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While the worldwide prevalence of cocaine use remains significant, medications, or small molecule approaches, to treat drug addictions
have met with limited success. Anti-addiction vaccines, on the other hand, have demonstrated great potential for treating drug abuse
using a distinctly different mechanism of eliciting an antibody response that blocks the pharmacological effects of drugs. We provide a
review of vaccine-based approaches to treating stimulant addictions; specifically and cocaine addictions. This selective review article
focuses on the one cocaine vaccine that has been into clinical trials and presents new data related to pre-clinical development of a
methamphetamine (MA) vaccine. We also review the mechanism of action for vaccine induced antibodies to abused drugs, which
involves kinetic slowing of brain entry as well as simple blocking properties. We present pre-clinical innovations for MA vaccines
including hapten design, linkage to carrier proteins and new adjuvants beyond alum. We provide some new information on hapten
structures and linkers and variations in protein carriers. We consider a carrier, outer membrance polysaccharide coat protein (OMPC),
that provides some self-adjuvant through lipopolysaccharide components and provide new results with a monophosopholipid
adjuvant for the more standard carrier proteins with cocaine and MA. The review then covers the clinical trials with the cocaine vaccine
TA-CD. The clinical prospects for advances in this field over the next few years include a multi-site cocaine vaccine clinical trial to be
reported in 2013 and phase 1 clinical trials of a MA vaccine in 2014.

Introduction

Worldwide, the United Nations Office on Drugs and Crime
(UNDOC) estimates between 0.3% to 0.4% of the adult
population, between 15–19 million people, to have used
cocaine at least once in the previous year. Still, the highest
prevalence of cocaine use remains in North America,affect-
ing approximately 2% of adults aged 15–64 years [1]. To
date, while there are no FDA approved pharmacotherapies
for treating cocaine dependence, of those that are in use,
there are multiple limitations. Of these limitations, the
most significantly problematic include cost, availability,
medication compliance, dependence, diversion of some to
illicit use and relapse to addiction after discontinuing their
use. Here, immunotherapies using either passive mono-
clonal antibodies or active vaccines have distinctly dif-
ferent mechanisms and therapeutic utility from small mol-
ecule approaches to treatment and have shown distinct
promise with demonstrated potential to help the patient
achieve and sustain abstinence and have few of the limi-

tations associated with anti-addiction medications. Immu-
notherapy for addictions also has been steadily growing as
an area for new ideas and technologies, although human
studies of these therapies have been limited to active vac-
cines against nicotine and cocaine, and no monoclonals for
passive immunization have been tested in humans. There-
fore this review will focus on vaccines rather than mono-
clonals, and focus on the human vaccine issues for cocaine,
since a cocaine vaccine has progressed to late phase 2
clinical trials in humans.This review also will cover the pre-
clinical vaccine design issues for methamphetamine (MA),
because many technical innovations are being deployed
for MA vaccines that will be highly relevant to second gen-
eration cocaine vaccines. Monoclonal antibodies to MA are
also rapidly approaching testing in humans as they have
been developed over the past 15 years for passive immu-
nization in humans where the delays of several weeks that
are needed to raise antibody responses to the vaccines are
unrealistic, such as in reversal of MA overdoses in the emer-
gency setting. However, the translation of monoclonals
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into practical pharmacotherapies for humans has been
hampered by relatively high production costs and by
requiring parenteral delivery that is impractical for sub-
stance abuse care in all but emergency settings [2].

Antibody actions in blocking
abused drugs

Drugs of abuse lead to reward and reinforcement by
rapidly entering the brain and attaching to neuronal
receptors on very specific brain pathways and antibodies
prevent those drugs from accessing these brain pathways.
Specifically both cocaine and MA bind to the three
monoamine transporters (dopamine, norepinephrine and
serotonin) preventing these transporters from removing
these neurotransmitters from the synapse. This removal is
the main mechanism for inactivation of neurotransmission
from these monoamine releasing neurons. The action of
MA furthermore reverses the direction of the transporters
such that these monoamines are actively pumped out
from the cytoplasm of the neuron into the synapse. The
specific brain pathway involved with reward is dopaminer-
gic and connects the ventral tegmental area to the nucleus
accumbens. The small molecular size and lipophilicity of
these abused drugs allows them to traverse the blood–
brain barrier rapidly, and to diffuse quickly to their trans-
porter binding sites and markedly prolong dopamine
activity at the nucleus accumbens [3].

Antibodies capture the abused drug before it can cross
the blood–brain barrier, thereby preventing activation of
the brain’s reinforcement pathways, but also have an addi-
tional pharmacokinetic effect of buffering against rapid
transit of abused drugs into the brain [2, 4]. Thus the rapid
accumulation from the bolus dose is prevented. A critical
human observation to illustrate this kinetic point is that
smoked cocaine administration sparked an epidemic of
abuse when smoked crack cocaine replaced marketing of
cocaine powder for intranasal administration due to its very
rapid delivery of cocaine to the brain within seconds,which
is highly reinforcing [5]. Moreover, oral cocaine requires
considerably larger doses to be as reinforcing as the intra-
venous route of administration [6]. This need for an
increased dose in part reflects that oral cocaine reaches the
brain relatively slowly, and although high blood and brain
concentrations can be attained, much higher concentra-
tions from this route are needed to produce euphoria or
other reinforcing effects [7–9].Antibodies in the circulation
have a similar kinetic way of slowing drug entry into the
brain and reducing the reinforcing effects of the drug.

The fundamental concept in creating anti-drug anti-
bodies is to create a new macromolecular compound,
which the body will recognize as a foreign antigen that
requires an immune response. Drugs of abuse by them-
selves are far too small to elicit such immune responses
from the antibody generating B and T white blood cells, so

their presentation to the immune processes must be
changed through a conjugate vaccine. A conjugate
vaccine chemically links the abused drug to a large immu-
nogenic protein such as inactivated tetanus or cholera
toxin [10]. Both of these proteins are widely used vaccines,
and the concept of linking them to small molecules called
haptens in order to produce an antibody response was
pioneered in the 1970s as a treatment for digitalis toxicity
and as an anti-morphine vaccine [11–13].

Antidrug vaccines are active immunizations, where
administration of the vaccine triggers an immunological
response against the agent in the human subject resulting
in the production of an antigen-specific, immunoglobulin
G (IgG)-mediated antibody response as shown in Figure 1
upper part [14–17]. Immunological memory is created,
whereby re-exposure to the agent (i.e. through a booster
injection) results in amplification of the initial response,
with high level production of the anti-drug IgG antibodies.
The effectiveness of the vaccine is then measured by its
ability to create antibodies with specificity and high
binding affinity for the drug of abuse and the robustness of
the antibody response, i.e. the concentration of antibody
produced as shown in the lower part of Figure 1 [18]. An
important complication in clinical studies, which are
described below, is that some cocaine abusers spontane-
ously develop low affinity anti-cocaine antibodies before
vaccination, and these low affinity antibodies are a marker
for very poor antibody responses to immunization with
these vaccines.

Recent pre-clinical advances in
anti-addiction vaccines

We have learned many important properties of this immu-
nological approach to treatment from in vivo studies of
monoclonals. For example, passive immunization of rats
with a high affinity (Kd = 11 nM) monoclonal MA antibody
reduced MA self-administration [19].With higher MA doses
(lower antibody : drug ratio), self-administration paradoxi-
cally increased compared with no antibody being present,
indicating compensation and suggesting that providing
an adequate antibody dose is critical for optimal efficacy.
MA antibodies also protect against the increases in blood
pressure, heart rate, and locomotor activation (horizontal
activity) induced by a high dose of MA [20, 21]. Finally, a
recent variation on monoclonal usage has been to intro-
duce a viral vector with the DNA for the monoclonal into
animals (and for potential use in humans) in order to
produce a humanized monoclonal or Fab fragment for a
more extended period of time than a single infusion of a
monoclonal would allow [22]. However, this gene therapy
faces practical hurdles for implementation in essentially
healthy humans, as most cocaine and MA abusers do not
have the immediately life-threatening illnesses for which
the FDA has permitted gene therapy [23].
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Vaccines do not face these same practical issues of cost,
parenteral administration or use of viral vectors in applica-
tion to humans, but vaccines have several other challenges
involving the carrier protein, the hapten and its linkage to
the carrier protein and adjuvant selection, which can
include using self-adjuvanting constructs as the carrier.
Because both cocaine and MA have low molecular
weights, they are too small to elicit an immune response
on their own. However, they can become immunogenic by
conjugation to an appropriate carrier protein. Periodic
booster doses with the complete immunogen, not simply
using MA or cocaine alone, are needed to maintain satis-

factory antibody titres [14, 24]. The conjugation or linking
of the drug to the carrier protein has generally been
accomplished using 4–6 atom spacers such as succinic acid
[25–28]. No structural rule has emerged to predict which
linkers will be most effective, nor have systematic compari-
sons of linkers, linker strategies or haptenation ratios
(molar ratio of drug : carrier protein) been carried out.
Future studies may need to address these questions sys-
tematically for optimal vaccine design, but another practi-
cal issue has been the difficulty in determining the actual
antibody affinity as well as concentration. The usual ELISA
means for determining affinity and concentration can be
inaccurate, and equilibrium dialysis has been used to
address some of these limitations [29].

Our understanding of the binding affinity and kinetics
between cocaine or MA and the antibodies produced has
been explored only in buffer systems which, although
physiologically relevant in pH and salt concentrations, lack
many serum components present in the blood and may
not represent the actual binding behaviour inside the
body. Since the antibody response to cocaine and to the
carrier protein cholera toxin subunit B (CTB) did not closely
correlate in many subjects [18], comparison of the binding
properties to these different targets may provide insight
into the immune response to this and other conjugate
vaccines. Recently we have found evidence for ~15 fold
decrease in an anti-cocaine monoclonal antibody’s effec-
tive affinity for binding to cocaine in 20–50% of human
serum compared with that in saline buffer. Furthermore,
we also found cocaine has a moderate affinity (KD of about
2 mM) to 20% human serum although it has very little inter-
action with bovine serum albumin and non-specific IgG. In
developing vaccines for cocaine both in preclinical and
clinical phases only ELISA and equilibrium dialysis have
been explored, resulting in some potential limitations
regarding the exact quantitative and qualitative require-
ments for anti-cocaine antibodies.

The study of binding kinetics is essential to understand
fully the molecular interactions between anti-drug anti-
bodies and the drug, which drive the clinical benefit of
drug–conjugate vaccines [29]. A simplified in vitro model
does not reflect the complicated interactions in live
rodents and humans based on the adsorption, distribu-
tion, metabolism and elimination properties of these
drugs, particularly with cocaine which is metabolized by
enzymes such as butyrylcholinesterase, pseudocholineste-
rase and liver carboxylesterases [30, 31]. In earlier studies
pharmacological effects were noticed within 2 min of peak
plasma cocaine concentrations in the range of 150–500 nM

in patients who smoked 10–40 mg of cocaine base [32].
The goal of cocaine immunotherapy is to block cocaine
entry to the brain at peak plasma concentration, and based
on simulations with these parameters a successful second
generation vaccine needs to have an affinity that drops
from our current anti-cocaine vaccine affinity of above 100
to the 10 nM range, because this high affinity brings the

Figure 1
Mechanism of action of a vaccine against cocaine addiction. In the
absence of the vaccine, cocaine is readily absorbed at the blood–brain
barrier and thereby enters the brain. As shown in the top part of this
figure, the vaccine interacts with dendritic blood cells to produce anti-
bodies from B-cells that are secreted into the blood stream. In the brain,
the drug causes reinforcement of pleasurable effects, or the ‘high’ associ-
ated with cocaine. If a vaccine is administered, it stimulates the produc-
tion of antibodies against cocaine. Subsequently, if cocaine is taken, the
antibodies bind to the drug and sequester it in the blood circulation.This
antibody–drug binding prevents the cocaine from rapidly leaving the
blood vessels and entering the brain, thereby reducing the drug’s
euphoric effects
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concentration of free cocaine closer to zero. However, clini-
cal efficacy does not appear to need such a high affinity
reflecting the need to block as little as 40% of the cocaine
to prevent euphoria, probably due to slowed entry of the
drug into the brain as previously mentioned. Nevertheless,
we have tried to identify haptens and linkages that might
have optimal structural stability and thereby produce
more limited variation and a higher antibody quantity and
affinity in its polyclonal response. As an example, in con-
structing a cocaine hapten for linkage to our carrier
protein we have found recently that an aliphatic linkage to
nor-cocaine has resulted in slow hydrolysis of the hapten,
therefore making that hapten construct not desirable for
cocaine vaccines.

We have tested a variety of carrier proteins, including
bovine serum albumin (BSA), ovalbumin (OVA), keyhole
limpet hemocyanin (KLH), cholera toxin B subunit (CTB),
tetanus toxoid (TT) and the N mengitidis outer membrane
protein complex (OMPC) [14, 24–28, 33]. The OMPC carrier
is self adjuvanting to some extent since it stimulates TLR2
and TLR4 and cytokines (TNFa, IL10, INFg). However, OMPC
works much better when combined with alum, which
releases IL-1 [34]. Succinyl MA was conjugated to BSA, OVA
and KLH. To test these vaccine constructs, a primary vacci-
nation and a booster vaccination at week 3 were done as a
typical experimental design. In these studies with BALB/c
mice, antibody levels were measured using ELISA and the
patterns of response assessed. In general, significant
amounts of antibody were detectable by 4 weeks, peaking
at 6–8 weeks and declining after 8–12 weeks. Carriers such
as KLH, TT, and OMPC stimulate substantially higher anti-
body levels than do others we have tested, and the anti-
bodies persist longer with these carriers as well, but
particularly OMPC which had anti-MA antibodies at good
levels up to 26 weeks after the initial immunization. We
have found similar results using a different mouse strain
(C57BL/6), and showed a rough equivalence for TT and KLH
conjugates with MA.

The critical importance of adjuvants beyond alum is
illustrated by succinyl MA conjugated to OMPC which elic-
ited much greater early anti-MA IgG antibody levels than
the BSA or OVA, but was also superior to both of these
carriers with levels 3–10-fold higher at 26 weeks. Since
OMPC contains additional adjuvant properties based on

lipopolysaccharide content [35], we therefore explored the
adjuvant monophospho-lipid (MPL), which has some char-
acteristics similar to OMPC’s adjuvant capability. When
combined with the tetanus toxoid conjugate vaccine, the
MPL gave initial anti-IgG levels similar to that found with
OMPC.

We conducted a similar comparison of succinylnorco-
caine conjugated to BSA, OVA, OMPC and CTB, since the
human cocaine vaccine uses CTB as a carrier. The differ-
ences from CTB were striking. At week 4, OMPC had 5-fold
higher levels than CTB and BSA, and 3-fold higher than
OVA. At week 16, OMPC continued to have levels 2–3-fold
higher than OVA and BSA, and 5-fold higher than CTB.
While it is difficult to compare anti-cocaine to anti-MA IgG
levels directly, the relative strength of response is clear.The
self-adjuvanting OMPC was superior to the other carriers
for cocaine, particularly the carrier used in the current
human vaccine. Thus, other protein carriers are clearly
worthy of investigation, and other adjuvants besides alum
may provide important advantages in the peak IgG
response produced and the duration of that high IgG
response.

We also have identified haptens for MA that might
produce a specific antibody binding pocket conformation
rather than several different conformations in its polyclo-
nal response. Because MA has three flexible bonds in its
linkage to the carrier protein, this could produce several
different conformations. We found that a rigid structure
could produce a greater total antibody response. To
form a rigid structure we synthesized methyltetrahydro-
isoquinoline (MIQ) and succinic acid, and mixed that com-
pound with succinic anhydride to form a four carbon chain
linked to the MIQ at the amide end of the MA molecule
(MIQ-N-succinate) (see Figure 2 for the chemical struc-
tures). The linker now had a carboxylic acid end group to
attach to the lysine residues on the carrier proteins. This
linkage structure is also unique compared with other linker
structures, because other linkers are attached to the
phenyl ring, which is at the opposite end of MA. This
unique hapten-linker structure has led to some challenges
in developing standard curves for determining antibody
titres and affinities using an ELISA, but the antibody levels
have been sufficient to influence behavioural measures
of place preference, as independent measures for the

NH N
OH

O

O

Methamphetamine;

NH

Methyltetrahydroisoquinoline (MIQ); MIQ-N-succinate

Figure 2
Chemical structures for MIQ-N-succinate synthesis
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potency of our antibody responses. These behavioural
results showed that vaccinated mice conditioned with
MA had reduced conditioned approach behaviours and
decreased conditioned activity levels compared with
control groups indicating attenuated MA place condition-
ing, and separate studies showed reduced and delayed MA
locomotor effects [36].

Cocaine vaccine in clinical trials

In the phase I trial (n = 34), TA-CD based on cholera toxin B
induced cocaine-specific antibodies in all vaccinated
subjects, and subsequent outpatient (n = 18) and human
laboratory studies (n = 12) reported attenuation in their
subjective experience and euphoria from smoked cocaine
[14, 17]. The immunological blockade lasted 2 to 4 months
following the final vaccination. The only adverse effects
were a few subjects with mild tachycardia, elevated tem-
perature or hypertension with no serious adverse effects
[16].The outpatient trial comparing low to high dose vacci-
nation (100 mg ¥ four injections, or 400 mg ¥ five injections)
showed less relapse with the high dose (89% vs 43%).

The phase II trial (n = 115) gave 360 mg for five injections
and about one-third attained antibody levels above
43 mg ml1, which was sufficient to block most expected
cocaine doses.This high antibody group had more cocaine-
free urines than the low antibody (<43 mg ml1) or placebo
groups [15].The antibodies remained elevated for 3 months
after the last vaccination, and no safety concerns arose.
Non-responding patients often had IgM antibodies to
cocaine before vaccination. This poor prognostic marker
could represent a response to adduct formation by the drug
to native proteins in vivo [37]. Since exposure to cocaine
alone will not provoke an increase in antibodies due to lack
of cross linking the antibodies expressed on the B cell
surface, boosting with this conjugate vaccine is required
about every 3 months to maintain high antibody levels.

An ongoing multi-site, phase IIb clinical trial has fol-
lowed the success of this first cocaine vaccine clinical
trial of TA-CD [15]. This 4 month, double-blind, random-
ized, placebo-controlled, multicentre study includes 300
treatment-seeking, cocaine-dependent individuals receiv-
ing five vaccinations. This phase IIb clinical test should be
completed in June 2012 with top line results available by
2013. Based on the success of this vaccine in the earlier
clinical trials, this cocaine vaccine may be one of the first
anti-addiction vaccines. The full clinical registration path
for FDA approval of this vaccine will require another mul-
tisite phase 3 study replication, if this current study can
demonstrate a significantly greater proportion of subjects
becoming cocaine-abstinent for at least 3 weeks on the
vaccine compared with the placebo. However, it does not
appear that a full 1000 vaccinated subjects will be required
for a safety assessment, since the CTB carrier has an
outstanding safety record, and the clinical trials for this

nor-cocaine haptenated conjugate vaccine have been
remarkably free of adverse events.

The behavioural challenges for any successful vaccina-
tion programme start with the need to have 2 to 3 months
where the patient can be brought to a treatment site for
the series of vaccinations. While continued drug abuse
during the 3 months of vaccination does not interfere with
the vaccine’s ability to stimulate the required antibody
production, the patient needs to get these vaccinations at
appropriate times over the 3 months (e.g. 2, 4, 8 and 12
weeks after the initial vaccination) and continued drug
abuse may increase the risk of failure to appear for these
follow-up visits. Thus, counselling or other treatment
efforts will be critical to insure compliance with the sched-
ule of vaccinations. Such interventions could vary from
residential substance abuse care to outpatient contin-
gency management, in which patients are paid to come for
the vaccinations with an escalating pay schedule for each
vaccination obtained.

Future clinical developments

In addition to the clinical trials being conducted on vac-
cines for cocaine, preclinical development of second gen-
eration vaccines for MA and cocaine are ongoing. Future
vaccine trials will use more potent adjuvants than alum
and include more effective carriers such as OMPC that
have adjuvant properties due to their lipopolysaccaride
content. Several outstanding adjuvants are commercially
available, and nicotine vaccines are the most likely to first
benefit from these new adjuvants due to the already
ongoing interest in these vaccines of major pharmaceuti-
cal companies such as Novartis and GSK which control
these novel adjuvants. Another likely focus will be on using
booster injections with different adjuvants from the origi-
nal vaccine that might only use alum. Shifting adjuvants
during a series of vaccinations could prolong antibody
durations and perhaps strengthen the development of
high affinity in the polyclonal antibodies.Some work is also
expected outside the United States, in China in particular,
for commercializing these vaccines. Chinese companies
have the capital needed, as well as the required govern-
ment support, for moving these vaccines rapidly into the
public health sectors where they are most needed.
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