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Abstract

Cocaine abuse is an ongoing and serious problem which has lead to the growth of a brutal criminal
enterprise, particularly in the Americas and Europe. At present, there are no effective
pharmacological agents available to treat the addiction by blocking cocaine or reversing its effects.
In order to help motivated addicts conquer their addiction, vaccines against cocaine are being
developed, and one has progressed to clinical trials. This review will discuss the concept of anti-drug
vaccines in general, the successes and limitations of the various anti-cocaine vaccine approaches,
the results of the clinical trials with an anti-cocaine vaccine, and some new vaccine-mediated
approaches to combat cocaine addiction.
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History

Cocaine is one of the oldest known drugs. The leaves of the coca plant have been chewed by
the indigenous peoples of South America for thousands of years to increase stamina for high
altitude work and to afford feelings of well-being. In 1859, the active ingredient in coca was
isolated and named cocaine, and it was considered a rather benign drug until the beginning of
the 20t century, when the negative aspects of its use became widely recognized (1). The sale
and distribution of opium, coca leaves, and their derivatives was restricted in the United States
under the 1914 Harrison Narcotics Tax Act to the practice of medicine, dentistry, and veterinary
medicine. However, the law was not strictly enforced for cocaine, and there was open use of
the drug for a number of years, although this was generally limited to the minority and low
income urban populations, artists, and musicians (2). The addictive properties of cocaine were
again gradually recognized, but in spite of this and increased efforts to enforce drug laws, the
use of cocaine, particularly the smoked free base form known as crack, exploded during the
1970's and 80's. There is some light on the horizon, however, as data gathered by SAMSHA,
the Substance Abuse and Mental Health Services Administration of the US Department of
Health and Human Services shows that admissions to substance abuse treatment for cocaine
decreased from 1995 to 2005, and the age of those admitted went up substantially (3). Even
though there was a decrease in admissions among African-Americans, there was an increase
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among whites, while use prevalence among the former remained substantially higher than
among the latter. There is an urgent need for new treatments for cocaine addiction, especially
since there are no effective pharmacological interventions (4), as there are for morphine/heroin
addiction (methadone) (5).

Anti-drug Vaccines

It has been known and studied for at least 50 years that small molecules (haptens) will not
usually elicit an immune response unless they are covalently attached to an immunogenic
protein (6,7). This results in the body's tolerance for most medications and chemical exposures
without significant harmful immune reactions. Allergic reactions to medicines like penicillin
occur when the immune system recognizes the chemical or its metabolic products after they
have been bound to native proteins, allowing for antigen presentation and initiation of the
immune response (8). Therefore, to produce an anti-drug vaccine, the hapten is covalently
attached to a foreign carrier protein, permitting both cross-linking of the antibody molecules
expressed on B cells to activate them, as well as induction of the T cell help that is required to
elicit high level antibody responses (9).

The first effort at an anti-drug vaccine, in this case against morphine/heroin, was published in
the early 1970's. A useful review by Spector in 1973 discusses the effectiveness of three
vaccines prepared from different derivatives of morphine, and whether the antibodies so
produced bound to other morphine-like molecules (10). Work on these vaccines withered away
subsequently, probably due to the availability of methadone for heroin addiction, as that
intervention seemed to help addicts stop using the abused drug. Even though methadone is
itself addictive, it calms the craving for heroin, has few side effects and has been successfully
used for more than thirty years in Western countries (11). Interest in anti-drug vaccines
reawakened starting in 1992 when an anti-cocaine vaccine was reported (12). In 2001, Janda
prepared a hapten for use in making anti-nicotine vaccines (13). Several other types of nicotine
vaccines quickly followed (14), and clinical trials have been undertaken using some of them
(15) with modest results. Methamphetamine vaccines have also been produced (16,17), and
their use in rodents has given positive results, suggesting that clinical trials for anti-
methamphetamine vaccines may not be far off.

Anti-cocaine Vaccines Leading to Catalytic Antibodies

The methyl ester of cocaine can spontaneously hydrolyze in serum to give benzoyl ecgonine
(BE) (18). There are also esterases in tissue that will accomplish this hydrolysis (19) and the
phenyl ester can be hydrolyzed by human butyryl cholinesterase (HBC) to give ecgonine
methyl ester and benzoic acid (20). These metabolites have little if any pharmacological
activity. There was considerable interest in the 1990's in the creation of catalytic antibodies
which would act along the lines of HBC, and papers were published by Chandrakumar (21),
Landry (22), Basmadjian (23) and Berkman (24). Clever chemistry was used to create haptens
known as transition state analogs in order to mimic the intermediate, usually unstable chemical
structures that lead to the hydrolysis reaction, so that the antibodies produced would act as
enzymes to catalyze the release of the benzoyl group from cocaine. Basmadjian reported that
polyclonal antibodies in the sera of vaccinated mice had this effect, and Landry generated
monoclonal antibodies that did so as well. Berkman, by a laborious chemical synthesis,
prepared a hapten that was claimed to be stable and long-lived and conjugated it to keyhole
limpet hemocyanin (KLH). Later on, the vaccine was given to mice, and the monoclonal
antibodies which were generated were identified by a high-throughput method (25). About the
same time, Janda reported that the position of the linker in the cocaine transition state hapten
was important, such that a linker attached in the methyl ester position rather than the tropane
nitrogen gave better results, and having an amide group in the carbon chain of the linker was
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even more effective (26). The catalytic antibody idea is attractive in that a relatively small
number of antibodies produced by a vaccine might be able to destroy cocaine molecules and
then be ready to take on more. However, some questions about the quantity, affinity and
efficacy of these antibodies still need to be answered. Furthermore, in none of these studies
were the vaccinated mice tested for the in vivo behavioral outcomes of cocaine dosing, in spite
of high titers of the catalytic antibodies being reported. Anti-cocaine catalytic antibodies
continue to be studied (27), but no clinical trials have been initiated as yet.

Anti-cocaine Vaccines

Anti-cocaine vaccines began to be made in 1992. The first report, by Bagasra (12), used
questionable chemistry to create the vaccine (28), but the door was opened. In 1995, Janda
prepared the first credible anti-cocaine vaccine (29). A hapten (named GNC) with a six-carbon
linker terminating in a carboxylic acid group was synthesized starting with BE and conjugated
KLH by standard methods. When vaccinated rats were dosed with cocaine, there was
suppression of locomotor activity as compared with controls and lower levels of cocaine were
found in the brain. Another study using the same vaccine showed prevention of cocaine
reinstatement in rats (30). Janda also synthesized a hapten (dubbed GND) similar to GNC only
with two amide groups in place of the two ester groups of GNC. This change was said to lead
to a more stable and effective vaccine (31), and indeed vaccinated rats displayed suppression
of the psychomotor effects of cocaine (32). However, these results were only compared with
those occurring from injection of a monoclonal antibody generated from a GNC-KLH
vaccination (GNC92H2).

In 1996, Fox, Kantak et al. published the creation of a vaccine consisting of succinyl norcocaine
(SNC) conjugated to bovine serum albumin (BSA) using very accessible chemistry (33), and
demonstrated that less cocaine was found in the brains of vaccinated mice after a cocaine dose.
Soon thereafter, Ettinger prepared a vaccine by a photoactivation method (34) whereby a linker
attached to a protein is inserted into a carbon-carbon bond of cocaine, but this method does not
allow one to tell which or how many of the carbon-carbon bonds of the cocaine has been
accessed. Nevertheless, hot-plate and place preference conditioning assays as well as
attenuation of the discriminative properties of cocaine (35) confirmed that anti-cocaine
antibodies had been formed in vaccinated rats. In 2000, an interesting idea was reported on by
Schabacker (36), whereby a monoclonal anti-cocaine antibody was used as an anti-idiotype
vaccine whose configuration mimics that of cocaine, presenting an internal image of the
cocaine molecule to the immune system. The vaccinated mice showed reduced levels of cocaine
in the brain following a challenge as well as similar levels of anti-cocaine antibodies in the
serum as compared with mice vaccinated with a cocaine-KLH conjugate vaccine.

Meanwhile, Fox and Kantak continued work on their vaccine, now made from succinyl
norcocaine conjugated to cholera toxin B (dubbed TA-CD) and, significantly, prepared by a
commercial company, Cantab Pharmaceuticals, UK. Studies in 2000 and 2001 showed that the
vaccine was effective in eliciting levels of antibodies sufficient to antagonize self-
administration of cocaine in rats (37,38). At about the same time, Landry treated 3 rhesus
monkeys with a succinyl norcocaine-BSA vaccine and reported that the level of antibodies in
the blood corresponded to suppression of operant responding to a food reward, and that there
were no side effects resulting from the vaccination (39). In 2005, Hrafnkelsdottir vaccinated
mice with a succinyl norcocaine —KLH vaccine both by an intranasal route using a glyceride
adjuvant (RhinoVax) and by a subcutaneous route (40). After a challenge with cocaine, the
levels of cocaine in the serum, brain and olfactory bulb were measured, and the amount of
cocaine found in the brain was less for all cocaine immunized groups as compared to controls.
The amount of cocaine in the brains of intranasally vaccinated mice was only 2 times higher
than in the brains of the subcutaneously vaccinated mice, in spite of the fact that the serum
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level of antibodies was fivefold higher in the latter group. This suggested that mucosal
antibodies could be playing a role in sequestering the cocaine, and intranasal vaccination could
be useful for cocaine taken in by smoking or snorting.

Clinical Trials of an Anti-Cocaine Vaccine (TA-CD)

In 2002, using the TA-CD vaccine, Kosten reported on the first clinical trial of an anti-cocaine
vaccine (41), using subjects recruited from a residential treatment program. The vaccine was
well tolerated, and three different doses were given three times at monthly intervals. Twenty-
four subjects completed the trial. Anti-cocaine antibodies appeared after the second injection,
peaked at three months and fell to baseline by 1 year. The level of antibodies correlated with
the vaccine dose. In 2005, another trial was undertaken, this time in cocaine-dependent subjects
recruited from an outpatient treatment center, with 16 patients completing the study. (42). The
effects of two different doses of the vaccine were studied, and the subjects who received the
higher dose had higher levels of antibodies in their serum and fewer positive urines indicating
cocaine use. They also reported less of a euphoric effect if they did take cocaine. Antibodies
did notappear in the serum before 2 weeks and had waned by 6 months, but booster vaccinations
in a few subjects increased the antibody titers. However, in both trials, 25-30% of subjects
produced relatively low levels of antibodies.

A larger trial involving 115 subjects from an outpatient methadone maintenance program was
carried out in 2009 (43). Antibody levels were measured monthly after the first 2 weeks, and
urine samples were tested three times a week for the entire study. As in the previous trials, the
level of antibodies reached varied substantially among individuals. Based on animal studies
showing the concentration of high affinity antibodies required to bind cocaine in the serum,
and the concentration of cocaine needed in humans to give a euphoric effect, it was estimated
that a concentration of 43 pg/mL of antibody would be needed to bind and capture sufficient
cocaine to significantly reduce its access to the brain. Only 38% of the subjects in this trial
attained this target concentration of antibodies, but this high responder group had significantly
more cocaine-free urine samples than either the low antibody group or the placebo group. A
trial to determine how the subjective effects of smoked cocaine varied with peak plasma
antibody levels was reported in 2010 by Haney (44). The subjects were 10 non-treatment-
seeking cocaine dependent men. As before, the peak antibody levels were highly variable, but
the subjects with the higher levels offered their impression that the cocaine they used had less
“good drug effect” and was of “lower quality”.

Alternate Approaches for Anti-Cocaine Vaccines

David Jackson at the University of Melbourne in Australia has developed a totally synthetic
self-adjuvanting vaccine which has shown promise as an anti-cocaine vaccine in animal studies
in our laboratories. In effect, a component of lipopolysaccharide is attached to a short peptide,
to which a T cell peptide epitope (required for T cell helper function) and the hapten of interest
are also attached (45). This vaccine construction thus delivers both the antigen and the co-
stimulatory signaling molecular structure to the same microenvironment, enhancing the
likelihood of an effective immune activation. In addition, this vaccine preparation approach
has the advantage of ease of modification and ease of production.

Steven Brimijoin at the Mayo Clinic (46) and Chan-Guo Zhan of the University of Kentucky
(47,48) have developed an improved versions of HBC which can be administered as a
biological treatment or delivered by a viral vector (49) to block the activity of cocaine by rapidly
hydrolyzing cocaine in circulation. If this enzyme treatment were used together with anti-
cocaine antibodies elicited by vaccination, a synergistic effect would be achieved, as the
cocaine would be bound rapidly by the antibody on initial exposure, and then hydrolyzed as it
is slowly released from an antibody, further reducing its potential access to the brain (50).
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Expert Commentary

As the investigators in the clinical trials reported, there are several factors that need improving
before anti-cocaine vaccines can achieve their full potential. It is not understood why there is
so much variability in antibody responses to cocaine among the human subjects, having no
clear relationship with the antibody responses to the carrier protein. In the early clinical studies,
antibody responses to cholera toxin B were generally high and the pattern of responses did not
appear to correlate quantitatively with the anti-cocaine responses. About a third of patients in
the large outpatient study responded with adequately high levels for blocking cocaine effects,
and studies should be undertaken to find correlates to this observation, such as the health of
the subjects, their genetic makeup, their patterns of prior drug use, or their immunological
response to other hapten stimuli. To increase the overall level of antibodies, a better vaccine
and/or adjuvant should be sought, with perhaps an improved vaccine booster schedule. The
amount and density of hapten conjugated to the immunogenic carrier protein can influence the
antibody response both positively and negatively (51), and this variable has not been
investigated in the cocaine studies, and may have an effect on the efficacy of the vaccine. The
potential desirability or liability of very high-affinity antibody production should be more
thoroughly probed. Finally, cocaine is a molecule which allows attachment of linkers in several
places. Head-to-head studies rating the different attachment locales and the chemical structure
of the linkers is needed.

Five Year View

Additional studies for the current cocaine vaccine are planned to confirm and extend the
discussed outpatient studies, and there are ongoing developmental studies of alternative
adjuvants and vaccine constructs which will likely improve the quantity and quality of
antibodies produced, as well as the proportion of high response subjects. Such results would
lead to clinical application of these vaccines for in the treatment of cocaine abusers. Better
vaccines or newer methods will not be the end of the game for treating substance abuse,
however. The motivated cocaine addict will need other interventions such as therapy and
rehabilitation programs in order to overcome this seductive addiction. Anti-drug programs in
schools should be strengthened, as cocaine addiction often starts before age 20. The criminal
justice system should reconsider the wholesale incarceration of cocaine users, and offer help
rather than punishment. Let us hope that in the years ahead anti-cocaine vaccination will be
one of numerous arrows in our therapeutic quiver to combat drug addiction.

Key Issues

Anti-cocaine vaccines have shown promise in clinical trials, validating the potential of such
an approach to help treat substance abuse.

Better vaccines and/or better vaccination methods will be needed to ensure that antibody levels
in most patients will be adequate to sequester commonly used doses of cocaine,

Readily available rehabilitation and therapy programs will need to be instituted along with
vaccination in order to ensure the best results for addiction eradication.
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Figure 1.
Structure of cocaine and cocaine derivatives
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Figure 2.
Sites for attachment of linkers to cocaine for conjugation to proteins
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