receptor
(GPCR). Three vasopressin GPCRs are reported, Vla, V1b and
V2. While V2 receptor is mainly expressed in the kidney playing
a key role in water retention,[”:81 both V1a and V1b receptors are
expressed in the rat brain limbic area, with V1a demonstrating a
similar expression in human!®! and monkey!!0! brain regions with
additional cortical expression. The observations that V1a recep-
tor has been implicated in the social behavior of voles,[!!l and the
Vla gene associated with ASD,[!2-17] supported our hypothesis
that a small molecule V1a antagonist could offer a treatment op-
tion for patients suffering from ASD. Such a molecule should be
brain penetrant and demonstrate a selectivity versus V2, but also
versus the closely related oxytocin receptor!!8! to avoid peripheral
side-effect and detrimental interaction with the pro-social effects
of oxytocin.[!9]

At the start of our project, most of the reported V1a antago-
nists described were targeting peripheral indications. Therefore,

to identify novel chemical matter suitable for optimization to-
wards achieving a high selectivity and brain penetration, we de-
cided to perform a high throughput screening (HTS). This cam-
paign was performed using a FLIPR functional assay, followed
for the confirmed hits by binding affinity determination on both
human Vla and V1b receptors with a scintillation proximity as-
say (SPA). Among the hits identified, compound 6 with binding
affinities of 2830 nM for the hV 1a receptor (Fig. 3) attracted our
attention due to its very high chemical tractability amenable to
parallel synthesis.
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Fig. 3. Chemical optimization from HTS hit 6 to our first V1a molecule
evaluated in human 1.

The strategy to optimize the in vitro potency relies on a two-
pronged approach, a chemogenomic-based method and an effi-
cient chemical library generation. Chemogenomics is a powerful
complementary approach to the HTS. It is based on the concept
that proteins with a similar binding site should bind similar small
molecules, allowing virtual screening and identification of mole-
cules that were not part of the initial screening deck. We identified
the nearest 10 GPCR neighbors of the hV1a receptor, and among
them, small molecule ligands were mostly known (in-house and
in the literature) for the neurokinin 1 (NK1) receptor. We selected
a small diverse set of NK1 antagonists (31 compounds) and tested
them for hV1a affinity. Gratifyingly, compound 7 displayed a very
high affinity of 81 nM on hVla. This compound contained an
isomeric spiro-piperidine moiety in place of the 4-benzyl-4-hy-
droxypiperidine moiety contained in HTS hit 6. While performing
those activities, we explored the use of alternative fused biaryl
systems as a replacement of the naphthalene moiety contained in
compound 6. This led to the discovery of compound 8, containing
an N-benzyl-3-indole fragment, displaying a 10-fold improved
potency as compared to HTS hit 6. The next step to combine those
two fragments was straightforward, resulting in a synergistic ef-
fect on the hV1a potency (Ki: 2 nM) for the corresponding com-
pound 9, one thousand fold more potent than the hit.

Not surprisingly, compound 9 was associated with a poor
aqueous solubility (<1 pg/mL at pH 6.5) and a very high lipo-
philicity (LogD not measurable). We hypothesized that both the
benzyl and the methyl fragments present on the indole were not
critical for potency. This led to the preparation of compound 10.
Even though the absolute in vitro potency was reduced compared
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to compound 9, the ligand efficiency (LE) and the lipophilic li-
gand efficiency (LLE) was improved, those two parameters being
excellent indicators for lead optimization.[291 The full potency was
restored upon introduction of a chlorine atom (compound 11) with
an hVla potency of 4 nM, maintaining a favorable LLE, and a
better (but not satisfactory) solubility and lipophilicity as com-
pared to compound 9. Several polar side chains were then evalu-
ated, attached to the nitrogen atom of the indole. Looking at the
overall properties impact of those fragments in terms of potency,
solubility, and hP-gp transport, the N,N-dimethylaminoethyl side
chain appears to be the optimal one leading to the discovery of
compound 1, suitable for proof-of-mechanism (PoM) clinical
studies in people with autism.[2!1 While a full development of this
compound 1 was precluded due to some suboptimal clearance in
animals (preventing sufficient exposures to be reached to establish
a robust safety margin), a PoM study in men with autism spec-
trum disorder demonstrated improvements in some exploratory
biomarkers.[?2!

As further optimization of the compound 1 was not feasi-
ble, we explored the replacement of the indole moiety. A scaf-
fold hopping strategy with the triazolobenzadiazepine moiety
from compound 12 (PF-184563)[231 appeared attractive (Fig. 4),
despite that 12 was a P-gp substrate limiting brain penetration.
Both compounds 1 and 12, shared similar overlapping features, a
chlorophenyl moiety and a good H-bond acceptor as a carbonyl
moiety for 1 and an N-atom of the triazole moiety for 12. The
resulting hybrid compound 13 displayed a good potency for the
hV1a receptor. From there, an optimization and a fine tuning of
the properties to deliver a compound with good oral bioavailabil-
ity and CNS penetration (absence of P-gp), while achieving a very
high selectivity led to the discovery of 2 (balovaptan).l? This com-
pound ultimately reached phase 3 clinical trials for the potential
treatment of ASD.[24]

12
(PF-184536)

Fig. 4. Chemical optimization from compound 1 to compound 2.

3. Survival Motor Neuron 2 Splicing Modifier

Untreated, spinal muscular atrophy (SMA) is the most com-
mon genetic cause of death in infants and toddlers with an inci-
dence of roughly 1 in 6,000 to 1 in 11000 live births.[25-271 There
are three common types of SMA, displaying various degrees of se-
verity, from type 1 (most severe form leading to death if untreated)
to type 3.1281 This autosomal recessive disease is caused by muta-
tions or deletion of the survival of motor neuron 1 (SMNI) gene
which leads to loss of spinal motor neurons and skeletal muscle
atrophy. The survival motor neuron (SMN) protein, product of the
SMN1 gene, is crucial for normal development in all species.[29-31]

However, most humans possess a highly homologous gene
named SMNZ2. In its coding region, this gene has a single mutation
in comparison to SMNI, responsible for the exclusion of exon 7

from the majority of the mRNA. This in turn produces a truncat-
ed SMN protein that is rapidly degraded. This SMA-underlying
genetic characteristic has enabled our approach to treat SMA.
Together with our development partners, our strategy was the
identification of orally bioavailable small molecules that would
shift the outcome of the alternative splicing to include SMN2 exon
7 to ultimately increase functional SMN protein expression.

Furthermore, this approach has opened up new doors for
medicinal chemistry.32l While for a long time, small molecule
therapeutics were considered only for interaction with proteins, it
has become apparent that their target space could expand into the
realm of RNAs.331 This is supported by the development of new
numerous biophysical and screening methods on an industrial
scale. This concept of RNA targeting with small molecules was
validated with the approval of compound 4, (risdiplam), by the
FDA in August 2020 and EMA in March 2021 as the first small
molecule splicing modifier drug, as a transformative medicine for
SMA.

The program started with a high throughput screening (HTS)
aiming at the identification of small molecules increasing the in-
clusion of exon 7 during SMN2 pre-mRNA splicing.[3* From one
of the hits, compound 14 (Fig. 5), potency optimization led to the
discovery of similar derivatives with three different cores.5 Key
requirements were the introduction of a basic N-atom for the R1
fragment, and an H-bond acceptor for the R2 fragment. It then
became clear that the most promising core to deliver a medicine
was the pyrido-pyrimidinone core 3, as exemplified®! by com-
pound 15. Any potential development of a compound with a cen-
tral core as 1 or 2 (coumarin or iso-coumarin) was hampered by
a mutagenic potential, in-vitro phototoxicity liability in addition
to a poor in-vitro human plasma and chemical stability. Finally,
balancing in vitro potency and P-gp led us to the selection of com-
pound 3, as the first small molecule SMN2 splicing modifier tested
in humans.B! To expedite the discovery of 3 and its optimization
versus P-gp, we used lipophilicity (LogD) as a simple surrogate,
a good correlation being observed between the measured P-gp
efflux ratio and the in silico lipophilicity.
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Fig 5. Discovery of compound 3, RG7800.

However, the clinical development of the compound 3 was
halted as a precautionary measure due to a retinal finding ob-
served in the long-term chronic preclinical toxicity study only at
exposures in excess of those investigated in patients. We therefore
looked for a superior molecule. We postulated that the high aro-
maticity and electronic conjugation of the fused bicyclic central
cores were at least partly responsible for the liabilities associated
with the cores 1 and 2 described herein above. The impact of
aromatic count on compound developability has been the subject
of numerous papers, with a higher number correlating with an
increased risk of attrition.[3¢] To reduce the number of C-sp? atoms
from the cores 1-3, we decided to keep only one aromatic ring
in the core and use a linker/spacer moiety (blue circle in Fig. 6,
acyclic or saturated cyclic) to adequately position either the R2
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or the R1 moiety.’7? Among the multiple options tried, the ben-
zamide moiety displayed a first hint of potency in a micromolar
range; validating the concept. The introduction of a fluorine atom
on the phenyl ring to lock the putative planar active conformation
through an intramolecular H-bond, led to compound 17 with a
nearly ten-fold potency improvement. Further manipulation of the
basic amine residue brings in vitro potency in a range suitable for
compound 18 to display in vivo efficacy in two SMA mice models
(neonatal A7 and adult C/C allele mice). At this stage, we focused
our attention on the identification of benzamide derivatives bear-
ing an R2 group, from which the corresponding amino-R2 which
could be generated from a hydrolysis of the amid bond, would be
devoid of any potential mutagenicity. This ultimately led us to the
optimal compound 19 in that series.
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Fig 6. Discovery of a novel benzamide series.

Initially the benzamide series held some promises. However,
its in vitrolin vivo efficacy remained lower than that achieved with
compounds originating from the pyrido-pyrimidinone series such
as our first candidate compound 3. We therefore kept this core and
evaluated novel R2 residues to improve the SMN2 potency, as a
way to increase potentially therapeutic window versus non-target
related side effects (Fig. 7). The use of an imidazo-pyridazine
moiety led to compounds of the type 20 with a markedly enhanced
potency.[*] From there it remained to select the best amino moiety
R1 to achieved the lowest basicity possible while maintaining the
high potency, but also preventing the formation of a peripherally
restricted active metabolite. The selected R1 moiety should also
lead to a final compound with a good brain penetration and ad-
vantageous tissue distribution, for this the lipophilicity was also
a key parameter. The number of R1 fragments that could be po-
tentially introduced being extremely large, we made use of ma-
chine learning prediction. A virtual library of final compounds
with commercially available amines was made, and filtered based
on calculated LogD (range 1.5-3.0), pKa (6.5-8.5) and MW (<
500 g/mol). This ultimately led to the discovery of compound 2,
known as risdiplam, exhibiting an excellent tissue distribution, 38
and human pharmacokinetics and pharmacodynamics.!!

We pushed a number of scientific boundaries in the frame
of this program. From RNA selectivity assessment and optimi-
zation,*0] to in vivo efficacy evaluation,*!42] including diligent
work on the elucidation of the mode of actions.!*344] Those ef-
forts ultimately culminated with the approval of compound 2,
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Fig. 7. Discovery of compound 2, risdiplam.

risdiplam, by the FDA in August 2020, as the first transformative
oral treatment for spinal muscular atrophy.

4. y-Secretase Modulators

Since 1990, there has been a dramatic increase in the number
of people living with Alzheimer’s disease (AD) and other forms
of dementia, with a current estimate of around 50 million people
affected, mainly due to ageing and population growth.[*5] By
2050, this number is expected to triple and could be well over
150 million.[*¢] The unmet need is huge as currently there is
no approved disease modifying therapy. AD comprises a con-
tinuum of progressive neurodegenerative pathologies associated
with cognitive, functional and behavioral deficits. Early stage
of AD are characterized by the accumulation of AP plaques and
tau pathologies. These microscopic changes lead to synaptic
dysfunction and the subsequent loss of synapses and neuronal
death. The disease progression is marked by the accumulation
of AP in the cortex (excess production or reduced clearance) and
the aggregation of pathological tau protein to form neurofibril-
lary tangles, with amyloid deposits appearing first.[4748] These
pathologies signal the progression from preclinical AD to AD
dementia. The typical AD disease course may take 25 years from
pre-symptomatic stages to symptom onset.[49]

Preventing the formation of amyloid plaques appears to be an
appealing therapeutic approach. Modulating y-secretase repre-
sents a very attractive approach to reduce neurotoxic AB42, the
main constituent of amyloid plaques, by shifting the cleavage to
form smaller, more soluble AP peptides. These shorter AP pep-
tides do not lead to the formation of toxic aggregates, while po-
tentially even inhibiting the aggregation of the AB42 in-vitro.150
These aspects explain why a number of GSMs, including our
own contribution, were reported.[>!]

We have reported the discovery of compounds of the type
21 (Fig. 8) a decade ago,52! and shortly afterwards, the advanta-
geous replacement of the phenyl linker by a saturated bridge pi-
peridine leading to derivatives of the type 22.1531 The molecules
22 being associated with in vitro phototoxicity, further reduction
of the aromaticity was required. A first approach was the replace-
ment of the peripheral phenyl moiety by alkoxy fragments lead-
ing to derivatives 23.154 While this modification suppressed this
flag, none of the derivatives from this class was suitable for fur-
ther advancement, mostly hampered by a suboptimal potency.5!
We next turned our attention on the central core, the triazolo-
pyridine. Multiple saturated systems, with ring sizes ranging
from five to seven atoms and with either an N or C-atom in ben-
zylic position were evaluated providing compounds 24. Among
them, the triazoloazepine core as for compounds 25 (Fig. 8) gave
the highest in vitro potency. The ring size effect was rationalized
based on 3D modeling activities, displaying a profound effect on
the phenyl moiety position. In the case of the seven ring system
(with a C-atom in benzylic position), the phenyl remained close-
ly positioned as compared to its initial position. A fine-tuning
of the phenyl substitution pattern indicated a trifluoro-phenyl as
the optimal substituent (compounds 25). Finally, the selection of
the head group (HG) moiety was made to balance a number of
properties as the potency, solubility, clearance and P-gp, culmi-
nating in the discovery of our clinical candidate molecule 5.5

As depicted in Fig. 8, optimization from compound 21 to 22
was the result of a phenyl spacer replacement by an advantageous
bridge piperidine (BP) moiety. We therefore aimed at establishing
a broad and full comparison between the phenyl and BP frag-
ments, but also with the bicyclo[1.1.1]pentane (BCP) and bicy-
clo[2.2.2.]octane (BCO) which are nowadays seen as standard
saturated phenyl bioisosteres (Fig. 9, panel A). For this purpose,
we incorporated these four spacers in three different GSM series
(Fig. 9, panel B), and evaluated beside the in vitro potency, key
physicochemical properties like solubility and lipophilicity.
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Fig. 9. Panel A: Phenyl bioisosteres. Panel B: Three series considered to
enable a comparison

Across these different series, the bridge piperidine (BP) per-
formed the best in terms of in vitro potency. Very interestingly, this
BP fragment was also the best in terms of solubility and lipophi-
licity compared to the phenyl, BCP and BCO moieties.[®! Those
data demonstrated that the BP fragment would find its space in the
arsenal of medicinal chemists in the quest of drug-like properties
improvement, replacing advantageously phenyl moieties when
not involved in any productive n-nt interactions.

5. Conclusion

Medicinal chemistry plays a central role in drug discovery.
In this article, we described our contribution to the discovery of
several very promising molecules to address severe unmet medi-
cal needs. Among them, risdiplam, was recently approved (as
Evrysdi) by both the FDA and the EMA for the treatment of pa-
tient for the treatment of spinal muscular atrophy in adults and
children 2 months of age and older.
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