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Abstract

Clinical trials of nicotine vaccines suggest that they can enhance smoking cessation rates but do

not reliably produce the consistently high serum antibody concentrations required. A wide array of

next-generation strategies are being evaluated to enhance vaccine efficacy or provide antibody

through other mechanisms. Protein conjugate vaccines may be improved by modifications of

hapten or linker design or by optimizing hapten density. Conjugating hapten to viruslike particles

or disrupted virus may allow exploitation of naturally occurring viral features associated with high

immunogenicity. Conjugates that utilize different linker positions on nicotine can function as

independent immunogens, so that using them in combination generates higher antibody

concentrations than can be produced by a single immunogen. Nanoparticle vaccines, consisting of

hapten, T cell help peptides, and adjuvants attached to a liposome or synthetic scaffold, are in the

early stages of development. Nanoparticle vaccines offer the possibility of obtaining precise and

consistent control of vaccine component stoichiometry and spacing and immunogen size and

shape. Passive transfer of nicotine-specific monoclonal antibodies offers a greater control of

antibody dose, the ability to give very high doses, and an immediate onset of action but is

expensive and has a shorter duration of action than vaccines. Viral vector-mediated transfer of

genes for antibody production can elicit high levels of antibody expression in animals and may

present an alternative to vaccination or passive immunization if the long-term safety of this

approach is confirmed. Next-generation immunotherapies are likely to be substantially more

effective than first-generation vaccines.

1. INTRODUCTION

Nicotine vaccines appear quite promising in animals but have been disappointing in initial

clinical trials for enhancing smoking cessation rates. There are a number of likely reasons

for this lack of translation, most of which should be addressable with improvements in

vaccine design or the manner in which vaccines are used. This chapter will focus on
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understanding the limitations of first-generation nicotine vaccines studied to date and how to

overcome them. Readers are referred to other reviews for a more detailed discussion of

nicotine vaccine development and the mechanism of action (Bevins, Wilkinson, &

Sanderson, 2008; LeSage, Keyler, & Pentel, 2006; Raupach, Hoogsteder, & Onno van

Schayck, 2012; Shen, Orson, & Kosten, 2012).

2. STATUS OF FIRST-GENERATION NICOTINE VACCINES

Animal data supporting nicotine vaccine efficacy are robust. A variety of nicotine vaccines

have been shown to reduce the distribution to the brain of single, clinically relevant nicotine

doses by up to 90% (Cerny et al., 2002; Maurer et al., 2005; Pravetoni et al., 2011; Satoskar

et al., 2003). With repeated nicotine dosing simulating 1–2 packs of cigarettes per day,

nicotine distribution to the brain is reduced to a lesser extent but each nicotine dose reaches

the brain more slowly and is presumably less reinforcing (Hieda, Keyler, Ennifar, Fattom, &

Pentel, 2000; Pentel, Dufek, Roiko, Lesage, & Keyler, 2006). Nicotine vaccines readily

block or attenuate many nicotine addiction-related behaviors including the acquisition,

maintenance, and reinstatement of nicotine self-administration (LeSage, Keyler, Hieda, et

al., 2006; Lindblom et al., 2002). These general results have been reproduced in many

laboratories with different vaccines, adding confidence to the findings.

Clinical trial results of nicotine vaccines, although some are available only as press releases,

have not mirrored the strong preclinical findings (Hartmann-Boyce, Cahill, Hatsukami, &

Cornuz, 2012). Except for one phase II clinical trial of 3′-AmNic-rEPA (NicVAX)

(Hatsukami et al., 2011), overall efficacy for smoking cessation has not been greater than

with placebo vaccine (Fahim, Kessler, & Kalnik, 2013). The follow-up phase III trials of

NicVAX failed to confirm the earlier finding of the overall efficacy. However, the phase II

trials of both NicQb and NicVAX had a similar efficacy signal in subgroup analyses; one-

third of subjects with the highest serum antibody concentrations or titers showed an

approximately doubled smoking cessation rate compared to controls (Cornuz et al., 2008;

Hatsukami et al., 2011). A phase II trial of another conjugate vaccine, Niccine, reported no

such efficacy signal but antibody levels were uniformly low and efficacy would not be

expected (Tonstad et al., 2013). These data suggest that improved vaccines that consistently

generate higher antibody levels could be effective therapies.

3. LIMITATIONS OF FIRST-GENERATION NICOTINE VACCINES

3.1. Importance of achieving high antibody levels

Vaccines generate antibodies that bind nicotine and alter its access to the brain. Vaccine

effects on nicotine pharmacokinetics correlate closely with the amount of antibody

generated, as estimated by the serum nicotine-specific antibody concentration or the

antibody titer (a functional measure that is sensitive to both antibody concentration and

antibody affinity for nicotine) (Keyler et al., 2005; Maurer et al., 2005; Pravetoni et al.,

2011). Because the amount of nicotine consumed by smokers can approach or exceed the

binding capacity of the available antibody produced by vaccination, it is critical to generate

antibody levels that are as high as possible. In rats or mice, serum IgG antibody

concentrations of >100 μg/ml are associated with significant effects on nicotine distribution
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and attenuation of its behavioral effects, and antibody levels of 100–500 μg/ml can be

achieved (Keyler, Roiko, Earley, Murtaugh, & Pentel, 2008; Maurer et al., 2005). High

antibody levels are more readily achieved in rodents than in humans because it is possible to

use strong or experimental adjuvants that are not suitable for clinical use. It is also possible

to use much higher mg/kg immunogen doses in rodents (typical 50–100 μg/kg) than in

humans (typical 1–5 μg/kg) because larger ml/kg vaccine volumes are acceptable for use in

animals. Acute nicotine exposure in rats does not interfere with nicotine vaccine

immunogenicity (Hieda et al., 2000), but smokers have reduced antibody responses to some

infectious disease vaccines (Crothers et al., 2011; Finklea et al., 1971; Roseman, Truedsson,

& Kapetanovic, 2012; Winter, Follett, McIntyre, Stewart, & Symington, 1994). Therefore,

difficulty inducing sufficient antibody levels in humans could be anticipated, and this has

proven to be the principal challenge presented by the use of nicotine vaccines for smoking

cessation.

Because of limited clinical experience with addiction vaccines, it is difficult to predict the

nicotine-specific antibody serum concentration required for clinical efficacy, but initial

studies provide an estimate. In phase II clinical trials of the 3′-AmNic-rEPA vaccine, a peak

geometric mean serum IgG concentration of 45 μg/ml was associated with higher smoking

cessation rates (Hatsukami et al., 2011). In a clinical laboratory study of the same vaccine,

subjects with serum antibody levels of 40–160 μg/ml had a significant but minimal (mean of

12%) reduction in occupancy of brain nicotinic cholinergic receptors (nAChRs) compared to

controls after receiving a single i.v. dose of nicotine (Esterlis et al., 2013). These data

suggest that serum nicotine-specific antibody levels of greater than 50–100 μg/ml provide an

approximate minimum target concentration. This estimate is consistent with rat and mouse

data showing that mean serum antibody levels of 50–100 μg/ml produce a significant but

small reduction in the distribution of clinically relevant nicotine doses to the brain and that

effects increase at higher serum antibody levels (Keyler et al., 2008; Maurer et al., 2005). As

in animals, higher serum antibody concentrations in the 3′-AmNic-rEPA phase II study

appeared to be more effective for smoking cessation (Hatsukami et al., 2011).

To put this estimate in perspective, the whole-body content of nicotine-specific IgG after

vaccination, and of nicotine after smoking, can be estimated. Using a volume of distribution

for IgG of 70 ml/kg, which indicates that about 2/3 of IgG exists outside of serum, a serum

antibody concentration of 100 μg/ml would provide about 6 μmole of binding sites for

nicotine (two binding sites per IgG) (Migone et al., 2009). Smoking one cigarette provides

an absorbed nicotine dose of about 1–1.5 mg or 5–7 μmol (Gelal et al., 2005). Therefore, the

proposed minimum effective serum nicotine-specific antibody concentration of 50–100

μg/ml would provide the binding capacity for at most one cigarette. By this measure, it is not

surprising that the 50–100 μg/ml level would allow only minimal efficacy and that higher

concentrations might be required for optimal results.

3.2. Variability in vaccine immunogenicity

An additional limitation of first-generation nicotine vaccines, in both animals and humans, is

large individual variability in the immune response. Serum nicotine-specific antibody titer or

concentration ranges of 30-fold or greater have been reported and appear to be the rule
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rather than the exception with the nicotine vaccines studied to date (Cornuz et al., 2008;

Hatsukami et al., 2011; Tonstad et al., 2013). This wide range reflects in part the underlying

variability of immune responses in a population and is also found with cocaine or opioid

vaccines and many infectious disease vaccines (Kosten et al., 2002). Large variability results

in a substantial number of non-responders with very low antibody levels that are unlikely to

be effective. The goal of next-generation vaccine design must be both to enhance the mean

antibody response and to reduce the number of nonresponders by either reducing variability

or enhancing mean efficacy enough to raise the lowest responders into an acceptable range.

While most studies have focused on serum antibody concentrations or titers as a surrogate

for concentration, antibody affinity for nicotine also influences efficacy in rats (Keyler et al.,

2005). Antibody affinity is measured as the dissociation rate constant Kd, with lower values

indicating greater affinity for nicotine. The Kd value corresponds with the nicotine

concentration at which antibody binding sites are half saturated with nicotine. When the

serum nicotine concentration is above the Kd, the antibody is highly saturated and most of its

binding capacity is utilized. When the serum nicotine concentration is below the Kd,

saturation is low and less of the binding capacity is being utilized. Venous serum nicotine

concentrations in smokers are generally around 5–40 ng/ml (30–240 nM), so that antibodies

with a Kd near or below the lower end of this range should be most effective. This estimate

corresponds well with vaccine or passive immunization experience in rats or mice, where

effective antibodies have had Kd’s in the range of 10–100 nM (as measured by equilibrium

dialysis or soluble radioimmuno-assay), and this range provides a target for vaccine or

immunotherapy development (Maurer et al., 2005; Moreno et al., 2010; Pentel et al., 2000).

The mean affinity of antibodies generated in a phase I study of NicQb was 33 nM, also

within the proposed target range (Maurer et al., 2005). The extent of individual variability in

antibody affinity was not reported, but we have found a 10-fold range in affinity for nicotine

in rats vaccinated with 3′-AmNic-rEPA (unpublished data). Measuring this parameter in

clinical trials might add insight into the causes of variability in vaccine efficacy (Orson et

al., 2007).

4. LIMITATIONS OF VACCINATION AS A GENERAL STRATEGY FOR

TREATING NICOTINE ADDICTION

It is likely that sufficiently immunogenic nicotine vaccines will be effective for enhancing

smoking cessation rates. Advances in vaccine design, outlined in Section 6, should

substantially enhance vaccine efficacy in the next few years and provide tools for testing this

hypothesis. A more general question is how effective even the most immunogenic vaccines

can be and which aspects of tobacco addiction they can address.

4.1. Nicotine versus other tobacco components

Nicotine is the principal addictive component of tobacco but other chemicals may contribute

to tobacco addiction through their effects on nicotine absorption (e.g., alkali) (Anon, 1988),

enhancement of nicotine reinforcement (other tobacco alkaloids and acetaldehyde) (Cao et

al., 2007; Clemens, Caille, Stinus, & Cador, 2009), or modulation of mood or cognition

(monoamine oxidase inhibitors) (George & Weinberger, 2008). Nicotine vaccines can
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attenuate only the effects of nicotine and perhaps its active but minor metabolite nornicotine.

Whether other components of tobacco or tobacco smoke are sufficient to maintain addiction

by themselves or in the presence of the lower concentrations of nicotine that persist even

after vaccination is not clear. Addressing the effects of these non-nicotine components may

prove helpful or necessary for maximizing the impact of nicotine vaccines.

4.2. Immediate versus long-lasting effects of nicotine exposure

The nicotine-specific antibodies generated by vaccination modify nicotine’s access to brain

nAChRs by altering its distribution to tissues and its elimination. These actions can only

occur when nicotine is present. The primary target of vaccination is therefore the immediate

effects of nicotine. Longer-lasting effects of nicotine such as withdrawal and craving, which

occur when nicotine is no longer present, cannot be directly altered by vaccination. It is

possible that a persistent reduction of nicotine’s acute effects may indirectly lead to less

subsequent withdrawal or craving (Lindblom et al., 2005), but a role for this in humans is

speculative. It is more likely that additional measures, such as counseling or other

medications, will be needed to complement vaccination in order to achieve optimal efficacy.

4.3. Quantitative limits on antibody effects

Immunotherapies can reduce but not completely prevent nicotine distribution to the brain.

Even if there is sufficient antibody on a molar basis to bind all of the nicotine present,

binding is reversible and governed by the dissociation rate constant (Kd). For example, viral

vector-directed production of extremely high serum antibody concentration in mice (1

mg/ml) reduced the distribution of a single nicotine dose to the brain by only 85% (Hicks et

al., 2012). This is important because even low serum concentrations of nicotine may be

sufficient to produce addiction-relevant effects. Smoking just one low-nicotine Quest

cigarette (5% of the nicotine content of a standard cigarette) produces 26% occupancy of

brain nAChRs (Brody et al., 2009). The serum nicotine concentration estimated from these

data to produce 50% nAChR occupancy was 0.75 ng/ml, considerably lower than typical

serum nicotine concentration in smokers of 10–40 ng/ml. It is possible that immunotherapy

will benefit from other measures or medications to address the residual effects of low levels

of nicotine.

These considerations do not minimize the encouraging results found to date with vaccines or

argue against the use of vaccines for nicotine addiction. Rather, they point to the need to

consider vaccination in the larger context of addiction treatment and to take advantage of

complementary approaches, in addition to optimizing vaccine immunogenicity.

5. DESIGN OF NICOTINE VACCINES

5.1. Types of nicotine vaccines

First-generation nicotine vaccines consist of protein conjugate immunogens (nicotine linked,

or conjugated, to a carrier protein) mixed with adjuvant. Next-generation vaccines comprise

a diverse array of approaches employing improvements in protein conjugate design, use of

novel vaccine components, or vaccine component display on synthetic nanoparticles. The
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rationale for these designs and innovations derives from advances in understanding how

vaccines engage an immune response and elicit antibody production.

5.2. Vaccine immunology

Generation of an effective humoral immune response (Fig. 14.1) requires linked recognition

of the antigenic epitopes bound by B and T cells and coordinated interactions among B cells,

T cells, and other antigen-presenting cells (APCs) (dendritic cells and macrophages) and

follicular dendritic cells, neutrophils, and NKT cells (see McHeyzer-Williams & McHeyzer-

Williams, 2005, for a more detailed review). The key components of a conjugate nicotine

vaccine are the following: (1) a B cell epitope, in this case nicotine, to bind and engage those

B cells that have the capacity to mature into nicotine-specific antibody-producing cells; (2) a

T cell epitope, provided by the carrier protein of a conjugate vaccine or by smaller peptides,

to bind and engage the T helper cells that assist B cell activation and maturation; and (3) an

adjuvant, such as alum, that enhances vaccine immunogenicity. Sections 5 and 6 that follow

are not intended to provide a comprehensive summary of humoral immunity, but rather to

focus on those aspects most pertinent to vaccine design and performance.

5.2.1 B cell epitope—Nicotine serves as the B cell epitope in nicotine vaccines. Nicotine

and a source of T cell help (carrier protein or peptide sequences) must be internalized in the

same B cell to allow B cell recognition by helper T cells. In protein conjugate vaccines, this

is assured by covalently attaching nicotine to a carrier protein through a short linker that

allows nicotine to be displayed to the B cell without being buried within the carrier protein

surface. To accomplish this, nicotine is modified by adding a chemical “handle” for linker

attachment. Linkage of the modified nicotine (hapten) to carrier protein forms the complete

immunogen (Fig. 14.2B).

B cells display a transmembrane form of immunoglobulin on their surface (B cell receptor,

BCR) and each B cell displays a unique BCR. The naive (nonvaccinated) B cell repertoire

for a single individual consists of >108 B cells, each with its own surface antibody and

capacity to recognize and bind certain molecules (Taylor, Jenkins, & Pape, 2012). A small

fraction of these naive B cells bear antibodies that can recognize and bind nicotine that is

linked to a carrier protein (or nanoparticle), initiating internalization of the immunogen

(Pape, Taylor, Maul, Gearhart, & Jenkins, 2011).

Once immunogen is internalized, B cells digest the carrier protein to shorter (12–20 amino

acid) peptides, which are then displayed on their surface in association with MHC class II

molecules (Fig. 14.1A). Therefore, the role of nicotine on the immunogen is to select and

engage just those B cells bearing surface antibody that can bind nicotine, while the carrier

protein provides peptide sequences (T cell help) that can subsequently recognize and interact

with T cells to obtain the signals needed for maturation into antibody-secreting cells. This

interaction takes place primarily in the germinal centers of lymph nodes where B and T cells

are abundant and in close proximity to each other.

5.2.2 T cell help peptides—B cells require help from T cells, via direct contact and

soluble signals, in order to mature into activated B cells capable of producing high-affinity

nicotine-specific antibody. The process of engaging T cell help is initiated when immunogen
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is taken up nonspecifically, a process not dependent upon the presence of hapten, by APCs

consisting primarily of dendritic cells and macrophages (Fig. 14.1B). APCs digest the carrier

protein to shorter peptides, which are then displayed on their surface by MHC class II

molecules. Some T cells bear surface receptors (structurally similar to antibodies) that can

recognize the peptide sequences displayed by APCs. This interaction activates those T cells

to differentiate into a T helper cell. Because the T helper cell bears surface receptors that

recognize peptides derived from the carrier protein, it can now recognize and interact with

nicotine-specific B cells displaying this same peptide. This interaction, along with additional

surface interactions and release of soluble mediators, activates the nicotine-specific B cell.

The B cell then undergoes a complex process of affinity maturation within the germinal

center of lymph nodes to select and produce high-affinity nicotine-specific antibodies.

5.2.3 Adjuvant—Adjuvants are a diverse class of distinct chemicals or complex mixtures

that can facilitate an immune response (Wilson-Welder et al., 2009). They broadly signal

either tissue injury or the presence of something foreign, creating an immune-competent

environment at the injection site (Awate, Babiuk, & Mutwiri, 2013). Some adjuvants may

also prolong immunogen retention at the injection site or enhance immunogen delivery to

regional lymph nodes where the abundance of B and T cells maximizes their opportunity to

encounter immunogen and interact. Alum (most often Al(OH)3), the most widely used

adjuvant in humans, appears to mimic tissue injury but has other postulated mechanisms of

action as well (Spreafico, Ricciardi-Castagnoli, & Mortellaro, 2010). Many newer or

experimental adjuvants bind specifically to Toll-like receptors or NOD-like proteins that

recognize structural components of bacteria and viruses, for example, CpG oligonucleotides,

lipopolysaccharide, and flagellin, or components that are released from injured cells

(Klinman, Klaschik, Sato, & Tross, 2009). Some adjuvants have proven more effective than

alum for specific immunogens, but it is not clear that any one adjuvant is consistently best.

Combining CpG with alum enhances responses to some vaccines, including a nicotine

conjugate vaccine (McCluskie et al., 2013), but failed to do so with one other (Bremer &

Janda, 2012). Some carrier proteins have intrinsic adjuvant activity but all conjugate

addiction vaccines that have advanced to clinical trials to date have used alum as adjuvant.

6. STRATEGIES FOR IMPROVING VACCINE EFFICACY

6.1. Vaccine design: Conjugate immunogens

Many promising improvements in nicotine vaccines have been studied. It is difficult to

compare the efficacy of nicotine vaccines to each other from the available literature because

(1) the density of hapten on carrier protein, a key determinant of immunogenicity, is often

not measured or reported; (2) immunogenicity is often reported only as antibody titer, a

measure that is method-dependent; and (3) many vaccines and adjuvants are proprietary and

not available for direct comparison. Nevertheless, some general principles are apparent.

The basic components of nicotine vaccines are summarized in Fig. 14.2. All nicotine

vaccines (and cocaine vaccines as well) in clinical trials reported to date have been

conjugate vaccines consisting of nicotine linked, or conjugated, to a carrier protein and then

mixed with alum adjuvant. Conjugate vaccine development has focused on choosing the

most effective (1) site of attachment of linker to nicotine, (2) linker composition and length,
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(3) number of nicotine molecules linked to each carrier protein (higher ratios are generally

more effective), and (4) carrier protein. There are few rules to guide these choices, and

design generally proceeds empirically by systematically comparing alternatives.

6.1.1 Nicotine hapten—A variety of positions for linker attachment to nicotine have been

used (Fig. 14.2A) and are effective (de Villiers et al., 2010; Isomura, Wirsching, & Janda,

2001; Pravetoni et al., 2012). No one linker position stands out as superior. Linker

attachment away from the site of metabolism to its primary metabolite cotinine, keeping this

site exposed, should favor production of antibodies with greater specificity for nicotine over

cotinine, but many linker positions appear to accomplish this. Because nicotine can rotate

about the bond between its pyridine and pyrrolidine rings, a rigid conformationally

constrained hapten was studied and found to be more immunogenic than its nonconstrained

counterpart (Moreno, Azar, Koob, & Janda, 2012). Whether it is more effective than other

nicotine haptens is not clear. Fluorination of drugs, in which a hydrogen is replaced by the

sterically similar but more electronegative fluorine, is a common method of enhancing drug–

receptor binding and might also affect the binding of haptens to BCRs. Fluorination of a

cocaine hapten did not alter the affinity for cocaine of the antibodies produced by

vaccination of mice, but modestly increased the mean cocaine-specific serum antibody level

(Cai, Tsuchikama, & Janda, 2013). Because ligand fluorination is a general method, it may

be useful for other haptens as well.

6.1.2 Linker—The purposes of a linker are to tether nicotine to its carrier or scaffold,

provide a geometry that allows binding of nicotine hapten to B cells, and display a high

enough density of nicotine haptens to optimize hapten binding to B cells. The most

commonly manipulated variables are linker length and lipophilicity. Published comparisons

of linker attributes can be difficult to interpret if the haptenation ratio (number of haptens

conjugated to each protein molecule) is not reported. Thus, a linker that forms a conjugate

with particularly high immunogenicity might be doing so either because of its ability to

effectively present nicotine to B cells or because of the efficiency with which it can be

conjugated to protein. Most linkers are 5–15 atoms long and consist of simple unsubstituted

chains in order to minimize their own immunogenicity (de Villiers et al., 2010; Pravetoni et

al., 2012).

6.1.3 Carrier proteins or peptides—A variety of foreign proteins known to be highly

immunogenic have proven useful as carriers for conjugate vaccines. Several proteins, such

as keyhole limpet hemocyanin or tetanus toxoid, are generally highly effective and widely

used in animal models but it is far from clear that any one protein is best for all haptens or in

all species. Carrier proteins used in nicotine conjugate vaccines reaching clinical trials

include recombinant P. aeruginosa exoprotein A, recombinant cholera toxin B subunit, and

tetanus toxoid (Pentel et al., 2000; Tonstad et al., 2013; Anon, 2004). All were immunogenic

in rodents but less so in humans. Some viruses are highly immunogenic because they are

readily recognized as foreign, and their large size promotes cellular uptake. One vaccine

reaching clinical trials, NicQb, consists of a nicotine hapten conjugated to the outer protein

capsid of bacteriophage Qb (Maurer et al., 2005). The capsid therefore serves the same

function as the protein in a standard conjugate vaccine. This noninfectious construct proved
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highly immunogenic in animals but, like the conjugate vaccine NicVAX, showed efficacy in

clinical trials only in the minority of subjects who achieved the highest antibody levels

(Cornuz et al., 2008). Disrupted adenovirus has also proven quite effective as a carrier for

nicotine or other haptens in animals but clinical data are not available. Immunogenicity was

preserved even in animals with prior exposure to this common virus (De et al., 2013).

Only certain peptide sequences within carrier proteins provide T cell help. Haptens can be

linked directly to these peptides rather than to the whole carrier protein, but it is not clear if

there is an advantage to this. Peptides may however prove particularly useful in the

construction of nanoparticle vaccines (see succeeding text) because they can be more readily

and predictably incorporated into these structures. Nicotine haptens have also been linked

directly to an agonist of C5a receptors found on APCs, which provides direct adjuvant

activity and, presumably, T cell help (Sanderson et al., 2003). This construct is

immunogenic, but no more so than standard protein conjugate vaccines.

6.2. Vaccine design: Nanoparticles

Conjugate vaccines are effective but it can be challenging or impossible to reliably achieve

the desired hapten density on the protein or to try new designs such as directly attaching

other vaccine components (e.g., adjuvant) to the immunogen or to alter the immunogen’s

size, shape, or chemical composition to enhance cellular uptake or engagement of the initial

immune response. Nanoparticle scaffolds have been designed to facilitate these kinds of

manipulations and allow a wider range of immunization strategies to be studied (Peek,

Middaugh, & Berkland, 2008; Zaman, Good, & Toth, 2013).

One approach under development is the use of liposomes or self-assembling synthetic

vesicles constructed from nontoxic biodegradable polymers (Kasturi et al., 2011; Lockner et

al., 2013). The outer surface of these particles can be chemically modified with handles for

component attachment. Lipophilic components such as monophosphoryl lipid A adjuvant

can also be embedded in liposomal membranes, or components can be enclosed within

(Matyas et al., 2013; Peek et al., 2008). One such nicotine vaccine consisting of a synthetic

vesicle with nicotine haptens linked to its surface, and T cell help peptides and adjuvant

packaged within, has proven highly immunogenic in rodents and primates and has advanced

to early clinical trials (Kishimoto, Altreuter, Johnston, Keller, & Pittet, 2012). Other

scaffolds are in early stages of development for nicotine and other types of vaccines and

may provide even greater flexibility and control of composition. DNA scaffolds are of

particular interest because they can be fashioned into a wide variety of complex, self-

assembling sizes and shapes through DNA origami using base pairing algorithms (Han et al.,

2011). Precise control of the number and placement of handles for hapten, T cell peptides,

and adjuvant linkage is possible (Liu et al., 2012). This assures control of component density

and stoichiometry. Self-assembling peptides are being developed that provide both a

scaffold for vaccine components and an intrinsic adjuvant activity (Rudra, Tian, Jung, &

Collier, 2010). These and other nanoparticle designs provide a means of more systematically

studying novel vaccine components and better defining the qualitative and quantitative

determinants of vaccine efficacy.
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6.3. Multivalent vaccines (Fig. 14.3A)

It may be possible to enhance nicotine vaccine efficacy by combining two or more effective

immunogens. Multivalent vaccines are widely used for the prevention of infectious diseases.

Individual immunogens are combined to provide coverage for related pathogens (e.g., a 23-

valent pneumococcal vaccine containing capsular polysaccharides from 23 of the most

important serotypes of pneumococcus), or unrelated immunogens can be combined as a

convenience so that fewer immunization injections are needed (measles, mumps, and rubella

vaccine). This is possible because the immune system has the capacity to respond to

multiple simultaneous immune challenges. This capacity can be exploited for nicotine

vaccines by immunizing animals with two or three structurally distinct nicotine

immunogens, containing haptens with linkers at different positions. If these haptens are

sufficiently distinct, they can elicit independent immunologic responses by activating

different populations of B cells (Keyler et al., 2008; Pravetoni et al., 2012). Each of the

immunogens elicits antibodies against nicotine, but the responses involve different

populations of B cells and so are independent and additive. The resulting antibody levels are

higher than for the same dose of a monovalent vaccine (Fig. 14.3A). The effects of bi- or

trivalent nicotine vaccines on nicotine distribution in rats mirror the titers and are also

additive (de Villiers, Cornish, Troska, Pravetoni, Pentel, 2013). An additional benefit seen in

this study is that some animals with a low response to one immunogen had a high response

to another, reducing the number of low or nonresponders. The concept of multivalent

vaccines is quite general and not limited to the specific immunogens studied. As newer and

more effective immunogens are developed, it may be possible to combine the best of these

to further enhance their efficacy. Experience with this approach is limited and it has not

entered clinical trials.

6.4. Combining vaccines with medications (Fig. 14.3B)

Because the mechanism of action of nicotine vaccines is unique among tobacco addiction

treatments, it should be possible to combine vaccines with other types of smoking cessation

medications. This is of interest because both vaccines alone and existing medications alone

are only partially effective, combining them might enhance the efficacy of both (Bevins et

al., 2008; Orson et al., 2007; Raupach et al., 2012). Vaccines cannot directly block

withdrawal or craving, which occur when nicotine is no longer present. However, bupropion

and varenicline have activities for reducing craving and withdrawal. There are limited

clinical data addressing this hypothesis. Two clinical trials of nicotine vaccines plus

varenicline failed to find enhanced efficacy but each had limitations. A NicVAX

+varenicline trial used a vaccine that is at best minimally effective and provided only a

limited period of overlap between varenicline and peak antibody levels (Hoogsteder et al.,

2012). It was therefore more of a study of sequential varenicline followed by vaccine than

their combined use. A second clinical trial used Niccine vaccine plus varenicline but

achieved only very low antibody levels that would not have been expected to show efficacy

(Tonstad et al., 2013).

One combination study in rats showed a strong synergistic effect of the nicotine-specific

mAb Nic311 in combination with the nicotinic receptor antagonist mecamylamine for

reducing nicotine discrimination (LeSage, Shelley, Pravetoni, & Pentel, 2012) (Fig. 14.3B).
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The mAb Nic311 was used as a surrogate for vaccination. Mecamylamine was used because

its blocking of nicotine effects at nAChRs was expected to augment the reduction in nicotine

reaching the receptors produced by Nic311. Mecamylamine alone can provide a high degree

of receptor blockade but the high doses required cause side effects. The combination

blocked nicotine discrimination at mAb Nic311 and mecamylamine doses that by

themselves had a modest or no effect, respectively. Although preliminary, these data

encourage further study of mechanistically complementary vaccine and medication

combinations. They also suggest a potential broader role for vaccines in medication

development as a platform for development of pharmacotherapies for tobacco addiction.

Vaccines could enhance the efficacy of other types of medications by reducing the brain

concentrations of nicotine that compete with a medication for binding to nicotinic receptors

or for producing other downstream neural effects. To the extent that this lowers the dose of

medication required, vaccines could reduce the side effects of that medication. The excellent

safety profile, distinct mechanism of action, and potentially low cost of vaccines make them

well suited to serving as a medication development platform.

7. ALTERNATIVES TO VACCINATION

7.1. Passive immunization

The principal limitations of vaccination are the magnitude of the mean antibody response

and large individual variability. In addition, vaccines require weeks to months to generate an

effective level of antibody, requiring careful planning and timing of smoking cessation

attempts. Each of these limitations can be circumvented by passive immunization consisting

of the administration of preformed antibodies. Because drug-specific antibodies appear to

have no important toxicity, arbitrarily high doses can be used and more uniformly high

serum antibody levels achieved. Passive immunization with drug-specific monoclonal

antibodies (mAbs) can block the effects of very high doses of phencyclidine (Hardin et al.,

2002), methamphetamine (Gentry et al., 2006), nicotine (Carrera et al., 2004; Keyler et al.,

2005; LeSage et al., 2012), or cocaine (Fox et al., 1996) in rodents, and a methamphetamine

mAb has entered clinical trials (ClinicalTrials.gov, 2013).

The principal drawback of passive immunization is the very high cost of the required doses

of mAb. mAbs are widely used to treat cancer or immune disorders, but the doses likely

needed to treat tobacco addiction (40–160 mg/kg per dose in rats) are 10–100 times higher

(Carrera et al., 2004; Keyler et al., 2005; LeSage et al., 2012). Passively administered

antibody also has a somewhat shorter elimination half-life (IgG half-life 3 weeks in humans)

(Waldmann & Strober, 1969) than the decline in antibody titer after vaccination

(approximate half-life 2 months after nicotine or cocaine vaccines in humans) (Hatsukami et

al., 2005), and even fully human antibody can elicit the formation of anti-mAb antibodies

that reduce its efficacy or half-life (Presta, 2006). The required dose of drug-specific mAb

can perhaps be reduced by combining it with vaccination, administering mAb to only those

subjects who have insufficient responses to vaccine alone, but even with this strategy, high

mAb doses may still be needed (Cornish et al., 2011; Roiko et al., 2008). Passive

immunization is highly effective for blocking nicotine effects in animals but has not been

studied in humans.
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7.2. Gene transfer

An emerging approach that bypasses the need for either active or passive immunization is

the administration of viral vectors containing genes for the expression of drug-specific

antibody (Brimijoin, Shen, Orson, & Kosten, 2013; Mingozzi & High, 2011). Adeno-

associated virus (AAV) vectors with such sequences can be administered parenterally and

become incorporated into the cytoplasm of host cells as plasmids that produce fully formed

and functional mAb. Expression of very high levels (up to 1 mg/ml) of nicotine-specific

antibody has been demonstrated in mice and nonhuman primates that results in a marked

decrease in drug distribution and effects (Hicks et al., 2012). The AAV vectors used are

nonreplicating, have low rates of insertion into host DNA, and have shown no important

toxicity in initial clinical trials of their use for the transfer of other types of genes (Mingozzi

& High, 2011). However, in view of its novelty and the unanticipated toxicities associated

with some other types of gene transfer therapies, a high degree of confidence in long-term

safety will be needed to allow the use of viral vectors for tobacco addiction treatment. Those

addictions that have no other medication therapies available, such as cocaine or meth-

amphetamine, may be more attractive initial candidates (Brimijoin et al., 2013).

8. TRANSLATIONAL CONSIDERATIONS

8.1. Adequacy of animal models

Animal models of nicotine vaccines generally involve the administration of nicotine i.v. or

s.c. rather than by inhalation and by itself rather than in combination with the thousands of

other chemicals present in tobacco and tobacco smoke. One study showed that a nicotine

vaccine was equally effective for blocking nicotine distribution to the brain after a single

dose of nicotine administered either i.v. or via inhalation of cigarette smoke (Pravetoni et al.,

2011). This validates the pharmacokinetic aspects of the i.v. model but does not address the

possible behavioral effects of other compounds in tobacco smoke. As such, it is possible that

these animal models overestimate the efficacy of vaccines for smoking cessation.

Cigarette smoking occurs in a complex environment of sensory stimuli from smoke

inhalation (taste, smell, and “impact” on the respiratory tract), conditioned cues, social

influences, and economic and regulatory factors, all of which are important mediators of

smoking behavior. Animal models provide only the most basic aspects of some of these,

such as a cue light or tone during self-administration procedures. However, all currently

approved medications for smoking cessation show activity in animal models of nicotine

addiction (Damaj et al., 2010; Le Foll et al., 2012; LeSage, Keyler, Collins, & Pentel, 2003).

There are few data directly addressing whether one or more species of experimental animal

is the best predictor of addiction vaccine immunogenicity in humans. Rats and mice are well

studied with regard to vaccine immunogenicity and convenient to use for initial vaccine

evaluation. It is unclear if, in general, primates offer additional predictive information.

Primates are sometimes preferred for infectious disease vaccine studies because the target

infections are better modeled in primates than rodents, but nicotine distribution to the brain

can be adequately modeled in rats. However, some adjuvants such as certain CpG

oligonucleotides are species-specific, and vaccine formulations containing these adjuvants
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may require testing in primates to better anticipate their immunogenicity in humans

(Klinman et al., 2009).

8.2. Design of clinical trials

Phase I clinical trials of nicotine vaccines have focused on establishing an immunogen dose,

number of booster doses, and dosing interval. Until the factors controlling vaccine

immunogenicity are more fully understood, phase I clinical trials may benefit from

examining additional variables such as choice of adjuvant or route of administration. For

example, intradermal vaccination is often more immunogenic than intramuscular (La

Montagne & Fauci, 2004), and this has now been shown for one nicotine immunogen

administered with CpG adjuvant in mice (Chen, Pravetoni, Bhayana, Pentel, & Wu, 2012).

Adaptive designs that allow sequential exploration of several of these parameters may prove

helpful for optimizing vaccine formulation. Knowing that next-generation vaccines must

produce higher serum antibody concentrations than the first-generation vaccines already

tested, it is important to identify early in clinical development those immunogens and

vaccine formulations with the greatest likelihood of clinical success.

8.3. Individual variability

Strategies for addressing individual variability in vaccine response are needed. With this

information, individuals predicted to have a poor response to a particular vaccine could be

directed to a different vaccine or to a non-vaccine therapy. No validated predictive

biomarkers of nicotine vaccine response are currently available. Cocaine vaccine studies

have identified possible effects of HLA type or the presence of low levels of preexisting

spontaneous anticocaine antibodies (Orson et al., 2013) as factors in vaccine response. The

ability of naive (prevaccination) B cells to bind an opioid hapten in vitro correlates with the

magnitude of opioid-specific antibody response to vaccination in mice (M. Pravetoni,

personal communication). However, these approaches have not been studied for nicotine

vaccines.

8.4. Safety

Nicotine conjugate vaccines have been associated with few serious adverse effects in

clinical trials. One subject with a history of penicillin allergy had an anaphylactic reaction

after initial vaccination with NicVAX (Hatsukami et al., 2011). Reactogenicity (transient

adverse effects associated with vaccine administration) was mild with Niccine (conjugated

to tetanus toxoid) or NicVAX (conjugated to recombinant P. aeruginosa exoprotein A) but

more marked with NicQb (conjugated to a viruslike particle) (Cornuz et al., 2008;

Hatsukami et al., 2011, 2005; Maurer et al., 2005; Tonstad et al., 2013). Side effects from

each of these vaccines were seen in control groups as well, so they were likely due to carrier

protein and/or adjuvant rather than immunogen. Because all vaccine side effects have been

transient, the nicotine-specific antibodies generated by vaccination, which persist in the

blood for months, appear to have no adverse effects. The substantially higher levels of

nicotine-specific antibody generated in animals by vaccination (Keyler et al., 2008), passive

immunization (Keyler et al., 2005), or gene transfer (Hicks et al., 2012) are also well

tolerated. This supports the critical premise that it will be safe to generate the higher serum
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antibody levels needed for nicotine vaccine efficacy. All vaccines studied in clinical trials

used alum as adjuvant. While these data are reassuring, new vaccine platforms,

nanoparticles, novel adjuvants, and gene transfer strategies will need to be carefully

evaluated to establish their safety.

Vaccination does not precipitate nicotine withdrawal. In rats, neither vaccination (Lindblom

et al., 2005) nor a very high bolus dose of nicotine-specific mAb (Roiko, Harris, LeSage,

Keyler, & Pentel, 2009) elicited withdrawal signs or elevations in the brain reward

threshold. No symptoms of withdrawal have been reported in clinical trials of nicotine

vaccines (Hartmann-Boyce et al., 2012).

9. CONCLUSION

Abundant opportunities exist for enhancing nicotine vaccine efficacy through optimization

of conjugate vaccine components, the use of nanoparticle scaffolds, combining immunogens

in a multivalent vaccine, or combining vaccines with other types of medications. Passive

immunization or antibody gene transfer offers potential alternatives to vaccination if

concerns about cost and long-term safety can be addressed. It is likely that one or more next-

generation vaccines or immunotherapies will reliably provide high enough serum nicotine-

specific antibody levels to adequately test their efficacy for smoking cessation.
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Figure 14.1.
Key elements of conjugate vaccine interaction with immune cells that are relevant to

nicotine vaccine design. For a more detailed account of humoral immunity, see McHeyzer-

Williams and McHeyzer-Williams (2005). Humans have >108 naive B cells bearing surface

antibody (B cell receptor) with different specificities that are capable of binding a wide

range of chemical structures, including small molecules such as nicotine. When a nicotine

vaccine is administered, (A) the nicotine component (B cell epitope) of the conjugate

vaccine binds to those naive B cells that have appropriate surface antibody, and the entire

conjugate is internalized. Internalization is enhanced by having multiple nicotine molecules

attached to each carrier protein so that many surface antibody interactions take place. The

carrier protein is digested within the B cell and peptide fragments (T cell epitopes) are

displayed on its surface in association with MHC class II molecules. It is the display of these

T cell epitopes that will subsequently allow helper T cells that have encountered the same T

cell epitopes to recognize and interact with nicotine-specific B cells. (B) Immunogen is

phagocytized by antigen-presenting cells (APCs) such as dendritic cells. This is a

nonspecific process (does not involve immunogen receptors) that can be facilitated by the

presence of an adjuvant (not shown). Particle uptake is enhanced if it is an appropriate size.

APCs digest the carrier protein and display T cell epitope peptides on their surface in

association with MHC class II molecules. Only peptides (not nicotine) can serve as T cell

epitopes. Some T cells bear surface receptors capable of binding the T cell epitopes

presented by APCs. (C) T cell interaction with APCs allows them differentiate into T helper

(Th) cells that can provide stimulatory signals to B cells. (D) Those Th cells bearing

receptors that are specific for the particular T cell epitope derived from the nicotine

immunogen recognize and interact with the correct subset of B cells (those capable of

binding nicotine) because those B cells now bear the immunogen’s T cell epitope on their

surface. It is this specific recognition of T cell epitopes displayed by nicotine-specific B

cells that allows Th cells to interact selectively with these B cells. (E) Activated B cells

undergo maturation into antibody-secreting cells and memory cells (not shown) that can be

activated by subsequent booster doses of vaccine. Adapted from materials provided by Y.

Chang.
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Figure 14.2.
Immunogen structures, not drawn to scale. (A) Nicotine, with positions commonly used for

attachment of linkers indicated as R1–4. (B) Conjugate vaccine. Nicotine is covalently

attached to a carrier protein through a short linker that allows the nicotine to be accessible

for binding to B cells. Some linkers are illustrated in Fig. 14.3A. A high density of nicotine

hapten on the carrier protein facilitates its binding and uptake. Covalently linking nicotine to

carrier assures that nicotine hapten and carrier protein will be taken into the same B cell.

Conjugate immunogens are generally mixed with adjuvant to enhance antibody generation.

(C) Nanoparticle vaccine: Synthetic scaffold (illustration is a DNA tetrahedron) (Liu et al.,

2012). Nanoparticle scaffolds allow vaccine components to be covalently linked with readily

controlled density and stoichiometry. T cell help can be provided by attachment of either

whole protein or shorter peptide sequences. Some molecularly defined adjuvants, such as

CpG oligonucleotides, can also be covalently linked to the nanoparticle. (D) Nanoparticle

vaccine: Liposome or synthetic vesicle. Vaccine components such as hapten that require

interactions with cell surface receptors can be attached to or embedded within the vesicle

surface, while components intended for delivery to the cell interior can be encapsulated

within.
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Figure 14.3.
Potential options for combining nicotine vaccines or using them in combination with

medications. (A) Trivalent nicotine vaccine (de Villiers et al., 2013). Rats were vaccinated

with three structurally distinct nicotine immunogens (linkers attached at different positions,

carrier proteins; rEPA, recombinant exoprotein A; KLH, keyhole limpet hemocyanin;

malKLH, maleimide activated KLH) or a dose-matched monovalent immunogen s.c. with

alum adjuvant. After the last of three vaccine doses, rats received a single i.v. dose of 0.03

mg/kg nicotine. The trivalent immunogen elicited higher nicotine-specific antibody titers

and concentrations than the monovalent vaccine (left) and reduced nicotine distribution to

the brain to a greater extent (right). *p <0.05. (B) Combined use of the nicotine-specific

mAb Nic311 and mec-amylamine to block the subjective effects of nicotine in rats trained in
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a two-lever nicotine discrimination assay. Each point is the mean (±SEM)% responding on

the nicotine lever during consecutive daily test sessions with the 0.4 mg/kg nicotine training

dose in each treatment group following administration of control antibody (IgG) and saline

(open circles), Nic311 alone (open squares), ascending doses of MEC alone (solid circles),

or both (solid squares). Dashed horizontal lines indicate criterion levels of performance for

discrimination of the 0.4 mg/kg nicotine training dose. Significantly different from control

IgG +saline, *p <0.05, ***p <0.001. Significantly different from Nic311+saline, ##p <0.01,

###p <0.001 (LeSage et al., 2012).
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