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Abstract
Although cocaine is illegal in most countries of the world, addiction is common and increasing in
many populations, and the effectiveness of current treatment options for those afflicted has been
very limited. The availability of an anti-cocaine vaccine could offer help to those who wish to quit
their addiction. A number of vaccines differing in their chemical nature have been developed, and
one has advanced into clinical trials. This review will discuss the successes and limitations of the
various vaccines and the results of clinical trials of the vaccine using succinyl norcocaine
conjugated to cholera toxin B. This latter vaccine shows considerable promise for those
individuals whose antibody response is adequate..
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History of Cocaine Use
For thousands of years, indigenous peoples in South America have chewed the leaves of the
coca plant as a stimulant, enabling them to work at high altitudes and providing a sense of
well-being. In modern times, the active ingredient of these leaves is extracted and purified,
giving us the highly addictive drug cocaine (1) (Figure 1a). By the turn of the twentieth
century, it’s addictive properties had become clear, at least in Europe and the United States
(2). Cocaine was restricted to prescription only use in the United States by the Harrison
Narcotics Act of 1914, and its overall use declined in the U.S. so that between 1920 and
about 1947, cocaine was not seriously abused or trafficked in the general population.
However, as cocaine abuse began to spread in the 1960’s, efforts were made to stop the
Andean trade in cocaine, particularly by United States, but the spread of production and
smuggling in South America accelerated, along with a vast increase in the number of users
in the U.S. from the early 1970’s (3). Although it is illegal in most countries of the world, a
brutal criminal enterprise has grown up around the production, distribution, sale and use of
cocaine, leading to much loss of innocent life and providing the traffickers with untold
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wealth (4). As a result, the “War on Drugs” has been spectacularly ineffective as
demonstrated in government statistics on drug use (5). The price of cocaine is lower and the
availability greater than it was 25 years ago, and addiction has spread, affecting not only
individuals, but their families and communities (6).

Effects of Cocaine
Cocaine can be injected, snorted or, in the form of the free base (known as crack), smoked.
It crosses the blood-brain barrier and binds strongly to the dopamine transporter causing
dopamine to accumulate in the synaptic cleft, affecting dopamine rich areas of the brain
especially, such as the nucleus accumbens and the prefrontal cortex. The release of
dopamine in the nucleus accumbens region of the brain is believed to lead to cocaine’s
rewarding effects (7). Stimulation of the dopamine transporter produces regional changes in
brain metabolism (8), and chronic administration in rodents and humans has been shown to
decrease dopamine D2 receptor expression in the nucleus accumbens, which has been shown
to be associated with self administration behavior in rats (9). Frequent use in humans can
lead to addictive behavior in some individuals, depending on numerous factors including
genetic predilection (10, 11).

Breaking the cocaine habit has proved very difficult for most addicts (12), but the recent
development of vaccines against cocaine may offer help. Normally the body does not make
an immune response against small molecules like cocaine which by themselves are unable to
activate immune recognition mechanisms. , If cocaine is attached to a foreign protein such
as cholera toxin, however, then the immune system can make antibodies that bind to
cocaine, as well as antibodies recognizing the foreign protein as one would expect, but
which are not relevant to the effects on the drug. When the cocaine molecule is bound by an
anti-cocaine antibody in the bloodstream, the complex is too large to cross the blood/brain
barrier, therefore the cocaine is prevented from causing its well-known pleasurable and
reinforcing effects. Antibody bound cocaine is released slowly, depending on the antibody
affinity, and can be metabolized by hydrolysis in the bloodstream or in tissues. Animal
studies have shown that mice vaccinated with an anti-cocaine vaccine do not exhibit the
behaviors associated with cocaine ingestion (e.g., increased locomotor activity), indicating
that anti-cocaine antibodies are present in their blood in sufficient amounts (see below) to
sequester to drug.

Anti-cocaine Vaccines
The first report of the preparation and use of an anti-cocaine vaccine was published in 1992
(13). Rats that were vaccinated with a cocaine-keyhole limpet hemocyanin (KLH) conjugate
and subsequently given cocaine showed a reduced analgesic effect by the hotplate method,
but this work was not followed up, and some concern was voiced about the preparation of
the vaccine (14).

In 1993, Chandrakumar (15) and Landry (16) published the preparation of vaccines designed
to produce catalytic antibodies. This involved synthesizing stable derivatives of cocaine
whose structure mimicked that of the transition state of the chemical reaction (i.e., an
intermediate, higher free energy structure of the chemical, often one in which the reacting
molecule is strained or distorted or has an unfavorable electronic structure) through which
the benzoyl group of cocaine is hydrolyzed (Figure 1b). These transition state analogs were
then attached to immunogenic proteins and used to vaccinate mice. Although it was reported
that the mice made high levels of antibodies, their behavior following a dose of cocaine was
not assayed. Instead, monoclonal antibodies were generated that released of benzoic acid
from free cocaine. In 1995, Basmadjian et al. (17) made vaccines from transition state
analogs which had linkers coming from three different places on the cocaine molecule: the
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carboxylic acid position, the tropane nitrogen, and the phenyl ring (Figure 2, a, b, c). They
demonstrated that the polyclonal antibodies produced in mice catalyzed the hydrolysis of
radioiodinated cocaine in vitro. Landry expanded on this work in 1996 (18), and generated
monoclonal antibodies from the immunized mice that were successfully analyzed for
effectiveness. In none of the cases discussed above were studies carried out to examine how
the vaccinated mice responded to doses of cocaine, in spite of high titer antisera being
reported. Catalytic antibodies continue to be studied (19), but no clinical trials for vaccines
based on this model have been initiated as yet.

In 1995, Janda reported the preparation of a new anti-cocaine vaccine (GNC-KLH) by
conjugating a cocaine derivative (which he named GNC) to KLH (20). GNC has a linker
group attached to the carboxylic acid of benzoyl ecgonine (Figure 1c.). His group measured
the anti-cocaine antibody titers in vaccinated rats and observed the psychoactive effects
following a cocaine challenge to vaccinated and control rats, as well as the cocaine
concentration in their cerebral tissue. They concluded that the antibodies bound the cocaine
in the serum, preventing the drug from accessing the brain and thus preventing behavioral
effects. Further studies with the same vaccine demonstrated protection against relapse to
cocaine self administration behavior in rats (21), and a monoclonal Ab was generated
(GNC92H2) that was later studied in mice as an immunotherapy against cocaine overdose
(22). This monoclonal was also humanized (23) and the crystal structure obtained to
demonstrate the contact points of cocaine binding to the antibody (24). Janda further refined
the chemical structure of the GNC hapten by changing the ester groups to amides (named
GND) (25), leading to a vaccine designated GND-KLH that was reported to be more stable
and efficacious than GNC-KLH (26). Attempts by Janda to create an improved anti-cocaine
or catalytic antibody vaccine by attaching a linker to the tropane nucleus of cocaine (Figure
2d) were unsuccessful in that they produced antibodies that bound cocaine poorly (27). Even
though the animal studies were promising, none of Janda’s vaccines have proceeded to
clinical trials.

Ettinger produced a vaccine in 1997 by coupling cocaine to KLH through a photoactivation
method (28). This method does not allow one to tell where the linker is attached to the
cocaine, as it acts by inserting the linker (which is conjugated to the KLH) between any
carbon-carbon single bond on the cocaine. In spite of this ambiguity, Ettinger showed that
the vaccine produced anti-cocaine antibodies and blunted the effects of cocaine in rats.
Further work by the same group suggested that the anti-cocaine antibodies could be
overwhelmed by large cocaine doses, an ongoing concern for any vaccination strategy (29).
As discussed in more detail elsewhere (30), this implies that high level, persistent antibody
responses will be required to block cocaine effects, but that addicts motivated to stop their
drug abuse will be most likely to respond to vaccines successfully.

Other anti-cocaine vaccines continue to be produced. Hrafnkelsdottir et al., in 2005, with a
very nice description of the chemistry methods, conjugated succinyl norcocaine (Figure 1d)
to KLH and used it with an adjuvant, RhinoVax, as an intranasal vaccine (31). They also
vaccinated mice subcutaneously with the same vaccine adjuvanted with alum. They found
that effects on cocaine distribution to the brain were similar in intranasally and
subcutaneously vaccinated mice. They postulated that mucosal antibodies could play a role
in preventing access of cocaine to the brain via the olfactory bulb.

In 2004, Danger (32) generated monoclonal antibodies from mice vaccinated against
cocaethylene, a more active metabolite of cocaine, where the methyl ester has been changed
to an ethyl ester (see Figure 2b), This metabolite is formed when cocaine and ethanol are
taken together, as is often the case in substance abusers. Danger’s group used cocaethylene
as the hapten with the linking moiety on the phenyl ring (Figure 2c). The monoclonals
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prepared from vaccinated animals recognized both cocaine and cocaethylene with
reasonable affinity. In 2006, Danger’s group immunized rabbits with six different cocaine
haptens coupled separately to three different carriers: bovine serum albumin (BSA), tetanus
toxoid, and KLH (33). The cocaine haptens consisted of benzoyl ecgonine (Figure 2b), an
amide derivative of benzoyl ecgonine, a derivative of norcocaine, and three cocaine
derivatives which had linking moieties on the phenyl ring. No syntheses were described for
any of these haptens. The affinities of the polyclonal antibodies produced were above
109M−1, which is considered to lead to stable drug-antibody binding.

Monoclonal Anti-cocaine Antibodies
Crystal structures have been obtained for cocaine bound to many of the anti-cocaine
monoclonal antibodies obtained by various groups (24, 34–36). The article by Pozharshi et
al. (36) succinctly sums up the findings of these efforts thus: “binding of a small ligand can
be achieved in diverse ways, both in terms of a binding site structure/topology and protein–
ligand interactions.” This statement confirms the prediction that numerous different
antibodies are capable of binding cocaine, and different vaccine structures may be capable
of eliciting complementary antibody populations that may enhance sequestration of the drug
in circulation, decreasing and slowing of penetration into the brain, depending in part, on
their binding characteristics.

Monoclonal antibodies are, of course, individual molecules selected from the many different
antibodies produced in a polyclonal response to a vaccine, and so such single molecules
could behave very differently from the population of antibodies produced in vivo. One issue
of considerable concern is the tightness of antibody binding to cocaine (i.e., the antibody
affinity for the drug). Usually this is determined by equilibrium binding studies with values
expressed as the affinity (in units of concentration−1) or its inverse, the dissociation constant
(Kd in units of concentration, e.g., nM) (31). However, drug binding in the context of
substance abuse provides some additional concerns due to the potentially repeated use of the
abused compound. It is well established that antibody binding prolongs the half-life of drug
in circulation, although the antibody half-life is not affected, since the small molecule
interactions with single combining sites do not alter antibody structure. If binding is very
tight, the drug cannot be released and metabolized, and furthermore, the antibody will be
effectively blocked from subsequently binding readministered drug. Thus, the rates of
antibody binding and dissociation should be considered in vaccine design. Recent studies in
our lab using surface plasmon resonance detection of antibody binding and release have
demonstrated that a butyl-norcocaine conjugate vaccine induced antibodies against cocaine
in mice that on average have association rates around the 5 × 105 L·M−1·sec−1, while the
dissociation rates showed an off rate 2.5 × 10−3 sec−1. As a result, the calculated Kd for
these samples was 5 nM. This would imply that 75% of the bound drug would be released
(and potentially rebound) over approximately 9 minutes, permitting enzymatic degradation
of some of the drug, as well as slowed distribution into tissues.

Clinical Trials Using TA-CD, a Succinyl Norcocaine-Cholera Toxin B
Vaccine

In 1996, Fox and Kantak reported on a cocaine vaccine where succinyl norcocaine (SNC)
(Figure 1c) was conjugated to BSA (37). Although the description of the chemistry of the
synthesis of succinyl norcocaine and its attachment to BSA was minimal, mass spectral
analysis showed that haptenation levels of 20–27 SNC molecules per molecule of BSA were
obtained, a salient bit of information which was not reported for any of the vaccines
referenced above. In 2001, they followed up with extensive studies in rats (38, 39) using a
vaccine consisting of SNC conjugated to cholera toxin B, a well-studied immunogen, -
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Significantly, this vaccine, named TA-CD, was prepared by a commercial company (Cantab
Pharmaceuticals, UK) and included alum, and adjuvant approved for human use. The TA-
CD vaccine was quickly taken into clinical trials by Kosten in 2002 (40). The Phase I trial
was randomized, double blind and placebo controlled, involving subjects who were
abstinent cocaine users and at first confined in a residential drug treatment program. The
vaccine was given three times at monthly intervals in doses of 13, 82 or 709 μg. Out of 24
subjects who completed the 3 month protocol, 15 were able to be followed for one year after
the initial vaccination. The vaccine was well tolerated, and all the subjects developed
cocaine-specific antibodies which were detectable after the second vaccination, and
increased after the third dose. The antibody response peaked around two months after the
last vaccination, and then slowly decreased to baseline by 1 year. There was considerable
variation among subjects in all dosage groups, and the levels of antibody produced were
lower that would be desirable to reduce cocaine abuse relapse. However, the results were
positive enough to encourage further trials.

The next trial was designed to further test the safety and dose response of the TA-CD
vaccine as well as assessing its efficacy for reducing cocaine abuse (41). The carefully
screened subjects were persons in early recovery and were seen weekly for counseling
sessions, providing urine samples for drug testing 3 times a week. Over 12 weeks, ten
subjects received four 100 μg vaccinations, and eight others received four 400 μg
vaccinations. There were no adverse effects. The higher dose group had higher titers of
antibody, and maintained their levels longer than the low dose group, but antibody levels in
both groups had waned almost to baseline by 6 months. Booster responses gave the expected
increase in titers, but suggested that two boosters over 2 to 4 weeks would most likely be
needed to increase the antibody levels back to their initial peak responses. Encouragingly,
the higher dose group had fewer reported uses of cocaine during the study.

A larger trial was carried out by Martell et al. in 2009 using 114 outpatients who were in a
methadone maintenance program, and who participated in weekly counseling sessions (42).
It had been estimated from animal studies that a level of 43 μg/mL or greater of anti-cocaine
antibodies in human serum would be enough to capture cocaine in circulation and reduce its
euphoric effects, for ordinary recreational doses of the drug (43). These trials showed that
when the anti-cocaine vaccine elicited a sufficient amount of antibodies in an individual,
that person was more likely to have fewer positive urine tests for cocaine use. Interestingly,
quantitative urine testing showed that few subjects took large doses of cocaine to overcome
the antibody blockade, often attributing the lack of cocaine effects as being due to poor
quality drug from their supplier (42). Disappointingly however, the vaccine only gave high
enough antibody levels in about a third of the participants for reasons that are not entirely
clear.

In a study of 10 cocaine dependent men not seeking treatment, Haney et al. randomized
them to one of two different dose levels (82 μg and 369 μg) of TA-CD and then compared
these two groups on the effects of cocaine before and after vaccination given at weeks 1,3 5,
and 9 (44). As in the other trials, the antibody response was highly variable, the larger dose
gave higher antibody levels, and the titer waned after the vaccinations stopped. Those with
high levels of antibody reported lower ratings of the “Good Drug Effect” and “Cocaine
Quality”, and the subjective effects of the drug were blunted. Haney had previously reported
that no other anti-cocaine medication had given similarly robust results when tested under
similar conditions as the vaccine study (45).
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The Future of Anti-cocaine Vaccines
These trials are encouraging in that they demonstrate that anti-cocaine antibodies can be
produced at least in some individuals at a level where a “usual” dose of cocaine (43) will be
bound, preventing passage of the drug to the brain. However, they also indicate the need for
improved vaccine design, adjuvants, and/or vaccination strategies. Unlike vaccinations
against flu where the body makes more antibodies when it subsequently encounters a flu
virus, the ingestion of cocaine, a small molecule, does not stimulate the immune system to
increase the number of anti-cocaine antibodies: only booster shots of the anti-cocaine
conjugate vaccine will do so. This is due to the inability of small molecules to crosslink
surface antigen specific antibodies expressed on memory B cells to activate them, and their
failure to interact with helper T cells that are required to restimulate anamnestic responses
(46). Motivating addicts to stick to a course of vaccinations and boosters could be daunting
(see number of dropouts reported in the clinical trial data), but it might be considerably
easier than persuading them to take a medication daily, or even more frequently for
prolonged periods.

David Jackson at the University of Melbourne in Australia has developed a totally synthetic
self-adjuvanting vaccine (47) that has proved in initial studies to be effective in eliciting
antibodies to cocaine in a mouse model in our laboratory. These relatively small vaccine
constructs include a lipid component derived from bacterial lipopolysaccharide attached to a
short peptide (e.g., tripalmitoyl-S-glyceryl-cysteine), which is also covalently bound to a T
cell peptide epitope and the antigen or hapten of interest. Such vaccines are strong
stimulators of toll receptor 2 and activate NFκB, a central nuclear signaling molecule that
regulates the expression of pro-inflammatory cytokines. When this type of vaccine is
developed further for human use, it would have the advantage of ease of manufacture and
ready adjustments in peptide sequence and hapten-linker structure.

A novel conjunction of an anti-cocaine vaccine and an improved version of human butyryl
cholinesterase is being developed by Steven Brimijoin at the Mayo Clinic (48). The natural
enzyme hydrolyzes cocaine to benzoic acid and ecgonine, but is insufficiently fast to have a
substantial impact on acutely administered drug at the doses ordinarily used. The efficiency
of the enzyme has been improved several thousand fold, however, and when passively
administered, can completely block cocaine activity (49). While this can be useful at high
doses for acute toxicity, the half life of the enzyme is short (hours) and so passive
administration can have no role in the treatment of addiction. However, if he enzyme can
delivered by a viral vector and expressed from its coding sequence in vivo, even at lower
concentrations it may be able to hydrolyze the cocaine in the serum if the antibody binding
capacity were exceeded, and further, it could then degrade cocaine molecules as they were
released from the antibodies, preventing the released drug from entering the brain (50).

A better anti-cocaine vaccine or new methods will not be a panacea, however. Vaccination
will always need to be done in conjunction with other interventions such as rehabilitation
and therapy in order to be of genuine help to the addict who is motivated to quit this terrible
addiction.
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Figure 1.
Structure of cocaine and cocaine derivatives

Kinsey et al. Page 10

Drugs Future. Author manuscript; available in PMC 2011 July 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Sites for attachment of linkers to cocaine for conjugation to proteins
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