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Abstract

Vaccines are being developed against substance abuse and most progress has been made with anti-

cocaine, nicotine and opiate vaccines, but new ones are being developed for methamphetamine

and may be in humans within 18 – 24 months. These haptenated vaccines share a common

problem in that only about one-third of those vaccinated get a sufficiently robust antibody titer to

enable them to effectively block drug use. This problem is being addressed with better carrier

proteins and new adjuvants beyond alum. This review provides details about these developing

vaccines that act through pharmacokinetic rather than pharmacodynamics blockade. Due to this

pharmacokinetic mechanism of keeping abused drugs in the bloodstream and not allowing them

entry into the brain or other organs, these vaccines have very few side effects compared to other

blockers used in addictions treatment.
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Introduction

Substance abuse is a serious health problem world-wide with a very limited number of

effective pharmacological treatments, but some very interesting biologicals such as vaccines

are being developed [1]. These vaccines act as blockers and can theoretically be developed

against any abused drug except alcohol, because alcohol is too small and ubiquitous a

molecule in the human body to generate an immune response even as a hapten linked to an

immunogenic carrier protein [2]. This mechanism whereby a small non-immunogenic

molecule, which all drugs of abuse are, can be chemically linked to an immunogenic carrier

protein such as tetanus toxoid or cholera B subunit protein is critical to the manufacture of

these vaccines and will be reviewed in more detail below. As blockers, these vaccines act

indirectly and pharmacokinetically in a two-step process, rather than pharmacodynamically,

in contrast to most anti-addiction blockers like naltrexone for opiates [2,3]. First, the
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vaccines provoke the production of antibodies against the abused drug after a series of

vaccinations over 2 – 3 months and second, these antibodies bind to the abused drug and

prevent it from leaving the blood stream and entering the brain, heart and other organs [4].

The rationale for developing these vaccine treatments involves several factors including the

lack of any approved pharmacotherapies for the stimulants cocaine and methamphetamine.

Furthermore, while existing treatments show some therapeutic success, relapse rates remain

high even with these approved pharmacological treatments such as for opiates [5]. Other

limitations to the use of currently approved therapies include high cost, limited availability,

problems with compliance, and, diversion in the case of opiate agonists, such as methadone

[4,6–8].

Vaccines have the great strength of being highly specific for the abused drug and not having

significant interactions with neurotransmitters or hormones. However, this specificity also

has limitations. For example, vaccines against heroin must also block two active metabolites

of heroin that are readily produced by serum and liver esterases: 6-acetylmorphine (6-AM)

and morphine [9]. Because 6-AM is considered to cause the immediate euphoric effects of

heroin administration [9], a vaccine that can produce antibodies to heroin, morphine and 6-

AM is essential for clinical efficacy. Similarly, methamphetamine’s major metabolite is

amphetamine so that an effective vaccine must produce antibodies that cross-react with

amphetamine [10]. However, the inactive metabolites for both heroin and methamphetamine

must not significantly interact with the antibodies produced by the respective vaccines or the

antibody will be rapidly occupied fully with inactive metabolites, and its blockade be readily

overcome by simply using the abused drug repeatedly over a relatively brief period of time.

Thus, designing the chemical linkage between the abused drug or hapten and the carrier

protein is critical to insure the desired cross-reactivity while maintaining minimal binding of

the inactive metabolites with the antibody. Over the past 20 years significant success has

been achieved in developing these hapten to protein linkages in order to attain this balance

of specificity and cross-reactivity [4].

2. Development of anti-addiction vaccines and their mechanism of action

Briefly reviewing the development of drug addiction vaccines against nicotine, cocaine,

methamphetamine and opiates is important to understanding the different approach for these

blockers compared to other pharmacodynamic antagonists. The existing treatment agents

target neurotransmitter effector systems in the brain such as opioid, dopaminergic or

nicotinic cholinergic systems through pharmacodynamic mechanisms, but vaccines act as

‘pharmacokinetic’ antagonists. Since the vaccine stimulates the production of drug-specific

antibodies that can bind to the drug in the circulating blood and extracellular fluid, this

action should reduce or slow the distribution of the drug to brain and attenuate the drug’s

reinforcing effects. These concepts are based on the greater reinforcing strengths of drugs

when administered with shorter injection or infusion times [11–13]. For example, rhesus

monkeys selfadminister more cocaine intravenously if the infusion rate is increased even

though the dose is held constant [11]. Human drug users report greater effects of morphine

(e.g., ‘High’; ‘Drug effect’) with faster IV infusion rates [13]. The reduction in drug reward

and the attenuation of self-administration reported in the many animal studies support these

vaccines’ slowing the entry rate of the drug into the brain more than simply holding the drug
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completely out of the brain. Indeed, nicotine, cocaine, methamphetamine and morphine

levels were significantly decreased in brains, and blood levels were higher of appropriately

vaccinated rats [14].

Vaccination against addictions requires a protein–hapten combination such that the hapten,

which is the abused drug, is covalently linked to the carrier protein, which provides the

immunological entity for producing a high affinity, immunoglobulin G type (IgG) [2]. This

process is not uniform across individual patients, however, and up to one-third of patients do

not produce a significant antibody response to vaccination. The explanation for this lack of a

robust immune response remains unknown, but one contributor to this lack of response for

opiate and cocaine vaccines appears to be a peculiar immunological reaction that develops

low affinity immunoglobulins spontaneously in some humans and in animal models from

prolong exposure to the abused morphine or cocaine, respectively [15,16]. This ‘auto-

immunization’ is an altered immune state with circulating IgM, which has a low affinity for

morphine or cocaine, respectively, and does not provide any effective blockade to

morphine’s or cocaine’s effects on the body such as euphoria [15,16]. More critically this

IgM appears to be a marker of immune tolerance or suppression of an IgG response to these

anti-addiction vaccines [17]. This IgM marker has so far only been demonstrated in humans

given a cocaine vaccine and not in to nicotine in smokers, but in principle individuals with

chronic exposure to opiates and possibly methamphetamine and other haptenated vaccines

may develop this ‘auto-immunization’ and immune tolerance to subsequent vaccination.

Hypothetically, the drug such as morphine or cocaine is chemically combining with normal

human proteins, as has been described about 15-years ago for morphine and in 2002 for

cocaine [16,18]. Toki and Yamano found morphine 6-dehydrogenase, which catalyzes the

dehydrogenation of the 6-hydroxy group of morphine to produce morphinone in the liver. It

was also found that morphinone antagonizes morphine analgesia and binds with serum

proteins to form a potential anti-morphine vaccine and associated low affinity antibodies.

Similar low affinity anti-cocaine antibodies can be produced with prolonged high-dose

cocaine exposure [16]. These low affinity antibodies appear to contribute to morphine

tolerance, but more importantly for our antiaddiction vaccine strategy, these antibodies are

markers of suppression of high affinity IgG being produced in response to an anti-morphine

or anti-cocaine vaccine. The extent of these IgM markers in humans appears to be up to 80%

of heroin addicts and 20% of cocaine patients [16,17,19], thereby presenting a significant

potential challenge to making effective vaccines in humans.

With no FDA approved treatments for cocaine or methamphetamine dependence, these two

abused drugs have the fewest regulatory hurdles to getting approval as a safe and efficacious

treatment. The other two abused drugs with vaccines in the pipeline include nicotine and

opiates. Both nicotine and opiate vaccines face the hurdles of other FDA approved

treatments such as nicotine replacement, bupropion and varenicline for nicotine and

methadone, buprenorphine and naltrexone for opiates [3,20]. The most direct competitive

hurdle would be for an opiate vaccine to show greater efficacy than naltrexone, since they

are both blocking agents. The liver toxicity black box warning on naltrexone might offer a

safety advantage to an opiate vaccine, however. Opiate addiction vaccines have an

additional challenge that is not faced with other drugs of abuse, because the current

epidemic of prescription opiate abuse involves at least five different chemical entities and
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each of them will require a separately developed vaccine. These entities include morphine,

codeine, thebain (hydrocodone, oxycodone), methadone and buprenorphine, which have

distinct chemical structures and require separately developed vaccines.

3. Specific vaccines by abused drug

The history of anti-addiction vaccines begins 40 years ago with a vaccine directed at

morphine and was followed by cocaine and nicotine vaccines in the early 1990’s and most

recently a methamphetamine vaccine (although a methamphetamine monoclonal antibody

has been under development since the 1990’s and recently had its first trial in humans) [21–

23]. The first vaccine conjugated a morphine hapten to bovine serum albumen (BSA)

through a 6-succinylmorphine (6SM) linkage to lysine residues on BSA. Other studies

showed that binding specificity differed depending on the hapten used [24–26]. Other

examples of vaccines for opiates include a bivalent morphine--heroin vaccine developed

using tetanus toxoid as the carrier protein, which prevented rats from acquiring heroin self-

administration [27,28]. Another study used a hapten structure where the linker was attached

to the nitrogen of nor-heroin. This vaccine reduced heroin-induced anti-nociception and

acquisition of heroin self-administration [29]. However, rats administered a similar vaccine

that was based on nor-morphine did not block heroin self-administration, due to a lack of

affinity for 6-AM [29]. In addition, Stowe found that their nor-morphine vaccine was unable

to block the anti-nociceptive effect of oxycodone, as might be expected based on the

differing chemical structures of morphine and oxycodone. In spite of these successful animal

studies of opiate vaccines, no studies have been undertaken in humans after the successful

introduction of methadone and naltrexone as clinically effective agonist and antagonist

approaches to opiate dependence in humans. Furthermore, the recent successes of

buprenorphine and depot naltrexone (Vivitrol) have reinforced this pharmacological

approach to treatment [3]. The role of a heroin or morphine vaccine, therefore, seems more

circumscribed to countries or cultures where methadone substitution approaches and/or

naltrexone approaches have failed to be effective for various reasons.

The cocaine vaccines have had a similar number of successful animal studies with various

carrier proteins and linker strategies, but only one vaccine, TA-CD using a cholera B subunit

carrier protein has gone into clinical trials [2,30,31]. The Phase I and initial Phase II studies

showed no significant safety concerns at doses up to 1000 µg, and good antibody production

following up to five vaccinations at a dose of 400 µg [32,33]. A placebo controlled

randomized clinical trial of this vaccine showed significant efficacy compared to placebo,

and a wide range in antibody response with those having higher antibody levels showing

significantly more cocaine-free urines from the antibody induced blockade of cocaine

effects, as previously shown by Haney et al. [34]. Recently a national, multisite clinical trial

of this vaccine was completed with preliminary results expected in late 2013.

The methamphetamine vaccine is still in pre-clinical development using a tetanus toxoid

carrier linked through a succinyl group to the methamphetamine and combined with a new,

phospholipid adjuvant from Eisai, which targets the toll 4 receptor [35]. The preliminary

results are very promising based on both antibody production and behavioral assays of

conditioned place preference and locomotor activity in response to methamphetamine,
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which are both attenuated by this vaccine [36]. FDA approval to go into Phase I clinical

trials is expected within the next 18 months.

The nicotine vaccines are the only ones that have gone into full commercial development

with large pharmaceutical companies (GSK, Middlesex, UK and Novartis, Basel,

Switzerland). The preliminary studies with these vaccines were quite promising for the one-

third to 50% of patients who got a substantial antibody response to the vaccine [37]. Those

patients with high antibody levels had a better clinical outcome of remaining abstinent from

smoking. However, subsequent larger scale clinical trials failed to meet the Phase III

benchmark outcomes for sustained abstinence from smoking, and clinical development of

these vaccines in both companies appears to be on hold pending potential use of stronger

adjuvants than the alum used in these initial vaccine studies. Such adjuvants would be

expected to improve the antibody response in making more individuals produce antibodies

and making those antibody levels both higher and more sustained beyond the 2 -- 3 months

that these antibodies remain at blocking levels with current vaccines.

4. Expert opinion

In summary, we have the capacity to therapeutically vaccinate against substance abuse, and

these vaccines hold promise as a measure to prevent relapse to substance abuse in abstinent

patients. However, these vaccines will clearly not work in every substance abuser for a wide

variety of reasons. First, perhaps one-quarter of substance dependent patients appear to have

a poor antibody response to existing vaccines. This problem may be addressed with more

potent adjuvants such as the phospholipid adjuvants. One particular challenge appears to be

those opiate and cocaine abusers who have already ‘auto-vaccinated’ themselves and

produced an immunological suppression of high affinity IgG producing cells and instead

produce a low affinity IgM [17]. However, immune complex diseases do not occur due to

the small size of the hapten, which prevents cross-linking of these antibodies. Second, the

initial period of vaccination requires about 3 months of cooperation and returning for four to

five vaccinations over that period, which many substance abusers would find difficult to

sustain. Third, other effective pharmacological treatments exist for opiates and nicotine, and

while a blocker medication such as a vaccine might have a unique role for nicotine

dependence, opiates already have a blocker in depot naltrexone that has greater breath of

coverage than a vaccine and can last almost as long after a single administration as does a

vaccine given repeatedly. Fourth, these vaccines are not the typical preventative measures,

for which vaccines are usually considered. There seems relatively little role for large scale

vaccination using them in order to prevent or even delay the onset of drug abuse. Even as

relatively long acting agents, injections would most likely be needed every 2 – 3 months,

and use of the drug does not boost the antibody response that way exposure to an infectious

agent boosts the antibody response with a typical preventative vaccine. Nevertheless, human

clinical trials for vaccines against cocaine and nicotine addiction have shown promising

results and support the vaccine approach to addiction treatment [31,37].
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