JPET Fast Forward. Published on November 20, 2019 as DOI: 10.1124/jpet.119.261511
This article has not been copyedited and formatited. The final version may differ from this version.

JPET # 261511

Title: OREX-1019: a novel treatment for opioid use disorder and relapse prevention

Authors: David R Maguire, Lisa R Gerak, Gerta Cami-Kobeci, Stephen M Husbands, Charles P

France, Barbara Belli, Peter Flynn

Affiliations: Department of Pharmacology, University of Texas Health Science Center at San
Antonio, San Antonio, Texas, USA (DRM, LRG, CPF); Department of Psychiatry, University of
Texas Health Science Center at San Antonio, San Antonio, Texas, USA (CPF); Addiction
Research, Treatment & Training Center of Excellence, University of Texas Health Science
Center at San Antonio, San Antonio, Texas, USA (DRM, LRG, CPF); Department of Pharmacy
and Pharmacology, University of Bath, Bath, United Kingdom (SMH, GCK); Centre for
Therapeutic Innovation, University of Bath, Bath, UK (SMH); Orexigen Therapeutics Inc, La

Jolla, California, USA (BB, PF)

Disclosure/conflict of interest: BB and PF were employed by Orexigen Therapeutics while
engaged in this research project. SMH is an inventor on the patent that describes OREX-

1019/BU10119 and was a consultant to Orexigen Therapeutics during this project.

¥20¢ ‘0¢ |udy uo sfeunor 134V e Bioseuinofiedse ed| wouy papeoumoq


http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 20, 2019 as DOI: 10.1124/jpet.119.261511
This article has not been copyedited and formatted. The final version may differ from this version.

JPET # 261511

Running title: OREX-1019 and opioid use disorder

Corresponding author: Stephen M Husbands, Department of Pharmacy and Pharmacology,
University of Bath, Claverton Down, Bath, BA2 7AY, United Kingdom. E-mail:
s.m.husbands@bath.ac.uk; Tel: 44-1225 383103

Number of text pages: 19
Number of tables: 1
Number of figures: 5
Number of references: 28
Number of words:
Abstract: 240
Introduction: 788

Discussion: 800

Standard abbreviations: subcutaneous, s.c; sublingual, s.I.; peroral, p.o.; intravenous, i.v.
Nonstandard abbreviations: OREX-1019, BU10119: (1'R,50,6R,7R,14a)-1"-Phenyl-1'-(4,5-
epoxy-7,8-dihydro-3-hydroxy-6-methoxy-7p-methyl-17-cyclopropylmethyl-6,14-

ethanomorphinan-7-yl)-methan-1'-ol

Recommended Section Assignment: Behavioral Pharmacology or Drug Discovery and
Translational Medicine

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


mailto:s.m.husbands@bath.ac.uk
http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 20, 2019 as DOI: 10.1124/jpet.119.261511
This article has not been copyedited and formatted. The final version may differ from this version.

JPET # 261511

Abstract

There is an urgent need for new pharmacological treatments for substance use disorders,
including opioid use disorder, particularly for use in relapse prevention. A combination of
buprenorphine with naltrexone has shown particular promise, with clinical studies indicating a
substantial improvement over treatment with naltrexone alone. OREX-1019 (formerly BU10119)
is a compound that mimics the pharmacology of the buprenorphine/naltrexone combination.
This study evaluated, in rhesus monkeys, the therapeutic potential of OREX-1019 for treating
opioid use disorder. Pretreatment with OREX-1019 (0.01-0.3 mg/kg s.c.) dose-dependently
decreased responding for the mu opioid receptor agonist remifentanil in rhesus monkeys but did
not maintain levels of responding above vehicle when it was available for self-administration.
OREX-1019 (0.01-1.0 mg/kg s.c.) also decreased cue- plus heroin-primed reinstatement of
extinguished responding in monkeys that self-administered remifentanil but did not alter cue-
plus cocaine-primed reinstatement of responding in monkeys that self-administered cocaine.
OREX-1019 (0.3 mg/kg s.c.), like naltrexone (0.1 mg/kg s.c.), increased heart rate and blood
pressure, produced overt observable signs, and eliminated food-maintained responding in
monkeys treated chronically with morphine. These results confirm that OREX-1019 has little or
no efficacy at mu opioid receptors, low abuse potential, and combined with promising safety
(clean profile versus other off-target proteins including the hERG channel) and pharmacokinetic
data (supporting administration by subcutaneous or sublingual routes, but with low oral
bioavailability), suggest it could be a safe and effective alternative to current treatments for

opioid use disorders particularly as applied to relapse prevention.
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Significance Statement

The novel opioid OREX-1019 potentially provides an improved relapse prevention agent for use
in opioid use disorder. The current study demonstrates that in monkeys OREX-1019 is able to
inhibit the self-administration of, and cue- plus heroin-primed reinstatement of, responding for

remifentanil.
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Visual Abstract

No visual abstract submitted
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Introduction

Buprenorphine is a successful treatment for opioid abuse and dependence with
evidence from clinical and/or animal studies that it may also reduce cocaine and alcohol use
(McCann, 2008). Its receptor profile is that of a high affinity mu opioid receptor (MOPr) partial
agonist, a high affinity kappa opioid receptor (KOPr) antagonist, a high affinity delta opioid
receptor (DOPr) antagonist, and a low affinity nociceptin/ORL-1 (NOP) receptor partial agonist
(Husbands, 2013). The MOPr partial agonist effects of buprenorphine, whilst crucial for its
current use in treating opioid use disorder (OUD), preclude its use in preventing opioid relapse
and in the treatment of cocaine or alcohol abuse in cases where there is no concurrent opioid
abuse, since use of buprenorphine is associated with a significant level of opioid physical and
psychological dependence (Johanson et al. 2012).

Antagonism of KOPr by buprenorphine also likely plays a role in its clinical use for OUD.
There is now substantial evidence that KOPr antagonists inhibit stress-induced, but not drug-
prime-induced, reinstatement of drug-seeking behaviour (Bailey and Husbands, 2014) and
attenuate a diverse range of stress-induced behaviours, suggesting a role for KOPr antagonists
as stress-resilience medications (Chavkin, 2018). KOPr antagonists also have anxiolytic-like
and antidepressant-like effects in various behavioural paradigms (for a review, see Van't Veer

and Carlezon, 2013).

An optimal pharmacological treatment for relapse in recovering opioid or cocaine
abusers might be a drug that retains the KOPr and DOPr antagonist and NOPr partial agonist
properties of buprenorphine but with less efficacy at MOPr. Given the effectiveness of
naltrexone (Rosner et al., 2010) and nalmefene (Forray and Sofuoglu, 2014), which are MOPr
antagonists, this novel medication would also be expected to have utility in the treatment of

alcohol abuse. Interestingly, the effectiveness of naltrexone for preventing relapse to alcohol
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use is also observed in individuals with dual cocaine/alcohol use disorders (Hersh et al., 1998),

supporting a role for MOPr antagonism in reducing alcohol intake in polydrug abusers.

Further support for a target profile of MOPr, KOPr, and DOPr antagonism plus NOPr
partial agonism is available from studies of combinations of buprenorphine with MOPr
antagonists, with the latter in sufficient quantities to ensure very little residual agonist activity at
MOPr. For example, a combination of buprenorphine and naltrexone completely blocked drug-
primed reinstatement of conditioned-place preference in cocaine-trained rats and significantly
attenuated drug-primed reinstatement in morphine-trained rats (Cordery et al., 2013; Taverner,
2011). Because selective KOPr antagonists alone do not block drug-primed reinstatement,
these results suggest the actions of the mixture are greater than of a KOPr antagonist alone.
Encouraging results have also been observed in two clinical trials using a combination of
buprenorphine and naltrexone (Rothman et al., 2000; Gerra et al., 2006). The combination
proved effective in reducing relapse in recovering opioid addicts and significantly reduced
cocaine use.

Work by Lucki and colleagues demonstrated a role for both MOPr antagonist and KOPr

antagonist activities in the antidepressant-like effects of buprenorphine (Robinson et al, 2017,

Falcon et al, 2016) further supporting the benefits of a multiple receptor approach for developing

more effective medications. Another product, ALKS 5461 developed by Alkermes, combines
buprenorphine with the MOPr antagonist samidorphan and although the combination has not
received regulatory approval, reports suggest a mixture of 2 mg of buprenorphine and 2 mg of
samidorphan might be effective in treating major depressive disorder (Peckham et al, 2018).
Taken together, studies to date indicate there are significant translational opportunities for any
single compound that can mimic a mixture of buprenorphine and a MOPr antagonist.

To this end the synthesis and initial in vitro pharmacology of OREX-1019 was described

previously (Cueva et al., 2015). It is an antagonist or low efficacy partial agonist at MOPr, an
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antagonist at KOPr and DOPr, and a partial agonist at NOPr with slightly higher efficacy at
NOPr compared with buprenorphine. OREX-1019 can therefore be considered as equivalent to
buprenorphine but with substantially reduced efficacy at MOPr. Studies in mice, which
demonstrated that OREX-1019 has antidepressant-like effects, also showed that it was an
antagonist at KOPr and MOPr, as evidenced by attenuation of the antinociceptive effects of
morphine, buprenorphine, and U50,488 (Almatroudi et al., 2018). Importantly, OREX-1019 did
not have significant locomotor or rewarding effects at doses that have antagonist effects.
Because OREX-1019 has these pharmacological properties, it might also have effects that
predict effectiveness in treating ongoing drug abuse and/or preventing relapse. The current
study investigated effects of OREX-1019 in rhesus monkeys in order to evaluate its potential
effectiveness as a novel treatment for OUD. In addition, although OREX-1019 was previously
evaluated in mice for its therapeutic potential as an antidepressant (Almatroudi et al., 2018) the
in vivo pharmacokinetic (PK) properties largely remain unknown. Therefore, its PK parameters

were evaluated further in rats, rabbits, and nonhuman primates.
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Material and Methods

Animals. Experiments related to potential treatment for OUD were evaluated in fifteen adult
rhesus monkeys (9 males [AC, AP, CH, DU, FI, GU, MA, MU, NA] and 6 females [DAH, DAI,
GA, PR, RU, SOJ), weighing between 5.9 and 12.1 kg that were housed individually in stainless
steel cages in colony rooms maintained under a 14/10-h light/dark cycle (lights on at 0600 h).
Monkeys were fed chow (Harlan Teklad, High Protein Monkey Diet, Madison, W1, USA), fresh
fruit, peanuts, and other treats daily and water was continuously available. Studies were carried
out in accordance with the Guide for the Care and Use of Laboratory Animals, as adopted and
promulgated by the United States National Institutes of Health (National Research Council
2011), and were approved by the University of Texas Health Science Center at San Antonio

Institutional Animal Care and Use Committee.

Male Sprague-Dawley rats (Charles River, Italy) were used in studies measuring gastrointestinal
transit and Rotorod performance. Rats were housed in solid bottom cages with sawdust litter.
They were maintained on a 12 hour light/dark cycle. Food (Rat maintenance diet Altromin R
supplied by A. Rieper SpA, Bolzano, Italy) and water were available ad libitum. Animals were
housed, and experiments performed, in accordance with the Association for Assessment and

Accreditation of Laboratory Animal Care (AAALAC International).

Surgery. Monkeys were sedated with 10 mg/kg (i.m.) of ketamine (Henry Schein Animal Health,
Dublin, OH, USA), intubated, and then maintained on 2 I/min oxygen and isoflurane anesthesia
(Butler Animal Health Supply, Grand Prairie, TX, USA). For monkeys patrticipating in self-
administration and reinstatement experiments, a 5-french polyurethane catheter (Access
Technologies, Skokie, IL, USA) was inserted into a vein (e.g. jugular or femoral), tunneled
subcutaneously the mid-scapular region of the back, and attached to a subcutaneous vascular

access port (MIDA-PU-C50, Access Technologies, Skokie, IL, USA). Monkeys in the antagonist-

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 20, 2019 as DOI: 10.1124/jpet.119.261511
This article has not been copyedited and formatted. The final version may differ from this version.

JPET # 261511

precipitated withdrawal study were sedated as described above and a telemetry transmitter
(PhysioTel Digital Implant model L11, Data Science International, Arden Hills, MN) was placed
in the left or right flank, with positive ECG leads tunneled to the lower-left quadrant of the thorax,
negative ECG leads tunneled to the upper-right quadrant, and the systemic blood pressure
catheter tunneled to and inserted into the left or right femoral artery. Penicillin B&G (40,000

IU/kg) and meloxicam (0.1-0.2 mg/kg) were given postoperatively.

OREX-1019 self-administration. During drug self-administration sessions, monkeys were
seated in primate chairs (Model R0O01, Primate Products, Miami, FL, USA) and positioned in
sound-attenuating operant conditioning chambers containing two horizontally aligned response
levers located approximately 32 cm apart. Above each lever was a circular, translucent disk that
could be trans-illuminated green or red. Self-administered drug infusions were delivered i.v. by
connecting a 185-cm extension set (Abbott Laboratories, Stone Mountain, GA, USA) to the
vascular access port by a 20-g Huber-point needle (Access Technologies, Skokie, IL, USA).
The distal end of the extension set was connected to a 30- or 60-ml syringe mounted in a
syringe driver (PHM-100, Med Associates, St. Albans, VT, USA) located outside the chamber.
Extraneous sounds were masked by white noise and an exhaust fan. Experimental events were
arranged and data were recorded by an interface (Med Associates, St. Albans, VT, USA)
connected to a PC computer operating Med-PC |V software (Med Associates, St. Albans, VT,

USA).

Prior to the start of the session, the port and catheter were flushed with 5 ml of sterile
0.9% saline solution, and a syringe and extension set containing the solution available for self-
administration that day was connected to the Huber and mounted in the syringe pump. One
minute before the start of the session, the pump was activated to load the catheter with the new
solution. Sessions began with noncontingent delivery of a priming infusion; a red light over the

active lever was illuminated red for 5 sec and the dose of drug available for self-administration

10
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during that session was delivered. Immediately after the priming infusion, one of the side lights
(counterbalanced across monkeys) was illuminated green signaling the beginning of the
response period. Thirty consecutive responses (fixed-ratio [FR] 30 schedule) on the lever
directly below the green light (active lever) changed the light from green to red for 5 sec and
delivered an i.v. infusion. Completion of the response requirement also initiated a 180-sec
timeout, during which all lights were off and responses were recorded but had no programmed
consequence. Following the timeout, the same side light was illuminated green once again,
signaling the next response period. Responses on the other (inactive) lever during response
periods reset the response counter for the active lever and had no other scheduled
consequence. Lever designations remained constant for each monkey for the duration of the
study. Sessions lasted for 90 min, inclusive of response and timeout periods. At the end of the
session, the catheter and port were flushed and locked with 3 ml of heparinized saline (100

U/ml) to maintain catheter patency.

Reinforcing effects of OREX-1019 were evaluated in 4 monkeys (AC, FI, PR, RU).
Initially, responding was maintained by delivery of 0.00032 mg/kg/infusion of the MOPr agonist
remifentanil for at least 5 sessions. Responding for remifentanil was considered stable when
monkeys obtained at least 20 infusions during the last 3 consecutive sessions, and the average
number of infusions obtained in each of those 3 sessions varied by not more than £ 20% of the
3-session mean. Thereafter, vehicle was substituted for remifentanil for a minimum of 4
sessions and until 8 or fewer infusions were obtained for the last 3 consecutive sessions. After
the initial tests with remifentanil and vehicle, effects of increasing unit doses of OREX-1019
(0.01, 0.03, 0.1, 0.3, and 1.0 mg/kg/infusion) were determined; each test lasted for a minimum
of 5 sessions and until responding met the criteria for stability with either remifentanil or vehicle
as described above, or for up to 10 sessions, whichever occurred first. Unit doses of OREX-

1019 were tested in ascending order in all monkeys, and all tests were separated by an

11
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intervening vehicle substitution test. Effects of remifentanil were re-determined two more times
during the experiment, once between tests with 0.1 and 0.3 mg/kg/infusion of OREX-1019 and
again at the end of the experiment, following the test with 1.0 mg/kg/infusion of OREX-1019.
Initially, remifentanil and OREX-1019 (0.01-0.1 mg/kg/infusion) were dissolved in a 10% wi/v [3-
cyclodextrin vehicle. Because OREX-1019 had limited solubility, tests with the 2 largest unit
doses of OREX-1019 (0.3 and 1.0 mg/kg/infusion) as well as the second and third tests with
remifentanil were conducted using a 45% w/v B-cyclodextrin vehicle. In addition, the infusion
duration was lengthened by 2.5 fold to achieve the largest unit dose of OREX-1019 (1.0
mg/kg/infusion); the final tests with vehicle and remifentanil were also conducted using the
longer infusion duration (i.e., a 2.5-fold lower concentration of remifentanil was in the syringe).
For the entire experiment, infusion durations ranged from 14 to 46 s, with each infusion

delivering 1-2.5 ml of solution per 10 kg of body weight.

For the OREX-1019 self-administration experiment, infusions obtained during the last
three sessions of each phase were averaged for individual monkeys. Dose-effect data were
analyzed using a one-factor, repeated-measures ANOVA on the number of infusions obtained
for the first and last remifentanil and vehicle conditions as well as each unit dose OREX-1019
followed by Dunnett’s post-hoc multiple comparisons test comparing all conditions to the first

vehicle test.

OREX-1019 suppression of remifentanil self-administration. Effects of OREX-1019
pretreatment on remifentanil self-administration were evaluated in 4 monkeys (AC, GU, NA,
PR). Responding delivered 0.00032 mg/kg/infusion of remifentanil dissolved in saline; other
procedural details were as described above. In addition, monkeys received a s.c. injection 15-
min prior to each session. During baseline, monkeys received an injection of 0.4 ml of 45% w/v
B-cyclodextrin vehicle. Once responding was stable, an injection of OREX-1019 (0.01-0.3

mg/kg) was given prior to one session, with each test injection followed by three baseline

12
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sessions before which monkeys received vehicle. Stability was defined by 3 consecutive
sessions in which at least 20 infusions of remifentanil were obtained and the average number of
infusions obtained in each of those 3 sessions varied by not more than = 20% of the 3-session

mean. Doses of OREX-1019 were tested in ascending order, up to a dose that decreased the

number of remifentanil infusions obtained to < 25% of baseline (0.1 mg/kg for monkey AC) or up

to 0.3 mg/kg (monkeys GU, NA, and PR).

For effects of OREX-1019 pretreatment on remifentanil self-administration, the number
of infusions of remifentanil obtained during the 3 sessions immediately preceding the first test
with OREX-1019 was averaged for individual monkeys to determine the baseline level of
responding for remifentanil (i.e., following vehicle administration). OREX-1019 dose-effect data
were analyzed using a one-factor, repeated-measures ANOVA on the number of infusions
obtained during baseline and following treatment with each dose of OREX-1019, followed by

Dunnett’s post-hoc multiple comparisons tests.

OREX-1019 suppression of responding reinstated by drug-paired stimuli plus
noncontingent infusion of drug. Effects of OREX-1019 on reinstatement of responding
previously maintained by remifentanil or cocaine were studied in 7 monkeys (CH, DAH, DA,
GA, GU, MU, NA). Initially, responding resulted in delivery of 0.00032 mg/kg/infusion of
remifentanil (DAH, GA, GU, NA) or 0.032 mg/kg/infusion of cocaine (CH, DAI, GA, MU) under
the self-administration procedure described above, and monkeys received a s.c. injection 15-
min prior to each session. Once responding during baseline self-administration sessions was
stable, as defined by < 20% difference in number of responses with no increasing or decreasing
trend across the last 3 self-administration sessions, extinction sessions were introduced during
which stimuli associated with drug during self-administration sessions (i.e., the green

discriminative stimulus and the red stimulus previously paired with delivery of a drug infusion)

13
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were not presented and infusions were not delivered, although responses were recorded.
Stimuli were omitted from extinction sessions, so that effects of the presentation of cues alone
on reinstated responding can be measured. Extinction sessions were conducted until the total
number of responses in a session decreased to <10% of drug-reinforced responses for one
session. Thereafter, a reinstatement session was conducted. Immediately before the
reinstatement session, saline or drug (heroin or cocaine) was injected into the vascular access
port before it was connected to a syringe containing saline located in the syringe pump. When
the syringe pump was activated at the beginning of the session to fill the catheter with saline,
the solution in the port (i.e., saline or drug) was delivered. For monkeys who responded for
remifentanil during self-administration sessions, 0.032 mg/kg heroin was given non-contingently
at the beginning of reinstatement sessions. Heroin was used to reinstate responding rather than
remifentanil because of its longer duration of action, and this dose of heroin was chosen
because it is the smallest dose of heroin that significantly increased reinstated responding,
compared with responding during extinction (Gerak et al., 2019). For monkeys who responded
for cocaine during self-administration sessions, 0.32 mg/kg cocaine was given non-contingently
at the beginning of reinstatement sessions, and this dose of cocaine was chosen because it is
the smallest dose of cocaine that increased responding above that produced by presentation of
drug-associated stimuli alone (Gerak et al., 2016). The green light above the active lever was
then illuminated and 30 responses on that lever turned the green light off, illuminated the red
light for 5 sec, and initiated a 180-sec timeout, although no infusion was delivered. Only one
reinstatement session was presented for each test followed immediately by a baseline self-

administration session.

For each subject, at least two reinstatement tests were conducted in which vehicle alone
(45% wiv B-cyclodextrin) was given s.c. 15 min before sessions and noncontingent drug (heroin

or cocaine) was given i.v. at the beginning of the session. Effects of OREX-1019 pretreatment

14
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on reinstated responding were determined by giving a single dose of OREX-1019 (0.01-0.1
mg/kg) 15 min before a reinstatement session in which either heroin or cocaine was given non-
contingently and drug-associated stimuli were presented. The session immediately following a

reinstatement session was a baseline self-administration session.

The number of responses that occurred on the active lever in the presence of the green
stimulus light during reinstatement sessions (i.e., responses that were reinforced by
presentation of drug-associated stimuli) was plotted as a function of dose of OREX-1019.
Effects of OREX-1019 on heroin- and cocaine-reinstated responding were analyzed separately
using a one-factor, repeated measures ANOVA followed by post-hoc Dunnett’s post-hoc

multiple comparisons tests.

Withdrawal precipitated by OREX-1019 and naltrexone. Monkeys (AP, DU, MA, SO) were
instrumented with telemetry devices and participated in operant conditioning sessions
conducted in their home cage. A stainless steel instrument panel (20 cm high by 28 cm wide)
was mounted on one wall of the cage that contained two 4.5-cm wide response levers,
positioned 23 cm above the cage floor and spaced 15 cm apart center to center; two metal
partitions attached to the instrument panel between the levers prevented responding on both
levers simultaneously with the same limb. Three stimulus lights were horizontally aligned 5 cm
above the levers. Directly above the instrument panel was a 6 cm high by 5 cm wide aperture
through which 300-mg raspberry flavored sucrose pellets (5TUT, Test Diet, Richmond, IN, USA)

were delivered via activation of a pellet dispenser (Med Associates, Inc., Fairfax, VT, USA).

Food-maintained operant behavior. Daily sessions comprised 5 response periods beginning
at 1000, 1030, 1100, 1130, and 1200 hr. The beginning of a response period was signaled by
illumination of the green light above the right lever; 10 responses on the right lever (FR 10)
delivered one food pellet and turned off the green light for 0.5 sec. Response periods ended

after 10 food presentations or 10 min, which ever occurred first. All stimulus lights were turned

15
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off between response periods and responding during that time had no scheduled consequence.
Monkeys were given their daily ration of chow, fresh fruit, and peanuts approximately 2 hr after

the session ended (~1430 hr).

Telemetry. Mean arterial pressure (mmHg), heart rate (beats per minute), body temperature
(°C), and activity (counts per minute) were collected every minute. Some of these physiological
parameters are altered during withdrawal from mu opioid receptor agonists in nonhuman
primates (blood pressure was not measured previously; Becker et al., 2008; Gerak et al., 2009;

Gerak et al., 2015; Gerak and France, 2016).

Behavioral observations. Two individuals monitored directly observable signs. The observers
were blinded with regard to the test injections. During an observation period, the presence or
absence of 15 signs (body tremor, twitch, wet-dog shake, lying down, scratching, grimace,
unusual tongue movement, protrusion of tongue, salivation, vocalization, yawning, eye-closing,
emesis, holding abdomen, and head shaking; Becker et al., 2008) was noted during 15-sec
intervals; these signs have been monitored previously during withdrawal from mu opioid
receptor agonists in nonhuman primates (Becker et al., 2008; Gerak et al., 2009; Gerak et al.,
2015; Gerak and France, 2016). Each observation period lasted for 8 intervals and a total of 2

min of observation time per monkey.

Chronic morphine treatment. Once food-maintained responding was stable, as defined by 3
consecutive sessions in which the average response rate across the 5 intervals in each of those
3 sessions varied by not more than + 20% of the 3-session mean, monkeys began receiving
twice daily injections, one at 0700 hr and another at 1700 hr. Initially, both injections were
saline. Then, morphine was substituted for both injections starting with 1.0 mg/kg and increasing
in quarter-log units over the course of 6 to 8 weeks to a maximum of 3.2 mg/kg, while
maintaining stable food-maintained responding. Once the dose given in the afternoon reached

3.2 mg/kg and food-maintained responding was stable, the morning dose of morphine was
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titrated to the largest dose, on a quarter-log unit scale, that could be given without significantly
disrupting responding for food during operant conditioning sessions that began 3 hr after the
morning injection (1000 hr). The final dose of morphine given in the morning was 1.78 mg/kg for
AP, DU, and MA and 0.32 mg/kg for SO. Prior to the first test, monkeys were treated twice daily

with morphine for a total of 72 days, and treated with the final daily doses for at least 18 days.

During each test, monkeys received an additional daily injection at 0945 hr, 15 min prior
to the start of the operant conditioning session. Tests were conducted in 3-day units, comprising
an injection of 0.4 ml of vehicle (45% wi/v B-cyclodextrin) on day 1, an injection of either
naltrexone (0.1 mg/kg) or OREX-1019 (0.3 mg/kg) on day 2, and no injection on day 3. The
dose of naltrexone was chosen because it is at least 10-fold larger than a dose that reliably
precipitates withdrawal in rhesus monkeys treated chronically with a mu opioid receptor agonist
(e.g., Becker et al. 2008); the dose of OREX-1019 was chosen because it reliably decreased

remifentanil self-administration in rhesus monkeys (see below).

For the first two test days, behavioral observations occurred at 0930, 1015, 1045, 1115,
and 1245 hr, corresponding to 15 min before and 30, 60, 90, and 180 min after the test injection.
Collection of telemetry data began at 1700 hr the day prior to the first day of the test and
continued through 1600 hr on the third day. Naltrexone was studied first in all monkeys followed
one week later by OREX-1019. During tests, monkeys continued to receive both daily injections
of morphine at the normally scheduled times; test injections (i.e., vehicle, naltrexone and OREX-

1019) were administered 2 hr and 45 min following the morning morphine injection.

For monkeys receiving morphine daily, response rate was calculated for each response
period by dividing the number of responses by the total time that the green light was illuminated.
Telemetry data were collected each minute and then averaged across 1-hr bins, beginning 1 hr
prior to the daily test injection and continuing for up to 4 hr after the test injection; the first bin

started at 0845 hr. For behavioral observations, each sign was noted as present or absent
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during each of the eight 15-sec intervals, and a total was calculated by summing across
intervals and signs for each observation period. Data for all three measures were analyzed

using two-way, repeated-measures ANOVA with day of treatment and time of day as factors.

Gastrointestinal transit. Since other MOPr agonists are known to decrease gut motility, the
effects of OREX-1019 on gastrointestinal (Gl) transit was evaluated in male Sprague-Dawley
rats (8 — 9 weeks old). One group was treated with vehicle only (control), and other groups were
administered 3, 30, or 100 mg/kg of OREX-1019 or 30 mg/kg of morphine (N=10 for each
group). Within each group dosing of each rat was performed in approximately 5 minutes
intervals. Food, but not water, was withheld the night before experimentation. Rats were
removed from the cage, administered OREX-1019, morphine or vehicle by s.c. injection and
then returned to the home cage. Two ml of charcoal suspension (formulated by suspending
charcoal and plain flour in water for injection in the ratio 1:3:6) were administered by gavage to
the rats 120 min after the injection. Thirty min after being given the charcoal meal, rats were
anaesthetized with isoflurane and sacrificed via cervical dislocation at which point, the intestine
was exposed. The distance that the charcoal meal travelled along the intestine from the pyloric
sphincter as well as total intestinal length was measured. Data were expressed as a ratio by
dividing the distance that the charcoal meal travelled by total intestine length. Between-groups
differences in the Gl transit ratio were analysed using a one-way ANOVA followed by Dunnett’s

post-hoc multiple comparisons test. P<0.05 was considered statistically significant.

Rotorod. Sedative effects of OREX-1019 were determined using the Rotorod test in male
Sprague-Dawley rats weighing between 250 and 300 g. On Day 1, rats were placed on the
Rotarod apparatus (Model 47700; Ugo Basile, Italy) and allowed to walk at a fixed speed (4

rpm) for at least 120 sec before being returned to the home cage. After 4 hours, rats were
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placed on the apparatus again, first at a fixed speed (4 rpm) for 60 sec and then at accelerating
speeds (4-40 rpm) for at least for 100-120 sec. On Day 2, rats were placed on the Rotarod first
at a fixed speed (4 rpm) for 60 sec and then at accelerating speeds (4-40 rpm) until the rat fell
off or for up to 300 sec, whichever occurred first; the latency to fall was recorded and used as
the pre-treatment (baseline) measurement. On Day 3 (test day), rats were treated with drug or
vehicle and then placed on the Rotarod first at fixed speed (4 rpm) for 60 sec and then at
accelerating speeds (4-40 rpm); the latency to fall was recorded and used as the post-treatment
measurement. One group was treated with vehicle only and other groups were administered 10,
30, or 100 mg/kg of OREX-1019 or 10 mg/kg of diazepam (N=10 for each group). OREX-1019
was administered s.c. 120 min before the test; diazepam was administered i.p. 30 min before
the test. Pre-treatment latency was subtracted from the post-treatment latency to determine a
change score; negative change scores indicate that the treatment decreased time on the
Rotorod, indicative of a sedative effect. Between-groups differences in change scores were
analysed using a one-way ANOVA followed by Dunnett’s post-hoc multiple comparisons test.

P<0.05 was considered statistically significant.

ADMET and selectivity. Screening in 62 radioligand/enzyme assays at two concentrations of
OREX-1019 (100 nM and 10,000 nM) in duplicate wells was provided by National Institute on
Drug Abuse (ATDP, Division of Pharmacotherapies and Medical Consequences of Drug
Abuse). hERG channel inhibition was carried out by Cyprotex using their standard protocol over
a 8 nm — 25 uM concentration range. P-gp substrate assessment in Caco-2 monolayers,
inhibition of cytochrome P450 in human liver microsomes, stability in human, rat and monkey
plasma, whole blood, liver microsomes, liver S9 fraction, binding to human, rat and monkey
plasma proteins and determination of octanol/buffer partition coefficient were carried out by

Absorption Systems, Exton, PA.
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The absolute bioavailability of OREX-1019 was evaluated in male Sprague Dawley rats
(N=3 for each route of administration), male and female cynomolgus monkeys (2 males and 2
females for each route of administration), and male New Zealand White rabbits (N=5 for each
route of administration). Dosing routes in rats were intravenous (i.v.), subcutaneous (s.c.) and
oral (p.o.), in monkeys were i.v. and p.o., and in rabbits were i.v., sublingual (s.l.) and s.c. Blood
samples were collected by venepuncture, or jugular vein cannulae (rats), up to 24 hours after
drug administration. Plasma concentrations of OREX-1019 were determined by LC-MS/MS.
Studies were carried out by Absorption Systems, Exton, PA (rats and rabbits) and Covance
Laboratories Inc., Madison, WI (monkeys).

Pharmacokinetic parameters were calculated from the time course of the plasma
concentrations using Phoenix WinNonlin (v7.0) software and a nhon-compartmental model. The
maximum plasma concentrations (Cmax) after i.v. dosing were estimated by extrapolation of the
first two time points back to t=0. The Cnax and the time to reach maximum plasma concentration
(Tmax) after p.o. and s.c. dosing were observed from the data. The area under the time-
concentration curve (AUC) was calculated using the linear trapezoidal rule with calculation to
the last quantifiable data point, and with extrapolation to infinity if applicable. Plasma half-life
(t2) was calculated from 0.693/slope of the terminal elimination phase. Mean residence time
(MRT) was calculated by dividing the area under the moment curve (AUMC) by the AUC.
Clearance (CL) was calculated from dose/AUC. Steady-state volume of distribution (Vss) was
calculated from CL*MRT (mean residence time). Bioavailability was determined by dividing the
individual dose normalized p.o. or s.c. AUC values by the average dose normalized to i.v. AUC
value. Any samples below the limit of quantitation (0.5 ng/mL) were treated as zero for

pharmacokinetic data analysis.
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Drugs. Remifentanil hydrochloride, morphine sulphate, heroin hydrochloride, naltrexone
hydrochloride, and cocaine hydrochloride were generously provided by the National Institute on
Drug Abuse Drug Supply Program (Rockville, MD, USA); doses were calculated using the salt
form. OREX-1019 was synthesized in-house according to the methods reported in Cueva et al.
(2015) or purchased (Syncom, Groningen, Netherlands); doses were calculated using the base
with a correction factor of 1.07 (salt weight / base weight) and solutions with OREX-1019 were
prepared fresh every 3-4 days. 2-Hydroxypropyl-B-cyclodextrin was purchased (Accela
ChemBio, Inc., San Diego, CA, USA) and dissolved in sterile saline at a concentration of 0.1 or
0.45 g per ml. All self-administered drug was delivered i.v. in a volume of 1-2.5 ml per 10 kg of
body weight. Heroin and cocaine priming injections in the reinstatement experiment were
delivered i.v. in a volume of 0.15-0.6 ml, which insured that all drug remained in the
port/catheter until the pump was activated and delivered the drug prime. Naltrexone and OREX-
1019 pretreatments as well as daily morphine treatments were delivered s.c. in the lower back
in a volume of 0.5 - 1.0 ml per 10 kg of body weight. For Gl transit and Rotorod studies,

morphine and diazepam were from stock held by Aptuit, Verona).

Results

OREX-1019 self-administration.

When remifentanil was available at the beginning and end of the experiment, monkeys obtained
an average (x 1 SEM) of 26.7 + 0.9 and 22.3 + 2.8 infusions, respectively (Figure 1A, data
above “Rem”). When 3-cyclodextrin vehicle was substituted for drug at the beginning and end of
the experiment, the number of infusions obtained decreased to 2.2 + 0.6 and 0.2 + 0.2,
respectively (Figure 1A, data above “V”). OREX-1019 did not increase the number of infusions
obtained across the range of doses tested. According to a repeated-measures ANOVA, there
was a significant effect of condition (F[8,35]=113.6, p< 0.001); however, only remifentanil was

significantly different from vehicle according to the Dunnett’s post-hoc test (filled diamonds).
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OREX-1019 suppression of remifentanil self-administration.

When remifentanil was available following [3-cyclodextrin vehicle pretreatment, monkeys
obtained an average of 27.1 + 0.5 infusions per session (Figure 1B, data above “V”); OREX-
1019 dose-dependently decreased the number of infusions obtained. According to a repeated-
measures ANOVA, there was a significant effect of dose (F[4,18]=13.0, p< 0.001), with 0.1 and
0.3 mg/kg of OREX-1019 significantly decreasing the number of infusions obtained compared

with vehicle.

OREX-1019 suppression of responding reinstated by drug-paired stimuli plus
noncontingent infusion of drug.

When monkeys responded for 0.00032 mg/kg/infusion of remifentanil, the mean number of
responses on the active lever was 825 + 9, which decreased to 4 + 3 responses during
extinction; when monkeys responded for 0.032 mg/kg/infusion of cocaine, the mean number of
responses on the active lever was 765 + 58, which decreased to 6 + 4 responses during
extinction (data not shown). Of 63 iterations through the procedure during this experiment,
multiple extinction sessions were required on only 2 occasions. Presentation of drug-associated
stimuli alone reinstated responding, with monkeys emitting 435 + 43.3 responses following
noncontingent administration of saline (i.e. drug-associated stimuli alone; data not shown). The
number of responses increased to 735 + 45 responses following noncontingent administration of
0.032 mg/kg heroin in addition to drug-associated stimuli (Figure 2A, data above “V”). OREX-
1019 dose dependently decreased the number of responses emitted following non-contingent
administration of heroin plus drug-associated stimuli (F[3,15]=11.7, p=.002), with a dose of 0.1
mg/kg OREX-1019 significantly attenuating responding reinstated by heroin. When combined

with response-contingent presentation of drug-associated stimuli, noncontingent administration
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of 0.32 mg/kg cocaine reinstated responding, with monkeys emitting, on average, 487 + 116
responses (Figure 2B, data above “V”); OREX-1019 did not significantly alter responding that

was reinstated by cocaine (F[3,15]=0.9, p=.48).

OREX-1019- and naltrexone-precipitated withdrawal.

Food-maintained operant behavior. In monkeys receiving twice-daily injections of morphine
(see section above on Chronic Morphine Treatment), vehicle administration on Day 1 of the
naltrexone test, did not systematically alter mean rate of food-maintained lever pressing across
blocks within the session; response rate ranged from 0.51 + 0.18 to 0.65 + 0.25 responses per
second across blocks (Figure 3A, circles). Pretreatment with 0.1 mg/kg of naltrexone on Day 2
markedly decreased responding across all blocks (Figure 3A, squares), with responding
recovering the following day (Figure 3A, triangles). According to a two-way, repeated measures
ANOVA, there was a significant main effect of day of treatment (F[2,59]=5.8, p=.04) but no main

effect of time of day (p=.52) and no day of treatment by time of day interaction (p=.19).

Following vehicle treatment on Day 1 of the OREX-1019 test, mean response rates did
not vary systematically across blocks, ranging from 0.40 £+ 0.25 to 0.76 £ 0.44 responses per
second (Figure 3B, circles). Pretreatment with 0.3 mg/kg of OREX-1019 on Day 2 markedly
decreased responding across all blocks (Figure 3B, diamonds), with responding recovering the
following day (Figure 3B, triangles). According to a two-way, repeated measures ANOVA, there
was no significant main effect of day of treatment (p=.06) or time of day (p=.31), and there was

no day of treatment by time of day interaction (p=.08).

Blood pressure. During the hour preceding the test injection, mean blood pressure ranged
from 83.0 £ 5.3 to 85.7 + 3.9 mmHg across days (Figures 4A and 4B, data above 845 hr).

Injection of vehicle on Day 1 of the test (circles) did not impact blood pressure; however,
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injection of 0.1 mg/kg naltrexone the following day (Day 2, squares) significantly increased
blood pressure to 123 + 4 mmHg during the hour immediately following the injection, with blood
pressure remaining elevated for up to 4 hours, compared with the corresponding time points
following vehicle injection on the previous day (filled symbols). Blood pressure during the same
time-period on Day 3 (triangles) was not different from vehicle (Day 1). According to a two-way,
repeated measures ANOVA, there were significant main effects of day of treatment
(F[2,59]=23.8, p=.001) and time of day (F[4,59]=18.2, p<.001) as well as a significant time of

day by day interaction (F[8,59]=15.0, p<.001).

Injection of OREX-1019 (Figure 4B, diamonds) increased blood pressure to 120.9 + 3.9
mmHg during the hour following injection with blood pressure remaining elevated for up to 4
hours. Compared with Day 1, blood pressure was significantly increased at the 845 and 1145 hr
time points on the following day (Day 3) when no test injection was given. According to a two-
way, repeated measures ANOVA, there were significant main effects of day of treatment
(F[2,59]=7.0, p=.03) and time of day (F[4,59]=16.51, p<.001) as well as a significant day of

treatment by time of day interaction (F[8,59]=14.0, p<.001).

Heart rate. During the hour preceding the daily test injection, mean heart rate ranged from 87.8
+ 8.3t0 104.0 £ 7.5 beats per min across days (Figures 4C and 4D, data above 845 hr).
Injection of vehicle on Day 1 of the naltrexone test (circles) did not alter heart rate. However,
injection of 0.1 mg/kg naltrexone on Day 2 (squares) significantly increased heart rate to 188.4 +
7.1 beats per minute for the hour immediately following the injection, with heart rate remaining
elevated for up to 4 hours following the injection. Heart rate was significantly increased during
the first time point on Day 3, relative to Day 1, but was not different during other time points.

According to a two-way, repeated measures ANOVA, there were significant main effects of day
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of treatment (F[2,59]=144.2, p<.001) and time of day (F[4,59]=29.1, p<.001) and as well as a

significant day of treatment by time of day interaction (F[8,59]=43.7, p<.001).

Injection of OREX-1019 increased heart rate to 186.8 + 7.0 beats per minute during the
hour following injection, with heart rate remaining elevated for up to 4 hr following injection.
Heart rate was significantly lower at 0945 hr and higher at 1145 hr on Day 3 compared with Day
1; although in both cases, the differences were very modest. According to a two-way, repeated
measures ANOVA, there were significant main effects of day of treatment (F[2,59]=44.6,
p<.001) and time of day (F[4,59]=45.8, p<.001) as well as a significant day of treatment by time

of day interaction (F[8,59]=30.5, p<.001).

Body temperature. During the hour preceding the daily test injection, mean body temperature
ranged from 36.7 £ 0.4 to 36.9 £ 0.9 °C across days (Figures 4E and 4F, data above 845 hr).
Injection of 0.1 mg/kg of naltrexone significantly increased temperature to 37.4 + 0.4 °C during
the hour immediately following the injection (Figure 4E, square over 945 hr); during subsequent
time points, temperature did not differ from vehicle. According to a two-way, repeated measures
ANOVA, there was no main effect of day of treatment (p=.65), but there was a significant main
effect of time of day (F[4,59]=20.9, p<.001) as well as significant day of treatment and time of

day interaction (F[8,59]=4.5, p=.002).

Injection of 0.3 mg/kg of OREX-1019 significantly decreased body temperature 2-4 hr
post injection, as compared with vehicle, with the maximal decrease occurring 4 hr after the
injection (Figure 4F, diamonds). According to a two-way, repeated measures ANOVA, there
were significant main effects of day of treatment (F[2,59]= 7.6, p=.02) and time of day

(F[4,59]=5.4, p=.01) as well as a significant time by day interaction (F[8,59]=5.3, p<.001).
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Activity. During the hour preceding the daily test injection, mean activity ranged from 386.1 +
58.5t0 641.3 £ 81.2 counts across days (Figure 4G and 4H, data above 845 hr). Injection of
naltrexone significantly increased activity, compared with vehicle, during the first and third hours
following the injection (Figure 4G, squares above 0945 and 1145 hr). According to a two-way,
repeated measures ANOVA, there were significant main effects of day of treatment
(F[2,59]=5.6, p=.04) and time of day (F[4,59]=6.6, p=.005) as well as a significant day of

treatment by time of day interaction (F[8,59]=8.3, p<.001).

Injection of OREX-1019 did not significantly alter activity, compared with vehicle (Figure
4H). On Day 3 of the test (no injection), activity was significantly lower during the hour starting at
0945 hr compared with vehicle (triangle). According to a two-way, repeated measures ANOVA,
there was no main effect of day of treatment (p=.06) but there was a significant main effect of
time of day (F[4,59]=13.0, p<.001) and a significant day of treatment by time of day

(F[8,59]=2.8, p=.03).

Behavioral signs. On vehicle treatment days, the mean number of withdrawal signs ranged
from 1.1 £ 0.7 to 2.3 + 0.8 across observation periods (Figure 5A and 5B, circles). Pretreatment
with 0.1 mg/kg of naltrexone nominally, but not significantly due to variance in the magnitude of
effect across individuals, increased the number of signs, compared with vehicle, with a
maximum of 4.9 + 1.8 occurring 1 hr after treatment (Figure 5A, square above 1045 hr).
According to a two-way, repeated measures ANOVA, there were no main effects of day of

treatment (p=.44) or time of day (p=.47) and no day of treatment by time of day interaction

(p=.60).

Injection of 0.3 mg/kg OREX-1019 significantly increased the number of signsto 7.3 +
1.0and 5.3 + 1.4 at 1.0 and 1.5 hr after treatment, respectively (Figure 5B, filled diamonds

above 1045 and 1115 hr). According to a two-way, repeated measures ANOVA, there were
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significant main effects of day of treatment (F[1,39]=61.4, p=.004) and time of day (F[4,39]=4.0,

p=.03) and but no day of treatment by time of day interaction (p=.25).

Pharmacokinetic properties. PK parameters evaluated in rats, cynomolgus monkeys, and
rabbits are shown in Table 1 and Supplemental Figure 1. In rats, there was poor oral
bioavailability, but much higher after s.c. dosing (120%). Interestingly, Tmax for the s.c. route was
reached quickly, being equivalent to the Tmax after oral administration. In cynomolgus monkeys,
bioavailability was low via the oral route and slow absorption meant Tmax Was at 8h after which
the elimination phase mimicked that seen after i.v. administration. In rabbits, the elimination
phase was very similar for both i.v. and s.I. routes, while slow elimination was observed
following s.c. administration; s.c. bioavailability was 58.3% and for s.I. it was 12.2%, suggesting

that both were feasible routes of administration.

Additional characterization of OREX-1019 distribution, metabolism and safety was conducted to
determine if it was a good candidate for further clinical development; these data are shown in
Supplemental Table 1. It displayed excellent chemical stability in plasma, blood and other
biological fluids (gastric, intestinal), only displayed interactions with the CYP-3A isoform (typical
of many opioids) and was not a substrate for P-glycoprotein. In a screen against 62 off-target
radioligand and enzyme assays OREX-1019 showed no off-target effects at 100 nM (~ 500
times the Ki at opioid receptors) and only at 10,000 nM (i.e. ~ 50,000 times the Ki) could 50%
inhibition be reached at CB1 and sodium site 2 proteins Supplemental Table 2). In the hERG
safety assay an ICso value could not be calculated for OREX-1019, only reaching 39% inhibition

at 25 uM.
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Additional safety characterization of OREX-1019. OREX-1019 did not significantly alter Gl
transit up to a dose of 100 mg/kg, whereas 30 mg/kg of morphine significantly decreased length
of charcoal transit (Supplemental Figure 2A). OREX-1019 did not significantly alter Rotorod
performance, whereas 10 mg/kg of diazepam significantly decreased time spent on the Rotorod

(Supplemental Figure 2B).
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Discussion

There is a clear unmet medical need for more efficient and effective methods to treat
relapse to drug use, particularly for opioids, cocaine, and alcohol. The very high rate of relapse
to drug taking after a period of abstinence continues to be a major problem in the treatment of
substance use disorders (Sinha et al., 2011). A variety of factors contribute to relapse, including
re-exposure to the drug, exposure to stimuli associated with the previous drug use and stress.
In addition, the majority of drug abusers, both experienced and new drug users (including young
people), use more than one substance, underscoring the need for medications that are effective
with multiple drug classes (Pakula et al., 2009, Olthuis, et al. 2013). A combination of
buprenorphine and naltrexone attenuates both drug- and stress-induced relapse to drug seeking
behavior in rats (Cordery et al., 2014) whereas selective KOPr antagonists are reported to be
effective only for stress-induced relapse (Bruchas et al., 2010). This supports the notion that a
polypharmacological approach to relapse prevention may have broader clinical utility than could
be obtained with selective agents. The current study determined the effectiveness of OREX-
1019, a single compound that mimics the effects of a buprenorphine/naltrexone combination, to
reduce ongoing drug taking as measured with self-administration as well as to block relapse as

measured with a drug- and cue-primed reinstatement procedure.

In the current study, pretreatment with OREX-1019 dose-dependently decreased
responding for the MOPr agonist remifentanil in rhesus monkeys, with doses of 0.1 and 0.3
mg/kg producing significant effects. In the same group of monkeys, OREX-1019 did not
maintain levels of responding above vehicle when it was available for self-administration,
suggesting that OREX-1019 itself has low abuse potential. In the self-administration experiment,
OREX-1019 was studied across a 2-log unit range of doses and up to a unit dose (1.0
mg/kg/infusion) that was 10-fold larger than a dose that attenuated responding for remifentanil.

The ability of OREX-1019 to reduce responding for a MOPr agonist is consistent with the activity
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of MOPr antagonists such as naltrexone or the long-acting pseudo-irreversible antagonist
methocinnamox under similar conditions (e.g., Maguire et al., 2019) and confirms the previous
in vitro studies showing that OREX-1019 has substantially lower efficacy than buprenorphine at
MOPr as measured with a [**S]GTPyS binding assay (Cueva et al., 2015). MOPr antagonist
effects of OREX-1019 were also demonstrated in the precipitated-withdrawal experiments
wherein OREX-1019, like naltrexone, elicited signs of withdrawal when administered to
monkeys treated chronically with morphine (though behavioral observations did not reach
statistical significance for naltrexone). Both OREX-1019 and naltrexone significantly increased
heart rate and blood pressure, produced overt observable signs, and eliminated food-
maintained responding. These effects are hallmarks of opioid receptor antagonist precipitated
withdrawal in nonhuman primates treated chronically with a mu opioid receptor agonist (e.g.,
Becker et al., 2008). For both naltrexone and OREX-1019, increases in blood pressure and
heart rate and suppression of food maintained were sustained for at least 4 hours following
injection of the test drug, but all measures returned to baseline levels the following day and after

monkeys continued to receive daily morphine treatments.

OREX-1019 significantly decreased cue- and heroin-primed reinstatement of
extinguished responding in monkeys that self-administered remifentanil, with a dose of 0.1
mg/kg producing a significant effect. In contrast, up to a dose of 1.0 mg/kg, OREX-1019 did not
alter cue- and cocaine-primed reinstatement of responding in monkeys that self-administered
cocaine. Selective decreases in heroin- but not cocaine-primed reinstatement are also
consistent with OREX-1019 having very low efficacy at MOPr. The dose of OREX-1019 that
decreased responding reinstated by heroin also decreased self-administration of remifentanil.
These data are in contrast to the results from rodent studies (Cordery et al., 2014) using a

buprenorphine/naltrexone combination, though others (e.g. Comer et al., 1993) have suggested
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that MOPr agonist properties are important for the ability of buprenorphine to block cocaine-

primed reinstatement of responding.

Given the structural similarity to buprenorphine it was expected that OREX-1019 would
display qualitatively similar pharmacokinetic characteristics. This has proven to be the case
with low oral bioavailability in both rats and nonhuman primates that can be attributed to a
substantial first pass effect, indicated by the rapid metabolism in liver preparations. To avoid
presystemic metabolism, buprenorphine is successfully delivered in humans by the sublingual
and transdermal routes and the current data confirming good bioavailability after s.c. and s.1.
administration would suggest a similar approach could be taken with OREX-1019. OREX-1019
has demonstrated excellent selectivity for the target receptors with little-to-no interactions with

off-target proteins including the hERG channel.

In conclusion, important advances have been made by various research groups,
including our own, that confirm a polypharmacological approach is most likely to lead to relapse
prevention therapies with broadest therapeutic utility. With this in mind we have developed
OREX-1019 and confirmed in nonhuman primates that it is effective in assays predictive of

utility in the treatment of opioid use disorder.
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Figure Legends

Figure 1. (A) Evaluation of the reinforcing effects of OREX-1019 using i.v. drug self-
administration. The number of infusions obtained of 0.00032 mg/kg/infusion remifentanil,
vehicle, and varying unit doses of OREX-1019 are plotted for monkeys (n=4) responding under
a FR 30:timeout 180-sec schedule of reinforcement. Data points indicate the mean (+ 1 SEM) of
the number of infusions obtained during the last 3 sessions of each condition. Data above
‘Rem” and “V” indicate the number of infusions obtained during tests with remifentanil and
vehicle, respectively, conducted at the beginning (left side) and end (right side) of the
experiment. A one-factor, repeated-measures ANOVA was used to detect significant differences
across condition; filled symbols indicate conditions that were significantly different from the first
vehicle test (p<.05). Ordinate: number of infusions in 90-min self-administration sessions.
Abscissa: remifentanil (above “Rem”), vehicle (above “V”) or unit dose OREX-1019 in mg/kg.
(B) Effects of OREX-1019 pretreatment on self-administration of 0.00032 mg/kg/infusion
remifentanil in monkeys (n=4) responding under a FR 30:timeout 180-sec schedule of
reinforcement. Data points indicate the mean (+ 1 S.E.M.) of the number of infusions obtained
following pretreatment with vehicle (data above “V”) and increasing doses of OREX-1019; only 3
monkeys were tested with the largest dose of OREX-1019 (0.3 mg/kg), indicated in the
parentheses. A one-factor, repeated-measures ANOVA was used to detect significant
differences across dose of OREX-1019; filled symbols indicate doses that were significantly
different from vehicle (p<.05). Ordinate: number of infusions of remifentanil obtained in 90-min

self-administration sessions. Abscissa: dose of OREX-1019 in mg/kg.

Figure 2. Effects of OREX-1019 on responding previously maintained by (A) 0.00032
mg/kg/infusion remifentanil and reinstated by 0.032 mg/kg heroin in monkeys (n=4) and (B) on
responding that was previously maintained by 0.032 mg/kg/infusion cocaine and reinstated by
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0.32 mg/kg cocaine in monkeys (n=4). For both panels, data points indicate the mean (+ 1 SEM)
number of responses during reinstatement sessions in which they received a noncontingent
injection of drug at the start of the session combined with response-contingent presentation of
drug-associated stimuli. A one-factor, repeated-measures ANOVA was used to detect
significant differences across dose of OREX-1019; filled symbols indicate doses that were
significantly different from vehicle (p<0.05). Ordinate: number of responses in 90-min

reinstatement sessions. Abscissa: dose of OREX-1019 in mg/kg.

Figure 3 Effects of (A) naltrexone- or (B) OREX-1019 on food-maintained operant behavior in
monkeys (n=4) treated twice daily with morphine (see text for details about the dosing regimen).
Response rate is plotted for each of 5 response periods across 3 test sessions. On Day 1
(circles), vehicle was injected (s.c.) 15-min prior to the session (0945 hr, indicated by the arrow);
on Day 2, 0.1 mg/kg of naltrexone (squares, panel A) or 0.3 mg/kg of OREX-1019 (diamonds,
panel B) was injected (s.c.) prior to the session; and no injection was given on Day 3 (triangles).
Data points indicate the mean (£ 1 SEM). A two-factor, repeated-measures ANOVA was used to
detect significant differences across days of treatment and time of day; filled symbols indicate
time points on day 2 (immediately following the test injection) that differ significantly from the
vehicle injection given on Day 1 (p<.05). Ordinate: responses per second during the response

period. Abscissa: time of each response period.

Figure 4. Effects of naltrexone or OREX-1019 on blood pressure (A and B), heart rate (C and
D), body temperature (E and F), and activity (G and H) in monkeys (n=4) treated twice daily
with morphine (see text for details about the dosing regimen). Data are plotted for the hour

preceding (above 0845 hr) and for up to 4 hours following injection of vehicle (circles), 0.1
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mg/kg of naltrexone (squares, left column), or 0.3 mg/kg of OREX-1019 (diamonds, right
column). On Day 1 (circles), vehicle was injected (s.c.) 15-min prior to the session (0945 hr,
indicated by the arrow); on Day 2, naltrexone (squares, left column) or OREX-1019 (diamonds,
right column) was injected (s.c.) prior to the session; and on Day 3 (triangles), no injection was
given. Data points indicate the mean (x 1 SEM). A two-factor, repeated-measures ANOVA was
used to detect significant differences across day of treatment and time of day; filled symbols
indicate time points that differ significantly from the vehicle injection given on Day 1 (p<.05).
Ordinate: mean arterial pressure (mmHg); heart rate (beats per minute); body temperature (°C);

activity (counts per minute). Abscissa: time corresponding to the beginning of each hourly bin.

Figure 5. Effects of (A) naltrexone or (B) OREX-1019 on directly observable withdrawal signs in
monkeys (n=4) treated twice daily with morphine (see text for details about the dosing regimen).
The total number of signs observed is plotted for each of 5 time-points beginning with 15-min
prior (0930 hr) to the daily test injection. On Day 1 (circles), vehicle was injected (s.c.) 15-min
prior to the session (0945 hr, indicated by the arrow); on Day 2, 0.1 mg/kg of naltrexone
(squares, panel A) or 0.3 mg/kg of OREX-1019 (diamonds, panel B) was injected (s.c.) prior to
the session. Data points indicate the mean (x 1 SEM). A two-factor, repeated-measures ANOVA
was used to detect significant differences across day of treatment and time of day; filled
symbols indicate times that differ significantly from the vehicle injection given on Day 1 (p<.05).
Ordinate: responses per second during each response period. Abscissa: time of each

observation period.
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Tables
Table 1 Pharmacokinetic parameters of OREX-1019
Rat Nonhuman Rabbit
primate
V. p.o. S.C. V. p.o. (AY2 S.C. s.l.
1 3 3 3 30 3.6 10 30mg/
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg rabbit?
Cmax (ng/mL) 463 3.72 584 1290 31.3 1161 161 78.0
tmax (D1) 0 0.333 0.333 0 8 0 4.4 1.0
ti2 (hr) 2.07 ND 3.22 4.14 7.11 4.01 ND 4.13
MRT,, (hr) 1.38 1.44 2.50 2.85 7.89 3.10 8.83 4.44
CL (L/hr/kg) 2.90 NA NA 1.03 NA 2.69 NA NA
Vs (L/kQ) 4.30 NA NA 6.42 NA 9.65 NA NA
AUC, 350 5.88 1269 2971 442 1294 2114 418
(hr-ng/mL)
AUC. 355 ND 1275 2998 471 1348 ND 426
(hr-ng/mL)
DAUC st 350 1.96 423 990 14.7 362 211 45.3
(hr-kg-ng
/mL/mq)
DAUC.! 355 ND 425 999 15.7 378 ND?3 46.2
(hr-kg-ng
/mL/mg)
Bioavailability? NA ND 120 NA 1.49 NA 58.3 12.2
(%0)

Cmax: maximum plasma concentration; tmax: time of maximum plasma concentration; ti: half-
life; MRTiast: mean residence time, calculated to the last observable time point; AUCast: area
under the curve, calculated to the last observable time point; AUC<: area under the curve,
extrapolated to infinity; DAUC: dose-normalized AUC; ND: not determined

!Dose-normalized by dividing the parameter by the nominal dose in mg/kg.

“Bioavailability determined by dividing the individual p.o., s.c., or s.I. DAUC.s: values by the
average i.v. DAUC,.st value.

3Not determined because the terminal elimination phase was not observed.

430 mg/rabbit (9.17 mg/kg average)
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FIGURE 2
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FIGURE 3
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FIGURE 4
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Supplemental Figure 1
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Supplemental Figure 1: Bioavailability of OREX-1019 in male Sprague Dawley rats after i.v.,
p.o. and s.c. administration; male and female Cynomolgus monkeys after single intravenous
(i.v.), oral (p.o.) or subcutaneous (s.c.) dosing and male New Zealand White rabbits after i.v.,
s.c. or sublingual (s.l.) dosing. Blood samples were collected up to 24 hours post-dose.
Ordinate: Plasma concentrations of OREX-1019 (ng/mL). Abscissa: time (hr) post-dose of

OREX-1019.



Supplemental Figure 2
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Supplemental Figure 2: Gastrointestinal transit of a charcoal meal in male rats (Panel A).
The distance that a charcoal meal had travelled along the intestine from the pyloric sphincter
was measured, as was the total intestinal length after doses of O (vehicle), 3, 30 and 100 mg/kg
OREX-1019 and 30 mg/kg morphine (10 rats per treatment group). Motor coordination as
measured in the rotarod test (Panel B). OREX-1019 was administered at doses of 10, 30 and
100 mg/kg (s.c.), 120 minutes before the test. The benzodiazepine diazepam was included as
reference compound, at the dose of 10 mg/kg (i.p.), 30 minutes before initiation of the test. One-

way ANOVA followed by Dunnett’s test, ***p<0.01 treated groups vs vehicle group.



Supplemental Tables

Supplemental Table 1 In Vitro Characterization of OREX-1019 Distribution & Metabolism

OREX-1019

P-glycoprotein substrate potential Negative
CYP Inhibition (%)

CYP 1A2 0%

CYP 2C9 0.7%

CYP 2C19 10%

CYP 2D6 32%

3A-MDZ 70%

3A-TES 54%
Plasma stability, Half-life (min)

Human >120 min

Rat >120 min

Monkey >120 min
Blood stability, Half-life (min)

Human >120 min

Rat >120 min

Monkey >120 min
Liver microsome stability, Half-life (min)

Human <10 (2.2) min

Rat <10 (1.3) min

Monkey <10 (1.6) min
Liver microsome stability, Clin: (Mml/min/mg
protein)

Human >0.139 (0.638)

Rat >0.139 (1.03)

Monkey >0.139 (0.858)
Liver S9 stability, Half-life (min)

Human <10 (3.2) min

Rat <10 (3.0) min

Monkey <10 (1.9) min
Liver S9 stability, Clint (ml/min/mg protein)

Human >0.0693 (0.217)

Rat >0.0693 (0.234)

Monkey >0.0693 (0.366)
Plasma protein binding, % bound

Human 99.5%

Rat 99.6%

Monkey 99.2%
Octanol/buffer partition coefficient, LogD 3.25
Simulated biological fluid stability, Half-life
(min)

Gastric (pH 1.2) >120 min

Intestinal (pH 6.8) >120 min

Aqueous buffer (pH 5.8) >120 min




Supplemental Table 2:

Binding Profile Screening Report

Protein target

% inhibition @

100nM 10,000nM
OREX-1019 OREX-1019

Neurotransmitter related

Adenosine, non-selective -15.8 -11.3
Adrenergic, alpha 1, non-selective -0.1 4.7
Adrenergic, alpha 2, non-selective -04 6.2
Adrenergic, beta 1 -1.9 -1.8
Cannabinoid, CB1 12.0 68.0
Cannabinoid, CB2 1.2 34.3
Dopamine, D4.4 -10.8 8.7
GABA A, agonist site 0.8 -1.4
GABA A, BDZ, alpha 1 site 6.3 0.2
GABA B -0.3 3.8
Glutamate AMPA site (ionotropic) 6.4 2.2
Glutamate, kainite site (ionotropic) -2.8 -0.2
Glutamate, NMDA agonist site (ionotropic) -4.1 7.0
Glutamate, NMDA phencyclidine site (ionotropic) -8.9 -15.4
Glutamate, mGIuR1 (metabotropic) -8.5 7.0
Glutamate, mGIuR5 (metabotropic) -11.4 -1.1
Glutamate, NMDA Glycine (Stry-insens site) (ionotropic) | 9.6 22.5
Glycine, strychnine sensitive 8.9 22.1
Histamine, H1 -6.5 -18.3
Histamine, H2 0.2 4.1




Histamine, H3

Muscarinic, M1

Muscarinic, M2

Muscarinic, non selective central
Muscarinic, non-selective peripheral
Nicotinic, muscle (a-BnTx sensitive)
Nicotinic, neuronal (a-BnTx insensitive)
Steroids

Estrogen, NR3A1

Glucocorticoid ligand bind domain
Testosterone (cytosolic)

lon Channels

Calcium channel, Type L (benzothiazepine site)
Calcium channel, Type L (dihydropyridine site)
Calcium channel, Type N

Potassium channel, ATP-sensitive
Potassium channel, Ca2+ Act

Sodium site 2

Second Messengers

Nitric Oxide, NOS (neuronal binding)
Prostoglandins

Leukotriene, LTB4 (BLT)

Leukotriene, LTD4 (CysLT1)
Thromboxane A2

Growth Factors/Hormones

0.1

15

5.8

-5.1

0.2

-14.3

-11.6

0.9

4.5

5.8

8.7

-7.1

1.2

2.3

-0.2

4.1

-1.8

-10.9

9.1

2.5

2.5

-17.5

34.3

4.4

1.6

1.8

9.0

7.2

-1.1

24.2

16.2

4.7

9.6

50.4

-1.6

34.6

8.8

19.9




Corticotropin Releasing Factor, non-selective
Oxytocin

Platelet activating factor, PAF
Thyrotropin Releasing Hormone, TRH
Brain/Gut Peptides

Angiotensin I, AT1

Angiotensin I, AT2

Bradykinin, BK2

Cholecystokinin, CCK1 (CCKA)
Cholecystokinin, CCK2 (CCKB)
Endothelin, ET-A

Endothelin, ET-B

Galanin, non-selective

Neurokinin, NK1

Neurokinin, NK2 (NKA)

Neurokinin, NK3 (NKB)

Vasoactive Intestinal Peptide, non-selective
Vasopressin 1

Enzymes

Decarboxylase, glutamic acid
Esterase, acetyl choline

Oxidase, MAO-A peripheral

Oxidase, MAO-B peripheral

Transferase, Choline acetyl

-8.4

16.0

8.8

1.8

2.5

-14.6

-7.1

11

16.9

2.2

3.2

9.7

8.0

7.5

13.7

5.2

-12.1

-0.2

34.5

7.1

14.5

3.7

-15.9

7.3

16.0

11.3

37.0

-8.5

3.0

10.3







