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Abstract

Therapeutic vaccines for nicotine addiction show pre-clinical efficacy. Yet, clinical evaluation of 

the first-generation nicotine vaccines did not meet expectations because only a subset of 

immunized subjects achieved effective serum antibody levels. Recent studies suggest that vaccine 

design affects B cell activation, and that the frequency of the hapten-specific B cell subsets 

contributes to vaccine efficacy against drugs of abuse. To extend this hypothesis to nicotine 

immunogens, we synthesized a novel hapten containing a carboxymethylureido group at the 2-

position of the nicotine structure (2CMUNic) and compared its efficacy to the previously 

characterized 6CMUNic hapten. Haptens were conjugated to the keyhole limpet hemocyanin 

(KLH) carrier protein, and evaluated for efficacy against nicotine in mice using the clinically 

approved alum adjuvant. Using a novel fluorescent antigen-based magnetic enrichment strategy 

paired with multicolor flow cytometry analysis, polyclonal hapten-specific B cell subsets were 

measured in mice immunized with either 6CMUNic-KLH or 2CMUNic-KLH. The 6CMUNic-

KLH showed significantly greater efficacy than 2CMUNic-KLH on nicotine distribution to serum 

and to the brain. The 6CMUNic-KLH elicited higher anti-nicotine serum antibody titers, and a 

greater frequency of hapten-specific B cells than 2CMUNic-KLH. Within the splenic polyclonal B 

cell population, a higher number of hapten-specific IgMhigh and germinal center B cells predicted 

greater vaccine efficacy against nicotine distribution. These early pre-clinical findings suggest that 

hapten structure affects activation of B cells, and that variations in the frequency of early-activated 

hapten-specific B cell subsets underlie individual differences in vaccine efficacy.
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1. INTRODUCTION

Tobacco use is one of the leading preventable causes of mortality, killing ~6 million people 

annually worldwide [1]. Each year, tobacco is responsible for 80–90% of deaths due to lung 

cancer and lower tract respiratory diseases and accounts for ~500,000 deaths in the United 

States [2]. Current treatments include counseling, nicotine replacement therapy, and 

pharmacotherapy consisting of the atypical antidepressant bupropion and the partial 

antagonist varenicline [3]. These treatments, although valuable, are limited by their sub-

optimal clinical efficacy, patient’s acceptance and/or compliance, and concerns for side 

effects [3].

Immunotherapy has been studied as an alternative approach to curb tobacco use by targeting 

nicotine rather than the nicotine receptors in the brain [4]. Active immunization with 

immunogens containing nicotine-based haptens generates nicotine-specific antibodies that 

bind nicotine in serum, decreasing the amount of free nicotine that crosses the blood-brain 

barrier, thus limiting drug distribution to the brain and nicotine rewarding effects. Clinical 

evaluation of vaccines for substance use disorders has shown safety and proof of concept 

[5–9]. Yet, clinical efficacy has been shown only in the subset (~30%) of immunized 

subjects that achieved the highest serum antibody levels against the target drug [6,9]. 

Clinical data suggest that translation of nicotine vaccines will depend upon immunized 

subjects consistently reaching serum IgG antibody concentrations > 40μg/ml [4,10].

The immunological mechanisms underlying individual antibody responses to vaccines for 

substance use disorders are poorly understood. It has been proposed that addiction vaccines 

activate T cell-dependent B cell processes to produce drug-specific antibodies [4,11]. 

Immunization activates naïve antigen-specific B cells, which, in the presence of antigen-

specific CD4+ T cells, will form germinal centers (GC) within the lymph nodes and spleen 

to generate memory B cells and antibody-secreting B cells, which produce antigen-specific 

antibodies [12–16]. In the GC, antigen-specific B cells go through clonal expansion, somatic 

hypermutation, and affinity-based selection [14,15,17,18]. These complex processes 

contribute to B cell heterogeneity and variability, and generation of high-affinity antibodies 

[14,15,17,18]. The size of the antigen-specific B and T cell populations varies greatly before 

and after immunization in individual mice [16,19–29], and in human subjects [30,31]. Using 

a cutting-edge antigen-based magnetic enrichment strategy paired to flow cytometry, we 

found that the frequency of the polyclonal naïve and early-activated hapten-specific B cell 

population, before and after immunization, correlated to the magnitude of the post-

vaccination antibody response and vaccine efficacy against oxycodone in mice [11,32,33]. 

The size of the carrier-specific CD4+ T cell population also correlated to individual vaccine 

efficacy against oxycodone in mice [11]. These findings support the hypothesis that 

variability in the frequency of antigen-specific B and T cell subsets within the naïve or 

activated B and T cell repertoire underlies individual antigen-specific antibody responses 

and vaccine efficacy.

This study tested the extent to which the size of the early-activated hapten-specific B cell 

subsets predicts vaccine efficacy against nicotine by comparing two immunogens containing 

structurally-related nicotine-based haptens, containing the same linker attached at the 2- and 
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6-position of nicotine. Results showed that greater frequency of polyclonal hapten-specific 

B cells in the spleen soon after immunization correlated to greater vaccine efficacy against 

nicotine. These data show that hapten structure determines the extent of B cell activation, 

and that the initial size of the hapten-specific B cell response shortly after immunization is 

critical for subsequent individual vaccine efficacy.

2. MATERIAL AND METHODS

2.1 Ethics

Animal studies conformed to the U.S Department of Health and Human Services Guide for 

the Care and Use of Laboratory Animals, and the Minneapolis Medical Research Foundation 

Animal Care and Use Committee.

2.2 Drugs

Nicotine bitartrate was obtained through Sigma (St. Louis, MO). Drug doses and 

concentrations are expressed as the weight of the base, and measured as previously reported 

[34].

2.3 Synthesis of nicotine haptens

2.3.1 6CMUNic hapten—The 6CMUNic hapten was synthesized by attaching a 

carboxylmethylureido group at the 6-position of the racemic nicotine, and provided as a 

lithium salt as previously reported [34].

2.3.2 Two-step synthesis of the 2CMUNic hapten—A) Ethyl 2-({[3-(1-

methylpyrrolidin-2-yl)pyridin-2-yl]carbamoyl}amino)acetate (base). Ethyl isocyanoacetate 

(0.17 g, 1.3 mmol) was added to a solution of 3-(1-methylpyrrolidin-2-yl)pyridine-2-amine 

(0.150 g, 0.85 mmol) in THF (20 ml) at 0 C [34]. The solution was allowed to come to room 

temperature while stirring was continued for an additional 2 hours. The solution was 

concentrated under reduced pressure and 1.0 M HCl (25 ml) was added. The suspension was 

extracted with CH2Cl2 (3 × 30 ml) and the aqueous layer was made basic with sat. NaHCO3. 

The aqueous layer was then extracted with CH2Cl2 (3 × 30 ml) and resulting organic layers 

were combined, dried (MgSO4), and concentrated to provide an oil. The oil was then 

purified using medium pressure column chromatography on silica using a mixture of CHCl3, 

MeOH, NH4OH in a ratio of 8:1.8:0.2 to afford ethyl 2-({[3-(1-methylpyrrolidin-2-

yl)pyridin-2-yl]carbamoyl}amino)acetate (0.24 g, 92%) as a pale yellow oil. 1H NMR (300 

MHz,CDCl3) δ ppm 1.26 – 1.32 (m, 3 H), 1.97 – 2.04 (m, 4 H), 2.21 – 2.28 (m, 4 H), 3.17 

(dd J = XHz, 1 H), 3.17 (m, 1H) 3.34 (m, 1H), 4.17 – 4.25 (m, 4 H), 6.81 (dd, J=6, 9 Hz, 1 

H), 7.36 (d, J=6 Hz, 1 H), 8.11 (d, J=6 Hz, 1 H), 10.10 (brs, 1 H), 10.69 (s, 1 H). ESI MS 

m/z: calculated for C15H22N4O3 306.36, Found 307.4 (M+H)+.

B) Lithium 2-({[3-(1-methylpyrrolidin-2-yl)pyridin-2-yl]carbamoyl}amino)acetate (salt). 

Lithium hydroxide monohydrate (0.33 g, 0.78 mmol) was added to a solution of ethyl 2-

({[3-(1-methylpyrrolidin-2-yl)pyridin-2-yl]carbamoyl}amino)acetate (0.24 g, 0.78 mmol) in 

MeOH/THF/H2O (1:1:1, 10 ml) at 0°C. The solution was allowed to stir at 0°C until mass 

spectrometry analysis indicated no starting material remained (6 h). The resulting solution 
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was concentrated using a stream of N2 and the solid was triturated with Et2O (2 × 10 ml). 

The solid was dried under vacuum to afford lithio 2-({[3-(1-methylpyrrolidin-2-

yl)pyridin-2-yl]carbamoyl}amino)acetate (0.21 g, 94%) as a pale yellow solid. 1H NMR 

(300 MHz, MeOH d3) δ ppm 1.74 – 2.37 (m, 9 H), 3.31 (m, 1 H), 3.92 (s, 2 H), 6.88 (dd, 

J=3, 6 Hz, 1 H), 7.49 (d, J=3 Hz, 1 H), 8.17 (d, J=3 Hz, 1 H). ESI MS m/z: calculated for 

C13H17LiN4O3 284.24, Found 283.3 (M-H)-.

2.4 Conjugation to proteins

For ELISA and immunization studies, the 6CMUNic and 2CMUNic haptens were 

conjugated by carbodiimide (EDAC) chemistry to BSA, OVA (Sigma, St. Louis, MO), and 

KLH (Thermo Fisher, Rockford, IL) [34]. For B cell analysis, the 6CMUNic and 2CMUNic 

haptens were also conjugated by EDAC to the fluorescent protein phycoerythrin (PE, 

Prozyme, Hayward, CA) and designated as 6CMUNic-PE or 2CMUNic-PE. PE was 

conjugated to the fluorescent dye Alexa Fluor 647 (AF647, Life Technologies, Grand Island, 

NY), and conjugation verified by UV spectrometry [33]. The immunogens’ haptenization 

ratio (i.e., number of moles of hapten attached per mole of carrier protein) is calculated from 

the difference in molecular weight between the conjugated and unconjugated carrier protein 

measured by MALDI-TOF. Conjugation conditions resulted in a haptenization ratio >20:1 

for the 6CMUNic-BSA conjugate [34], and 17 for both 2CMUNic-BSA and 2CMUNic-

OVA. Due to their larger size, we did not verify haptenization ratio for haptens conjugated 

to either KLH (5–8 million Da), or PE (240,000 Da).

2.5 Evaluation of vaccine efficacy in mice

Naïve male BALB/c mice (Harlan Laboratories, Madison, WI) were housed with a 12hr 

light /12 hr dark cycle, and fed ad libitum. Mice were immunized s.c. on the scruff of the 

neck, on days 0, 14 and 28 with 25 μg of either 6CMUNic-KLH, 2CMUNic-KLH or 

unconjugated KLH absorbed to alum adjuvant (Alhydrogel85, Brenntag Biosector, 

Frederikssund, Denmark) in a final volume of 0.2 ml. Hapten-specific B cells were analyzed 

by means of spleen biopsy 14 days after the first immunization, as described [11]. Partial 

splenectomy does not interfere with the efficacy of addiction vaccines in mice [11]. A week 

after the last immunization, on day 35, mice were injected with 0.03 mg/kg nicotine i.v. in 

the tail vein, and at T=5′ euthanized to collect serum and brain for nicotine concentrations.

2.6 Nicotine-specific serum antibody titers

Serum IgG antibody titers were measured by ELISA using 6CMUNic-OVA and 2CMUNic-

OVA as coating immunogens [34].

2.7 Hapten-specific B cell analysis

Spleen biopsy samples were processed as described [11]. Samples were incubated first with 

a decoy reagent consisting of PE-AF647, followed by incubation with either 6CMUNic-PE 

or 2CMUNic-PE, as described [11,33]. B cells bound either to the control reagent PE-

AF647 or the hapten-PE conjugates were enriched by use of anti-PE mAb-conjugated 

magnetic beads and magnetic columns as previously described [11,33]. After enrichment, 

samples were stained with fluorochrome-labeled anti-mouse mAbs for B cell and non-B cell 
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markers [11,33]. Using a flow cytometer, 6CMUNic- or 2CMUNic-specific B cells were 

characterized as Ighigh antibody-secreting cells (ASC), GL7high GC B cells, IgMhigh B cells, 

and switched immunoglobulin (swIg) B cells. The number of total lymphocytes, total B 

cells, 6CMUNic-specific B cells, and 2CMUNic-specific B cells was calculated for each 

sample using fluorescent counting beads [11,33]. Analysis of 6CMUNic- and 2CMUNic-

specific B cell populations was performed on a 4-laser (405 nm, 488 nm, 561 nm, 640 nm) 

LSRFortessa using FACSDiva 7.0 (BD Biosciences), and processed with FlowJo 5.0 (Tree 

Star, Ashland, OR). This study was performed in mice because this B cell analysis strategy 

was recently developed in this species [25]. Notably, while it is not yet possible to perform 

such sensitive analysis in rats due to lack of flow cytometry reagents, we have previously 

analyzed hapten-specific B cells in BALB/c, C57Bl/6, and other mouse strains [11,32,35].

2.8 Statistical analysis

The mean nicotine serum and brain concentrations, and the number of hapten-specific B 

cells were compared by either ANOVA followed by Bonferroni post hoc across groups, or 

by unpaired T tests between groups. The relationship between the number of hapten-specific 

B cells at 14 days after vaccination and subsequent parameters of vaccine efficacy was 

analyzed by linear regression after performing the D’Agostino and Pearson omnibus 

normality test. Analyses were performed using Graph Pad 6.0 (La Jolla, CA).

3. RESULTS

3.1 Hapten synthesis

The new 2CMUNic hapten was synthesized with a two-step yield of 86% and overall purity 

of >95% by NMR analysis. The 2CMUNic hapten was compared to the previously 

characterized 6CMUNic (Figure 1A).

3.2 Evaluation of vaccine efficacy in vivo

Subcutaneous immunization of BALB/c mice with the 6CMUNic-KLH in alum adjuvant 

increased nicotine serum concentrations compared to the unconjugated KLH control group 

and mice immunized with the novel 2CMUNic-KLH immunogen (Fig. 1B). Consistently, 

immunization with 6CMUNic-KLH showed greater efficacy in reducing distribution of 

nicotine to the brain compared to mice immunized with either KLH or 2CMUNic-KLH. 

Similar results were obtained in a preliminary study performed in Holtzman rats 

(Supplemental material).

3.3 Analysis of hapten-specific B cells in immunized mice

In mice, 6CMUNic-KLH induced greater CMUNic-specific serum IgG antibody titers than 

2CMUNic-KLH at 7 days after the last immunization (Fig. 2A). Characterization of hapten-

specific serum IgG antibody titers or concentrations by ELISA, and antibody affinity for 

nicotine by competitive binding ELISA, protein binding, or other similar assays, are 

effective strategies to evaluate successful immunization [34,36–38]. Yet, in clinical trials of 

nicotine vaccines, characterization of nicotine-specific serum antibodies relies on the actual 

presence of antibodies in plasma, which may appear weeks or months after immunization. 

We posit that earlier immune correlates predictive of vaccine efficacy may speed evaluation 
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of candidate vaccines, and therefore we have analyzed the early-activated B cell subsets 14 

days after immunization.

Soon after immunization, the 6CMUNic-KLH was more effective in stimulation of 

CMUNic-specific B cell subsets than the 2CMUNic-KLH. Spleen biopsy samples from 

mice immunized with either 6CMUNic-KLH or 2CMUNic-KLH were enriched using either 

the 6CMUNic-PE or 2CMUNic-PE, and the PE-AF647 decoy reagent. Bound B cells were 

isolated by magnetic enrichment using anti-PE magnetic microbeads and magnetic fields, 

and then characterized for B cell markers as previously described for oxycodone haptens 

[33]. The enrichment procedure was not biased toward either hapten, because the number of 

lymphocytes and total B cells in the spleen biopsy fragments did not differ between samples 

enriched with 6CMUNic-PE versus 2CMUNic-PE (Fig. 2B). However, analysis of the 

polyclonal early-activated hapten-specific B cell population revealed that 6CMUNic-KLH 

was more effective in inducing 6CMUNic-specific B cells, than 2CMUNic-specific B cells 

in mice immunized with 2CMUNic-KLH (Fig. 2C). Immunization with 6CMUNic-KLH 

induced a greater expansion of hapten-specific B cells within the GC, IgMhigh, ASC and 

swIg subsets compared to the less effective 2CMUNic-KLH. No differences in variance 

were found between groups.

3.3. The frequency of early-activated hapten-specific B cells correlate to subsequent 
vaccine efficacy against nicotine distribution to serum and brain

In mice, we evaluated which of the early-activated hapten-specific B cell subsets would best 

predict vaccine efficacy. An increasing number of CMUNic-specific IgMhigh, GC and swIg 

B cells 14 days after immunization in spleen correlated to greater subsequent effect on 

nicotine serum distribution in immunized mice (Fig. 3). However, the number of CMUNic-

specific ASC B cells did not correlate to the effect of vaccination on nicotine serum 

distribution (Figure 3C). Among all B cell subsets, only the number of hapten-specific 

IgMhigh B cells correlated to subsequent vaccine efficacy in blocking nicotine distribution to 

the brain (Figure 4). These data indicated that within the polyclonal hapten-specific B cell 

population, the most reliable predictors of vaccine efficacy were the early-activated hapten-

specific IgMhigh and the GC B cell subsets because these subsets correlated with two 

parameters of vaccine efficacy (e.g., serum IgG titers, or nicotine concentration), while the 

swIg and ASC B cells correlated to only one or no parameter, respectively (Table I).

4. DISCUSSION

One limitation to translation of vaccines against nicotine dependence is that efficacy is 

shown in the fraction of immunized subjects that achieved the highest nicotine-specific 

serum antibody titers [10]. A better understanding of the immunological mechanisms 

underlying individual variability will likely guide design of more effective vaccines and 

suggest new strategies to predict vaccine efficacy. Here, we have tested the hypothesis that 

the frequency of early-activated hapten-specific B cells predicts the most effective hapten 

and individual responses to immunization against nicotine.

To test this hypothesis, we have synthesized a novel nicotine-based hapten containing a 

linker at the 2-position on the pyridine ring of the racemic nicotine structure and we 
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compared its efficacy to the previously characterized 6CMUNic hapten containing the same 

linker at the 6-position. The 2CMUNic hapten conjugated to the KLH carrier protein was 

less effective than 6CMUNic-KLH in both mice and rats, using either the clinically relevant 

alum adjuvant, or the model Freund’s adjuvant, and delivered by either the s.c. or the i.p 

route of administration.

The current study is the first report of 6CMUNic-KLH administered s.c. in alum adjuvant in 

mice. Previously, the 6CMUNic-KLH showed proof of efficacy in BALB/c mice immunized 

i.m. and i.d., using either alum, monophosphoryl lipid A (MPLA), or laser-based adjuvants 

[39]. In that study, immunization with 6CMUNic-KLH blocked ~70% brain distribution of 

i.v. 0.01 mg/kg nicotine compared to KLH control [39]. Here, s.c. immunization of BALB/c 

mice with 6CMUNic-KLH in alum blocked ~30% brain distribution of i.v. 0.03 mg/kg 

nicotine compared to KLH. In rats, the quantity and quality of the anti-nicotine antibody 

response, and the magnitude of immunization effect in blocking nicotine distribution to the 

brain depended upon route of immunization and adjuvant [34,40,41]. In rats, i.p. 

immunization with either 3′AminoNic-rEPA, also known as the clinical-stage NicVax, or 

6CMUNic-KLH in Freund’s adjuvant blocked ≥70% brain distribution of i.v. 0.03 mg/kg 

nicotine [34,41], while s.c. immunization with 3′AminoNic-rEPA in alum blocked ~30% 

brain distribution of i.v. 0.03 mg/kg nicotine [41].

Immunogens showing different efficacy are ideal models to study antigen-specific B cells. 

Structurally similar nicotine-based haptens containing linkers at the 1′-, 3′- and 6-positions 

were equally effective when conjugated to maleimide-activated KLH (mKLH), rEPA, or 

KLH carrier proteins [34,41]. The 1′SNic-mKLH, 3′AminoNic-rEPA and 6CMUNic-KLH 

generated distinct, and non-overlapping, nicotine-specific serum antibodies suggesting that 

these immunogens stimulated expansion of independent B cell populations [34,41]. In 

contrast, the 2CMUNic-KLH was not as effective as 6CMUNic-KLH, suggesting that 

placing a linker at the 2-position may negatively affect B cell activation. In a previous 

report, nicotine haptens containing a 2-position linker function were not as effective as 

nicotine haptens containing the same functionality at the 6-position [37]. Notably, a direct 

comparison with results obtained with the 2CMUNic hapten may be complicated because 

these previously tested immunogens (i.e. [37]) contained different hapten and linker 

chemistry, the diphtheria toxoid as carrier, and were tested in BALB/c female mice 

immunized i.m. using alum combined with B class CpG as adjuvant [37].

Several studies showed that nicotine hapten design is crucial for eliciting nicotine-specific 

antibodies and to achieve vaccine efficacy [37,38,42]. We hypothesized that the in vivo 

efficacy of immunogens containing structurally distinct nicotine haptens may lie in the 

ability of B cells to discriminate between haptens, and in the size or phenotype of the initial 

polyclonal hapten-specific B cell population. To address this hypothesis, our group has 

recently developed a sensitive fluorescent antigen-based enrichment strategy paired with 

flow cytometry analysis to detect scarce numbers of hapten-specific B cells before and soon 

after vaccination [35]. This approach showed that naïve B cells can discriminate between 

structurally-related opioid haptens, and that the number of naïve and early-activated hapten-

specific B cells correlated with conjugate immunogen efficacy against oxycodone in mice 

[11,32,33]. In the present study, we have applied the same strategy to analyze the number 
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and phenotype of B cells specific for the 2CMUNic and the 6CMUNic haptens appearing 

soon after vaccination, and test their relevance to vaccine efficacy against nicotine.

The 2CMUNic-KLH immunogen was not as effective as the previously characterized 

6CMUNic-KLH. Soon after immunization it was apparent that 6CMUNic-KLH was more 

effective in inducing expansion of the polyclonal hapten-specific B cell population 

compared to 2CMUNic-KLH. The 6CMUNic-KLH immunogen elicited greater number of 

splenic hapten-specific IgMhigh, GC, and swIg B cells compared to 2CMUNic-KLH 14 days 

after a single immunization. These data are consistent with hapten-specific B cell responses 

to structurally-related oxycodone vaccines [33]. As previously shown in BALB/c mice, an 

oxycodone conjugate immunogen adsorbed on alum adjuvant elicited selective expansion of 

the polyclonal hapten-specific B cell subsets in peripheral lymph nodes and spleen 14 days 

after immunization compared to naïve mice and mice immunized with a less effective 

immunogen [33].

The novelty of the current study is that B cell analysis was performed by spleen biopsy to 

allow for both between- and within-subject analysis. Indeed, the number of hapten-specific 

B cells appearing 14 days after immunization correlated with greater efficacy of vaccines on 

distribution of nicotine to serum and to the brain at 35 days after the first vaccination (i.e. 5 

weeks later). These data suggest that variations in the frequency of early-activated hapten-

specific B cell subsets are immune correlates, or biomarkers, predictive of vaccine efficacy 

against nicotine. The observed individual variability in the number of hapten-specific B cells 

is consistent with other reports showing that before and after immunization the frequency of 

protein-specific B cells, or peptide-specific T cells, varies greatly across individual subjects 

from inbred mouse strains [16,19–29]. Similar, or greater, individual variability in the 

polyclonal hapten-specific B cell population size has also been observed in blood, lymph 

nodes and spleens in various mouse strains before and shortly after immunization with 

oxycodone vaccines [11,32,35]. The origin of such variability is still poorly understood. 

Variability in the frequency of hapten-specific B cells in naïve (i.e., non-immunized) mice 

argues against a technical issue of vaccine delivery, or local vaccine distribution after 

immunization. In fact, multiple mechanisms may underlie the post-immunization individual 

variability in the hapten-specific B cell subsets, and contribute to individual vaccine 

efficacy. For instance, apoptosis and antigen affinity affect the heterogeneity of the primary 

immune response by limiting differentiation of a single naïve B cell shortly after 

immunization [28]. As well, clonal selection, affinity for antigen, and peptide chemistry 

regulate the size and diversity of the peptide-specific T cell repertoire shortly after 

immunization [21–24,29]. Individual variability of epitope specific T cells has also been 

found in neonatal inbred mice [43], suggesting that this is not an age-related effect on the 

adaptive immune response. In immunized mice, the frequency of antigen-specific GC B and 

CD4+ T cells is highly correlated [20]. Consistently, the frequency of both hapten-specific B 

cells and carrier-specific T cells, and the magnitude of early GC formation, correlated with 

individual vaccine efficacy against oxycodone in mice [11].

Within the polyclonal B cell population, distinct hapten-specific B cell subsets were 

predictive of vaccine efficacy. The hapten-specific IgMhigh and GL7high GC B cells were the 

best predictors of post-immunization serum IgG antibody titers and vaccine efficacy against 
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nicotine distribution to serum and to the brain. The hapten-specific IgMhigh and GL7high GC 

B cell subsets were also the most abundant and easiest to detect, which may explain why 

these B cell phenotypes were the best predictors of vaccine success. In a similar study, 

hapten-specific IgMhigh B cells in spleen and blood, before and soon after vaccination, were 

also the most robust predictive markers of vaccine efficacy against oxycodone in mice [11]. 

As shown in this study, analysis of antigen-specific B cells supports pre-clinical vaccine 

development, and screening of lead vaccines. In clinical settings, analysis of antigen-specific 

B cell subsets in blood is expected to reveal biomarkers that support patient stratification in 

adaptive clinical trials, and identify subjects most likely to achieve vaccine success in 

personalized medicine approaches.

These data are consistent with similar reports of oxycodone vaccines [11,32,33], and provide 

further insights in the immunological mechanisms underlying efficacy of vaccines for 

substance use disorders. Yet, more studies are needed to fully explore the relationship 

between vaccine design and activation of the naïve and early-activated B cell subsets, and 

between the frequency of specific antigen-specific B cell populations and individual 

responses to vaccines. Analysis of antigen-specific B and T cells provides complementary 

tools to accelerate development of immunogens containing novel haptens, carriers, and 

delivery platforms. For instance, use of capsid proteins derived from disrupted adenoviruses 

[44], trimeric coiled-coil peptides containing B and T cell epitopes [45], or nanoparticle-

based platforms [46,47] are appealing approaches to enhance B and T cell responses, and 

augment generation of anti-nicotine serum antibodies. A better understanding of the T cell-

dependent B cell processes underlying effective post-vaccination antibody responses, will be 

critical for implementation of rational vaccine design, and mechanism-based immunization 

strategies to increase the efficacy of vaccines for substance use disorders, and for other 

challenging targets such as HIV, malaria, or cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Two immunogens containing structurally-related nicotine haptens were 

compared in mice

• Hapten-specific B cells were analyzed by antigen-based magnetic enrichment 

and flow cytometry

• The most effective immunogen elicited more hapten-specific B cells shortly 

after immunization

• Early frequency of hapten-specific B cells correlated with vaccine efficacy 

against nicotine
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Figure 1. Hapten structure contributes to vaccine efficacy against nicotine
A) The carboxymethylureido modification was attached to either the 6- or the 2-position of 

nicotine. B) BALB/c mice were immunized s.c. with 25 μg of either unconjugated KLH, 

6CMUNic-KLH or 2CMUNic-KLH adsorbed on alum adjuvant, and administered on days 

0, 14 and 21. Vaccine efficacy was evaluated 7–10 days after the last immunization. 

Immunized mice were challenged with 0.03 mg/kg i.v. nicotine. Data are mean±SEM, n=6 

each group. Statistical symbols: *p<0.05, ***p<0.001, ****p<0.0001.
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Figure 2. 6CMUNic-KLH elicits greater hapten-specific serum IgG antibody titers and splenic 
polyclonal hapten-specific B cells in mice
A) 6CMUNic-KLH elicited higher serum IgG antibody titers than 2CMUNic-KLH, 

measured at 35 days, a week after the last immunization. The reported p value is based on 

analysis of log-transformed titers to meet normality requirements. In these mice, B cell 

analysis was performed by means of splenectomy 14 days after immunization. B) The total 

number of lymphocytes and B cells was not different in the spleen fragments from mice 

immunized with either 6CMUNic-KLH or 2CMUNic-KLH. C) Immunization with 

6CMUNic-KLH was more effective in inducing GC, IgMhigh, and ASC and swIg hapten-

specific B cells. Shown the number of hapten-specific B cells in individual spleen fragments 

after enrichment. Although B cell analysis was performed using either the 6CMUNic-PE or 

the 2CMUNic-PE enrichment reagents for each respective immunization group, hapten-

specific B cells are reported as CMUNic-specific B cells. Data are mean±SEM, n=6 each 

group. Statistical symbols: *p<0.05, ***p<0.001, NS= not significant.

Laudenbach et al. Page 15

Vaccine. Author manuscript; available in PMC 2016 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. The number of splenic early-activated CMUNic-specific B cells correlates to 
subsequent vaccine efficacy against nicotine serum distribution.<
br>A greater number of hapten-specific B cells in spleen biopsies 14 days after 

immunization correlated to increased nicotine serum concentrations in immunized mice. 

Panels include mice immunized with 6CMUNic-KLH and 2CMUNic-KLH, as labeled (n=6 

each group). Individual serum nicotine concentrations were significantly correlated to A) 

CMUNic-specific IgMhigh B cells, B) CMUNic-specific GC B cells, and D) CMUNic-

specific swIgB cells, but not C) CMUNic-specific ASC B cells.
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Figure 4. The number of splenic early-activated CMUNic-specific IgMhigh B cells correlates to 
subsequent vaccine efficacy against nicotine brain distribution
A greater number of hapten-specific B cells in spleen biopsies 14 days after immunization 

correlated to decreased nicotine brain concentrations in immunized mice. Panels include 

mice immunized with 6CMUNic-KLH and 2CMUNic-KLH, as labeled (n=6 each group). 

Individual brain nicotine concentrations were significantly correlated to A) CMUNic-

specific IgMhigh B cells, but not B) CMUNic-specific GC B cells, C) CMUNic-specific 

ASC B cells, and D) CMUNic-specific swIgB cells.
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Table I

Hapten-specific IgMhigh and GC B cell subsets predict vaccine efficacy against nicotine

B cell subset Analysis Time point Nicotine-specific IgG titers at 
35 days

Vaccine efficacy on serum 
nicotine

Vaccine efficacy on brain 
nicotine

IgMhigh 14 days r2= 0.23, NS r2=0.5, p< 0.01 r2= 0.44, p<0.05

swIg 14 days r2= 0.1, NS r2=0.3, p< 0.05 r2=0.2, p< NS

GC 14 days r2= 0.34, p<0.05 r2=0.34, p< 0.05 r2=0.2, p< NS

ASC 14 days r2= 0.2, NS r2= 0.15, NS r2= 0.03, p< NS

Shown the regression coefficient (r2) between numbers of hapten-specific B cells 14 days after the first immunization and vaccine efficacy in mice 
with 6CMUNic-KLH and 2CMUNic-KLH (n=12 total sample size). Mice were immunized s.c. in alum on days 0, 14 and 28. Serum antibodies and 
vaccine effects on nicotine distribution were analyzed a week after the last immunization. NS= not significant.
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