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ABSTRACT: The discovery of PIPE-359, a brain-penetrant and selective antagonist of the muscarinic acetylcholine receptor
subtype 1 is described. Starting from a literature-reported M1 antagonist, linker replacement and structure−activity relationship
investigations of the eastern 1-(pyridinyl)piperazine led to the identification of a novel, potent, and selective antagonist with good
MDCKII-MDR1 permeability. Continued semi-iterative positional scanning facilitated improvements in the metabolic and hERG
profiles, which ultimately delivered PIPE-359. This advanced drug candidate exhibited robust efficacy in mouse myelin
oligodendrocyte glycoprotein (MOG)-induced experimental autoimmune encephalitis (EAE), a preclinical model for multiple
sclerosis.
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Multiple sclerosis (MS) is an immune-mediated disorder
characterized by destruction of the insulating myelin

that surrounds the axons of neurons in the central nervous
system (CNS).1−3 The result of demyelination is an impair-
ment of conduction along the affected nerve, which can
manifest itself in a variety of neurological symptoms from mild
to severe. A 2017 study4 estimated that nearly 1 million
individuals in the U.S. are living with MS. Fortunately, there
have been tremendous breakthroughs in pharmacotherapies for
the treatment of MS in the last few decades.5,6 A vast majority
of these drugs dampen the peripheral immune response,
resulting in the reduction of relapses and the delay of overall
progression of disabilities.7 However, a true “cure”, which
would require the repair and restoration of nerve function, is
not currently available.
Remyelination represents an attractive avenue to facilitate

repair of nerve function within the CNS in patients diagnosed
with MS.8 Remyelination involves differentiation of oligoden-
drocyte progenitor cells (OPCs) into mature oligodendro-
cytes,9 the neuroglia responsible for creating the myelin sheath.
High-throughput screening efforts have identified nonselective
antimuscarinics as myelin-regenerative compounds.10,11 Sub-
sequently benztropine (Figure 1), a CNS-penetrant anti-
muscarinic, and clemastine, an antihistamine that possesses
anticholinergic activity, have both demonstrated efficacy in
mouse myelin oligodendrocyte glycoprotein (MOG)-induced
experimental autoimmune encephalitis (MOG-EAE),10,12 a

widely used preclinical model for multiple sclerosis. As a
reduction in clinical score in EAE can be attributed to either an
immunomodulatory effect, remyelination, or some combina-
tion thereof, Chan and co-workers used M1 muscarinic
receptor (M1R) knockout mice to demonstrate that remyeli-
nation itself is sufficient.12 Additional support for the M1R as a
target for remyelination is provided by the phase II ReBUILD
trial, where clemastine fumarate showed encouraging results in
promoting visual-pathway remyelination in patients with MS as
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Figure 1. Structures of the nonselective antimuscarinics benztropine
and scopolamine and the mixed antihistamine−antimuscarinic
clemastine.
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determined by reduced visual-evoked potential (VEP) P100
latency as the primary outcome measure.13 The effect is
thought to be the result of off-target antagonism of muscarinic
receptors.12,14 Taken together, these results show that selective
M1R antagonism represents a truly differentiated approach to
the treatment of MS through remyelination. Accordingly,
details of the discovery of a CNS-penetrant M1R antagonist,
PIPE-359, are provided herein.
There are five subtypes (M1−M5) of muscarinic acetylcho-

line receptors (mAChRs), a subclass of G-protein-coupled
receptors (GPCRs), which are widely distributed to varying
degrees in the CNS and periphery that elicit a diverse range of
biological functions.15 The orthosteric binding site is highly
conserved across all five subtypes,16 and consequently, very few
selective small-molecule M1R antagonists have been identified
to date.17−20 Conversely, there are myriad nonselective
antagonists, many of which are FDA-approved medications.21

Commonly prescribed antimuscarinics include benztropine
(Cogentin) for symptoms of Parkinson’s disease, tiotropium
(Spiriva) for chronic obstructive pulmonary disease (COPD)
or asthma, and oxybutynin (Ditropan) for overactive bladder
(OAB). Despite the prevalence of pan-antimuscarinics, a
selective M1R antagonist is desirable to reduce unwanted side
effects associated with nonselective compounds.21,22 For
example, the selective M1R antagonist VU0255035 (Figure
2) demonstrated inhibition of pilocarpine-induced seizures in

mice at 10 mg/kg ip but did not result in the cognitive
impairment observed with the nonselective M1R antagonist
scopolamine in a hippocampus-dependent learning model.17 A
related molecule, VU0415248,18 served as the starting point
for our structure−activity relationship (SAR) study.
A structural breakdown of VU0415248 is shown in Figure 2.

As the target is a centrally expressed M1R, we initially focused
on replacing the sulfonamide linker with a less polar carbon-
based linker, a design element intended to facilitate brain
permeation, as topological polar surface area (tPSA) and
hydrogen-bond donor (HBD) count are known to negatively
correlate with brain exposure.23−25 Direct replacement of the
sulfonamide group of VU0415248 with a methylene unit gave
compound 1, which came with a surprising 5-fold increase in
antagonist potency on the human M1R (hM1R). Despite the
decrease in tPSA and lack of an HBD, compound 1 suffered
from considerable PgP-mediated efflux in the MDCKII-MDR1
permeability assay,26 likely due to the presence of a highly
basic eastern pyridyl ring. Lessening of the basicity by the
addition of a fluorine atom (compound 2) significantly

reduced the efflux but unfortunately came with a cost in
potency.
To identify a viable lead with appreciable potency and

minimal PgP efflux, a small library of weakly basic (calculated
pKa ≤ 7)27 analogues (3−17) were synthesized by coupling
readily available monopyridinyl cyclodiamines with 4-(quino-
lin-5-yl)butanoic acid. Human M1R IC50 values are shown in
Table 1. IC50 values ranging from 6.3 to 69 nM were observed

for compounds 5, 9, 11, 15, and 16, indicating that a strongly
basic nitrogen atom was not required for potency. Potency was
achieved with the pyridyl nitrogen either ortho (9 and 11),
meta (15), or para (5 and 16) to the piperazine substitution.
Replacing the piperazine with a 2,6-diazaspiro[3.3]heptane (12
vs 6), 2,5-diazabicyclo[2.2.1]heptane (13 vs 6), or homo-
piperazine (17 vs 9) decreased the potency. Comparisons of 1-
(5-fluoropyridin-2-yl)piperazine amide 6 with analogues that
possessed methyl substitutions on the piperazine ring (7 and
10) revealed potency losses of roughly half an order of
magnitude. However, potency increases were observed when a
methyl group was added to the fluoropyridine ring ortho to the
piperazine substitution (9 vs 6, 8 vs 7, and 11 vs 10). In fact,
“magic dimethyl” analogue 11 (IC50 = 6.3 nM) was
approximately 40-fold, 10-fold, and 200-fold more potent
than the desmethyl (6), methylpyridyl (9), and methylpipera-

Figure 2. M1R-selective antagonist VU0255035 and initial SAR
development from VU0415248.

Table 1. IC50
a and pIC50 Values for Various 4-(Quinolin-5-

yl)butanoic Amide Analogues

aIC50 values were taken as dose-dependent decreases in the EC80
acetylcholine response determined in CHO-K1 cells expressing the
hM1R.
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zyl (10) analogues, respectively. The enantiomers of
compound 11 were synthesized individually, and their
functional activities, measured across the human M1−4
receptors, are shown in Table 2. In-house data for benztropine

are included for reference. Both enantiomers 11R and 11S
were potent antagonists of the hM1R and exhibited selectivities
superior to that of benztropine. Excellent selectivities (>75-
fold) versus the hM2 and hM3 receptors were observed, and
the S isomer (11S) displayed better selectivity versus the hM4R
(ΔpEC50 = 1.3) than did the R isomer (11R) (ΔpEC50 = 0.8).
On the basis of the activity and selectivity profile of 11S, the
compound was selected for profiling in the MDCKII-MDR1
assay, which revealed good permeability (8.0 × 10−6 cm/s) and
low PgP-mediated efflux (efflux ratio = 0.5). Further
optimizations would be based on this promising early lead
(11S).
While a desirable level of hM1R potency was achieved with a

number of 4-(quinolin-5-yl)butanoic amides, selected com-
pounds 5, 9, 11, 15, and 16 all lacked metabolic stability when
incubated in rat liver microsomes (<1% parent remaining after
15 min of incubation). An initial attempt to improve the
metabolic stability involved decreasing the overall lipophilic-
ity28 of the molecule via replacement of the quinoline ring. A
series of carbon-based amide analogues were designed in which
the western bicyclic heteroarene contained a ring nitrogen
atom in a similar or adjacent position to that of the
quinoline,18 while the eastern end of the scaffold was fixed
as the (S)-1-(5-fluoro-3-methylpyridin-2-yl)-3-methylpipera-
zine of compound 11S. Results are shown in Table 3. The
less lipophilic quinazoline 18a and hydroxymethyl quinoline
18c were less potent (83 and 170 nM, respectively) than
compound 11S and failed to significantly improve the
metabolic stability versus 11S in rat liver microsome
incubations. While not less lipophilic (as calculated) than
11S, the moderately potent benzo[d]thiazole 18d displayed a
>25-fold increase in stability. Adding an additional amino
substituent to the benzo[d]thiazole (compound 18e) or
swapping the sulfur atom for an oxygen (benzo[d]oxazole
18f) did not further improve the stability.
Although benzo[d]thiazole 18d had increased metabolic

stability versus 11S in vitro, the improvement was not
significant enough to warrant further in vivo profiling.
Attention subsequently turned toward modification of the
linker. Based on 18d, a limited scan of more polar heteroatom-
containing linkers was performed. Of the four linker variants
shown in Table 4, only 19c containing a 3-sulfonylamide linker
retained appreciable potency. While introduction of the
sulfone functionality further protected the scaffold from
oxidative metabolism (vs 18d), further optimization was
necessary.
At this point in our discovery program, reoptimization of the

eastern 1-(pyridinyl)cyclodiamine end of the molecule was

carried out while fixing the western aromatic and linker as the
more stable 3-(benzo[d]thiazol-7-ylsulfonyl)propanamide. An
emphasis was placed on designing compounds with logD

Table 2. Human Muscarinic Receptor (hMnR) Functional
Potencies (pIC50) and Selectivities (ΔpIC50) for
Compounds 11R, 11S, and Benztropine

hMn pIC50 (ΔpIC50[M1 − Mn])

compd M1 M2 M3 M4

11R 8.2 6.2 (2.0) 6.3 (1.9) 7.4 (0.8)
11S 7.9 5.7 (2.2) 5.9 (2.0) 6.6 (1.3)
benztropine 8.6 7.2 (1.4) 7.7 (0.9) 8.3 (0.3)

Table 3. Positional Scan of the Western Bicyclic
Heteroarene

aCalculated for pH 7.4 using the ChemAxon logD plugin.
bPercentage of parent compound remaining after 15 min of
incubation (at 1 μM initial concentration) in rat liver microsomes
(0.5 mg/mL).

Table 4. Positional Scan of Heteroatom-Containing Linkers
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values significantly lower than that of sulfone 19c (calcd logD
= 2.7). In this vein, we initially limited the cyclodiamine core
to the less lipophilic unsubstituted piperazine. Coupling of
several 1-(pyridinyl)piperazines with 3-(benzo[d]thiazol-7-
ylsulfonyl)propanoic acid produced derivatives 20a−h shown
in Table 5. Better potencies were achieved when the pyridine

nitrogen atom was ortho to the piperazine substitution
(compounds 20e−g) versus being meta (20h) or para
(20a−d). Of particular note, nicotinonitrile 20e (IC50 = 5.8
nM) exhibited potency on par with the most potent compound
(11R, IC50 = 6.3 nM) in the carbon-based series. Additionally,
20e was found to be considerably more stable in rat liver
microsome incubations (59% parent remaining at 15 min)
compared with the initial sulfone lead 19c (9.6% remaining at
15 min). For this reason, 20e was selected for further profiling
in vivo. At 2 h after oral dose (10 mg/kg), the average
unbound plasma and brain concentrations in rats (n = 2) of
20e were 13 and 2.2 nM, respectively (Table 6). The presence
of free 20e in the rat CNS after oral administration at a
concentration approaching its in vitro functional potency

prompted us to assess M1R engagement in vivo. Unfortunately,
a preliminary receptor occupancy experiment29 performed in
mice gave underwhelming results, as a 30 mg/kg po dose
achieved only ∼50% receptor occupancy at 2 h, suggesting that
the compound would be unsuitable for evaluation in the EAE
model. In addition, further characterization of 20e revealed a
potential hERG liability (69% inhibition at 3 μM).
The next set of optimizations involved fixing the niconitrile

and western 3-(benzo[d]thiazol-7-ylsulfonyl)propanamide sec-
tions of 20e and performing a scan of the piperazine core
(Table 7). The goal was to achieve improvements in PK and/

or M1R potency, either of which should translate into increased
M1R occupancy in vivo. To improve brain permeation via the
reduction of polar surface area, tetrahydropyridine 21a and
piperidine 21b were prepared. Unfortunately, both 21a (80
nM) and 21b (19 nM) had decreased potencies compared
with 20e (5.8 nM). Methylation of the piperazine ring was
preferred closer to the cyanopyridine (21d vs 21c), and
potency was maintained with an additional methyl substitution
on the piperazine ring (21g), but only when it was placed
adjacent to the anilinic nitrogen (21g vs 21f). When two
methyl groups were placed adjacent to the amide nitrogen

Table 5. Positional Scan of the Eastern Pyridyl

Table 6. Rat NeuroPK and hERG Inhibition Data for
Compound 20e

compd
Cp

(nM) f u,p
Cp,u
(nM)

Cb,u
(nM) Kp,uu

hERG @
3 μM

20e 89 0.15 13 2.2 0.17 69%

Table 7. Positional Scan of the Central Azacycle
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atom of the piperazine (compounds 21e and 21h), the potency
dropped significantly. Also included in the scan were bridged
bicyclic variants 21i−l, all of which exhibited reasonable hM1R
antagonism. Comparison of symmetrical azatropanes 21i (IC50
= 1.8 nM) and 21j (IC50 = 8.7 nM) revealed a preference for
the bridge to be proximal to the cyanopyridine, similar to the
SAR observed with dimethylated analogues 21g and 21h.
Gratifyingly, readouts for potent azatropane 21i in both rat
microsomal stability (67% remaining at 15 min) and hERG
inhibition (36% inhibition at 3 μM) revealed improvements
versus 20e.
Further profiling of compound 21i, designated as PIPE-359,

was carried out, and the results are shown in Table 8.
Radioligand binding affinity (Ki) measurements with [3H]-N-
methyl scopolamine revealed exceptionally high affinity for the
hM1R (Ki = 0.14 nM). Furthermore, PIPE-359 exhibited good-
to-excellent selectivities versus the hM2R, hM3R, and hM4R in
both functional and binding30 settings. PIPE-359 had
moderate intrinsic clearance when incubated with both rat

and mouse liver microsomes (extraction ratios of 0.42 and
0.47, respectively). In rat PK (2/10 mg/kg iv/po), a total
clearance of 56 mL min−1 kg−1 was observed, along with an
oral bioavailability of 4.5%. More importantly, an unbound
brain concentration (Cb,u) of 3.4 nM was reached 2 h after 10
mg/kg oral administration of PIPE-359, a concentration
several fold over the measured hM1R Ki.
To assess the candidacy and dosing regimen of PIPE-359 in

the MOG-EAE model, mouse M1R occupancy studies were
performed (Figure 3). In an initial experiment, PIPE-359 was

dosed orally at 0.1, 1.0, 10, and 30 mg/kg (n = 3/group). At 2
h, a dose-dependent increase in M1R occupancy was observed,
with full occupancy achieved at 30 mg/kg (Figure 3a). A
follow-up time-course M1R occupancy study with a 30 mg/kg
po dose of PIPE-359 revealed that full receptor occupancy was
maintained for up to 8 h (Figure 3b) with a drop to 40%
occupancy at 24 h. Bioanalysis of the 8 h plasma and forebrain
concentrations of PIPE-359 revealed an average unbound
plasma concentration (Cp,u) of 117 nM and an average Cb,u of
4.9 nM (8 h Kp,uu = 0.04), the latter being well above the
functional potency (IC50 = 1.8 nM) and binding affinity (Ki =
0.14 nM) of PIPE-359. While the 24 h brain concentrations of
PIPE-359 were below the limit of quantification, extrapolation
from the average unbound plasma concentration (Cp,u at 24 h
= 2.9 nM) using a Kp,uu value of 0.04 yields a Cb,u at 24 h of
0.12 nM, a value consistent with the 40% occupancy observed.
On the basis of these results, PIPE-359 was evaluated in the
mouse MOG-EAE model by dosing orally qd at 30 mg/kg. As

Table 8. Profile of PIPE-359 (21i)

Human mAChR Activity

IC50 (pIC50) ΔpIC50[M1 − Mn]
M1: 1.8 nM (8.8)
M2: 200 nM (6.7) 2.1
M3: 55 nM (7.3) 1.5
M4: 22 nM (7.7) 1.1

Ki (pKi) ΔpKi[M1 − Mn]
M1: 0.14 nM (9.8)
M2: 19 nM (7.7) 2.1
M3: 0.84 nM (9.1) 0.7
M4: 6.5 nM (8.2) 1.6

In Vitro ADMET

microsomal stability
Clint (μL/min/mg): 42 (human), 23 (rat), 21 (mouse)
predicted extraction ratio: 0.72 (h), 0.42 (r), 0.47 (m)

tissue binding
PPB f u: 0.20 (r), 0.18 (m)
BTB f u: 0.13 (m)

MDCK-MDR1 permeability
Papp (A-B): 7.7 × 10−6 cm/s
efflux ratio: 3.9

hERG inhibition (patch clamp)
IC50: 5.6 μM

CYP inhibition
IC50: > 10 μM (2C9, 2D6, 3A4)

Rat PK

iv/po 2/10 mg/kg
Cl/Clu: 56/273 mL min−1 kg−1

t1/2 (iv): 0.9 h
AUC/AUCu: 100/21 h ng/mL
F: 4.5%

NeuroPK 10 mg/kg po 2 h after dose
Cb/Cb,u: 26/3.4 nM
Cp/Cp,u: 80/16 nM
Kp/Kp,uu: 0.33/0.21

Figure 3. Mouse receptor occupancy and MOG-EAE experiments
with PIPE-359 (21i). (A) Dose−response receptor occupancy 2 h
after po dose. [3H]-Pirenzepine (300 nM) was added ex vivo as a
radiotracer. Occupancy was measured as % response of hM1R-
selective antagonist muscarinic toxin 7 (MT7)31 added ex vivo (300
nM). (B) Receptor occupancy time course of PIPE-359 at 30 mg/kg
po. (C) Prophylactic treatment (qd 30 mg/kg po) with PIPE-359 in
MOG-EAE performed in C57BL/6 mice (n = 10−15/group). EAE
induction was performed on day 0 followed by once daily
administration (qd) of PIPE-359 at 30 mg/kg po or vehicle for 21
days. Clinical scores were recorded daily, and changes were observed
starting on day 6 and continued through day 22. ****, p < 0.0001
based on Sidak’s multiple comparison tests respective to vehicle
controls.
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shown in Figure 3c, separation of clinical scores between drug-
and vehicle-treated animals emerged on day 11, increased
through to the peak of disease (day 17), and persisted
throughout the chronic phase of the study. To our knowledge,
this is the first demonstration of efficacy in EAE with a
selective M1R antagonist.
In summary, PIPE-359 (21i), a brain-penetrant and selective

hM1R antagonist with remarkable efficacy in mouse MOG-
EAE was discovered. A first round of optimization from a
known weakly active hM1R-selective antagonist delivered a
permeable, potent, and selective molecule (compound 11S).
Subsequent rounds of positional scanning improved the
pharmacokinetics and hERG liabilities, ultimately delivering
PIPE-359. The demonstration of efficacy with PIPE-359 in
EAE provides a path forward for the use of selective hM1R
antagonists as treatments for MS patients. Continued
optimizations, which involve improving target selectivity and
brain permeation, are ongoing and will be reported in due
course.
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