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Abstract
The challenge in developing an anti-cocaine vaccine is that cocaine is a small molecule, invisible
to the immune system. Leveraging the knowledge that adenovirus (Ad) capsid proteins are highly
immunogenic in humans, we hypothesized that linking a cocaine hapten to Ad capsid proteins
would elicit high-affinity, high-titer antibodies against cocaine, sufficient to sequester systemically
administered cocaine and prevent access to the brain, thus suppressing cocaine-induced behaviors.
Based on these concepts, we developed dAd5GNE, a disrupted E1−E3− serotype 5 Ad with GNE,
a stable cocaine analog, covalently linked to the Ad capsid proteins. In pre-clinical studies,
dAd5GNE evoked persistent, high titer, high affinity IgG anti-cocaine antibodies, and was highly
effective in blocking cocaine-induced hyperactivity and cocaine self-administration behavior in
rats. Future studies will be designed to expand the efficacy studies, carry out relevant toxicology
studies, and test dAd5GNE in human cocaine addicts.
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INTRODUCTION
Cocaine addiction is a major social and medical problem for which there is no effective
therapy [1]. Because addiction is a chronic relapsing illness, characterized by cycles of
compulsive drug use and abstinence, and reinstatement of such cycles of abuse, vaccination
against cocaine could be a lifetime therapeutic. The challenge in developing an anti-cocaine
vaccine is that cocaine is a small molecule, invisible to the immune system [2]. Previous
attempts to generate anti-cocaine antibodies by linking cocaine as a hapten to a protein
carrier have had limited success, likely because the protein carriers have not been
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sufficiently immunogenic to evoke high affinity, high titer antibodies sufficient to block
cocaine from reaching its receptors in the brain [3–7].

We have developed a novel strategy for the development of immunity to cocaine, leveraging
the knowledge that adenovirus (Ad) capsid proteins are highly immunogenic in humans [8,
9]. We hypothesized that covalently linking a cocaine analog to Ad capsid proteins would
elicit high-affinity, high-titer antibodies against cocaine sufficient to sequester systemically
administered drug and prevent access to the brain, thus suppressing cocaine-induced
behavior. We hypothesized that we could circumvent any risk of using an infectious virus by
disrupting the Ad, resulting in a vaccine comprised of capsid proteins that retain the
immunologic adjuvant properties of an infectious Ad, with the capacity to stimulate the
immune system to generate high-titer, anti-drug antibodies [10]. Based on these concepts,
we developed dAd5GNE, using a cocaine hapten termed GNE, a stable cocaine analog that
was covalently linked to the capsid proteins of a disrupted E1−E3− serotype 5 Ad [11]. This
review summarizes the development and assessment of dAd5GNE in murine and rat models
challenged with cocaine.

BACKGROUND
Cocaine abuse is an intractable societal problem, with an estimate of 2 million regular users
in the US [1] and >500,000 annual visits to the emergency room due to problems arising
from chronic cocaine abuse [12]. Despite a myriad of drugs and therapeutics tested over the
last 3 decades, there are no FDA-approved therapies for cocaine addiction [13].

Based on the concept that high titers of drug-specific antibodies would bind to cocaine in
blood and this antibody-cocaine complex could not cross the blood brain barrier, an anti-
cocaine vaccine would prevent administered drug from reaching its cognate receptors in the
brain. Over the last decade, investigators have tested cocaine analog hapten-carrier protein-
based vaccines using bovine serum albumin (BSA), keyhole limpet hemocyanin (KLH), and
cholera toxin [3, 14, 15]. Only TA-CD (succinyl norcocaine coupled to a recombinant
cholera toxin B subunit), has been tested in clinical trials (phase I [16], phase II [17]).
Publically available data indicates only 38% of treated subjects achieved high serum
antibody titers, with only 58% of those subjects reducing their cocaine usage by half [6].

We put forth a strategy to develop a successful anti-cocaine vaccine, using a hapten termed
GNE, a stable cocaine analog [11], tethered to the capsid proteins of a disrupted serotype 5
adenovirus (Ad5), a virus that is highly immunogenic in humans. Because GNE has greater
inherent chemical-stability at the 2’ position than other cocaine haptens, we anticipated that
this structure, when linked to highly immunogenic Ad capsid proteins, would evoke
persistent, high affinity, high titer anti-cocaine antibodies. This derives from our extensive
experience with Ad5 gene transfer vectors which evoke high titer anti-Ad5 capsid protein
antibodies in humans, including healthy subjects [18–20]. Another important aspect of this
novel vaccine is the recognition that disruption of Ad before covalently linking GNE to the
capsid proteins elicits higher anti-cocaine antibody titers than does an intact Ad5-based
vaccine. The resulting dAd5GNE vaccine meets the challenge for an anticocaine vaccine: it
is highly immunogenic in experimental animals due to combinations of the ligand chemistry,
the conjugation process and, most importantly, the adjuvant properties of the Ad capsid
proteins.

DRUG DESCRIPTION AND CHARACTERIZATION
The dAd5GNE vaccine consists of a cocaine analog, GNE (6-(2R,3S)-3-(benzoyloxy)-8-
methyl-8-azabicyclo [3.2.1] octane-2-carboxoamido-hexanoic acid), chemically linked to
disrupted Ad5LacZ, an E1−E3−replication deficient serotype 5 Ad, 1st generation gene
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transfer vector with the bacterial LacZ (β-galactosidase) gene in the deleted adenovirus E1
region. The purpose of the LacZ gene is to provide a marker to insure that the final product
is not infectious [10]. The vector is denatured by exposure to detergent (sodium dodecyl
sulfate) at 56°C and then the amines on the capsid proteins are chemically joined to GNE
with the bifunctional agent EDC (1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride) (Fig. 1). We have demonstrated that the product cannot infect cells. The
vaccine is dialyzed to remove excess reagents and formulated immediately before
administration with Adjuplex, a proprietary adjuvant from Advanced BioAdjuvants, LLC
(Omaha, NB), which is oil, detergent, and preservative free and made without animal or
microbial derived ingredients.

EFFICACY STUDIES WITH dAd5GNE IN MICE
Our 1st generation anti-cocaine Ad vaccine program was initiated using GNC, a 1st

generation cocaine hapten, that was attached to denatured Ad5 to create dAd5GNC [10].
Immunization of mice with dAd5GNC evoked a high-titer humoral response to cocaine with
a dominant IgG1 subtype and abundant titers of IgG2a and IgG2b. We also examined GNE,
a cocaine hapten that was designed to impart better chemical stability embedded within the
naturally labile cocaine ester periphery when presented to the immune system. Head-to-head
comparison of dAd5GNC vs dAd5GNE demonstrated that the dAd5GNE vaccine evoked
higher titers in mice (Fig. 2). Also, dAd5GNE was equipotent in evoking anti-cocaine
antibodies in naive mice as in mice previously immunized with Ad5 (not shown). This
finding is important, as sero-epidemiologic studies have shown a high prevalence of anti-
Ad5 capsid antibodies in human populations [21]. Based on this data, dAd5GNE was further
evaluated for efficacy in mice and rats. When the dAd5GNE vaccine was administered to
BALB/c mice, high levels of anti-cocaine titers were elicited (>106 titer−1 by 8 wk; (Fig.
3A). Importantly, vaccination with dAd5GNE suppressed repetitive intraperitoneal cocaine-
induced hyper-locomotion in mice (Fig. 3B).

EFFICACY STUDIES WITH dAd5GNE IN RATS
As in mice, the dAd5GNE evoked high anti-cocaine titers in rats which persisted for >20
wk, the longest time point evaluated (Fig. 4A). Control rats injected with non-conjugated,
denatured Ad5 vector had no detectable anti-cocaine antibody titers [11]. Pharmacokinetic
studies in rats, measuring the partition at 2 min post intravenous radioactive cocaine
challenge between brain and blood in naive vs vaccinated rats, demonstrated significant
blockade of drug access to the CNS (Fig. 4B). The antibody dissociation coefficient (Kd),
evaluated by competitive binding assay, was 4 nM.

The anti-cocaine titers elicited by dAd5GNE vaccination suppressed the cocaine-induced
hyper-locomotion expected from repeated cocaine administrations at 15 mg/kg; a challenge
that establishes drug serum levels in the rat comparable to that of the typical human doses.

Rats were sensitized by daily intraperitoneal injections of 15 mg/kg cocaine during the 1st

wk, and subsequently challenged with cocaine and evaluated for drug-induced hyperactivity
twice weekly for 3 wk [11]. In response to cocaine challenge, naive rats traveled over a
greater distance (>2-fold) than dAd5GNE vaccinated rats (p<0.003; Fig. 5A). In addition,
naive rats responding to cocaine challenge had a dramatic elevation of time spent exercising
vertical activity, whereas dAd5GNE vaccinated rats showed vertical activity similar to rats
that received phosphate-buffered saline (PBS) instead of cocaine (p>0.4) and the dAd5GNE
vaccinated rats were significantly different from the naive rats receiving cocaine that had
more vertical activity (p<0.05; Fig. 5B).
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Further assessment of vaccine efficacy using cocaine self-administration behavior in rats
reflects the neuropharmacological effects known to motivate drug seeking. All drugs of
abuse that are intravenously self-administered by rats have high abuse potential. When rats
were allowed to self-administer 0.5 mg/kg/injection of cocaine, vaccinated and control rats
gradually increased the number of responses for cocaine [11]. There was no difference in
acquisition of cocaine self-administration across sessions or between the groups (Fig. 6A),
p>0.1; vaccination, p>0.1; self-administration session, p<0.01; control and vaccine groups,
p>0.1]. Both groups of rats significantly increased their responses as the unit dose of cocaine
for self-administration decreased (Fig. 6B). The control rats tended to take more cocaine
than the vaccinated rats, but there was no significant difference between the groups
(vaccination × cocaine dose interaction, p>0.1; vaccination, p>0.1; cocaine dose, p<0.001).
However, under a progressive ratio schedule, whereby the work (lever presses) to obtain
each successive cocaine injection is increased, the vaccinated rats showed a significant
decrease in the number of lever presses emitted compared with the control rats (Fig. 6C;
p<0.01). To demonstrate that these differences were not mediated by an indeterminate
variable, but were due to the drug-vaccine interaction, similar studies with
methamphetamine or food pellets showed no difference between vaccine and control rats
(not shown, methamphetamine, p>0.1; food, p>0.1).

When cocaine was replaced with saline, the control rats showed a significantly higher level
of work (lever presses) on the previously cocaine-associated lever (extinction burst) than the
vaccinated rats during the 1st session, but both groups significantly decreased responding in
8 sessions (Fig. 7A), vaccination × extinction session interaction, p<0.05; vaccination,
p<0.05; extinction session, p<0.001. Importantly, control rats primed with cocaine
significantly reinstated responding on the previously cocaine-associated lever, whereas the
vaccinated rats did not (Fig. 7B), vaccination × primed drug interaction, p>0.05;
vaccination, p>0.05; primed drug, p=0.01. The fact that the acquisition of cocaine self-
administration is not significantly blunted in the vaccinated rats combined with the robust
blockade of progressive ratio responding could be interpreted as suggesting that the efficacy
of the vaccine is less when more cocaine is available. However, this is not likely the case in
that almost the same mg/kg/time (e.g., 5 vs 5.1 mg/kg/hour) of cocaine is actually self-
administered in each situation. Most of the responding under the progressive ratio schedule
occurs during the first hour and the actual mg/kg delivered over a session is not changed by
the unit dose over time. Thus, we believe that the blockade of the reinforcing actions of
cocaine with our vaccine is equivalent to data obtained in the preclinical studies with other
manipulations known to block the reinforcing actions of cocaine [22].

DISCUSSION
These preclinical data establish the dAd5GNE vaccine as highly effective in the generation
of high anti-cocaine antibody titers which can sequester intravenously administered cocaine,
at weight adjusted doses equivalent to the typical human dose, in the blood of mice and rats.
Cocaine induced hyper-locomotor behaviors in mice and rats are blocked by the vaccine and
the vaccine dramatically blocks the effort that rats will expend to obtain cocaine reward,
facilitates extinction of cocaine reward, and blocks reinstatement of cocaine seeking in an
animal model of relapse to cocaine taking.

A key element in treating drug addiction is to prevent relapse to drug use after prolonged
drug abstinence. Stressors, drug-associated stimuli, and brief exposure to the drug itself can
trigger drug craving and relapse to drug use in humans [23–25]. In an animal model of drug-
induced craving and relapse, animals that undergo extinction of drug self-administration
reinstate responding when they are primed with a previously self-administered drug or other
drugs of the same class [26]. When saline was initially substituted for cocaine in the

Koob et al. Page 4

CNS Neurol Disord Drug Targets. Author manuscript; available in PMC 2012 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dAd5GNE vaccine study, the control rats showed an extinction-like burst in responding,
whereas the vaccinated rats did not. Interestingly, the results of the control group are similar
to extinction-like bursts observed in rats with high cocaine intake, while the dAd5GNE
experimental group shows similarity in lack of extinction-like bursts observed in rats with
low cocaine intake [27]. Additionally, when primed with cocaine, control rats reinstated
responding on the previously cocaine-associated lever, whereas vaccinated rats did not,
consistent with previous results [4]. Thus, the data suggest that the vaccine prevented
cocaine from reaching the brain to prime cocaine-seeking mechanisms in rats, and if
extrapolated to cocaine addiction in humans, upon exposure (priming) to cocaine, vaccinated
humans might likely show a similar reduction in cocaine-seeking behavior.

Consistent with the robust effects of the vaccine in blocking the motivation to seek cocaine
in the present study, we did not observe a "compensatory-like" increase in cocaine self-
administration in vaccinated rats as has been observed with low antibody titers from other
studies [28], and low doses of dopamine antagonists [29]. Such increases in cocaine self-
administration due to lowering the dose of cocaine are thought to reflect shifts to the right of
an inverted U- shaped dose effect function relating unit dose of cocaine to intake. However,
in our study there was no such increase in baseline responding, suggesting that the high,
stable antibody titers at the time of exposure to cocaine self administration may reflect a
more complete antagonism and a downward shift, rather than a rightward shift in the dose-
intake function for cocaine self-administration in the vaccinated rats.

FUTURE STUDIES WITH dAd5GNE
Future plans include the execution of additional preclinical efficacy studies to identify
adjuvant potency, optimal vaccination regimen, minimum effective dose, and vaccine
efficacy in the context of multiple cocaine challenges. This optimization would be followed
by standard toxicology studies in mice, rats and nonhuman primates to demonstrate a
suitable starting human dose and establish a product safety profile. Should these studies
support the concept that the dAd5GNE is a safe and effective vaccine in humans, our plans
are to carry out a phase I placebo controlled, double blinded, dose escalation assessment of
the dAd5GNE vaccine in cocaine addicts who have chosen to discontinue cocaine use. In
addition to safety parameters, the primary efficacy parameter will be anti-cocaine serum
titers and urine cocaine metabolites; the secondary efficacy parameters will be self-reporting
of cocaine usage and the extent of the subjective effect or “high” if they do use cocaine.
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ABBREVIATIONS

Ad Adenovirus

GNC A 1st generation cocaine hapten

GNE (6-(2R,3S)-3-(benzoyloxy)-8-methyl-8-azabicyclo [3.2.1] octane-2-
carboxoamido-hexanoic acid), a cocaine hapten

PBS Phosphate-buffered saline
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Fig. (1).
Production of dAd5GNE. A clinical grade, serotype E1−E3− adenovirus(Ad5) gene transfer
vector coding for β-galactosidase is disrupted and coupled to the cocaine analog GNE with
the EDC (1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride) cross-linking
agent. Just before use, the dialyzed dAd5GNE is mixed with Adjuplex adjuvant. Used with
permission from Hicks et al. [10].
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Fig. (2).
Superiority of dAd5GNE over dAd5GNC. Balb/C mice received intramuscular injection of
4 µg of dAd5GNC or dAd5GNE vaccine. After 3 wk the anti-cocaine serum titer was
assessed by ELISA against GNC conjugated to bovine serum albumin (BSA). The data
represent geometric mean and standard deviation for n=5/group.
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Fig. (3).
dAd5GNE efficacy in mice. A. Anti-cocaine IgG antibody titers over time. BALB/c mice
(n=20) were vaccinated intramuscularly with 4 µg dAd5GNE + Adjuplex at 0, 3 and 6 wk.
Antibody titers were assessed by ELISA at 0, 3, 8, 10 and 23 wk. The control was
unconjugated dAd5LacZ. B. Cocaine-induced locomotor activity was assessed upon 6
cocaine exposures over a 3 wk period. All test groups were initially assayed with PBS to
establish baseline activity (shown by non-connected symbols at day 0). Mice were sensitized
to cocaine (15 mg/kg, i.p.) during the 1st wk of the trial (days 1–4), and then challenged
weekly (n=10/group).
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Fig. (4).
Efficacy of dAd5GNE in rats. A. Sustained anti-cocaine immunity evoked by dAd5GNE.
Total anti-cocaine IgG antibody titers in male Wistar rats vaccinated intramuscularly with
10 µg dAd5GNE plus Adjuplex. Control animals were similarly vaccinated with
unconjugated denatured dAd5LacZ. (The Ad5 vector used in the dAd5GNE vaccine.) The
vaccine was administered to rats (n=12) at 0, 3, 5, and 10 wk, and the titers (by ELISA)
assessed up to 20 wk. Plotted are geometric means and standard deviation. B. Partition of
cocaine between brain and blood in naive and dAd5GNE-vaccinated rats (n=5). Levels of
cocaine in brain (ng/g brain) and serum (ng/ml serum) of naive and dAd5GNE-vaccinated
rats 2 min following [3H]-cocaine challenge (25 µg). The study was at 16 wk post-
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vaccination. Significance by one-way paired two sample t-test: Brain t = 3.0, p<0.009;
serum t = 4.1, p<0.002. Used with permission from Wee et al. [11].
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Fig. (5).
Effect of dAd5GNE on suppressing cocaine-induced locomotor activity in rats. Cocaine-
induced locomotor activity was assessed upon 8 cocaine challenges over 3 wk. dAd5GNE +
Adjuplex vaccinated (■) and naive + cocaine (●) rats (n=8/group) were sensitized to
cocaine (15 mg/kg, i.p.) during the 1st wk of the trial and then challenged biweekly with
cocaine during wk 2 and 3. Naive rats with PBS challenge were used as a control (Δ). A.
Total distance traveled inside an infra-red beam monitored open field apparatus (AccuScan,
40 × 40 cm chambers) in 30 min immediately post cocaine or PBS challenges. All test
groups were initially assayed with PBS to establish baseline activity (shown by non-

Koob et al. Page 13

CNS Neurol Disord Drug Targets. Author manuscript; available in PMC 2012 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



connected symbols at day 0). B. Rat hyperactivity monitored by amount of time spent
displaying vertical activity (breaking z-axis beams). Total vertical activity time over 30 min
post PBS or cocaine (15 mg/kg) challenges plotted for each trial (n=8/group). Used with
permission from Wee et al. [11].
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Fig. (6).
Effect of dAd5GNE vaccine on cocaine reward and drug seeking in rats. dAd5GNE +
Adjuplex (10 µg) vaccinated and control (dAd5LacZ) rats (n=12) were fitted with
intravenous catheters 1 wk post final vaccination. After recovery, they were allowed to self-
administer 0.5 mg/kg/injection of cocaine in daily 1 hr sessions. After 20 sessions, cocaine
dose-response function and responding were determined, using both fixed and progressive
ratio schedules. Lastly the rats were tested for food self-administration under a progress ratio
schedule. A. Acquisition of cocaine self-administration under a fixed ratio schedule. Shown
are the number of cocaine injections (left) and cocaine intake (mg/kg) (right). B. Cocaine
dose-response function. Shown are the number of injections per hour at each dose of
cocaine. P values compared data with responding for 0.5 mg/kg/injection of cocaine. C.
Cocaine self-administration under a progressive ratio schedule. Shown are the number of
injections per session (left) and ratio requirement per injection (right). Used with permission
from Wee et al. [11].

Koob et al. Page 15

CNS Neurol Disord Drug Targets. Author manuscript; available in PMC 2012 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. (7).
Effect of dAd5GNE on extinction and reinstatement of responding for cocaine. A. The
extinction session in which cocaine was replaced with saline. Extinction *p<0.05, **p<0.01,
***p<0.001 and compared with extinction session 1. ##p<0.01 compared with the
dAd5GNE group in the same session. B. For the reinstatement test, rats were injected i.p.
with saline or cocaine (10, 15 mg/kg) and immediately placed in an operant chamber.
During the reinstatement session, response on the lever previously associated with cocaine
delivery resulted in saline delivery with cue light. Reinstatement p<0.01 compared with
saline. Used with permission from Wee et al. [11].
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