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Abstract

In contrast to traditional pharmacodynamic approaches to treat substance use disorders, the use of 

biologics (vaccines, monoclonal antibodies, genetically modified enzymes) is based on a 

pharmacokinetic principle: reduce the amount of (and in the ideal, eliminate) abused drug entering 

the central nervous system. Preclinical studies indicate biologics are effective in both facilitating 

abstinence and preventing relapse to abused substances ranging from nicotine to heroin. While 

data are still emerging, the results from multiple clinical trials can best be described as mixed. 

Nonetheless, these clinical studies have already provided important insights using “first 

generation” tools that may inform the development of effective and commercially viable biologics 

to treat tobacco, cocaine, and methamphetamine use disorders.
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Pharmacological treatment of substance use disorders

Target based, small molecule approaches have not yielded highly effective medications to 

treat substance use disorders (SUDs). Thus, there are no pharmacotherapies approved by the 

USA FDA that address cocaine, methamphetamine, or cannabis use disorders. Moreover, 

based on the current listings trials in www.clinicaltrials.gov, it is unlikely that any 

medications to treat these SUDs will be approved in the next five to seven years. Although 

there are medications approved to treat other SUDs, these are far from ideal. For example, 

the long term (52 week) abstinence rates of approved smoking cessation medications 

(nicotine replacement therapies, bupropion, varenicline) are generally <20% [1], and 

substitution therapies (methadone and buprenorphine) remain the most widely used 

medications to treat opiate use disorders.

While multiple factors contribute to the dearth of pharmacotherapies to treat SUDs [2], both 

the inability to develop highly effective, innovative therapies using target based approaches 
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and advances in immunology and molecular biology has rekindled [3,4] interest in treating 

SUDs with biologics: vaccines, monoclonal antibodies, and enzymes.

Biologic approaches are grounded on a common pharmacokinetic principle: reducing the 

amount of (and in the ideal, eliminating) abused substance from reaching its target organ, 

the central nervous system (CNS). Three different approaches have now been explored in 

clinical trials: i) vaccines that stimulate the production of antibodies directed against a drug 

of abuse; ii) monoclonal antibodies that bind a drug of abuse; iii) genetically modified 

enzymes that accelerate the metabolism of abused drugs (e.g. the hydrolysis of cocaine).

Mixed Signals Emerge From “First Generation” Vaccine Trials

Positive signals have emerged from proof-of-principle trials with two different nicotine 

vaccines [5,6] and a cocaine vaccine [7,8]. However, these signals were manifested only in 

subpopulations of patients who developed relatively high titers of anti-drug antibodies 

following multiple vaccinations. For example, in a double-blind, placebo controlled trial of 

CYT002-NicQb® vaccine [5], subjects received five monthly injections of either active 

vaccine or placebo. Those subjects with the highest tertile of antibody levels exhibited 

significantly higher rates of abstinence (this is currently the only FDA acceptable endpoint 

for smoking cessation and illicit drugs [1,9]) between months 2-6 compared to placebo 

(56.6% versus 31.3%). However, the abstinence rate of subjects in the ‘low to mid’ antibody 

range did not separate from placebo. At 52 weeks, the difference in abstinence rates between 

subjects receiving placebo and those individuals in the highest tertile of antibody responses 

remained statistically significant (20.2%, p=0.012). Similar outcomes were observed in a 

double blind, placebo controlled Phase II trial with a second nicotine vaccine, NicVAX® 

[6]. In this study, subjects were injected either four or five times over the first six months of 

the trial with two different doses of vaccine. Subjects with the highest tertile of antibodies 

had a significantly higher level of sustained (8 weeks) abstinence at 6 months compared to 

placebo (24.6% versus 12%, p=0.024). A higher abstinence rate was maintained in this 

group compared to placebo at 12 months (Figure 1). Moreover, in subjects who received 

five injections of the high dose of vaccine, significantly higher rates of smoking cessation 

and long-term abstinence were observed compared with the low antibody and placebo arms. 

Thus, an intent-to-treat analysis (not stratified by antibody levels) of this high dose (400 μg) 

arm had a significantly higher abstinence rate at 6 and 12 months versus placebo (p=0.025 

and p=0.038, respectively), while the abstinence rate of the group receiving the lower dose 

(200 μg) approached statistical significance at both 6 and 12 months compared to placebo 

(p=0.054 and p=0.056, respectively) [6]. Based on an apparent dose related signal, two 

Phase III trials used a modified vaccination regimen (six injections spaced over 26 weeks) 

with the high dose of NicVAX® [10]; both trials failed to separate from placebo, with 

identical end-of-study abstinence rates of ~11%.

Small molecules such as nicotine, cocaine, and heroin are not inherently antigenic, and must 

be chemically modified to enable covalent linkage to a protein. Such structural modification 

may interfere with the ability of the immune system to recognize (and mount an effective 

immune response to) the abused drug. This issue emerges in the study of Martell et al., [7], 

evaluating a cocaine vaccine (succinylnorcocaine linked to a recombinant cholera toxin B-

Skolnick Page 2

Trends Pharmacol Sci. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



subunit protein) in cocaine dependent, methadone-maintained patients. Five vaccinations 

were administered over a 12 week period (total trial length, 20 weeks). While robust 

antibody titers to cholera toxin B were detected in every patient, serum antibody levels 

(defined by the authors as serum IgG anticocaine antibody levels of ≥43 μg/ml) sufficient to 

marginally affect cocaine use (an increase in cocaine-free urine samples (45%) compared to 

vehicle (35%) during trial weeks 9-16) were present in far fewer than half of the patients 

[7,8]. A second, larger trial in cocaine dependent patients resulted in modest, albeit non-

significant signals of reduced cocaine use in patients with high serum antibody levels [11].

Perhaps more problematic to the development of highly effective vaccines is the challenge 

created by presenting the immune system with a large quantity (generally in the range of 

1-100 mg) of abused drug that must be neutralized in a timeframe of seconds to minutes in 

order to effectively reduce entry to the central nervous system. From both a quantitative and 

temporal perspective, these demands are far greater than those placed on vaccines developed 

against infectious agents (e.g., a measles vaccine). This is illustrated in a small study of 

smokers who received four monthly injections of high dose NicVAX® (400 μg). In these 

individuals, an intravenous bolus of nicotine (1.5 mg, ~1.5 cigarettes smoked) resulted in a 

modest (12.5%) reduction in SPECT ligand binding to β2*-nAChRs, corresponding to 

approximately a 25% reduction in brain nicotine levels [12]. These proof-of-principle trials 

illustrate the challenges of “first generation” vaccines that must be resolved to demonstrate 

the clinical efficacy necessary for both regulatory approval and successful 

commercialization.

Improving “First Generation” Vaccines

Clearly, it would not be feasible to develop commercially viable “anti-addiction” vaccines 

that require frequent, multiple boosts and raise effective antibody levels in only a 

subpopulation of patients. The data emerging from published clinical studies indicate that 

higher antibody affinity and less inter-subject variability in antibody titers will be necessary 

for effective vaccines. One seemingly straightforward strategy to improve antibody affinity 

is hapten redesign. For example, Pryde, et al., [13] recently reported significant differences 

in antibody affinity among nicotine vaccines using haptens derived by systematic 

modification of the pyridine moiety of nicotine. In this study, the size and lipophilicity of the 

molecules used to link a hapten to diphtheria toxoid (the carrier protein) and the ratio of 

hapten to carrier had profound effects on vaccine performance in vivo [13]. The haptens in 

both the CYT002-NicQb® and NicVAX® vaccines contain the nicotine molecule modified 

at the 3′ position on the pyrrolidine ring, and have similarly sized linkers, although the 

carrier proteins are different. The characteristics of first generation vaccines (e.g.., antibody 

titers and the affinity of these antibodies) may also be improved by the use of novel 

adjuvants such as CpG (a TLR9 agonist) and liposomes containing monophosphoryl lipid A 

[13,14,15]. These newer adjuvants could potentially be combined with the traditional 

adjuvant, alum, used in the vaccine trials described here. Thus, McCluskie, et al. [16] 

reported that levels of anti-nicotine antibodies were increased by >1 order of magnitude in 

non-human primates receiving 3′-aminomethylnicotine conjugated to diphtheria toxoid (this 

is the same nicotine-like hapten on NicVAX® linked to a different carrier protein) with a 

combination of CpG and alum compared to alum alone. These increased levels of anti-
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nicotine antibodies reduced the amount of free nicotine in non-human primate blood spiked 

with 100 ng/ml of nicotine by about 30% compared to 3% in blood from immunized animals 

who received alum alone as adjuvant. Moreover, a further modification of the nicotine 

conjugate (together with the same adjuvant combination) resulted in 100% of nicotine bound 

using a 10-fold higher concentration (1000 ng/ml) of nicotine [16]! Pfizer has already 

initiated the translation of some of these concepts. Phase I studies with two nicotine 

vaccines, Nic7-001 and Nic7-003 in healthy adult smokers are currently listed as active on 

ClinicalTrials.gov (Identifier: NCT01672645). These vaccines may be based on “hapten 7” 

described by Pryde et al. [13] and the protocol likely incorporates the use of multiple 

adjuvants.

Beyond traditional protein-carrier conjugate approaches, platforms such as nanoparticle 

based vaccines (incorporating immune targeting and adjuvating agents within the 

nanoparticle) [10; http://www.selectabio.com/company/index.cfm] and adenovirus based 

vaccines, produced by linking a hapten to the capsid proteins of an adenovirus [17] have 

been reported to produce high titers of high affinity antibodies to nicotine and cocaine, 

respectively, in non-human primates. A nanoparticle based nicotine vaccine (SEL-068) is in 

early stage clinical development, but the results have not been disclosed [10].

Using Monoclonal Antibodies to Treat Substance Use Disorders

Monoclonal antibodies (mAbs) do not require the patient to mount an immune response, 

which could be especially important in a population with a high proportion of injection drug 

users who may already be immunosuppressed. In addition, mAbs act immediately, a 

significant advantage over “first generation” nicotine and cocaine vaccines that require 

multiple immunizations and weeks to months before effective antibody titers are generated 

[6,7,8]. Preclinical studies have demonstrated that mAbs can modify drug seeking and intake 

of abused substances including nicotine, cocaine, and methamphetamine [18], but translation 

of these findings has been slow. Clinical studies have been initiated with a chimeric 

monoclonal antibody directed against methamphetamine (ch-mAb7F9), with first-in-human 

studies completed in 2013 [19]. This Phase I study examined both the safety and 

pharmacokinetics of ch-mAb7F9 in healthy volunteers. Single doses of ch-mAb7F9 (0.2 to 

20 mg/kg) were administered to 32 subjects who were followed for approximately five 

months. Ch-mAb7F9 had a half-life of 17-19d, which is consistent with several 

commercially available mAbs [19]. Moreover, the volume of distribution (5-6 l) indicates it 

is primarily confined to the vascular compartment. Based on the high affinity (KD=7 nM) 

and the predicted effective plasma concentrations [19], the 20 mg dose of ch-mAb7F9 could 

be “protective” against methamphetamine challenge for more than a month. Of the 32 

subjects receiving ch-mAb7F9, 4 (12.5%) were found to have developed a human anti-

chimeric antibody by the study end; the appearance of these anti-chimeric antibodies did not 

appear to be dose-related. The authors indicate the FDA requested additional pre-clinical 

safety studies prior to initiating Phase 1b studies in non-treatment seeking methamphetamine 

users [19]. Despite the potential advantages of such a mAb, there is a concern that even if 

effective in modifying or eliminating drug use, the high cost of production would deter 

commercialization. However, novel technologies including mAb expression in plant systems 

[20] and the potential to genetically engineer mAbs with significantly longer biological half-
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lives [21,22] may mitigate concerns about the feasibility of developing a commercially 

viable mAb for SUDs.

Accelerating Cocaine Hydrolysis as a Therapeutic Strategy

Esterases, including butyrylcholinesterase, catalyze the hydrolysis of cocaine [23]. The 

biochemical and biophysical properties of wild-type esterases derived from bacteria and 

humans can be dramatically altered by genetic modification. For example, point mutations 

of human butyrylcholinesterase can increase the catalytic rate by more than 1000-fold 

compared to the wild-type enzyme; modification of bacterial cocaine esterase increases its 

stability in plasma [24,25,26]. Parenteral administration of a mutated butyrylcholinesterase 

linked to serum albumin dramatically reduces both the toxicological and behavioral effects 

of cocaine in rodents [23,26,27] and nonhuman primates [28], effects that are attributable to 

a rapid degradation of cocaine in plasma and a corresponding rise in plasma concentrations 

of ecgonine methyl ester, the BChE catalyzed hydrolysis product of cocaine [23,28].

Clinical studies have now established the feasibility of using mutated forms of a bacterial 

cocaine esterase [29] and a human butyrylcholinesterase fused to serum albumin [30,31] to 

treat cocaine intoxication [26] and facilitate abstinence in cocaine dependent subjects [31]; 

https://clinicaltrials.gov/ct2/show/NCT01887366)], respectively.

Bacterial cocaine esterase is highly efficient in hydrolyzing cocaine, but has a half-life of <2 

minutes in plasma; a doubly mutated form of this enzyme (RBP-8000) significantly 

increases plasma half-life [25, 29] making it suitable as a potential treatment for cocaine 

intoxication. In studies of non-treatment seeking individuals with a diagnosis of cocaine 

abuse as defined by the Diagnostic and Statistical Manual of Mental Disorders, volume IV 

(DSM-IV), an intravenous infusion of RBP-8000 (100 mg and 200 mg) one minute after a 

cocaine infusion (50 mg over 10 minutes) reduced plasma cocaine levels by 90% within 2 

minutes (Figure 2); corresponding dramatic rises were observed in plasma levels of 

ecgonine methyl ester, a pharmacologically inert hydrolysis product of cocaine. Moreover, 

while the data were highly variable, RBP-8000 caused a more rapid blunting of both the 

chronotropic and inotropic effects of cocaine compared to placebo. These doses of RBP 

8000 were safe and well-tolerated, and the sponsor intends to develop this mutated enzyme 

as a pharmacotherapy for cocaine intoxication.

A mutated form of human butyrylcholinesterase, less likely to provoke an immune response 

than a bacterial enzyme, could be used on a chronic basis either to facilitate abstinence or to 

prevent relapse to cocaine. TV 1380 is a recombinant protein containing human serum 

albumin fused at its amino terminus to the carboxyl terminus of a human plasma 

butyrylcholinesterase. This enzyme contains four amino acid mutations that increase its 

catalytic activity more than three orders of magnitude compared to the wild-type enzyme 

[24]. Fusion to human serum albumin both increases plasma stability and enables expression 

of this protein as a single polypeptide [32]. In a Phase I study [30], normal volunteers 

received up to four weekly intramuscular doses of TV 1380. At doses of up to 300 mg, TV 

1380 was safe and well tolerated. The plasma half-life (43-77 h) of TV 1380 is compatible 

with weekly dosing, and the ex vivo hydrolysis of cocaine was highly correlated with plasma 
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concentrations in subjects receiving a single dose of enzyme. Anti-TV 1380 antibodies were 

detected in 3/24 subjects receiving multiple doses, but no changes in either acetyl 

cholinesterase or butyrylcholinesterase activities were reported. In a follow-on study in 

recreational cocaine users, subjects were administered single doses (50, 100, and 300 mg) of 

TV 1380 and challenged with an intravenous dose of cocaine (40 mg) 1, 4, and 7 days later 

[31]. As predicted, TV 1380 dramatically reduced the Cmax and t1/2 of cocaine in a dose 

dependent fashion. For example, 24 h following the 300 mg dose of TV 1380, the Cmax of a 

the challenge dose of cocaine was reduced from 260 to 36 ng/ml, and the t1/2 from 1.76 to 

0.14 h, respectively. One week later, TV 1380 was still able to significantly reduce both the 

Cmax and t1/2 of the challenge dose of cocaine compared to vehicle: 257 to 96 ng/ml and 

1.71 to 0.5 h, respectively. TV 1380 also produced modest reductions in the subjective 

‘high’ and willingness to take cocaine again. On the strength of this effect on the 

pharmacokinetics of cocaine, the sponsor, in collaboration with the National Institute on 

Drug Abuse (NIDA), recently completed a multisite, Phase II study on facilitation of 

abstinence in cocaine dependent patients (https://clinicaltrials.gov/ct2/show/NCT01887366) 

comparing weekly administration of either 150 mg or 300 mg of TV 1380 to placebo. Top 

line results should be released later this year.

Concluding remarks

Biologics offer a nontraditional approach to treating SUDs with both advantages and 

drawbacks compared to conventional pharmacotherapies. Low medication compliance has 

frustrated attempts to rigorously test hypotheses in SUD trials [33,34,35]. Delivery of a 

long-lived treatment allows a patient to make fewer good decisions (in the ideal, one good 

decision to receive a vaccine and booster immunizations) compared to one (or more) good 

daily decision to remain on a conventional regimen. Thus, a biologic eliminates low 

compliance as a variable during development and minimizes the issue of patient compliance 

in real world practice. The specificity of a biologic (e.g., a heroin vaccine) neither precludes 

the patient from receiving structurally unrelated molecules as therapy (e.g., methadone, 

buprenorphine) nor does it prevent the abuse of these and other drugs. However, the high 

incidence of polydrug dependence [36] is also problematic for conventional 

pharmacotherapies, exemplified by a patient using cocaine while receiving depot naltrexone 

to prevent relapse to opiates. The “first generation” nicotine and cocaine vaccines described 

here require months before meaningful antibody titers are detected [6,7,8]. A delay in onset 

is an inherent property of all current vaccines. However, advances in vaccine technology 

may overcome the need for frequent, multiple immunizations and the inability to produce 

high titers of high affinity antibodies in the majority of patients. Resolution of these issues is 

critical for the development of truly effective, commercially viable vaccines.

There are unique ethical, social, and legal dimensions to treating SUDs with biologics 

(vaccines and gene therapy approaches, such as delivery of an engineered 

butyrylcholinesterase in an adenovirus vector [37]) with the potential to confer an enduring 

“immunity” against an abused molecule (see Outstanding Questions box). At face value, 

administering a biologic to an adult seeking treatment may not be substantially different 

from a conventional pharmacotherapy. However, the use of biologics for prevention has 

raised multiple concerns among bioethicists [38]. For example, given the societal harms 
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associated with smoking, should adolescents receive a nicotine vaccine before they start 

experimenting with tobacco products? Should vaccination be optional or compulsory? How 

does prophylactic administration of such a biologic undermine an individual’s future 

choices? While these represent only a subset of the concerns associated with the use of 

biologics, to this author, many of these issues ring hollow by comparison to the anguish of a 

parent whose child is addicted to drugs [39], and whose addiction might be prevented by an 

effective biologic.
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Trends Box

- Biologics reduce the amount of abused drug entering the central nervous 

system.

- Data emerging from clinical trials with “first generation” vaccines are 

“mixed”.

- Novel adjuvants and hapten redesign are strategies that may improve vaccine 

efficacy.

- A nicotine vaccine incorporating these strategies is currently in clinical trials.

- An anti-methamphetamine mAb and bioengineered esterases are in clinical 

development.
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Outstanding Questions (Biologic Approaches To Treat Substance Use 
Disorders)

- Can the efficacy of “first generation” vaccines be improved by newer 

adjuvants and hapten modification?

- Is it commercially feasible to produce mAbs and genetically modified 

enzymes (that may be administered on a weekly to monthly basis) to treat 

SUDs?

- Will the development of effective biologics create ethical issues that could 

limit widespread dissemination? For example: Should a nicotine vaccine be 

mandatory for “at risk” adolescents prior to using nicotine-based products?

- Will biological approaches, used either alone or in combination with 

medications and/or behavioral therapies, be accepted by the treatment 

community?
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Figure 1. 
Effects of NicVAX® on smoking behavior: Panel A: Seven day point prevalence abstinence 

rates in smokers with high (top 30% based on AUC) and low (bottom 70%) antibody titers 

compared with placebo injections over 52 weeks. Panel B: Percentage of patients exhibiting 

end of study abstinence (8 weeks of continuous abstinence, weeks 45-52), grouped by 

antibody levels. Panel C: Time required to achieve 8 weeks of sustained abstinence before 

week 46 and continuous abstinence through to week 52 stratified by antibody titer (see Panel 

A). Ab, antibody, AUC, area under the curve. From reference [6], with permission.
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Figure 2. 
RBP-8000 accelerates the hydrolysis of cocaine: Non –treatment seeking subjects with a 

DSM-IV diagnosis of cocaine abuse were administered an IV infusion of cocaine (50 mg) 

over 10 minutes. RBP-8000 (100 or 200 mg) or matched placebo was infused 1 minute after 

completion of cocaine infusion. Blood samples were collected between 2-720 minutes post 

RBP-8000 (or placebo) infusion. Symbols: Green squares, cocaine + matched placebo; 

magenta circles, cocaine + matched placebo; blue squares: cocaine + RBP-8000 (100 mg); 

red circles: cocaine + RBP (200 mg). The data used to generate this figure is taken from 

[26].
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