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l functioning and develops physical dependence leading to compulsive and
repetitive use despite negative consequences to the user's health, mental state or social life. Psychoactive
substances such as cocaine, nicotine, alcohol, and amphetamines are able to cross the blood-brain barrier
once ingested and temporarily alter the chemical balance of the brain. Current medications used for the
treatment of dependence are typically agonists or antagonists of the drugs of abuse. The complex
interrelations of the neuronal circuits have made it difficult to accurately predict the actions of potential
its eradication, addiction to both legal and illicit drugs continues to be a major
ial problem. Drug addiction is defined as a disease state in which the body relies

agonist/antagonist drugs and have led to undesirable side effects within the central nervous system. Nearly
forty years ago, a handful of groups began to explore the possibility of utilizing an individual's own immune
machinery to counteract the effects of drug exposure in an approach later termed by our laboratory, immu-
nopharmacotherapy. Immunopharmacotherapy aims to use highly specific antibodies to sequester the drug
of interest while the latter is still in the bloodstream. Thus, creation of the antibody–drug complex will blunt
crossing of the blood brain barrier (BBB) not only counteracting the reinforcing effects of the drug but also
preventing any detrimental side effects on the CNS. In the present mini-review we aim to present a focused
summary, including relevant challenges and future directions, of the current state of cocaine and nicotine
vaccines as these two programs have been the most successful to date.
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1. Introduction

Despite intensive efforts for its eradication, addiction to both legal
and illicit drugs continues to be a major worldwide medical and social
problem. Drug addiction is defined as a disease state inwhich the body
develops physical dependence leading to compulsive and repetitive use
despite negative consequences to theuser's health,mental state or social
l rights reserved.
life. Psychoactive substances such as cocaine, nicotine, alcohol, and
amphetamines are able to cross the blood-brain barrier when ingested
and once there hijack common reward-dependent learning circuitry
that originally evolved to respond to basic, rudimentary and funda-
mental stimuli such as food, water and sex. Addiction involves multiple,
complex neural adaptations that develop with different time courses
depending on the substance, frequency of use, means of ingestion,
intensity of pleasure and the individual's genetic and psychological
susceptibility (Kauer and Malenka, 2007).

Addictions often have both physical and psychological components
and are typically handled as part of a psychosocial and rehabilitation
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program. Yet, the high relapse rates amongst drug abusers seeking
treatment has made it imperative to develop new treatment options
for this disease. Current medications used for the treatment of
dependence are typically direct and indirect agonists or antagonists of
the drugs of abuse. Despite a deeper understanding of the molecular
basis of addiction; the generation of targeted “designer drugs” for the
treatment of drug dependency has remained elusive. The complex
interrelations of the neuronal circuits have made it difficult to
accurately predict the actions of agonist/antagonist drugs and have
led to undesirable side effects within the central nervous system
(CNS). As early as the 1970s, several groups had been exploring the
possibility of utilizing the individual's own immune machinery to
counteract the effects of drug exposure (Spector, 1971; Berkowitz and
Spector, 1972; Bonese et al., 1974) in an approach later termed by our
laboratory, immunopharmacotherapy. Immunopharmacotherapy
aims to use highly specific antibodies to sequester the drug of interest
while the latter is still in the bloodstream. Thus, creation of the
antibody–drug complex will blunt crossing of the blood brain barrier
(BBB) not only counteracting the reinforcing effects of the drug but
also preventing any detrimental side effects on the CNS (see Fig. 1). In
addition, presence of circulating antibodies could generate a gradient
towards removal of the drug from the brain, as drug can freely cross
the BBB. One of the first indications that this technology could be
successfully applied came in 1974, when rhesus monkeys in a heroin
self-administration model showed how treatment with a morphine–
bovine serum albumin (BSA) conjugate could significantly reduce
their self-administration patterns (Bonese et al., 1974). Additionally, it
was noted that higher heroin dosages would restitute the behavioral
patterns seen before immunization and thus were able to overcome
the protective effects of the anti-heroin antibodies. At the time of the
Bonese study, the scientific community, unfortunately, did not
embrace this seminal study and it has only been in the last twenty
years that the field of immunopharmacotherapy has flourished.

It has quickly become apparent that success of an immunological
strategy greatly relies on a few parameters; the magnitude of the
antibody concentration, termed titer, elicited as well as the affinity
and specificity of the antibodies towards a certainmolecular structure.
The immune system has not evolved to generate a response for small
molecules less than about 10 kDa, a limit that is well beyond the
molecular weight of any drug of abuse. Thus, small molecule drugs
must be covalently linked to a carrier protein in order to trigger
an immune response. This is typically achieved by the synthesis of a
chemical derivative of the drug, hereby termed hapten, which
incorporates a linker arm with a terminal reactive moiety used for
Fig. 1. The principle of Immunopharmacotherapy. Neutralizing antibodies bind the drug in the p
protein appendage. The intensity of response, measured as antibody
concentration, is susceptible to variations in carrier protein identity, as
well as the type of adjuvant used in the antigenic formulation.
Additionally, antibody affinity and specificity are directly related to
successful hapten presentation which is impacted by hapten design,
linker length and attachment site. Once the identity of hapten design,
carrier protein and adjuvant has been ascertained protection may be
conferred either via an active or passive immunization strategy.

In an active immunization schedule, the appropriate antigenic
drug–protein conjugate is directly administered, which causes T and B
cell activation, leading to generation of specific antibodies. Tradition-
ally, this approach is able to confer longer lasting protection through
immunological memorywithminimal treatment compliance and thus
is very cost effective. Nonetheless, limitations of active immunity
include first that some exposure time, ranging fromweeks to months,
is required for interaction of the antigen and immune system before
protection is conferred and second that a significant amount of
individual variability will be present in the type of mounted response.

In contrast, passive immunization offers immediate protection via
injection of pre-formed high-affinity antibodies, typically of mono-
clonal identity (mAbs), making this approach particularly relevant in a
drug overdose scenario as well as during the critical time points in the
addiction-relapse cycle. Nonetheless, passive immunity is an expen-
sive technique and its effects are shorter lasting depending on the
antibody half-life and are limited to the amount of antibodies
supplied. Multiple reviews have been published on the use of immune
therapy against different drugs of abuse such as cocaine, nicotine,
phencyclidine, methamphetamine, and heroin (Bunce et al., 2003;
Kantak, 2003; Meijler et al., 2004; Kosten and Owens, 2005). In the
present mini-review we aim to present a focused summary, including
relevant challenges and future directions, of the current state of
cocaine and nicotine vaccines as these two programs have been the
most successful to date.

1.1. Cocaine

(−)-Cocaine is a powerful psycho-stimulating substance listed as a
Schedule II agent by the Drug Enforcement Agency, and may well be
the most reinforcing of all addictive drugs (Withers et al., 1995;
Meijler et al., 2004). It is a tropane alkaloid extracted from the leaves of
the South American Erythroxylon coca plant and commonly abused
either as the hydrochloride salt or free base “crack” form. According to
the 2007 National Survey on Drug Use and Health, an estimated
2.1 million Americans (0.8% of population) are current abusers of
eriphery and blunt crossing of the blood-brain-barrier thus minimizing reinforcing effects.
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cocaine, of which 0.9 million are recent initiates, numbers that have
remained stable if unacceptably high since 2002 (US Substance Abuse
and Mental Health Services Administration, 2008; National Institute
on Drug Abuse, 2004). While the cocaine addicted population is much
smaller than that of other drugs, the social impact is disproportionately
large. Chronic consumption of cocaine leads to social incapacitation
and is accompanied by serious physical and psychological conse-
quences such as cardiac arrhythmia, stroke, seizures, heart attack,
respiratory failure, hallucinations, mood disturbances and paranoia
(National Institute onDrugAbuse, 2004). In rare instances, deaths have
been reported after the first use. In addition, crack-cocaine is one of the
most abused substances among pregnant women, which puts users at
an increased risk for contracting new HIV and hepatitis infections via
needle-sharing and heightened risk behavior. Cocaine is able to cross
the placenta barrier and interfere with fetal development. The full
extent of the effects of prenatal drug exposure is not completely
known, yet there is a consensus that “crack-babies” are prone to be
premature, present smaller body weight/length at birth as well as
deficits in cognitive performance, information processing and atten-
tion to tasks later in life (National Institute on Drug Abuse, 2004;
Chasnoff et al., 1985; Singer et al., 2002).

Cocaine is themost commondrug problem cited by patients entering
treatment for illicit drug use and thus has stimulated extensive efforts to
develop successful therapies. Yet, to date no medication has been
approved for specific treatment of cocaine addiction. A number of
serotonin and dopaminergic agonists/antagonists have been used with
limited success and adverse side effects (EuropeanMonitoring Centre for
Drugs and Drug Addiction, 2007). Additionally, due to the hedonic
dysregulation (Koob and Le Moal, 1997) experienced, general antide-
pressants have shown some benefit. Retention rates in behavioral
programs are low, and relapse rates among primary cocaine users are
generally high (Preti, 2006). Since themid1990s, several researchgroups
have actively pursued an immunopharmacotherapeutical approach to
address the cocaine epidemicwith significant promise leading to human
phase I and II clinical trials. Both active and passive immunization
strategies against cocaine have been extensively investigated. Active
immunization strategies have been solely tailored towards prevention of
relapse for individuals in the process of quitting, whereas passive
immunization offers the additional possibility of rescuing survival rates
of individuals after overdose and acute intoxication.
Fig. 2. Cocaine like haptens used for active vaccines/monoclonal antibody production an
degradation of cocaine.
The first report of a stable cocaine immunoconjugate, termed GNC,
with the specific intent to treat cocaine addiction was published by
our group in 1995. In this study, active immunization with GNC, (see
Fig. 2), coupled to the carrier protein Keyhole Limpet Hemocyanin
(KLH) elicited elevated antibody titers with high affinity for cocaine
(Kd ~1 μM), which were able to significantly reduce cocaine levels in
the striatum and cerebellum while also suppressing locomotor
activity and stereotyped behaviors in rats (Carrera et al., 1995). Later
studies indicated GNC-KLH antibody titers were sufficient to block
reinstatement induced by a single dose of drug, yet were overcome by
increasing the dose or frequency of cocaine intake (Carrera et al.,
2000). A second generation design strategy, termed GND, (Fig. 2),
aimed to increase hapten stability via use of amide bonds
(Carrera et al., 2001). Excitingly, GND-KLH conjugate provided greater
and longer-lasting protection against cocaine, yet antibody titers
remained in the 25,000 range suggesting that high and repeated doses
of administered drug would also overcome their protective effects.
Further studies aiming to improve hapten design via variation of the
linker attachment site were not fruitful; eliciting antibody titers in the
same region as GNC, yet, showing significantly lower affinity for
cocaine (Ino et al., 2007). An elegant variation by Schabacker et al.
attempted to overcome hapten instability by exploring the use of an
antibody molecule, whose internal configuration mimics that of the
cocaine molecule, as the antigen to elicit anti-idiotypic antibodies
(Ab2). In their study anti-cocaine monoclonal antibodies (Ab1) were
produced by active immunization of a cocaine–protein conjugate.
These Ab1 monoclonal antibodies were subsequently linked to KLH
and vaccination of this conjugate induced formation of Ab2β which
presented anti-cocaine effects upon drug challenge in mice (Scha-
backer et al., 2000). Yet, behavioral and pharmacokinetic tests have
not been conducted to date.

A later effort complementing our own studies was carried out
by Fox et al. who conjugated norcocaine, (Fig. 2), to BSA; a strategy that
eventually led to human clinical trials. In mice, antibody titers over
100,000 were observed and held for up to 4 months (Fox et al., 1996).
Competition ELISA showed that cocaine, norcocaine, and cocaethy-
lene (a toxic derivative produced with combined use of ethanol and
cocaine) were exclusively bound. In further studies norcocaine-
recombinant cholera toxin B conjugates were used to examine the
cocaine self-administration behavior of rats (Kantak et al., 2000). Drug
d transition-state analogue haptens for the generation of catalytic antibodies for the
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seeking behavior was significantly affected by immunization, but
only for animals with total serum antibody amounts greater than
0.05mg/mL. In these animals, evendrug infusions typically high enough
to produce convulsions and death produced only mild stereotypic
locomotor activity and low drug-seeking behavior. Furthermore, there
was no evidence of surmountability of the conferred protective effects
even at high doses.

On the basis of these findings, TA-CD was carried into human
clinical testing by Xenova (now Celtic Pharma). Results from phase I
clinical trial showed that TA-CD was well tolerated both locally and
systemically after three injections over a 2-month period (Kosten
et al., 2002). Detectable amounts of anti-cocaine antibodies appeared
after one month, reached maximum levels after the third vaccination
and remained high for approximately 4 months before completely
disappearing after one year. As expected, substantial amounts of
subjective variability in the magnitude of immune response was
observed, yet higher doses of TA-CD correlated with higher antibody
levels. For the lowest vaccine dose the amount of specific anti-cocaine
antibodies was only 0.003 mg/mL, well below the target level
predicted to be minimal to antagonize typical cocaine doses. Further
clinical trials included an improved dose administration schedule. As
of 2008, four phase II trials including 161 patients have been
completed (Celtic Pharma TA CD, 2008). Trial IIb was the largest
study to date, consisting of a double-blinded placebo controlled study
in 114 patients, and assessed the efficacy of vaccination against
cocaine users undergoing methadone therapy for treatment of heroin
addiction. While some indications of efficacy were present, the
primary end-point defined as abstinence from cocaine use for three
consecutive weeks was not met. It was hypothesized that a higher
than expected placebo effect might be partly to blame for this
shortcoming (Celtic Pharma, 2006). TA-CD was expected to enter a
larger phase II study in 2007 and Celtic Pharma anticipates the
submission of the vaccine dossier to the FDA and EMEA by 2010.

Passive immunization with high-affinity anti-cocaine monoclonal
antibodies (mAbs) has the distinct benefit of using a well-defined,
homogeneous antibody population to probe the advantages of
vaccination. Murine mAbs have been used to demonstrate the
correlation between Abs dosage and self-administration (Fox et al.,
1996; Kantak et al., 2000) as well as to examine the reduced entry of
cocaine into the brain and corresponding behavioral and pharmaco-
kinetic effects (Carrera et al., 2000, 2001). Furthermore, studies with
mAb GNC92H2 have shown positive results in blocking cocaine
toxicity in an overdose model (Carrera et al., 2005). Humanized
versions of mAb with modest cocaine affinity have also been reported
(Redwan et al., 2003). Moreover, a powerful variation of passive
immunization invokes the use of catalytic monoclonal antibodies
which not only sequester the cocainemolecule in the bloodstream but
also metabolize the drug into inactive products thereby diminishing
the drug's potential effect on the CNS. Due to their enzymatic nature,
after cocaine is hydrolyzed to ecgonine methyl ester, the antibody
becomes free for degradation of additional molecules. Landry et al
were the first to generate a potent catalytic monoclonal antibody,
15A10, against cocaine using a phosphonate monoester hapten that
mirrors the transition state of the hydrolysis reaction, (Fig. 2), (Landry
et al., 1993; Yang et al., 1996). After passive immunization of 15A10,
rats showed increased survival rates after lethal infusions of drug, as
well as reduced self-administration behavior but only for a 48–72 h
window post-injection (Mets et al., 1998; Baird et al., 2000). Shortly
after, our group published the discovery of several catalytic antibodies
arising from several transition-state analogs, (Fig. 2), with mAb
GNL3A6 in particular being themost efficient (Matsushita et al., 2001).
As with 15A10, the kinetic parameters of GNL3A6 fell short fromwhat
would be required for therapeutic efficacy.

Cocaine is naturally hydrolyzed by butyrylcholinesterase (BChE)
and liver carboxyesterase h-CE2 and has an in vivo elimination half-
life of 30–60 min in humans. Therefore, for enzymatic therapy to be
viable the catalytic efficiency, kcat/Km constant, must be ~104 M−1s−1

so that extensive clearance of cocaine is accomplished within minutes
to blunt its pharmacological effects. Recently, new modeling efforts
have been successfully directed towards the creation of high-activity
mutants of BChE, naturally more effective against the biologically
inactive (+)-cocaine, via a computational design strategy based on the
modeling of rate determining steps for cocaine hydrolysis (Zheng
et al., 2008). Additionally, we have spent significant efforts towards
the optimization of the catalytic constants for GNL3A6 (McKenzie
et al., 2007). However, an inability to over-express sufficient quantities
of protein required for the monitoring of cocaine hydrolysis proved to
be a significant hurdle. To circumvent these problems and, thus,
identify novel anti-cocaine catalytic antibodies with inherent bacterial
expression, a biased scFv phage library was panned against the
transition state analog GNL, (Fig. 2). The key for this experiment relied
in use of a pre-enriched antibody library generated from mice
immunized with GNL. Six new single chain antibody fragments
were identified, four of which exhibited catalytic activity. scFv 3F3
showed sequence and catalytic efficiency homology with GNL3A6,
and its catalytic activity was improved via directed evolution
techniques. A 3F3 double mutant specifically showed marked rate
enhancement over wild-type. Most likely a combination of novel
hapten design coupled with directed evolution will be needed to
uncover catalytic antibodies with proficiencies needed to pharmaco-
kinetically impact cocaine's psychoactive properties.

Finally, our group has provided a new bioengineering way forward
for immunopharmacotherapy wherein filamentous bacteriophage are
administered to deliver cocaine-sequestering antibodies (Carrera
et al., 2004b). Filamentous bacteriophage are viruses with enhanced
genetic flexibility, which allow for foreign cDNA to be fused to the
genes encoding surface proteins pIII and/or pVIII and thus be
displayed. High titers of bacteriophage can be produced in bacterial
culture. The filamentous phage is approximately 895 nm long and
9 nm in diameter and as such is able to penetrate the blood brain
barrier without detrimentally affecting the host or eliciting phage
specific immune responses.

In our pilot study cocaine-specific mAb GNC92H2 (Carrera et al.,
2000, 2001) was displayed on the pVIII major coat protein of
bacteriophage in hopes to generate a “sponge” able to absorb cocaine
centrally, within the CNS. Affinity of GNC92H2-pVIII for cocaine was
dependant on the number of copies displayed and was comparable to
that of the mAb in solution. Rats administered twice daily intranasal
doses of the phage-vaccine showed significant psychomotor differ-
ences especially for lowandmediumdrug dose groups. Further studies
assessing dosage as well as the effects of chronic phage administration
are necessary. Nonetheless, simultaneous peripheral and central
immunization could lead to potential synergistic and additive effects
andmakes this an exciting technology not only for cocaine but also for
other drugs of abuse.

1.2. Nicotine

(S)-Nicotine is a legal drug, possessing an alkaloid structure,
mainly present in the leaves of Solanaceae plants such as tobacco. It is
the main agent responsible for causing addiction to cigarette smoking.
Upon consumption, nicotine reaches the brainwhere it binds nicotinic
acetylcholine receptors leading to a surge of adrenaline and dopamine
providing feelings of enjoyment and reinforcing the behavior. Chronic
use of tobacco has been linked to serious diseases such as coronary
heart disease, chronic obstructive pulmonary disease (COPD), stroke,
vascular disease, chronic lung diseases, and cancer. Cigarette smok-
ing is considered to be the leading preventable cause of death in
the United States (Mokdad et al., 2004). Despite knowledge of these
adverse effects nicotine addiction has historically been one of the
hardest to break. In 2007, 60.1 million Americans were current ciga-
rettes smokers of which 70% expressed a desire to quit; in 2006 40%
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attempted to quit and only less than 5% were successful (U.S.
Substance Abuse and Mental Health Services Administration, 2008;
U.S. Department of Health and Human Services Center for Disease
Control and Prevention, 2008).

Current pharmacological therapies available to curb nicotine addic-
tion offer only limited success. Nicotine replacement products (NRP),
such as gum, inhaler or dermal patches, seek to aid addiction by
delivering nicotine over extended periods of time to minimize with-
drawal and craving. Over the counter NRPs are efficacious; yet show
only a modest success rate estimated at 8–11% past at least 6 months
(Hughes et al., 2003). Other common smoking cessation pharma-
cotherapies include general antidepressants such as ZYBAN (bupropion
hydrochloride; GlaxoSmithKline, USA) as well as nicotinic-receptor-
specific drugs such as the recently launched CHANTIX (Varenicline;
Pfizer, USA). Varenicline is nicotinic receptor partial agonist and acts
by relieving craving while at the same time blocking the reinforcing
effects of continued nicotine use. Results from the varenicline phase
III clinical trials found a 23% success rate for smoking cessation for at
least 13 months compared to 14.6% for bupropion and 10.5% for placebo
groups (Jorenby et al., 2006). As exciting as these results appear to be,
they must also be viewed with caution as varenicline was recently
suspected to exacerbate depressed-mood, as well as erratic and pos-
sible suicidal behavior. In 2008, the FDA issued a warning linking
CHANTIX to serious neuropsychiatric symptoms emphasizing the need
for alternate therapy, such as immunopharmacotherapy, to aid smoking
cessation.

Formation of nicotine–protein conjugates was first reported over
30 years ago; yet these studies were aimed at the creation of ELISA
detection methods for nicotine in various media. Success with cocaine
vaccines sparked interest to develop a nicotine counterpart and
various research groups have produced a wealth of information over
the past decades. Furthermore, it has been suggested that nicotine
addiction could be a better candidate for immunotherapy as the
maximum daily dose of nicotine consumed is significantly less than
that of a serious cocaine addict and as such it would take considerably
more effort to surmount the protective effects of immunization. A
significant number of nicotine haptens, with five possible linker
attachment sites, have been reported. Additionally, various types of
delivery vehicles have been utilized ranging from traditional carrier
proteins such as KLH, recombinant cholera toxin B subunit (Cerny
et al., 2002) and pseudomonas exoprotein A (Pentel et al., 2000) to a
19-residue conformationally biased peptide that eliminates the need
for external adjuvant (Sanderson et al., 2003). Finally, virus-like par-
ticles formed from Qb bacteriophage (Maurer et al., 2005) have been
used.
Fig. 3. Relevant nic
A total of 9 different nicotine vaccine formulations have been tested
in rodents. All vaccinations tested have produced anti-nicotine specific
antibodies, albeit with low to moderate titers. Both active and passive
immunization strategies have been explored. Rat immunization expe-
riments demonstrated a significant increase in the concentration of
nicotine in serum (Hieda et al., 1997; Pentel et al., 2000), thus reducing
the amount of unbound drug able to enter the brain and stimulate
locomotor activity (Carrera et al., 2004a; Cernyet al., 2002; Pentel et al.,
2000). Experiments with high single doses or continuous administra-
tion of nicotine have shown little effect (~26% reduction) on chronic
accumulation of nicotine in the brain. Nonetheless, single doses 28-
fold higher than the estimated antibody binding capacity have been
shown to reduce the number of nicotine induced seizures as well as
nicotine distribution to brain (Hieda et al., 2000; Tuncok et al., 2001).
Furthermore, nicotine challenge after passive immunization fails to
alleviate nicotine withdrawal symptoms corroborating peripheral
sequestration of the drug (Malin et al., 2001). Finally, nicotine-specific
antibodies have been shown to reduce fetal brain exposure to the drug
by 40–60% during pregnancy (Keyler et al., 2003; Nekhayeva et al.,
2005). These studies are the first to demonstrate protection of both
mother and fetus and could have important implications not only for
nicotine but also for other drugs of abuse. Passive immunization
experiments (Carrera et al., 2004a; Keyler et al., 2005) have established
a direct link between amount of drug bound and antibody dose and
affinity; thus protective effects are greatest in subjectswith the highest
antibody concentrations.

Currently, there are three nicotine vaccines in human phase I and II
clinical trials; NicVAX (Hatsukami et al., 2005) by Nabi Pharmaceu-
ticals, NicQb (Maurer et al., 2005) by Cytos Pharmaceutical and TA-NIC
(St Clair Roberts et al., 2003) by Celtic Pharma, (for hapten design see
Fig. 3). Active immunization was done using 2 to 6 doses over 2 to
4 weeks plus a later boost for NicVAX and TA-NIC. As expected, serum
antibody levels increased after each subsequent dose and were
maintained over a couple of months, however, only via subsequent
booster dosage. Phase I results for all three vaccines deemed the
formulations safe andwell tolerated with only mild local and systemic
reactions that subsided without medical intervention. Results from
large scale phase II trials have been released for NicVAX and NicQb
showing limited efficacy obtained to date. Thus, the NicVAX trial
included 201 subjects and had a total combined success rate of 11%
over 6% placebo after 12-months post-treatment. Most of the
successful quitters (5%) were observed in the subjects that fell onto
the high-titer category (Nabi Biopharmaceutical Clinical Trial Infor-
mation, 2007). NicQb's trial showed similar results. The trial included
159 subjects; and total combined success rate was 29.5% versus 21% of
otine haptens.
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the placebo group. Again, the highest abstinence (up to 42% within
their group) was observed in high-titer participants (Maurer et al.,
2005; Cytos Biotechnology Clinical Development CYT002-NicQb,
2006). In both studies, maximum success was observed in the high-
titer respondents further emphasizing that protective effects are
directly related to amount of circulating antibodies. This data indicates
that an active immunization strategy can give clinical effectiveness in
treating nicotine addiction; yet, the efficacy of this approach could be
greatly improved if reproducibly high antibody titers with potent and
selective affinity to nicotine were obtained.

Several approaches aiming to improve the immunogenicity of
nicotine vaccines in rodentmodels have been developed. Two separate
strategies by Pentel et al. have recently been published. One effort
included the use of a bivalent formulation where the antibody res-
ponse of two nicotine immunogens with different linker attachment
sites, and thus hapten presentation, was tested alone as well as
combined (Keyler et al., 2008). The effects on serum antibody con-
centration proved to be additive in the bivalent group showing an
enhanced antibody response over either vaccine alone. Additionally, a
separate study tested the hypothesis of supplementing active inocula-
tion with administration of mAbs to produce greater effects than
vaccination alone (Roiko et al., 2008). Combined use of active and
passive immunization produced higher total serum antibody levels,
greater changes in nicotine pharmacokinetics, and a greater attenua-
tion of locomotor sensitization than either treatment alone.

Our laboratory has an active immunopharmacotherapy program
which has been focused on ways to maximize the immunogenicity of
the nicotine vaccine via optimization of hapten design. In our initial
foray into this area, we designed haptens so as to maximize both
structural and stereochemical features as found within the nicotine
nucleus (Isomura et al., 2001). However, titers and antibody affinity
was modest in comparison with our cocaine immunopharmacother-
apeutic effort. Upon further contemplation we realized that cocaine
and nicotine, while chemically different, presented similar immune
epitopes thus it was hypothesized that cocaine's enhanced antigencity
was due to its constrained tropane core. In nicotine, free-rotation along
the single bond joining the two rings would allow the immune system
to sample all possible conformers and thus generate a heterogeneous
population of antibodies. However, if themoleculewere to be frozen in
space, the responsewould be focused and limited to one conformation
leading to increased antibody affinity and specificity. Constraining a
ligand is a well documented technique for improving receptor binding
in medicinal chemistry efforts (Cowell et al., 2004), however, applying
this to small molecule vaccines was unprecedented before our initial
report. Initial haptens, CNA and CNI, (Fig. 3), were developed to mimic
the energetically most stable conformations of nicotine at physiolo-
gical pH (Meijler et al., 2003). Rodent immunization saw an increase in
titer from 3200 to 25,000 plus a two to three fold increase in binding
affinity versus their unconstrained counterparts. Studies with second
generation constrained haptens are ongoing.

2. Conclusions

Treatment retention and compliance are two critical factors in the
recovery from substance abuse. Vaccination approaches have four key
advantages; first they are safe and offer low cross-reactivity, second
they only require a brief series of monthly injections which improves
patient compliance, additionally their effects are relatively long-lived
and lastly their uniquemechanism of actionmakes themwell suited to
combination with other pharmacotherapies, such as anti-craving
medication, which could be used to maximize efficacy (LeSage et al.,
2006). Immunopharmacotherapy exerts its effects via peripheral
sequestration of drug which in turn limits concentrations able to
reach the CNS. Both animal and human data to date has shown the
efficacy of vaccination to be limited and dependant on the magnitude,
affinity and specificity of the immune response elicited. The main
current challenge for the field relies on improvement of the intrinsic
immunogenicity of vaccine formulations. Current advances in adjuvant
research will benefit the field as it will allow more focused and tailor
responses (Guy, 2007). To date, the only adjuvant approved for human
use in the US is alum salt which may not be optimal. Inclusion of new
adjuvant technology in humans may experience delays as safety con-
cerns are addressed, yet, offers a newpossible direction. Nonetheless, an
intrinsic limitation of the technology remains in the significant amount
of subject-to-subject variability; though the current numbers remain
to be optimized. In this respect, co-administration of passive and
active immunization would provide greater benefits, however such an
approach would be expensive, perhaps prohibitively so. Furthermore,
concern for overcoming the protective effects of vaccination using
higher doses of the drug has emerged. Animal behavioral work suggests
that once a minimal threshold value for circulating antibody concentra-
tion is achieved even drug doses significantly higher than the antici-
pated binding capacity will not overcome antibody shielding effects.
This threshold value, however, seems to vary greatly from drug to drug
and the factors governing surmountability seem to be complex. Encou-
ragingly, data from nicotine clinical trials suggest subjects did not
attempt to override vaccination by increasing nicotine consumption
(Nabi Biopharmaceutical Clinical Trial Information, 2007).
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