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Abstract

Immunopharmacotherapy offers an approach for treating cocaine abuse by specifically targeting
the cocaine molecule and preventing its access to the CNS. dAd5GNE is a novel cocaine vaccine
that attenuates the stimulant and the reinforcing effects of cocaine in rats. The goal of this study
was to extend and validate dAd5GNE vaccine efficacy in non-human primates. Six experimentally
naive adult female rhesus monkeys (Macaca mulatta) were trained to self-administer 0.1 mg/kg/
injection intravenous (i.v.) cocaine or receive candy; then 4 monkeys were administered the
vaccine and 2 monkeys were administered vehicle intramuscularly, with additional vaccine boosts
throughout the study. The reinforcing effects of cocaine were measured during self-administration,
extinction, and reacquisition (relapse) phases. Serum antibody titers in the vaccinated monkeys
remained high throughout the study. There was no change in the preference for cocaine over candy
over a 20-week period in 5 of the 6 monkeys; only one of the 4 (25%) vaccinated monkeys showed
a decrease in cocaine choice. All 6 monkeys extinguished responding for cocaine during saline
extinction testing; vaccinated monkeys tended to take longer to extinguish responding than control
monkeys (17.5 vs. 7.0 sessions). Vaccination substantially retarded reacquisition of cocaine self-
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administration; control monkeys resumed cocaine self-administration within 6-41 sessions and 1
vaccinated monkey resumed cocaine self-administration in 19 sessions. The other 3 vaccinated
monkeys required between 57-94 sessions to resume cocaine self-administration even in the
context of employing several manipulations to encourage cocaine reacquisition. These data
suggest that the dAdGNE vaccine may have therapeutic potential for humans who achieve cocaine
abstinence as part of a relapse prevention strategy.
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1. Introduction

Cocaine use in the United States continues to be a significant public health problem with 1.5
million current users in 2014 (SAMHSA, 2015), yet effective behavioral or pharmacological
treatments for cocaine have been elusive. In fact, despite testing well over 60
pharmacotherapies (Haney and Spealman, 2008; Karila et al., 2008; Shorter and Kosten,
2011), there are still no FDA approved medications for cocaine use disorders. Although
agonist medications have demonstrated the greatest promise (Czoty et al., 2016), this
pharmacologic treatment approach has not been fully endorsed (Negus and Henningfield,
2016). Immunopharmacotherapy is an alternative approach (Anton et al., 2009; Haney and
Kosten, 2004; Janda and Treweek, 2011) and to that end vaccines for cocaine, and other
drugs of abuse have been developed (see review by Kinsey, 2014). The basic premise of anti-
addiction vaccines is that by attaching the abused drug or a chemical analog, to an
immunogenic protein, antibodies specific to the abused drug are evoked, limiting the ability
of the drug to cross the blood-brain-barrier, thus effectively attenuating the central nervous
system (CNS) psychoactive effects associated with abuse.

In rats, active immunization using a first-generation cocaine hapten (termed GNC; 6-(2R,
3S)-3-(benzoyloxy)-8-methyl-8-azabicyclo [3.2.1] octane-2-carbonyloxy-hexanoic acid)
cocaine analog linked to a keyhole limpet hemocyanin (KLH) decreased locomotor activity
(Carrera et al., 1995, 2001) and retarded relapse to cocaine self-administration (Carrera et
al., 2000). Similarly, active immunization with the commercially labeled TA-CD vaccine
attenuated cocaine seeking and cocaine self-administration in immunized rats that achieved
sufficient antibody levels (Kantak et al., 2000, 2001). While passive immunization also has
been shown to decrease cocaine-induced locomotor activity (Carrera et al., 2001) and
cocaine self-administration (Mets et al., 1998) in rats, active immunization has the capacity
to provide long-lasting protection without repeated administration of exogenous antibody.

The TA-CD vaccine is the only cocaine vaccine that has been evaluated in humans. Based on
a Phase | study in abstinent cocaine abusers (Kosten et al., 2002) and a Phase lla study in
treatment-seeking cocaine dependent patients (Martell et al., 2005), TA-CD was well
tolerated, produced dose-related increases in cocaine specific antibody levels and resulted in
more cocaine negative urines among patients who achieved higher antibody levels (Martell
et al., 2005). In a subsequent randomized clinical trial among cocaine-dependent
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methadone-maintained patients (Martell et al., 2009), greater anti-cocaine antibody levels
were associated with reductions in cocaine use, but sufficient antibody levels were only
achieved by 38% of the patients. Based on a controlled laboratory study in non-treatment
seeking cocaine users (Haney et al., 2010), TA-CD attenuated the positive subjective effects
of smoked cocaine administration only among those individuals who had the greatest
antibody levels. Unfortunately, in a recent multi-site Phase I11 randomized controlled trial
(Kosten et al., 2014), the TA-CD vaccine failed to significantly attenuate cocaine use relative
to placebo.

Recent preclinical studies in mice and non-human primates have shown that high antibody
titers are not necessarily related to adequate reductions in brain levels of the abused drug
(McCluskie et al., 2013, 2015). Inadequate antibody affinity may result in inadequate
function and account for the lack of clinical efficacy of previous anti-drug vaccines, such as
several for nicotine (e.g., Hatsukami et al., 2011; Tonstad et al., 2013) and TA-CD for
cocaine (Kosten et al., 2014). More recently, promising vector-based gene therapies have
been developed for cocaine (Anker et al., 2012; Gao and Brimijoin, 2009; Koob et al.,
2011). Hicks et al. (2011) demonstrated in mice that administration of a first-generation
cocaine vaccine that links a cocaine hapten (GNC) to the capsid proteins of a disrupted
adenovirus (Ad) (dAd5GNC) increased serum anti-GNC antibody titers and when mice were
administered cocaine (25 or 50 g, i.v.), those vaccinated with dAd5SGNC demonstrated
dramatically blunted cocaine-induced hyperactivity, reduced brain levels of cocaine, and
correspondingly increased peripheral levels of cocaine. Subsequently, a third-generation
cocaine hapten (termed GNE) was developed (Cai et al., 2013a,b) that when coupled to the
Ad capsid proteins created dAd5GNE. Rats vaccinated with dAd5GNE showed rapid and
sustained antibody titer levels, and when given cocaine, vaccinated rats showed reduced
brain levels of cocaine and reduced cocaine-induced locomotor activity compared to control
rats (Wee et al., 2012). While vaccinated and control rats acquired cocaine self-
administration at the same rate, under a progressive ratio schedule vaccinated rats self-
administered fewer cocaine doses compared to control rats and response-independent
“priming” doses of cocaine during extinction failed to reinstate cocaine responding in
vaccinated rats (Wee et al., 2012). The promising results of these two studies in small animal
models provide preliminary evidence that the dAdSGNE vaccine may be effective for
cocaine use disorders.

Non-human primate models have been used extensively in the development of
immunotherapy for HIV/AIDS (Hatziioannou and Evans, 2012) and hepatitis C virus (Akari
et al., 2009) and to evaluate potential pharmacotherapies for drug abuse for the translation of
potential treatments to humans (see reviews by Weerts et al., 2007; Howell, 2008). Despite
this, few studies have utilized non-human primates for evaluating potential immunotherapies
for drug abuse. In fact, only one previous study published over 40 years ago (Bonese et al.,
1974) tested immunotherapy using a non-human primate model of i.v. heroin self-
administration in a single monkey. More recently, other studies have examined anti-
addiction vaccines in non-human primates for nicotine (Desai and Bergman, 2015;
McCluskie et al., 2013, 2015) and the dAd5GNE vaccine for cocaine (Hicks et al., 2014;
Maoz et al., 2013), but none examined drug self-administration. Using PET imaging, Maoz
et al. (2013) showed that administration of the dAd5GNE vaccine to rhesus monkeys
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resulted in high anti-cocaine titers; in that study titers above 4 x 10° substantially reduced
cocaine occupancy of the dopamine transporter in the brain by sequestering cocaine in the
peripheral blood. In a subsequent study in rhesus monkeys, not only did dAd5GNE
vaccination successfully prevent i.v. cocaine and its metabolites from entering the CNS
without delaying peripheral metabolism, there was no evidence of cocaine-related toxicity to
major peripheral organs (Hicks et al., 2014). The goal of the present study was to determine
whether the dAd5GNE vaccine would alter the reinforcing effects of i.v. cocaine self-
administration in rhesus monkeys. A concurrent choice procedure between i.v. cocaine and a
non-drug alternative reinforcer (candy) was employed since choice procedures have proven
advantageous for evaluating potential pharmacotherapies for drug abuse in both preclinical
and clinical research (Banks and Negus, 2012; Haney and Spealman, 2008).

2. Material and methods

2.1 Animals

Six experimentally naive female monkeys (Macaca mulatta) participated in this 28-month
study; at the beginning of the study they were 3—4 years old and weighed 4.0-5.4 kg.
Monkeys received a daily ration of approximately 7-9 chow (105-135 grams; High protein
monkey diet #5047, 3.37 Kcal/g; LabDiets®, PMI Feeds, Inc., St. Louis, MO), a piece of
fruit, a chewable vitamin, and occasional treats to maintain relatively stable body weight
increases for young adult monkeys. Monkeys were weighed monthly and at the end of the
study they weighed 5.0-8.3 kg. Each monkey lived in two non-human primate cages (61.5
cm wide x 66.5 cm deep x 88 cm high each; Hazleton Systems, Inc., Aberdeen, MD)
connected by 40 cm x 40 cm openings maintained in the AAALAC-approved animal care
facility of The New York State Psychiatric Institute. Water was freely available from spouts
located on the back panels of both cages. Cages were positioned to allow all monkeys to
have visual, auditory and olfactory social contact with other monkeys, the animal caretakers
and other staff. Other forms of environmental enrichment included music, cartoon videos,
television, a puzzle box, a mirror, various tactile and chew toys (rotated regularly), and the
operant procedures during experimental sessions. The onset and duration of menstruation
was recorded for female monkeys each day on a calendar for the duration of the study so we
could determine any changes in menstrual cycle length or absence of normal cycling as a
function of study condition. The room lights were illuminated from 0700 to 1900. All
aspects of animal maintenance and experimental procedures complied with the U.S.
National Institutes of Health Guide for Care and Use of Laboratory Animals and the
ARRIVE guidelines, and were approved by the New York State Psychiatric Institute Animal
Care and Use Committee.

2.2 Training and apparatus

Once monkeys were acclimated to the environment and staff, monkeys were gradually
trained to sit in customized wheel-mounted primate chairs (Primate Products Inc., Redwood
City, CA). The primate chair was then wheeled to a workstation where a response panel was
mounted on the wall, facing the monkey; this is where all experimental sessions (described
below) were conducted.
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Each response panel had six session lights (CM 1820, 24 v, Chicago Miniature, Buffalo
Grove, IL) evenly spaced around the outside edges of the panel and 2 Lindsley levers (BRS-
LVE, Beltsville, MD) mounted at the bottom of the panel, one for drug and one for candy,
with a pair of stimulus lights above each lever. For candy delivery, a pellet-dispenser (BRS-
LVE model PDC-005, Beltsville, MD) was mounted on the outside of the panel. The sound
of the pellet-dispenser and a steady red light above the candy lever were paired with the
delivery of candy. For drug delivery, a drug pump and a saline pump (Multi-Phaser, Model:
NE-1000, New Era Pump Systems, Inc.) were placed on an extension on the back of each
chair. The sound of the infusion pumps and a pair of flashing green lights (20 sec; 1 sec on/1
sec off) located at monkey eye level above the lever were paired with the delivery of cocaine.
For cocaine delivery, a surgically-implanted subcutaneous venous access port (VAP) was
accessed using a sterile Huber needle connected to a custom-designed 3-piece sterile
infusion set (Access Technologies, Skokie, IL) and the extension tubing was attached to the
drug pump and the saline pump. Schedule contingencies for all sessions were controlled by
customized software (Eureka Software, Cary, NC) running on two Macintosh 610 computers
(Cupertino, CA) located in an adjacent area.

2.3 Design and procedures

2.3.1 Design—lInitially, monkeys were trained to respond for plain chocolate M&Ms®
(Mars, Hackettstown, NJ; 4.5 kcal per piece: 0.6-g carbohydrate, 0.2-g fat, 0.1-g protein)
while seated in the primate chair. Then surgery was performed to insert a venous access port
(VAP) and monkeys were trained to self-administer i.v. cocaine (0.1 mg/kg/injection).
During this time, responding on the candy lever had no consequences. During initial training
for cocaine alone, the acquisition criteria for cocaine self-administration was defined as self-
administering at least 50% of the cocaine doses available (> 5 out of maximum of 10) with
stable responding for 5 consecutive sessions (defined as the mean number of doses self-
administered +/- 1 dose). All monkeys self-administered between 5-10 cocaine doses each
session (mean of 7.3 across all monkeys). When these criteria were met, a choice procedure
between candy and cocaine was introduced.

2.3.2 Cocaine self-administration phase using a choice procedure—Choice
sessions were typically conducted 4-5 days per week (M-F), with monkeys placed into the
primate chairs, moved to the workstation, and connected to the infusion apparatus. Typically,
three monkeys had sessions simultaneously, with adjacent workstations where they had
visual and auditory, but not tactile contact, with each other. The beginning of each session
was signaled by the illumination of the session lights and the first response on either lever
terminated the schedule opportunity on the alternate lever. Monkeys responded on one lever
for cocaine (0.1 mg/kg/injection) and on the other lever for candy (10 M&Ms®): the final
schedule was a fixed ratio (FR) 25 for cocaine and FR5 for candy for 5 monkeys but for one
monkey (C1) that responded much less than the other monkeys the final schedule was FR5
for cocaine and FR1 for candy. Candy was used because we have previously shown that
M&Ms function as a preferred non-drug reinforcer in rhesus monkeys (Foltin and Evans,
2001, 2002; Foltin et al., 2015). Cocaine reinforcement consisted of a 0.4 ml infusion of
cocaine followed by 1.25 ml infusion of saline, over a 20 sec period. Completion of a single
FR resulted in the delivery of cocaine, or candy, and the presentation of the stimuli paired
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with reinforcement. After each reinforcer delivery, the light over the lever extinguished,
followed by 3 min inter-trial interval. If a monkey did not pull the lever, then no drug or
candy was delivered. There were a total of 10 independent choice trials per session, with
sessions lasting between 1.5-2 hours. The primary dependent measures were the number of
cocaine doses self-administered and the number of candy deliveries each session. Because
we wanted to be able to see if the vaccine would decrease cocaine self-administration and/or
shift choice from cocaine to candy, the criteria for stable choice behavior before initial
vaccine administration was defined as reliably choosing cocaine over candy for two
consecutive weeks (i.e., 10 consecutive sessions). After vaccine administration, self-
administration choice sessions between cocaine and candy occurred for approximately 20
weeks. At the end of each session, the catheter and port were flushed and a solution of
heparin and gentamycin (in a 9:1 ratio) with sterile saline was inserted into the port to
maintain patency prior to returning monkeys to their home cages.

2.3.3 Extinction and reacquisition phases—During both the extinction and
reacquistion phases, monkeys continued to have 10 discrete choice trials each session (refer
to Figure 1 for timeline). Approximately, 20 weeks post-immunization under the choice
procedure, the extinction phase began; saline was substituted for cocaine, but in all other
respects the sessions were unchanged, including the stimuli associated with each reinforcer
delivery; i.e., stimulus lights continued to flash and the pump continued to make sound as it
delivered saline. Extinction was conducted for a minimum of 25 sessions and continued until
each monkey extinguished responding for saline and self-administered 2 or fewer saline
doses for 3 consecutive sessions, representing < 20% of the doses self-administered when
cocaine was available. Once these criteria were met, the reacquisition phase began; cocaine
(0.1 mg/kg/injection) again available for a minimum of 20 sessions and continued until each
monkey returned to cocaine self-administration levels similar to week 20 post-immunization
(+/- 1 dose) for 3 consecutive sessions. For monkeys that failed to resume responding within
40 sessions, a series of manipulations were employed, including locking the candy lever so
that the only reinforcer available was cocaine, reducing the FR requirement for both cocaine
and candy, and increasing the dose of cocaine available to 0.2 mg/kg/injection.

procedures

For long-term i.v. drug administration, monkeys were surgically implanted with a chronic
indwelling catheter (Access Technologies, Skokie, IL) that terminated in a subcutaneous
VAP (Wojnicki et al., 1994). The VAP allowed monkeys to have complete mobility in their
cages and to easily leave their cages for self-administration sessions since no harness and
tether was required. VAP surgeries were performed under aseptic conditions with the
monkey under general anesthesia (see Cooper et al., 2013 for details on the surgical
procedures). This implant allowed access to the monkey’s blood stream for at least 6 months
(Wojnicki et al., 1994), and up to 2 years (Cooper et al., 2013). Monkeys had a 2-week
recovery period before resuming experimental procedures. Due to the length of this study, in
the event that a VAP became blocked or failed, experimental sessions were suspended and
the animal would undergo surgery to repair the VAP or remove the VAP and insert another
VAP in another vein.
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2.5 Cocaine

Cocaine hydrochloride was obtained from Mallinckrodt, Inc. (Hazelwood, MO), and was
dissolved in sterile saline for injection (U.S.P. grade). Separate stock solutions were
prepared for each monkey to insure a similar injection volume across monkeys and the
cocaine solution for each monkey was filtered using a 0.22 micron filter (Millipore,
Billerica, MA).

2.6 Titer and biodistribution of the dAd5GNE vaccine

2.6.1 dAd5GNE vaccine—Recombinant E1a™, partial E1b™, and the E3™ serotype 5 Ad
vector with B-galactosidase in the expression cassette (‘Ad5”) was expanded and purified
(Rosenfeld et al., 1992). The Ad5 vector was disrupted in 0.5% sodium dodecyl sulfate
(56°C, 45 s). The GNE hapten was NHS-activated for coupling to the Ad proteins through
the addition of (1-ethyl-3- (3-dimethylaminopropyl) carbodiimide hydrochloride in 90%
dimethylformamide), 4°C overnight. The conjugation of disrupted Ad vector (“dAd5”) to
the NHS activated GNE (300:1 GNE to Ad capsomere molar ratio) was carried out by
incubating overnight at 4°C in phosphate-buffered saline (PBS, pH 7.4). The amount of Ad
vector proteins was quantified using the bicinchoninic acid assay (Pierce Biotechnology,
Rockford, IL). The vaccine was then mixed 5:1 with Adjuplex ™ adjuvant (Advance
BioAdjuvants, Omaha, NE). This adjuvant was previously used in rat studies for this vaccine
(Wee et al., 2012), with no observed toxic, allergic, or other adverse reactions. The
adenovirus-based vaccine has been shown to be non-infectious. The vaccine was tested for
potency, sterility, mycoplasma and endotoxin as a lot release criteria.

2.6.2 Immunization with dAd5GNE—The study design was to have 4 vaccinated
monkeys and 2 control monkeys. After each monkey had at least 2 weeks of stable
responding under the discrete trial choice procedure, investigators at the Cornell site who
had no interaction with the monkeys assigned 4 monkeys to the active vaccine group and 2
monkeys to the vehicle group. The vaccine regimen began with 0.5 ml i.m. (intramuscular)
injections of 100 ug of formulated dAd5GNE or the vehicle (phosphate buffered saline) at
week 0, 3, 5, 19, 34, 38 and monthly thereafter until the end of the study to enable the
evaluation in the context of assured high titer levels. Animals were monitored for the first
three days after each injection for infection, swelling or hematoma at the site of injection
and observed for any signs of distress or allergic reaction.

2.6.3 Measurement of anti-cocaine antibody titers—To determine antibody titer
levels, 2 ml of whole blood were collected (usually from the VAP, or alternatively from a leg
vein) at baseline, every 2 weeks until week 20 post-vaccination, and then weekly until the
end of the study. The samples were allowed to clot for 5 min and then centrifuged at 10,000
g for 20 min. The isolated serum was stored at —20°C until analysis.

Wells of flat-bottomed 96-well EIA/RIA plates (Corning, New York, NY) were coated with
100 pl of 1 mg/ml cocaine hapten GNC (Carrera et al., 1995) conjugated to BSA (1:2 ratio)
in carbonate buffer overnight at 4°C using the conjugation method described above. The
plates were washed with 0.05% Tween 20 in PBS (PBS-Tween) and blocked with 5% dry
milk in PBS for 30 min at 23°C. Two-fold serial dilutions of serum were added to each well
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and incubated for 90 min at 23°C. The plates were washed four times with PBS-Tween.
Total 1gG was detected with 100 ul of 1:2000 diluted horseradish peroxidase-conjugated
goat anti-monkey IgG (Santa Cruz Biotechnology, Santa Cruz, CA) in 1% dry milk in PBS
incubated for 90 min at 23°C. Peroxidase substrate (100 pl per well; Bio-Rad, Hercules, CA)
was added and incubated for 15 ul per well). Absorbance was measured at 415 nm. Anti-
cocaine antibody titers were calculated by interpolation of the log (OD) —log (dilution), with
a cutoff value equal to twice the absorbance of background.

2.7 Data analyses

No formal statistical analyses were conducted due to the small sample that consisted of two
control monkeys administered the vehicle dAd5GNE vaccine and four monkeys
administered the active dAd5GNE vaccine. Instead, all data are presented for individual
animals, with some descriptive statistics presented.

3. Results

3.1 dAd5GNE-evoked anti-cocaine antibody titers

dAd5GNE vaccine produced rapid increases in anti-cocaine antibody titers in the 4
vaccinated monkeys (Figure 1) with high titer levels remaining relatively stable following
the 3"d administration, and all vaccinated monkeys maintaining anti-cocaine antibody titer
levels of near 10° or greater throughout the study (40-50 weeks post-vaccination). Two of
the vaccinated monkeys (V1 and V3) showed elevated levels of antibody throughout the
study while the other two (V2 and V4) showed exceptionally high titers of anti-cocaine
antibody that were maintained throughout the study. No anti-cocaine antibody titers were
detected in the two control monkeys (C1 and C2) that were administered vehicle.

3.2 Menstrual cycle

During the cocaine self-administration period before vaccine administration, monkeys
cycled on approximately 80% of the months (75% for control monkeys and 82% for
vaccinated monkeys). After vaccine or vehicle administration, monkeys cycled on
approximately 83% of the months (71% for control monkeys and 89% for vaccinated
monkeys).

3.3 Cocaine self-administration phase

Prior to vaccine administration, each monkey demonstrated a preference for cocaine over
candy (Figure 2, left side of dashed line). At baseline (the 3 weeks immediately before
vaccination), monkeys self-administered an average of 5.2 to 8.7 cocaine doses (maximum
of 10 trials), whereas candy was rarely chosen in 5 of the 6 monkeys. One monkey, V2
(Figure 2D), chose candy an average of 3.0+0.9 trials during the 3 weeks just prior to
vaccination.

After initial vaccination (week 0), monkeys continued to have the opportunity to choose
between cocaine and candy for 20 weeks post-vaccination (Figure 2 post-vaccination phase
indicated on right side of dashed lines). The two control monkeys showed no change (C1) or
a slight increase (C2) in the number of cocaine doses self-administered relative to pre-
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vaccination, with no preference for candy (Figure 2A-B). Although there were elevated anti-
cocaine antibody levels in all vaccinated monkeys, 3 of the 4 monkeys tended to show an
increase in the number of cocaine doses self-administered and no preference for the candy
alternative for 20 weeks post-vaccination. In contrast, one vaccinated monkey (V2), who had
moderate selection of candy before vaccination and high titer levels (Figure 1D), switched
preference away from cocaine after vaccination (Figure 2D) and by week 7 maintained a
clear shift in preference from cocaine to candy for the remainder of the cocaine self-
administration phase.

3.4 Saline extinction phase

The extinction phase, when saline replaced cocaine, began in week 21 post-vaccination and
continued for a minimum of 26 sessions to create a period of cocaine abstinence. Figure 3
shows the number of candy reinforcers and the number of reinforcers previously associated
with cocaine that were chosen each extinction session for individual monkeys. Table 1
shows that the two control monkeys met the extinction criteria (responding for less than 2
“cocaine choices” for 3 consecutive sessions) within 4-10 sessions (mean 7.0 + 4.2),
whereas all 4 of the vaccinated monkeys took longer to meet the extinction criteria, ranging
from 12-26 sessions (mean 17.5 £ 3.7). Five monkeys showed a corresponding shift in
preference from the lever previously associated with cocaine to the lever associated with
candy and one vaccinated monkey (V1) decreased responding on both levers.

3.5 Cocaine reacquisition phase

After the saline extinction phase, cocaine was again made available on the cocaine lever to
examine cocaine reacquisition. Figure 4 shows that reacquisition of cocaine self-
administration was rapid (6 sessions) in control monkey C1, but took substantially longer in
control monkey C2. After 36 sessions the VAP for that monkey became blocked (sessions
were suspended for 5 weeks), but once a new VAP was inserted stable preference for cocaine
occurred within 5 days, for a total of 41 sessions to reacquire cocaine self-administration.

Figure 5 shows reacquisition of cocaine self-administration in the 4 vaccinated monkeys.
Only one vaccinated monkey reacquired cocaine self-administration similar to control
monkeys; monkey V1 reacquired responding for cocaine within 19 sessions (Figure 5A).
The other 3 vaccinated monkeys did not reacquire cocaine self-administration within the
first 40 sessions that cocaine was available again. For those 3 vaccinated monkeys (V2, V3
and V4; Figure 5B-D), the response requirement was subsequently decreased by 80% (FR5
cocaine; FR1 candy) and intermittently on daily sessions the candy alternative was removed,
leaving monkeys with only the option to self-administer cocaine (indicated by gray
symbols). Initially, these two manipulations did not increase cocaine self-administration on
sessions when both options were available despite the fact that these 3 vaccinated monkeys
self-administered at or near the maximal number of cocaine doses when only cocaine was
available (i.e., the candy lever was locked), but on sessions when both candy and cocaine
were available the vaccinated monkeys switched their preference back to candy (Figure 5B—
D). Unfortunately, reacquisition of cocaine self-administration could not be determined after
61 sessions in vaccinated monkey V2 due to a failed VAP near study completion that
precluded further testing.
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Lastly, for the two remaining vaccinated monkeys (V3 and V4) that failed to reacquire
cocaine self-administration, the dose of cocaine available was doubled (0.2 mg/kg/injection)
while under the reduced FR response requirement. Under these conditions, both monkeys
reacquired cocaine self-administration after another 12—-26 sessions such that reacquisition
of cocaine self-administration was achieved after a total of 57 sessions for monkey V3 and
94 sessions for monkey V4. In summary, Table 1 shows that reacquisition of cocaine self-
administration was achieved within 6 to 41 sessions in the 2 control monkeys, but within 19
to 94 sessions (mean = 57.8) for the 4 vaccinated monkeys. Further, despite the small
sample, the number of sessions to reacquire cocaine self-administration (independent of FR
schedule, removal of the candy alternative, and increased cocaine dose), increased as anti-
cocaine antibody titers increased, i.e., higher titers were associated with longer time to
reacquire cocaine self-administration (pearson coefficient, r=0.88).

4. Discussion

The dAd5GNE vaccine resulted in rapid (within one week) elevations in antibody titer levels
in all 4 vaccinated monkeys that, with additional vaccine boosters, were maintained at high
levels throughout the study. Despite these elevated titer levels, vaccine administration was
only successful at attenuating on-going cocaine self-administration in one of the 4
vaccinated monkeys. With respect to saline extinction, all monkeys extinguished responding
on the lever associated with cocaine; of note, in this small sample it took longer for the
vaccinated monkeys to meet extinction criteria compared to the control monkeys (mean of
17.5 sessions vs. 7.0 sessions). Further, once monkeys extinguished responding for cocaine,
vaccination substantially retarded reacquisition of cocaine self-administration in 3 of the 4
vaccinated monkeys and reacquisition in these monkeys was only achieved after several
manipulations were implemented to encourage cocaine self-administration. Lastly, the
vaccine was well tolerated, with none of the monkeys exhibiting any injection site reactions
or other observable changes (e.g., body weight, food intake, temperament). Further, there
was no evidence that cocaine self-administration, vaccine administration, or the combination
adversely impacted menstrual cycle status. This study in non-human primates confirms and
extends the previous study that examined efficacy of the dAd5GNE vaccine in reducing the
reinforcing effects of cocaine in rats (Wee et al., 2012). Moreover, the present study is
historically noteworthy by virtue of the fact that it is the first study in over 40 years to
evaluate an anti-drug abuse vaccine on drug self-administration in non-human primates. The
only previous anti-abuse vaccine study in non-human primates evaluated the effects of
immunotherapy on heroin self-administration using a single rhesus monkey (Bonese et al.,
1974). Only one other recent study (Desai and Bergman, 2015) examined the behavioral
effects of an anti-drug vaccine in non-human primates and found that a nicotine vaccine
altered the discriminative stimulus effects of nicotine in squirrel monkeys.

To enhance the clinical feasibility of immunopharmacotherapy for humans, candidate
vaccines need to have a rapid onset coupled with the ability to maintain elevated titer levels
in the majority of individuals with infrequent booster vaccinations. The pre-clinical evidence
to date suggest that the dAd5GNE vaccine has a clear advantage over the TA-CD vaccine
that in humans took as long as 13 weeks (after 4-5 vaccinations) for less than 50% of
individuals to achieve sufficient antibody titer levels (Haney et al., 2010; Martell et al.,
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2009). In addition to elevated antibody titers, adequate antibody affinity is needed as
demonstrated by a reduction in brain levels and a corresponding increase in plasma levels of
the abused drug (e.g., McCluskie et al., 2013, 2015) and this has been previously
demonstrated with the dAd5GNE vaccine (Hicks et al., 2011, 2014; Maoz et al., 2013).
While identifying the vaccination regimen required to maintain high anti-cocaine titers and
measuring antibody affinity were not the goals of the current study, it will be important to
determine whether the dAd5GNE vaccine continues to induce a strong and rapid immune
response when administered to humans and if the presence of high titers will be correlated
with antibody affinity and a behavioral measure of efficacy, such as relapse, in humans.

The fact that dAd5GNE vaccine only reduced on-going cocaine self-administration in one
vaccinated monkey (25%) is somewhat disappointing, but not entirely surprising. Similar to
numerous preclinical studies in laboratory animals, human laboratory studies and clinical
trials conducted in human cocaine abusers, with the exception of agonist treatments (see
review by Czoty et al., 2016) whose use remains controversial (Negus and Henningfield,
2015), it is challenging to modify or disrupt ongoing cocaine use (Foltin et al., 2015; Haney
and Spealman, 2008; Shorter and Kosten, 2011). However, individuals with lower levels of
cocaine use at the beginning of treatment are more likely to use less cocaine during a
pharmacotherapy trial (Bisaga et al., 2005). In the present study, the monkey (V2) that
showed the lowest preference for cocaine pre-vaccination was the only monkey that
decreased cocaine self-administration post-vaccination. Even in the previous study with the
dAd5GNE vaccine in rats (Wee et al., 2012), although vaccination occurred before animals
had any experience with cocaine self-administration, only a modest downward shift in the
cocaine dose-response function was observed.

In the previous study with the dAd5GNE vaccine in rats (Wee et al., 2012), the rate of
extinction was relatively similar between the control rats and the vaccinated rats, although
control rats exhibited an extinction burst on the first day (Wee et al., 2012). In contrast, in
the present study there was tendency for some vaccinated monkeys to take longer to
extinguish responding on the lever previously associated with cocaine compared to control
monkeys. One possible explanation for this is that the vaccine may have resulted in
perseverative responding. However, this is unlikely given that vaccinated monkeys took
longer to reacquire cocaine self-administration. If in fact the vaccine resulted in a position
bias or perseverative responding then there should have been slower rates of extinction but
faster rates of reacquisition. Without a larger sample size, caution about further speculations
for these modest differences in extinction rates is warranted.

The dAd5GNE vaccine was most effective at preventing relapse to cocaine self-
administration (i.e., reacquisition) once monkeys had extinguished responding for cocaine,
similar to achieving abstinence in humans. However, when the candy alternative was
unavailable during reacquisition, monkeys would reliably self-administer cocaine indicating
the importance of having an alternative reinforcer available when testing potential
treatments. Moreover, in the present study the alternative to a single dose of cocaine was 10
candies and the response cost for candy was 1/5 of the response cost for cocaine because
previous research has shown that shifts in responding using choice procedures are best
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observed when the value of the alternative is high and the response cost low (see Foltin et
al., 2015).

While the results of this study are encouraging, they need to be interpreted cautiously due to
several limitations. The primary limitation is related to the sample size (2 control monkeys
and 4 vaccinated monkeys) and we were unable to proceed with reacquisition testing in one
vaccinated monkey due to venous port failure near the end of the study. In addition, once we
failed to show a decrease in cocaine self-administration in 3 of the vaccinated monkeys, we
then carried out saline extinction and reacquisition testing. Another limitation is that plasma
levels of cocaine and metabolites were not measured in the present study. However, a
previous study (Hicks et al., 2014) demonstrated that monkeys vaccinated with the
dAd5GNE vaccine had substantially higher plasma levels of cocaine and metabolites relative
to monkeys vaccinated with the vehicle, without delaying the metabolism of cocaine.
Unfortunately that study did not measure cocaine self-administration, thus there is currently
a lack of valuable information on the relationships between antibody affinity and cocaine
pharmacokinetics to the behavioral effects of cocaine, particularly the rate of extinction or
reacquisition. Further, there were a number of clinically relevant manipulations that were not
evaluated in this study. For instance, we did not systematically test a range of cocaine doses.
It is possible that lower cocaine doses might have been more susceptible to perturbation by
the vaccine; several laboratory studies testing pharmacological interventions in humans have
demonstrated reductions in cocaine self-administration when intermediate doses of cocaine
were available, whereas higher doses of cocaine were relatively unaffected (e.g., Haney et
al., 2006; Rush et al., 2010). We also did not systematically test higher doses of cocaine to
see if monkeys would attempt to override the effects of the vaccine which is a valid clinical
concern (Haney and Kosten, 2004; Shen et al., 2011), although reacquisition in the two most
resistant vaccinated monkeys occurred only when the cocaine dose was doubled.

5. Conclusion

In summary, the dAd5GNE vaccine only attenuated ongoing cocaine self-administration in
25% of the monkeys, despite sustained elevated titer levels. However, after saline extinction,
i.e., a period of abstinence, at least 2 of the vaccinated monkeys (50%) resisted reacquisition
of cocaine self-administration relative to control monkeys even after several manipulations
were conducted to encourage reacquisition. Despite the small sample size, these findings in
rhesus monkeys extend the previous preclinical studies in rodents demonstrating that the
dAd5GNE vaccine alters the behavioral effects of cocaine (Hicks et al., 2011; Wee et al.,
2012). In addition, two other studies in rhesus monkeys indicate that the dAd5GNE vaccine
prevents cocaine from entering the CNS (Hicks et al., 2014; Maoz et al., 2013), and appears
to be relatively safe and devoid of toxicity to key peripheral organs (Hicks et al., 2014).
Taken together, these data support the utility of using non-human primates for anti-drug
abuse vaccine development. Lastly, at this time, the JAd5GNE vaccine is one of the most
promising immunopharmacotherapies for treating cocaine use disorders. Given the challenge
of reducing cocaine use in both humans and laboratory animals, vaccine development will
be most effective within the context of a relapse prevention strategy that emphasizes
incorporating alternative reinforcers.
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Highlights
. Second study to evaluate immunotherapy on drug self-administration in
monkeys
. Vaccination attenuated ongoing cocaine self-administration in 25% of
the monkeys
. Vaccination retarded reacquisition of cocaine self-administration
. The dAdGNE vaccine may have therapeutic potential for relapse

prevention
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Figure 1. dAd5GNE Evoked Anti-cocaine Antibodies

Serum anti-cocaine antibody titers as a function of weeks since the initial injection of
vehicle in the 2 control monkeys (Panels A and B) or dAd5GNE in the 4 vaccinated
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monkeys (Panels C-F). The vaccine or vehicle was administered i.m. at week 0, 3, 5, 19, 34,
38 and monthly thereafter as indicated by the gray arrows. The dashed vertical lines indicate
when the cocaine self-administration (cocaine SA; weeks 1 to 20), extinction (Ext; weeks
21-29) and reacquisition (weeks 30-end) phases were conducted post-vaccination. The
horizontal black line in Panels C—F indicates the threshold of anti-cocaine antibody titers (>
4 x 10°) previously shown to reduce cocaine occupancy to <20% in monkeys (see Maoz et

al., 2013).
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Cocaine Self-administration Phase
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Figure 2. Cocaine Self-administration Before and After dAd5GNE Vaccination
Mean number of cocaine (@) and candy (O) reinforcers earned each session (maximum =

10) before and for 20 weeks post-vaccination during the cocaine self-administration phase in
the 2 control monkeys (Panels A and B) and 4 vaccinated monkeys (Panels C—F). Gray
arrows indicate when additional boosts of dAd5GNE or vehicle were administered. The x-
axis corresponds to weeks before and after the first administration of dAd5GNE vaccine
(time = 0). Data before the vertical dashed line represents cocaine self-administration pre-
vaccination (baseline represents the 3 weeks immediately before vaccination) and data after
the vertical dashed line represents cocaine self-administration post-vaccination. Typically
there were 4-5 sessions per week; data points represent the weekly mean (+ S.E.M.).
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Saline Extinction Phase
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Figure 3. Extinction of Cocaine Self-administration
Number of “cocaine” (@) and candy (O) reinforcers earned each session (maximum = 10)

during the extinction phase when saline was substituted for cocaine. These data represent
week 21 to 29 post-vaccination. Additional boosts of dAd5GNE or vehicle were
administered at week 19 and 34 so are not depicted in the Figure. Panels A and B show the 2
control monkeys, panels C—F show the 4 vaccinated monkeys. B = baseline and refers to the
number of cocaine and candy reinforcers earned during week 20 of the cocaine self-
administration phase (see Figure 2; week —1 was used for monkey V2, the one monkey who
shifted preference from cocaine to candy). The dashed line indicates when extinction criteria
were met for each monkey (defined as responding for <2 “cocaine choices” for 3
consecutive sessions). Typically there were 4-5 sessions per week; each data point (other
than B) represents a single session.
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Cocaine Reacquisition Phase: Vehicle Monkeys
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Figure 4. Reacquisition of Cocaine Self-administration in Control Monkeys
Number of number of cocaine (@) and candy (O) reinforcers earned each session

(maximum = 10) during the reacquisition phase when cocaine was available again in the 2
control monkeys C1 and C2. B = baseline and refers to the number of cocaine and candy
reinforcers earned during week 20 of the cocaine self-administration phase (see Figure 2 A
and B). Gray arrows indicate when dAd5GNE or vehicle was administered. The x-axis
corresponds to weeks post-vaccination and indicates the number of sessions needed to
reacquire cocaine self-administration for each monkey. For monkey C2, the VAP became
blocked in week 35 and sessions were suspended (indicated by the break on the x-axis).
Sessions resumed in week 41; the candy lever was locked for a single session (indicated by
the gray circle) and control monkey C2 immediately returned to cocaine self-administration.
Typically there were 4-5 sessions per week; each data point (other than B) represents a
single session.
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Cocaine Reacquisition Phase: dAdSGNE
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Figure 5. Reacquisition of Cocaine Self-administration in Vaccinated Monkeys
Number of cocaine (@) and candy (O) reinforcers earned each session (maximum = 10)

during the reacquisition phase when cocaine was available again in the 4 vaccinated
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monkeys (V1-V4). B = baseline and refers to the number of cocaine and candy reinforcers
earned during week 20 of the cocaine self-administration phase (see Figure 2 C—F; week -1
was used for V2, the one monkey who shifted preference from cocaine to candy). Gray
arrows indicate when dAd5GNE or vehicle was administered. The x-axis corresponds to
weeks post-vaccination and indicates the number of sessions to reacquire cocaine self-
administration for each monkey. Gray circles indicate when the candy lever was locked and
only cocaine was available (V2, V3 and V4). The first set of dashed arrows indicate when
the response cost was reduced (FR dec) to FR5 for cocaine and FR1 for candy (V2, V3 and
V4) and the second set of dashed arrows indicate when the cocaine dose available for self-
administration was doubled (Dose inc) to 0.2 mg/kg/injection under the lower response
requirements (V3 and V4). Vaccinated monkey V2 did not reliably reacquire cocaine self-
administration after 61 sessions despite reducing the response requirement and occasionally
locking the candy lever. Further testing could not be conducted due to a failed VAP near

study completion (indicated by the break on the x-axis). For vaccinated monkey V3,

experimental testing was interrupted due to blockage of the VAP (indicated by the break on
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the x-axis). Typically there were 4-5 sessions per week; each data point (other than B)
represents a single session.
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