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Abstract

Current clinically-tested nicotine vaccines have yet shown enhanced smoking cessation efficacy 

due to their low immunogenicity. Achieving a sufficiently high immunogenicity is a necessity for 

establishing a clinically-viable nicotine vaccine. This study aims to facilitate the immunogenicity 

of a hybrid nanoparticle-based nicotine vaccine by rationally incorporating toll-like receptor 

(TLR)-based adjuvants, including monophosphoryl lipid A (MPLA), Resiquimod (R848), CpG 

oligodeoxynucleotide 1826 (CpG ODN 1826), and their combinations. The nanoparticle-delivered 

model adjuvant was found to be taken up more efficiently by dendritic cells than the free 

counterpart. Nanovaccine particles were transported to endosomal compartments upon cellular 

internalization. The incorporation of single or dual TLR adjuvants not only considerably increased 

total anti-nicotine IgG titers but also significantly affected IgG subtype distribution in mice. 

Particularly, the nanovaccines carrying MPLA+R848 or MPLA+ODN 1826 generated a much 

higher anti-nicotine antibody titer than those carrying none or one adjuvant. Meanwhile, the anti-

nicotine antibody elicited by the nanovaccine adjuvanted with MPLA+R848 had a significantly 

higher affinity than that elicited by the nanovaccine carrying MPLA+ODN 1826. Moreover, the 

incorporation of all the selected TLR adjuvants (except MPLA) reduced the brain nicotine levels 

in mice after nicotine challenge. Particularly, the nanovaccine with MPLA+R848 exhibited the 

best ability to reduce the level of nicotine entering the brain. Collectively, rational incorporation of 

TLR adjuvants could enhance the immunological efficacy of the hybrid nanoparticle-based 

nicotine vaccine, making it a promising next-generation immunotherapeutic candidate for treating 

nicotine addiction.
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1. Introduction

Tobacco smoking has constantly been one of the largest public health concerns worldwide 

for decades. It is the leading cause of preventable diseases and premature deaths, and results 

in huge socioeconomic burdens.[1, 2] In recent decades, nicotine vaccines have been studied 

as a promising immunotherapeutic strategy to combating nicotine addiction.[3, 4] In 

principle, nicotine vaccines can induce the production of nicotine-specific antibodies that 

can bind with nicotine in serum and thus keep nicotine from entering the brain.[5] To date, 

numerous conjugate nicotine vaccines (CNVs) have been reported to achieve high 

immunological efficacy in preclinical trials, and some of them have entered various stages of 

clinical trials.[6–9] However, none of these clinically tested CNVs have shown improved 

overall smoking cessation rate compared to the placebo, mainly due to the insufficient titers 

of antibodies and their low binding capacity.[5, 10]

Immunologically, the immune system prefers to recognize particulate antigens and is 

relatively invisible to soluble protein antigens.[11, 12] Therefore, the insufficient 

immunogenicity of conventional CNVs can be partially attributed to their intrinsic shortfalls, 

such as poor recognition and internalization by immune cells and low bioavailability. In 

addition, even with the help of alum to form particulate particles, CNVs cannot be easily 

tuned to have optimal physicochemical properties (such as size, shape, and charge) for 

cellular uptake.[13, 14] Moreover, molecular adjuvants cannot be easily incorporated into 

CNVs, and they are typically co-administered with CNVs via physical mixing. In this way, 

molecular adjuvants are not specifically available to immune cells and their release cannot 

be controlled in immune cells, thus leading to low adjuvant efficacy and systemic toxicity.

[13, 15, 16]

In our previous study, by taking advantage of the superiorities of nanoparticles (NPs), such 

as particulate nature, tunable physicochemical properties, and controlled payload release, we 

developed a lipid-polymeric hybrid nanoparticle (NP)-based nicotine vaccine (NanoNicVac) 

as a next-generation immunotherapeutic strategy against nicotine addiction.[17, 18] We 

demonstrated that NanoNicVac had a significantly higher immunogenicity than the 

conjugate vaccine, and its immunological efficacy could be enhanced by modulating NP 

size,[17] hapten localization,[19] hapten density,[20] and stimulating proteins (unpublished 

data).

From the immunological point of view, adjuvants are an important component of a vaccine 

formulation, and they are necessary for the induction of a strong immune response, 

especially for poorly-immunogenic antigens.[15, 21] Currently, alum is the most-widely 

used adjuvant for vaccine development. However, alum has shown to be a relatively weak 

adjuvant and sometimes may cause lesions at injection sites.[22, 23] Especially for NP-

based vaccines, alum may absorb vaccine NPs to form very large particles, resulting in sizes 
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that are not optimal for cellular uptake.[14] Also, due to the high viscosity, alum may disrupt 

the structure of vaccine NPs. In addition, alum can limit the release of vaccine NPs from 

injection sites and impair their availability to antigen presenting cells (APCs).[16, 24] Our 

previous studies suggested that the use of alum would not significantly improve the 

immunogenicity of NanoNicVac.[20] As alternatives, molecular adjuvants, such as toll-like 

receptor (TLR) agonists, have been studied as a class of promising potent adjuvants.[25–27] 

TLR agonists are capable of enhancing the secretion of cytokines, promoting the activation 

of antigen presenting cells, and enhancing the production of antibodies.[28–30]

Based on the hypothesis that incorporation of appropriate molecular adjuvants may enhance 

the immunological efficacy of NanoNicVac, this study aims to further rationalize the design 

of NanoNicVac by developing a NanoNicVac particle capable of co-delivering nicotine 

antigens and TLR agonists. As shown in Figure 1A, the nicotine-protein conjugates were 

conjugated to the surface of lipid-polymeric hybrid NPs for presentation. The lipid-shell and 

PLGA-core served as hosts for cell-surface-TLR and endosomal-TLR agonists, respectively. 

Monophosphoryl lipid A (MPLA),[31, 32] Resiquimod (R848),[13, 33] and CpG 

oligodeoxynucleotide 1826 (CpG ODN 1826),[34, 35] all of which have been reported to 

significantly enhance immune responses, were selected as adjuvant candidates. In this study, 

NanoNicVac particles carrying different TLR adjuvants or combinations were fabricated, 

and their physicochemical properties were characterized. The cellular uptake of NanoNicVac 

particles was studied in dendritic cells. The immunogenicity and ability to reduce brain 

nicotine concentration of NanoNicVac were investigated in mice.

2. Materials and methods

2.1 Materials

1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP), cholesterol (CHOL), 1,2-

diphytanoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) 

(ammonium salt) (NBD-PE), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[maleimide(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG2000-maleimide), and 

MPLA were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Lactel® 50:50 

poly(lactic-co-glycolic acid) (PLGA) was purchased from Durect Corporation (Cupertino, 

CA, USA). O-Succinyl-3’-hydroxymethyl-(±)-nicotine (Nic) was purchased from Toronto 

Research Chemicals (North York, ON, Canada). Keyhole limpet hemocyanin (KLH), Alexa 

Fluor® 647 NHS ester (AF647), coumarin-6 (CM-6), 1-Ethyl-3-[3-dimethylaminopropyl] 

carbodiimide hydrochloride (EDC), and N-hydroxysulfosuccinimide (Sulfo-NHS) were 

purchased from Thermo Fisher Scientific (Rockford, IL, USA). CpG ODN 1826 and R848 

were purchased from InvivoGen (San Diego, CA, USA). All other chemicals were of 

analytical grade.

2.2 Fabrication of adjuvant-loaded PLGA NPs

Adjuvant-loaded PLGA NPs were fabricated using a water/oil/water double-emulsion-

solvent-evaporation method.[17] In brief, 40 mg of PLGA was dissolved in 2 mL of 

dichloromethane (DCM) to form an organic phase. For CpG ODN 1826- or R848-

encapsulated PLGA NP preparation, 1.20 mg of CpG ODN 1826 in 200 μL of DI water or 
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1.50 mg of R848 in 200 μL of DI water-DMSO (9:1) was added into the organic phase. For 

CpG ODN 1826 and R848 co-encapsulated PLGA NP preparation, 1.20 mg of CpG ODN 

1826 in 100 μL of DI water and 1.50 mg of R848 in 100 μL of DI water-DMSO (9:1) were 

added into the organic phase. The water-in-oil solution was mixed and emulsified by 

sonication for 10 min using a Branson M2800H Ultrasonic Bath Sonicator (Danbury, CT, 

USA). The resultant primary emulsion was added dropwise to 12 mL of 0.5% w/v 

poly(vinyl alcohol) solution under continuous stirring. The suspension was emulsified again 

by sonication using a sonic dismembrator (Model 500; Fisher Scientific, Pittsburg, PA, 

USA) at an amplitude of 70% for 40 s. The resultant secondary emulsion was stirred 

overnight to allow complete DCM evaporation. Blank PLGA NPs were prepared using a 

similar method, except that 200 μL of DI water was used as the first aqueous phase. Blank 

and adjuvant-loaded PLGA NPs were collected by centrifugation at 10,000 g, 4 °C for 30 

min (Beckman Coulter Avanti J-251, Brea, CA, USA), washed three times, and stored at 

4 °C for later use. To quantify the loading efficiency of R848 and ODN 1826, 20 mg of NPs 

were disrupted by incubating with 0.2 N NaOH for 14 h. After particles were completely 

dissolved, the solution was neutralized using 1 N HCl. The concentration of ODN 1826 was 

measured using a Quant-iT™ OliGreen™ ssDNA Assay kit (Thermo Fisher Scientific, 

Rockford, IL). The concentration of R848 was quantified by reverse-phase HPLC using a 

Luna C18 (2) reverse phase column. The loading efficiencies of adjuvants are shown in 

Table 1.

2.3 Preparation of lipid-PLGA hybrid NPs

Blank and MPLA-carrying liposomes were prepared using a lipid-film-hydration-sonication 

method as reported previously.[17] The lipid mixtures used for preparing blank and MPLA-

carrying liposomes were composed of DOTAP, DSPE-PEG2000-maleimide, CHOL, and 

MPLA at molar ratios of 90:5:5:0 and 80:5:5:10, respectively. Lipid-PLGA hybrid NPs were 

fabricated using a sonication method as reported previously.[17] Particularly, 2.5 mg of 

liposomes were mixed with 25 mg of PLGA NPs for hybrid NP fabrication. Lipid-PLGA 

hybrid NPs were collected by centrifugation at 10,000 g, 4 °C for 30 min, washed three 

times, and stored at 4 °C for later use.

2.4 Assembly of NanoNicVac particles

Nic-KLH conjugates were synthesized using an EDC/NHS mediated reaction as reported 

previously.[20] NanoNicVac particles were assembled by conjugating an appropriate amount 

of Nic-KLH conjugates to the surface of lipid-PLGA hybrid NPs according to a previously 

reported method.[20]. NanoNicVac particles were collected by centrifugation at 10,000 g, 

4 °C for 30 min. Unconjugated Nic-KLH in the supernatant was quantified by the 

bicinchoninic acid assay. NanoNicVac particles were stored at 4 °C for later use.

2.5 Characterization of NPs

The morphology of NPs was characterized by transmission electron microscopy (TEM) on a 

JEM 1400 transmission electron microscope (JEOL, Tokyo, Japan). Size distribution and 

zeta potential of NPs were measured on a Nano ZS Zetasizer (Malvern Instruments, 

Worcestershire, United Kingdom) at 25 °C.
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2.6 Testing the uptake of NanoNicVac particles in dendritic cells (DCs)

The uptake of NanoNicVac particles carrying different adjuvants by DCs was studied by 

flow cytometry. NBD-labelled NPs were prepared by adding 2.5% of NBD-PE into a lipid 

mixture. JAWSII (ATCC® CRL-11904™) immature DCs (ATCC, Manassas, VA, USA) (2 × 

106/well) were seeded into 35-mm petri dish and cultured overnight. Cells were treated with 

20 μg of NBD-labelled NanoNicVac particles for 1, 2, or 4 h. Cells were washed 3 times 

using phosphate buffered saline (PBS) and detached from the petri dish using 0.25% trypsin/

EDTA solution. Cells were collected by centrifugation at 200 g for 10 min and re-suspended 

in PBS. Samples were immediately analyzed on a flow cytometer (FACSAria I, BD 

Biosciences, Franklin Lakes, NJ, USA).

The intracellular distribution of NanoNicVac particles was analyzed by confocal laser 

scanning microscopy (CLSM). AF647- and CM-6-labeled NPs were prepared according to 

the method described above, except that AF647-KLH was conjugated to hybrid NPs and 

CM-6 was encapsulated in the PLGA core for labeling. DCs (2 × 105/chamber) were seeded 

into 2-well chamber slides and cultured overnight. Cells were treated with 20 μg of AF647- 

and CM-6-labeled nanovaccine particles for 1, 2, or 4 h. Cells were then washed using PBS 

and fixed with freshly prepared 4% (w/v) paraformaldehyde for 10 min. The membrane of 

cells was permeabilized by adding 0.5 mL of 0.1% (v/v) Triton™ X-100 for 10 min. Cell 

nuclei were stained by 4′,6-diamidino-2-phenylindole (DAPI). The intracellular distribution 

of NPs was visualized on a Zeiss LSM 510 laser scanning microscope (Carl Zeiss, 

Germany).

2.7 Testing the immunogenicity of NanoNicVac in mice

All animal studies were carried out following the National Institutes of Health guidelines for 

animal care and use. Animal protocols were approved by the Institutional Animal Care and 

Use Committee at Virginia Tech. Female Balb/c mice (6-7 weeks of age, 16-20 g, 5-6 per 

group) were immunized subcutaneously with a total volume of 200 μL of nicotine vaccines 

equivalent to 25 μg of KLH on days 0, 14, and 28. For the control group, mice were injected 

with 200 μL of sterilized PBS. Blood was collected from the retro-orbital plexus under 

isoflurane anesthesia on days 12, 26, and 40.

Anti-nicotine antibody titers in the serum were measured by an enzyme-linked 

immunosorbent assay (ELISA) as reported previously.[17] Antibody titer was defined as the 

dilution factor at which the absorbance at 450 nm dropped to half maximal. The relative 

affinity of anti-nicotine antibodies elicited by NanoNicVac carrying different adjuvants was 

measured using a competition ELISA method as reported previously.[19] The nicotine 

concentration at which 50% inhibition was achieved (IC50) was extrapolated and used as an 

indicator of the affinity of anti-nicotine antibodies.

2.8 Testing the distribution of nicotine in the serum and brain of mice immunized with 
NanoNicVac

The capability of NanoNicVac to decrease brain nicotine concentrations after nicotine 

challenge, was assayed using a method reported previously.[17] In brief, female Balb/c mice 

(6-7 weeks of age, 16-20 g, 5-6 per group) were immunized according to the same protocol 
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as described in the above context. Mice were administered 0.06 mg/kg nicotine 

subcutaneously two weeks after the second booster immunization (on day 42). Brain and 

serum samples were collected 3 min post nicotine challenge. Nicotine levels in the brain and 

serum were measured by GC/MS as reported previously.[36]

2.9 Evaluating the safety of NanoNicVac by histopathological analysis

The behavioral and physical conditions of mice during the entire study were monitored. The 

lesions of mouse organs caused by the immunization with NanoNicVac were determined by 

histopathological review. In brief, on day 42, mice were euthanized, and their organs, 

including liver, kidney, heart, spleen, and lung, were extracted and immerged in 10% 

formalin. Tissue blocks were stained with hematoxylin and eosin (H&E) and imaged on a 

Nikon Eclipse E600 light microscope.

2.10 Statistical analyzes

Data are expressed as means ± standard error unless specified. Comparisons among multiple 

groups were conducted using one-way ANOVA followed by Tukey’s HSD test. Differences 

were considered significant when p-values were less than 0.05.

3. Results

3.1 Characterization of adjuvant-loaded NanoNicVac particles

The structure of NPs involved in the fabrication of NanoNicVac was characterized 

morphologically by TEM (Figure 1A). A “core-shell” structure was observed on lipid-PLGA 

hybrid NPs, suggesting the successful hybridization of PLGA NPs and liposomes. The 

various adjuvant-loaded NanoNicVac particles shared similar morphological characteristics 

with non-adjuvant-loaded NPs. Interestingly, a distinct black “cloud” was found on the 

surface of NanoNicVac particles, which was most likely caused by the efficient conjugation 

of Nic-KLH conjugates. Noticeably, upon Nic-KLH conjugation, NanoNicVac particles 

seemed to be no longer spherical compared to the lipid-PLGA NPs. This phenomenon may 

be attributed to the fact that KLH can form a large three-dimensional cylinder structure 

approximately 35 nm in diameter by 40 nm in length.[37] The conjugation of the large 

cylinder KLH protein to hybrid NP surface could form an overall non-spherical morphology. 

Meanwhile, the uneven conjugation of Nic-KLH during the preparation process may also 

cause a non-spherical morphology.

The size of NPs was characterized by dynamic light scattering (Figure 1B). The average 

diameter of PLGA NPs (without adjuvant), LP hybrid NPs (without adjuvant), and 

NanoNicVac particles without adjuvant was 91.3, 107.2, and 140.9 nm, respectively. The 

coating of lipid-layer and conjugation of Nic-KLH caused an increase in particle size. 

NanoNicVac particles loaded with MPLA, R848, ODN 1826, MPLA+R848, MPLA+ODN 

1826, and R848+ODN 1826 have average diameters of 126.3, 194.7, 188.4, 176.3, 177.4, 

and 204.7 nm, respectively. Interestingly, the incorporation of MPLA into the lipid-layer did 

not increase the particle size. However, the inclusion of R848 and/or ODN 1826 into the 

PLGA-core led to considerable particle size increase. The surface charge of NPs was 

measured by electrophoretic light scattering (Figure 1C). PLGA NPs (without adjuvant) had 
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an average zeta-potential of −17.5 mV. The average zeta-potential of LP hybrid NPs 

(without adjuvant) was 10.2 mV. The zeta-potential shifting from negative to positive 

suggested the successful hybridization between PLGA NPs and liposome, because the 

liposome is positively charged (12.0 mV). The zeta-potential of NanoNicVac particles 

loaded with no adjuvant, MPLA, R848, ODN 1826, MPLA+R848, MPLA+ODN 1826, and 

R848+ODN 1826 was −8.43, −8.77, −7.07, −13.00, −7.74, −13.20, and −10.32 mV, 

respectively, indicating that all NanoNicVac particles were negatively charged, likely due to 

the conjugation of negatively charged Nic-KLH conjugates.

3.2 Cellular uptake of adjuvant-loaded NanoNicVac particles

The impact of NanoNicVac particles on the cellular uptake efficiency of nicotine-protein 

antigens and adjuvants was studied using flow cytometry (Figure 2A–2C). AF647 was used 

as a model of hapten to be conjugated to KLH for fluorescent labelling. CM-6, a model of 

TLR adjuvant, was loaded into the PLGA core. DCs were treated with free AF647-KLH

+CM-6 (“In free form”) or NanoNicVac particles (“In nanoparticles”) carrying the same 

amounts of AF647-KLH and CM-6 for 1 or 4 h. Interestingly, at both 1 h and 4 h, the mean 

fluorescence intensity (M.F.I.) of CM-6 and AF647 in the group of “In free form” was 

significantly lower than that in the group of “In nanoparticles” (Figure 2B and 2C), revealing 

that the use of hybrid NPs as delivery vehicles would significantly improve the 

internalization of both nicotine-protein antigens and molecular adjuvants.

The cellular uptake of adjuvant-loaded NanoNicVac particles in DCs was investigated using 

flow cytometry (Figure 2D). DCs were treated with same amounts of NanoNicVac particles 

loaded with different TLR adjuvants for 1, 2, or 4 h. NanoNicVac particles were 

fluorescently labeled by adding NBD-PE to the lipid-layer. Consistent with the data shown 

in Figure 2A, the uptake of NanoNicVac particles was time-dependent. Particularly, 

NanoNicVac particles were rapidly taken up at 2 h, and the uptake process appeared to be 

saturated after that. NanoNicVac particles loaded with R848, ODN 1826, MPLA+R848, 

MPLA+ODN 1826, and R848+ODN 1826 exhibited similar cellular uptake efficiency at all 

studied time points, which may be attributed to their similar size (Figure 1B). In addition, 

DCs took up non-adjuvant-loaded and MPLA-loaded NPs more efficiently than the other 

NPs, especially at 1 h and 2 h. This higher cellular uptake efficiency may be due to the fact 

that non-adjuvant-loaded and MPLA-loaded NPs had a smaller size than the other adjuvant-

loaded NPs (Figure 1B).

The cellular internalization of NanoNicVac particles was visualized using CLSM (Figure 

2E). DCs were treated with NanoNicVac particles in which KLH was labeled by AF647 and 

CM-6 (a model adjuvant) was loaded in the PLGA core. The endosomes and lysosomes of 

cells were labeled by Lysotracker Red. Both bright AF647 and CM-6 fluorescence were 

found within DCs, especially at 2 h and 4 h, revealing that both protein antigens and 

adjuvants could be efficiently co-delivered into DCs. At 1 h, a substantial portion of CM-6 

was co-localized with Lysotracker Red, suggesting NanoNicVac particles were transported 

to endosomes/lysosomes after being internalized by DCs. At 2 h and 4 h, most CM-6 

fluorescence was distributed widely in cells and did not overlap with Lysotracker Red. This 

suggested that the model adjuvant CM-6 was efficiently released from NPs. As TLR 7/8 and 
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9 are primarily localized in the endosomal compartments of cells, the endosomal localization 

of NanoNicVac particles and the efficient release of adjuvant from NPs would be beneficial 

for promoting an effective interaction between TLRs and TLR adjuvants.

3.3 Anti-nicotine antibody response induced by adjuvant-loaded NanoNicVac

The immunogenicity of adjuvant-loaded NanoNicVac was tested in mice (Figure 3). As 

shown in Figure 3A, after the primary immunization, anti-nicotine antibody titers were 

detected in all vaccine groups on day 12. All adjuvant-loaded NanoNicVac generated 

comparable anti-nicotine antibody titers as NanoNicVac with no adjuvant. The first booster 

immunization significantly increased the antibody response in all vaccine groups (Figure 

3B). On day 26, NanoNicVac loaded with MPLA or R848+ODN 1826 did not increase the 

antibody titers compared to NanoNicVac without adjuvant. However, the antibody titers 

elicited by NanoNicVac loaded with R848, ODN 1826, MPLA+R848, or MPLA+ODN 1826 

increased by 69%, 127%, 305%, and 180%, respectively, compared to that induced by 

NanoNicVac without adjuvant. The co-delivery of MPLA and R848 or MPLA and ODN 

1826 generated a higher anti-nicotine antibody response than the delivery of only one 

adjuvant. The second booster injection further significantly enhanced antibody titers in all 

vaccine groups (Figure 3C). On day 40, NanoNicVac loaded with MPLA, R848, ODN 1826, 

MPLA+R848, MPLA+ODN 1826, or R848+ODN 1826 induced 1.44-, 1.84-,1.89-, 3.06-, 

2.64-, and 1.26-fold higher antibody titers than NanoNicVac without adjuvant. Interestingly, 

the co-delivery of R848 and ODN 1826 did not result in a higher antibody titer than the 

delivery of only either R848 or ODN 1826. However, the co-delivery of MPLA and R848 or 

MPLA and ODN 1826 resulted in a considerably stronger antibody response than the 

delivery of only one adjuvant.

3.4 Subtype distribution of anti-nicotine IgG induced by adjuvant-loaded NanoNicVac

The titers of anti-nicotine subtype IgGs on day 40 were assayed (Figure 4A–D). Evidently, 

the incorporation of different single TLR adjuvant to NanoNicVac significantly impacted the 

change of titers of specific subtype IgGs. Specifically, the incorporation of MPLA or ODN 

1826 mainly increased the levels of IgG2a and IgG2b, while the inclusion of R848 

considerably increased the titers of IgG1 as well as IgG2a and IgG2b. The effects of co-

incorporating different TLR adjuvant combinations to NanoNicVac on enhancing the levels 

of subtype IgGs also appeared to be different. Specifically, the incorporation of R848+ODN 

1826 considerably increased the titers of IgG2a, IgG2b, and IgG3 but decreased the levels of 

IgG1. The incorporation of MPLA+ODN 1826 significantly increased the titers of all 

subtype IgGs except IgG1. The incorporation of MPLA+R848 considerably increased the 

titers of all four subtype IgGs, especially IgG1 and IgG2b. The relative percentage of 

subtype IgGs induced by adjuvant-loaded NanoNicVac was shown in Figure 4E. 

Interestingly, the distribution of subtype IgGs was significantly changed by the incorporation 

of different TLR adjuvants. IgG1 is the only major subtype detected when no adjuvant was 

used. The incorporation of MPLA+R848 did not significantly alter the subtype distribution. 

The incorporation of MPLA or R848 increased the percentage of IgG2a but IgG1 is still the 

major subtype. In contrast, the inclusion of ODN 1826, MPLA+ODN 1826, or R848+ODN 

1826 significantly increased the percentage of IgG2a, and IgG2a became the major IgG 

subtype.
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3.5 Relative affinity of anti-nicotine antibodies induced by adjuvant-loaded NanoNicVac

The affinity of anti-nicotine antibodies was estimated by competition ELISA (Figure 5). As 

shown in Figure 5A, 12 days after the primary immunization (on day 12), the IC50 values of 

all vaccine groups were high (>540 μM), suggesting the antibodies had not matured 

sufficiently to have a high affinity to nicotine. However, the IC50 values of antibodies of 

NanoNicVac loaded with no adjuvant, MPLA, R848, MPLA+R848, or R848+ODN 1826 

were significantly lower on day 26 than that on day 12 (Figure 5B). In addition, although no 

statistically significant differences were detected, the IC50 values of NanoNicVac loaded 

with ODN 1826 or MPLA+ODN 1826 were considerably lower on day 26 compared to the 

values on day 12. These data suggest that the first booster immunization promoted the 

affinity maturation of anti-nicotine antibodies. Interestingly, as shown in Figure 5C, the 

second booster immunization exhibited different effects on the affinity maturation of anti-

nicotine antibodies among NanoNicVac loaded with different TLR adjuvants. Specifically, 

the average IC50 values of antibodies induced by NanoNicVac loaded with no adjuvant, 

MPLA, or MPLA+ODN 1826 were higher on day 40 than those on day 26. However, for 

NanoNicVac loaded with R848, ODN 1826, or MPLA+R848, the IC50 values were slightly 

lower on day 40 than those on day 26. In terms of the end-point affinity, compared to 

NanoNicVac loaded with no adjuvant, NanoNicVac loaded with R848 or MPLA+R848 

resulted in a slightly lower average IC50 while NanoNicVac loaded with the other adjuvants 

caused a higher average IC50.

3.6 Ability of adjuvant-loaded NanoNicVac to change nicotine distribution in the serum and 
brain after nicotine challenge

The ability of adjuvant-loaded NanoNicVac to reduce nicotine levels in the brain was studied 

in mice (Figure 6). Mice received subcutaneous administration of 0.06 mg/kg nicotine on 

day 42. The serum and brain nicotine levels after nicotine challenge were analyzed. As 

shown in Figure 6A, the serum nicotine levels in all NanoNicVac groups were much higher 

than that in the PBS (control) group, suggesting that the immunization with NanoNicVac led 

to enhanced serum nicotine sequestration. In addition, compared to that of NanoNicVac 

loaded with no adjuvant, the serum nicotine levels increased by 15.3%, 38.4%, 62.9%, 

295.5%, and 44.3% in the groups of NanoNicVac loaded with MPLA, R848, ODN 1826, 

MPLA+R848, and MPLA+ODN 1826, respectively. Particularly, NanoNicVac loaded with 

MPLA+R848 resulted in a considerably higher serum nicotine sequestration than 

NanoNicVac loaded with MPLA or R848 alone. As shown in Figure 6B, the incorporation of 

MPLA to NanoNicVac did not reduce brain nicotine levels. In contrast, the brain nicotine 

levels of NanoNicVac loaded with R848, ODN 1826, MPLA+R848, MPLA+ODN 1826, 

and R848+ODN 1826 were 19.6%, 21.0%, 54.0%, 32.0%, 16.7% lower than that of 

NanoNicVac with no adjuvant, respectively, suggesting the incorporation of these adjuvants 

facilitated the ability of NanoNicVac to keep nicotine from entering the brain. Particularly, 

NanoNicVac loaded with MPLA+R848 exhibited the best ability to reduce nicotine levels in 

the brain of mice, which was much better than that of NanoNicVac loaded with just MPLA 

or R848.
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3.7 Preliminary safety of adjuvant-loaded NanoNicVac

The behavioral and physical conditions of immunized mice during the entire study period 

were monitored. In all mouse groups immunized with NanoNicVac loaded with various 

adjuvants, no abnormal behavioral changes were observed compared to the mice injected 

with PBS. In addition, no short-term reactions, such as local reaction near the injection sites, 

apparent body temperature increase, and abnormal food and water consumption, were 

detected in any group. The body weight of mice was also monitored (Figure 7A). No weight 

loss was observed in any group of mice. In addition, there were no significant differences of 

body weight change between the PBS and all NanoNicVac groups. NanoNicVac had no 

effect on major organs of mice, including spleen, liver, lung, kidney, and heart, as 

determined by histopathological examination (Figure 7B). In all mouse groups injected with 

various NanoNicVac, no detectable lesions were found in any of the studied organs. All the 

above data suggest that NanoNicVac, regardless of the adjuvants, were safe for mice.

4. Discussion

The clinical trials of NicVAX and NicQb revealed that the top 30% subjects with the highest 

antibody levels showed enhanced smoking cessation rate than placebo.[6, 7] On one hand, 

this information suggests that the basic concept of using nicotine vaccines for treating 

nicotine addiction is sound. However, on the other hand, this information also indicates that 

more powerful nicotine vaccines that have sufficiently high immunogenicity are required so 

as to achieve an enhanced overall smoking cessation rate. The failure of the first-generation 

nicotine-protein conjugate nicotine vaccines (CNVs) inspired researchers to develop 

completely new nicotine vaccine platforms that can circumvent the innate shortfalls of 

conjugate vaccines. Because of their excellent properties, such as particulate nature, tunable 

physicochemical property, and high payload loading capacity,[38–41] NPs can be a basis for 

the development of the next-generation nicotine vaccines that can induce a stronger immune 

response. In our previous study, we developed a lipid-polymeric hybrid NP-based nicotine 

nanovaccine (NanoNicVac) and demonstrated that NanoNicVac could induce a significantly 

higher anti-nicotine antibody titer than CNVs.[17] In other studies, we demonstrated that the 

immunogenicity of NanoNicVac could be facilitated by modulating multiple factors, such as 

particle size,[17] hapten density,[20] hapten localization,[19] and stimulating protein 

(unpublished data). Adjuvants are a critical component of a nicotine vaccine to induce a 

strong and long-lasting immune response. In this current study, we rationally incorporated 

potent TLR-based molecular adjuvants to NanoNicVac particles and studied the impact of 

different TLR adjuvants on the vaccine’s immunological efficacy.

Efficient and specific delivery of nicotine vaccine components (hapten, T help protein, and 

adjuvant) to APCs is a prerequisite to initiate an effective immune response.[5] In our 

experiments, flow cytometry assay suggested that the design of NanoNicVac particles 

significantly enhanced the delivery efficiency of both nicotine antigens and adjuvants. These 

data are in agreement with a previous report showing that the use of NPs as delivery vehicles 

could improve the cellular internalization of soluble proteins and small molecules.[42] APCs 

have a relatively poor ability in recognizing and taking up soluble protein antigens,[11, 12] 

and thus CNVs cannot be internalized by APCs efficiently. Meanwhile, molecular adjuvants 
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cannot be easily integrated with CNVs and are typically added to vaccine formulations by 

physical mixing. As a result, adjuvants cannot be targeted to APCs specifically and thus are 

poorly available to APCs.[13] The design of NanoNicVac particles can overcome the 

abovementioned drawbacks of CNVs. On one hand, NanoNicVac particles provide a host for 

the loading of protein antigens and molecular adjuvants. On the other hand, the particulate 

nature of NanoNicVac can achieve an enhanced recognition and internalization by APCs, 

increasing the availability of nicotine antigens and adjuvants to APCs.

It has been reported that co-localization of antigens and adjuvants within the same APCs can 

augment antigen presentation and T helper cell activation, which are required for B cell 

activation and maturation. Our CLSM results suggest that nicotine antigen and model 

adjuvant were efficiently co-delivered to the same DCs by NanoNicVac particles. Therefore, 

NanoNicVac may induce enhanced antigen presentation and T cell activation, thus helping 

elicit a strong immune response. Moreover, our CLSM results also revealed that 

NanoNicVac particles were transported to endosomes/lysosomes upon cellular 

internalization, and model adjuvant was efficiently released from NPs. In the design of 

NanoNicVac, MPLA, an agonist to TLR4, which is primarily localized on cell surface was 

loaded to the outer lipid-layer. R848 and ODN 1826 that are agonists to TLR7/8 and TLR9, 

respectively, which are localized in endosomal compartments, were loaded in the inner 

PLGA-core. The specified localization of adjuvants based on their relevant TLRs, the 

endosomal transportation of NPs, and the efficient release of adjuvants would promote 

effective interactions between TLRs and TLR adjuvants.

Our antibody titer results demonstrated that the incorporation of single TLR adjuvant 

(MPLA, R848, or OND 1826) increased the antibody titers but the enhancement was not 

significant. This suggests that the use of single TLR adjuvant may not be sufficient to 

significantly improve the immunogenicity of NanoNicVac. Also, the incorporation of 

different TLR adjuvant combinations exhibited dramatically different impacts on the 

antibody titers. Specifically, the combination of R848 and ODN 1826 exhibited an 

antagonistic effect on the antibody titers compared to R848 or ODN 1826 alone. However, 

the combination of MPLA and R848 or MPLA and ODN 1826 synergistically induced a 

much higher antibody titer than the corresponding single adjuvant. The difference in the 

adjuvant effects of different TLR adjuvant combinations may be attributed to the fact that 

MPLA, R848, and ODN 1826 act through different signaling pathways. MPLA, a TLR4 

agonist, was reported to act in a TRIF pathway biased manner.[43] R848 and ODN 1826, 

which are TLR7/8 and TLR 9 agonists, respectively, are predominantly acting through 

MyD88-dependent signaling pathways.[44] It has been reported that the co-activation of 

these different pathways has the potential to induce complementary or synergistic effects, 

while antagonism more commonly occurs with agonists that act through the same pathway.

[44, 45] The combination of MPLA and R848 or MPLA and ODN 1826 may co-activate 

both TRIF and MyD88 pathways. The cross-talk between MyD88 and TRIF may lead to 

enhanced cytokine production, reciprocal upregulation of each receptor,[46] and enhanced 

activation of T-helper cell responses,[47, 48], thus promoting antibody production.[49, 50] 

In contrast, as TLR7/8 and TLR9 signal via the same pathway, the combination of R848 and 

ODN 1826 may only stimulate the MyD88 pathway. As a result, the induction of immune 

responses cannot be enhanced due to the lack of MyD88-TRIF cross-talk. Moreover, in this 
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current study, a NanoNicVac mixed with free TLR adjuvants was not tested in mice, as it has 

been reported that compared to nanoparticle-delivered TLR adjuvants, the free TLR 

counterparts exhibited lower immunostimulatory effect and higher risk of systemic toxicity.

[33]

Our antibody affinity results reveal that compared to non-adjuvant-loaded NanoNicVac, 

NanoNicVac adjuvanted with MPLA, ODN 1826, MPLA+ODN 1826, or R848+ODN 1826 

resulted in a comparable or lower antibody affinity while NanoNicVac adjuvanted with R848 

or MPLA+R848 led to a higher antibody affinity. Surprisingly, the antibodies elicited by 

NanoNicVac adjuvanted with MPLA+R848 or MPLA+ODN 1826 had comparable quantity 

but significantly different affinity. This phenomenon indicates that the incorporation of 

different TLR adjuvants to NanoNicVac not only significantly influences the production of 

anti-nicotine antibodies but also significantly affects the quality of the produced anti-

nicotine antibodies. The reduction of brain nicotine levels seen in our experiments were in 

agreement with the antibody titer data and antibody affinity data. Noticeably, NanoNicVac 

with MPLA+R848 adjuvant had a significantly better ability to reduce brain nicotine levels 

compared to non-adjuvant-loaded NanoNicVac. However, NanoNicVac with MPLA+ODN 

1826 or R848+ODN 1826 did not result in significantly different brain nicotine 

concentrations than non-adjuvant-loaded NanoNicVac. These results were not unexpected. 

NanoNicVac adjuvanted with MPLA+R848 induced both significantly higher titer and much 

higher affinity of anti-nicotine antibodies, so more nicotine could be blocked from entering 

the brain. However, the anti-nicotine antibodies elicited by NanoNicVac with MPLA+ODN 

1826 or R848+ODN 1826 had either lower affinity or comparable titer compared to that 

induced by non-adjuvant-loaded NanoNicVac. Therefore, the ability of NanoNicVac to 

reduce brain nicotine levels could not be significantly improved by the incorporation of 

MPLA+ODN 1826 or R848+ODN 1826. It should be pointed out that a NanoNicVac loaded 

with MPLA+R848+ODN 1826 was not tested in this study, considering that the 

incorporation of too many adjuvants might cause safety issues that could impair future 

clinical translation. Moreover, the co-incorporation of R848 and ODN 1826 did not resulted 

in an enhanced immunogenicity, further supporting the unnecessity of incorporating the 

combination of triple adjuvants. In conclusion, a series of lipid-polymeric hybrid NP-based 

nicotine nanovaccines, in which various TLR adjuvants or their combinations were 

incorporated, were successfully fabricated and tested. The impacts of TLR adjuvants on the 

immunogenicity and ability to reduce brain nicotine concentration of the nicotine 

nanovaccines were examined. Mouse trial results suggested that the use of single TLR 

adjuvant (MPLA, R848, or ODN 1826) was not sufficient to significantly enhance the 

immunogenicity of NanoNicVac. The co-incorporation of appropriate TLR adjuvant 

combinations (MPLA+R848 or MPLA+ODN 1826) exhibited a complementary effect and 

thus significantly improved the immunogenicity of NanoNicVac. Particularly, the 

incorporation of MPLA+R848 induced the highest titers of anti-nicotine antibody that had a 

high affinity to nicotine, and thus exhibited the best capability to block nicotine from 

entering the brain of mice. The findings of this work demonstrated that incorporating 

appropriate TLR adjuvants could be a novel strategy to improve the immunological efficacy 

of the next-generation NP-based nicotine vaccines. Based on all the reported results, hybrid 

NP-based nicotine nanovaccines can be a promising next-generation immunotherapeutic 
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candidate for treating nicotine addiction. As previous clinical trials indicated that the 

induction of a sufficiently strong immune response against nicotine is a prerequisite for a 

clinically-viable nicotine vaccine, future studies will be focused on further improving the 

immunogenicity of the hybrid nanoparticle-based nicotine vaccines by integrating 

nanoparticle engineering strategies and hapten design. Once a leading nicotine nanovaccine 

that can result in a desirable antibody binding capacity and pharmacokinetic efficacy is 

established, efforts will be devoted to the clinical translation of the hybrid nanoparticle-

based nicotine vaccine. If successful, the hybrid nanoparticle-based nicotine vaccine may 

provide smokers with a safer and more effective immunotherapeutic method for combating 

nicotine addiction, significantly contributing to solving the unmet demands for smoking 

cessation. Meanwhile, the hybrid nanoparticle-based nicotine vaccine also has potential to 

be co-administered with current pharmacological medications as a combinatorial 

intervention, considerably changing the current landscape of smoking cessation.
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Figure 1. 
Characterization of NPs. (A) Schematic illustration and TEM images of liposomes, PLGA 

NPs, lipid-PLGA hybrid NPs, and adjuvant-loaded NanoNicVac particles. Scale bars 

represent 100 nm. (B) Average diameters of NanoNicVac particles. (C) Zeta-potential of 

NanoNicVac particles.
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Figure 2. 
Cellular Uptake of NanoNicVac particles by dendritic cells. (A) Flow cytometry recorded 

events, (B) M.F.I. of CM-6, and (C) M.F.I. of AF647 of dendritic cells after being treated 

with free AF467-KLH+CM-6 (In free form) or NanoNicVac particles carrying AF647-KLH 

and CM-6 (In nanoparticles). AF647 was used to label KLH, and CM-6 was used as a model 

adjuvant that was loaded into the PLGA core. Significantly different: *, p < 0.05, ***, p < 

0.001. (D) M.F.I. of NBD in dendritic cells after being treated with NanoNicVac particles 

loaded with different adjuvants. NBD was added to the lipid-layer to label NPs. (E) CLSM 
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images of dendritic cells after being treated with NanoNicVac particles for 1, 2, or 4 h. 

AF647 was used as a model hapten to provide fluorescence and CM-6 was used as a model 

adjuvant loaded into the PLGA core. Scale bars represent 10 μm.
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Figure 3. 
Immunogenicity of adjuvant-loaded NanoNicVac. The titers of anti-nicotine IgG antibodies 

elicited by NanoNicVac on (A) day 12, (B) day 26, and (C) day 40 were measured by 

ELISA. Significantly different compared to the previous studied date: & p < 0.05, && p < 

0.01, and &&& p < 0.001. Significantly different compared to NanoNicVac group with no 

adjuvant: # p < 0.05, ## p < 0.01, and ### p < 0.001. Significantly different: * p < 0.05, ** p 

< 0.01, and *** p < 0.001.
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Figure 4. 
Subtype distribution of anti-nicotine IgGs. The titers of anti-nicotine IgG subtypes on day 

40, including (A) IgG1, (B) IgG2a, (C) IgG2b, and (D) IgG3, were assayed. (E) shows the 

relative percentages of subtype anti-nicotine IgGs. Significantly different compared to 

NanoNicVac with no adjuvant: # p < 0.05, ## p < 0.01, and ### p < 0.001. Significantly 

different: ** p < 0.01, *** p < 0.001.
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Figure 5. 
Affinity of anti-nicotine antibodies elicited by NanoNicVac on (A) day 12, (B) day 26, and 

(C) day 40. The antibody affinity was estimated by competition ELISA. Significantly 

different compared to the IC50 on day 12: & p < 0.05, && p < 0.01. Significantly different: * 

p < 0.05.
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Figure 6. 
Pharmacokinetic efficacy of adjuvant-loaded NanoNicVac in mice. (A) Serum nicotine 

concentration. (B) Brain nicotine concentration. Mice were administered 0.06 mg/kg 

nicotine on day 42, and the brain and serum samples were collected 3 min after nicotine 

administration. Significantly different compared to NanoNicVac with no adjuvant: # p < 

0.05, ## p < 0.01. Significantly different: * p < 0.05, ** p < 0.01.
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Figure 7. 
Preliminary safety of adjuvant-loaded NanoNicVac particles. (A) Body weight of 

immunized mice. (B) Representative H&E staining images of major organs of mice 

immunized with NanoNicVac carrying different adjuvants.
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Table 1

The loading efficiencies of adjuvants in NanoNicVac.

NPs MPLA loading (μg/mg NP) R848 loading (μg/mg NP) ODN 1826 loading (μg/mg NP)

NanoNicVac (No adjuvant) / / /

NanoNicVac (MPLA) 17.85# / /

NanoNicVac (R848) / 38.72 ± 4.47 /

NanoNicVac (ODN 1826) / / 34.01 ± 2.10

NanoNicVac (MPLA+R848) 17.85# 37.35 ± 4.33 /

NanoNicVac (MPLA+ODN 1826) 17.85# / 34.52 ± 0.75

NanoNicVac (R848+ODN 1826) / 32.82 ± 3.42 33.72 ± 1.21

#
It is assumed that 100% of MPLA in the lipid mixture was incorporated into the lipid-layer of NanoNicVac.
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