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Cannabis use disorder (CUD) is widespread, and there is no
pharmacotherapy to facilitate its treatment. AEFO117, the first of anew
pharmacological class, is a signaling-specific inhibitor of the cannabinoid
receptor 1(CB;-SSi). AEFO117 selectively inhibits a subset of intracellular

effects resulting from A’-tetrahydrocannabinol (THC) binding

without modifying behavior per se. In mice and non-human primates,
AEF0117 decreased cannabinoid self-administration and THC-related
behavioral impairment without producing significant adverse effects.
Insingle-ascending-dose (0.2 mg, 0.6 mg, 2 mgand 6 mg; n=40) and
multiple-ascending-dose (0.6 mg, 2 mg and 6 mg; n = 24) phase 1 trials,
healthy volunteers were randomized to ascending-dose cohorts (n =8 per
cohort; 6:2 AEFO117 to placebo randomization). In both studies, AEFO117 was
safe and well tolerated (primary outcome measurements). Inadouble-blind,
placebo-controlled, crossover phase 2atrial, volunteers with CUD were
randomized to two ascending-dose cohorts (0.06 mg, n =14;1 mg, n=15).
AEFO0117 significantly reduced cannabis’ positive subjective effects (primary
outcome measurement, assessed by visual analog scales) by 19% (0.06 mg)
and 38% (1 mg) compared to placebo (P < 0.04). AEFO117 (1 mg) also reduced
cannabis self-administration (P < 0.05). In volunteers with CUD, AEFO117
was well tolerated and did not precipitate cannabis withdrawal. These data
suggest that AEFO117 is a safe and potentially efficacious treatment for CUD.
ClinicalTrials.gov identifiers: NCT03325595, NCT03443895 and

NCT03717272.

Cannabis is the most widely used illicit drugin the world, and a mean-
ingful subset of individuals who have used cannabis (19.5%) develop
cannabis use disorder (CUD). In the United States?, 14.2 million indi-
viduals were diagnosed with CUD in 2020, and 14% of those receiving
substance use disorder treatment reported cannabis as their primary
drug of abuse’. Cannabis addiction, defined as a diagnosis of severe
CUD*, is characterized by clinical impairment, such as failing to fulfill
work or personal obligations, continuing to use cannabis despite it
causing persistent problems and unsuccessful efforts to cut down’.

In fact, few seeking treatment for CUD are able to achieve a substan-
tial reduction in their cannabis use or abstain from cannabis use alto-
gether®. However, despite an escalating need, there is no medication
to facilitate CUD treatment’.

Cannabis’ effects are mainly mediated by its primary psychoac-
tiveingredient, A°-tetrahydrocannabinol (THC), through stimulation
of the type 1 cannabinoid receptor (CB,)®. CB,, the most expressed
G-protein-coupled receptorinthe brain’, isactivated by endocannabi-
noids and plays a key modulatory role in processes such as pleasure,
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motivation, cognition and pain'®, all of which are affected by cannabis
use. We previously showed" that the steroid pregnenoloneisreleased
in response to high concentrations of THC. Pregnenolone binds to
a specific site on the CB, and, without modifying ligand binding,
inhibits a subset of intracellular responses triggered by CB, activa-
tion. Specifically, pregnenolone inhibits CB;,-mediated changes in
mitogen-activated protein kinase (MAPK) phosphorylation and in
mitochondrial respiration but does not modify CB,-mediated changes
in cyclic adenosine monophosphate (cAMP), a prototypical cellular
effect of CB, agonists. Because of this signaling-specific action, preg-
nenoloneinhibits many of THC’s effects without producing behavioral
effects per se'".

These findingsidentify a potential therapeutic tool withamecha-
nism of action (MOA) that is superior to available pharmacological
inhibitors of the CB,: orthosteric antagonists/inverse agonists’. By
blocking CB, agonist binding, CB, antagonists inhibit all receptor
activity, thereby impairing endocannabinoid function and produc-
ing serious adverse effects". CB, antagonists also precipitate with-
drawal in THC-dependent animals™ and would be predicted to do so
in patients with CUD, which precludes this as an approach to treat
cannabis addiction.

However, pregnenolone is not a viable option as a pharmaco-
therapy becauseitis not adruggable compound®: it has ashort half-life
and low oral bioavailability, anditis rapidly convertedinto other active
steroids that could produce adverse effects. For these reasons, we
developed anew pharmacological class called ‘signaling-specificinhibi-
tors of the CB,” (CB,-SSi). These new molecular entities recapitulate
the effects of pregnenolone but are not converted into other ster-
oids and have highly favorable pharmacological and pharmaceutical
characteristics.

Here we describe the development of AEF0117, the first CB,-SSi,
from chemical design up to a proof-of-concept phase 2a study
(NCT03717272) inresearch volunteers with CUD.

Results

Development and selection of AEFO117 as the first CB,-SSi
Todevelop CB,-SSi, we hypothesized that it should be possible to obtain
non-metabolizable pregnenolone derivatives by modifying pregne-
nolone at the carbons of the steroid ring (C3 and/or C17), which are
targeted by endogenous enzymes to convert pregnenolone into other
steroids”. We then built a library of these compounds and incubated
each of them in cultures of Chinese hamster ovary (CHO) cell lines,
which can metabolize pregnenolone into downstream steroids. Analy-
sis of the cell culture medium with mass spectroscopy (MS) revealed
several C3, C17-pregnenolone derivatives that were not metabolized
into other steroids. These compounds were thenscreened in vitro for

binding selectivity, toxicity in primary cultures of neurons and hepato-
cytes and genotoxicity (histone H2AX phosphorylation). Compounds
that were selective and non-toxic were then used in micro-formulation
experiments toidentify amarketable formulation. We next conducted
pharmacokinetic (PK) studies in mice measuring both plasmaand brain
concentrations after oral administration of these formulations and
identified asubgroup of compounds that were selective and non-toxic
invitro and that had good oral bioavailability, PK characteristics and
brainaccess. We then tested whether these compounds inhibited THC’s
effectsinvitroandinvivo. Thislast series of studies identified AEFO117—
that is, 33-(4-methoxybenzyloxy)pregn-5-en-20-one (Extended Data
Fig.1a)—as the best drug candidate for further development.

Pharmacokinetics and toxicity of AEF0117 in animals
Pharmacokinetics of AEFO117. AEF0117 is highly hydrophobic
(logP 5.79 as predicted by ChemAxon Marvin Suite) and can be for-
mulatedinlipidic solvents. Corn oil provided the best absorptionand
PK characteristics after oral administration, with a T, of 3 hin both
mice and rats and abrain/plasma concentration area under the curve
(AUC) ratio >4. These PK characteristics did not differ between males
and females and were similar in mice, rats and dogs (Extended Data
Fig. 2, Supplementary Table 1 and Supplementary Information), with
good oral bioavailability (68% in dogs). In all species studied, the
increase in maximum concentration (C,,,,) and AUC was closely pro-
portional to dose. Inaddition, plasma concentrations of AEFO117 were
similar across species when applying allometric scaling based onbody
surfaceratio, with the main difference being alonger terminal half-life
indogs (35.9 h) thanin the other species.

Toxicity of AEFO117. AEF0117 did not show any adverse effects in safety
pharmacology Good Laboratory Practice (GLP) tests: (1) tail current of
hERG (human ether-a-go-go-related gene) in transfected HEK293 cells;
(2) behavior (Irwin test) and body temperature in rats; (3) respiration
inconsciousrats; or (4) blood pressure, heartrate, electrocardiogram
(ECG) and body temperature in conscious dogs. Similarly, AEFO117
did not show any genotoxic or mutagenic activity in GLP in vitro and
invivo studies.

In repeated (91-d) oral toxicity GLP studies in rats and dogs,
AEF0117 had ano observed adverse effect level (NOAEL) > 65 mg kg™ d™*
(Supplementary Information). Considering that the most observed
50%inhibitory dose (IDs,) for inhibiting the effects of THC in mice and
non-human primatesis 5 pg kg™ (Supplementary Table 2), AEFO117 has
atherapeuticindex (TI) >13,000.

In mice, even high doses of AEFO117 did not produce any of the
behavioral or neurohormonal effects (Extended DataFig. 3) associated
with CB, antagonists that likely contribute to their poor tolerability:

Fig.1| AEFO117 decreased the behavioral and physiological effects of
cannabinoids. a, In mice, after the acquisition phase (left panel, n = 26),

AEF0117 (right panel, n =13) decreased the number of infusions of the CB,
agonist WINS55,212-2 compared to vehicle-treated mice (n =13); P= 0.021: ANOVA
treatment effects for AEFO117 (15 pg kg™). b, In monkeys (left panel, n=4),
AEF0117 dose-dependently decreased the number of THC infusions (4 pg kg™ per
infusion).*P < 0.001,*P=0.002 compared to vehicle (three sessions average),
Tukey test. Inmonkeys (right panel, n = 4), after extinction of THC-reinforced
responding, AEFO117 decreased reinstatement of drug seeking induced by a non-
contingent THC injection (40 pg kg™, i.v.). 5P = 0.0346, %P = 0.0015 compared to
non-contingent saline; *P=0.0023, P=0.0018 in AEFO117 5 pg kg and 15 pg kg™,
respectively, *#P=0.0002 compared to THC + vehicle (AEF0117 0 pg kg™),
Dunnett test, within-subjects design. AEFO117 inhibited the following effects

of THC in mice. ¢, Increase in food intake, **P=0.0003, P=0.0007 (Dunnett
test, n=16 for vehicle and AEFO117 15 ug kg™, n =17 for THC, n = 8 for the other
conditions). d, Impairment of long-term memory, ***P < 0.001: familiar versus
novel object (P=0.0002 for vehicle + AEFO117 0 pg kg and P < 0.0001 for THC
+AEF0117 5 ug kg™); #P < 0.01: novel object after THC + AEFO117 O pg kg™ versus
novel objectin the other two conditions (P=0.0082 versus vehicle + AEFO117

0 pgkg™and P=0.0041versus THC + AEFO117 5 pg kg™), Sidak test, n = 8 for
vehicle and THC, n =9 for AEFO117. e, Decrease in social interaction, "P= 0.0001:
THC versus vehicle; “P=0.0068, "#P < 0.0001: AEFO117 + THC versus THC
(Dunnetttest, n =24, 6,15and 14 for AEFO117 0 ug kg™, 5 pg kg™, 15 pg kg™ and
50 pg kg™ +vehicle; n=27,10,19 and 18 for AEFO117 0 pg kg, S ug kg™, 15 pg kg™
and 50 pg kg™ + THC, respectively). f, Increase in locomotor activity, P < 0.0001:
treatment effect ANOVA (n =18 for vehicle and THC, n =19 for AEFO117 1.5 ug kg™,
n =10 for the other conditions). g, Impairment of sensory gating, P= 0.001:
treatment effect ANOVA (n =18 for vehicle and THC, n=9 for AEFO117 50 pg kg™,
n=10 for the other conditions). h, Impairmentin reality testing, P= 0.0377:
THC versus vehicle (unpaired t-test, one-tailed, n = 20 for AEFO117 O ng kg™
vehicle, n=19 for AEFO117 O ug kg THC, n=12and 10 for AEF0117 15 pg kg ' and
50 pg kg™ per treatment dose). i, Catalepsy, “"P= 0.0002: THC versus vehicle;
#P=0.037: AEF0117 + THC versus THC (Mann-Whitney test, n = 8 per condition).
Jj, Inrats, left: percentage increase in extracellular DA concentration from
baseline over time; right: AUC of extracellular DA concentrations, "P=0.0017,
“P=0.0008: AEF0117 + THC versus THC (Dunnett test, n = 7 for vehicleand n=35,
6and 7 for AEFO117 5 ug kg™, 15 pg kg and 50 pg kg™, respectively). Dataare
represented as mean + s.e.m. inj., injection.
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(1) reduced food intake; (2) increased anxiety-like and depression-like
behaviors; (3) precipitated cannabinoid withdrawal; and (4) increased
glucocorticoid secretion. These data, in combination with findings
fromthe Irwintest,inwhich AEFO117 (0 mg kg, 2mgkg™, 9 mg kg™ and
36 mg kg™) had no effect on spontaneous behavior in the home cage
(Supplementary Tables 3-8), show that AEFO117 has no identifiable
effects on behavior per seinrodents.

Effects of AEFO117 on endocannabinoids and pregnenolone’s
downstream steroids. AEFO117 did not increase plasma endocan-
nabinoid (AEA and 2-AG) levels in rats (Extended Data Fig. 4a,b) or

dogs (Extended Data Fig. 5a,b). AEFO117 seemed metabolically stable
and was not converted into pregnenolone’s downstream steroids,
testosterone, dheadehydroepiandrosterone and allopregnanolonein
eitherrats (Extended DataFig.4c-g) or dogs (Extended DataFig. 5c-g).

Preclinical proof of concept of AEF0117

AEFO117 acted as a CB,-SSi in vitro. When tested in a Eurofins
high-throughput screen for binding activity at 85 receptors, including
the major steroid receptors, AEF0117 (10 pM) did not modify binding to
anyreceptor. Inthis respect, AEFO117 was more selective than pregne-
nolone (10 uM), which displaced (>80%) binding to the glucocorticoid,
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androgen and progesterone receptors and, to alesser extent (>40%),
binding to the peripheral benzodiazepine receptor (Supplementary
Table9).

Like pregnenolone, AEFO117 potently (ICs, 3 nM) inhibited the
decrease in cellular respiration induced by THC (1 pM) in HEK293
cells transfected with the human CB, (hCB,) (Extended Data Fig. 1b)
without modifying THC'’s effects on cAMP (Extended Data Fig. 1c).
AEFO0117 bound to the same region of the CB, as pregnenolone, as
shown by the loss of effect on cellular respiration (Extended Data
Fig.1b) when HEK293 cells were transfected with a single point mutant
of hCB, (p.E1.49G) shown" to invalidate the pregnenolone binding site.
The putative binding site of AEFO117 is not near the orthosteric binding
site”, consistent with the observation that AEFO117 does not modify the
equilibriumbinding of the CB, agonist [*H]CP55,940 in cellmembranes
from HEK293-hCB, cells (Extended Data Fig.1d). Theinhibitory effects
of AEF0117 on THC-induced phosphorylation of MAPK (p-ERK1/2),
another prototypical effect of pregnenolone, was validated using two
cell lines: CHO-hCB, cells, in which hCB, has been stably transfected
(Extended Data Fig. 1e), and STHdh®¥ cells (Extended Data Fig. If),
which express endogenous mouse CB,. AEFO117 inhibited THC-induced
p-ERK1/2inboth cell lines with similar potency (ICs, 300 nM), but the
extentofinhibition was more pronounced in STHdh?”/% cells (Extended
DataFig. 1f).

AEFO117 inhibited the effects of THC related to cannabis addiction
in vivo. The effects of AEFO117 were studied in several animal species
using experimental models relevant to cannabis addiction and to
cannabis-related behavioral disruption. For all experiments, we admin-
istered AEFO117 orally 3 hbefore THC administration, corresponding
totheplasmaT,,, of AEFO117 (Supplementary Table1). Insome experi-
ments, full dose-response functions were obtained, which identified
the effective dose of AEFO117 to use in other experiments. AEFO117
potently inhibited the effects of THC, withan ID,y, that ranged between
15 pg kg™ (most frequently observed ID,,) and 1.5 pg kg™ (in fewer
cases) depending on the behavior studied (Supplementary Table 2).

AEF0117 (15 pg kg™) significantly reduced intravenous (i.v.)
self-administration of the CB, agonist WIN55,212-2 in CD-1 Swiss
male mice (Fig. 1a) and of THC in male squirrel monkeys (Fig. 1b, left
panel). Rodents do not self-administeri.v. THC but do self-administer
more efficacious CB, agonists, such as WIN55,212-2. During i.v. drug
self-administration, a model of drug reinforcement used to assess
potential pharmacotherapies for substance use disorders', laboratory
animals learn to provide an operant response (nose poking for mice,
lever pressing for monkeys) to obtain a drug infusion. In addition to
decreasing self-administration, AEFO117 (1.5 pg kg ™) also significantly
reduced (Fig. 1b, right panel) the reinstatement of THC seeking in
monkeys after THC-reinforced responding was extinguished. The
reinstatement of THC seeking after an injection of THC is an animal
model of drugrelapse”.

Several measures of behavioral disruption produced by THC were
studied in mice (Supplementary Table 2). AEFO117 inhibited THC’s
effects onfoodintake (Fig.1c), long-term object recognition memory
(Fig. 1d) and social interaction (Fig. 1e). AEF0117 also inhibited THC’s
effects onarange of behaviors hypothesized to model psychotic symp-
tomatology’®, suchas (1) increased psychomotor stimulation (Fig. 1f);
(2) impairment in sensory motor gating, as measured by pre-pulse
inhibition (PPI), an outcome also altered in schizophrenia (Fig. 1g);
(3) impairment in a test evaluating the perception of external stimuli
(reality testing) (Fig.1h); and (4) catalepsy (Fig. 1i), a potential model of
catatonia observed in psychosis and after the use of certain synthetic
cannabinoids®.

AEF0117 (15 pg kg™ also inhibited THC-induced increases in
nucleus accumbens (Nac) extracellular dopamine (DA) in freely mov-
ing rats (Fig. 1j), one of the cellular changes mediating the rewarding
effects of cannabinoids?**.

Phase 1studiesin healthy volunteers

Safety data. AEFO117 administration was safe and well tolerated in
two double-blind, placebo-controlled studies in healthy volunteers:
(1) asingle-ascending dose (SAD; NCT03325595) study testing 0.2 mg,
0.6 mg,2 mgand 6 mgof AEFO117 (n =40; Fig.2aand Table1) and (2) a
multiple-ascending dose (MAD; NCT03443895) study testing 0.6 mg,
2mg and 6 mg, once a day for 7 d (n=24; Fig. 2b and Table 1). In both
studies, most volunteers were male (90-91%), Black (67-85%) and
non-Hispanic (83-90%). Mean age (36.8-38.1 years) and body mass
index (BMI) (25.2-25.7 kg m™) were also similar in both studies. No
major differences were observed between treatment groups except
for sex given that, due to their limited enrollment, females were not
represented at each dose.

No treatment-related serious adverse events (SAEs) and a lim-
ited number of treatment-emergent adverse events (TEAEs), show-
ing no dose dependency, were reported (Table 2). There were no
clinically relevant drug-related adverse events (AEs), except for
one moderate episode of pruritus and cutaneous rash after the
first administration of 0.6 mg of AEFO117 in the MAD study (treat-
ment for this volunteer was discontinued). No potentially clinically
significant abnormalities (PCSAs) in vital signs, ECG or safety lab-
oratory parameters were observed either (Table 2), except for one
asymptomatic increase in creatine phosphokinase (CPK) and myo-
globin observed 6 d after dosing with 2 mg of AEFO117 in the SAD
study. Because of this, the 2-mg cohort was repeated. No increase
in CPK was observed in the second 2-mg cohort or in any other
research volunteer.

In addition, AEFO117 did not significantly alter mood ratings or
behavioral measures relative to placebo. No trends were observed in
psychometric tests (Bond & Lader Visual Analog Scales (VAS), Profile
of Mood States 65 and Columbia-Suicide Severity Rating Scale; Sup-
plementary Tables 10-15) that gauge moods, including depression,
anxiety and suicidality. AEF0117 also did not differ from placebo (Sup-
plementary Tables16 and 17) on arange of subjective effects measured
using the Addiction Research Center Inventory (ARCI 49).

PK characteristics. The PK characteristics of AEFO117 in healthy vol-
unteers (Supplementary Table 18) were consistent with those observed
inanimals. The T, was approximately 3 h, and C,, and AUC showed
dose proportionality. In addition, plasma concentrations of AEFO117in
humanswereinthe range of those observed in animals when allometric
scaling based onbody surface ratio was applied. The major difference
between species was a considerably longer terminal half-life in humans
(152-258 hinthe MAD study) thanin the other species, including dogs.

Effects on endocannabinoids and pregnenolone’s downstream
steroids. A single administration of AEFO117 did not increase plasma
endocannabinoid (AEA and 2-AG) levelsin the healthy volunteersin the
SAD and MAD studies (Extended Data Fig. 6a,b). The only significant
effect of treatment was a decrease in 2-AG 4 h after administration of
AEF0117 (0.2 mg) relative to placebo.

As in the preclinical studies, AEFO117 was not converted into
pregnenolone’s downstream steroids: testosterone, dehydroepian-
drosterone, allopregnanolone, cortisol, estradiol and progesterone
(Extended Data Fig. 6d-i). The only significant effect of treatment
relative to placebo was a decrease in allopregnanolone (Extended
Data Fig. 6e) at a single timepoint (0.5 h) after AEFO117 (0.2 mg)
administration. Pregnenolone levels (Extended Data Fig. 6¢) were
significantly higher after 6-mg AEF0117 compared to placebo at 4 h
and 8 h after dosing. However, the 6-mg AEF0117 group had signifi-
cantly higher pre-dose levels of pregnenolone, suggesting that these
differences were not caused by AEFO117 administration but, rather,
reflected random variation in, for example, baseline levels of stress
or inintradiurnal fluctuations in pregnenolone levels for this group
of participants.
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Participants screened (n =177)

Excluded (n =137)

+ Not meeting inclusion crit. (n = 115)

+ Declined to participate (n =12)

Randomized (n = 40)

+ Other reasons (n = 10)

! !

| !

Placebo (n =10) AEF 0.2 mg (n =6)

AEF 0.6 mg (n = 6)

AEF 2mg (n=12) AEF 6 mg (n = 6)

Participants completing the study (n = 40); participants discontinued (n = 0).

Participants screened (n = 66)

Excluded (n = 42)

+ Not meeting inclusion crit. (n = 36)

+ Declined to participate (n = 4)

Randomized (n = 24)

+ Other reasons (n = 2)

| |

! !

Placebo (n = 6) AEFO117 0.6 mg (n = 6)

AEFO117 2 mg (n = 6) AEFO117 6 mg (n = 6)

| |

| |

Completed (n = 6) Completed (n =5)

Discontinued (n = 0) Discontinued (n=1)

Reason: Adverse event (allergic
reaction)

Completed (n = 6) Completed (n = 6)

Discontinued (n = 0) Discontinued (n = 0)

Participants completing the study (n = 23); participants discontinued (n =1).

c Participants screened (n = 33)
Excluded (n = 4)
+ Physician decision (n = 3)
¢ Other (n=1)*
*One participant was a screen failure, but was
later re-screened and randomized into the study.
Participants randomized (n = 29)
[ 1
i ]
Cohort 0.06 mg (n=14) Cohort 1 mg (n=15)
| AEF first (n = 6) Placebo first (n = 8) AEF first (n = 8) | Placebo first (n =7) |
Completed Discontinued Completed Discontinued Completed Discontinued Completed Discontinued
(n=6) (n=0) (n=7) (n=1) (n=86) (n=2) (n=7) (n=0)
Reason: Reasons:
Withdrawal by Withdrawal by

participant, n=1

participant, n =1

Dermal cyst,n=1

Participants completing the study (n = 26); participants discontinued (n = 3).

Fig. 2| Distribution of participants. Participant flow for the SAD (a), MAD (b) and phase 2a (c) studies. AEF, AEFO117; crit., criteria.

Phase 2a study in research volunteers with CUD

Inthis phase 2astudy (NCT03717272) conducted according to Good Clin-
ical Practice (GCP), the effects of AEF0117 were studied in arandomized,
double-blind, placebo-controlled, crossover, multiple-dose-escalation
study in non-treatment-seeking male and female cannabis-smoking
(=6 d per week; 21 g of cannabis per day) research volunteers with CUD
(Fig. 2c and Table 1). Twenty-nine volunteers, all male except for one,
were recruited intwo cohorts. Participants were 50-67% Black, 20-36%

Mixed Race and 13-14% White; 40-60% were Hispanic. Age ranged from
21 yearsto 44 years (mean 32 years), and BMIranged from 18.7 kg mto
32.0 kg m?(mean 24.3 kg m2). On average, participantssmoked 2.9 g
of cannabis per day, 6.9 d per week. Severity of CUD was diagnosed as
mild (34.5%), moderate (44.8%) and severe (20.7%) across participants.

Two doses of AEFO117 (0.06 mg d"and 1 mg d™) were tested in
escalating order in two cohorts (n =13 each; Fig. 2 and Table 1). Each
cohort was divided into two groups (of 6-8 participants) receiving
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Table 1| Baseline demographic characteristics and cannabis use history for participants in the SAD, MAD and phase 2a

studies
SAD study MAD study Phase 2a study
AEFO0117 dose (n) Placebo 02mg 0.6mg 2mg 6mg Total Placebo 0.6mg 2mg 6mg Total 0.06mg 1mg(15) Total (29)
(10) (6) (6) (12) (6) (40) (6) (6) (6) (6) (24) (14)
Demographic data
Sex
Male n (%) 9(90.0) 6(100) 6(100) 9(75.0) 6(100) 36(90.0) 6(100) 4(66.7) 6(100) 6(100) 22(917) 14(100) 14(93.3) 28(96.6)
Female n (%) 1(10.0) 0 0 3(25.0) (0] 4(10.0) 0o 2(33.3) 0o (0] 2(8.3) 1(6.7) 1(3.4)
Race
Black n (%) 9(90.0) 4(66.7) (5 ; 10(83.3) 6 (100) 34(85.0) 6(100) 2(33.3) 4(66.7) 4(66.7) 16(667) 7(50.0) 10(66.7) 17(58.6)
83.3
White n (%) 1(10.0) 2(33.33) 1(167) 1(8.3) 0] 5(12.5) 0 2(33.3) 2(333) 2 6(25.0) 2(14.3) 2(13.3) 4(13.8)
(33.3)
Mixed race n (%) (0] 0o 0o 1(8.3) (0] 1(2.5) 0o 2(33.3) 0o (0] 2(8.3) 5(35.7) 3(20.0) 8(276)
Ethnicity
Hispanic n (%) 0 1(16.7) 1067) 1(8.3) 1(16.7) 4(10.0) (0] 2(33.3) 1(16.7) 1(167) 4(16.7) 6(42.8) 6 (40.0) 12 (41.4)
Not Hispanic n (%) 10 (100) 5(833) 5 1(91.7) 5(83.3) 36(90.0) 6(100) 4(66.7) 5(833) 5 20 8(57.1) 9(60.0) 17 (58.6)
(83.3) (83.3) (83.3)
Age (years)
Mean 35.2 35.3 40.8 355(10.3) 393 36.8(96) 373 36.5 43.3 35.2 381 32.6 (6.1) 32.3(66) 325
(s.d.) (9.6) (8.8) (10.6) (10.0) (12.3) (9.4) (11.0) (8.0) (10.) (6.3)
Min, 22,53 22,46 23,55 22,583 30,54 22,55 20,53 26,52 32,55 25,48 20, 55 24,42 21,44 21,44
Max
BMI (kgm™)
Mean 25.8(26) 240 26.3 25.5(2.2) 237(3.0) 252(26) 247(24) 276(14) 261 24.4 257 24.7 (4.) 23.9 24.3
(s.d.) 27) (3.0) (2.8) 31) (27) (3.0 (3.5)
Min, 220, 211,277 216, 227,295 193,296 193,296 224, 247, 20.9, 206, 206, 216,320 187,296 187320
Max 29.6 29.2 285 28.6 295 281 295
Cannabis use history
CUD severity
Mild n (%) - - - - - - - - - - - 5(35.7) 5(33.3) 10(34.5)
Moderate n (%) - - - - - - - - - - - 5(35.7) 8(53.3) 13 (44.8)
Severe n (%) - - - - - - - - - - - 4(28.6) 2(13.3) 6(20.7)
Current mean number of grams of cannabis per day
Mean - - - - - - - - - - - 2.4(1.3) 3.3(1.9) 29(17)
(s.d.)
Min, - - - - - - - - - - - 10,47 15,80 10,8.0
Max
Current mean number of days of cannabis use per week
Mean - - - - - - - - - - - 6.8 (0.5) 6.9(0.3) 6.9(04)
(s.d.)
Min, - - - - - - - - - - - 5,7 6,7 57
Max

AEFO0117 and placebo in randomized order with a minimum 14-d
washout period inbetween the two treatments. The doses of AEFO117
selected were based on a population PK model developed using data
fromthe SAD and MAD studies (Methods). The objective was to obtain,
in90% of participants, plasma concentrations of AEF0117 correspond-
ing to exposures observed in animals at the two dose ranges (1.5 pg kg™
and 15 pg kg ™) shown to modify distinct behavioral effects of THC
(Supplementary Table 2).

The main objectives of the study were to evaluate the effects of
AEFO0117 on the perceived ‘good effect’ of cannabis as a measure of
abuse liability and on self-administration. An additional objective
was to determine if AEFO117 reversed cannabis’ effects on cognitive
performance, pain threshold and heart rate. However, cannabis did not
producessignificant cognitive or analgesic effects relative to baselinein
the present study design, so it was not possible to determine whether

AEFO0117 reversed these effects. In addition, because of institutional
regulations regarding data privacy, we were not able to collect heart
rate data as originally planned.

Participants, in groups of 3—-4, completed two 5-d inpatient periods
(first period ‘A’ and second period ‘B’) separated by a > 14-d outpa-
tient washout. During the two testing periods, participants received
AEF0117 or matching placebo in counterbalanced order (two dosing
sequences: AEFO117 first or placebo first). Participants took capsules
at 9:00 each day and then smoked a controlled amount of cannabis
(approximately 67 mg of THC smoked over 6 min) 3.5 h later (12:30).
Ratings of the subjective effects of cannabis were done five times
after cannabis administration (20 min, 40 min, 60 min, 90 min and
120 min after cannabis) using a VAS (0-100 mm). From day 2 to day 5,
beginning 5.5 h after AEF0117 administration, participants had four
opportunities (at 14:30, 16:30, 18:30 and 20:30) to self-administer
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cannabis by purchasing individual cannabis puffs using a portion of
their study stipend (maximum of six puffs per timepoint, $2 per puff).
Participants were told that the cannabis strength could vary from day to
dayand between participants but that the cannabis they each received
at 12:30 that day was the strength available for self-administration
that day.

The primary endpoint measuring the good subjective effect of
cannabis related to addiction was an ‘Intoxication” subscale based
on a cluster analysis of the 44-item VAS??, comprising the arithmetic
mean of two items: ‘I feel a Good Effect’ and ‘I feel High?%. The positive
subjective effects of cannabis were further assessed by individual
items on the Cannabis Rating Form (CRF)?*, where participants rated
the cannabis that they had most recently smoked in terms of ‘Canna-
bis Cigarette Liking” and ‘Felt Good Cannabis Effect’ (key secondary
endpoints) using a VAS. Cannabis self-administration was evaluated
by measuring the number of puffs purchased at each timepoint (key
secondary endpoint).

The statistical analysis plan (SAP) specified a crossover mixed
model repeated measures (MMRM) analysis, which took into account
multiple comparisons, using the restricted maximum likelihood esti-
mator (REML) as estimation method and structured covariance matrix
withcompound symmetry andincluded all datafrom those completing
(n=13 per dose) both treatment periods (first period ‘A’ and second
period ‘B’). However, a significant interaction between the dosing
sequence (AEFO117 first or placebo first) and treatment was observed
forall primary and key secondary endpoints, indicating that the order
of placebo and AEFO117 administration impacted outcome. Inthis situ-
ation, the SAP specified that a parallel group MMRM analysis was to be
donewithdatafromthe first dosing period only (period A), comparing
participants dosed with AEFO117 (0.06 mg or 1 mg, n= 6 per dose) or
placebo (n=14).

The global crossover MMRM analyses showed that AEFO117
(1 mg) significantly reduced ratings on the ‘Intoxication’ subscale of
the 44-item VAS (Fig. 3a-c and Supplementary Table 19) (peak effect,
P<0.006; over time, P < 0.005) as well as the ‘Felt Good Cannabis
Effect’ item on the CRF (over time, P < 0.005). A significant interac-
tion between sequence and treatment over time was observed for all
outcomes (‘Intoxication’subscale, P < 0.02; ‘Felt Good Cannabis Effect’,
P <0.001and‘Cannabis Cigarette Liking’, P < 0.05). Consequently, the
pre-specified parallel group analysis was performed over time for the
first dosing period only (period A; Fig. 3d-fand Supplementary Table
20) and showed arobust attenuation of these effects by AEFO117, with
even the lower dose (0.06 mg) producing a significant reduction in
cannabis ratings (Treatment x Time: Intoxication, P< 0.05; CRF items
‘Felt Good Cannabis Effect’, P < 0.005 and ‘Cannabis Cigarette Liking,
P<0.02). The 1-mg dose produced a significantly greater effect than

the 0.06-mg dose for the ‘Felt Good Cannabis Effect’item (Dose x Treat-
ment x Time interaction, P< 0.05).

In the global crossover analysis, AEFO117 (1 mg; Fig. 3g) also
reduced cannabis self-administration (Treatment effect, P< 0.03, and
Treatment x Dose x Session interaction, P < 0.01). Asignificantinterac-
tion between treatment and sequence was again observed (P < 0.01),
and the pre-specified parallel group analysis (Fig. 3h) for the first dosing
period only (period A) confirmed that the 1-mg dose had alarger effect
onself-administration than the 0.06-mg dose (Dose x Treatment x Ses-
sion, P< 0.05).Self-administration data were also analyzed by compar-
ing the number of individuals choosing to self-administer cannabis
as afunction of AEFO117 dose. Although there was a trend for a lower
proportion of participants to self-administer cannabis when receiv-
ing AEFO0117, no significant effect of Treatment or Treatment x Dose
interaction (McNemar’s test) was observed.

AEF0117 seemed to reduce the subjective effects of cannabis at
lower doses (0.06 mg) than cannabis self-administration, for which
1 mgwas needed (Fig. 3). This observation is consistent with the dose
range observed inanimals inwhich15 pg kg™ of AEFO117 (correspond-
ing to 1 mg in humans) was needed to reduce self-administration,
whereas 1.5 ug kg™ (corresponding to 0.06 mg in humans) was suffi-
cienttoinhibit other THC-induced behaviors (Supplementary Table 2).

To characterize andillustrate the sequence effect, an exploratory
post hoc analysis was performed on the two sequences separately. This
analysis, portrayed in Fig. 3i for ‘Felt Good Cannabis Effect” at the most
effective dose (1 mg), shows that, when placebo was administered in
the first dosing period, AEFO117 decreased ratings of cannabis in the
second dosing period. However, when AEF0117 was administeredin the
first dosing period, there was no significant difference from placebo
inthe second dosing period. This suggests that AEFO117 maintainsits
effects even after >14 d of washout. These lasting effects likely reflect
the long elimination half-life of AEFO117. When AEFO117 was admin-
istered during the first period, detectable plasma concentrations of
AEFO117 were observed after >14 d of washout (Fig. 3j,k). To further
investigate the PK characteristics of AEFO117, we did population PK
modeling and Monte Carlo simulations, which showed that (1) the
trough concentration of AEFO117 reaches steady state after 4 weeks
and (2) after 3 months of AEF0117 (1 mg) administration, more than
2 months are needed for drug concentrations to go below detection
limits (0.01 ng mi™).

In research volunteers with CUD (n=29), AEFO117 (0.06 mg kg™
and1 mg kg™) was also safe and well tolerated with no treatment-related
SAEs. Amongthe limited number of TEAEs, theincidence, severity and
relatedness to treatment were similar whether AEFO117 or placebo
was administered, except for one severe, unrelated AE (dermal cyst)
observed inthe 1-mg cohort (Table 2). One participant, with a history

Fig.3| AEFO117 decreased positive subjective ratings and cannabis self-
administration in research volunteers with CUD in the phase 2a study.
AEF0117 (1 mg) significantly decreased positive subjective ratings of cannabis
measured by VAS (0-100 mm). a,d, Intoxication subscale comprising the
arithmetic mean of the ratings of the ‘I feel a Good Effect’ and ‘I feel High’ items.
Rating of the ‘Felt Good Cannabis Effect’ (b,e) and of the ‘Cannabis Cigarette
Liking’ (c,f) items.a-c, MMRM global crossover analysis (n =13 per dose)

shows asignificant effect of treatment for (Treatment x Time, P= 0.0036

and Dose x Treatment x Time, P=0.0017) (a) and (Treatment x Dose x Time,
P=0.0034) (b). Significant Treatment x Sequence interactions were found for
allthe outcomes, P=0.0182 (a), P< 0.0001(b) and P= 0.0318 (c). d-f, When the
pre-planned MMRM parallel group analysis (first dosing period only, placebo
n=14,AEF0117 n = 6 per dose) was performed to eliminate the sequence effect,
asignificant decrease was observed for all the outcomes (Treatment x Time,
P=0.0381(d), P=0.0032(e), P=0.0126 (f); Treatment x Dose x Time, P=0.0368
(e)).g,h, AEFO117 1 mg significantly decreased cannabis self-administration as
measured by the number of cannabis puffs purchased by the participants. g, The
MMRM global crossover analysis (n =13 per dose) showed a significant Treatment

effect (P=0.0254),a Treatment x Dose x Session interaction (P=0.0009) and
aTreatment x Sequence interaction (P=0.0085). h, The pre-planned MMRM
parallel group analysis showed a significant decrease in self-administration
(Dose x Treatment x Session, P=0.0344).1, Exploratory analysis as a function
ofthe dosing sequence (n = 6 for AEFO1171 mg first or n =7 for placebo first) for
‘Felt Good Cannabis Effect’. The ratings after AEFO117 were similar in the two
sequences, whereas responding under placebo was lower if participants had
previously received AEFO117, indicating a long-lasting effect of AEFO117.

j. K, When AEFO117 was administered in the first study period (AEFO117 first,
n=6forthe 0.06-mgcohort; n =7 and 8 for the 1-mg cohort for placebo and
AEFO0117, respectively), detectable levels of AEFO117 were observed in the
second dosing period when participants received placebo >14 d after AEFO117
administration. This was not the case when AEF0117 was administered in the
second dosing period (placebo first, n=8and 7 per dose for the 0.06-mg and
1-mg cohorts, respectively). Data are represented as mean + s.e.m. over the
different days of testing for each timepoint (a-h,j,k) or as overall rating over
the 5 d of testing and the five timepoints (i). AEF, AEFO117; D, days; SA, self-
administration; PD, pre-dose.
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of auditory and visual hallucinations (not disclosed during screening),
experienced two episodes of mild auditory hallucinations during days
1and 2 of AEF0117 (1 mg) administration. The participant continued the
study without any further episodes of hallucination.

We also evaluated whether AEFO117 precipitated symptoms of
cannabis withdrawal using daily assessments of food intake, body
weight, sleepand mood, measured using the ‘Miserable’, ‘Anxious’and
‘Irritable’ subscales of the 44-item VAS*. Mood was assessed before
and 2.5 h after AEFO117 administration, before cannabis administra-
tion. Overall, there was little to suggest that AEFO117 precipitated

cannabis withdrawal (Fig. 4). AEFO117 did not produce anorexia (Fig.
4g,h) or sleep disruption (Extended Data Figs. 7 and 8) relative to pla-
cebo. There was a small but significant effect of treatment (Treat-
ment x Day x Time, P< 0.05) for the ‘Irritable’ subscale. As canbe seen
inFig.4a,b, thiseffect occurred onthelast 2 d of treatment and seemed
toreflect data from one participant (Fig. 4; red circles) receiving1 mg
of AEFO117. For this individual, ratings were low on the first several days
of AEFO117 administration but increased on days 4 and 5 for allmood
subscales. This pattern parallels the timecourse of spontaneous with-
drawal, where mood symptoms peak after several days of abstinence®.
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Before dosing (AEF/placebo)

2.5 h after dosing (AEF/placebo)
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Fig. 4 | Effects of AEFO117 on mood, food intake and body weight in the phase
2astudy. Subjective ratings before dosing with AEFO117 at 9:00 (a,c,e) and

then 2.5 hafter AEFO117 administration, before cannabis smoking (b,d,f) for the
subscale of the 44-item VAS used to measure precipitated cannabis withdrawal
Irritable (a,b), Anxious (c,d) and Miserable (e,f). In the MMRM analysis
performed for all three subscales, a small but significant effect was found for
the ‘Irritable’ subscale (Treatment x Day x Time interaction, P=0.0373). No

significant changes were found for the other two endpoints used to measure
precipitated withdrawal: daily caloric intake (g) and daily body weight (h). For
body weight, day 6 is the day of discharge 24 h after the last administration of
AEF0117 at day 5 (n =13 per dose cohort). Red circles indicate data from the
same participant (included in the mean value calculations and statistical MMRM
analysis). Data are represented as mean +s.e.m.
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Precipitated withdrawal, in contrast, is characterized by abrupt and
robust changes in mood within hours of an antagonist administra-
tion—for example, naloxone administration to opioid-dependent
individuals®. To evaluate the contribution of this individual to the
significant effect observed, we did an exploratory analysis excluding
his data, and there was no longer a significant treatment effect. We
hypothesize that thisindividual was particularly sensitive to AEF0117°s
inhibition of cannabis effects, and, thereby, he exhibited symptoms of
spontaneous cannabis withdrawal despite receiving active cannabis
eachday.

The ‘Miserable’,‘Anxious’, ‘Irritable’, ‘Tired’, ‘Confused’, ‘Social’and
‘Bad effect’ subscales of the 44-item VAS* were also used to evaluate
potential negative mood effects of AEFO117 after cannabis adminis-
tration. There were small but significant effects of treatment for the
‘Irritable” and ‘Bad effect’ subscales (Extended Data Fig. 9a,e). These
do not appear to reflect the effects of AEFO117 in combination with
cannabis, as ratings of ‘Irritable’, for example, were similarly elevated
before cannabis administration (Fig. 4a,b) and seemed driven by the
same individual who showed signs of spontaneous withdrawal at the
1-mg dose (red encircled dots). In an exploratory analysis, no signifi-
cant effects of AEFO117 (1 mg) were found when this individual was
excluded from the analysis. There was also a small (<8-mm difference
between AEF0117 and placeboinal00-mmscale; Supplementary Table
21) but statistically significant decrease inratings on the ‘Social’ subscale
(Extended Data Fig. 9d).

Overall, the absence of effects of AEFO117 on food intake or sleep
(robust measures of cannabis withdrawal) and the small amplitude
changes observed on certain mood ratings do not suggest that AEFO117
precipitates cannabis withdrawal or produces clinically relevant
changes in mood among volunteers smoking cannabis.

Consistent with animals and healthy volunteers, endocannabi-
noids (2AG and AEA), pregnenolone and its downstream steroids did
not increase during AEF0117 administration compared to placebo in
research volunteers with CUD (Extended Data Fig. 10), except that
AEA levels were significantly higher with the 0.06-mg AEFO117 dose
relative to placebo (Extended Data Fig.10a). However, participants in
this cohort had high basal AEA levels (before medication administra-
tion), and levels remained high 3 h after dosing (P < 0.05), suggesting
that the effect was not caused by AEFO117 administration. Finally, no
statistically significant differences were observed in plasma THC and
its metabolites (11-COOH-THC and 11-OH-THC) between the periods of
AEF0117 and placebo dosing (Extended Data Fig. 10j-1).

Discussion

AEFO0117 is the first of a new pharmacological class, the CB,-SSi, with
an MOA that has never before, to our knowledge, beeninvestigatedin
humans. We chose the name SSi to purposely differentiate this new
pharmacological class from knowninhibitors: orthosteric antagonists
and prototypical negative allosteric modulators (NAMs). These drugs
act mainly by blocking (antagonists) or decreasing (NAMs) the access
of ligands to the receptor’. Such MOAs modify all receptor activity
and, thus, canimpair normal physiological function and produce seri-
ous adverse effects. As a result, few antagonists or NAMs have been
approvedto treat brain diseases. CB,-SSibinds to an allosteric binding
site but has a distinctive MOA. CB,-SSi does not modify orthosteric
ligand binding but, rather, restricts the conformational changes that
an agonist can induce in the CB,, thereby inhibiting only some of its
cellular activity. CB1-SSi can, thus, be considered a subclass of biased
allosteric modulators®. By this mechanism, AEFQ117 potently inhibits
the effects of the receptor ligand, THC, without altering behavior per se
in animals or humans. CB1-SSi appears to be one of the few classes of
compounds able to inhibit the effects of areceptor agonist without
having psychoactive effects per se, which provides a considerable
advantage for its potential therapeutic use and constitutes a major
advance in the pharmacology of inhibitors.

The unique pharmacological profile of AEFO117 is also illustrated
by its ability to decrease self-administration, addiction-related subjec-
tive effects and the unconditioned effects of cannabis and THC without
precipitating withdrawal. By contrast, CB, agonists may decrease can-
nabinoid self-administration but do notinhibit THC’s unconditioned
effects, whereas CB, antagonists precipitate withdrawal, decrease the
unconditioned and subjective effects of THC and typically result in
compensatory increases in self-administration. One possible explana-
tion for the unique action of AEFO117 on THC s effects is that AEFO117,
by its signaling-specificinhibition, transforms the effects of THC into
abiased CB, agonist, resulting in reduced addiction-related effects.

Although the current findings establish the signaling-specific
effects of AEFO117 and its unique pharmacological profile, future stud-
iesareneededtoidentifyits full MOA. AEFO117 could potentially modify
otherimportant CB,-activated signaling pathways beyond MAPK, such
as Go-mediated inhibition of voltage-operated calcium channels. It
is also possible that AEFO117 has ligand specificity and interferes less
with endocannabinoid-mediated than with THC-mediated CB, activa-
tion. This hypothesis is supported by the minimal effects of repeated
AEFO0117 administration per se on spontaneous behavior and on meas-
ures of anxiety, sucrose preference and food intake. Further study is
needed to test the ligand specificity of AEFO117 under conditions of
increased endocannabinoid availability, as occurs after administration
of MAGL and FAAH inhibitors, for example.

The long half-life of AEF0117 seems to be caused by acombination
ofatleasttwo factors: (1) slow clearance: AEFO117is lipophilicsoit is dis-
tributed toadipose tissue and thenslowly cleared; (2) metabolic stability:
AEF0117 does not modify the activity of, nor is it notably metabolized by,
any major drug metabolic pathways (CYP and phase Il enzymes), and
no metabolite accounting for more than 1% of the parent compound
has been identified. Although compounds with a long half-life could
raise safety concerns, this does not seemto be the case for AEFO117. The
simulation performed with the population PK model showed that, after
3 months of treatment with AEFO117 (1 mg d™), the simulated median
plasmaconcentration was similar to that observed inthe MAD study after
2mg d™ for 7 d—that is, lower by a factor of 3 than those after 6 mg d™
for 7 d, a dose that was still safe and well tolerated. Furthermore, the
simulated concentrations were well below (320 times lower) the expo-
sure observed at the NOAEL found in the 3-month preclinical repeated
toxicology studies. Rather than causing a safety concern, the long
half-life of AEFO117 may actually be a beneficial feature of amedication
developed to treat CUD by reducing potential issues with medication
compliance.

One factor that likely contributed to the successful and rapid
development of AEFO117is the innovative selection process used. The
major causes of attritionin drug development are (1) lack of therapeutic
efficacy, (2) toxicity and (3) formulation and bioavailability issues, each
accounting for approximately one-third of the global attrition rate?.
Usually, drug candidates are selected for their potency and efficacy.
Toxicity, formulation and bioavailability are studied only later in devel-
opment, resultingin only about 4% of developed compounds achieving
approval®, By using in vitro toxicity, formulation and bioavailability
as the first criteria of selection, we were able to reduce the impact of
two of the three primary causes of attrition early on and could then
dedicate considerable resources for an extensive pharmacodynamic
characterization of a small number of compounds that had a higher
chance of achieving and succeeding in phase 2 studies than by using
the classic approach.

In conclusion, AEFO117 is the first of a new pharmacological class
of inhibitors, CB,-SSi, that modify the activity of their target receptor
in a signaling-specific manner. Because these drugs reproduce the
effects of a natural mechanism to counteract CB, overactivation®,
they can inhibit the effects of THC without altering the basal activity
of the CB,. Therefore, these compounds seem to have no effect on
normal behavior and physiological activity while decreasing cannabis’
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abuse-related and reinforcing effects, resulting in a well-tolerated and
potentially efficacious therapy for CUD.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41591-023-02381-w.
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Methods

Laboratory animals

Non-GLP experiments. Rodents (rats and mice) used to study the
effects of AEFO117 and rimonabant on THC-mediated responses and
for PK studies were individually housed in temperature-controlled
(22 °C) and humidity-controlled (60%) facilities under a constant
light/dark cycle (lights on, 8:00-20:00, except for self-administration
studies: lights on 20:00-8:00). Food and water were freely available
except for food intake studies and for WINS5,212-2 self-administration
inmice. After arrival, the mice and rats were handled periodically for
2 weeks before experiments. Rodents were purchased from Janvier
Labs, Charles River Laboratories or IFFA CREDO. All experiments were
conducted in strict compliance with the recommendations of the
European Union (2010/63/EU) and approved by the respective ethics
committees: French Ministry of Agriculture and Fisheries (authori-
zations nos. 3310035, 3309004 and 3312059); Ethical Committee of
the University of Bordeaux; Ethical Committee for Animal Research
(CEEA-PRBB), University Pompeu Fabra; and Oncodesign Internal
Ethical Committee. Exceptif specified elsewhere, the following strains
of adult male or female rodents were used: Sprague Dawley rats (RRID:
RGD_734476, weighing 200-380 g depending on the experiments);
C57BL/6) mice (RRID: MGI:5752053, weighing 23-25 g); C57BL/6N mice
(RRID: MGI:6236253, weighing 22-24 g); and CD-1Swiss mice (RjORL:
SWISS, weighing 25-43 g).

Male non-human primate/squirrel monkeys (Saimiri sciureus),
weighing 800-1,100 g, used for self-administration experiments,
were fromanin-house colony (Intramural Research Program, National
Institute on Drug Abuse (NIDA), National Institutes of Health (NIH),
originally from the NIH Animal Center). The monkeys were housed one
per cageinatwo-tier rack with six compartments (Environ-Richment
6-Pack, Britz & Company; dimensions of the inside compartment: 17
1/2-ft width x 27 1/8-ft diameter x 30-ft height; floor space: 3.2 ft> per
compartment) underal2-hlight/dark cycle. Controlled temperature
(21-23.5 °C) and humidity (35-55%) were provided in the housing
facility and test rooms. The monkeys were acclimatized to the animal
housing room for a period of at least 12 months. They were fed a daily
food ration consisting of five biscuits of high-protein monkey diet
(Lab Diet 5045, PMI Nutrition International) and two pieces of Banana
Softies (Bio-Serv) that maintained their body weight at aconstantlevel
throughout the study. Fresh fruits, vegetables and environmental
enrichment were provided daily. The animals had free access tofiltered
tap water. The experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals (8th edition) and
guidelines of the Institutional Animal Care and Use Committee of the
Intramural Research Program, NIDA, NIH, Department of Health and
Human Services (DHHS). The monkeys were maintained in facilities
fully accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC).

GLP experiments. Rats and dogs used for the toxicology and safety
pharmacology experiments conducted using GLP conditions were
housed inaccordance with the guidelines of Directive 2010/63/UE of
the European Parliament and of the council of 22 September 2010 for
the protection of animals used for scientific purposes. Male and female
Sprague Dawley SPF (specific pathogen free) rats aged 6-8 weeks
(from Charles River Laboratories) and male and female Beagle dogs
aged 8-10 months (weighing 6-12 kg) (from Marshall BioResources)
were used. Rats were housed (separated by sex) in standard-sized
cages with sawdust (or equivalent) bedding and had ad libitum access
to food (RM1 (E)-SQC SDS/DIETEX) and drinking water. In the 28-d
study, dogs were individually housed in standard-sized pens (2.25 m?)
and received a daily ration of 300 g of food (SDS/DIETEX D3(E) SQC)
with 1,500 ml of drinking water. In the 91-d study, dogs were housed
collectively by group and by sex in standard-sized pens and received
adaily ration of 230 g of food (ssniff Hd Ereich Extrudate V3286 SQC)

with ad libitum access to water. The rats and dogs were housed in an
air-conditioned (20-24 °C) animal house kept at a relative humidity
between 45% and 65%.

Drugs

A’-tetrahydrocannabinol (THC) for the rodent studies was purchased
as dronabinol resinous oil (THC-12955-250) or 10 mg ml™ solution in
100% ethanol (THC-LOO657-E-1010) (THC Pharm GMBH-The Health
Concept). The resin was dissolved at 50 mg ml™ (w/v) in100% ethanol.
Forinjection, ethanol solutions were solubilized in 0.9% NaCl contain-
ing ethanol (2%) and Tween 80 (2%). For the food intake, locomotion
and PPl experiments, THC was solubilized in 0.9% NaCl containing
ethanol (4%) and Cremophor (4%).

For the self-administration experiments with monkeys, THCin eth-
anolsolution (49.9 + 0.027 mg ml™) was provided by RTl International
(RTIlogno.:13475-1212-186). Stock solution (0.4 mg ml™) was prepared
by dissolving THC ina vehicle containing 1% ethanol, 1% Tween 80 and
saline. The stock solution was further diluted with saline as needed.

Rimonabant (SR141716A, Cayman Chemical, reference:
90000484) was dissolved in DMSO (2%) and Tween 80 (2%) in inject-
able NaCl 0.9% solution.

When THC and rimonabant were administered through the intra-
peritoneal (i.p.) route, the injection volumes were 1 ml kg™ of body
weight for rats and 10 ml kg™ for mice.

WINS5,212-2 (Sigma Chemical Co.), used for the mice
self-administration experiments, was dissolved in one drop of Tween
80 and diluted in saline solution.

Ketamine hydrochloride (100 mg kg™) and xylazine hydrochloride
(20 mg kg ™) were mixed and dissolved in ethanol (5%) and distilled
water (95%). This anesthetic mixture was administered i.p. before
catheter implantation in an injection volume of 20 ml kg™ of body
weight. Thiopental sodium (5 mg mi™) was dissolved in distilled water
and delivered by infusion of 0.1 ml through thei.v. catheter.

AEFO0117 was provided by Aelis Farma to all research sites.
Laboratory-scale batches, made by the contract research organization
(CRO) Atlanchim Pharma, were used for selection, proof-of-concept
and PK studies. Non-GMP pilot-scale batches, made by the contract
development and manufacturing organizations (CDMOs) Roowin
and Symeres, were used for toxicology studies. Good Manufacturing
Practice (GMP) batches, made by Roowin and Symeres, were used for
clinical studies.

Formulation and dosing of AEFO117

Thesolubility of two parent compounds was evaluated firstinanin vitro
screening with 10 surfactants and lipidic excipients. The four excipients
(lipidic) providing the best solubility were tested with 12 additional
compounds, including AEF0117, and 10 compounds were then com-
pared in vivo in initial PK studies that showed that corn oil was the
most appropriate marketable formulation. Consequently, AEF0117 in
acorn oil solution was used for animal and human studies. Allin vitro
solubility screening was performed by the CRO Drugabilis.

Steroids and cannabinoids quantification

Plasma sampling. Blood samples were collected in EDTA or lithium
heparin-coated tubes. After centrifugation for 20 min at 500g under
refrigeration (4 + 2 °C), the plasma supernatant was divided into two
tubesto separately analyze steroids and cannabinoids (endocannabi-
noids and THC and its metabolites). Samples were snap frozen after
removal and kept at —80 °C until analysis.

Plasma sample analysis. The steroids pregnenolone (PREG),
testosterone (TESTO), allopregnanolone (ALLO), dehydroe-
piandrosterone (DHEA) and corticosterone (CORT); the can-
nabinoids N-arachidonoylethanolamine (Anandamide, AEA),
2-arachidonylglycerol (2-AG), A’-tetrahydrocannabinol (THC);
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and THC metabolites 11-Nor-9-carboxy-A°-tetrahydrocannabinol
(11-COOH-THC) and 11-hydroxy-A°-tetrahydrocannabinol
(11-OH-THC) were quantified using an isotopic dilution method
(with deuterated internal standard analogs) combined with gas
chromatography-negative chemical ionization-tandem mass
spectrometry (GC-NCI-MS/MS) for steroids analysis or liquid
chromatography-positive chemical ionization-tandem mass spec-
trometry (LC-APCI-MS/MS) for cannabinoids analysis. Bioanalysis of
endocannabinoids and steroids by MS were performed at the Neuro-
centre Magendie of INSERM.

Progesterone, cortisoland estradiol (E2) assays were performed by
LabCorp Test Master (using an electrochemiluminescence immunoas-
say (ECLIA); tests 004515 and 004317 for progesterone and cortisol,
respectively, and the LC-MS/MS method for E2).

Extraction and purification of steroids and cannabinoids for MS
analysis. Analysis of the compounds of interest required preliminary
stepstoallow pre-concentration and reduction of biological matrices.

For steroids, plasmawas first spiked with deuterated analoginter-
nalstandards (PREG-d4, TESTO-d3, ALLO-d4, DHEA-d3 and CORT-dS8)
and then mixed with methanol/H,0 (75/25, v/v) for homogenization.
Dried extracts were diluted with methanol/H,0 (5/95, v/v), and then
steroids were extracted by a simple solid-phase extraction (SPE)
method using reverse-phase C18 columns (Agilent) and methanol as
elution solvent, as described previously",

For cannabinoids,ahomogenous solution of plasma (qsp 1 mlwith
Tris-HCI50 mM pH7.5if needed)/methanol/chloroform (1:1:2) was spiked
with deuterated analog internal standards (AEA-d4, 2-AG-d5, THC-d3,
11-COOH-THC-d3 and 11-OH-THC-d3). Chloroform was added to per-
form liquid-liquid extraction (LLE). This step was repeated two times.
Thedried lipid extract was diluted with methanol/H,0 (30/70, v/v) and
purified by SPE using cyclohexane/ethyl acetate (1:1) as elution solvent®.

After elution, steroid or cannabinoid extracts were concentrated
under a gentle nitrogen stream evaporation.

Derivatization of steroid extracts. Dried methanol extracts of plasma
samples were subjected to deconjugation and derivatization steps
to release the free analytes and to increase volatility, heat resistance
and ionizability. The formation of pentafluorobenzyl oximes for NCI
detection was followed by trimethylsilyl ether formation for adequate
sensitivity and selectivity for GC-MS/MS analysis.

Quality control and calibration curves. All analyses were conducted
in compliance with GLP-like procedures (but not GLP) according to
qualified assay methods for steroids and cannabinoids, including selec-
tivity, sensitivity, accuracy, between-runand within-run precision and
recovery.Inaddition, anassay of the stability of the internal standards
in each run of analysis was performed to ensure that the amount of
non-deuterated steroids and cannabinoids was always less than 0.3%. A
calibration standard curve wasimplemented in each batch of analyzed
samples by spiking deuterated internal standards with increasing
amounts of reference standards through 10 calibration levels (CCTO
to CCT9) to calibration samples, and the extraction procedure was
performed as described above. The response was linear (R? > 0.990) for
each analyte. To evaluate between-run precision and reproducibility,
quality control samples were run for each batch of samples analyzed.

MS quantification. The derivatized steroid samples were injected
(1 pl) directlyintoa GC-MS/MS XLS Ultra Thermo mass spectrometer
(Thermo Finnigan) via an AS3000 Il autosampler. The instrument
was employed in negative ion chemical ionization mode and a15-m
Rtx-5Sil MS W/Integra Guard capillary column (Restek) witha 0.25-mm
inside diameter, and 0.1-pum film thickness was employed for analyte
resolution. Data were acquired using Thermo Xcalibur Access (Thermo
Fisher Scientific).

Mass spectral analyses of cannabinoids were performed on aliquid
chromatography-atmospheric pressure chemical ionization-tandem
mass spectrometry (LC-APCI-MS/MS) device operatingin positive ion
mode. The TSQ Quantum Access triple-quadrupole instrument was
used in conjunction with a Surveyor LC Pump Plus (Supelco C18 Dis-
covery analytical column) and cooled autosampler. Datawere acquired
using Thermo Xcalibur version 2.0.7 (Thermo Fisher Scientific).

For quantification, the mass spectrometers were operated in
selected reaction monitoring (SRM) mode to enhance sensitivity, and
the concentration of each compound was calculated by linear regres-
sion of the peak area corresponding to the diagnostic fragment ion
(m/z) with the highest intensity.

Foreachanalyte, theisotope dilution method was used to achieve
accurate quantification using the respective calibration curve. Indi-
vidual plasma concentrations were expressed as ng ml™ for steroids
and THC and its metabolites and as pmol ml for endocannabinoids.

AEFO0117 quantification

Plasmaandbrain AEFO117 concentrations were measured using LC-MS/
MS. AEFO117 was derivatized by the addition of hydroxylamine during
the extraction process.

The CRO Oncodesign performed the animal sample quantifica-
tion, and the CRO Biotrial Bioanalytical Services performed the human
sample quantification. Methods used for toxicokinetics (TK) analysis
inanimals and for the human samples were validated according to the
applicable principles of GLP. System control and data collection were
done using Analyst software version 1.5 or version 1.6 (AB Sciex). PK
parameters were determined using WinNonLin version 6.3 (Certara).

In vitro characteristics of AEF0117

Effect of AEFO117 on in vitro radioligand binding assay. HEK293
cells (American Type Culture Collection (ATCC), CRL-1573, RRID:
CVCL_0045) were stably transfected with human CB, N-terminally
tagged withbovine pre-prolactin signal sequence and 3-hemagglutinin
residues as previously described*. Cells were cultured in DMEM +10%
FBS under zeocin-resistant (250 pg ml™) antibiotic selection. Cells
were expanded into approximately 24 x 175-cm? vented-cap plastic
culture flasks and, when confluent, dislodged using ice-cold 5 mM
EDTA. Cells were sedimented and snap frozen at —80 °C. The pellet
was resuspended inice-cold sucrose buffer (200 mM sucrose, 50 mM
Tris-HCIpH 7.4, 5 mM MgCl,, 2.5 mM EDTA) and manually homogenized
using a glass pestle and dounce homogenizer. The homogenate was
centrifuged at1,000g for 10 min. The membrane-rich supernatant was
retained and re-centrifuged at 26,916gfor 30 min. The membrane pellet
wasresuspended insucrose buffer, and protein levels were quantified
using a Bradford protein assay kit and stored at —80 °C.

Competition binding assays were conducted on purified mem-
brane preparations as described previously*°. Concentration dilution
series of AEF0117 (0.1nM, 1nM, 0.01 pM, 0.1 uM, 1 pM and 10 pM, plus
vehicle) were prepared in binding buffer (50 mM HEPES pH 7.4, 1mM
MgCl,, 1mM CaCl,, 2 mg mI™ BSA). [?H]CP55,940 (PerkinElmer) was also
diluted toafinal concentration of 1.6 nM inbinding buffer. Membranes
were similarly diluted to 5 pg per assay point. Reagents were mixed ata
final assay volume of 200 plin V-bottom polypropylene 96-well plates
and incubated for 1 h at 30 °C. Simultaneously, 1.2-um pore fiberglass
filters of a 96-well harvest plate (PerkinElmer) were blocked with 0.1%
w/vbranched polyethylenimine. Afterincubation, the harvest plate was
applied toavacuum manifold at 5 mmHg. Wells were washed with 200 pl
of ice-cold wash buffer (50 mM HEPES pH 7.4, 500 mM NaCl,1 mg ml™*
BSA). Drug and membrane were transferred from the V-bottom mix-
ing plate and applied to the harvest plate. Wells of the V-bottom plate
were washed with200 pl of ice-cold wash buffer, and the wash was also
applied to the respective wells on the harvest plate. Finally, each well
on the harvest plate was washed three times with 200 pl of ice-cold
wash buffer. The harvest plate was then allowed to dry overnight. The
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underside of the harvest plate was sealed, and 50 pl of Irgasafe Plus
(PerkinElmer) was applied to each well and read in a Wallac MicroBeta
TriLux liquid scintillation counter for 2 min per well. Counts were
acquired using a MicroBeta®> Windows Workstation, version 2.2.0.19
(PerkinElmer). The Trilux scintillation counter has three detectors. For
the results among the detectors to be equivalent, data are normalized
for smallvariations in efficiency and background detectionamong the
detectors. Datameasuredin counts per million (CPM) are corrected by
dividing by this efficiency coefficient and reported as corrected CPM
(CCPM). Corrected counts were exported and analyzed in GraphPad
Prism. The specific binding window for each of n = 3independent experi-
ments was normalized toradioligand binding in the presence of vehicle
only (100%) or displacement caused by 10 uM THC (0%).

Effect of AEFO117 on THC-induced decreases in cellular respiration.
Theaim of this study was to test the effect of AEFO117 on the inhibition
of cellular respiration induced by THC (1 uM) in HEK293 cells tran-
siently transfected, using polyethylenimine (PolySciences), with the
hCB, receptor provided by Ken Mackie (Gill Center for Biomolecular
Science, Indiana University).

HEK293 cells (ATCC, CRL-1573, RRID: CVCL_0045, batch 59534772)
transiently transfected with the hCB,-expressing plasmid were first
treated with AEFO117 (dissolved in acetonitrile 0.01%). After 15 min
of incubation, THC (1 uM, dissolved in ethanol 0.0034%) or vehicle
was added in the culture dishes for 30 min. First, a dose-response
experiment with AEF0117 (O nM, 1 nM, 5 nM, 50 nM and 100 nM) was
performed with n =4 per condition. Then, two supplementary experi-
ments were performed to confirmthe reversal by AEF0117 (100 nM) of
THC inhibition of cellular respiration (n = 6 per condition). The effect
of AEFO117 on cellular respiration was also studied (n = 4 per condition)
inHEK293 cells withamutated receptor that expressed aglycine (G) in
position1.49 (hCB,Rp.E1.49G) instead of aglutamate (E); we previously
showed" that this mutation invalidates the pregnenolone binding site
and suppresses pregnenolone’s effects.

Cellular respiration was measured in a calibrated oxygraph
(Oxygraph-2k, Oroboros Instruments) equipped with a Clark elec-
trode and DatLab software. Oxygen consumption (OC) rate was used
to measure cellular respiration. The effects of THC, in the absence and
in presence of AEFO117, on OC rate were expressed as a percentage of
thebaseline OCofthe cell treated with the AEFO117 vehicle and the THC
vehicle inthe same experiment.

Effect of AEFO117 on THC-induced decreases in cAMP. CHO cells
stably expressing the human CB, receptor (CHO-hCB,) were used in
these experiments (ES-110C, PerkinElmer).

The effects of AEF0117 at four doses (0 nM, 10 nM, 100 nM and
1uM, dissolvedinN,N-dimethylformamide 0.01%) were tested against
adose-response function of THC (0.3 nM, 1nM, 3 nM, 10 nM, 30 nM,
100 nM and 300 nM, plus vehicle) dissolved in ethanol 0.0063%.

CHO-hCB, cells were treated by concomitantly adding THC and
the test compound for 45 min. Forskolin (2.5 puM) was also simultane-
ously addedinall the conditions tested to sustain CAMP basal level. At
theend of the treatment, cells were lysed for CAMP quantification. All
measures were performed in triplicate in one experiment.

The quantitative determination of cAMP was done using a com-
petitive fluorescence immunoassay. Data were expressed as % of A
fluorescence (AF) that was calculated as follows: AF% = (sample fluores-
cence - negative control fluorescence) / negative control fluorescence.
These experiments were done by the CRO Fluofarma.

Effect of AEFO117 on THC-induced increase in p-ERK1/2. The aim of
this study wasto assess the effect of AEFO117 on THC-induced increases
in p-ERK1/2 in two different cell lines: CHO-hCB, and STHdh¥"/¥,
CHO-hCB; cells are CHO-K1 cells that stably express hCB, (ES-110-C,
PerkinElmer). These cells were plated in 96-well plates (35,000 cells per

well) in DMEM-F12 culture medium (11330, Gibco) supplemented with
10% FBS and geneticin and incubated for 24 hat 37 °C under 5% CO, to
reach approximately 90% confluence. Then, the cells were deprived
of FBS for 4 hinthe presence of 0.1% BSA (04-100-812-C, Euromedex),
pre-incubated for 30 min with increasing concentrations of AEFO117
(0.1pM, 0.3 uM, 1 uM, 3 uM and 10 pM, dissolved in DMSO 1%) or its
vehicle and then treated for 10 min with THC (30 nM, dissolved in
DMSO0 0.05%) or its vehiclein DMEM-F12 supplemented with 0.1% BSA.

STHdh®YY cells are a striatum-derived cell line that endogenously
express murine CB, (Coriell, CHO0097, RRID: CVCL_M590). These cells
were plated in 96-well plates (20,000 cells per well) in DMEM culture
medium (61965, Gibco) supplemented with10% FBS and incubated for
24 h at 33 °C under 5% CO, to reach approximately 90% confluence.
After 24 h of FBS deprivation, cells were pre-incubated for 30 min
withincreasing concentrations of AEFO117 (0.1 pM, 0.3 pM, 1 pM, 3 pM
and 10 pM, dissolved in DMSO 1%) or its vehicle and then treated for
30 min with THC (10 pM, dissolved in DMSO 0.05%) or its vehicle in
DMEM medium.

Attheend of the treatment, both cell lines were lysed with AlphaL-
ISA lysis buffer (100 pl per well), and the activation of the ERK1/2 path-
way was evaluated by quantifying phosphorylated-ERK1/2 (p-ERK1/2)
levels using AlphaLISA SureFire Ultra p-ERK1/2 (Thr202/Tyr204) assay
kit (ALSU-PERK-A10K, PerkinElmer) according to the manufacturer’s
guidelines. The resulting signal was acquired with an EnSpire Alpha
plate reader (PerkinElmer) using EnSpire Manager software. Data are
expressed as a percentage of the THC effect in the absence of AEFO117.
In the case of CHO-hCB, cells, data represent the mean alpha signal
obtained in one representative experiment with n = 4. For STHdh®"/¥
cells, datarepresent the mean alpha signal of fourindependent experi-
ments, each with at least n =3 replications.

Administration of AEFO117 in laboratory animals

Inlaboratory animal studies, unless otherwise specified, AEFO117 was
administered by oral gavage in a corn oil solution (Sigma-Aldrich)
between 2 ml kg™ and 5 ml kg™ depending on the study.

PK experiments with AEFO117 in laboratory animals

Plasma and brain concentrations of AEFO117 in male and female
mice. After administration of AEFO117 (0.3 mg kg™, 4 mg kg™ and
10 mg kg™, orally) to male and female CD-1 Swiss mice (n =3 per sex),
blood was withdrawn by cardiac puncture afterisoflurane anesthesia at
0.5,1,1.5,2,4,5,6,8,10,24,36 and 48 h after dosing. Blood samples were
centrifuged within 15 min after collection (-7 min at 1,600g and 4 °C)
to obtain plasma. The brain was also harvested, weighed and frozen
ondryice.Plasma and brains were stored below =70 °C until analysis.

Plasma and brain concentrations of AEFO117 in male and female
rats. After dosing with AEFO117 (1.6 mg kg™, orally), blood was collected
from male and female Sprague Dawley rats (n =3 per sex, 8-9 weeks
old) 12 times (0.5,1,1.5,2,3, 4,5, 6,7,24,36 and 48 h). Blood samples
were obtained from catheterized animals housed in Culex cages with
anautomated blood sampler—arobotic system designed to facilitate
the sampling of whole blood from awake and freely moving rodents.
At the last withdrawal timepoint (48 h after dosing), blood aliquots
were manually collected from the femoral catheter. This experiment
was performed by the CRO Oncodesign.

The blood and brain concentrations of AEF0117 were studied in
a separate experiment. After administration of AEFO117 (1.6 mg kg™
by oral gavage), Sprague Dawley male rats (n = 3, per timepoint) were
anaesthetized by isoflurane anesthesiaat1, 2, 3,5, 7,10 and 24 h after
dosing. Blood was withdrawn by cardiac puncture, and the brains were
harvested. Brains were also collected at 48 h fromrats in the first experi-
mentaimed to compare AEF0117 in male and female rats.

In both experiments, blood samples were centrifuged ~7 min at
1,600g (4 °C), and the plasma was collected. The brain was weighed
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and frozen on dry ice. Plasma and brain were stored below =70 °C
until analysis.

Plasma concentrations of AEFO117 after oral and i.v. administration
in dogs. This study involved three male and three female dogs (Bea-
gles, CEDS, 21-36 months old) that received two administrations of
AEFO0117: the first was orally, and the second was i.v., with 21 d between
administrations. For both conditions, animals were fasted overnight
before dosing and up to approximately 2 h afterwards. On the day of the
oral study, animals were dosed with AEF0117 at 0.7 mg kg™ dissolved
incornoil, and blood samples were collected from the cephalic vein at
0.5,1,15,2,4,5,6,8,10,24,36 and 48 h after dosing. For the i.v. study,
AEF0117 was dissolved in 30% 2-hydroxypropyl-p-cyclodextrinin 5%
glucose ataconcentration of 0.31 mg ml™. AEF0117 was administered
at a volume of 2.25 ml kg™ to obtain a final dose of 0.7 mg kg™. Blood
samples were drawn from the cephalic or jugular veins at the following
timepoints: before dose and thenat 0.125 h (7.5 min),0.25h,0.5h,1h,
2h,4h,6h,8h,10 h,24 hand 48 hafter dosing.

Blood samples were immediately cooled on ice. Plasma was
prepared by centrifugation for 7 min at 1,600g under refrigeration
(4 £2°C), performed within 15 min at maximum after blood sampling.
Plasma was divided into two polypropylene tubes containing at least
500 plandthen stored frozen (<-70 °C) until assay.

Toxicokinetic studies in rats and dogs (GLP conditions). PK evalu-
ations of AEFO117 administered orally were also performed during
the 28-d and 91-d oral toxicity study in male and female rats (Sprague
Dawley SPF) and dogs (Beagle). The analysis was performed for all doses
of AEFO117 (28-d toxicity: 2,9 and 36 mg kg™ d%; 91-d toxicity: 2,20 and
65mgkg™d™).Forallstudiesinratsand the 91-d toxicity study in dogs,
the timepoints on days 1,28 and 91 were: before dose and |1, 3,5, 8 and
24 h after dose. For the 28-d toxicity study in dogs, the timepoints on
daysland28were:before doseand1,2,4,8,and 24 hafter dose.Inboth
species, only mean pre-dose plasma concentrations were calculated
on day 14 for the 28-d study and on day 28 for the 91-d study. For the
experimentsinrats, blood samples for drug analysis were taken from
the satellite animals used for the toxicokinetic (TK) analysis (n=3
per sex per timepoint and per group). For experiments performed in
dogs, blood samples were drawn from the cephalic or jugular veins of
allanimals (n =3 per sex per group).

TK analysis was performed separately per sex on mean concentra-
tions by anon-compartmental analysis (NCA). The linearity of exposure
was evaluated by comparison of the AUC/dose and C,,,,/dose ratios.
Possible accumulation was evaluated from the ratio of AUC on day
28 and on day 1 for each dose level and each sex. Samples lower than
the limit of quantification (LLQ) values (that is, < 8.00 ng ml™in rats
and <20.0 ng mI™in dogs) were not included in the calculation of TK
parameters. Concentrations of AEFO117 were found below LLQ in all
pre-dose samples onday 1.

Measurement of endocannabinoids and pregnenolone’s
downstream steroids after administration of AEFO117 in
laboratory animals

Experiments in rats (Sprague Dawley SPF). Blood samples for steroid
and endocannabinoid assays were also taken from the satellite animals
used for the 28-d repeated oral toxicology study (n = 3 per sex per dose
per timepoint) testing three doses of AEF0117 (2,9 and 36 mg kg™ d ™).
Blood samples were drawn from the jugular vein under isoflurane anes-
thesia. Timepoints were: day 14 at 5 h and 24 hafter dose and day 28 at
24 h after dose. The steroids assayed were: TESTO, DHEA and ALLO.
The endocannabinoids assayed were: N-arachidonoylethanolamine
(Anandamide, AEA) and 2-arachidonylglycérol (2-AG).

Experiments in dogs (Beagles). Blood samples for steroid and endo-
cannabinoid assays were also taken from the animals (n =3 per sex per

dose) used for the 28-d repeated oral toxicology studies that received
oneofthree doses of AEFO117 (2,9 and 36 m kg™ d"). Timepoints were:
daylatpre-doseand],2,4,8and24 hpost-dose; day14: pre-dose; and
day 28: pre-dose for treated animals. Vehicle timepoints were day 1 at
pre-doseand 2 hand 4 hpost-dose and day 14 and day 28 at pre-dose. We
used MS to assay the same steroids and endocannabinoids described
for the rat studies.

Toxicology and safety studies with AEFO117 in vitro and in
laboratory animals

Initial in vitro toxicity screening. A toxicity screen for AEFO117 and
other parent compounds was conducted at the initial compound selec-
tion stage. Three models were used: (1) neurotoxicity in primary cul-
ture of rat cortical neurons; (2) hepatotoxicity and biliary functionin
primary culture of rat hepatocytes in a sandwich configuration; and
(3) genotoxicity measuring histone H2AX phosphorylation (yH2AX)
in HeLa cells. AEFO117 was tested up to 100 pM. These studies were
performed by the CRO Fluofarma.

Neurotoxicity. The cytotoxic effect of AEFO117 in primary culture of rat
(embryonicday19 (E19) embryos) cortical neurons was determined by
analyzing the percentage of cytolyzed neurons over time by time-lapse
imaging withafluorescent cytolysis marker. Primary cortical neurons
fromE19 ratembryos were plated in 96-well plates. After 10 d of culture,
neurons were treated with AEFO117 (O pM, 10 pM, 30 pM and 100 pM) or
staurosporine (100 nM, used as a reference compound) and asoluble
fluorescent cytolysis marker. N-methyl-2-pyrrolidone (NMP) was used
asasolventwith afinal concentration of 0.1% in all experimental condi-
tions. After treatment, the cells were followed by time-lapse imaging
for 72 h and then permeabilized. This procedure measured cytolysis
over time as a percentage of the total number of cells per well.

Hepatotoxicity and biliary function. The cytotoxic effect of AEF0117
inprimary culture of rat hepatocytes (from10-12-week-old male Wistar
rats) was analyzed by measuring the percentage of cytolyzed hepato-
cytes over time by time-lapse imaging with a fluorescent cytolysis
marker. The number of bile canaliculi after 48 h of treatment was deter-
mined using a fluorescent bile salt analog. Primary rat hepatocytes
from 10-12-week-old Wistar rats (from Janvier Labs) were isolated
using a two-step collagenase perfusion method and plated in 96-well
plates. After 24 h in vitro, cells were covered with a layer of Matrigel
to perform a sandwich configuration culture. After 24 h, cells were
treated with AEF0117 (0, 0.1, 0.3, 1, 3,10, 30 and 100 pM final concen-
trations) and a fluorescent cytolysis marker and then monitored by
fluorescent and phase-contrast time-lapse imaging for 48 h. Cells
were then stained using a fluorescent bile salt analog to measure the
bile canaliculi network state and the Bsep pump activity. NMP was
used as asolvent with afinal concentration of 0.1% in all experimental
conditions. Acetaminophen (Sigma-Aldrich, reference A7085) was
added as a positive control of hepatotoxicity at 30 mM. Cyclosporin
A (Sigma-Aldrich, reference 30024) at 1 uM was added as a positive
control of biliary canaliculiloss. Data were acquired with Incucyte Base
software (Sartorius).

Genotoxicity. These studies were performed in HeLa cells by meas-
uring histone H2AX phosphorylation (yH2AX), which is the cellular
response to DNA damage resulting in double-stranded DNA breaks.
HelLa cells were seeded in 96-well plates and cultured for 24 h. Cells
were then treated with AEF0117at 0.1,0.3,1,3,10,30 and 100 pM final
concentrations for 24 h. NMP was used as asolvent with afinal concen-
tration of 0.1% for all experimental conditions. Etoposide at 3 uM was
added to each plate as a positive control of genotoxic effects. Immu-
nofluorescence was assessed on treated cells using a specific antibody
against the phosphorylated histone yH2AX. Nuclei were stained with
afluorescent DNA intercalating agent. The stained cells were imaged
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and analyzed on a BD Pathway 855 imager (x20 objective, BD Pathway
software suite, BD Biosciences).

Mutagenic and genotoxic effects (GLP studies). These studies were
performed by the service provider Institut Pasteur de France.

Ames’s test. The mutagenic activity of AEFO117 was first assessed
in four Salmonella typhimurium strains (TA1535, TA1537, TA98 and
TA100) and in two Escherichia coli strains (WP2 (pKM101) and WP2
uvrA (pKM101)) tested in either the presence or absence of metabolic
activation, according to OECD 471 guidelines, in three independent
assays. Five nominal doses (8.16, 24.5, 81.67, 245 and 816 pg per plate)
of AEFO117 were tested. The dose of 816 pug per plate isapproximately
aconcentration of 84 uM.

Chromosome aberration in human lymphocytes. The genotoxic
activity of AEFO117 was also assessed by means of the invitro metaphase
analysis test evaluating chromosome aberrationinhumanlymphocytes
according to the ICH S2 (R1) guideline and the OECD 473 guideline.
Humanlymphocytes were taken from young (18-35 years old) healthy
non-smoker individuals.

This assay was carried out both with and without metabolic acti-
vation using Aroclor 1254-induced S9 from rat livers (5%). In the test
performed without metabolic activation, two treatment durations
were studied: (1)4 h + 16 hrecovery period (short-term treatment) and
(2) 20 h without recovery period (continuous treatment). In the test
performed withmetabolic activation, the treatment periodof4 h+16 h
recovery period with 5% S9 mix was used. The nominal concentrations
of AEFO117 tested ranged between 0.64 pg ml™and 40.8 ug mi™ after
afactor 2 progression.

Micronucleustestinrat bone marrow. The potential in vivo genotoxic
activity of AEFO117 was tested using the in vivo micronucleus testinrat
bone marrow, in compliance with OECD guideline 474 (2016). AEF0117
was administered by the oral route (gavage) once a day for 2 d. Male
OFA Sprague Dawley rats received two administrations of AEFO117 (65,
500,1,000and 2,000 mg kg™) at 24-hintervals. The dose of 65 mg kg™
was tested because a series of PK studies using doses of AEFO117 up
t01,000 mg kg™ in male rats demonstrated that 65 mg kg™ in corn oil
generated the highest plasma exposure. The rats were killed 24 h after
thelast AEFO117 administration, and the bone marrow was harvested.
As a control for the genotoxicity induction, asinglei.p. injection 24 h
before sampling of the reference substance cyclophosphamide (CPA,
Baxter, batch 5K044]) in NaCl at 0.9% in distilled water, at a dose of
25 mg kg™ under a volume of 10 ml kg™) was used. In parallel to the
main genotoxicity assay, five additional groups of three male rats
received one injection of the vehicle or the test item at 65,500, 1,000
and 2,000 mg kg™, and the plasma concentrations of AEFO117 were
evaluated 5 h after administration.

GLP safety pharmacology tests. These studies were carried out fol-
lowing the general requirements of GLP, and the study design followed
the ICH S7A guideline for Safety Pharmacology. These studies were
performed by the CRO European Research Biology Center (ERBC). Data
collection and analysis were performed using RS/1 software (release
6.3, Applied Materials).

hERG tail currents. The aim of this study was to assess possible effects
of AEF0117 on hERG tail current in stably transfected HEK293 cells.
The following treatments were tested: Tyrode’s solution; AEFO117
vehicle (0.3% DMSO in Tyrode’s solution); AEFO117 at 10.98 x 108 M,
10.98 x107 M and 10.98 x 107® M. E-4031 was used as positive control
and was tested in one separate HEK293 cell to support the validity of the
method used. Cells were clamped to -80 mV, depolarized to O mV for
5sallowingactivation of hERG currentand repolarizedto-50 mVfor5s

allowing hERG tail current to deactivate. This experimental procedure
wasrepeated atafrequency of 0.06 Hz. Currents werefiltered at1kHz
and acquired at the frequency of 2 kHz. Amplitude of hERG tail current
was measured during the repolarizing pulse from 0 to -50 mV. Cells
were perfused with Tyrode’s solution, AEFO117 vehicle, and then with
AEFO0117 solutions for at least 5 min until steady state was reached for
eachperfusion period. Currents were measured before and after expo-
sure to the test compound. The individual data were collected using
pClamp software (release 8.2, AXON Instruments, Molecular Devices).

Irwin test. The aim of this study was to assess potential neurobehav-
ioral effects and effects on body temperature of AEF0117 after single
oral administration in the rat. The study involved four groups of six
male Wistar rats weighing between 154.0 g and 185.9 g. Groups were
dosed, respectively, with vehicle (corn oil, 4 ml kg™) or with AEFO117
at2,9 or 36 mg kg™ in 4 ml kg™ corn oil. On study day, animals were
first scored by the Irwin standardized observation battery, and body
temperature was measured. Subsequently, rats were dosed by the oral
route with one AEFO117 dose or its vehicleinavolume of 4 ml kg™ Irwin
scores and measurement of body temperature were done againat1, 3,
6,8and 24 h after dose.

Respiration in unrestrained conscious rats. The aim of this study
was to assess effects of a single oral administration of AEFO117 on
respiratory parameters (respiratory rate, peak inspiratory and peak
expiratory flows, inspiration and expiration times, airway resistance
index, tidal volume and minute volume) measured by whole-body
plethysmographyin consciousrats. The study involved four groups of
six male Wistar rats weighing between 283.2 gand 346.3 g (8-11 weeks
old). Groups were dosed, respectively, with vehicle (corn oil, 4 ml kg™)
or with AEFO117 (2,9 or 36 mg kg™ in 4 ml kg™ corn oil). Animals had
access only towater the day before the study. On the study day, animals
were placed in the plethysmograph, and measurements were started
immediately. The whole-body plethysmography method measures
variations in air flow due to thoracic cage movements during respi-
ration and enables the measurement of respiratory parameters in
the conscious freely moving animal. At least 15 min after the start of
measurements, animals were administered AEFO117 or its vehicle by
the oral route. Respiration was recorded for 6 h after dosing using the
ART computerized acquisition system, release 4.33 (Data Sciences
International). Respiratory parameters were determined from analysis
of respiratory cycles.

Blood pressure, heartrate, ECG and body temperature in conscious
dogs. The aim of this study was to evaluate possible effects of AEFO117
onblood pressure, heart rate, body temperature and ECG after asingle
oraladministration to four male Beagle dogs weighing between13.3 kg
and15.0 kg (17-40 months old). The dogs had telemetry transmitters
forarterial blood pressure, body temperature and ECG measurements.
The study was conducted in two parts. In part I, each animal received
vehicle (corn oil 4 mlkg™) or AEFO117 (2,9 or 36 mg kg™ in 4 ml kg™
cornoil) by the oralroute according to anascending-dose design with a
washout period of 1 week between doses. Telemetry measurements of
arterial blood pressure, heart rate, body temperature and ECG (epicar-
dialleadIl) started atleast 2 h before each dosing and continued for at
least 24 h after dosing and was performed using the ART computerized
acquisition system, release 4.33 (Data Sciences International). InpartlI,
animals again received AEFO117 at either 9 mg kg or36 mgkg™ (n=2
per dose level) by the oral route for blood sampling and observation.

Ninety-one-day repeated oral toxicity study in rats and dogs. In
additiontothe GLP 91-d repeated oral toxicity study, described in this
article, the oral toxicology of AEF0117 was studied in non-GLP (maximal
tolerated dose and 14-d administration) and ina 28-d repeated admin-
istration (2,9 and 36 mg d™) GLP study in rats (Sprague Dawley SPF,
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7 weeks old) and dogs (Beagle, 7-8 months old). In all studies, AEFO117
appeared tobe well tolerated with no major toxic effects. Studies were
conducted by the CRO ERBC.

The91-d GLP study included additional animalsin the control and
highest dose groups (drug withdrawal groups) to study the revers-
ibility, persistence or delayed occurrence of toxic effects for 28 d after
treatment. Satellite groups of animals dosed with the vehicle or the
test item at each dose level were included to assess TK parameters.
Any toxicity seen during repeated oral administration of AEFO117 was
evaluated in male and female rats in accordance with general recom-
mendations found in OECD guideline 407, adopted on 16 October
2008, and the EMEA Note for Toxicokinetics: A Guidance for Assessing
Systemic Exposure in Toxicology Studies (CPMP/ICH/384/95; ICHS3A),
adoptedinJune1995.

Design of the 91-d oral toxicity study in the rat

Group  Maingroups, Satellite Drug withdrawal Treatment
number of groups, groups®, number vehicle or test
animalsand number of of animals and item (mgkg™'d™)
sex animalsand sex

sex

1 10M,10F 3M,3F 10M,10F Vehicle

2 10M,10F 6M,6F - 2

3 10M,10F 6M,6F - 20

4 10M,10F 6M,6F 10M,10F 65

2 Four-week treatment-free recovery period. AEFO117 or its vehicle was administered once a
day between 8:00 and 12:00 at each chosen dose level by the oral route for 91 consecutive
days in a volume of 4mlkg™ body weight. F, females; M, males.

Design of the 91-d oral toxicity study in the dog

Group Number of Drug withdrawal Treatment vehicle or
animals and groups?, number of testitem (mgkg™'d™)
sex animals and sex

1 3M,3F 2M,2F Vehicle

2 3M,3F - 2

3 3M,3F - 20

4 3M,3F 2M,2F 65

2 Four-week treatment-free recovery period. F, females; M, males.

In both species, AEFO117 was tested at three doses (2, 20 and
65 mg kg administered in corn oil at 4 ml kg™). The 65 mg kg™ dose
was chosen as the highest dose because it is the oral dose producing
the highest possible exposure to AEFO117 in rats as shown in prelimi-
nary PK studies. The 65 mg kg™ dose of AEF0117 should provide an
adequate safety margin because it is 13,000 times higher than the
most frequently observed IDs, (that is, 0.005 mg kg™) for inhibiting
THC effects in mice, rats and non-human primates.

Inboth species, morbidity and mortality checks were done twice
daily. General observations were done before the first dose and then
daily. A full clinical examination was performed weekly. Functional and
neurobehavioral tests (including temperature measurement) were
performed before the first dosing and then monthly, on the last week
ofthe treatment period and at the end of the drug withdrawal period.
All clinical observations were performed at approximately 3 h after
dose. Body weight was recorded before dose and then weekly. Food
consumption was measured weekly. Ophthalmological examination
was performed before the first dosing, during the last week of treat-
ment and then at the end of the recovery period.

In rats, blood samples for hematology and clinical chemistry
parameters and urine were collected at the end of the first month of
treatment (day 29), at the end of the treatment period (week 14) and
then at the end of recovery period (week 18).

Indogs, blood samples for hematology parameters were collected
beforethe start of treatment (pre-dose) and then monthly up tothe end
of the treatment period and at the end of the drug withdrawal period
(week18). Blood samples for clinical chemistry analysis and urine were
collected before the start of treatment (pre-dose), after the first month
of treatment (week 4 or 5), at end of the treatment period (week 13 or
14) and at the end of the drug withdrawal period (week 18 or19). Urine
was collected before the start of treatment (pre-dose), at the end of
the treatment period (week 13) and at the end of the drug withdrawal
period (week 18). ECG and systolic blood pressure (SBP) and respira-
tory measurements were done before the start of treatment, at the end
of the treatment period and at the end of the drug withdrawal period.

Inboth species, all animals from the main groups were sacrificed
on week 14 (day 92), and all animals from the drug withdrawal groups
were sacrificed on week 18 (day 122). Selected organs were weighed,
fixed and preserved at necropsy and examined histopathologically.
Epididymis was sampled for sperm analysis and testicular staging.

Effects of a repeated treatment with AEFO117 and rimonabant on
food intake and body weight in mice. These experiments evaluated
the effect of repeated treatment with AEF0117 and the CB, orthos-
teric antagonist rimonabant on food intake and body weight in a
diet-induced obese (DIO) mouse model. Body weight and food intake
were studied because they are reduced by repeated treatment with
rimonabantboth in mice® and in humans". DIO mice were used because
the effects of CB, antagonists are of greater amplitude in obese mice
thaninleanmice. Male C57BL/6) mice (8 weeks old) were fed ad libitum
with a high-fat diet (HFD) for 8 weeks before the start of the pharma-
cological treatments. During pharmacological treatments, the HFD
was maintained, and food intake and body weight were measured
daily. The food consumed was calculated by subtracting the food
left in the hoppers from the initial pre-weighed amount. In the first
experiment (n=7-10 per group), the effect of AEFO117 (0, 0.005, 0.015
and 0.05mg kg™, in2 ml kg™ corn oil) for 4 weeks was analyzed. In the
second experiment (n =8 per group), the effects of AEFO117 (0.5 mg kg™
and15 mg kg™in 5 ml kg™ cornoil) were compared to those of rimona-
bant (10 mg kg™in 5 ml kg™ corn oil) over 2 weeks of treatment. AEFO117
and rimonabant were administered by oral gavage once aday 2 hbefore
the start of the dark phase of the light/dark cycle.

Effects of AEFO117 on precipitated withdrawal in mice. These experi-
ments aimed to evaluate the ability of AEFO117 and rimonabant to
precipitate withdrawal in male mice (CD-1Swiss, 8-9 weeks old) chroni-
cally treated with THC 20 mg kg™ twice a day i.p. for 5 d. The effects of
rimonabant (10 mg kg™, i.p.) and of AEFO117 (0.15 mg kg™, orally) were
studied inindependent experiments in CD-1Swiss mice. Fromday1to
days4-5, micewereinjected i.p. with vehicle or THC (20 mg kg™) twice
per day. On the last day of treatment, mice in the THC group received
rimonabantor AEFO117. All other animals received the respective vehi-
cle.Recordings were analyzed for 45 minimmediately (rimonabant) or
3 h (AEF0117) after administration. The dose and schedule of rimona-
bantadministration chosen was shownto precipitate THC withdrawal
inmice'. For the measure of precipitated withdrawal, mice were placed
inanovelhome cage, and avideo camerawas positionedinfrontofeach
cage torecord behavior. Scoring was performed for 1 min every 5-min
period. Two withdrawal signs were analyzed—paw tremors and head
shaking—because they are the most common signs of THC withdrawal
observed in mice".

Effects of arepeated administration of AEFO117 on anxiety-related
and depression-related behaviors in mice. These experiments aimed
to evaluate whether repeated treatment with AEFO117 or rimonabant
increased anxiety-related and depression-related behaviors in male
mice (C57BL/6)). Anxiety-related and depression-related behaviors
have been shown to increase after repeated administration of CB,
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orthosteric antagonists in rodents®>* and in humans”. Anxiety-like
behaviors were studied in the elevated plus maze (EPM), a rodent
model used to evaluate the putative anxiogenic or anxiolytic effects
of pharmacological compounds. Depression-related behaviors were
studied using the sucrose preference test asamodel of anhedonia, one
of the cardinal symptoms of depression.

The EPM apparatus comprises four elevated arms arranged in a
cross-like shape, with the two opposite arms enclosed by walls and
the other two arms open. For all experiments, mice were placed inthe
center of the EPM and were free to explore the maze for 5 min after
receiving the treatment. The time spent and the number of entries
into the open and closed arms were measured by an automatic video
tracking system (EthoVision XT version12, Noldus Information Tech-
nology). A decrease in the percentage of visits and/or the time spent
inopenarmsis considered anindex of increased anxiety.

Thesucrose preference test was doneinthe home cage. Twoidenti-
calbottles, one containing water and the other containing a 2% sucrose
solution, were placed inthe hopper of each cage. The mice had unlim-
ited access to water and sucrose solutions during the active phase—the
dark phase of the light/dark cycle that started at 20:00. The volume of
water and of sucrose solution consumed was measured over two 1.3-h
intervals, the first between 19:00 and 20:30 and the second between
20:30and 22:00. At each timepoint, the bottles were weighed, and the
intake volume was calculated by subtracting the initial bottle weight
from the final bottle weight.

Male C57BL/6) mice (n = 6-8 per group) received either one daily
administration of AEFO117 (0.05, 5 or 15 mg kg™, orally), rimonabant
(10 mg kg™, i.p.) or the respective vehicle for 28 d. The EPM assessment
was done on day 26, and the sucrose preference test was done on day
28. Allthe behavioral proceduresstarted 3 h after AEFO117 or its vehicle
and 30 min after rimonabant or its vehicle.

Effects of AEFO117 on glucocorticoid secretion in mice. These exper-
iments aimed to evaluate in mice the effects of AEFO117 on plasma
concentrations of corticosterone, the main glucocorticoid produced
bytheadrenalglandinrodents, correspondingto cortisolin humans.
The effects of AEFO117 on corticosterone levels were studied because
the orthosteric CB, antagonist rimonabantincreases plasma corticos-
terone concentrations®.

Theeffects of AEFO117 (0.3 mg kg and 10 mg kg™, orally) or vehicle
on plasma corticosterone levels were studied in male and female CD-1
Swiss mice (9-10 weeks old). Blood sampling was performed 2, 5, 8 and
24 h after dosing (n =3 per sex per dose per sampling time). For blood
sampling, mice were anaesthetized under isoflurane, and blood was col-
lected by cardiac puncture. Blood was centrifuged, and plasmawas taken
andfrozenat-80 °Cuntil quantifications of corticosterone by GC-MS/MS.

Efficacy studies with AEFO117 in laboratory animals

Effects of AEFO117 on i.v. self-administration of the CB, agonist
WIN55,212-2 in mice. The effect of AEFO117 oni.v. self-administration
of WIN55,212-2 was measured in male CD-1Swiss mice. Before the start
of the self-administration sessions, mice were implanted under anes-
thesiawith cathetersinto therightjugular vein. The self-administration
experiments were conducted 3 d after surgery in mouse operant cham-
bers equipped with one “active” hole and one ‘inactive’ hole. When the
mouseinsertedits nose (nose poke) inthe active hole, itreceived ani.v.
infusion of WIN55,212-2 (12.5 pg kg™); nose poking in the inactive hole
had noscheduled consequences. Mice were trained under afixed ratio
1(FR1) schedule of reinforcement.

Two-hour daily self-administration sessions were conducted 6 d
per week for 18 d. Mice received corn oil vehicle (2 ml kg™) orally on
days 9 and 10 to be habituated to the oral gavage procedure. On day
11, mice were randomized into two groups (n =13 per group)—one
received AEFO117; the other received corn oil vehicle 3 h before the
start of the self-administration session for eight consecutive days.

AEF0117 was administered at 5 pg kg for the first4 d and at 15 pg kg™
for the remaining 5 d.

Effects of AEFO117 on i.v. self-administration of THC and reinstate-
ment of THC-seeking in non-human primates. These experiments
aimedtoevaluatethe effect of AEFO117 on the reinforcing effects of THCin
non-human primates (squirrel monkeys, Saimirisciureus). Two experimen-
tal models were used: (1) THCi.v. self-administrationand (2) THC-induced
reinstatement of THC seeking. These two approaches were used to model
themaintenance of daily cannabis use and cannabis seeking after aperiod
of abstinence. For all the experiments, AEFO117 was administered orally in
agrapeinavolume of 0.1 mlof corn oil 4 hbefore testing.

For the self-administration experiments, four male squirrel mon-
keys (800-1,100 g; the estimated age was 17 years for three monkeys
and 14 years for the fourth one) were used because this species reliably
self-administersi.v. THC. Monkeys were trained to lever press for ani.v.
injection of THC (4 pg kg* per injection) under a10-response fixed ratio
schedule of drug injection (FR10; each 10th response on the lever pro-
ducedaninjection of THC, followed by a 60-s timeout). Number of lever
presses and number of injections per session were recorded. The effects
of AEF0117 (0,1.5,5,15and 50 ng kg ™) were tested for 3 d each in ascend-
ing order, with a minimum 6-d washout period between the different
dosesand demonstration of astable baseline for three consecutive days.

For the THC-induced reinstatement of THC seeking, the monkeys
underwent daily extinction sessions during which lever presses led
to vehicle infusions and the visual cues previously paired with THC
infusions but not THC. After at least two extinction sessions, when
responding had reached a low level, the effect of pre-treatment with
AEFO0117 (1.5, 5 and 15 pg kg ™) or vehicle on THC-induced (40 pg kg™,
i.v.) reinstatement of THC seeking was determined. THC injections were
givenimmediately before the start of the test sessions. During testing,
lever presses (FR10) continued to produce only vehicle injections and
the THC-paired cues. The effect of 15 ug kg™ of AEFO117 on vehicle
priming was also tested to determine whether AEF0117 alone would
affect responding after extinction. Recommendations from the Guide
forthe Care and Use of Laboratory Animals (8th edition) and guidelines
of theInstitutional Animal Care and Use Committee of the Intramural
Research Program, NIDA, NIH, DHHS, were followed. Animals were
maintained in facilities fully accredited by the AAALAC. Operation of
the experimental chambers and data collection were controlled by
IBM computers using the MED Associates MED-PC software package.

Effects of AEFO117 on THC's effects on food intake. Cannabis use can
increase food intake and preference for palatable food®. The effects of
THC onfood intake were studied using the fasting-refeeding model*®
inmale CB,-flox (CB,”) mice (8 weeks old). CB,” mice were backcrossed
into the C57BL/6N for at least 7-8 generations and carry a floxed Cnri
gene, which codesfor the CB,. These mice were bred in-house (Neuro-
centre Magendie), have a wild-type expression of CB, receptors and
were used to avoid stress effects on food intake caused by transporta-
tion from commercial vendors. The effect of AEFO117, administered
orally at three doses (5,15and 50 pg kg™) plus vehicle, in combination
with THC (1mgkg™, i.p.) orits vehicle, on food intake was assessed in
24-h food-deprived mice that were re-fed 30 min after THC, and food
intake was measured for 1 h afterward. Food intake and body weight
were measured daily before the dark phase in animals housed in their
home cage. Spillage of food was checked daily. The food consumed was
calculated by subtracting the food left in the hoppers from the initial
pre-weighted amount. Independent groups of animals (at least n=8
per group) were used for each treatment condition.

Effects of AEFO117 on THC-induced increase in psychomotor stimu-
lation. This behavior was studied because it is considered as a model
of psychotic-like symptoms that can be observed after cannabis use'®.
Locomotor activity inan open field with a square-patterned floor was
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measured for 5 minin C57BL/6N male mice 45 min after THC or vehicle
administration (i.p.) by counting the number of squares crossed. The
effect of AEFO117 at six doses (0, 0.15, 0.5, 1.5,15 and 150 pg kg ™) was
tested in combination with THC (0.3 mg kg™, i.p.) and compared to
vehicle.Independent groups of animals (atleast n =10 per group) were
used for each experimental condition.

Effects of AEFO117 on THC-induced impairment of PPI. The PPl test
was chosen because it is a model of impaired sensory motor gating
observed in psychosis and after THC administration®. The effect of
AEFO0117 at six doses (0, 0.5,1.5, 15, 30 and 50 pg kg™) was tested on
theimpairmentin PPlinduced by THC (10 mg kg™, i.p.) and compared
to vehicle in C57BL/6N male mice (9 weeks old). PPl was measured
using automated PPl cages and recording the animal’s startle reactions
(SR-LAB Startle Response System software, San Diego Instruments).
Each mouse (at least n = 8 per group) was placed in the PPI cage for
45 min, 60 min after THC administration. The test included different
types of trials consisting of background noise, a startle stimulus (S;
120 dB) alone, one of the pre-pulse (82 dB) stimuli alone or acombina-
tion of each pre-pulse stimulus (PPI), followed by the startle stimulus
(PPI-S). The startle response after the pulse presentation was recorded,
and an index of PPl was calculated (% PPI =100 x (S — PPI-S)/S).

Effects of AEFO117 on THC’s memory effects. In mice, long-term
memory can be evaluated using the object recognition test in which
memory of a specific object is evaluated 24 h later. CD-1 Swiss male
mice (9 weeks old) received an acute oral administration of AEFO117
(5 ng kg™ or corn oil (5 ml kg™) vehicle, followed 3 h later by an i.p.
injection of THC (6 mg kg%;10 ml kg*). Ten minutes before THC injec-
tion, mice were allowed to explore twoidentical objectsinan‘L’-shaped
maze. The day after, one object was replaced by a novel one. Accord-
ing to the spontaneous novelty preference, mice investigate novel
objects for a longer period than familiar objects. The comparison of
the time spent exploring the familiar and novel objects is used as an
index of discrimination between familiarity and novelty. Therefore,
this parameter is used to evaluate object recognition performances
and, consequently, long-term memory.

Effects of AEFO117 on THC's effects on social interaction. Social
interaction was studied because social withdrawal, defined as the indif-
ference or lack of desire to have social interaction, is observed in psy-
chosis®®. Social interaction can be evaluated in mice by measuring their
spontaneous preference for anencounter with a congener as compared
to anon-social encounter. In this paradigm, the acute administration
of THC (3 mg kg™) reduces social preference'®, providing a model of
the social withdrawal endophenotype in psychosis.

Mice (8-10-week-old adult male C57BL/6N) were tested in an
open field (35 x 35 cm) with two plastic containers (plastic cylinders
of 8-cm diameter with holes for odor interaction) placed at two oppo-
site corners, one of them hosting amouse, the other remaining empty.
Each corner was designated as a ‘social’ and ‘non-social’ zone as an
8-cmarea surrounding the containers. For each experimental group,
the position of the container with the mouse was counterbalanced.
The experimental mouse was placed in the center of the open field to
explore for 5 min, filmed by a camera. The time spent in both zones
was counted (the animal was in a zone when all of its four paws were
inside the drawn lines). Social index was calculated as follows: social
index = time spentin the ‘social zone’/ total time spentin both zones.
Mice were administered THC (3 mg kg™, i.p.) or its vehicle 2 h before
entering the open field. AEFO117 (5,15 or 50 pg kg™) or its vehicle was
administered orally 3 hbefore THC or its vehicle.

Effects of AEFO117 on THC's effects on reality testing. Altera-
tions in the mental representation of stimuli leading to mismatches
between perception and reality are key features of positive psychotic

symptoms'®. Inrodents, the ‘reality testing’ task assesses the potential
mismatch between internal representation of astimulus (odor or taste)
and the reality they predict.

This test is based on the conditioned aversion paradigm. Two
stimuliof equal valence, typically ataste and an odor, are first presented
simultaneously in a repeated manner (six times). One of the stimuli,
for instance the odor, is then associated with a noxious event (that is,
lithium chloride (LiCl)-induced gastric malaise). After conditioning,
mice show a specific aversion for the stimulus paired with the noxious
event (that s, the odor) but not for the neutral stimulus (that is, the
taste), although the odor and the taste were previously presented
together. These responses suggest that mice built specific representa-
tions of each of the stimuli. However, psychotogenic drugs, including
MK-801, amphetamine and THC, lead to aversion for both stimuli,
including the one that was not conditioned with the noxious event
(mediated aversion). This effect suggests that psychotogenic drugs
induce an inaccurate representation of the ‘neutral’ stimulus. These
alterations are reversed by the atypical anti-psychotic risperidone.
Therefore, impairment of ‘reality testing’ by THC as well as other psy-
chotogenic drugs in mice shows both face and predictive validity for
the investigation of positive psychotic symptoms.

Reality testing consists of four phases with different pairings (a
pairing refers to the association of two stimuli at a time): habituation
(3 d), pre-conditioning (six pairings of odor and taste, 12 d), condition-
ing (that is, three pairings of odor and injection of an agent inducing
malaise, LiCl, 6 d), recovery (1 d with water) and finally the tests (medi-
ated aversion and direct aversion tests).

Mice (8-10-week-old adult male C57BL/6N) were water deprived
for 24 h before starting habituation that consisted of 1-h access to
water per day for 3 d to get animals used to receiving liquid every day
for1h,toreachaconsistent consumption over the protocol. This was
followed by the pre-conditioning phaseinwhich the mice were given1-h
access per day to amixed solution (O1T1) with one odor (either almond
or banana, Ol) and one taste (either maltodextrine or sucrose, T1) in
water. On day 2, mice received 1-h access to the solution with the odor
andtaste not given the previous day (02T2). After six pairings of O1T1
and 02T2 (12 d), the conditioning phase was started.

Atthefirst day of conditioning, mice were given 1-h access to odor-
ized water (01), directly followed by i.p. injection of saline. The next
day, mice were givenaccess to the second odorized water (02), directly
followed by an i.p. injection of LiCl (0.3 M) at a volume of 10 ml kg™.
After three pairings of Ol/saline and 02/LiCl (6 d), mice were given a
recovery day with1-h access to water.

The next day, mediated aversion was assessed by performing a
two-choice test with two bottles of water containing one of the two
tastes: the taste paired with the odor associated with LiCl injection (T2),
called C+, or the taste paired with the other odor that was associated
with the saline injection (T1), called C-. In this test, the appearance of
mediated aversion is signaled by a decrease of the consumption of
water containing the taste paired with the odor that had been previ-
ously paired with LiCl (T2, C+) as compared to the water containing
the other taste that was associated with the odor that was never paired
with LiCl (T1, C-). The tests results were expressed by the aversion
index as follows:

Aversion index = (Consumption of C- — Consumption of C+)

/Total consumption

Mice (n=10-20 per condition) were administered THC (I mg kg™,
i.p.) or its vehicle 2 h before the two-choice test assessing mediated
aversion. AEFO117 (15 pg kg or 50 pg kg™) or its vehicle was adminis-
tered orally 3 h before THC or its vehicle.

Effects of AEFO117 on THC-induced catalepsy. Catalepsy was studied
becauseit can be considered amodel of catatonia, whichis one of the
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negative symptoms of psychosis and has been observed after the use
of synthetic cannabinoids®.

The cataleptic effects of AEFO117 (0, 1.5, 5,15 or 50 mg kg™) in
5mlkg™ corn oil was studied after THC (10 mg kg™) in C57BL/6) male
mice. THC was injected 3 h after AEFO117 administration. Measures
began 30 min after THC injection using the catalepsy bar test. Fore-
paws were placed on a bar fixed horizontally at 3.5 cm from the bench
surface. The latency to move from the bar was recorded with a cutoff
time fixed at 420 s (7 min). Each mouse completed up to four consecu-
tive trials. The maximum latency shownin one trial was selected as the
measure of catalepsy.

Effects of AEFO117 on THC-induced DA release in the Nac. These
experiments evaluated the effects of AEFO117 on THC-induced
increases in DA release in the Nac of freely moving rats, as measured
by microdialysis. DA release in the Nac was studied because it is consid-
ered a primary mechanism by which most drugs produce reinforcing
effects, including THC**?,

The effect of AEFO117 at three doses (5,15 or 50 pg kg™, orally) or
vehicle was tested after THC (1 mg kg™, i.p.) administration to male
Sprague Dawley rats. THC was solubilized in 0.9% NaCl containing
ethanol (2%) and Tween 80 (2%) that was also used as control vehicle
and administeredi.p.inavolumeof1 mlkg™.

Rats (n=5-7pergroup,350-380 g) wereimplanted under anesthe-
siawithaguide cannulajust above the shell subregions of the right Nac.
Onthe day of the experiment (5-7 d after surgery), freely moving rats
received AEFO117 or vehicle, and the microdialysis probe was implanted
into the guide cannula that was then perfused with artificial cerebro-
spinal fluid. Dialysates were collected every 15 min. Then, 180 min
after the beginning of the perfusion, all animals received an injection
of THC, after which DA outflow was measured for 120 min. The con-
centrations of DAin dialysate samples were analyzed by reverse-phase
high-performance liquid chromatography (HPLC) coupled with elec-
trochemical detection, as described previously”. Datawere acquired
using Azur (Datalys). DA content in each sample was expressed as the
percentage of the average baseline level calculated from the three frac-
tions preceding THC administration. The AUC was calculated for each
group from sampling time 0-60 min after THC injection.

All experiments in rodents were conducted in strict compliance
with European Union recommendations (2010/63/EU) and with the
guidelines of the European Communities Directive 86/609/EEC regu-
lating animal research. All procedures were reviewed and approved
by the local ethics committee of the University of Bordeaux and the
local ethics committee of Pompeu Fabra University (CEEA-PRBB) and
were approved by the French Ministry of Agriculture and Fisheries.
Maximal efforts were made to reduce the suffering and the number
of animals used.

Data collection and analysis

Statistical analyses were carried out using GraphPad Prism, Statis-
tica (Statsoft) or SigmaPlot (Systat Software) software. The effect
of treatment (AEFO117 and vehicle) was determined using one-way
ANOVA with AEF0117 dose as the between-subject factor, two-way
repeated-measures ANOVA with AEFO117 dose as the between-subject
factor and time (or session) as the within-subject factor. When appro-
priate, significant main effects were analyzed by subsequent multiple
paired comparisons or multiple comparisons versus the control group
using the appropriate post hoc test (Dunnett, Tukey or Sidak test).
Different but similar post hoc tests were used because the experi-
ments were performed by independent research groups that used
similar but notidentical statistical procedures. The one-tailed Student
t-test was only used to analyze the effect of AEFO117 on reality testing
and the effect of rimonabant on sucrose intake and behavior in the
EPM. For non-parametric analysis, a Kruskal-Wallis ANOVA was used,
followed, when appropriate, by the Mann-Whitney test for pairwise

comparisons. Unless otherwise stated, all the performed statistical
tests were two-sided. TheIDs, or ICy, was estimated by nonlinear regres-
sion using the ‘log(inhibitor) versus response’ equation model with
GraphPad Prism software. All results are expressed as mean + s.e.m.
The significance threshold was set at P < 0.05.

Formulation of AEF0117 used in the clinical studies

AEF0117 was administered in soft oval gelatin capsules containing a
solution of AEFO117 in a pharmaceutical-grade corn oil produced by
the CDMO Catalent using GMP conditions. Matched placebo control
was anidentical soft gel capsule containing the corn oil. All excipients
used were compliant with current European Pharmacopoeia (Ph. Eur.)
monographs and United States Pharmacopoeia-National Formulary
(USP-NF) monographs.

Clinical studies in healthy volunteers: single and multiple
ascending doses

The single-dose (SAD; NCT03325595) and multiple-dose escalation
(MAD; NCT03443895) phase 1 studies were the first-in-human trials
with the NME AEFO0117. The protocols were prospectively approved
under the FDA'sIND 126501 and by the IntegReview institutional review
board (IRBO0O001035) and the New York State Psychiatric Institute
(NYSPI) institutional review board (IRBO0O000488). Written informed
consent was obtained before performing any study-related procedures,
and the trials were conducted in accordance with GCP.

Study procedures and conduct. The SAD and MAD phase 1 studies
investigated AEFO117 safety and PK in healthy adult volunteers and were
conducted at the Biotrial clinical facility. Biotrial also provided clinical
support, including protocol development, study monitoring, data
management, statistical analyses and clinical study report preparation.

Biotrial Bioanalytical Services, asubsidiary of Biotrial, carried out
the analysis of AEFO117 in plasma and the PK analysis.

Clincase version 2.6 (Quadratek Data Solutions) was used for data
management and SAS version 9.3 or 9.4 (SAS Institute) for the statistical
analysis. Statistical analyses were performed following a SAP signed
and filed before the database lock.

Study design. The SAD and MAD studies were two phase 1,
single-center, double-blind, randomized, placebo-controlled,
single-period, single-dose (SAD) and multiple-dose (MAD) escalation
trialswith AEFO117 in healthy male and female volunteers (18-55 years
ofage, inclusive). Four single oral dose levels (0.2, 0.6,2 and 6 mg) were
given in the morning on day 1in the SAD study, and three oral doses
(0.6, 2 and 6 mg) were given in the morning of day 1to day 7 in the
MAD study, toindependent dose cohorts. The pharmacist and his/her
attendant were the only personnel to have access to the randomization
list, to prepare the drug for administration, which was packaged ina
double-blind manner. Each dose cohort comprised eight volunteers
(six (5/1) active and two (1/1) placebo per dose level).

Inthe SAD study, ineach dosing cohort, two sentinel participants
(one randomized to AEFO117 and one to placebo) were dosed and
observed for atleast 24 h before initiating dosingin the remaining six
participants. Subsequent participants within a cohort (five randomized
to AEF0117 and one to placebo) were dosed with aninterval of 5-10 min,
following areview by Michael Dobrow (Biotrial) of the available safety
dataand based on clinical judgment to continue dosing the cohort.

The 2-mg dose was repeated (cohorts 3 and 4) as requested by
the FDA because of the asymptomatic increase in creatine phospho-
kinase (CPK) observedin one participant.Intotal, 177 male and female
participants were screened, and 40 were randomized in a total of five
cohorts of eight volunteers. Due to a requirement of the FDA that all
laboratory values be within normal limits for the volunteers in the initial
two cohorts (0.2 mgand 0.6 mg), many people had to be screened, as
this condition is rarely seen (<10% of screened healthy volunteers).
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During the rest of the study, only volunteers with pathological values
were excluded.

Inthe MAD study, each randomized participant received a single
oral dose per day on days 1 through 7. In total, 66 male and female
participants were screened, and 24 were randomized for a total of
three cohorts of eight volunteers. In the AEFO117 2-mg cohort, some
participants (five active treatment and one placebo) received the daily
dose ondayland days 3-8, asbad weather conditions prevented dosing
onday2 (staff notavailable). Thus, all day 2 treatment administrations
and assessments were canceled for this cohort. As an approximation,
plasma PK concentrations and parameters were presented for all par-
ticipants asif occurringonday 7.

The planned dose-escalation schema for the SAD study was based
on preclinical pharmacodynamics (PD), safety and toxicology data
translated to humans using body surface ratios to ensure alarge safety
margin. For the MAD study, safety and PK data from the SAD study were
used to determine doses. In both studies, all safety data for a given
cohort/dose level were evaluated by a Data Safety Monitoring Board
that was guided by predefined stopping criteria. The stopping criteria
were based on the seriousness and severity combined with frequency
of AEs that would lead to either not proceeding to the next dose level
or stopping the trial. Dose escalation was also to be halted if the peak
plasmallevels exceeded that corresponding to the NOAEL in the most
sensitive animal species (thatis, therat) in preclinical toxicology stud-
ies.Inaddition, the maximum AEF0117 dose administered was selected
sothat the plasmaexposures for AEFO117 in humans would not exceed
the mean AUC of 41,611 ng x h ml™ and/or mean C,,,, of 4,361 ng ml™,
corresponding to the highest dose tested in animals without toxicity
atthe time of the study.

Administration of AEF0117 to each dose cohort could not occur
before participantsin the previous dose cohort had been treated and
data—thatis, safety results and PK from those participants—had been
reviewed by the Data Safety Monitoring Board.

Participants were admitted to theresearch clinicat midday before
dosing (day -1). In the SAD study, they remained in-house until day 8
for PK and PD samples and safety assessments. In the MAD study, par-
ticipants remained in-house until day 14 and returned to the research
facility on an outpatient basis to have PK and safety assessments at
216 hand 264 h (day 16 and day 18) after their last dose (day 7). Safety
monitoring (physical examinations, vital sign measurements, 12-lead
ECGs, clinical safety laboratory tests and AE monitoring) were per-
formed throughout the studies. Psychometrics tests (Bond & Lader
VAS, Addiction Research Center Inventory (49-item short form) (ARCI-
49) and Profile of Mood States 65 self-reportitems (POMS-65)) and the
Columbia-Suicide Severity Rating Scale (C-SSRS) test were performed
atbaseline, before dose and at4 hand 24 h after dose on day1and day
7 (MAD study, only) and C-SSRS only at 24 h.

Participants had afinal follow-up safety evaluation on day 8 inthe
SAD study and on day 18 in the MAD study. All participants who had
AEs, whether considered associated with the use of the investigational
product or not, were monitored for as long as needed to determine
resolution.

PK analysis. SAD study. For each participant, blood samples were
collected for analysis of AEF0117 plasma concentration before dose
and at the following timepoints: day 1at 0.5,1,1.5,2,3,4,6,8and 12 h
after dose and on the morning of day 2, day 3, day 4, day 5, day 4 and
day 7 (thatis, 24, 48,72,96,120 and 144 h from dosing, respectively).

MAD study. Samples were collected at the same timepoints on day
1and day 7: before dose and 0.5, 1, 1.5, 2, 3, 4, 6, 8 and 12 h after dose.
Additional samples were collected on day 2 to day 6 before dose (that
is, 24 h from the previous dose) and on days 8,14 16 and 18 (that is,
24,48,72,96,120,144,168,216 and 264 h after the last dose at day 7).
Forboth SAD and MAD studies, the PK parameters were calculated

using standard non-compartmental methods for those with sufficient
plasma concentration data. Plasma concentrations and PK parameters
of AEF0117, including descriptive statistics, were performed separately
for each treatment group.

Steroids and endocannabinoids analysis. For both the SAD and MAD
studies, serial blood sample collections for steroid and endocannabi-
noid levels were done at day 1 before doseand 0.5,1,2,4,8,12and 24 h
after dose. The data from the two studies were combined for analysis.
The number of volunteers per group was: placebo (n=16); 0.2 mg (n=6);
0.6 mg (n=12); 2mg (n=18); and 6 mg (n=12). ALLO, DHEA, PREG,
TESTO, CORT, estradioland PROG, as well as AEA and 2-AG, were assayed.
Datawere analyzed using arepeated-measures ANOVA with treatment
as between-group factor and time after dosing as within-group factor.
Data are presented as mean + s.e.m. of plasma concentrations.

Clinical study with AEF0117 in research volunteers with CUD
(phase 2a)

The protocol for this phase 2a study (NCT03717272) was approved
by the FDA (IND 126501) and by the NYSPl institutional review board
(IRBO0000488). Written informed consent was obtained before per-
forming any study-related procedures, and the study was conducted
accordingto GCP principles. The principal aim of the study was toinves-
tigate the effects of AEFO117 on the subjective effects of cannabis related
toabuse liability (primary outcome) and on cannabis self-administration
(key secondary outcome) in research volunteers with CUD.

Data collection. The study was conducted at the Cannabis Research
Laboratory (NYSPI, Columbia University Irving Medical Center) and
supervised by the CRO ClinSmart, which provided datamanagement,
eCRF preparation, data monitoring and safety management. The CRO
BioClever contributed to the SAP and did the statistical analysis and
medical writing. Biotrial Bioanalytical Services carried out the analy-
sis of AEFO117 in plasma and the PK analysis. Data acquisition for the
cognitive tests was performed using Inquisit (Millisecond Software)
version 5.0.13. For data management, Panther-EDC version 3.70.3
(EDETEK) was used. Statistical analyses were performed using SAS
version 9.3 or 9.4 following a SAP that was signed and filed before the
database lock. Both male and female participants wereincluded inthe
study, but sex was not considered in the data analysis because of the
low number of females typically included in initial clinical trials with
an NME. In addition, the results are expected to apply equally to both
males and females.

Study population. Adult male and non-pregnant female individuals
21-60 years of age with CUD who were otherwise healthy were eligible
for the study. Twenty-nine volunteers were enrolled in the study (see
Table 1 for baseline demographic data and clinical characteristics)
and randomized to two treatment groups (block size = 4; allocation
ratio =1:1).

Study design. This double-blind, placebo-controlled, randomized,
dose-ranging, crossover, single-site study included two independent
cohorts thatreceived either alow (0.06 mgevery day) or a high (1 mg
every day) oral dose of AEFO117 in ascending order. Datafrom the first
dose level were reviewed by the Data Safety Monitoring Board before
ascendingto the next dose level.

Even though 3-4 doses were initially planned to be tested in four
cohortsaccording to the dose-escalation plan, this study was terminated
after the second dose cohort. The reasons for early termination were:

« Theresults of this study showed that the crossover design used
was hampered by a significant influence of dosing sequence on
the treatment effect, likely because of a carryover effect that
maintained the effects of AEFO117 even after >14 d of washout.
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* Thestudy, having provided clear evidence that AEFO117 inhib-
ited behaviors related to CUD, had fulfilled its primary objective
and was concluded.

Ratings of subjective effects of cannabis were performed using
multiple items from two different instruments: (1) the 44-item VAS* and
(2) the CRF?. Bothinstruments used visual analog scales (from 0 mmto
100 mm) to measure subjective effects. The primary objective was to
evaluate the effects of AEFO117 on the perceived ‘good effect’ of canna-
bis asameasure of abuse liability, which was measured by (1) asubscale
ofthe 44-item VAS (primary endpoint), containing the arithmetic mean
oftwoitems, ‘Ifeela Good Effect’ and ‘I feel High’, and (2) two individual
items of the CRF (key secondary endpoints): ‘Felt Good Cannabis Effect’
and ‘Cannabis Cigarette Liking’. The subscale of the 44-item VAS was
initiallynamed the ‘Good Cannabis Effect’ subscale. Before starting the
statistical analysis, this subscale was renamed ‘Intoxication’ subscale
to avoid confusion with a key secondary endpoint on the CRF labeled
‘Felt Good Cannabis Effect’.

Cognitive performance was measured by a test battery that
included the Sustained Attention to Response Task (SART), Behavio-
ral Pattern Separation (BPS-0), Digital Substitution Task (DSST) and
Stroop Color task.

The ColdPressor Test (CPT)** was used to assess the analgesic effects
of cannabis and was performed on day 1 only of each dosing period.

Participants stayedin the researchclinic for 6 d during each dosing
period. Acomputer-generated randomization schedule was prepared
by astatistical programmer not directly involved in the conduct of the
study, and the investigational product was packaged in a double-blind
manner. Participants were randomly assigned within adose-escalation
cohort to one of two treatment sequences: group 1, AEFO117 during
period A and placebo during period B, or group 2, AEFO117 during
period B and placebo during period A.

Research participants were advised that they would receive both
active and placebo study medication but were blinded as to whether
they received AEFO117 or placebo during the two periods (A and B).
Research staff who interacted with participants were also blinded as
to AEFO117 dose, as were the principal investigator and sponsor rep-
resentatives; CRO personnel were blinded to the treatment condition
until database closure/finalization for that cohort. The pharmacist
and his/her attendant were the only personnel to have access to the
randomization list, to prepare the drug for administration, whichwas
packaged ina double-blind manner.

Oneachstudy day (days1-5), atapproximately 12:30, participants
received an experimenter-administered ‘sample’ of cannabis (two can-
nabis cigarettes of approximately 800 mg, 7% THC, provided by NIDA).
Theywere guided by aninvestigator through smoking atotal of six 5-s
inhalations using a paced-puff smoking procedure, where inhalation
duration, time spent holding smoke in the lungs and inter-puffinterval
were timed. The controlled amount of experimenter-administered can-
nabis captures the effects of AEFO117 on cannabis’ subjective effects
and cognitive performancerelative to placebo. To capture afull time-
course of cannabis effects, participants completed the 44-item VAS
and a CRF at12:50,13:10,13:30, 14:00 and 14:15.

Cognitive performance was measured every day 3 h before the
cannabis administration at12:30 and 1 h afterwards at 13:30 after par-
ticipants had completed this timepoint of the 44-item VAS and the CRF.

On study day 1, baseline pain threshold and pain tolerance were
measured using the CPT at approximately 14:45. Participants received
asecond experimenter-administered ‘sample’ of cannabis (six puffs
using the procedures described above), and the CPT test was repeated
at30, 60, 90,135 and 195 min after cannabis administration.

On study days 2-5, beginning at 14:30, participants were given
the option to self-administer individual puffs of cannabis (up to six
puffs per timepoint) every 2 h until 20:30 (maximum of 24 puffs per
day). Fifteen minutes before each self-administration opportunity,

participantsindicated the number of puffs they chose to purchase ($2
per puff), and they would pay for it (using faux money that was then
subtracted fromtheir study stipend) before receiving their individual
ashtray, cannabis cigarette and lighter.

Participants were told at study onset that cannabis strength could
vary from day to day and between participants, but whatever they
each smoked at 12:30 that day was what was available that day for
self-administration. Thus, if the medication altered cannabis’ effects
for that individual, they might think that they were receiving a lower
strength of cannabis than other days or than other participants.

Onday 6 of each period, before discharge fromthe research center,
participants had sitting blood pressure and pulse rate measurements,
clinical laboratory tests (chemistry, hematology and urinalysis) and
body weight taken. The study start date was 23 October 2018; primary
completion date was 31 July 2020; and actual study completion date
was 1January 2021. After the second study phase, participants were
contacted 28 d after discharge so that we could inquire about the
occurrence of any serious AEs (including pregnancies) that may have
occurred since leaving the research site.

Assessment of precipitated withdrawal in participants with CUD. In
additionto general safety assessment of vital signs, clinical chemistry
and AEs, symptoms of cannabis withdrawal were assessed by daily
measures of food intake, body weight, sleep efficiency”**"** and mood™.

Mood. The measure of potential negative mood states was performed
using the subscales ‘Miserable’, ‘Anxious’ and ‘Irritable’ of a 44-item
VAS# that were assessed 30 min before and 2.5 h after AEFO117 admin-
istration (30 min before cannabis smoking).

Sleep. Participants wore an Actiwatch device each inpatient night that
measured Sleep Onset, Sleep Efficiency, Sleep Percentage, Snooze
Time, Wake Bouts and Wakefulness after Sleep Onset. Participants also
completed a VAS sleep questionnaire each inpatient morning® with the
following items: ‘I slept well last night’, ‘l woke up early this morning’,
‘Ifell asleep easily last night’, ‘I feel clear-headed this morning’, ‘l woke
often last night’, ‘I was satisfied with my sleep last night’, ‘ had alot of
dreams last night’and ‘How many hours did you sleep last night?”. Rat-
ings were collected on day 1before dosing with AEFO117 and 24 h from
dosing with AEFO117 (day 2 to day 6, the day of discharge).

Caloricintake and body weight. Participants recorded the time and
quantity of each food item consumed (verified by staff examining their
food trash at the end of the day), and caloricintake was calculated for
each day. Body weight was measured every morning from day 1to day
6; day 6 was the day of discharge (no medication administered).

Assessment of negative mood symptoms while smoking cannabis.
We measured seven subscales of the 44-item VAS (‘Miserable’, ‘Anxious’,
‘Tired’, “Confused’, ‘Irritable’, ‘Social’ and ‘Bad effect’). These measures
were collected after participants smoked a controlled amount of can-
nabis 3.5 hafter AEFO117 administration (12:30). Ratings were then done
repeatedly (five times at 20, 40, 60, 90 and 120 min after cannabis).

Statistical analysis. For this phase 2a study, the sample size consid-
erations were based on the expected treatment effect, and variability
was extrapolated from other medication studies in participants with
CUD, as the current study was the first one, to our knowledge, to assess
amedication with this MOA. The sample size estimation was based ona
t-test for paired samples under the assumption that the within-subjects
correlationis 0.50 and the standard deviation within treatment period
is 35 mm. Using 12 participants, a difference of 36 mm could be dem-
onstrated with 90% power. Of note, a statistically significant effect
(two-sided P < 0.05) could be shown, should a mean difference of
21.7 mm be observed with a standard deviation of 35 mm.
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Anamended version of the SAP of this study was signed and filed
before the database lock. The amendment aimed to clarify the sec-
ondary objectives and better define the key secondary, secondary
and exploratory endpoints. Principally, this amendment stated that
timecourse data should be analyzed for the primary and second-
ary endpoints evaluating the subjective effects of cannabis. It also
added asakey secondary endpoint the percentage of particpants who
self-administer over time as a function of medication dose.

Asspecifiedinthe SAP, the statistical analyses employed an MMRM
analysis using the REML as estimation method and structured covari-
ance matrix with compound symmetry; the modelincluded as factors
and covariates: sequence, dose, treatment, time and days as fixed
effects and subject within sequence as random effect.

Based on the SAP, the following analytical steps depending on
results of the various analyses were undertaken. The primary and
key secondary endpoints were first analyzed with a global crossover
MMRM analysis (using combined cohorts: 0.06 mg +1mg). After this
first analysis and because of the result:

« For the variables for which a Sequence x Treatment and/or a
Sequence x Treatment x Time or Sequence x Treatment x Day
were observed, the crossover analysis was stopped.

« Forthe variables for which a significant Treatment x Dose inter-
action was observed with the crossover analysis without a Treat-
ment x Sequence interaction, then a ‘dose per dose’ analysis was
performed.

« Forthe primary and key secondary endpoints for which aninter-
action between treatment and dosing sequence was observed,
aparallel group MMRM analysis (period A only) over time was
performed on the combined cohorts (0.06 mg +1mg).

« Ifasignificant Dose x Treatment interaction was observed in
the parallel group MMRM analysis, then a parallel group MMRM
analysis (period A only) ‘dose per dose’ was performed.

Due to the significant interaction between dosing sequence and
treatment observed in the global crossover MMRM analysis, the fol-
lowing complementary analyses described in the SAP and listed below
were not performed:

» Analysis of baseline values before cannabis administration at 12:30.

» Analysis of peak effect after cannabis administration at 12:30 as
change from baseline (11:30) before cannabis administration.

< Analysis of cannabis effects over time after cannabis administra-
tion at 12:30 as change from baseline (11:30) before cannabis
administration.

» Analysis of the changes in cannabis subjective effects on day 4
and day 5.

Asasignificant Sequence x Treatment interaction was observed,
a post hoc exploratory analysis was performed after the unblinding
of the data to try to characterize the sequence effects. The data over
time of the ‘Intoxication’ subscale of the 44-item VAS, the item ‘Felt
Good Cannabis Effect’ of the CRF and the ‘number of puffs’ during
self-administration were plotted by treatment sequence and visually
inspected. The results were similar for the three variables and were best
exemplified by the ‘Felt Good Cannabis Effect’ item of the CRF, which
arereported hereinFig. 3.

To choose the doses of AEFO117 to be used in the phase 2a study,
we used a statistical population PK model built using the SAD and
MAD PK data. Population PK analysis of AEFO117 was performed using
a nonlinear mixed effects model as implemented in the Nonlinear
Mixed Effects Modeling (NONMEM) computer program. The usual
first-order conditional estimation (FOCE) method with interaction
was used throughout. For the structural model, the NONMEM analysis
subroutines ADVAN1, ADVAN 2, ADVAN 4, ADVAN 5, ADVAN 6, ADVAN 12
and ADVAN 13 were used to test for one-, two- and three-compartment
models with an oral dosing compartment. Once the structural model

was defined, covariates were tested to explain inter-individual vari-
ability on PK parameters. The final mathematical model, using Monte
Carlosimulations (asimplemented inthe NONMEM software) and the
final estimated parameters, allowed us to simulate, with a high level
of accuracy, plasma drug levels as a function of dose, even for doses
notdirectly tested. In addition, this type of model includes covariates
explaining individual variability of plasma concentrations, which
allowed us to estimate which dose would result in 90% of the partici-
pants achieving plasma concentrations at or above aparticular target.

PK studies in research volunteers with CUD. Blood samples were
collected on day 1 of each treatment period with sampling before
dose and 3 h, 9.5 h and 24 h after the first dose of AEFO117 or placebo.
On day 6, another blood sample was drawn 24 h after the last (5th)
dose of AEF0117 or placebo. THC and its metabolites (11-OH-THC and
11-COOH-THC) were assessed at the same timepoints. Exposure of
AEFO0117 was estimated using the PK dataset (n =14 for the 0.06-mg
dose and n =15 for the 1-mg dose). THC and its metabolites analyses
were performed using PD dataset (n =13 for both doses).

PK parameters for AEF0117 were subject to descriptive statistics
separately for each treatment group. The effect of AEFO117 on the
plasma concentration of THC, 11-OH-THC and 11-COOH-THC were
analyzed using a global crossover MMRM analysis.

Steroids and endocannabinoid analysis. Blood samples were col-
lected on day1ofeach treatment period with sampling 30 min before
(pre-dose) and 3 h, 9.5 h and 24 h after the first administration of
AEF0117 or placebo. On day 6, another blood sample was drawn 24 h
after thelast (5th) dose of AEFO117 or placebo. ALLO, DHEA, PREG and
TESTO, as well as AEA and 2-AG, were measured. Data were analyzed
using a global crossover MRMM analysis on the PD dataset (n =13 per
dose cohort). CORT, estradiol and PROG were analyzed before dose
ondayland 24 hafterthelast (5th) dose of AEFO117 or placebo (day 6)
using the safety dataset, comprising all the randomized participants
(n=14for the 0.06-mg dose and n =15 for the 1-mg dose).

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Alldata are available in the main text, Extended Data and Supplemen-
tary Information. For privacy reasons, individual participant data
pertaining the clinical trials reported in this article will be provided,
after de-identification, upon reasonable request to qualified scien-
tific researchers who provide methodologically sound and justified
research proposals. Requests could be subject to a confidential dis-
closure agreement or a material transfer agreement, depending on
the data (for this purpose, contact the corresponding author). Access
to at least the minimum data from the clinical trials and/or related
documents that are necessary to carry out the proposed research
will be granted within a reasonable period, which, according to the
request, can range from 1 month to 3 months, and for a pre-specified
amount of time and through a secure server depending on the nature
oftheresearch plan.
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Extended Data Fig. 1| Structure and invitro effects of AEFO117. (a) Chemical levels (n =3 per dose). (d) AEFO117 did not modify binding of the CB, agonist,
structure of AEFO117. (b) AEFO117 reversed THC-induced decreases in cellular CP55,940 (n =3 per dose). (e) AEFO117 reduced the increase in p-ERK1/2 induced
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Extended DataFig. 6 | Effects of single doses of AEFO117 on endocannabinoids

dosing. Higher pre-dose levels in the 6 mg group compared to placebo were

(AEA and 2-AG), pregnenolone, and pregnenolone’s downstream steroids also observed for allopregnanolone (e, ### P =0.0006). In the 0.2 mg group

in male and female healthy volunteers. (a) N-arachidonoylethanolamine
(Anandamide, AEA). (b) 2- Arachidonoylglycerol (2-AG). (c) Pregnenolone.

(d) Dehydroepiandrosterone (DHEA). (e) Allopregnanolone. (f) Testosterone
(only males). (g) Cortisol. (h) Estradiol. (i) Progesterone. Dunnett’s multiple
comparisons test after ANOVA were performed. There were statistically
significantly higher levels of pregnenolone (¢, # P = 0.0306; ## P = 0.0051; ###
P <0.0001) inthe AEFO117 6 mg group compared to placebo, but this difference
was already observed at pre-dose, suggesting an effectindependent of AEFO117

compared to placebo there were lower concentrations of 2-AG 4 h after dosing
(b, *P =0.0223) and lower concentrations of allopregnanolone at 0.5 h after
dosing (e, *P =0.0467). Data are represented as mean + s.e.m. Single ascending
dose (SAD) and day 1 results of the multiple ascending dose (MAD) studies were
averaged, n =16 for Placebo per time point n = 6 per 0.2 mg/kg per time point,
n=12[exceptn=10in (f)] per 0.6 mg/kg per time point, n =18 per 2 mg/kg per
time point and n =12 per 6 mg/kg per time point. PD =Pre-dose levels.
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Extended Data Fig. 8 | Subjective sleep ratings measured by items of the
sleep questionnaire using Visual Analog Scales (VAS) in the Phase 2a study.
(a) Islept well last night. (b) I fell asleep easily last night. (c) I woke up early this
morning. (d) I feel clear-headed this morning. (e) I woke often last night. (f) I

was satisfied with my sleep last night. (g) I had alot of dreams last night. (h) How
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aDose*Treatment interaction for the ‘l woke often last night’ item. The two doses
of AEF0117 had opposite effects on this parameter: 0.06 mg decreasing and 1 mg
increasing ratings of waking often; neither AEFO117 dose differed significantly
from placebo for this rating. Day 1is the morning before the first AEFO117 dose
and Day 6 is 24 h after the last dosing on Day 5. n =13 per dose cohort. Data are
represented as mean +s.e.m.
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were also used to measure mood alterations after smoking cannabis. In
this context, in the MMRM analysis performed for all 3 subscales a small

but significant effect was found for the ‘Irritable’ subscale (Treatment*Day
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found in the MMRM analysis for some of the other subscales used to measure
mood effects of AEFO117 during cannabis smoking: (d) a decrease for the ‘Social’
subscale (Treatment*Day interaction, P = 0.0215) and (e) an increase for the ‘Bad
effect’ subscale (Dose*Treatment*Day interaction P = 0.0388).n =13 per dose
cohort. Data are represented as mean +s.e.m. Red-encircled dots represent data
from one participant, the same individual highlighted by red encircled dots in
Fig.4.
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Extended Data Fig. 10 | Effects of AEFO117 on endocannabinoids (AEA

and 2-AG), pregnenolone, pregnenolone’s downstream steroids, THC

and its metabolites in volunteers with cannabis use disorder (CUD) in the
Phase 2a study. (a) N-arachidonoylethanolamine (Anandamide, AEA). (b)
2-Arachidonoylglicerol (2-AG). (c) Pregnenolone. (d) Dehydroepiandrosterone
(DHEA). (e) Allopregnanolone. (f) Testosterone. (g) Cortisol (h) Estradiol (only
males). (i) Progesterone (only males). (j) A’-tetrahydrocannabinol (THC). (k)
11-OH THC. (I) 11-COOH THC. AMMRM analysis for each dose cohort (n =13)
was performed. (a) For AEA the MMRM overall crossover analysis identified a
significant Dose*Treatment*Time interaction (P = 0.0015). When the analysis
was performed for each dose cohort, asignificant Treatment effect was found
forthe 0.06 dose only (P = 0.0063). This effect seemed to be due to higher

basal AEA levels (PD) before AEF0117 dosing (P = 0.0079) that remained high

3 hpostdosing (P =0.0397), suggesting the effect was not caused by AEF0117
administration. The MMRM global crossover analysis also identified significant
Dose*Treatment*Time interactions for: (d) Testosterone, P=0.0012 and (e)
Allopregnanolone, P = 0.0009. However, when these analyses were performed
for each dose cohortindependently, no significant effect of Treatment or
Treatment*Time interaction was found. Other MMRM analysis did not revealed
any significant effects of Treatment or Treatment*Time. Data are represented as
mean + s.e.m. of plasma concentrations. PD = pre-dose levels obtained 30 min
before AEF0117 administration. Black arrows indicate cannabis smoking at 3.5
and 5.5 hafter AEFO117 dosing. * P = 0.0397 and ** P = 0.0079 AEF0117 0.06 mg
compared to placebo.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

{| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XL X X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

XXX [ [0 OX O] L0

oo

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Preclinical data: MED-PC software package (MED Associates, East Fairfield, VT) version 4.1; SR-LAB Startle Response System software (San

Diego Instruments, San Diego, CA) version 6300-000-A; Azur, version 4.6 (Datalys, St Martin D’Heres, France); Datlab software, version 7.4.0.4
(Oroboros Instruments, Innsbruck, Austria); Microbeta2 Windows Workstation, version 2.2.0.19 (PerkinElmer, Waltham, MA); EnSpire
Manager software, version 4.13.3005.1482 (PerkinElmer, Waltham, MA); Incucyte ZOOM 2014A (Sartorius, Goettingen, Germany); pClamp
software, release 8.2 (AXON instruments; Molecular Devices LLC., San Jose, CA); RS/1 software, release 6.3 (Applied Materials, Santa Clara,
CA); ART computerized acquisition system, release 4.33 (Data Sciences International, New Brighton, MN); Ethovision XT version 12 (Noldus
Information Technology, Wageningen, The Netherlands); BD Pathway software suite (Becton Dickinson) version 1.6; RS/1 software, release
6.3 (Applied Materials, Santa Clara, CA); ART computerized acquisition system, release 4.33 (Data Sciences International, New Brighton, MN);
Ethovision XT version 12 (Noldus Information Technology, Wageningen, The Netherlands); NONMEM computer program version 7.4.1 (ICON).

Bioanalysis: Thermo Xcalibur version 2.0.7 or Xcalibur Access version 2.2 (ThermoFisher, Waltham, MA); Analyst software version 1.5 or 1.6
(AB Sciex, Framingham, MA).

Clinical data: Inquisit (Millisecond Software, LLC, Seattle, WA) version 5.0.13; Panther-EDC version 3.70.3 (EDETEK Inc., Princeton, NJ); Clincase
version 2.6 (Quadratek Data Solutions Ltd, Berlin, Germany).

Data analysis Prism versions 6.0 or 9.5.0 (GraphPad, San Diego, CA); Statistica versions 6.0, 8.0 or 9.0 (StatSoft Europe, Hamburg, Germany); SigmaPlot
version 12.5 (Systat Software Inc., San Jose, CA); SAS version 9.3 or 9.4 (SAS Institute Inc., Cary, North Carolina); Phoenix WinNonLin version
6.3 (Certara USA Inc., Princeton, NJ).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are available in the main text, extended figures and supplementary data. For privacy reasons, individual participant data pertaining the clinical trials
reported in this article will be provided, after de-identification, upon request to qualified scientific researchers who provide methodologically sound and justified
research proposals and could be submitted to a CDA or an MTA, depending on the data (for this purpose, please contact the corresponding author). Access to at
least the minimum data from the clinical trials and/or related documents that are necessary to carry the proposed research will be granted within a reasonable
period, which according to the request can range from one to three months, and for a pre-specified amount of time and through a secure server depending on the
nature of the research plan.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Findings in this report apply to all sexes/genders although most of the subjects included in these studies self-identified as
males on the recruitment form. Gender or sex differences were not considered in the study design. Consent was obtained for
sharing individual-level data with personally identifiable information only with specific companies and government agencies
and with non-personally identifiable information in all other cases. Gender- or sex-based analyses could not be performed
also because of the predominance of male subjects in the studies. This sex imbalance is likely due to the restrictive inclusion
criterion for contraception for women, implemented because of the early phase testing of AEFO117.

-NCT03717272: 28M, 1F
- NCT03325595 (SAD): 36M, 4F
- NCT03443895 (MAD): 22M, 2F

Population characteristics No covariates were used in the analysis of the clinical data.
- NCT03325595 (SAD): Mean (SD) age of the subjects was 36.8 (9.6) years, ranging from 22 to 55 years. Mean BMI of the
subjects at study entry was 25.2 (2.6) kg/m2.
A majority of the subjects were black or African American (85.0% of the overall population). The ethnicity of the overall
population was 90% non-Hispanic or Latino for 90.0% .
Fifteen (15) out of 40 subjects (37.5%) reported a medical history. All reported events were resolved and compatible with
study participation.

- NCT03443895 (MAD): Mean (SD) age of the subjects was 38.1 (10.1) years, ranging from 20 to 55 years. Mean BMI of the
subjects at study entry was 25.7 (2.7) kg/m2.

A majority of the subjects were black or African American (66.7% of the overall population). the ethnicity of the over all
population was 83.3% non-Hispanic or Latino.

Seven out of 24 subjects (29.2%) reported a medical history. All reported events were resolved and compatible with study
participation.

-NCT03717272 (phase 2a): Mean (SD) age of the subjects was 32.5 (6.3) years, ranging from 21 to 44 years. Mean BMI of the
subjects at study entry was 24.3 (3.6) kg/m2. At study entry, subjects had a mean (SD) number of days of cannabis use per
week of 6.9 (0.4) ranging between 5 and 7, and subjects used a mean (SD) of 2.85 (1.79) grams of cannabis per day, ranging
from 1 to 8. Overall, the 4 groups of subjects (cohort 0.06 mg AEF first or placebo first, and cohort 1 mg AEF or placebo first)
were reasonably well balanced. 58.6% of the subjects were black or African American. The ethnicity of the overall population
was 58.6% non-Hispanic or Latino.

Atotal of 12 (41.4%) of the subjects included in the study had a significant event in their medical history. All reported events
were resolved and compatible with study participation.

Recruitment - NCT03325595 (SAD) and NCT03443895 (MAD): Participants were recruited by the CRO Biotrial primarily through
advertisements and their website. Patients meeting the entry criteria who are known or referred to the study center were
eligible for enrollment. There were no potential self-selection or other biases affecting recruitment.

-NCT03717272 (phase 2a): Eligible participants were recruited from the New York, NY area. Recruitment for this study
occurred primarily through advertisements in local newspapers, online through Craigslist, and by word of mouth.
Interested individuals responded to advertisements by calling the lab for information about the study. There were no
potential self-selection or other biases affecting recruitment.

Ethics oversight - NCT03325595 (SAD) and NCT03443895 (MAD): The study protocol, the subject information sheet, the informed consent,
the amended protocols and Informed Consent Forms (ICFs), were submitted to IntegReview IRB, an independent IRB located
in 3815 S. Capital of Texas Hwy, Suite 320, Austin, TX 78704, and to the New York State Psychiatric Institute - Columbia
University Department of Psychiatry Institutional Review Board. They were approved before the start of the study.

-NCT03717272 (phase 2a): The study protocol and any information supplied to the subjects of the study to obtain their
informed consent, including written ICFs, subject recruitment procedures (e.g., advertisements) and written information to
be provided to subjects (information leaflets), have been reviewed and approved by the qualified IRB/IEC:
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New York State Psychiatric Institute - Columbia University Department of Psychiatry Institutional Review Board.

Prior to initiation of the study (before the enrolment of the subjects), the Sponsor received the documentation of the IRB
approval, which specifically identified the study/protocol, and a list of the committee members. Amendments to the protocol
and revisions to the informed consent were also submitted to and, if required, approved by the IRB.

All the clinical trial protocols were approved by the Food and Drug Administration (FDA).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences

|:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

Preclinical studies: Sample sizes for all in vivo and in vitro experiments were chosen based on preliminary data obtained by the experimenters,
standard sample sizes used in the respective fields, or were based on the sample sizes used in similar published studies (e.g., Busquets-Garcia
A et al. Pregnenolone blocks cannabinoid-induced acute psychotic-like states in mice. Mol Psychiatry. 2017;22(11):1594-1603).

Clinical studies:
- NCT03325595 (SAD) and NCT03443895 (MAD): These are descriptive studies and the sample sizes selected are not based on power analysis.

-NCT03717272 (phase 2a): For this study the sample size considerations apply only to the inferential part of the study, i.e., the comparison
between AEF0117 and Placebo of the primary endpoint that would be performed after the first two doses and at the end of the study when
all the doses have been tested using, in both cases, an MMRM analysis. The clinical hypothesis underlying the calculation of this sample size
was that AEFO117 would decrease the subjective effects of cannabis as measured in particular by the “Good drug effect”. The expected
treatment effect and variability was extrapolated from other studies in subjects with CUD, as the current study was the first one to assess a
drug with this mechanism of action in subjects with CUD. The sample size estimation was based on a t-test for paired samples under the
assumption that the within subjects’ correlation is 0.50 and the standard deviation within treatment-period is 35 mm. Using 12 subjects, a
difference of 36 mm could be demonstrated with 90% power. Of note, a statistically significant effect (two-sided p-value < 0.05) could be
shown, should a mean difference of 21.7 mm be observed with a standard deviation of 35 mm.

No human or animal samples for which measurements were performed were excluded from analyses. Individual data points may have been
excluded because of sampling error or assay failure but no samples were excluded from analyses after completion of sample processing and
measurements.

Mitochondrial respiration results were replicated in n=3 independent experiments. p-ERK measurements in STHdh Q7/Q7 cells were
replicated in n=4 independent experiments. Replication was not attempted for the results of other preclinical or clinical studies.

Preclinical studies: Age- and sex-matched animal subjects were randomly assigned to experimental or control groups, except for the study on
the effects of repeated treatment with AEFO117 on food intake and body weight, where group allocation was aided by the evaluation of mice
body composition in vivo using an Echo MRI 900 (EchoMedical Systems, Houston, Texas, USA). In vitro samples were randomly allocated to
experimental groups.

- NCT03325595 (SAD) and NCT03443895 (MAD): The subjects were given a screening number after signing the informed consent in
chronological order. Subjects were randomly assigned within a dose escalation cohort to active AEFO117 or placebo in a 6 active:2 placebo
ratio, according to the randomization list generated by a Biotrial statistician at the time of dosing.

-NCT03717272 (phase2a): A computer-generated randomization schedule was prepared by a statistical programmer not directly involved in
the conduct of the study and IMP was packaged in a double-blind manner. Subjects were randomly assigned within a dose-escalation cohort
to one of two treatment sequences: Group 1, AEFO117 during Period A, and Placebo during Period B; or Group 2, AEF0117 during Period B
and Placebo during Period A.

In all behavioral studies in rodents the experimenters were blinded to the group allocation of the animals. The experimental designs did not
allow blinding for group allocation for in vitro, toxicology or studies with monkeys.

All experiments with human subjects were double blinded:

- NCT03325595 (SAD) and NCT03443895 (MAD): The pharmacist and his/her attendant were the only personnel to have access to the
randomization list in order to prepare the drug for administration.

-NCT03717272 (phase 2a): Research subjects were advised that they would receive both active and placebo study medication but were
blinded as to whether they received AEF0117 or placebo during Periods A and B. Research staff that interacted with study subjects was also
blinded as to whether a subject was receiving AEF0117 or placebo during Periods A and B. Principal Investigator was blinded to the treatment
identity during the conduct of each cohort until receipt of an unblinded interim report after the database closure/finalization of that cohort.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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Dual use research of concern

Antibodies
Antibodies used Phospho-Histone H2A.X (Ser139) (20E3) Rabbit mAb (Alexa Fluor® 488 Conjugate), Cell Signaling Technology, #9719.
Validation Tested in-house by the provider for direct flow cytometry and immunofluorescent analysis in human cells. Representative

publication: Tanabe M, et al., ) Reprod Dev. 2015;61(1):35-41. doi:10.1262/jrd.2014-105

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) - HEK293 cells (ATCC Cat#f CRL-1573, RRID:CVCL_0045; batch 59534772)
- CHO-hCB1 cells (# ES-110C, Perkin Elmer; USA)
- STHdhQ7/Q7 cells (Coriell Cat# CHO0097, RRID:CVCL_M590)
- Hela cells (ATCC)
- Primary cortical neurons from E19 rat embryos (Wistar)
- Primary rat hepatocytes from 10-12 weeks old Wistar male rats
- Human lymphocytes were taken from young (~18-35 years old) healthy non-smoker subjects

Authentication None of the cell lines used were authenticated
Mycoplasma contamination Cell lines were not tested for mycoplasma contamination

Commonly misidentified lines o commonly misidentified cell lines where used in any of the studies
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals - Squirrel monkey (Saimiri Sciureus), 800-1100 g; 14-17 years old; from in-house colony, originally from NIH Animal Center,
Poolesville, MD 20837
- CD-1 Swiss mice (Mus musculus), 8-10 weeks old
- C57BL/6N mice (Mus musculus), 8-10 weeks old
- CB1-flox (CB1 f/f) mice (Mus musculus, strain C57BL/6N), 8 weeks old
- C57BL/6J mice (Mus musculus), 8-9 weeks old
- Sprague-Dawley rats (Rattus norvegicus), 6-9 weeks old
- Wistar rats (Rattus norvegicus), 6-11 weeks old
- Beagle dogs (Canis familiaris), 7-8 and 17-40 months old

Wild animals No wild animals were used in these studies

Reporting on sex The following experiments involved animals of both sexes and the results are reported separately, where appropriate: toxicology and
safety pharmacology experiments in rats and dogs; measurement of plasma and brain concentrations of AEFO117 in mice, rats and
dogs; 91-day repeated oral toxicity study in rats and dogs; and the effects of AEFO117 on glucocorticoid secretion in mice. Only male
animals were used for all other experiments.

Field-collected samples  These studies did not involve samples collected from the field




Ethics oversight

- French Ministry of Agriculture and Fisheries

- Ethical Committee of the University of Bordeaux

- Ethical Committee for Animal Research (CEEA-PRBB); University Pompeu Fabra, Barcelona, Spain.

- Institutional Animal Care and Use Committee of the Intramural Research Program, NIDA, NIH, DHHS
- Oncodesign Internal Ethical Committee

- European Parliament guidelines

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration
Study protocol

Data collection

Outcomes

ClinicalTrials.gov Identifiers: NCT03717272, NCT03325595 (SAD) and NCT03443895 (MAD)
Full protocols were provided with submission. All relevant information is available at ClinicalTrials.gov.

- NCT03325595 (SAD) location: Biotrial Inc., Newark, New Jersey, United States, 07103. Study Start Date: April 6, 2017; Primary
Completion Date: February 26, 2018; Study Completion Date: February 26, 2018.

- NCT03443895 (MAD) location: Biotrial Inc., Newark, New Jersey, United States, 07103. Study Start Date: January 8, 2018; Primary
Completion Date: May 1, 2018; Actual Study Completion Date: May 1, 2018.

-NCT03717272 (phase 2a) location: Substance Use Research Center New York, New York, United States, 10032. Study Start Date:
October 23, 2018; Primary Completion Date: July 31, 2020; Actual Study Completion Date: January 1, 2021.

NCT03325595 (SAD) and NCT03443895 (MAD): Primary objectives were to evaluate the safety and tolerability of escalating single
and multiple oral doses of AEFO117 in healthy male and female volunteers. Secondary objectives were to evaluate the PK of
escalating single and multiple oral doses of AEFO117 in healthy male and female volunteers, and to evaluate the PD effects of
escalating single and multiple oral doses of AEFO117 on plasma PREG, dehydroepiandrosterone (DHEA), allopregnanolone,
testosterone and endocannabinoids [N-arachidonoylethanolamine (AEA) and 2-arachidonoylglycerol (2AG)] and serum estradiol,
progesterone and cortisol in healthy male and female volunteers.

Safety and tolerability of AEFO117, including dose-limiting toxicities (DLTs), were assessed by monitoring incidence of treatment-
emergent AEs and SAEs overall and by grade intensity and by evaluating changes from baseline in: vital signs, ECGs, clinical
laboratory values from blood, urine samples, psychometric and C-SSRS tests.

Single dose AEFO117 pharmacokinetic parameters (Cmax, Cmin, tmax, t1/2, AUCO-t, AUCO-o=,%AUCextrap, CL/F, Vd/F) will be
determined based on serial blood sample collections and plasma AEFO117 concentration.

Effects of AEFO117 on plasma pregnenolone, 17-OH-pregnenolone, DHEA, allopregnanolone, testosterone and endocannabinoids
(AEA and 2AG) and serum estradiol, progesterone and cortisol concentrations were measured at pre-dose and 0.5, 1, 2, 4, 8, 12, 24
and 48 hours post-dose.

-NCT03717272 (phase 2a): The study was designed to evaluate the safety, tolerability, pharmacodynamics (PD) and
pharmacokinetics (PK) of multiple escalating oral doses of AEFO117 in adult male and non-pregnant female, non-treatment seeking,
subjects with cannabis use disorder (CUD). The primary objective of this study aimed to test the effects of two to four doses of
AEF0117 compared to placebo on the subjective effects of cannabis related to abuse liability “Good drug effect”. The secondary
objectives were to test the effects of AEFO117 compared to placebo on cannabis self-administration, on cannabis-induced analgesia
and cognitive performance in CUD subjects.

Ratings of subjective effects of cannabis were performed using multiple items from two different instruments: 1) a 44-item VAS; and
2) the Cannabis Rating Form (CRF). Both instruments used visual analog scales (from 0 to 100 mm) to measure subjective effects. The
perceived ‘good effect’ of cannabis was measured by: 1) A subscale of the 44-item VAS (primary endpoint), containing the arithmetic
mean of two items, “I feel a good cannabis effect” and “I feel high” and by 2) two individual items of the CRF (key secondary
endpoints), “Felt Good Cannabis effect” and cannabis “ Liking”. The subscale of the 44-item VAS was initially named in the protocol
“Good Cannabis effect” subscale. Before starting the statistical analysis, this subscale was renamed “Intoxication” subscale to
acknowledge that it combined the subjective perception of “good cannabis effects” and cannabis “high”. The renaming was also
deemed appropriate to more clearly differentiate the 44-item VAS subscale from the two individual items of the CRF that exclusively
targeted “good cannabis effects”.

Cannabis self-administration was measured by counting the number of cannabis puff purchased by the participants using its study
stipend.

Cognitive performance was measured by a test battery that included the Sustained Attention to Response Task (SART), Behavioral
Pattern Separation (BPS-O), Digital Substitution Task (DSST) and Stroop Color task.

The Cold Pressor Test (CPT)was used to assess the analgesic effects of cannabis and was performed only on Day 1 only of each dosing
period.
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