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Abstract
Conventional substance abuse treatments have only had limited success for drugs such as cocaine,
nicotine, methamphetamine, and phencyclidine. New approaches, including vaccination to block
the effects of these drugs on the brain, are in advanced stages of development. Although several
potential mechanisms for the effects of anti-drug vaccines have been suggested, the most
straightforward and intuitive mechanism involves binding of the drug by antibodies in the
bloodstream, thereby blocking entry and/or reducing the rate of entry of the drug into the central
nervous system. The benefits of such antibodies on drug pharmacodynamics will be influenced by
both the quantitative and the qualitative properties of the antibodies. The sum of these effects will
determine the success of the clinical applications of anti-drug vaccines in addiction medicine. This
review will discuss these issues and present the current status of vaccine development for nicotine,
cocaine, methamphetamine, phencyclidine, and morphine.
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INTRODUCTION
Substance abuse is a driving factor for many social ills that continue to plague almost every
country in the world. Addiction provides the basis for the demand that underpins enormous
flows of money and materiel across national borders into large cities, but increasingly into
many suburban and rural areas as well. As an illegal activity, substance abuse results in
crime, accidents, and social and economic disruptions which affect individuals, families, and
entire communities. The prevalence of illicit drug experimentation and subsequent addictive
use in the United States and around the world has progressed apace. Despite huge
expenditures of time and money to combat drug addiction and drug trafficking (the War on
Drugs) 1, billions of dollars continue to flow into the pockets of the people who grow,
process and distribute these substances. Indeed, the love of money may be the root of all evil
2, but sadly, drug addicts water that root because of their drive to obtain the drugs they need.
Simply proscribing drug use is no match for this drive, which leads to illicit behaviors by
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many addicts when the money to buy drugs almost inevitably runs out 3. At least a third of
all federal and state prisoners for property crimes report that their offenses were done to
obtain money for drugs 4. In 2004, more than 3% of people over the age of 12 in the United
States used cocaine and/or methamphetamine, with the attendant negative consequences on
education, employment, health, and behavior 1. Similar levels of abuse occur elsewhere in
the developed world 5, underscoring the need for new approaches to address this problem. If
an individual user could be made less susceptible to the psychological and physiological
reinforcement from drug ingestion, the bonds of addiction might be more easily broken.
Medications like naltrexone have benefited individual alcoholics, probably by reducing the
reward that comes from ingesting alcohol and thus reducing dependence 6. However, the
effects of this drug are transient, and require ongoing compliance to ensure benefits during
periods when a subject ingests alcohol 7. Recently, a slow release form of naltrexone has
been developed to enhance adherence, making it more effective in a substantial number of
patients in Western countries8. Drug substitution can also assist in maintenance and/or
withdrawal from smoking (nicotine patches or gum) 9 and opiate abuse (methodone) 10, but
benefits in these addictions also require high levels of patient compliance. In addition, such
pharmacological approaches are too expensive in developing countries, including China,
which now faces a rapidly expanding epidemic of heroin abuse (see review by Liu and
colleagues, this volume) 11. At present, there are no similarly effective pharmacological
agents for cocaine or methamphetamine. A persistent reduction in the reward sensation from
these drugs might be achieved, however, by an entirely different method: blocking the
passage of the drugs into the brain with antibodies elicited by therapeutic vaccines. Such
vaccines could also be valuable treatment tools for nicotine and morphine class drugs,
especially in the developing world. This review will first discuss the immunological
parameters governing the effects of the antibodies elicited by anti-drug vaccines on the
pharmacodynamics of abused drugs. We will then review the current status of clinical
vaccines, and will discuss pertinent animal studies. Vaccination resulting in long-term
inhibition of the pharmacologic actions of abused drugs has great potential for assisting the
motivated addict to begin and sustain abstinence from his specific substance of abuse.

ANTIBODY BINDING THEORY
If drug-conjugated vaccines can produce a high level of specific IgG antibodies, these
molecules will bind and hold drug molecules within the circulation, preventing its access to
the brain (see review by Rose, this volume). This blockade will have the effect of obviating
the pharmacologic effects of the rapid rise of receptor occupation in the brain which is
required to elicit maximal pleasurable and reinforcing effects of many abused drugs 12.
Cocaine and methamphetamine, for example, bind dopamine transporters, while morphine
and heroin metabolites bind mu opiate receptors. For each of these agents, both the rate and
magnitude of receptor occupation determines the psychological experience from a dose of
the drug. To understand how vaccination can effect a blockade of drug function, both the
affinity of the antibody (e.g., how well the antibody can bind to a particular drug of interest)
and the total amount of the antibody in circulation must be known in order to determine the
percentage of a given amount of drug that can be bound. There will be a range of drug
concentrations in different addicts, depending on the specific drug of abuse, the prior
frequency and length of use, and the concurrent use of other drugs. Using cocaine as an
example, published studies have clearly demonstrated that cocaine peak concentrations of
0.5 μM are pharmacologically active in addicts who have withdrawn from the drug 13.
Under similar conditions, methamphetamine 14 and phencyclidine 15 have been shown to
be pharmacologically active in the 0.5 to 1 μM range. Nicotine 16 and morphine levels can
be active in similar concentrations, but in abusers, morphine is often found at higher
concentrations17.
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Fundamental features of IgG and hapten interactions have been described in detail elsewhere
18. A summary of the affinity calculation equations pertinent to this discussion follows: The
single site interaction of two molecules (A + B ↔ AB) at equilibrium is governed by the law
of mass action. The equilibrium constant (Ka) expressing the relationship of the bound (AB)
and free species under specific concentration conditions (e.g., with the concentration of free
species A represented by [A]) is defined by the equation:

The drugs of interest to this discussion are small molecules, and as a result, the binding of
the drug (or hapten, a small single specificity antigen) and an antibody at one combining site
can be described as a simple, bimolecular interaction. The association equilibrium binding
constant Ka describes the combining site affinity, or strength of binding, and the larger the
Ka, the stronger the binding. For a single combining site interaction, Ka is called the
intrinsic affinity. IgG antibodies have 2 combining sites per molecule, while IgM antibodies
have 10. The expressions that govern their behavior in solution are thus more complex, even
though binding to and release from each individual combining site is largely independent of
actions at other site. For IgG, the major antibody species of interest for this discussion, an
antibody molecule and the target drug can combine to produce antibody-drug complexes
with either one or two drug molecules bound. These complexes are generated by separate
binding events, e.g., for A representing a divalent antibody molecule and D representing the
drug molecule: A + D ↔ AD1, and AD1 + D ↔ AD1D2. Each interaction displays its own
equilibrium binding equation as shown below, where [A] represents the concentration of
unbound antibody, [D] represents that of free drug, [AD1] represents the concentration of
antibody with one combining site occupied, and [AD1D2] represents that of antibody with
both combining sites occupied:

As derived elsewhere 19, these values differ in a predictable way from the intrinsic affinity
constant Ka. K1, which dominates at low drug concentrations, is related to the intrinsic
combining site affinity by this equation: K1 = 2 × Ka . However, K2 reflects less avid
binding (K2 = Ka /2) because only the second antibody binding site is available for binding
the drug molecule when the first combining site is occupied, but once both sites are
occupied, either drug molecule is equally likely to leave the antibody. When the
concentration of a drug is relatively high in comparison to that of the antibody, a large
fraction of the combining sites are occupied and K2 dominates the binding. Since K1
dominates at lower drug concentrations, the effective binding affinity of drug to antibody
changes with the relative concentrations of the antibody and the drug. For the purpose of this
discussion, the drug binding needed in the context of abused drugs will largely be governed
by the K2 affinity of IgG antibodies. IgM, which usually has a combining site intrinsic
affinity in the primary antibody response range (see below), can bind only relatively small
amounts of drug using less than half of its sites in the low concentrations that can be
achieved for IgM. For simplicity, we will not include IgM in the following discussions and
will instead focus on IgG.

With the properties of antibody and hapten binding behavior defined, the percentage of a
particular starting concentration of drug that is left unbound in solution as a function of the
quality (affinity) and quantity (concentration) of the antibody can be directly calculated. For
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various concentrations of a drug in solution, Figure 1A shows the percent of unbound drug
(Y axis) at equilibrium in the presence of increasing IgG antibody concentrations (X axis)
with an average K2 affinity of 10 μM−1. For example, at an initial drug concentration of 1
μM, it can be calculated that 45 μg/mL will bind approximately 80% of the target drug in the
bloodstream. At higher affinities (Figure 1B, 100 μM−1 K2 affinity), 80% of a 1.5 μM
concentration can be bound by 45 μg/mL of antibody. At high drug concentrations, the
curves become essentially linear so that there is little effect of affinity since all available
antibody binding sites are occupied (e.g., at 2 and 2.5 μM initial drug concentrations, Figure
1A and 1B).

Antibodies with average binding affinities of this magnitude and higher usually are expected
in secondary responses to booster vaccine doses 20, when antibody concentrations of >40
μg/mL can be achieved from a good drug conjugate vaccine response in humans 21. Low
affinity antibodies, such as those produced in response to the first dose of a vaccine that
typically display affinities of about 1 μM−1) or antibodies present at low concentrations will
not contribute significantly to drug binding in circulation at the relevant drug concentrations,
as shown in Figure 2. In this figure, the different curves represent unbound drug at a total
concentration of 0.5 μM, with increasing amounts of antibody and increasing K2 affinities.
Even 45 μg/mL of antibody with a K2 affinity of 1.0 μM−1 will bind only 50% of the drug.
As a result of these calculations, one can readily predict the amount of antibody that will
need to be achieved in order to bind a defined proportion of drug at different initial drug
concentrations. Antibodies with K2 affinities of 100 μM−1 and concentrations of 90 μg/mL
will bind 90% of an initial 2.5 μM concentration of drug, for example (Figure 3). This
antibody concentration can be achieved after booster injections in individuals who have
received appropriately constructed conjugated vaccine with effective carriers and effective
adjuvants. Achieving such high level responses in vaccine recipients should greatly reduce
both the rate and the total drug accumulation in the brain from single doses.

Another theoretical consideration for drug binding is the speed with which the antibodies
can bind to a drug and thereby prevent its entry into the CNS. Most drugs of abuse are very
rapidly taken up from the bloodstream; for example, some physiological and subjective
effects from smoked cocaine or methamphetamine can be detected within 2 minutes after
exposure 13. Antibody binding to hapten has been carefully studied over the years, and the
“on” rate (the initial attachment of an antibody combining site to its specific target
molecule) has been determined empirically in a number of model systems 22, 23. These
initial antibody binding rates for these small molecules have been shown to be quite rapid
for the purposes of this discussion. Under physiological conditions, essentially all binding in
a well mixed sample occurs in less than one second 18. For ordinary administration routes
and doses, the on rate of antibody binding is expected to be fast enough that drug binding
will take place well before the transfer of large amounts of drug from the bloodstream to the
brain begins to occur.

ANTIBODY EFFECTS ON DRUG PHARMACODYNAMICS AND
PHARMACOKINETICS

Most current ideas about reward from addictive substances combine aspects of “rate” and
equilibrium binding pharmacological theories to explain observations relating to drug action.
The influence of both drug concentrations and pharmacodynamic features for cocaine,
methamphetamine and opiods are important for their physiological and subjective effects.
Thus, a marked reduction in free drug concentration in the blood by binding to specific
antibodies would significantly inhibit drug action in the brain (e.g., if 75–90% of the drug is
bound by high affinity antibody), since IgG-bound drug cannot readily cross the normal,
uninflamed blood-brain barrier. In addition, it is also well known that the rate of increase in
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receptor occupation in the CNS has a profound influence on the subjective effects of each of
these drugs 24. Thus, less dramatic binding of the drug even by lower affinity antibody (e.g.,
resulting in 50% binding) could still have a substantial influence on the rate of entry of free
drug into the CNS. Even if the eventual total accumulation in the brain is similar to what
would be achieved in the absence of antibody, the subjective CNS effects of the drug may be
substantially or completely blunted, since the rate of receptor occupancy would be
significantly reduced.

The pharmacokinetics of antibody-bound drug are thus related to the effects of antibody
binding on a drug’s metabolism, tissue distribution, and elimination pathways, as well as the
antibody’s intrinsic half life and the effect of drug binding on antibody half life through
changes in the antibody structure, if any. Antibody binding to morphine, for example,
prolongs morphine’s terminal half life in the blood stream of experimental animals by 2–3
fold 25, with essentially no effect on drug metabolism. In a vaccine study in rats, on the
other hand, antibody binding of cocaine was shown to have little effect on cocaine half life
or metabolism, as well as no effect on clearance of the antibody 26.

Some antibodies can display catalytic properties, however. Selected monoclonal antibodies
can enhance cocaine hydrolysis and thus speed the metabolic degradation of this drug in
vivo 27. However, a vaccine that would elicit such catalytic antibodies from active
immunization would be very difficult to design, given the broad variation in the structural
features of the polyclonal antibodies elicited through immunization. Similar to morphine and
in contrast to cocaine, anti-methamphetamine antibodies have been shown to decrease
methamphetamine clearance, prolong methamphetamine concentrations in serum, reduce
conversion to amphetamine, and increase uptake in reticuloendothelial tissues like the liver
28. These features may well be related to the longer biological half life displayed by
methamphetamine in comparison to cocaine, especially to the fact that a substantial fraction
of methamphetamine is not metabolized, but rather excreted unchanged in the urine.
Nicotine also has a longer half life in the body than cocaine 29, and the effects of antibodies
on nicotine pharmacokinetics have been shown to resemble those on methamphetamine,
with higher plasma concentrations after nicotine doses 30–32, and a half life that is
prolonged 3–6 fold.

A theoretical concern is that the potential high affinity of the anti-drug antibodies for drug
metabolites, which, if present in high concentrations, may reduce the amount of antibody
available for native drug binding. This is particularly a concern with cocaine.
Benzoylecgonine is produced by hydrolysis of cocaine’s methyl ester moiety, is structurally
very similar to cocaine, and is essentially inactive pharmacologically. Heavy use of cocaine
will result in substantial concentrations of benzoylecgonine in plasma, up to 10 fold higher
than the peak cocaine concentrations 33. Other metabolites, such as ecgonine methyl ester,
and norcocaine are present in concentrations lower than cocaine itself. The half life of
benzoylecgonine is longer than that of cocaine, contributing to the high concentrations
observed 34. Nicotine and its major metabolites, e.g., cotinine, also present concerns
regarding antibody binding competition. On the other hand, significant cross reactivity of
anti-methamphetamine antibodies with amphetamine, a major methamphetamine metabolite,
would be very desirable since amphetamine itself is pharmacologically active. Similarly,
heroin is rapidly metabolized to 6-acetylmorphine and morphine in both the periphery and in
the CNS 35. Both of these heroin metabolites are pharmacologically active. Fortunately,
morphine conjugate vaccines can elicit antibodies capable of recognizing all three
compounds 36.
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STATUS OF SPECIFIC DRUG VACCINES
Clinical trials with nicotine and cocaine vaccines have shown considerable promise, but still
need improvement in the magnitude and consistency of the antibody responses. Antibody
strategies for methamphetamine, morphine, and phencyclidine are still in preclinical
development. A table of vaccines in clinical studies is show below (Table I).

NICOTINE
Nicotine is a very important therapeutic vaccine target, given the well known adverse health
consequences of smoking 9, which kills over 400,000 people in the U. S. annually, and at
least 10 times that many around the world. Although a large proportion of smokers would
like to quit the habit, most have a very difficult time doing so due to the addictive properties
of nicotine. Numerous medications, counseling programs, and other treatments are available
to help addicted individuals stop smoking, but the success rate for breaking addiction to
nicotine in long term smokers is disappointingly low 37.

The nicotine vaccines now advancing through clinical trials offer some new hope for
motivated individuals to finally kick the habit (see also Rose, this volume). As discussed
above, specific antibodies in sufficient quantity to reduce free nicotine concentrations in the
blood inhibit the magnitude and rate of accumulation of nicotine in the brain. These
beneficial effects have been shown clearly in animal models regarding administered nicotine
38–40. Levels of nicotine in the plasma of smokers are in the appropriate range for the
effects discussed in the theory section41; however, unlike cocaine and methamphetamine,
where abuse usually results in sporadically administered doses, nicotine is most often abused
with very frequent small doses, as in the “pack a day” smoker. As a result, the total
accumulated dose can be quite large and produce persistently high plasma concentrations
over long time periods. On the other hand, for a motivated smoker who has quit temporarily,
relapse to smoking often occurs from taking a few puffs or smoking a few cigarettes after a
period of abstinence. As Mark Twain famously said, “It’s easy to quit smoking. I’ve done it
hundreds of times.” In that context, the presence of substantial quantities of antinicotine
antibodies could be expected to inhibit the reinforcing response to a modest nicotine
exposure, reducing the risk of relapse.

All three of the current nicotine conjugate vaccines in clinical trials (NicVax, NicQb and
TANIC) were well tolerated in phase 1 trials with no evidence of untoward cross reactivity
with endogenous neurotransmitters or other signaling molecules. In an animal model,
NicVax stimulated high level antibody responses up to 130 μg/mL with a reasonable
average binding affinity (26 μM−1), and a low cross reactivity with major nicotine
metabolites (cotinine and nicotine-N-oxide)42. In humans, these antibody concentrations
should be very effective at binding the expected quantities of nicotine absorbed from
smoking a few cigarettes21. In fact data reported from a clinical study that was designed to
test safety in an escalating dose design demonstrated that more subjects with high antibody
responses quit smoking during the trial than those with lower antibody responses. These
observations were striking since subjects were not specifically asked to quit smoking.

The NicQb vaccine also elicited significant quantities of anti-nicotine antibodies 43.
Subjects who were among the upper third in their ability to mount antibody responses
displayed quit rates that were almost double those of placebo-treated subjects (57% vs 31%).

Subjects in the TA-NIC vaccine trial were immunized with 4 doses over the first 8 weeks
and then given a booster dose at 32 weeks. All subjects were encouraged to quit smoking
after 12 weeks of the trial. At 12 months, the quit rate in the highest dose group considerably
exceeded the control group (38% vs 8%) 44.
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These studies thus suggest that high antibody titers correlate with smoking cessation.
Evaluations of the nicotine conjugate vaccines are moving forward with phase IIb/III trials
that aim to document efficacy as well as safety planned for NicQb 45.

COCAINE
Government surveys indicate that 2.4 million or more Americans age 12 or older are current
users of cocaine 1. Its use has penetrated all levels of society, and the ills it has created are
evident in both crime (about 30% of federal and state prisoners were regular cocaine users
before incarceration) and health statistics (from overcrowded emergency rooms to individual
acute psychotic reactions, heart attacks, or strokes). As with tobacco abuse, a substantial
number of addicted users eventually gain the desire but lack the ability to stop using the
drug.

Behavioral interventions can be helpful in treating cocaine addiction in a limited number of
abusers, but currently there are no approved medications to treat this disorder. Conjugate
vaccines for cocaine abuse are in development. Both phase I and II trials have been
completed using a cholera toxin B conjugated COC preparation (TA-CD) 46, 47 (Martel, et
al, 2008 submitted). Animal studies have shown that adequate amounts of antibody reduce
cocaine uptake in the brain of rats and demonstrate good inhibition of both locomotor
activity and reinstatement of cocaine self administration 26, 48–50. For the purposes of
human applications, the latter is probably the most important finding, since, as with nicotine,
the most important likely benefit of vaccination would be to inhibit reinforcing effects of
cocaine reexposure after a period of abstinence. If we could substantially block the
pleasurable effects of such reexposures and reduce the subsequent craving response, it
would help a great deal in preventing a resumption of regular drug use for those motivated
users who succumb temporarily to the temptation of use brought on by social pressures or an
individual stressful event.

In human studies, phase I and early phase II trials of the TA-CD vaccine immunogenicity,
safety, and efficacy, the vaccine showed reductions in cocaine effects during human
laboratory cocaine administration and in cocaine use in outpatient studies 47, 50, 51. The
vaccine was tolerated with no serious adverse effects during 12 months of follow-up 51. In a
Phase IIa, 14 week trial of eighteen cocaine dependent subjects in early recovery, the
vaccine was well tolerated at two dose levels (100 μg × 4 injections, or 400 μg × 5
injections). Cocaine-specific antibodies persisted in sera of immunized individuals for at
least six months 47. Furthermore, subjects who received the higher dose of vaccine
displayed significantly higher mean antibody titers and were more likely to maintain
cocaine-free urines than individuals who received the lower dose group 47. In a Phase IIb
study with the TA-CD vaccine in 114 methadone clinic patients, substantial quantities of
antibody were elicited in about one third of patients (17/53 vaccinated subjects who could be
evaluated), with IgG concentrations above 40 μg/mL (Martell, 2008 submitted). Higher
levels of antibody were correlated with periods of reduced cocaine use in a substantial
number of these subjects, as determined by urine monitoring.

Of particular interest in these trials were observations that about 25% of vaccinated patients
had very low IgG responses to vaccination yet displayed substantial levels of anti-cocaine
IgM antibodies at baseline. Deng, et al. 52 reported detection of antibodies against cocaine
in unvaccinated addicts, and demonstrated that covalent conjugates of cocaine with native
serum proteins were likely to have formed in such individuals. Exactly how such
spontaneous anticocaine immune responses might lead to relative unresponsiveness to
vaccination is an area of current investigation in our laboratories. Taken together, these
results demonstrate that a cocaine specific vaccine can elicit an immunologic response
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sufficient to reduce cocaine usage and attenuate the self-reported psychological effects of
cocaine. It may be possible to override the effects of the vaccine by increasing the amount of
cocaine used; a few subjects increased cocaine use during the period of high antibody titers,
as indicated by quantitative testing of their urine for the major excreted cocaine matabolite
benzoylecgonine. A cocaine vaccine might thus be of primary utility in abusers who are
motivated to quit. Other conjugate anti-cocaine vaccines are in preclinical development.

PHENCYCLIDINE
Phencyclidine (PCP) is an N-methyl-D-aspartate (NMDA) receptor antagonist that became a
popular drug of abuse in some areas of the US, and spawned production of many related
chemical derivatives (“designer drugs”). While PCP dependence per se has been relatively
uncommon, acute toxicity from phencyclidine remains an important problem. Vaccine
development for PCP thus has had a goal of eliciting antibodies having a broad specificity
for binding to a variety of PCP-related compounds. Animal studies with PCP conjugate
vaccines have shown that substantial quantities of antibodies can reduce the accumulation of
PCP in the brain 53, 54. Such antibodies can block the behavioral effects of PCP on
locomotor activity and posturing 55, 56. Passively administered polyclonal and monoclonal
anti-PCP antibodies can also reverse the toxic effects of high PCP doses 55, 56, suggesting
that they may prove useful in treating patients who overdose on this drug. Interestingly,
protection against PCP CNS effects from passively infused antibodies lasts longer than
would be predicted based on drug pharmacokinetics and antibody half life. Although the
mechanism of this effect remains obscure, protection can persist for up to a month after
administration, despite continuous infusion of PCP at a rate that far exceeds the binding
capacity of the antibody 53. Further development of a clinically effective vaccine may have
to await development of vaccines for other, more common drugs of abuse, however, given
the modest size of the market for potential active or passive anti-PCP therapeutics.

METHAMPHETAMINE
Methamphetamine is a widely abused stimulant, with 1.3 million current year users in 2005
1. Methamphetamine use engenders substantial negative consequences for both the
individual user’s health and for society in general. It is a stimulant that blocks plasma
membrane monoamine transporters as well as causing the release of monoamines from
synaptic vesicles, leading to activation of dopamine and other monamine receptors in the
CNS in ways that overlap with cocaine. Methamphetamine is also highly addictive;
individuals with the motivation to discontinue methamphetamine often find it exceptionally
difficult to stop. In contrast to cocaine, which is rapidly metabolized to inactive major
metabolites, methamphetamine has a longer half life and is metabolized in part to
amphetamine, which is also a powerful stimulant. With no medications currently approved
for treatment of addiction to methamphetamine, it is also an important target for a
therapeutic vaccine, particularly if high level cross-reactivity for amphetamine can be
elicited. It is a small molecule with a molecular weight of 149, but like nicotine (with a
molecular weight of 162) and the other drugs discussed, appropriate conjugation to a carrier
protein permits antibody responses to it as an antigenic hapten 21.

Animal studies of methamphetamine vaccines are in the early stages, although passive
administration of monoclonal antibodies have been shown to reduce methamphetamine self-
administration in rats 57, and to reduce locomotor activity in rats given high dose
methamphetamine 58, 59.

Recent studies in our laboratory have shown that high titer antibodies can be elicited by
administration of methamphetamine conjugates in mice, depending on the conjugate
construction and the adjuvants used. The antibodies produced inhibit methamphetamine-

Orson et al. Page 8

Ann N Y Acad Sci. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



stimulated locomotor activity to a degree that is roughly proportional to the amount of
antibody, using methamphetamine doses selected to model those expected in drug abusers
(Orson, unpublished). Thus, successful development of methamphetamine-targeted vaccines
would be expected to provide an effective clinical tool to assist in the management of those
addicted to this highly addictive stimulant.

HEROIN AND MORPHINE
Since the introduction of methadone and other pharmacological agents for opiate addictions,
many substance abuse programs for opiates have been successfully implemented in
developed countries 10. These pharmacological successes reduced efforts to create vaccines
against heroin and morphine 60, 61.

However, as drug abuse has increased in the developing world in ways that act as a vector
for the spread of HIV/AIDS, there is now a renewed interest in such vaccines against
opiates. The economics of pharmacological and behavioral treatments make current
substance abuse programs less feasible than vaccination in some settings. For example, in
the early 1980s, an unprecedented era of drug abuse began to unfold in China, particularly
involving heroin (see review by Liu and colleagues, this volume). The number of registered
drug users there increased more than 10-fold from 70,000 in 1990 to more than one million
by the end of 2004 62. Heroin accounted for 75–85% of all drug use 11, and more than half
(51.2%) of the Chinese people who are HIV positive them are intravenous drugs users 63.
Similar observations have been made in India 64 and Russia 65. If a vaccine can be
developed to slow or even reverse opiate abuse, the consequences for criminal behavior,
social stability, and transmission of HIV/AIDS and other blood born or sexually transmitted
diseases would be enormous 3.

Early studies had shown that conjugation of morphine to proteins through a derivative of its
6-hydroxyl group produced a vaccine that could elicit a polyclonal antibody response that
bound heroin and 6-acetylmorphine, as well as morphine itself 66. This cross reactivity is
critically important, since heroin is a prodrug that is rapidly converted to the
pharmacologically active opiates 6-acetyl morphine and morphine by esterases present in
both the periphery and the central nervous system 35. Anton and Lef 67 among others 68
recently demonstrated high level antibody responses in rodents to a 6-succinylmorphine
conjugate vaccine. Earlier experiments by others in rodents showed antibody blockade with
efficacy that was directly related to the plasma levels of morphine and the antibody 60. Most
importantly, self-administration of heroin could be reduced in rhesus monkeys after similar
active immunizations 61. Berkowitz and Spector 36 demonstrated that this effect was at
least in part due to sequestration of the drug in the blood by antibody binding with
correspondingly-prolonged drug half lives. Labeled morphine could be displaced from this
binding by later addition of unlabeled morphine, indicating that bound drug is eventually
depleted by gradual release with subsequent metabolism and/or elimination. In these studies,
the authors also demonstrated that the antibodies were saturable, so that higher doses of drug
could overcome the binding capacity of circulating antibodies. Since the range of opiate
doses used by human opiate abusers can be very broad 17, it will be critical for vaccines to
be capable of eliciting large quantities of high quality antibody for treatment of heroin or
morphine addicts.

CONCLUSIONS
A number of addictive drugs have pharmacokinetic and pharmacodynamic characteristics
that make them viable targets for vaccine development. On a theoretical basis, from the
known properties of antibodies and the drug concentrations in blood expected for the abused
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drugs discussed, the quantity and quality of antibody elicited by an efficacious vaccine
should be sufficient to reduce or block drug effects, often by both reducing and slowing of
the accumulation of drug in the brain. Animal studies with several conjugate drug vaccines
and human studies with nicotine and cocaine vaccines have all shown promising results.
Blocking immediate behavioral and toxic drug effects is valuable, but even more promising
from the addiction perspective is the inhibition of drug reinforcement, or craving, which will
be necessary to help prevent relapse to drug use by individuals motivated to quit. According
to some animal experiments, the effects on reinforcement may not require levels of antibody
blocking as high as would be expected for inhibition of the acute drug effects, a property
that could dramatically extend the benefits of this approach to therapy. Drug vaccines should
also very effectively complement current counseling programs and potential future small
molecule medications that may be developed to treat the growing worldwide problems
posed by the addictions. Advances in vaccine conjugate design, carrier protein use, and
especially adjuvant optimization will significantly enhance the quantity and quality of the
antibodies produced, allowing drug vaccines to become useful clinical tools for the
treatment of substance abuse.
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Figure 1. Drug Dose Effect on Binding at 10 and 100 μM−1 K2 Affinities
Panel A: The amount of unbound drug (Y axis) at equilibrium for different initial
concentrations of drug (0.5 to 2.5 μM) is plotted against the amount of antibody (X axis)
with a K2 binding affinity of 10 μM−1 (see text for discussion). Panel B: The same
conditions are plotted for antibody with a K2 binding affinity of 100 μM−1.
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Figure 2. Affinity Dependence of Binding at 0.5 μM
Drug Unbound drug at equilibrium from a starting concentration of 0.5 μM (Y axis) is
plotted against the amount of antibody (X axis) for a range of K2 binding affinities (0.1 to
1000 μM−1).
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Figure 3. Drug Dose and Binding Goal, K2 = 100 μM−1

The amount of specific antibody (Y axis) required to achieve a specified proportion of drug
binding (50–90%, X axis) is plotted for a range of initial drug concentrations (0.5 to 2.5
μM).
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TABLE I

Current Status of Drug Vaccines in Clinical Trials

Vaccine Drug-Carrier Human Studies

TA-NIC Nicotine - cholera toxin b Phase I, Phase II

TA-CD Cocaine - cholera toxin b Phase I, Phase IIa, Phase IIb

NicVax Nicotine - Pseudomonas exoprotein A. Phase I, Phase II

NicQb Nicotine – virus like particle Phase I, Phase II, Phase IIb
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