ARTICLE

Discovery of Nonracemic Amisulpride to
Maximize Benefit/Risk of 5-HT7 and D2
Receptor Antagonism for the Treatment of
Mood Disorders

Seth C. Hopkinsl, Scott Wilkinson!, Taryn J. Corriveau!, Hiroyuki N ishikawa?, Keiko Nakamichi’,
Antony Loebel' and Kenneth S. Koblan"*

In contrast to the dose-occupancy relationship in the treatment of schizophrenia, the minimal effective level of
dopamine receptor 2 (D2R) blockade for antipsychotics in the treatment of bipolar depression is unknown. Lower
doses aimed at reducing extrapyramidal side effects must be balanced against the need to retain the therapeutic
benefit of D2R blockade on emergent cycling, mixed, manic, anxiety, and/or psychotic symptoms. Dose-reductions
intended to lower D2R blockade, however, could also decrease concomitant serotonin receptor antagonism

and its potential benefit on depressive symptoms. Here, we uncoupled the potential antidepressant activity in
amisulpride, driven by 5-HT7 receptor (5-HT7R) antagonism, from the D2R-mediated antipsychotic activity by
discovering that each enantiomer favors a different receptor. Aramisulpride was more potent at 5-HT7R relative to
esamisulpride (Ki 47 vs. 1,900 nM, respectively), whereas esamisulpride was more potent at D2R (4.0 vs. 140 nM).
We hypothesized that a nonracemic ratio might achieve greater 5-HT7R-mediated antidepressant effects at a
lower level of D2R blockade. The dose-occupancy relationship of esamisulpride at D2R was determined by positron
emission tomography (PET) imaging in human volunteers. Separately the dose-relationship of aramisulpride was
established in humans using suppression of rapid eye movement (REM) sleep as a marker of 5-HT7R antagonism.
These results led to the discovery of an 85:15 ratio of aramisulpride to esamisulpride (SEP-4199) that maximizes
the potential for antidepressant benefit of aramisulpride via 5-HT7R and reduces esamisulpride to minimize D2R-
related extrapyramidal side effects while still retaining D2R-mediated effects predicted to provide benefit in bipolar
depression. The antidepressant efficacy of SEP-4199 was recently confirmed in a proof-of-concept trial for the
treatment of bipolar depression (NCT03543410).

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC:?

and esamisulpride (yielding D2 receptor occupancy < 50% at
therapeutic doses). We present preclinical data demonstrating

M The nonracemic form of amisulpride (SEP-4199) was a
novel discovery whose development is reported here.

WHAT QUESTION DID THIS STUDY ADDRESS?

M Is it possible to leverage the stercoselective binding affini-
ties of the 2 enantiomers of amisulpride to enhance its 5-HT7
receptor-mediated antidepressant effects while retaining some
D2 receptor antipsychotic benefits, but at a reduced level with
improved safety and tolerability.

WHAT DOES THIS STUDY ADD TO OUR KNOW-
LEDGE?

M We report the discovery of SEP-4199, a nonracemic 85:15
ratio of aramisulpride (potently targeting the S-HT7 receptor)

that aramisulpride has antidepressant-like activity and is associ-
ated with significant rapid eye movement (REM) suppression.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY ORTRANSLATIONAL SCIENCE?

[ SEP-4199 appears to represent a new class of antidepressant,
amixed D2/5-HT7 receptor antagonist with potential efficacy
for the treatment of bipolar disorder and depression with mixed
mood/psychotic states.

1Sunovion Pharmaceuticals Inc, Marlborough, Massachusetts, USA; 2Drug Research Division, Sumitomo Dainippon Pharma Co., Ltd., Osaka, Japan.

*Correspondence: Kenneth S. Koblan (Kenneth.koblan@sunovion.com)

Received January 14, 2021; accepted March 10, 2021. doi:10.1002/cpt.2282

808 CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 110 NUMBER 3 | September 2021


mailto:﻿
mailto:Kenneth.koblan@sunovion.com

ARTICLE

The dose-occupancy relationship of antipsychotics in the treat-
ment of schizophrenia suggests that relatively high D2 receptor
(D2R) occupancies 65% to 90% are required for clinical efficacy.’
However, also arising from increasing D2R blockade? are the dose-
limiting extrapyramidal symptoms (EPS) of parkinsonism, dysto-
nia, akathisia, and tardive dyskinesia. The balance of benefit/risk
in the treatment of schizophrenia is shifted for the use of antipsy-
chotics in mood disorders because the targeted level of D2R block-
ade for efficacy is unclear vs. an increased risk of EPS.>* Currently,
all antipsychotics approved for the treatment of bipolar disorder
were initially approved for the treatment of schizophrenia. As a
result, antipsychotics used in the treatment of bipolar disorder are
approved over a wide dose-occupancy range that overlaps with the
range used to treat schizophrenia. Systematic trials have not de-
termined the minimal level of D2R blockade required for clinical
benefit in bipolar disorder or to what extent varying levels of D2R
occupancy are required during the different poles of the disorder,
ifatall.

The pharmacological activity of serotonin receptor antagonism
improves the balance of benefit/risk for D2R blockade amonganti-
psychotics. For examplc, serotonin 5S-HT2A receptor (S—HTZAR)

antagonism reduces the risk of EPS>¢

and contributes antipsy-
chotic benefits.”® Atypical antipsychotics as a class have increased
affinities for S-HT2AR and produce relatively high occupancies at
clinical doses.”!"!

Antidepressant benefit among antipsychotics has been hy-
pothesized to arise from serotonin 5-HT7 receptor (SHT7R)
:mtagonism,12 as it is present among several antipszchotics used
successfully in the treatment of bipolar disorder.'*™! Compounds
with selective S-HT7R antagonist activity have been shown to
reduce rapid eye movement (REM) sleep and/or increase latency
to onset of REM sleep; and to have antidepressant-like effects in
mouse models.”>>* The S-HT7Rs are highly distributed in the su-
prachiasmatic nucleus, hippocampus, cortex, thalamus, and raphe
nuclei, and are involved in central regulation of mood, cognition,
pain, sleep, and circadian rhythms.24_27 Among antipsychotics
having 5-HT7R antagonism, their relative potencies between D2R
and 5-HT7R imply that any dose-adjustments aimed at optimizing
D2R benefit/risk (c.g., dose decreases to reduce EPS) will conflict
with dose-adjustments taken to optimize 5-HT7R-mediated bene-
fit/risk (e.g., dose increases to treat depression symptoms).

Amisulpride is a D2R/D3R antagonist with 5-HT7R activity.12
At high doses (400-800 mg) amisulpride has demonstrated effi-
cacy in treating acute psychosis.zs_w At intermediate doses, amisul-
pride is effective in treating predominant negative symptoms,3I_33
whereas at a low dose (50 mg) it is used for the treatment of de-
prcssion.y"35 In multiple-treatments meta-analyses of schizophre-
nia, amisulpride ranked second after clozapine among all first and
second generation antipsychotics in terms of efficacy, and lowest
in all-cause discontinuations.’®>’ Amisulpride has remarkable tol-

3839 even at doses that result

erability in healthy volunteer studies
in high D2R blockade. The dose-occupancy relationship of ami-
sulpride has demonstrated high 60% to 90% D2R occupancies
for the 400-800 mg dose rangt:/'o_44 and well-below 50% at the
50 mg dose. The efficacy demonstrated for amisulpride at 100-

300 mg/d in the treatment of predominant negative symptoms of

schizophrenia is possibly attributable to a reduction in depressive
p p y p

symptoms.45 It is unclear whether the efficacy of lower doses in

depressive symptoms is driven by enhanced do4paminergic tone at
presynaptic D2/D3Rs in the prefrontal cortex, 6 or byits 5-HT7R
2

antagonism, ~ or a combination of both.

Amisulpride is a chiral compound, comprisinga racemic (50:50)
mixture of R- and S-enantiomers, whose receptor binding profile
is characterized by potent antagonist activity at D2R, D3R, and
S-HT7R'*Y and is relatively selective over the weaker affinities to

other reccgtors, such as 5-HT2B, and adrenergic a,, and QL re-
12

24
ceptors. 7 In amisulpride, D2R/D3R affinity predominates over
5-HT7R receptor affinity in a ratio of ~ 3: 1.1

The pharmacology of amisulpride is enantiomer—specific48’49

with antagonist activity at 5-HT7R residing in the R-enantiomer
(aramisulpride), and antagonist activity at the D2R residing in
the S-enantiomer (esamisulpride). This discovery enabled the
development of SEP-4199, a nonracemic ratio of aramisulpride
and esamisulpride developed to enhance the potential benefit of
5-HT7R-mediated antidepressant activity and minimize the risk of
D2R blockade-related EPS while still retaining D2R-mediated ben-
efit in bipolar depression. We describe a series of preclinical and clin-
ical studies that led to the discovery of a nonracemic ratio of the two
enantiomers comprising SEP-4199, a novel compound with hypoth-
esized to have enhanced antidepressant efficacy for the treatment of
bipolar disorder and depression with mixed mood/psychotic states.

MATERIALS AND METHODS

Drugs

Single enantiomers of amisulpride were synthesized from 4-Amino
-5-(ethylsulfonyl)-2-methoxybenzoic acid and the single R- and S-
enantiomers of (RS)-(1-ethylpyrrolidin-2-yl) methanamine to form
esamisulpride as  (S)-(-)-4-amino-N-[(I-ethylpyrrolidin-2-yl)methyl]-
5-(ethylsulfonyl)-2-methoxybenzamide and to form aramisulpride as
(R)-(+)-4-amino-N-[(1-ethylpyrrolidin-2-yl)methyl]-5-(ethylsulfonyl)-
2-methoxybenzamide. Alternatively, single enantiomers of amisulpride
were prepared by separation of racemic amisulpride using simulated mov-
ing bed chromatography. The products obtained from both routes was
sufficient for clinical use (> 99.0% pure).

Radioligand binding

Binding affinities were measured by displacement of radioligand bind-
ing to membranes prepared from cells expressing human receptors, using
[3H]-spiperonc for D2R (Eurofins Discovery #219700), and ["H]-lysergic
acid diethylamide for 5-HT7R (Eurofins Discovery #272320). Binding
curves were generated from three independent determinations and fitted
parameters (K7 expressed as mean + SE).

Rodent tests

A series of rodent studies were conducted that were approved by the
Institutional Animal Care and Use Committee of Sumitomo Dainippon
Pharma Co., Ltd., Drug Rescarch Division and were performed in accor-
dance with the regulations for animal experiments of the division.

In vivo 5-HT7R-mediated activity of aramisulpride was evaluated in
male Wistar rats in the forced swim test ' and in a rat polysomnogra-
phy (PSG) study'”. The rat forced swim test consisted of two sessions. In
the training session, each animal was gently placed into the plastic cylinder
containing 5.8 L of water set at 25 + 1°C. Fifteen minutes after the begin-
ning of the training session, the animal was removed from the water and
then dried and returned to its home cage. Twenty-four hours after the be-
ginning of the training session, the swim test was performed for 5 minutes
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in the same manner as the training session. The vehicle (0.1 M phosphoric
acid + 0.1 M NaOH, pH6-7) or aramisulpride (0.15, 0.5, and 1.5 mg/
kg) was intraperitoneally administered 3 times at 23.5 hours, 5 hours, and
1 hour prior to testing, and total animal immobility time was measured by
an observer blinded to study treatment.

REM sleep time, non-rapid eye movement (NREM) sleep time, and
WAKE time were measured using electroencephalogram (EEG) and
electromyogram (EMG) recordings in rats. EEG electrodes were ste-
reotaxically implanted at frontoparietal and parietal locations. EMG
recordings were obtained at the dorsal neck muscle. Following 1 week
recovery, EEG/EMG recordings were conducted for sleep stage anal-
yses of WAKE, REM, and NREM. Aramisulpride was administered
orally 10 minutes before the beginning of recording, during the light
phase. EEG and EMG recordings were made for 6 hours starting at the
beginning of the light phase.

Human studies

Three phase I studies in healthy volunteers were conducted following
administration of single-doses of esamisulpride (study 1), aramisul-
pride (study 2), and SEP-4199 (study 3). In all three scudies, written in-
formed consent was obtained from each subject prior to initiation of any
study procedures. Each study was approved by an Independent Ethics
Committee before enrollment of any subject, and each study was con-
ducted in accordance with International Council for Harmonization
(ICH) Guidance for Industry. Study design and methods for the three
studies are briefly summarized below. A more detailed summary is pro-
vided in the online Supplementary section.

In study 1, D2R occupancy was evaluated by ''C-PHNO positron
emission tomography (PET) scans in healthy subjects after administra-
tion of single oral doses of esamisulpride (Invicro, London, UK). PET
scans were acquired at three timepoints (~ 3.5 hours, ~ 8.5 hours, and
~ 27 hours after dosing), to assess the onset of receptor occupancy.
Only 27-hour PET scan results are reported here; the full time-course
of pharmacokinetic and pharmacodynamic relationships will be re-
ported separately.

In study 2, the effect of aramisulpride on REM sleep suppression (as a
proxy measure for 5-HT7R antagonist activity) was evaluated in a single-
center, single-blind, placebo-controlled, 2-stage, 2-way, crossover PSG
study conducted at a sleep center (Hammersmith Medicines Research,
London, UK). In stage 1,2 600 mg dosc of aramisulpride was administered
to 13 subjects with clear evidence of REM sleep suppression (vs. placebo).
Therefore, in stage 2, the dose was reduced and 340 mg of aramisulpride
was administered to 20 subjects.

In study 3, D2R occupancy was evaluated by ''C-PHNO PET scan in
healthy subjects (N-11) after administration of single oral doses of com-
pound SEP-4199 (in a ratio of 85% aramisulpride to 15% esamisulpride):
200 mg (N = 3 subjects), 300 mg (N = 2), 400 mg (N = 2), 600 mg
(VN =2), and 700 mg (N = 2). PET scans were acquired up to 99 hours
postdose, to assess the rate at which the occupancy washes out. Only the
27-hour PET scans are reported here. Pharmacokinetic and pharmacody-
namic relationships will be reported separately in a pooled analysis.

PET analyses

D2R and D3R occupancices were calculated for each postdose PET scan
via regional estimate of the binding potential relative to the nondisplace-
able component (BPy ). These estimates were derived using the simpli-
fied reference tissue model (SRTM). Brain regions of interest considered
included D,-rich regions such as caudate and putamen and D,-rich

regions, such as substantia nigra. All calculations/derivations were per-
formed by Invicro LLC (London, UK).

Polysomnography/pharmacodynamic analyses
The primary PSG analyses were descriptive statistical summaries of each
of the three co-primary REM measures (latency to REM sleep, total
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REM time, and REM as a percent of total sleep time) analyzed by treat-
ment group for each stage, and by treatment sequence at each night for
cach stage. An exploratory linear mixed model analysis was performed
for the three co-primary REM end points that evaluated least square (LS)
mean and 90% confidence interval (CI) for differences between active
treatment and placebo by each stage.

RESULTS

In vitro pharmacology of aramisulpride and esamisulpride
Amisulpride enantiomers demonstrated stercoselective affinities
to D2R and 5-HT7R (Figure 1). Aramisulpride was the more po-
tent (Ki + SEM) enantiomer for 5S-HT7R (47 + 4 nM) relative to
esamisulpride (1,860 + 260 nM). In contrast, for D2R, esamisul-
pride was the more-potent enantiomer (4.43 + 0.70 nM) relative to
aramisulpride (140 + 31 nM). Increasing aramisulpride content in
nonracemic ratios increased S-HT7R affinity and reduced D2R af-
finity (Figure 1b). The 85:15 ratio of aramisulpride:esamisulpride
(SEP-4199) resulted in significant differences in relative potencies
for the two distinct receptors in comparison to the racemate, favor-
ing 5-HT7R activity relative activity at D2R (Figure 1b).

The stercoselectivity of esamisulpride vs. aramisulpride was
also evident in binding to D3R (Ki values of 0.72 vs. 13.9 nM).
Binding to adrenergic o receptors also favored esamisulpride
over aramisulpride: affinities (Kis) for o, , receptors were 290 vs.
590 nM, respectively, and for a,_receptors were 170 vs. 750 nM.
Binding to other serotonin receptor subtypes was substantially
weaker than to 5-HT7R and did not demonstrate any sterco-
selectivity between esamisulpride and aramisulpride: affinities
(Kis) for 5-HT2A receptors were 430 and 380 nM for esamisul-
pride and aramisulpride, respectively, and for 5-HT2B receptors
were 270 and 240 nM.

Effects of aramisulpride in rodent models

The potential contribution of the aramisulpride to antidepressant-
like effects in animal was evaluated in the rat forced swim test.
Aramisulpride demonstrated antidepressant like activity in rats
with a dose-dependent effect similar in magnitude to the positive
control compound imipramine (Figure 2), suggesting that arami-
sulpride alone is sufficient for antidepressant-like effect under these
testing conditions. Selective S-HT7R antagonists are known to
modulate REM sleep in rodents and humans.'® Therefore, the ef
fect of aramisulpride on sleep architecture was evaluated in freely
moving rats in the light phase. As shown in Figure 2, oral doses of
aramisulpride reduced REM sleep duration in a dose-dependent
manner. There was no effect of aramisulpride on NREM sleep time
and wake time.

Esamisulpride and D2R occupancy: PET study in healthy
volunteers

The specific aim of study 1 was to discover the dose-range of esa-
misulpride that targeted a level of D2R occupancy in the low-to-
middle range (30% to 50%) in healthy subjects (V = 6; Table 1)
using PET radiotracer "HC-PHNO. D2R occupancy around 30—
50% was chosen (1) to be below the level targeted in schizophre-
nia to treat psychosis, (2) to provide a range that would minimize
the adverse effects of dopamine blockade (c.g., parkinsonism and
akathisia), (3) to be at a low level to retain or not interfere with
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Figure 1 (a) Radioligand binding in vitro of amisulpride enantiomers to recombinantly expressed human dopamine receptor 2 (D2R) and 5-
HT7 receptor (5HT7R) demonstrate stereoselectivity. Radioligand displacement was determined in triplicate as a function of increasing drug
concentrations, where symbols represent the average and SD. (b) Relative potencies (Ki values) were determined in triplicate as a function of
increasing aramisulpride content, where potency ratio is the Ki for 5-HT,, divided by the Ki for D,, and average Ki is noted + SEM.
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Figure 2 Forced Swim Test: rats were administered vehicle, imipramine, or aramisulpride at 23.5 hours, 5 hours and 1 hour prior to testing.
Values are mean + SEM, 18 animals per treatment group. ##P < 0.01 vs. vehicle (two-sided t-test), *P < 0.05 or **P < 0.01 vs. vehicle
(parametric Dunnett’s multiple comparison test, two-sided). Rat Sleep electroencephalogram (EEG): rats were administered aramisulpride or
vehicle 10 minutes before the beginning of the recording light phase. EEG and electromyogram (EMG) were recorded for 6 hours starting at the
beginning of the light phase and rapid eye movement (REM) sleep time was measured. Data are expressed as mean = SEM, n = 7 animals.

*P < 0.05, **P < 0.01 (two-way analysis of variance (ANOVA) followed by post hoc parametric Dunnett multiple comparison test).

antidepressant effects overall, and (4) to still retain antimanic
and antipsychotic effects via D2R. Following administration of
doses between 25 mg and 200 mg esamisulpride in 6 healthy male
subjects (mean age = 32.8 years, range = 26-38 years, body mass
index (BMI) range = 21.0-28.0 kg/mz), D2R occupancy for es-
amisulpride was found to be dose-dependent with an estimated
RO, of 91.7 mg (95% CI: 75.1-108.4 mg). The dose-occupancy
relationship for esamisulpride is shown in Figure 3a (red symbols).
These results suggested that single doses of esamisulpride below
100 mg would be required to achieve a D2R occupancy level that
was < 50%. The occupancy of esamisulpride for D3R was similar
to the occupancy measured for D2R, but its measurement exhib-
ited much greater uncertainty. This is likely to be a result of several
factors, including the fact that the substantia nigra is a relatively
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small region with weaker "C.PHNO signal than the D2R-rich
regions used (dorsal caudate and dorsal putamen).

Vital signs and electrocardiograms (ECGs) were normal.
Laboratory values remained normal, except for increases in prolac-
tin levels. All doses of esamisulpride in study 1 were well-tolerated
with no drug-related adverse events.

Aramisulpride suppresses REM sleep: PSG study in healthy
volunteers

Based on results from two preclinical studies (forced swim test
and PSG in rats) that demonstrated potential antidepressant and
REM sleep suppression effects for aramisulpride, a PSG study
in healthy subjects (N = 33; Table 1) was conducted to evalu-
ate 5-HT7R-mediated effect of aramisulpride on REM sleep
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Table 1 Demographic characteristics at baseline in human
studies

Study 1 Study 2 Study 3
Stage 1 Stage 2
(N=6) (N =13) (N =20) (N=11)
Male, n (%) 6 (100) 8 (61.5) 15 (75.0)  8(72.7)
Age, years, mean  32.8 (4.4) 31.2(8.3) 28.7(7.1) 31.0(4.6)
(SD)
Race, n (%)
White 6 (100) 13 (100) 12(60.0) 6 (54.5)
Black/African 0 0 5 (25.0) 2 (18.2)
American
Other 0 0 3(15.0) 3(27.3)
Body mass 24.9 (2.5) 25.0(3.2) 24.7 (2.7) 26.0(3.6)
index, kg/m?,
mean (SD)

suppression. Aramisulpride suppressed REM parameters com-
pared to placebo. Doses of 340 mg and 600 mg aramisulpride
decreased time spent in REM sleep (LS mean + SE) by 18 + 4.9
and 31 + 8.0 minutes, respectively Figure 3b) compared to pla-
cebo. Aramisulpride effects on REM sleep (LS mean + SE) were
also described by a latency to REM sleep that was increased by
20 + 9.4 and 28 + 9.8 minutes, and by the percent of time spent in
REM sleep decreased by 4.2 + 1.1 and 6.2 + 1.5 percentage points,
respectively, for doses of 340 and 600 mg compared to placebo.
Effects of aramisulpride on other sleep parameters (LPS, TST,
WASO, SE, NREM stages N1, N2, and N3) were characterized
by overlapping 90% ClIs compared with placebo. Vital signs were
normal. Laboratory values remained normal, except for transient

(a) Dopamine D2 Occupancy
PET imaging (Studies 1 and 3)

30-50% target D2

= 801 esamisulpride .
2 0 .
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8 50 o
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[m)]
0 v T ——
25 100 400 1200
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R:S RATIO -
mg
85:15 SEP-4199 R-
. . 30-50% target D2
50:50 amisulpride N

340 mg

increases in prolactin levels. No subjects discontinued the study
due to an adverse event. Aramisulpride was well-tolerated at the
doses tested in this population of healthy adults.

In summary, single doses of aramisulpride (340 and 600 mg)
were sufficient to produce clinically meaningful suppression of
REM sleep parameters, indicating 5-HT7R-mediated effects at
these doses in humans.

Nonracemic ratio SEP-4199

Based on the intervals of dose-effect demonstrated for each en-
antiomer of amisulpride in studies 1 and 2, a large gap was dis-
covered for racemic amisulpride (Figure 3c), between doses of the
S-enantiomer necessary to remain below 50% D2R occupancy
demonstrated in study 1, and the doses of the R-enantiomer nec-
essary to achieve 5-HT7R-mediated REM suppression above the
thresholds for effect demonstrated in study 2. In contrast to race-
mic, the 85:15 ratio of aramisulpride to esamisulpride was discov-
ered to provide significant overlap (Figure 3¢) while remaining
within the total dose range for the corresponding use of racemic
amisulpride in schizophrenia (400-800 mg/day).

D2R occupancy of SEP-4199: PET study in healthy
volunteers

The specific aim of study 3 was to determine, in a sample of healthy
volunteers (V= 11; Table 1) the D2R occupancy of oral doses of
SEP-4199, in the fixed 85:15 ratio of aramisulpride-to-esamisulpride,
using PET and radiotracer "YC-PHNO. The RO for D2R occu-
pancy following doses of the 85:15 ratio (SEP-4199) was estimated
to be 727.7 mg (95% CI, 586-869 mg). Figure 3a (blue symbols)
illustrates the dose-occupancy relationship for the nonracemic ratio.
Taken together, these results demonstrate that the esamisulpride

(b) Serotonin 5-HT7 effect on REM sleep
PSG (Study 2)

50
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Figure 3 (a) Dopamine receptor 2 (D2R) occupancies for esamisulpride (red symbols) and SEP-4199 (blue symbols) are shown from studies
1 and 3. (b) Suppression of rapid eye movement (REM) sleep (green symbols) is shown for single doses of aramisulpride, difference

vs. placebo, £90% confidence interval (Cl). (¢) Horizontal bars indicate intervals of dose-effect for esamisulpride discovered in positron
emission tomography (PET) imaging study 1 to occupy 30-50% D2R (horizontal black bars) and dose ranges of aramisulpride discovered

in polysomnography (PSG) study 2 to produce serotonergic effects on REM suppression (horizontal grey bars). Intervals of dose-effect are
expressed according to an x-axis of total amisulpride enantiomers (both aramisulpride and esamisulpride) RS, R- and S-enantiomers.
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enantiomer contributes the great majority of D2R binding when
dosed as the 85:15 ratio (15% of the overall dosage, 109 mg/727.7 mg).
These results suggested SEP-4199 doses of 200 and 400 mg for fur-
ther clinical study in the treatment of bipolar depression based on
their D2R occupancy levels in the range of 25-40%.

DISCUSSION
The pharmacology of amisulpride at its serotonin and dopamine
receptor targets is split between its enantiomers. Here, we show
that the R-enantiomer (aramisulpride) targets S-HT7R, and the
S-enantiomer (esamisulpride) targets D2R. Our results replicate
and extend the observations reported on esamisulpride stereose-
lectivity for binding D2R and D3R by Castelli ez al.>! on the ra-
cemate for binding 5-HT7R by Abbas ez al.and aramisulpride
stereoselectivity for binding S-HT7R by Grattan ez al®®

In broad panel screening, amisulpride also binds with weaker affin-
ities to other members of the serotonin, adrenergic members of the
G protein-coupled receptor (GPCR) family. Here, we showed that
the affinities for adrenergic a,, and o, receptors also favored es-
amisulpride, although to a much lesser extent, indicating a chirality
in the adrenergic receptor pharmacophore may retain aspects of the
pharmacophore of D2R that favored esamisulpride. In contrast, ste-
reoselectivity was lost in the weaker binding to the other serotonin re-
ceptors 5-HT2A and 5-HT2B. Thus, it was unexpected that 5S-HT7R
binding would favor the R-enantiomer. Outside of the adrenergic,
serotonin, and dopamine GPCRs, the 85:15 ratio of aramisulpride:e-
samisulpride did not show any significant activities (< 50% at 10 uM)
on a broad panel of ~ 90 receptor, transporter, and enzyme targets.

Antidepressant-like effects of racemic amisulpride in preclini-
cal studies are mediated via 5-HT7R antagonism as demonstrated
using 5-HT7R knockout mice.!* Other antipsychotic compounds
with high affinity for 5-HT7R include lurasidone and aripiprazole.
Antidepressant-like effects of lurasidone'* and aripiprazole13 in animal
models are also mediated via 5-HT7R antagonism, suggesting that clin-
ical antidepressant effects may be mediated via 5-HTR. Here, we found
that administration of the single enantiomer, aramisulpride, in rodents
is sufficient for antidepressant-like activity in the forced swim test. In
addition, 5-HT7R antagonists are known to modulate REM sleep in
rodents and humans.'® In a PSG study in rats, we found that single
doses of aramisulpride resulted in significant REM sleep suppression.

The next series of studies were conducted to leverage the ste-
reosclective binding affinities of aramisulpride (5-HT7R) and
esamisulpride (D2R) to discover a nonracemic ratio of enantio-
mers that enhanced the 5-HT7R-mediated antidepressant effects
while retaining some D2R antipsychotic benefits, but at a re-
duced level that would provide improved safety and tolerability.
The PSG study, using REM sleep suppression as proxy measure
of 5-HT7R-mediated antidepressant effects, demonstrated that
aramisulpride doses of 340 mg and 600 mg were consistent with
marked pharmacodynamic effects on sleep. For esamisulpride,
results of the PET study demonstrated that doses of 43-100 mg
yielded D2R occupancies in the range of 30%-50%. The contribu-
tion of aramisulpride to occupancy of D2R was negligible (based
on the results described here for pure esamisulpride and the 85:15
ratio) such that pure aramisulpride would not be expected to oc-
cupy D2R in the clinical dose range of 400-800 mg.

The stereoselective pharmacology of amisulpride enantiomers
allowed the discovery of SEP-4199. Medicinal chemistry programs
often set out to adjust the ratio of affinities for two different thera-
peutic targets, by synthesizing new molecules to optimize their rel-
ative binding affinities, but in this unique case of amisulpride, the
ratio of affinities to two important therapeutic targets was optimized
by changing the ratio of enantiomers for the same molecular entity.
Here, we demonstrated, by dosing each enantiomer in human clini-
cal studies, that the racemic form of amisulpride was insufficient to
achieve a targeted balance of 5-HT7R-mediated effects together with
the targeted level of D2R occupancy. The nonracemic ratio of 85:15
aramisulpride:esamisulpride was required to achieve the targeted lev-
els of 5-HT7R antagonist-mediated antidepressant effects and the an-
timanic, anxiolytic, and antipsychotic benefits of low levels of D2R/
D3R blockade. The doses of 200 and 400 mg were selected to improve
the benefit/risk profile in bipolar disorder by enhancing aramisulpride
for antidepressant benefit at 5-HT7R and reducing esamisulpride to
minimize D2R-related extrapyramidal side effects while still retaining
D2R-mediated efficacy against emergent cycling, mixed, manic, anxi-
ety, and/or psychotic symptoms. The results described here supported
utilizing doses of 200 and 400 mg for proof-of-concept testingin phase
2. The proof-of-concept trial (clinicaltrials.gov: NCT03543410)
for the treatment of bipolar depression with SEP-4199 was recently
completed. The double-blind trial provided initial confirmation of
the efficacy of SEP-4199. On the primary depression measure, the
MADRS, the LS mean difference in week 6 change scores for SEP-
4199 vs. placebo was significant for both the 200 mg dose (P=0.025;
effect size, 0.34) and the 400 mgdose (P =0.025; effect size, ().31).52
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