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Abstract

Tobacco smoking has consistently been the leading cause of preventable diseases and premature
deaths. Currently, pharmacological interventions have only shown limited smoking cessation
efficacy and sometimes are associated with severe side effects. As an alternative, nicotine vaccines
have emerged as a promising strategy to combating nicotine addiction. However, conventional
conjugate nicotine vaccines have shown limited ability to induce a sufficiently strong immune

response due to their intrinsic shortfalls.

In this study, a lipid-poly(lactic-co-glycolic acid) (PLGA) nanoparticle-based next-generation
nicotine vaccine has been developed to overcome the drawbacks of conjugate nicotine vaccines.
Also, the influence of multiple factors, including nanoparticle size, hapten density, hapten
localization, carrier protein, and molecular adjuvants, on its immunogenicity has been investigated.
Results indicated that all these studied factors significantly affected the immunological efficacy of
the nicotine nanovaccine. First, 100 nm nanovaccine was found to elicit a significantly higher anti-
nicotine antibody titer than the 500 nm nanovaccine. Secondly, the high-density nanovaccine
exhibited a better immunological efficacy than the low- and medium-density counterparts. Thirdly,
the nanovaccine with hapten localized on both carrier protein and nanoparticle surface induced a
significantly higher anti-nicotine antibody titer and had a considerably better ability to block
nicotine from entering the brain of mice than the nanovaccines with hapten localized only on
carrier protein or nanoparticle surface. Fourthly, the nanovaccines carrying cross reactive materials

197 (CRM97) or tetanus toxoid (TT) showed a better immunological efficacy than the



nanovaccines using keyhole limpet hemocyanin (KLH) or KLH subunit as carrier proteins. Finally,
the co-delivery of monophosphoryl lipid A (MPLA) and Resiquimod (R848) achieved a
considerably higher antibody titer and brain nicotine reduction than only using MPLA or R848

alone as adjuvants.

Collectively, the findings from this study may lead to a better understanding of the impact of
multiple factors on the immunological efficacy of the hybrid nanoparticle-based nicotine
nanovaccine. The findings may also provide significant guidance for the development of other
drug abuse and nanoparticle-based vaccines. In addition, the optimized lipid-PLGA hybrid
nanoparticle-based nicotine nanovaccine obtained by modulating the studied factors can be a

promising candidate as the next-generation nicotine vaccine for treating nicotine addiction.
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General Audience Abstract

Tobacco smoking is prevalent and represents one of the largest public health concerns in the world.
Tobacco use remains to be the leading cause of preventable diseases and premature deaths.
Typically, smokers without medications experience huge difficulty in quitting smoking due to the
addictiveness of nicotine. Although several pharmacological interventions are available to
smokers, they have only shown limited smoking cessation efficacy. In recent years, nicotine
vaccines that can induce the production of nicotine specific antibodies have been proposed as a
promising strategy for smoking cessation. Currently, almost all the already-developed nicotine
vaccines are conjugate nicotine vaccines in which nicotine haptens are attached to a carrier protein
for presentation. However, conventional conjugate nicotine vaccines suffer from many innate

shortcomings that largely limit their immunological efficacy.

This study aimed to develop a nanoparticle-based next-generation nicotine vaccine to overcome
the drawbacks of conventional conjugate nicotine vaccines. Because many factors may potentially
affect the immunological efficacy of a nicotine vaccine, this study focused on investigating the
influence of multiple factors, including nanoparticle size, hapten density, hapten localization,
carrier protein, and molecular adjuvants, on the immunological efficacy of the developed hybrid
nanoparticle-based nicotine vaccine. Results from this study revealed that all these studied factors

significantly influenced the immunological efficacy of the nicotine nanovaccine. By modulating



these factors, enhanced immune responses that can result in higher titers of anti-nicotine antibodies

and better ability in blocking nicotine from entering the brain of mice could be achieved.

The findings from this study would lead to a better understanding of how multiple factors influence
the immunological efficacy of a nanoparticle-based nicotine vaccine. In addition, the findings from
this study can also provide significant guidance for the development of other drug abuse and
nanoparticle-based vaccines. More importantly, the hybrid nanoparticle-based nicotine

nanovaccine can be a promising candidate for smoking cessation.
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Chapter 1: Introduction

Tobacco is the most-widely abused substance, and tobacco smoking remains a leading cause of
preventable diseases and premature deaths worldwide.[1] Tobacco use not only directly causes
cardiovascular diseases, chronic obstructive pulmonary diseases, and cancers, but also is
responsible for respiratory tract and other infections, osteoporosis, reproductive disorders, adverse
postoperative events and delayed wound healing, duodenal and gastric ulcers, and diabetes.[2]
There are currently more than 60 million smokers and 480,000 related deaths per year in U.S., and

approximately 6 million tobacco-related deaths annually in the world.[3]

Nicotine is the major addictive substance in cigarettes. Nicotine addiction is responsible for the
difficulty in quitting smoking. As a small molecule, nicotine can cross the blood-brain barrier to
bind to nicotinic acetylcholine receptors. This binding can subsequently cause the release of
dopamine that provides a euphoric feeling to smokers.[2] In fact, most smokers have strong desires
to quit, but only less than 5% of them can finally succeed without the help of medications.
Abstinence 1s known to reduce smoking related diseases significantly, but the powerful addiction
has been proven to be a difficult hurdle to surpass.[4] Many withdrawal symptoms may be caused
by the abstinence from smoking, such as craving for tobacco, distraction, anxiety, and restlessness,
all of which enormously compromise a smoker’s efforts to quit smoking.[5] Therefore,

medications are required to alleviate these symptoms and to aid smokers in quitting smoking.

Currently, there are three major pharmacological medications available to smokers for quitting
smoking, nicotine replacement therapy, bupropion, and varenicline.[6] They function via different
mechanisms: nicotine replacement therapy works by substituting nicotine from cigarettes with
artificial nicotine sources to reduce the craving and withdrawal symptoms after quitting[7];

bupropion is a nicotinic receptor antagonist that can inhibit re-uptake of dopamine and



noradrenaline in the central nervous system that occurs in nicotine withdrawn[8]; varenicline is a
nicotinic receptor partial agonist and its competitive binding will reduce the ability of nicotine to
bind and stimulate the mesolimbic dopamine system[7]. These pharmacological medications have
shown some extents of effectiveness in smoking cessation. However, even with the help of these
pharmacological medications, the smoking cessation rate is still disappointingly low (10-25%). In
addition, they are sometimes associated with some serious side effects, such as skin irritation,
headache, and depression with suicide behaviors.[6] Therefore, it is in urgent need to develop more

effective and safe strategies for smoking cessation.

Nicotine vaccines have been proposed in recent decades as a promising strategy for smoking
cessation. In principal, a nicotine vaccine can induce the production of nicotine specific antibodies
that can bind with nicotine in serum and thus block nicotine from crossing the blood-brain barrier
to stimulate the mesolimbic dopamine system.[9, 10] Compared to currently available
pharmacological medications, nicotine vaccines have the superiorities of 1) distinguished safety,
2) specific interactions between antibodies and nicotine molecules, 3) limited number of
administrations of vaccines for long-lasting effects and hence improved patient compliance, and
4) its complimentary mechanism to pharmacological therapies for potential combination

therapies.[9, 11]

A number of conjugate nicotine vaccines have been reported to achieve promising immunological
efficacy in preclinical trials, and several of them have reached various stages of clinical trials.[12,
13] However, despite the promising results in preclinical and early-stage clinical trials, no
conjugate nicotine vaccines have achieved satisfactory smoking cessation rate, mainly due to the
insufficient and highly-variable antibody titers.[9] The phase 2 clinical studies of NicVax” and

NicQb" revealed that while the overall smoking cessation rate was not enhanced in the study group



in comparison to the placebo group, the quit rate improved in the top 30% of subjects that had the
highest antibody titers.[ 14, 15] This suggests that the concept of using nicotine vaccines to promote
smoking cessation is fundamentally sound, but there is an undoubtedly urgent need for improved

vaccines that can elicit stronger immune response.

Theoretically, nicotine is too small to induce an immune response and it has to be attached to a
large molecule to be recognized by the immune system.[9] Currently, almost all the already-
developed nicotine vaccines are conjugate vaccines in which nicotine haptens are conjugated to a
carrier protein for presentation. Although multiple strategies have been applied to improve their
immunogenicity, conventional conjugate nicotine vaccines suffer from several innate shortfalls,
such as poor recognition and internalization by immune cells, low bioavailability, low specificity,
fast degradation, difficulty in integrating with molecular adjuvants, and short immune persistence,

all of which lead to low immunological efficacy.[16-18]

In the recent decades, nanoparticles have been widely studied for the delivery of drugs, proteins,
and vaccine.[19, 20] Having many advantages, such as high payload loading capacity, controlled
payload release, tunable physicochemical properties, and many others, nanoparticles have the
potential to overcome many of the abovementioned drawbacks of conjugate nicotine vaccines. In
this study, a lipid-poly(lactic-co-glycolic acid) (PLGA) hybrid nanoparticle-based nicotine vaccine
was developed, in which lipid-PLGA nanoparticles were used for the efficient delivery of nicotine
vaccine components, as a next-generation vaccine candidate for treating nicotine addiction.
Because many factors may potentially affect the immunogenicity of a nanoparticle-based nicotine
vaccine, we focused on studying the effect of multiple factors, including nanoparticle size, hapten
density, hapten localization, carrier protein, and molecular adjuvants, on the immunological

efficacy of the hybrid nanoparticle-based nicotine vaccine. In Chapter 3, hybrid nanoparticle-based



nicotine nanovaccines with different particle sizes (100 and 500 nm) were fabricated by controlling
the size of PLGA nanoparticles. The cellular uptake of different sized nanovaccine particles were
studied in dendritic cells. The immunogenicity of nanovaccines with different particle sizes were
investigated in mice. In Chapter 4, a series of hybrid nanoparticle-based nicotine nanovaccines
with different hapten densities (high-, medium-, and low-density) were prepared to study the
influence of hapten density on their immunological efficacy. The immunogenicity and
pharmacokinetic efficacy of nanovaccines with different hapten densities were studied in mice. In
Chapter 5, in order to investigate the impact of hapten localizations on the immunological efficacy
of the nicotine nanovaccines, three hybrid nanoparticle-based nicotine nanovaccines, which had
nicotine localized only on carrier protein, only on nanoparticle surface, or on both, were fabricated
and characterized. Their immunogenicity and pharmacokinetic efficacy were studied and
compared in mice. In Chapter 6, different carrier protein candidates (cross reactive material 197
(CRM,97), tetanus toxoid (TT), keyhole limpet hemocyanin (KLH), and KLH subunit) were
conjugated to the nicotine nanovaccines to study the influence of carrier protein on their
immunological efficacy. The uptake and processing of nanovaccines with different carrier proteins
were studied in dendritic cells. The immunogenicity and pharmacokinetic efficacy of the
nanovaccines were investigated in mice. In Chapter 7, multiple molecular adjuvants
(monophosphoryl lipid A (MPLA), Resiquimod (R848), and CpG oligonucleotide (CpG OND))
or their combinations were incorporated to the nanovaccine nanoparticles. The influence of
different adjuvants on improving the immunological efficacy of the hybrid nanoparticle-based

nicotine nanovaccines were studied in mice. Chapter 8 is a general conclusion of this work.
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Chapter 2: Literature Review: Nicotine Vaccines as a Promising

Immunotherapeutic Strategy for Treating Nicotine Addiction

2.1 Current status and the health effects of tobacco smoking

Tobacco smoking is very prevalent in almost every country, regardless of the stage of economy
development. It is estimated that there are currently more than 1.1 billion smokers in the world.[ 1,
2] According to the Centers for Disease Control and Prevention (CDC), for the year of 2015,
approximately 36.5 million U.S adults (16.7% of males and 13.6% of females) were tobacco
smokers.[3] In addition, it has been estimated that each day, over 3,200 U.S. people younger than
18 years of age try to smoke for the first time, and around 2,100 U.S. youths become daily smokers

from occasional smokers.[4]

There has been sufficient evidence to show that tobacco smoking is correlated with increased
health risks. Smoking harms almost every organ of the body and significantly influences the
overall health of a person.[5, 6] Tobacco use not only directly causes cardiovascular diseases,
chronic obstructive pulmonary diseases, and cancers, but also is responsible for respiratory tract
and other infections, osteoporosis, reproductive disorders, adverse postoperative events and
delayed wound healing, duodenal and gastric ulcers, and diabetes.[7, 8] It has been reported that,
compared to non-smokers, smokers have 2 to 4 times higher risk of coronary heart disease, 2 to 4

times higher risk of stroke, and at least 25 times higher risk of lung cancer.[4]

Cardiovascular disease represents the leading cause of deaths in the United States that kills over
800,000 people every single year.[9] Smoking is one of the major causes of cardiovascular disease,

and specifically, one of three people dying from cardiovascular disease has tobacco smoking as a



contributing factor.[10] The mechanism of tobacco smoking causing cardiovascular disease is that
chemicals in cigarettes can lead the blood vessel cells to be swollen and inflamed, thus making
blood vessels thicken and narrower.[11, 12] This change of blood vessels can cause many serious
cardiovascular conditions, such as atherosclerosis, coronary heart disease, stroke, peripheral
arterial disease, and abdominal aortic aneurysm.[13, 14] Any amount of smoking, no matter heavy
or light or even occasional, may be a potential factor to cause cardiovascular diseases. Studies
reveal that even people who smoke less than five cigarettes per day may develop early signs of
cardiovascular diseases.[15] Even worse, secondhand smoking can also significantly increase the
risk of cardiovascular diseases.[16] In fact, more than 33,000 nonsmokers died from secondhand

smoking-induced cardiovascular diseases every year.[4]

Tobacco smoking can cause respiratory diseases by damaging the airways and small air sacs in the
lungs.[17] Toxins in cigarettes can significantly harm the human body right from the moment
mouths and noses are exposed. Chemicals in cigarettes can be absorbed in the lungs once they
reach there. As a consequence, the absorbed chemicals may cause lung diseases like chronic
obstructive pulmonary diseases (COPD), cause COPD to be more severe, and increase the risk of
respiratory infections.[18] It has been reported that smokers have 12 to 13 times higher risk of
dying from COPD in comparison to non-smokers.[19] In addition, chemicals in cigarettes can slow
down the lung growth of young people if their lungs are still growing. This damage will cause the
lungs of young people to fail to grow to the full size and never to perform at full capacity,

increasing the risk of COPD throughout their entire life.[20, 21]

Smoking is the leading cause of cancers and cancer-related deaths. Smoking contributes to cancers
almost everywhere in human body, including the bladder, blood, cervix, colon and rectum,

esophagus, kidney and ureter, larynx, liver, oropharynx, pancreas, stomach, trachea, bronchus, and



lung.[22] Particularly, smoking is the leading cause of lung cancers, and more than 80% of lung
cancers are attributed to tobacco smoking.[23] Besides lung cancer, tobacco smoking also accounts
for 42% of oral and oropharynx cancer, 42% of esophageal cancer, 13% of stomach cancer, 14%
of liver cancer, 22% of pancreatic cancer, 28% of bladder cancer, 9% of blood cancer, and 2% of
cervical cancer.[24, 25] It has been estimated that if all U.S. people quit smoking, one of every

three deaths caused by smoking would not happen.[4]

Overall, by harming every organ of human body and contributing to many diseases, tobacco
smoking remains the leading cause of preventable deaths.[7] Tobacco use causes nearly 6 million
deaths annually in the world, and it is estimated that the figure will increase to 8 million by the
year of 2030. In U.S. alone, there are currently more than 480,000 people dying from tobacco
smoking every single year, among whom over 41,000 people died from secondhand smoke
exposure. Deaths caused by tobacco use account for nearly 1/5 of total deaths annually in the
United States.[3] In addition, it has been reported that the lifespan of smokers is almost 10 years
shorter than that of non-smokers on average. Also, it has been predicted that if current U.S. youths
continue to smoke at the current rate, nearly 5.6 million of them (about one in every thirteen) are

expected to die from smoking-related diseases in the future.[26]
2.2 The need of using medications to aid in smoking cessation

To stop tobacco smoking is very difficult as nicotine is addicting. Nicotine is a small molecule
(MW=162.23) naturally existing in cigarettes and is the major component causing the addiction of
tobacco smokers.[7] Research has suggested that nicotine may be as addictive as cocaine, heroin,
and alcohol. The mechanism of nicotine addiction has been well described. Nicotine is such a
small molecule that it can be transported across the blood-brain barrier to reach the brain of a

subject. Around 1.5 mg of nicotine will be inhaled if a cigarette is smoked. The inhaled nicotine
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can reach the brain in 10-20 s after a puff.[27, 28] After reaching the brain, nicotine initiates its
action by binding to nicotinic acetylcholine receptors (nAChRs), which are ligand-gated ion
channels.[29, 30] The binding of nicotine can enable the stimulation of nAChRs, which
subsequently opens the ion-channels to allow the influx of sodium or calcium into nerve cells. The
membrane of nerve cells is subsequently depolarized and thereby initiates the release of a variety
of neurotransmitters, such as dopamine.[31] The release of dopamine results in positive
psychological effects of pleasure, arousal, and mood modulation, and contributes to development

of nicotine addiction.[7, 32-34]

If nicotine addiction has developed, more nicotine will be required to maintain euphoria because
receptors can adapt. Meanwhile, smokers also need nicotine to maintain their normal brain
functioning since their brain has become tolerant.[7] Thus, to combat smoking, a smoker needs to
deal with both the altered neurotransmitter release and many severe withdrawal systems, including
irritability, depressed mood, restlessness, anxiety, difficulty concentrating, hunger, and weight
gain. Nicotine addiction is sustained both by the positive effects of pleasure and arousal and by
the avoidance of the unpleasant effects of nicotine withdrawal.[35, 36] In fact, a substantial portion
of smokers have strong desire to quit smoking. It has been shown that 68% of current adult smokers
and 45.5% of current high school smokers in U.S. reported in 2015 that they wanted to quit
smoking. However, most of them experienced relapse in one month and only less than 3% of them
finally succeeded without medications.[37, 38] Due to the super-strong addictiveness of nicotine,

medications are needed to aid smoking cessation.
2.3 Pharmacological medications for smoking cessation

Although abstinence has shown some extent of success in helping people quit smoking, its efficacy

is generally very low and some severe adverse effects are associated with the abstinence process.
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In order to aid smokers in quitting tobacco smoking, great efforts have been made to develop
pharmacological medications. Currently, there are three major classes of pharmacological
medications available to smokers, nicotine replacement therapy (NRT), bupropion, and

varenicline.[39]

NRT is the first FDA-approved pharmacological medication for smoking cessation.[40] There are
currently six forms of FDA-approved NRT therapies available to smokers in the market: nicotine
patch, nicotine gum, nicotine lozenge, nicotine sublingual tablets, nicotine nasal spray, and
nicotine vapor inhalers.[36, 41, 42] The mechanism of action of NRT is believed to rely on two
aspects. First, nicotine delivered by NRT can stimulate nAChRs in the ventral tegmental area of
the brain of smokers, thus inducing the release of dopamine in the nucleus accumbens. This action
together with some other peripheral actions of nicotine can attenuate some of the withdrawal
symptoms in regular smokers obtained from smoking.[43] Second, via a coping mechanism, NRT
can make cigarettes less rewarding to smokers. Nicotine delivered by NRT enters the human body
by systemic venous absorption rather than systemic arterial delivery that is with smoking, and thus
NRT only slowly delivers nicotine and achieves a lower level of arterial nicotine. As a result, NRT
can provide some effects for which the smokers previously relied on cigarettes, such as sustaining
desirable mood and attention states.[39, 43, 44] Current evidence suggests that all NRTs, no matter
what form, considerably increase the possibility of successfully quitting smoking. Specifically,
NRTs increase the smoking cessation rate by 50%-70%.[44] However, although NRT is widely
recommended as an aid for smoking cessation, it has several limitations that largely affect the
patient compliance. First, NRT needs to be administered very frequently, causing high cost and
inconvenience to smokers.[45] Second, some adverse effects are associated with NRT, such as

skin irritation, depression, anxiety, dizziness, and headache.[46-50]
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Bupropion, which was first developed as an antidepressant agent in 1989,[51] was found in 1997
to have smoking cessation properties.[52] After further evaluation as a smoking cessation agent,
it was marketed as Zyban” and used as a first line smoking cessation pharmacological
medication.[53-55] The mechanism of action of bupropion has not been fully determined.
However, it has been proposed that bupropion may exert its main mechanism of action via
inhibiting dopamine and noradrenalin reuptake.[56] The inhibition of dopamine reuptake by
influencing the dopamine transporter system may reduce the dopamine deficiency experienced in
nicotine withdrawal and may explain the attenuating effect of bupropion on nicotine withdrawal
symptoms.[57, 58] In addition, some other mechanisms have also been suggested. Bupropion may
antagonize the effect of nicotine at the postsynaptic nicotinic acetylcholine receptor.[59]
Bupropion may also inhibit nicotine-induced vesicular release of dopamine.[60] Clinical trial data
suggests that bupropion could double the odds of smoking cessation over placebo, and the smoking
cessation rate was 12-30% depending on the dose of administered bupropion.[53] Another clinical
study revealed that the combination of bupropion and a nicotine patch could achieve higher
smoking cessation rate than bupropion or nicotine patch alone.[61] Although bupropion seems to
have acceptable efficacy in aiding smoking cessation, it may cause various side effects, such as
agitation, insomnia, headache, nausea, stomach pain, dizziness, muscle pain, diarrhea, seizures,
weight loss or gain, tremor, and increased urination.[62-65] Due to those potential health risks,

FDA requires the manufacturer to put a black box warning on its label.[66]

Varenicline, which was developed by Pfizer, was the latest FDA-approved pharmacological
medication for aiding smoking cessation.[67, 68] Varenicline is an a4f3; nicotinic receptor partial
agonist. The mechanism of action of varenicline is believed to be attributed to its agonist property

at nicotinic receptors.[69] As a partial agonist at the nicotinic receptor, varenicline is able to cause
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a moderate and sustained increase of mesolimbic dopamine levels. This can counteract the low
dopamine levels resulted from the lack of nicotine during smoking cessation process, which seem
to be significant in contributing to craving and withdrawal.[70] Meanwhile, by competitively
binding to nicotinic receptor, varenicline is able to shield a smoker from nicotine-induced increases
in dopamine levels thereby preventing events of relapse.[71] Clinical trial data suggests that
varenicline was more effective than bupropion and placebo after 12 weeks. In addition, it was
found that the continuous abstinence rate from 9 to 52 weeks of varenicline (23%) was higher than
that of bupropion (15%) and placebo (10%).[70] Moreover, meta-analysis suggests that varenicline
is also more effective in aiding smoking cessation than a single form of NRT.[72, 73] It has been
noticed that side effects are associated with the use of varenicline. The major side effects are
nausea, vomiting, and insomnia.[ 72] Some neuropsychiatric side effects were reported anecdotally,
including psychosis, depression, and suicidal behavior.[74-76] In addition, meta-analysis indicates

that varenicline may cause some, although small, cardiovascular side effects.[77]
2.4 The rationale of developing nicotine vaccines for smoking cessation

Smokers need the help of medications to get rid of smoking. Current available pharmacological
medications have proven certain extent of success in promoting smoking cessation. However, their
success at smoking cessation rate is limited. Also, the adverse side effects associated with them
lead to low customer compliance. Therefore, more effective and safe strategies are an urgent need
for smoking cessation. In the recent two decades, nicotine vaccines have emerged as a promising
immunotherapeutic method for treating nicotine addiction.[78] The mechanism of nicotine
vaccines is based on the production of nicotine specific antibodies. In brief, when administered, a
nicotine vaccine can stimulate the immune system to induce the production of nicotine specific

antibodies. The nicotine specific antibodies are able to bind with nicotine in the blood and
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peripheral body fluids to form a nicotine-antibody complex. Because of the large size of the
complex, nicotine cannot be transported across the blood-brain barrier. As a result, nicotine will
not be accessible to nAChRs and will not cause the release of dopamine.[79, 80] The rationale of
developing nicotine vaccines for treating nicotine addiction relies on the fact that the brain nicotine
level of a subject could be reduced to an extent to preventing addiction, if a sufficient amount of
nicotine specific antibodies could be produced by a nicotine vaccine.[81, 82] Compared to
conventional pharmacological medications, nicotine vaccines hold many advantages: 1)
unparalleled safety, 2) specific interactions between antibodies and the targeted drug molecule, 3)
the limited number of administrations/injections of vaccines for long-lasting effects and hence
improved patient compliance, and 4) its complimentary mechanism to pharmacological therapies

for potential combination therapies.[83, 84]

2.5 The first-generation nicotine vaccine: nicotine-protein conjugate-based

nicotine vaccine

Nicotine is such a small molecule that it cannot be recognized by immune cells on its own. To
induce an immune response, nicotine needs to be attached to a support, such as a carrier protein or
nanoparticle.[82] The first-generation nicotine vaccine developed for nicotine addiction treatment
utilizes a carrier protein as the support to present nicotine haptens. These carrier protein-based
nicotine vaccines are commonly referred to as nicotine-protein conjugate nicotine vaccines.[85]
Basically, a conjugate nicotine vaccine is constructed by conjugating a nicotine hapten to a carrier
protein via a linker. Initially, it was found in preclinical studies that conjugate nicotine vaccines
were able to elicit high titers of nicotine specific antibodies and significantly block nicotine from
entering the brain. To date, five conjugate nicotine vaccines have tested in human clinical trials,

including TA-NIC, NicQb, NicVAX, Niccine, and NIC7.[86] NicVAX and NicQb represent the
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most successful conjugate nicotine vaccines so far, and both of them have reached clinical testing
levels of at least phase IIb. NIC7 is the only conjugate nicotine vaccine that is still being tested in

ongoing clinical trials.

NicVax, another vaccine, is the only conjugate nicotine vaccine that has been tested in phase I1I
clinical trials. Developed by Nabi Pharmaceuticals and GlaxoSmithKline, NicVAX is constructed
by linking 3’-aminomethylnicotine (3’-AmNic) to recombinant Pseudomonas aeruginosa
exoprotein A (rEPA) via a succinyl linker. [87]In phase Il and IIb studies, it was found that a
subgroup of the top 30% antibody responders achieved a significantly higher smoking cessation
rate than the placebo group for up to 34 weeks. In addition, it was found that the target quit day
was dependent on the dose regimen, and smokers who were immunized with 5 injections of 400
ug of NicVAX had the highest antibody titers, which resulted in significantly higher abstinence
rates than smokers received a placebo. Meanwhile, it was also found that NicVAX could
significantly reduce the daily cigarette consumptions in the top 30% antibody responders in weeks
19-52 compared to the placebo group.[88, 89] Two phase III studies were conducted in 1,000
smokers who received 6 injections of 400 pg of NicVAX or placebo. Unfortunately, two phase I11
studies did not prove the promising efficacy of NicVAX that was shown in the two phase II studies.
No significant differences in smoking quit rate were found between the vaccination and placebo

groups.[90]

NicQb, another vaccine, is a virus-like particle based nicotine conjugate vaccine that has been
tested in phase IIb clinical trials. Developed by Cytos/Novartis in Switzerland, NicQb was
constructed by linking O-succinyl-3’-hydroxy-methyl-(£)-nicotine to a virus-like particle self-
assembled from the coat protein of the bacteriophage Qb.[91] The phase I study data indicated that

all the participants developed an anti-nicotine immune response on day 14. Meanwhile, no obvious
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adverse side effects were detected in smokers after being immunized with NicQb.[92] In the phase
IT study, NicQb was found to be safe, well tolerated, and highly immunogenic. Smokers
immunized with NicQb exhibited a significantly higher abstinence rate than the placebo at 2
months, but the continuous abstinence rate between months 2 and 6 was not significantly different.
However, subgroup analysis revealed that the top 33% subjects with highest antibody titers showed
significantly higher continuous abstinence from month 2 until month 6 compared to the
placebo.[93] In the phase IIb study, smokers were immunized with 5 injections of NicQb weekly
or bi-weekly. However, unfortunately, no significantly enhanced abstinence rate was observed in

the treatment group in comparison to the placebo group.[86]

By summarizing the previous findings in published literature, Pfizer conducted a systematic
preclinical optimization and evaluation of a new conjugate vaccine, NIC7. NIC7 was constructed
by conjugating (S)-2-(5-(1-methylpyrrolidin-2-yl)pyridin-3-yloxy)ethanamine to cross-reactive
material 197 (CRM,g7). Initially, the vaccine was designed by linking 3’-AmNic that was used in
NicVAX to diphtheria toxoid. Preclinical animal trail data indicated that this vaccine with alum
adjuvant and CpG oligodeoxynucleotide (CpG ODN) induced high titers of anti-nicotine
antibodies with high affinity in mice and non-human primates. However, it only exhibited modest
effects in preventing brain nicotine entry.[94, 95] In a later study, Pfizer developed and optimized
a series of nicotine haptens. Animal trial data suggested that 5-amino-ethoxy-nicotine resulted in
the highest immunological efficacy of NIC7.[96] Subsequently, they optimized other parameters
to further improve the immunogenicity of NIC7, such as modulating hapten density, controlling
degree of conjugate aggregation, and eliminating adducts.[97] The optimized vaccine formulation
can block up to 81% of nicotine from entering the brain in non-human primates.[98] Currently,

two formulations of NIC7, NIC7-001 and NIC7-003, are in clinical trials.
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Although promising efficacy of conjugate nicotine vaccines has been found in preclinical trails,
all the clinically-tested conjugate vaccines have not resulted in an enhanced overall smoking
cessation rate. Evidence from the clinical trials of NicVAX and NicQb suggested that the basic
concept of using nicotine vaccine to treat nicotine addiction is sound, however, high quantity and
quality anti-nicotine antibodies need to be induced by a nicotine vaccine to guarantee the
vaccination efficacy.[88, 89] To increase the immunogenicity of conjugate nicotine vaccines,
multiple strategies have been investigated, such as hapten screening[96], selection of carrier
proteins,[98] modulating hapten density,[97] using modern molecular adjuvants,[95] applying
hapten clustering,[99] and designing multivalent vaccines.[100] Meanwhile, it has been proposed
that new platforms like nanoparticles can provide a revolutionary strategy to increase the

immunogenicity of nicotine vaccines.[82]
2.6 The next-generation nicotine vaccine: nanoparticle-based nicotine vaccine

The first-generation nicotine-protein conjugate-based nicotine vaccines have some innate
shortcomings, including poor recognition and internalization by immune cell, low bioavailability,
low specificity, difficulty in integrating with molecular adjuvants, short immune persistence, and
fast degradation, all of which largely limit their immunological efficacy.[82] As all the clinically-
tested conjugate nicotine vaccines have not shown enhanced overall smoking cessation rate than
placebo, new technologies and non-protein-based platforms are needed to revolutionize the design
of nicotine vaccines. In the era of nanotechnology, nanoparticles have been successfully used as
delivery vehicles of drugs, proteins/peptides, and vaccines.[101-107] Considering their numerous
advantages, nanoparticles have potential as a new platform for nicotine vaccine development so as

to cope with the innate drawbacks of conjugate nicotine vaccines.
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The use of nanoparticles as platforms for nicotine vaccine development has many advantages. First,
the immune system prefers to recognize particulate antigens (like bacteria and viruses) and is
relatively invisible to soluble protein antigens (like nicotine-protein conjugates). The particulate
nature of nanoparticles may lead to an enhanced recognition and capture of nicotine vaccine
particles by immune cells. Secondly, nanoparticles typically have a high loading capacity of
payloads, so nicotine vaccine components can be efficiently loaded to nanoparticles, thereby
improving the availability of nicotine vaccine components to the immune system. Thirdly, the
physicochemical properties of nanoparticles, such as shape, size, hydrophilicity, and charge, can
be tuned to lead to an improved internalization of vaccine particles by immune cells. Fourthly,
molecular adjuvants can be easily incorporated to nanoparticles and co-delivered with nicotine
antigens to the same immune cells to induce a strong immune response. Last but not least, the load
of nicotine vaccine components onto or within nanoparticles may protect them from premature
degradation. Meanwhile, nanoparticles can be engineered to have a suitable stability. Therefore, a
strong immune response with long persistence can be achieved by nanoparticle-based nicotine

vaccines.

To date, several types of nanoparticles have been studied as platforms for nicotine vaccine
development, including liposomes,[108, 109] biodegradable polymeric nanoparticles,[110] and
DNA scaffolds.[111] Among those nanoparticle-based nicotine vaccines, SEL-068 was the first to
enter clinical trials. SEL-068, developed by Selecta Biosciences, was a fully synthetic nicotine
vaccine based on self-assembled biodegradable polymeric nanoparticles. SEL-068 is composed of
four major components, including a biodegradable and biocompatible polymer matrix, a synthetic
toll-like receptor (TLR) agonist, a novel T-cell helper peptide, and nicotine hapten covalently

conjugated to nanoparticle surface.[112] According to the developer, SEL-068 was designed to
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mimic key recognition features of highly immunogenic microbial pathogens: 1) a particulate form,;
2) nano-scale size for unimpeded access to lymph vessels and travel to lymph nodes; 3) pathogen-
associated molecular patterns that serve as adjuvant by stimulating antigen presenting cell-
expressed receptors, such as TLRs; 4) densely arrayed surface molecules that are capable of cross-
linking B-cell receptors on antigen-specific B cells; 5) incorporation of protein sequences that can
be processed and presented in diverse major histocompatibility class I complexes for recognition
by CD44+ T cells.[113] Preclinical animal trials in mice and non-human primates suggest that
SEL-068 could induce high titers of anti-nicotine antibodies with high affinity to nicotine.[112]
SEL-068 has entered to phase I clinical trials, but the results have not been reported. However,
according to Selecta Biosciences, SEL-068 has been reformulated using a two-nanoparticle
strategy to enhance the immune response in humans. The reformulated form, SEL-070, has entered

a phase I clinical trial to test the immunological efficacy and safety.

2.7 Conclusion

Tobacco smoking is one of the largest public health concerns the world has ever faced. Tobacco
use continues to be the leading cause of preventable diseases and premature deaths, resulting in
huge mortality, morbidity, and economic loss. Without the help of medications, smokers may
experience huge difficulty in quitting smoking. Current available pharmacological medications,
including NRT, bupropion, and varenicline, have shown some extent of success in helping smokers
stop smoking, however, their efficacy is far from ideal. Also, the severe adverse effects of
pharmacological medications decrease patient compliance. Nicotine vaccines have been developed
as a more safe and efficient strategy for smoking cessation. Nicotine vaccines, if successful, may
offer an alternative to current pharmacological medications for smoking cessation. Initial efforts

on developing the first-generation protein-based conjugate nicotine vaccines have proven that

20



conjugate nicotine vaccines could induce high titers of anti-nicotine antibodies with high affinity
to nicotine in preclinical trials. However, unfortunately, the prominent efficacy of conjugate
nicotine vaccines has not been successfully transferred in the clinical setting. As the first-
generation conjugate nicotine vaccines have many innate shortcomings, new technologies and
platforms are needed to revolutionize the design of nicotine vaccines to lead to the induction of a
sufficiently strong immune response. The utilization of various nanoparticle platforms as nicotine
vaccine delivery vehicles has the potential to overcome the drawbacks of conjugate nicotine
vaccines. Based on those nanoparticles, several nanoparticle-based nicotine vaccines are under
development as the next-generation immunotherapeutic strategy for treating nicotine addiction.
Future studies may focus on manipulating the versatility of nanoparticle platforms to accurately
control every parameter of nanoparticle-based nicotine vaccines, making them more immunogenic

so to advance to clinical trials.
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Abstract

Traditional hapten-protein conjugate nicotine vaccines have shown less than desired
immunological efficacy due to their poor recognition and internalization by immune cells. We
developed a novel lipid-polymeric hybrid nanoparticle-based nicotine vaccine to enhance the
immunogenicity of the conjugate vaccine, and studied the influence of particle size on its
immunogenicity and pharmacokinetic efficacy. The results demonstrated that the nanovaccines,
regardless of size, could induce a significantly stronger immune response against nicotine
compared to the conjugate vaccine. Particularly, a significantly higher anti-nicotine antibody titer
was achieved by the 100 compared to the 500 nm nanovaccine. In addition, both the 100 and 500
nm nanovaccines reduced the distribution of nicotine into the brain significantly. The 100 nm
nanovaccine exhibited better ability to reduce brain nicotine concentrations than the 500 nm
nanovaccine in the presence of alum adjuvant. These results suggest that a lipid-polymeric

nanoparticle-based nicotine vaccine is a promising candidate to treat nicotine dependence.

Key Words
Nicotine addiction; nicotine vaccine; lipid-polymeric hybrid nanoparticle; anti-nicotine antibody;

nanovaccine size
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3.1 Background

Tobacco addiction has consistently been the top preventable cause of many serious diseases; it
continues to result in extensive mortality, morbidity, and economic loss." * Currently, nicotine
replacement therapies, bupropion, and varenicline, are the major pharmacological interventions
available to smokers for quitting smoking.’ However, even with the help of these medications, the
smoking cessation rate is disappointingly low (10-25%) and there are many associated problems,
such as various adverse side effects and high cost.* > Therefore, it is both necessary and urgent to

develop new approaches to combat tobacco addiction.

In recent years, nicotine vaccines that can induce the production of nicotine-specific antibodies
have emerged as a promising approach to combat smoking addiction.®” The antibodies elicited by
a nicotine vaccine can bind with nicotine molecules in blood to form antibody-nicotine complexes,
thereby blocking nicotine from crossing the blood-brain barrier to stimulate the central nervous
system.® In the past decade, there have been several nicotine vaccine candidates developed and
evaluated in human clinical trials.” Unfortunately, none of these vaccines are currently available
to smokers due to their poor efficacy caused by low antibody titers, high variability, and low
antibody affinity for nicotine.” The placebo-controlled phase 2 clinical studies of NicVax and
NicQp revealed that, while the overall smoking cessation rate was not enhanced compared to the
placebo group, the top 30% of subjects that had the highest antibody titers showed an improved

10,11

quit rate. This suggests that the basic concept of immunotherapy for smoking cessation is solid

but requires more antibodies to be generated to ensure efficacy of the vaccination.

To date, most existing nicotine vaccines are traditional hapten-protein conjugate vaccines in which

11,12

nicotine analogues are conjugated to a carrier protein to be immunogenic. However, traditional

nicotine-protein conjugate vaccines suffer from several shortcomings, including poor recognition
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and internalization by immune cells, low bioavailability, fast degradation, difficulty in integration
with molecular adjuvants, and short immune persistence, all of which lead to low immunological
efficacy.’

Nanoparticles (NPs) have been extensively applied for efficient delivery of drugs, antigens, and

"7 making them a promising approach to potentially overcome the limitations of

Vaccines,]3 )
conjugate nicotine vaccines. However, to our knowledge, the use of nanoparticles for the delivery
of drug conjugate vaccines has not been widely studied, with only a few studies reporting the
utilization of liposomes and negatively charged nanohorn-supported liposomes as nicotine vaccine

delivery vehicles."*?° Nevertheless, liposomes and nanohorn-supported liposomes have either

stability issues or safety concerns, limiting their clinical applications.

Lipid-polymeric hybrid NPs that consist of a poly(lactic-co-glycolic acid) (PLGA) NP core and a
lipid shell, both of which have been approved for clinical use, have been used widely as vaccine
delivery systems due to their biocompatibility, biodegradability, excellent safety, good stability,
ease in fabrication, and ability in controlled antigen release.”'* In the current study, we developed
a novel NP-based nicotine vaccine in which lipid-polymeric hybrid NPs were utilized as vehicles
for the effective delivery of conjugate nicotine vaccines. Particularly, based on the hypothesis that
NP size may affect the immunogenicity of NP-based nicotine vaccines, we determined whether
the immunogenicity of nanovaccines could be enhanced by modulating NP size. In this study, we
selected 100 and 500 nm as representatives of small and large sizes of lipid-polymeric NP-based
nicotine vaccines. We compared the physicochemical properties, cellular uptake by dendritic cells,
immunogenicity, ability to reduce brain nicotine levels, and safety of the nanovaccines with these

two sizes.

3.2 Methods
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3.2.1 Synthesis of a Nic-KLH conjugate

O-Succinyl-3’-hydroxymethyl-(#)-nicotine (Nic)-keyhole limpet hemocyanin (KLH) conjugates
were synthesized using a carbodiimide-mediated reaction. In brief, 2.4 mg of Nic hapten were
mixed with appropriate amounts of 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride (EDC) and N-hydroxysulfosuccinimide (Sulfo-NHS) in 0.5 mL of activation buffer
(0.1 M 2-(N-morpholino)ethanesulfonic acid, 0.5 M NaCl, pH 6.0), and incubated at room
temperature for 15 min. The mixture was then added to 5 mg of KLH that was dissolved in 2 mL
of coupling buffer (0.1 M sodium phosphate, 0.15 M NaCl, pH 7.2). After reacting overnight,
unconjugated Nic hapten and byproducts were eliminated by dialyzing against 0.01 M phosphate-
buffered saline (PBS) (pH 7.4) using a dialysis membrane (molecular weight cut-off 6000-8000)
at room temperature for 24 h.

3.2.2 Assembly of lipid-polymeric hybrid NP-based nicotine vaccines

Lipid-polymeric hybrid NPs were assembled by attaching Nic-KLH conjugates onto the surface
of lipid-PLGA hybrid NPs via a thiol-maleimide-mediated method. In brief, PLGA and lipid-
PLGA NPs were fabricated according to the method described in the supplementary materials. An
appropriate amount of Traut’s reagent was added to 3 mg of Nic-KLH that was dissolved in 0.1 M
pH 8.0 bicarbonate buffer, and incubated for 1 h at room temperature to obtain the thiolated Nic-
KLH conjugate. Nic-KLH was attached onto lipid-PLGA NPs by reacting the thiolated Nic-KLH
with appropriate amounts of lipid-PLGA NPs in 0.1 M, pH 8.0, bicarbonate buffer for 2 h.
Nanovaccine NPs were collected by centrifugation at 10,000 g, 4°C, for 30 min. Unattached Nic-
KLH in the supernatant was quantified by the bicinchoninic acid assay.

3.2.3 Active immunization of mice with nicotine nanovaccines
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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 Polytechnic Institute and State University. Female Balb/c mice (6-7 weeks
of age, 16-20 g) were randomized into vaccine and control groups (8 per group). In the vaccine
groups, mice were immunized subcutaneously with conjugate vaccine or nanovaccines containing
25 pg of Nic-KLH immunogen on days 0, 14, and 28. For groups immunized with vaccine and
adjuvant, alum (1.5 mg) was pre-mixed with the vaccine solution before injection. Mice were
injected with a total volume of 200 pL in all groups. In the blank group, 200 uL of PBS was
injected into mice on the same days. Blood samples (~100 puL) were collected from the retro-orbital
plexus of mice under isoflurane anesthesia on days 0, 13, 27, 41, 55, and 62 to monitor antibody
titers.

3.2.4 Evaluation of the immunogenicity of nicotine vaccines by measuring specific anti-
nicotine IgG antibody titers

Anti-nicotine IgG antibody titers in mouse serum samples were analyzed by an enzyme-linked
immunosorbent assay (ELISA) according to a method reported previously." Antibody titer was defined as
the dilution factor at which absorbance at 450 nm declined to half maximal.

3.2.5 Evaluation of the ability of nicotine vaccines to reduce brain nicotine levels in mice

Female Balb/c mice (6-7 weeks of age, 16-20 g) were immunized with 100 nm nanovaccine, 500
nm nanovaccine, or 6-CMUNic-KLH, and the negative control (KLH protein only), with or
without the alum adjuvant using the same procedure described above (4 per group). For 6-
CMUNic-KLH, two groups of mice were immunized using either 0.25 or 1.5 mg alum as adjuvant.
Two weeks after the second boost injection (day 41), mice were administered 0.06 mg/kg nicotine

subcutaneously. Mice were euthanized under anesthesia 4 min post nicotine challenge, and the
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blood and brain were collected. Nicotine contents in serum and brain tissues were analyzed by gas
chromatography/mass spectrometry according to a method reported previously.*

3.2.6 Statistical analyses

Data are expressed as means + standard deviation. Comparisons among multiple groups were
conducted using one-way ANOVA followed by Tukey’s HSD test. The analysis of Th1/Th2 index
between each vaccine treatment group and the value “1” was carried out by one-sample t-test.

Differences were considered significant when the p-values were less than 0.05.
3.3 Results

3.3.1 Synthesis and characterization of lipid-polymeric hybrid NP-based nicotine vaccines
with controlled size

Two hybrid NP-based nanovaccines with sizes of 100 and 500 nm were prepared, and their
physiochemical properties were studied. As shown in Table 1, the sizes of lipid-polymeric hybrid
and nanovaccine NPs were dominated by the size of the PLGA NPs. A slight increase of size was
observed for the hybrid NPs and the final nanovaccine NPs compared to the initial PLGA NPs.
Moreover, the size of the PLGA NPs can be controlled by changing the magnitude and time of
sonication in the double emulsion solvent evaporation process. Therefore, hybrid NP-based
nanovaccines with different sizes can be prepared reproducibly.

The measured mean diameters of the 100 and 500 nm nanovaccines were 108.7 + 3.7 and 467.5 +
10.3 nm, respectively (Table 1). This indicated that the fabrication method used in this study
allowed accurate size control of the hybrid NP-based nanovaccines. The surface charges of
nanovaccine NPs, represented by the zeta potential, were 2.29 + 0.31 and 2.69 £+ 0.07 mV for the
100 and 500 nm vaccines, respectively (Table 1). The polydispersity indexes (PDI) were 0.20 +

0.02 and 0.23 £ 0.03 for the 100 and 500 nm nanovaccines, respectively (Table 1). The low PDI
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of the two nanovaccines indicated that the size of the NPs was uniform. In this study, 10 mg of
KLH was used to associate with 50 mg of hybrid NPs. As shown in Table 1, the KLH conjugation
efficiency was as high as 88% for both nanovaccines, demonstrating the high conjugation
efficiency of the Traut’s reagent- and maleimide-mediated reactions, as well as the high antigen
loading capacity of hybrid NPs.

The morphology of hybrid NPs with distinct sizes was characterized by transmission electron
microscopy (TEM). As shown in Figure 1A, hybrid 100 and 500 nm NPs clearly exhibited a core-
shell hybrid structure. In the micro-images, the lipid shell is pinpointed by the blue arrows, and
the PLGA core is shown by the red arrows. In agreement with the low PDI of NPs (Table 1), the
particle sizes of both 100 and 500 nm NPs were uniform, suggesting that the NP fabrication method
was highly effective and robust.

To confirm the hybridization of PLGA NPs and liposomes, Fourier transform infrared (FTIR)
spectra of PLGA NPs, liposomes, and lipid-polymeric hybrid NPs were analyzed. As shown in
Figure 1B, hybrid NPs shared unique wavelength peaks with either PLGA NPs or liposomes. For
example, peaks at 1095 and 1136 cm™ were shared by PLGA and hybrid NPs, while peaks at 2854
and 2925 cm™ were commonly displayed in both liposomes and hybrid NPs. The similarities and
differences in the FTIR spectra of hybrid NPs and the other two particles further suggested that a
lipid layer was successfully coated onto PLGA NPs.

To verify the successful conjugation of KLH to hybrid NPs, NPs, in which KLH and the lipid layer
were fluorescently labeled with rhodamine B and nitro-2-1,3-benzoxadiazol-4-yl (NBD),
respectively, were imaged with confocal laser scanning microscopy (CLSM). Co-localization of
both red and green color was observed on the majority of NPs, indicating that the maleimide-thiol

reaction was highly efficient in conjugating protein to NPs (Figure 2). High conjugation efficiency
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between Nic-KLH and hybrid NPs is of great value to the vaccine design in this study. Firstly, it
allows full utilization of both hybrid NPs and KLH, avoiding laborious purification of
unconjugated particles and proteins. Secondly, high quantities of KLH can be loaded onto a single
NP, supplying sufficient amount of protein antigen to immune cells once internalized. Finally,
high protein loading capacity can deliver more nicotine epitopes on a single NP, increasing the
chance of B cell activation.

3.3.2 Uptake of hybrid NPs by dendritic cells

Efficient recognition and capture of antigens by antigen presenting cells largely determines the
outcome of the humoral immune response. In this study, the influence of NP size on the uptake of
nanovaccines by dendritic cells was investigated. Within 2 h, 99.4%-99.7% of the cells were
stained by AF647 fluorescence. There was no marked difference in the percentages of positive
dendritic cells for NPs of the two sizes (Figure 3C). This suggested that both 500 and 100 nm
particles were taken up rapidly by dendritic cells. However, as shown in Figure 3D and 3E, a
significantly higher mean intensity of AF647 fluorescence was observed in cells treated with 100
nm particles than in cells treated with 500 nm particles, demonstrating that dendritic cells can more
efficiently swallow nanovaccine NPs of smaller size. Moreover, as shown in Figure 3A and 3B,
the mean intensity of AF647 fluorescence in the 500 nm nanovaccine group was significantly
higher than that in the AF647-KLH group, indicating that the use of hybrid NPs enhanced the
bioavailability and internalization of protein antigens.

Cellular uptake of AF647- and NBD-labeled NPs was further studied using CLSM. As shown in
Figure 4, the fluorescence intensity indicated that the amount of NPs taken up by dendritic cells
was time-dependent for both NPs. In agreement with the flow cytometry results, all studied

dendritic cells were stained by NPs, supporting the conclusion that both 500 and 100 nm NPs can
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be captured effectively by dendritic cells in a short period of time. Moreover, the brighter
fluorescence of both AF647 and NBD in the 100 nm group (Figure 4A) compared to the 500 nm
group (Figure 4B) at 2 h showed that more 100 nm NPs were internalized by dendritic cells. The
amount of NPs carrying antigens that are internalized by dendritic cells is of great importance to
activation of the immune response because the more antigen that is internalized, the more antigen
peptides may be presented to naive T cells, and the more B cells that may be activated.

3.3.3 Immunogenicity of hybrid NP-based nicotine nanovaccines in mice

A steady increase of the anti-nicotine antibody titer was observed for each vaccine after each
injection (Figure 5). Specially, the anti-nicotine antibody titers increased significantly after the
first booster injection (on day 27) for all vaccine groups. In addition, substantially increased
antibody titers (>8,500) were detected for all formulations, except for the Nic-KLH conjugate
vaccine, on day 41. Compared to the Nic-KLH conjugate vaccine, both the 100 and 500 nm
nanovaccines achieved significantly higher anti-nicotine antibody titers on days 27,41, 55, and 62.
This demonstrated that the use of lipid-polymeric NPs as delivery vehicles could improve the
immunogenicity of the Nic-KLH conjugate nicotine vaccine. Moreover, at the end of the
immunogenicity study on day 62, the 100 nm nanovaccine without alum achieved significantly
higher antibody titers over the 500 nm nanovaccine without alum; meanwhile, the 100 nm
nanovaccine with alum also induced considerably higher antibody titer than the 500 nm
nanovaccine with alum. These results suggest that the 100 nm nanovaccine induced a stronger
immunogenic effect.

In this study, 6-CMUNic-KLH, one of the most well-characterized and highly immunogenic
conjugate nicotine vaccines®*, was used as a positive control. Among all formulations, the 100 nm

nanovaccine with alum generated a much higher anti-nicotine antibody titer over 6-CMUNic-KLH
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at all studied time points. To study the long-term persistence of the immune response, antibody
titers on days 55 and 62 were measured for all vaccine formulations. The antibody level in the 6-
CMUNic-KLH group markedly declined from 11,000 to 8000 between days 41 and 55. Similarly,
a pronounced decline of antibody titers was observed for nanovaccines with alum between days
55 and 62. Nevertheless, nanovaccines maintained antibody titers for a longer time compared to
6-CMUNic-KLH. Interestingly, antibody titers of nanovaccines without alum increased between
days 55 and 62, especially for the 100 nm nanovaccine. This revealed that, at later times, the
antibody titers in groups treated with nanovaccines without alum were higher and longer lasting
than nanovaccines with alum. A possible mechanism of this finding is that alum limited the
bioavailability of nanovaccines to immune cells, such as dendritic and B cells, due to the over-
retention of NPs in alum.”

The titers of IgG subclass antibodies, including 1gG1, IgG2a, 1gG2b, and 1gG3 on day 62, were
also measured. Nanovaccines, regardless of size, considerably increased the titers of all four IgG
subclasses compared to the Nic-KLH conjugate vaccine, especially for IgG1 and IgG2a (Figure
6). Interestingly, the 100 nm nanovaccine group had significantly higher titers of [gG1 and IgG2a
compared to the 500 nm nanovaccine group. In addition, as shown in Figure 6 and Table 2, IgG1
was dominant among all subclasses for all vaccines.

The Th1/Th2 index, that reflects the relative magnitude of the humoral to the cellular immune
response*’, was calculated. Very low Th1/Th2 indexes (significantly less than 1) were found for
all vaccine formulations and there were no significant differences among groups (Table 2). This
indicated that the immune response induced by all tested nicotine vaccines was significantly

skewed toward Th2. For nicotine vaccines, a low Th1/Th2 index is desirable because the efficacy

45



of reducing the rewarding effects of nicotine is dependent on the magnitude of the humoral
response.

3.3.4 Effects of nicotine nanovaccines on the distribution of nicotine in serum and brain

The ability of vaccines to prevent nicotine from crossing the blood-brain barrier largely determines
the outcomes of smoking cessation efforts.” To determine the efficacy of nicotine nanovaccines,
mice were challenged with 0.06 mg/kg nicotine two weeks after the second boost immunization
(on Day 41) and nicotine contents in serum and brain were analyzed. This dose approximates the
mg/kg of nicotine in three smoked cigarettes in humans®’. The nicotine contents retained in serum
are shown in Figure 7A. The serum nicotine level increased by 47% in the 500 nm nanovaccine
group compared to that of the negative control group. In contrast, serum nicotine levels increased
by 119 and 407% in the 100 nm nanovaccine group without or with 1.5 mg of alum, respectively.
This suggested that the 100 nm nanovaccine had a better efficacy on retaining nicotine in serum.
Remarkably, the serum nicotine level in the 500 nm nanovaccine with alum group was lower than
that in the negative controls, although the nicotine antibody titer was fairly high (Figure 5).
Figure 7B shows the nicotine contents distributed into brain. Significant reductions of brain
nicotine levels were observed in all nanovaccine groups compared to the negative control group.
Compared to the negative control group, brain nicotine levels were reduced by 32.0, 56.2, 39.5,
and 41.7% in the 100 nm nanovaccine, 100 nm with alum nanovaccine, 500 nm nanovaccine, and
500 nm with alum nanovaccine groups, respectively. Although efficacy was not improved in the
100 nm without alum nanovaccine versus the 500 nm without alum nanovaccine group, the 100
nm with alum nanovaccine group achieved 15% more brain nicotine reduction compared to the

500 nm with alum nanovaccine group. The 100 nm nanovaccine appeared to have a better efficacy
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than the 500 nm nanovaccine in the presence of the alum adjuvant, which was reflected by its
lower mean nicotine level in the brain of mice.

Due to its poor anti-nicotine antibody producing activity, Nic-KLH was not used in this nicotine
challenge study. Instead, we compared the results of nanovaccines to that of a positive control
using 6-CMUNic-KLH that blocked up to 80% of nicotine from entering into the brain of rats.'>
8 The 100 nm without alum and 500 nm without alum nanovaccine groups had comparable
average brain nicotine levels compared to the 6-CMUNic-KLH with 0.25 mg of alum group. In
addition, the brain nicotine level in the 100 nm with alum group, in which 1.5 mg of alum was
used, was also comparable to that in the 6-CMUNic-KLH with 1.5 mg of alum group. In this study,
we determined the antibody titer but did not test the specificity of antibodies, because the nicotine
challenge study provided the ultimate evaluation of vaccine efficacy.

3.3.5 Evaluation of the safety of hybrid NP-based nicotine nanovaccines in mice

The safety of nanovaccines was investigated histopathologically. There were no lesions in the
hearts, lungs, livers, spleens, and kidneys of mice treated with nanovaccines with or without alum
(Figure 8A). This demonstrated that the hybrid NP-based nicotine nanovaccine did not cause
detectable lesions to organs and thus appeared to be safe. In addition, as shown in Figure 8B, no
changes of body weights were found during the entire study period in all of the mice treated with
various nicotine vaccines, nor were the body weights different from the PBS control. These results

also suggest that the nanovaccine is safe.
3.4 Discussion

Vaccines are a promising approach to treat nicotine addiction by inducing the production of
nicotine-specific antibodies that can bind with nicotine in blood fluid and thus block it from

entering the brain where nicotine would stimulate the central nervous system to generate euphoria
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and thereby cause nicotine addiction.® Unfortunately, to date, all clinically tested hapten-protein
conjugate nicotine vaccines have failed due to their poor ability to generate a sufficient anti-
nicotine antibody titer. This failure can be attributed to their intrinsic shortfalls including poor
recognition and internalization of nicotine by immune cells, low bioavailability, and fast
degradation.” * In this study, for the first time, we report the development of a lipid-polymeric
hybrid NP-based nicotine vaccine. We used hybrid NPs as a means for efficient delivery of
conjugate nicotine vaccines to address the limitations mentioned above and to improve the
immunogenicity of the vaccine. In addition, we studied the influence of particle size on the efficacy
of nanovaccines and illustrated the necessity of controlling the particle size in maximizing the
immunogenicity of the nanovaccine.

The nanovaccine studied here was designed to have multiple Nic-KLH conjugates attached on the
surface of lipid-polymeric hybrid NPs. TEM results indicated that a core-shell hybrid structure
was formed for hybrid NPs of both 100 and 500 nm. The hybrid structure was important to the
immunological outcome of the nanovaccines. The particulate nature of PLGA NPs offers extra
rigidity to liposomes, enhancing their stability and lengthening their circulation time.***' The lipid
membrane surface of hybrid NPs may also improve particle internalization by immune cells
through membrane fusion.” In addition, the lipid shell may act as a shield between the aqueous
surroundings and the PLGA core, providing protection to PLGA NPs from hydrolytic degradation
as well as contributing to long-term stability of the hybrid structure.’

Due to its many advantages, such as high immunogenicity and clinically proven safety, KLH has
been used widely as a carrier protein for vaccine development.** In the vaccine design of this study,
KLH functioned as a support for the nicotine hapten as well as a potent stimulator of T helper cells.

CLSM and protein assay results demonstrated that the Nic-KLH antigen was attached to hybrid

48



NPs at high conjugation and loading efficiencies. This may not only have supplied sufficient
amounts of protein antigen to immune cells to generate enough T helper cells once NPs were
internalized, but also provided sufficient nicotine epitopes on a single NP to increase the chance
of B cell recognition and activation.

Zeta-potential results revealed that both 100 and 500 nm nanovaccines were positively charged
due to the inclusion of a cationic lipid (1,2-dioleoyl-3-trimethylammonium-propane) in the lipid
formulation. Because the membranes of immune cells are composed largely of negatively charged
phospholipids, the positive surface charge of nanovaccine NPs can enhance their interaction with
immune cells, thereby promoting cellular uptake of the nanovaccine.” All of these hybrid NP-
based nanovaccine properties can potentially enhance the vaccine’s immunogenic efficacy.

In vitro cellular uptake data revealed that the internalization of Nic-KLH conjugate antigens was
enhanced significantly by the utilization of hybrid NPs as a delivery vehicle. This enhanced
internalization may be caused by the increased availability of antigens for uptake following the
conjugation of multiple Nic-KLH antigens to one NP. In addition, the optimal physicochemical
properties mentioned above may contribute to the improved internalization process. Moreover,
100 nm nanovaccine particles were taken up by dendritic cells more efficiently than 500 nm
particles. The enhanced internalization of antigens could lead to a stronger immune response. In
agreement with the in vitro data, in vivo immunization data demonstrated that the use of hybrid
NPs, regardless of size, could significantly enhance the immunogenicity of Nic-KLH conjugate
vaccines.

As mentioned above, traditional conjugate nicotine vaccines that have been evaluated in clinical
trials are ineffective due to their limited immunogenicity.” The findings presented here are thus of

great value in providing a novel strategy to improve the immunogenicity of conjugate nicotine
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vaccines. Both the ELISA and nicotine challenge study results revealed that the 100 nm
nanovaccine resulted in better immunological efficacy than the 500 nm nanovaccine, especially in
the presence of alum. This finding suggested another potential approach to improve the efficacy
of NP-based nicotine vaccines. The 6-CMUNic-KLH conjugate vaccine, which is one of the most
well-characterized and highly immunogenic conjugate nicotine vaccines', was used as a positive
control in this study. 6-CMUNic-KLH exhibited substantial potency in eliciting nicotine
antibodies, resulting in excellent pharmacokinetic efficacy in preclinical studies. Previous studies
showed that 6-CMUNic-KLH induced an anti-nicotine antibody titer up to 200,000 and blocked
up to 80% of nicotine from entering into the brain of rats.'*?**° In the current study, the 100 nm
nanovaccine administered with alum resulted in a considerably higher anti-nicotine antibody titer
and a comparable efficacy of reducing brain nicotine levels, compared to 6-CMUNic-KLH. The
6-CMUNic-KLH used in this study was an optimized formulation. However, the lipid-polymeric
NP-based nicotine nanovaccines used in this study were not optimized by strategies other than
modulating the particle size. It is very possible that the efficacy of hybrid NP-based nicotine
vaccines would be further improved after optimization via multiple strategies, such as modulating
the hapten density, selection of carrier proteins, and use of molecular adjuvants.

Overall, the hybrid NP-based nicotine nanovaccines used in this study were safe in mice. All data
suggest that the lipid-polymeric NP-based nicotine vaccine is a promising candidate to treat
nicotine addiction. The immunogenicity of conjugate nicotine vaccine can be improved by the use
of lipid-polymeric hybrid NPs, suggesting a new strategy to enhance the efficacy of conjugate
nicotine vaccines. The immunological efficacy of the hybrid NP-based nicotine nanovaccine can
be enhanced by modulating the particle size. This approach can potentially be applied in the

development of other drug abuse and NP-based vaccines.

50



Acknowledgements

We thank the Morphology Lab at Virginia Tech University for their assistance with the TEM

imaging. We also thank the Fralin Confocal Lab for assistance with the CLSM imaging.

51



References

1. Xue S, Schlosburg JE, Janda KD. A new strategy for smoking cessation: Characterization
of a bacterial enzyme for the eegradation of nicotine. J Am Chem Soc 2015;137:10136-9.

2. Benowitz NL. Nicotine addiction. N Engl J Med 2010;362:2295-303.

3. Chen LS, Baker TB, Jorenby D, Piper M, Saccone N, Johnson E, et al. Genetic variation
(CHRNAS), medication (combination nicotine replacement therapy vs. varenicline), and smoking
cessation. Drug Alcohol Depend 2015;154:278-82.

4. Jain R, Majumder P, Gupta T. Pharmacological intervention of nicotine dependence.
BioMed Res Int 2013;2013.

5. Carpenter MJ, Jardin BF, Burris JL, Mathew AR, Schnoll RA, Rigotti NA, et al. Clinical
strategies to enhance the efficacy of nicotine replacement therapy for smoking cessation: A review
of the literature. Drugs 2013;73:407-26.

6. Raupach T, Hoogsteder PH, Onno van Schayck CP. Nicotine vaccines to assist with
smoking cessation: current status of research. Drugs 2012;72:e1-16.

7. Pentel PR, LeSage MG. New directions in nicotine vaccine design and use. Adv Pharmacol
2014;69:553-80.

8. LeSage MG, Keyler DE, Pentel PR. Current status of immunologic approaches to treating
tobacco dependence: Vaccines and nicotine-specific antibodies. Aaps J 2006;8:E65-E75.

9. Syed BA, Chaudhari K. Smoking cessation drugs market. Nat Rev Drug Discov
2013;12:97-8.

10. Hatsukami DK, Jorenby DE, Gonzales D, Rigotti NA, Glover ED, Oncken CA, et al.
Immunogenicity and smoking-cessation outcomes for a novel nicotine immunotherapeutic. Clin

Pharmacol Ther 2011;89:392-9.

52



11. Cornuz J, Zwahlen S, Jungi WF, Osterwalder J, Klingler K, van Melle G, et al. A vaccine
against nicotine for smoking cessation: A randomized controlled trial. Plos One 2008;3:e2547.
12. Keyler DE, Roiko SA, Earley CA, Murtaugh MP, Pentel PR. Enhanced immunogenicity
of a bivalent nicotine vaccine. Int Immunopharmacol 2008;8:1589-94.

13. Song W, Tang Z, Lei T, Wen X, Wang G, Zhang D, et al. Stable loading and delivery of
disulfiram with mPEG-PLGA/PCL mixed nanoparticles for tumor therapy. Nanomedicine
2016;12:377-86.

14. Doll TAPF, Neef T, Duong N, Lanar DE, Ringler P, Muller SA, et al. Optimizing the
design of protein nanoparticles as carriers for vaccine applications. Nanomed-Nanotechnol
2015;11:1705-13.

15. Gebril AM, Lamprou DA, Alsaadi MM, Stimson WH, Mullen AB, Ferro VA. Assessment
of the antigen-specific antibody response induced by mucosal administration of a GnRH conjugate
entrapped in lipid nanoparticles. Nanomed-Nanotechnol 2014;10:971-9.

16. Dasgupta Q, Madras G, Chatterjee K. Controlled release kinetics of p-aminosalicylic acid
from biodegradable crosslinked polyesters for enhanced anti-mycobacterial activity. Acta
Biomater 2016:;30:168-76.

17. Adams JR, Haughney SL, Mallapragada SK. Effective polymer adjuvants for sustained
delivery of protein subunit vaccines. Acta Biomater 2015;14:104-14.

18. Lockner JW, Ho SO, McCague KC, Chiang SM, Do TQ, Fujii G, et al. Enhancing nicotine
vaccine immunogenicity with liposomes. Bioorg Med Chem Lett 2013;23:975-8.

19. Hu Y, Zheng H, Huang W, Zhang CM. A novel and efficient nicotine vaccine using nano-

lipoplex as a delivery vehicle. Hum Vacc Immunother 2014;10:64-72.

53



20. Zheng H, Hu Y, Huang W, de Villiers S, Pentel P, Zhang JF, et al. Negatively charged
carbon nanohorn supported cationic liposome nanoparticles: A novel delivery vehicle for anti-
nicotine vaccine. J Biomed Nanotechnol 2015;11:2197-210.

21. Hu Y, Hoerle R, Ehrich M, Zhang CM. Engineering the lipid layer of lipid-PLGA hybrid
nanoparticles for enhanced in vitro cellular uptake and improved stability. Acta Biomater
2015;28:149-59.

22. Chua BY, Sekiya T, Al Kobaisi M, Short KR, Mainwaring DE, Jackson DC. A single dose
biodegradable vaccine depot that induces persistently high levels of antibody over a year.
Biomaterials 2015;53:50-7.

23. Rosalia RA, Cruz LJ, van Duikeren S, Tromp AT, Silva AL, Jiskoot W, et al. CD40-
targeted dendritic cell delivery of PLGA-nanoparticle vaccines induce potent anti-tumor responses.
Biomaterials 2015;40:88-97.

24, de Villiers SHL, Cornish KE, Troska AJ, Pravetoni M, Pentel PR. Increased efficacy of a
trivalent nicotine vaccine compared to a dose-matched monovalent vaccine when formulated with
alum. Vaccine 2013:;31:6185-93.

25. Noe SM, Green MA, HogenEsch H, Hem SL. Mechanism of immunopotentiation by
aluminum-containing adjuvants elucidated by the relationship between antigen retention at the
inoculation site and the immune response. Vaccine 2010;28:3588-94.

26.  Moser M, Murphy KM. Dendritic cell regulation of TH1-TH2 development. Nat Immunol
2000;1:199-205.

27. McCluskie MJ, Thorn J, Mehelic PR, Kolhe P, Bhattacharya K, Finneman JI, et al.
Molecular attributes of conjugate antigen influence function of antibodies induced by anti-nicotine

vaccine in mice and non-human primates. /nt Immunopharmacol 2015;25:518-27.

54



28. Pravetoni M, Keyler DE, Pidaparthi RR, Carroll FI, Runyon SP, Murtaugh MP, et al.
Structurally distinct nicotine immunogens elicit antibodies with non-overlapping specificities.
Biochem Pharmacol 2012;83:543-50.

29. Shen XY, Orson FM, Kosten TR. Vaccines against drug abuse. Clin Pharmacol Ther.
2012;91:60-70.

30. Hu Y, Ehrich M, Fuhrman K, Zhang CM. In vitro performance of lipid-PLGA hybrid
nanoparticles as an antigen delivery system: lipid composition matters. Nanoscale Res Lett
2014;9:434.

31. Zhang LF, Granick S. How to stabilize phospholipid liposomes (using nanoparticles). Nano
Lett 2006;6:694-8.

32. Le Meins JF, Schatz C, Lecommandoux S, Sandre O. Hybrid polymer/lipid vesicles: state
of the art and future perspectives. Mater Today. 2014;17:92-3.

33. Cheow WS, Hadinoto K. Factors affecting drug encapsulation and stability of lipid-
polymer hybrid nanoparticles. Colloid Surface B 2011;85:214-20.

34, Harris JR, Markl J. Keyhole limpet hemocyanin (KLH): a biomedical review. Micron
1999;30:597-623.

35. Foged C, Brodin B, Frokjaer S, Sundblad A. Particle size and surface charge affect particle
uptake by human dendritic cells in an in vitro model. Int J Pharm 2005;298:315-22.

36. Hieda Y, Keyler DE, VandeVoort JT, Kane JK, Ross CA, Raphael DE, et al. Active
immunization alters the plasma nicotine concentration in rats. J Pharmacol Exp Ther

1997;283:1076-81.

55



Table 1. Physicochemical properties of NPs.

NPs Size (d. nm) Zeta potential PDI Nic-KLH conjugation
(mV) efficiency (%)
PLGA NP-100 nm 98.5+7.2 -4.32+0.24 0.23 £0.03 --
PLGA NP-500 nm 451.6 £ 14.0 -4.94 +0.34 0.24+0.03 --
Liposome 110.7 £ 4.5 10.70 £0.78 0.19 £ 0.02 --
Hybrid NP-100 nm 102.1+4.5 9.60 +0.47 0.21+0.03 --
Hybrid NP-500 nm 4569 +7.8 10.10 + 0.58 0.22 £0.04 --
Nanovaccine-100 nm  108.7 + 3.7 2.29 £ 0.31 0.20 £0.02 88.28 £0.49
Nanovaccine-500 nm  467.5+10.3 2.69 £ 0.07 0.23 £0.03 88.53 £2.02
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Table 2. Th1/Th2 index of nicotine vaccines.

100 nm 500 nm 6-CMUNic- 100 nm with 500 nm Nic-KLH
KLH Alum with Alum with Alum
with Alum
IgG1 (%) 80.9 69.2 73.4 72.1 63.5 73.7
Th1/Th2 0.0935 0.1444 0.1090 0.1368 0.1800 0.1098
index +0.0359**%*  £0.0214%** £+ 0.0240%** +(.0303*** + (.0457*** +(.0479%**

*#* indicates the comparison between the Th1/Th2 indexes from each vaccine treatment group
and the value “1”, in which p-value is less than 0.001. No significant differences were found among

the Th1/Th2 indexes with the different vaccine groups.
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Figure 1. Characterization of lipid-polymeric hybrid NPs with different sizes. (A) Transmission
electron microscopic images of poly(lactic-co-glycolic acid) (PLGA) and hybrid NPs with
different average sizes. The red and blue arrows denote the PLGA core and lipid shell, respectively.
The scale bars represent 1000 nm. (B) Fourier transform infrared spectra of PLGA NPs, liposome

NPs, and lipid-polymeric hybrid NPs.
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Rhodamine B NBD Merged

Figure 2. Confocal laser scanning microscopy images of KLLH-conjugated lipid-polymeric hybrid
NPs. KLH and lipids were labeled by (A) rhodamine B (red) and (B) NBD (green), respectively.

(C) Dual labeling is shown in yellow. The scale bars represent 10 pum.
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Figure 3. Flow cytometry analysis of JAWSII dendritic cells treated with the AF647-KLH
conjugate or AF647-labeled nanovaccine NPs of different sizes for 2 h. (A), (D) and (B), (E) show
the intensity distribution and mean intensity of AF647 fluorescence, respectively, in dendritic cells
treated with AF647-KLH or AF647-labeled nanovaccines. (C) Recorded events show that more
than 99% of cells were labeled for both 100 and 500 nm nanovaccine particles. AF647 was
conjugated to KLH to form the AF647-KLH conjugate. AF647-KLLH was associated to the surface

of hybrid NPs to form fluorescent nanovaccine NPs. The blank group are cells that were not treated

with NPs. Quantitative data are expressed as means + SD.
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Figure 4. Confocal laser scanning microscopy images of JAWSII dendritic cells treated with (A)

100 nm or (B) 500 nm nanovaccine NPs for 0.5, 1, and 2 h. KLH was labeled with AF647 and the

lipid layer of NPs was labeled with NBD. The scale bars represent 20 pm.

61



25000

Blank

{ I Nic-KLH with Alum
[[__]6-CMUNic-KLH with Alum
20000 I 500 o

4 - 100 nm

1500 nm with Alum
I 100 nm with Alum

15000 -

10000 -

Anti-nicotine antibody titer

5000 +

Day 13 Day 27 Day 41 Day 55 Day 62

Figure 5. Time course of anti-nicotine-specific antibody formation in mice immunized with
various nicotine vaccines. Mice (n = 8 per group) were immunized by subcutaneous injection on
days 0, 14, and 28. In the blank group, mice were injected with phosphate-buffered saline as the
negative control. Antibody titers were compared among groups using one-way ANOVA followed
by Tukey’s HSD test. Data are expressed as means + SD. Significantly different antibody titers:
*p <0.05, **p < 0.01, ***p <0.001. Antibody titers were significantly different compared to that

of the previous study time point: # < 0.05, ### < 0.001.
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Figure. 6. Distribution of IgG subclasses generated by immunization with nicotine vaccines. (A)
IgG1; (B) IgG2a; (C) IgG2b; (D) IgG3. In the blank group, mice were injected with phosphate-
buffered saline as the negative control. Comparisons among groups were analyzed by one-way
ANOVA followed by Tukey’s HSD test. Data are expressed as means = SD. Significantly different
compared to the Nic-KLH with alum groups: *p < 0.05, **p < 0.01, ***p < 0.001. Significantly

different: #p < 0.05, ##p < 0.01.
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Figure 7. Nicotine distribution in serum and brain in immunized mice. Mice were immunized with
vaccines containing immunogens equivalent to 25 pg of Nic-KLH. For groups with alum, 1.5 mg
was used as an adjuvant. The 6-CMUNic-KLH positive control used 0.25 or 1.5 mg of alum. Mice
in the negative control group were immunized with 25 ug of KLH carrier protein alone. (A) Serum
and (B) brain tissues of 4 mice were collected 4 min post administration of 0.06 mg/kg nicotine
subcutaneously on Day 41. Data are expressed as means + SD. Significantly different compared
to the negative control group: *p <0.05, **p <0.01. Significantly different: #p <0.05. NS indicates

the brain nicotine levels between groups were comparable (p>0.98).
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Figure 8. Evaluation of the safety of nicotine vaccines. (A) Representative histopathological
images of tissues from mice treated nicotine vaccines. No lesions were observed in heart, kidney,
liver, spleen, and lung tissues. (B) Body weight changes of immunized mice. Data are expressed
as means £ SD. No significant differences were found between mice treated with different vaccines

and those treated with phosphate-buffered saline (blank).
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Abstract

Although a nicotine vaccine is a promising way to combat nicotine addiction, most traditional
hapten-protein conjugate nicotine vaccines only show limited efficacy due to their poor
recognition and uptake by immune cells. This study aimed to develop a hybrid nanoparticle-based
nicotine vaccine to improve the efficacy of the conjugate vaccine. This study also examined the
impact of hapten density on the immunological efficacy of the proposed hybrid nanovaccine. In
terms of the internalized protein antigens, the nanovaccine nanoparticles were taken up by the
dendritic cells more efficiently than the conjugate vaccine particles, regardless of the hapten
density of the nanoparticles. At a similar hapten density, the nanovaccine induced a significantly
stronger immune response against nicotine than the conjugate vaccine in mice. The high- and
medium-density nanovaccines resulted in significantly higher anti-nicotine antibody titers than
their low-density counterpart. Specifically, the high-density nanovaccine exhibited better
immunogenic efficacy, resulting in higher anti-nicotine antibody titers and lower anti-carrier
protein antibody titers than the medium- and low-density versions. The high-density nanovaccine
also had the best ability to retain nicotine in serum and to block nicotine from entering the brain.
These results suggest that the hybrid nanoparticle-based nicotine vaccine can elicit strong
immunogenicity by modulating the hapten density, thereby providing a promising next-generation
immunotherapeutic strategy against nicotine addiction.

Key words

Nicotine addiction; nicotine vaccine; hybrid nanoparticle; antibody; hapten density
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4.1 Introduction

Tobacco smoking remains the leading cause of preventable diseases and premature deaths;
worldwide, it is responsible for nearly 6 million deaths and significant economic losses each
year.[1, 2] Despite the use of pharmacological treatments, such as nicotine replacement therapy
and nicotine agonists/antagonists, only a small percentage of treated smokers (10-25%) are able to
successfully quit.[3-5] Therefore, more efficient approaches are needed to combat tobacco

addiction.

Nicotine vaccines induce the production of antibodies that specifically bind to nicotine in serum,
thereby blocking its entrance into the brain; they have been presented as an attractive strategy to
treat nicotine addiction.[6, 7] Over the past several decades, many nicotine vaccines have been
found to achieve high immunogenicity and pharmacokinetic efficacy in preclinical trials.[8-11]
However, to date, all human clinical trials of conjugate nicotine vaccines have not achieved the
expected efficacies.[12] The phase 2 clinical studies of NicVax and NicQp revealed that while the
overall smoking cessation rate was not enhanced in the study group in comparison to the placebo
group, the quit rate improved in the top 30% of the study group subjects that had the highest
antibody titers.[13, 14] Together with our previously reported physiologically-based-
pharmacokinetic-modeling data,[ 15] these clinical findings suggest that while the basic concept of
using immunotherapy to promote smoking cessation is solid, more antibodies must be generated

to ensure the efficacy of vaccinations.

A variety of approaches to strengthen the immunogenicity of traditional conjugate nicotine
vaccines have been investigated, including the design of hapten structure,[16, 17] the modulation

of the linker position and composition,[8] the selection of carrier proteins,[10] the use of different
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adjuvants,[18] the application of multivalent vaccines,[19-22] and the optimization of
administration routes[23]. However, as the immune system is relatively poor at recognizing small
soluble protein antigens[24, 25], traditional conjugate nicotine vaccines still bear a serious innate
shortcoming, poor recognition and internalization by immune cells. Even with the help of alum
adjuvants to form particulate antigens, conjugate nicotine vaccines cannot be easily tuned to have
optimal physicochemical properties (shape, size, and charge) for uptake. Meanwhile, conjugate
nicotine vaccines suffer from several other innate shortfalls, such as fast degradation, difficulty
integrating with molecular adjuvants, and short immune persistence, which limit their

immunogenic outcomes.[26]

Nanoparticles (NPs) have been widely used for the efficient delivery of drugs, proteins, and
vaccines.[27-33] Based on the hypothesis that NPs might provide a new strategy to address the
limitations of conjugate nicotine vaccines, this study aimed to develop a lipid-poly(lactic-co-
glycolic acid) (lipid-PLGA) hybrid nanoparticle (NP)-based nicotine vaccine to improve the
immunogenicity of the conjugate nicotine vaccine. This hybrid NP-based nicotine nanovaccine
was designed to enhance the delivery and presentation of B cell epitopes and T cell help proteins,
both of which are required to induce an effective humoral immune response, to immune cells.
Because hapten density might play an important role in the ability of immune cells to recognize
nanovaccine particles, we also investigated its influence on the immunogenicity of the nicotine
nanovaccines. Various nanovaccine NPs with different hapten densities were fabricated, and their
physicochemical properties and epitope density were characterized. The in vitro uptake of the
hapten-protein conjugate and nanovaccine particles was studied in immature dendritic cells (DCs).

The immunogenicity and pharmacokinetic efficacy of three nanovaccines (low-, medium-, and
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high-hapten density) were tested in mice. Finally, histopathological analysis was used to determine

the safety of the proposed hybrid NP-based nanovaccine.

4.2 Materials and methods

4.2.1 Materials

Lactel® 50:50 PLGA (acid-terminated) was purchased from Durect Corporation (Cupertino, CA,
USA). 2,4,6-trinitrobenzenesulfonic acid (TNBSA), Alexa Fluor 350 (AF350), Alexa Fluor 647
(AF647), and keyhole limpet hemocyanin (KLH) were purchased from Thermo Fisher Scientific
Inc. (Rockford, IL, USA). 1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP), cholesterol
(CHOL), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-
2000] (ammonium salt) (DSPE-PEG2000-maleimide), and 1,2-diphytanoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD-PE) were
purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). O-succinyl-3’-hydroxymethyl-
(£)-nicotine (Nic) hapten was purchased from Toronto Research Chemicals (North York, ON,

Canada). All other chemicals were of analytical grade.

4.2.2 Preparation of lipid-PLGA NPs

PLGA NPs were prepared using a double emulsion solvent evaporation method. In brief, 50 mg
of PLGA was dissolved in 2 mL of dichloromethane (oil phase). Two hundred pL of ultrapure
water was added to the oil phase. The mixture was 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. The suspension was
emulsified 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
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allow complete dichloromethane evaporation. PLGA NPs were collected by centrifugation at
10,000 g, 4 °C for 30 min (Beckman Coulter Avanti J-251, Brea, CA, USA). Pellets were washed
three times using ultrapure water.

Lipid-PLGA NPs were assembled using a film-hydration-sonication method as described
previously.[34] In brief, 15 mg of lipid mixture dissolved in chloroform consisting of DOTAP,
DSPE-PEG2000-maleimide, and CHOL (90:5:5 in moles) was evaporated to form a lipid film.
One mL of 0.01 M pH 7.4 phosphate buffer saline (PBS) was added to hydrate the lipid film. The
resultant suspension was sonication for 5 min in a Branson M2800H Ultrasonic Bath sonicator.
Fifteen mg of PLGA NPs suspended in DI water (10 mg/ml) was added and mixed with the above
liposome suspension. Subsequently, the mixture was sonicated in an ice-water bath using a bath
sonicator for 5 min. Lipid-PLGA NPs were collected by centrifugation at 10,000 g, 4 °C for 30

min.

4.2.3 Assembly of nicotine vaccine NPs with different hapten density

Nic-KLH conjugates were synthesized using a carbodiimide-mediated reaction. In brief, Nic-
hapten of various equivalents of KLH was mixed with appropriate amounts of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) and Sulfo-N-hydroxysulfosuccinimide
(NHS) in activation buffer (0.1 M MES, 0.5 M NaCl, pH 6.0) and incubated at room temperature
for 15 min. The mixture was added to 5 mg of KLH, which was dissolved in coupling buffer (0.1
M sodium phosphate, 0.15 M NaCl, pH 7.2). After the overnight reaction, unconjugated Nic-
hapten and byproducts were eliminated by dialyzing against 0.01 M PBS (pH 7.4) at room
temperature for 24 h. The number of Nic-haptens on Nic-KLH was determined by measuring the
difference in the number of remaining lysine groups on the surface of KLH before and after hapten

conjugation using a TNBSA based method. In brief, KLH and Nic-KLH conjugates were prepared
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at a concentration of 1 mg/mL. Two hundred pL of the protein solution was taken and mixed with
200 pL of 4% NaHCOj; solution. Two hundred pL of 0.1% TNBSA solution was added to the
mixture and incubated at 37 °C for 1 h, and the absorbance was read at 335 nm. Hapten density of

KLH was calculated from the differences between the O.D. of the control and the conjugates.

Nanovaccine NPs were assembled by attaching Nic-KLH conjugates onto the surface of lipid-
PLGA hybrid NPs via a thiol-maleimide-mediated method. In brief, an appropriate amount of
Traut’s reagent was added to the Nic-KLH conjugate (containing 3 mg of KLH), which was
dissolved in 0.1 M pH 8.0 bicarbonate buffer and incubated for 1 h. Nic-KLH was attached to
lipid-PLGA NPs by reacting to the thiolated Nic-KLH with the appropriate amount of lipid-PLGA
NPs in 0.1 M pH 8.0 bicarbonate buffer for 2 h. NPs were collected by centrifugation at 10,000 g,
4 °C for 30 min. Unattached Nic-KLH in the supernatant was quantified by the BCA assay. The
lipid layer of hybrid NPs was labeled by NBD-PE, and the number of lipid-PLGA NPs was counted
by flow cytometry. Hapten density (number of haptens per NP) was approximated by the following
formula, Dnic:(AFNic-KLH*MNic-KLH*DNic-KLH*NA)/NNPs, where Dnic, AFNic-kn, MNic-kLH, DNic-KLH,
Na, and Nnps represent hapten density per NP, Nic-KLH association efficiency, moles of KLH
associated on 1 mg of NPs, hapten density of Nic-KLH, Avogadro constant, and NP number per 1

mg of NPs, respectively. Vaccine NPs were lyophilized and stored at 2 °C for later use.

4.2.4 Characterization of NPs

The successful assembly of nanovaccine NPs was validated using confocal laser scanning
microscopy (CLSM). Fluorescent vaccine NPs—in which the lipid layer, PLGA layer, and KLH
were labeled by NBD, Nile red, and AF350, respectively—were prepared according to a similar

method as described above with minor modifications. In brief, PLGA NPs containing Nile red
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were fabricated by a double emulsion solvent evaporation method, wherein the appropriate amount
of Nile red was dissolved in the oil phase. The lipid layer was labelled by adding 5% w/w of NBD-
PE into the lipid mixture. AF350 was conjugated to KLH through an EDC-mediated reaction. NPs
were imaged by a Zeiss LSM 510 Laser Scanning Microscope (Carl Zeiss, German). The
morphology of NPs was studied using transmission electron microscopy (TEM). In brief, NP
suspensions (2 mg/mL) were dropped onto a 300-mesh Formvar-coated copper grid. The
remaining suspension was removed with wipes after standing for 10 min. The samples were
negatively stained for 20 s using freshly-prepared 1% phosphotungstic acid. The samples were
then washed twice using ultrapure water. The dried samples were imaged on a JEOL JEM 1400
transmission electron microscope (JEOL Ltd., Tokyo, Japan). The physicochemical properties of
NPs, including particle size and zeta potential, were measured by the Dynamic Light Scattering
method and Laser Doppler Micro-electrophoresis method on a Malvern Nano ZS Zetasizer

(Malvern Instruments Ltd, Worcestershire, United Kingdom), respectively.
4.2.5 Cellular uptake of vaccine particles by DCs

The uptake of vaccine particles by DCs was quantitatively measured by flow cytometry. JAWSII
(ATCC® CRL-11904™) immature DCs were cultured in alpha minimum essential medium (80%
v/v) supplemented with ribonucleosides, deoxyribonucleosides, 4 mM L-glutamine, I mM sodium
pyruvate, 5 ng/mL murine GM-CSF, and fetal bovine serum (20% v/v) at 37 °C, 5% CO,. Cells
were seeded into 24-well plates (2x10%well) and cultured overnight. In order to compare the
cellular uptake of conjugate vaccine and nanovaccine, AF647, a model of Nic-hapten, was used
instead of Nic-hapten to prepare vaccine particles to provide fluorescence. Cells were treated with
vaccine particles containing same amounts of KLH protein (10 pg). In order to compare the cellular

uptake of nanovaccine particles with different hapten densities, 5% (w/w) NBD-PE was added to
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the lipid layer of nanoparticles to provide fluorescence. Cells were treated with nanovaccine
particles containing same amounts of hybrid NPs (50 pg). After incubation for 2 h, the medium
was immediately removed, and the cells were washed three times with 0.01 M pH 7.4 PBS. Cells
were detached from the culture plates using Trypsin/EDTA solution and centrifuged at 200 g for
10 min. Cell pellets were re-suspended in 0.01 M pH 7.4 PBS. Samples were immediately analyzed
on a flow cytometer (BD FACSAria I, BD, Franklin Lakes, NJ, USA).

The uptake and intracellular distribution of vaccine particles were qualitatively determined by
CLSM. Cells were seeded into a 2-well chamber slide (2x10°/chamber), and cultured overnight.
The original medium was replaced with 2 mL of fresh medium containing vaccine particles. After
incubation for 2 h, the medium was discarded, and the cells were washed three times using 0.01
M pH 7.4 PBS. One mL of freshly-prepared 4% (w/v) paraformaldehyde was added to each well
to fix the cells for 15 min. The fixed cells were washed three times with PBS and were made
permeable by adding 0.5 mL of 0.1% (v/v) Triton™ X-100 for 15 min. After washing the cells
three times using PBS, the nuclei of cells were stained with DAPI. The intracellular distribution

of NPs was visualized on a Zeiss LSM 510 Laser Scanning Microscope.

4.2.6 Immunization of mice with nicotine vaccines

All animal studies were carried out following the National Institutes of Health (NIH) guidelines
for animal care and use. Animal protocols were approved by the Institutional Animal Care and
Use Committee at Virginia Polytechnic Institute and State University. Female Balb/c mice (6-7
weeks of age, 16-20 g, 8 per group) were immunized subcutaneously on Days 0, 14, and 28 with
vaccines of negative control (KLH associated lipid-PLGA NPs), Nic-KLH with alum, low-density
nanovaccine, low-density nanovaccine with alum, medium-density nanovaccine, medium-density

nanovaccine with alum, high-density nanovaccine, and high-density nanovaccine with alum. For

74



vaccine groups without alum adjuvant, the mice were injected with vaccine particles (containing
25 ug of protein antigen) that were suspended in 200 uL. of 0.01 M pH 7.4 PBS. In the vaccine
with alum adjuvant groups, the mice were injected with vaccine particles (containing 25 ug of
protein antigen) that were suspended in 100 pL. of PBS and mixed with 100 pL of alum (10 mg/mL),
and the mixture was used to immunize mice. The alum used was aluminum hydroxide
(Alhydrogel® adjuvant 2% from Invivogen). Blood samples were collected on Days 0, 12, 26, 40,

and 54.

4.2.7 Measurement of nicotine-specific IgG antibody (NicAb) titer, nicotine-specific IgG

subclass antibody titer, and anti-carrier protein antibody titer

The NicAb titers in serum were determined by ELISA as described previously.[35] Anti-KLH
antibody titers were measured using a similar ELISA protocol, and KLH was used as the coating
material. Antibody titer was defined as the dilution factor at which absorbance at 450 nm declined

to half maximal.

4.2.8 Nicotine challenge study in mice

Female Balb/c mice (6-7 weeks of age, 16-20 g, 4-5 per group) were immunized with the same
protocol as described in the previous context. On Day 54, mice were administrated with 0.03
mg/Kg nicotine subcutaneously. Mice were euthanized under anesthesia 4 min after nicotine
challenge, and the blood and brain were collected. Nicotine contents in serum and brain tissues

were analyzed by GC/MS according to a method reported previously. [20]

4.2.9 Preliminary evaluation of the safety of nanovaccines

The safety of the nicotine nanovaccines was preliminarily evaluated in mice by monitoring the

body weight change and histopathological analysis. To investigate the body weight change during
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the study, mice were weighed before primary immunization and once a week after that.
Histopathological analysis of tissues from immunized mice was performed to examine the lesions
caused by the administration of nanovaccine NPs. In brief, different mouse organs were fixed with
10% formalin, followed by cutting the organs according to a standard protocol. Tissue blocks were
then embedded in paraffin, and the routine sections were stained with hematoxylin and eosin. The
stained sections were imaged on a Nikon Eclipse E600 light microscope, and pictures were

captured using a Nikon DS-Fil camera.

4.2.10 Statistical analysis

Comparisons between two groups were performed by unpaired student’s t-test. Comparisons
among multiple groups were conducted by one-way ANOVA followed by Tukey’s HSD analysis.

Differences were considered significant if p-values were less than 0.05.

4.3 Results and discussion

As shown in Scheme 1, the NP-based nicotine nanovaccine in this study was formed by
conjugating multiple Nic-KLH conjugates to the surface of one hybrid NP. The PLGA core not
only serves as a scaffold to support the lipid layer and stabilize the nanovaccine system, but also
endows the nanovaccine with a particulate property to achieve improved recognition and
internalization by immune cells. The lipid layer was composed of DOTAP, CHOL, and DSPE-
PEG2000-maleimide. The DSPE-PEG2000-maleimide component enables the association of
hapten-carrier protein conjugates (Nic-KLH) onto the surface of lipid-PLGA NPs. Nic hapten that
is a B cell epitope is conjugated to the carrier protein (KLH) to be immunogenic. The KLH carrier

protein provides sufficient T cell help peptides to promote the activation and maturation of B cells.
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The Nic hapten density of the nicotine nanovaccine was modulated to achieve an optimal

immunological efficacy.

4.3.1 Validation of the conjugate chemistry and characterization of the structure of

nanovaccine NPs

The nanovaccine NPs assembled in this study are supposed to have a structure composed of a
PLGA core, a lipid shell, and multiple Nic-KLH conjugates. Confocal laser scanning microscopy
(CLSM) was used to characterize the nanovaccine structure and verify the conjugate chemistry of
hapten. The PLGA, lipid, and KLH layers were labeled with Nile Red, NBD, and AF350
fluorescence, respectively. As shown in Fig. 1, almost all particles were co-labeled with the three
fluorescent colors, indicating that lipids were successfully coated around PLGA NPs to form a
hybrid core-shell structure, and KLLH was associated to the surface of NPs with very high efficiency.
Meanwhile, AF350 was a model of Nic-hapten, having similar size and the same reactive group
(NHS ester). In this study, Nic-hapten was attached to KLH by the EDC/NHS-mediated conjugate
chemistry, in which the carboxylic groups of Nic were activated by EDC/NHS to form semi-stable
Nic-NHS esters that could readily react with the amino groups of KLH. AF350 was conjugated to
KLH efficiently, validating the feasibility of the hapten conjugate chemistry.

The structure of the nanovaccine NPs was further investigated using TEM. Fig. 2A shows the
TEM images exhibiting the morphology of PLGA NPs, liposomes, lipid-PLGA hybrid NPs, and
nanovaccine NPs. All four NPs were of spherical shapes. A distinguishing core-shell structure,
which was shown as a bright PLGA core and a dark lipid shell, was observed on lipid-PLGA NPs
(Fig. 2A (¢)), indicating the successful coating of lipids onto PLGA NPs. As shown in Fig. 2A (d),
multiple black dots, which were Nic-KLH conjugates, were located on the surface of hybrid NPs,

confirming the efficient association of Nic-KLH. KLH is a large carrier protein that is composed
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of KLH1 and KLH2 subunits, both of which are around 400 kDa.[36] The large size makes it
visible in the TEM images. The average size of NPs increased from 90.8 nm to 107.0 nm upon
lipid coating and further increased to 121.3 nm after Nic-KLH associating (Fig. 2B). Bare PLGA
NPs had a negative zeta-potential (-14.3 mV) (Fig. 2C), which may be caused by the carboxylic
acid terminal groups of the PLGA polymer used in this study. Upon lipid coating and Nic-KLH
conjugation, the zeta potential of NPs changed to 12.6 mV of Lipid-PLGA NPs and then to 4.16
mV of nanovaccine NPs (Fig. 2C), as the liposome is positively charged (Fig. 2C) and Nic-KLH

is negatively charged (-17.3 = 2.3 mV).
4.3.2 Preparation and characterization of nanovaccines with different hapten density

Various molar excess of Nic-hapten to KLH was applied for the conjugating reaction of hapten on
KLH. The hapten density of the prepared nanovaccines is shown in Fig. 3A. The increased hapten
density from NKLP-A to NKLP-I verified the feasibility of modulating the Nic hapten density by
changing the molar ratios of hapten to KLH in the preparation process. To date, most reported
hapten-protein conjugate nicotine vaccines have hapten density ranging from 2 to 100 per protein
particle,[ 10, 37, 38] depending on the available lysine groups and conjugate chemistry. Noticeably,
the design of the hybrid-NP based nicotine nanovaccine significantly increased the epitope
numbers per particle over conventional conjugate nicotine vaccines, potentially contributing to an
enhanced epitope recognition by B cells. Each NKLP-C, NKLP-F, and NKLP-I nanovaccine NP
carried approximately 29x10°, 146x10°, and 319x10° Nic haptens, respectively (Table 1).
Statistical analysis revealed that the hapten densities of NKLP-C, NKLP-F, and NKLP-I are
significantly different (p<0.001). Thus, in this study, NKLP-C, NKLP-F, and NKLP-I were
selected as low-, medium-, and high-density nanovaccines for in vivo immunogenicity study. The

physicochemical properties of different hapten density nanovaccines were characterized and
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shown in Fig. 3B and Table 1. The average zeta potentials of NKLP-C, NKLP-F, and NKLP-I
nanovaccine NPs were 4.16 mV, 3.92 mV, and 3.86 mV, respectively. The positively charged
surface of nanovaccine NPs will enhance their interaction with the negatively charged surface of
immune cells,[39] thereby promoting cellular uptake of the nanovaccines. The average size of
NKLP-C, NKLP-F, and NKLP-I was 121.3 nm, 123.8 nm, and 121.2 nm, respectively. According
to Fig. 3C, all three nanovaccine NPs exhibited narrow size distributions, with most of the NPs
less than 200 nm, which were in agreement with the small PDI (0.21-0.24, Table 1) and uniform
size in the TEM images (Fig. 2A(d)). It has been reported that size is a critical parameter
influencing the efficacy of nanoparticle vaccines. Particles of 20-200 nm will efficiently enter the
lymphatic system, while by contrast, particles that are larger than 200-500 nm do not efficiently
enter lymph capillaries in a free form.[40-42] The size of the nanovaccines in this study was

relatively optimal and will hopefully result in high immunogenicity.

4.3.3 Cellular uptake of nanovaccine NPs by dendritic cells (DCs)

Efficient capture, internalization, and processing of nicotine containing antigens by DCs largely
determine the outcomes of vaccination. Traditional nicotine-protein conjugate vaccines suffer
from the disadvantage of poor recognition and internalization by immune cells. Here, we compared
the uptake of nanovaccine NPs (AF647-KLP) to nicotine-KLH conjugate vaccine particles
(AF647-KLH) by DCs. Nic-hapten was substituted by AF647 to render KLH fluorescent, and the
density of AF647 on KLH of either AF647-KLH or AF647-KLP was identical. As shown in Fig.
4B and Fig. 4C, the M.F.I. of AF647 in the AF647-KLP group was over 500% more than that in
the AF647-KLH group, suggesting that more protein antigens were taken up by DCs in the
nanovaccine NP group within the same time. The uptake and distribution of particles in DCs were

also examined by CLSM. As shown in Fig. 4A, in agreement with the flow cytometry results,
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brighter AF647 fluorescence was observed in the AF647-KLP group compared to the AF647-KLH
group, indicating again that DCs took up antigens more efficiently when treated with AF647-KLP.
The conjugation of multiple Nic-KLH to one hybrid nanoparticle may increase the availability of
antigens for uptake, thus contributing to an enhanced antigen internalization. Meanwhile, the
immune system prefers to recognize and take up particulate pathogens (such as bacteria and virus)
and is relatively invisible to small soluble protein antigens.[24, 25] The stable and spherical lipid-
PLGA hybrid nanoparticles endowed the nanovaccine with a particulate property. This particulate
nature together with the relatively optimal physicochemical properties is beneficial for the
improved uptake by DCs. The internalization of more protein antigens by DCs enhanced by the
lipid-PLGA NP delivery vehicles will benefit many of the immunogenic outcomes of nicotine
nanovaccines. The uptake and processing of protein antigens is a critical prerequisite for T helper
cell formation, which is necessary for B cell activation in humoral immunity.[26, 43] Therefore,
the more protein antigens internalized by DCs, the more T helper cells may be generated, causing
more B cells to be activated, and finally leading to a better immunogenic efficacy of nicotine
vaccines.

The uptake of different hapten density nanovaccine NPs by DCs was characterized. As shown in
Fig. 4D, for all the nanovaccine groups, including KLP (non-hapten-conjugated nanovaccine),
NKLP-C, NKLP-F, and NKLP-I, over 96% of the cells were stained by the NBD fluorescence
within 2 h. This demonstrated that all the nanovaccine NPs, regardless of hapten density, were
rapidly taken up by dendritic cells. Furthermore, as demonstrated in Fig. 4E, the M.F.I. of NBD
of blank cells was less than 250, while by contrast, the values were around 6000 for all four
nanovaccine groups and no marked difference was detected in terms of NBD fluorescence intensity.

This indicated that DCs could take up all different hapten density nanovaccine NPs efficiently, and
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hapten density would not influence this process discriminately. This similar uptake efficiency can
be attributed to the similar physicochemical properties (size and charge) of nanovaccine NPs with
different hapten densities. The uptake of nanovaccine NPs was further confirmed by CLSM, shown
in Fig. 4F, in which the lipid-PLGA NPs and KLH were labeled by NBD and AF647, respectively.
Co-localized, bright green and red fluorescence showing simultaneously in all recorded cells
verified that the DCs rapidly and efficiently took up the nanovaccine NPs. Despite the similar
uptake behavior of different hapten density nanovaccine NPs by DCs, Nic hapten density is
expected to impact the recognition and activation of nicotine-specific B cells, and thereby

influencing the efficacy of nanovaccines.

4.3.4 Immunogenicity of different hapten density nicotine nanovaccines

A nicotine vaccine aims to induce the production of specific antibodies that bind to nicotine and
thereby block its entry into the brain. Previous studies have shown that the pharmacokinetic
efficacy of nicotine vaccines closely correlates with the antibody concentration elicited.[11, 44]
The phase 2 clinical trials of NicVax revealed that only the top 30% of subjects with the highest
antibody titers showed improved smoking cessation rates compared to the placebo.[13] Therefore,
the presence of high antibody titers is one of the most critical factors influencing the efficacy of
nicotine vaccines, and thus it is necessary to be high enough to ensure the vaccination efficacy.

Fig. SA shows the time-course results of anti-nicotine antibody titers, demonstrating that
administration of all nicotine vaccines resulted in a steady increase of anti-nicotine IgG antibody
titers along the study period. Particularly a sharp increase was observed after the first boost
injection (on Day 26). In this study, the hapten density on KLH of the Nic-KLH conjugate vaccine
and high-density nanovaccine were identical. The antibody titers in the high-density nanovaccine

with or without alum groups were much higher (4-10 fold) than that in the Nic-KLH with Alum
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group in all the studied days. This enhanced immunogenicity was in agreement with the enhanced
internalization of antigens caused by the lipid-PLGA hybrid NP delivery system (Fig. 4B). These
results were consistent with previous reports. It was reported that a tetrahedral DNA nanostructure
delivery system could effectively enhance antigen uptake and induce strong and long-lasting
antibody responses against antigens.[45] The ability of different hapten density nanovaccines to
induce nicotine-specific antibodies was compared. As shown in Fig. 5A, the high-density
nanovaccine induced the highest antibody titers compared to the low- and medium-density
nanovaccines along the entire study period. Particularly, at the end of the study (on Day 54), the
average antibody titer of the low-density without alum group was 5300, and increased by 7%,
159%, 166%, 211%, and 257% to 5700, 13700, 14100, 16500, and 18900, in groups of low-density
with alum, medium-density with and without alum, high-density with and without alum,
respectively. As shown in Fig. 5B, statistical analysis revealed that there were significant
differences between the high-/medium-density groups and low-density groups, regardless of the
presence of alum or not (p<0.05). Although no statistically significant differences were observed
between the high- and medium-density groups (p>0.05), the high-density nanovaccines resulted in
more responders of high antibody titers. Specifically, based on a cutoff of antibody titer >15000,
the percentage of high-titer responders was 37.5%, 37.5%, 50%, and 75% in medium-density with
and without alum groups, high-density with and without alum groups, respectively. The increased
immunogenicity of nanovaccines with higher hapten density could be attributed to the evidence
that the nanovaccine NPs with more haptens would have more chances to be recognized by naive
B cells, thereby activating more nicotine-specific B cells and strengthening the immune response.
These results are not completely consistent with previous studies reporting the influence of hapten

density on the efficacy of nicotine-protein conjugate vaccines. Miller et al. reported that nicotine
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6-hexanoic acid-KLH conjugate nicotine vaccine generated higher antibody titers with a density
of 100 compared to 22.[10] In another study, McCluskie et al. showed that stronger immune
responses were obtained with 5-aminoethoxy-nicotine-CRM conjugate vaccines having hapten
density of 11-18, with weaker responses above the range and more variable responses below the
range.[37] Pravetoni et al. reported that the antibody titer was highest with a hapten/KLH ratio of
700:1 in a 1-SNic-KLH conjugate vaccine.[22]

The titers of anti-KLH antibody were measured to evaluate the influence of hapten density of
nanovaccines on the production of carrier protein specific antibodies. As shown in Fig. 6, the anti-
KLH antibody titer of the negative control group, in which no hapten was conjugated, was around
90000. Interestingly, in contrast, the anti-KLH antibody titers were reduced by 30.6%, 24.5%,
55.4%, 51.3%, 71.8%, and 68.6% in groups of low-density, low-density with alum, medium-
density, medium-density with alum, high-density, and high-density with alum, respectively. This
indicated that the anti-carrier protein antibody titers decreased with the increase of hapten density.
Statistical analysis revealed significant differences in the anti-KLH antibody titers of different
hapten density nanovaccine groups (p<0.05). This is probably because hapten conjugation masks
the immunogenic epitopes on the carrier protein surface. A low anti-carrier protein antibody titer
is considered beneficial for the vaccine design in this study. First, the utilization of nanovaccine to
produce antibodies against carrier protein antibody rather than nicotine is a wastage of nanovaccine
particles. The low-level production of anti-carrier protein antibody would leave more
nanovaccines available to elicit anti-nicotine antibodies. Second, anti-carrier protein antibodies
may neutralize the carrier protein on the surface of nanovaccine particles that are injected during
the booster immunizations. Therefore, a low anti-carrier protein antibody level might minimally

impair the immunological efficacy of nicotine nanovaccines.
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4.3.5 Ability of different hapten density nicotine nanovaccines to influence nicotine

distribution after nicotine challenge

Nicotine vaccines are designed to retain nicotine in serum and block it from entering the brain. As
shown in Fig. 7A, the serum nicotine level was 5.75 ng/mL for the low-density nanovaccine group
and increased by 160% and 204% to 15.0 ng/mL and 17.5 ng/mL for the medium- and high-density
nanovaccine groups, respectively. This suggests the medium- and high-density nanovaccines had
better efficacy in retaining nicotine in serum than the low-density nanovaccine, and particularly,
the high-density nanovaccine exhibited the best efficacy. Fig. 7B shows the results of brain
nicotine levels in mice vaccinated with different hapten density nanovaccines. The brain nicotine
levels of Nic-KLH with alum group, low-density group, medium-density group, and high-density
group, were reduced by 14.0%, 17.2%, 36.7%, and 40.0% compared to that of the negative control
group. Statistical analysis revealed that the brain nicotine level for the high-density nanovaccine
group was significantly lower than that of the Nic-KLH with alum group, suggesting that the use
of lipid-PLGA hybrid NPs as delivery vehicles considerably enhanced the pharmacokinetic
efficacy of the conjugate nicotine vaccine. In addition, the medium- and high-density nanovaccines
resulted in considerably higher brain nicotine reduction than the low-density nanovaccine, and
statistical analysis showed that the high-density nanovaccine had a significantly lower brain
nicotine level than the low-density nanovaccine. This indicated that the high-density nanovaccine
exhibited the best efficacy in blocking nicotine from entering the brain. These data were in
concordance with the results of anti-nicotine antibody titers. Both the results of anti-nicotine
antibody titers and brain nicotine reductions revealed that the immunological efficacy of the hybrid

NP-based nicotine nanovaccine could be enhanced by modulating the hapten density.

4.3.6 Preliminary safety of nicotine nanovaccines
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Mouse organs, including heart, kidney, liver, lung, and spleen, were examined by histopathological
analysis after administration of nicotine vaccines. Fig. 8A shows the representative
histopathological images of the negative control group and nicotine vaccine groups. As for the
three different hapten density nanovaccines, mouse organs exhibited similar characteristics. The
histopathological review revealed no significant lesions in the five organs of mice of each
treatment and control groups. Mouse body weight was monitored as an indicator of vaccine safety
along the study period. As shown in Fig. 8B, no body weight losses were detected for all the groups,
indicating that the administration of nicotine vaccines did not impose apparent adverse impacts on
mouse growth. Meanwhile, no short-term effects, including local site reaction, apparent abnormal
behavior, and elevation in temperature, were found on mice treated with the nicotine vaccine
formulations. The above preliminary safety results prove that the lipid-PLGA NP based nicotine

nanovaccines, regardless of hapten density, are of distinguishing safety.

4.4 Conclusion

In this study, lipid-polymeric NP-based nicotine nanovaccines with different hapten density were
synthesized and characterized in vitro and in vivo. The in vitro results suggested that all
nanovaccine NPs, regardless of hapten density, were taken up by dendritic cells efficiently.
Moreover, nanovaccine NPs were internalized by dendritic cells more efficiently compared to the
hapten-KLH conjugate particles in terms of internalized antigens. The in vivo immunization study
in mice indicated that the nanovaccine resulted in a 570% higher antibody titer than the Nic-KLH
conjugate vaccine at a similar hapten density. Furthermore, the medium- and high-density
nanovaccines exhibited significantly higher immunogenicity compared to the low-density
nanovaccine. In addition, although no significant differences in antibody titers were detected

between the high- and medium-density nanovaccines, the high-density nanovaccine resulted in
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more responders of high antibody titers (>15000). The pharmacokinetic study in mice suggested
that the high hapten density nanovaccine had the best efficacy in blocking nicotine from entering
the brain. The histopathological study showed that none of the different hapten density
nanovaccines caused any apparent toxic effects to mouse organs. All these findings suggest that
the immunogenicity of the lipid-polymeric NP based nicotine nanovaccines can be enhanced by
modulating hapten density, and therefore providing a promising next-generation

immunotherapeutic strategy to treating nicotine addiction.
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Scheme. 1 Schematic illustration of the structure of hybrid NP-based nicotine nanovaccine NPs.
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Figure 1. Validation of the successful assembly of nanovaccine NPs by CLSM. The PLGA and
lipid layer were labeled by Nile red and NBD, respectively, and AF350 was used as a model of

Nic hapten attached on KLH. The scale bar represents 10 um.
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Figure 2. Morphological and physicochemical properties of NPs involved in the preparation of
nanovaccine NPs. (A) TEM images of (a) PLGA NPs; (b) liposome NPs; (c) lipid-PLGA hybrid
NPs; and (d) nanovaccine NPs. Scale bars in all the TEM images represent 200 nm. (B) Average

size of NPs. (C) Zeta potential of NPs.
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Figure 3. Characterization of the hapten density and physicochemical properties of different
hapten density nanovaccine NPs. (A) Hapten density of different nanovaccines, which were
prepared using various molar ratios of Nic-hapten to KLH. *** indicates hapten density on NPs
are significantly different (p-value < 0.001). (B) Average diameter and zeta potential of various
NPs. No significant differences in average size detected for all the nanovaccine NPs with different
hapten density. (C) Size distribution of three representative nanovaccine NPs used for
immunization of mice. NKLP-A, B, C, D, E, F, G, H, I represent nanovaccines which were

prepared using increased Nic/KLH molar ratios.
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Figure 4. Cellular uptake of the lipid-PLGA NP based nanovaccine and conjugate vaccine
particles by dendritic cells. (A) CLSM images showing the uptake of nanovaccine and conjugate
vaccine particles. (B) Representative intensity distribution of AF647 fluorescence in dendritic cells.

(C) Mean fluorescence intensity (M.F.I) of AF647 in cells corresponding to (B). *** indicates that
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AF647 fluorescence intensity was significantly higher in AF647-KLP group than in AF647-KLH
group (p<0.001). For particles used in (A-C), AF647 was conjugated to KLH as a model of Nic-
hapten. For (A-C), Cells were treated with nanovaccine or conjugate vaccine particles containing
equal amounts of KLH for 2 h. (D) Recorded events which indicated that most of the studied cells
(>95%) had taken up NPs of KLP, NKLP-C, NKLP-F, and NKLP-I, after 2 hours’ incubation. The
percentages of positive cells were shown in red figures. (E) M.F.I of AF647 in cells after
internalizing NPs for 2 h. NPs used in (D) and (E) were labeled by adding NBD to the lipid layer,
and cells were treated with equal amounts of different hapten density nanovaccine NPs. (F) CLSM
images of cells treated with fluorescent nanovaccine NPs for 2 h, in which the lipid layer was

labeled by NBD and AF647 was used as a model of Nic hapten.
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Figure 5. Immunogenicity of nicotine vaccines in mice. (A) Time-course of nicotine-specific
antibody (NicAb) titers in response to the Nic-KLH conjugate vaccine and hybrid NP-based
nanovaccines. (B) Statistical comparison of the NicAb titers on Day 54. Each diamond represents
NicAb titer of each mouse, and the colorful straight lines show the average NicAb titer of each

group. Significantly different: * p<0.05, ** p<0.01, *** p<0.001.
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Figure 6. Anti-carrier protein (anti-KLH) antibody titers induced by nicotine vaccines on Day 54.

Significantly different: * p<0.05, ** p<0.01, *** p<0.001.
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Figure 7. Nicotine distribution in the (A) serum and (B) brain of immunized mice. Serum and
brain tissues of mice were collected 4 min after administration of 0.03 mg/kg nicotine
subcutaneously on Day 54, and nicotine contents in tissues were analyzed. * and ** indicate

significant differences compared to the negative control group, * p<0.05, ** P<0.01; # P<0.05.
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Figure 8. Assessment of the safety of nicotine vaccines. (A) Representative micrographs of mouse
tissues after administration of the negative control or nicotine vaccines. No lesions were observed
in mouse organs of all the representative groups. (B) The increase of body weight during the

immunization study.
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Table 1. Physicochemical properties and hapten density of nanovaccine NPs.

NPs Size Zeta potential PDI Nic-KLH Hapten
(d. nm) (mv) association density
1 o
efficiency (%) (#x10°/NP)
NKLP-C (low-density) 121.3£7.9  4.16+0.14 0.22+0.02 86.4+0.97 29.4+9.2
NKLP-F (medium- 123.846.1 3.9240.23 0.24+0.03 87.9+1.02 145.6£18.1
density)
NKLP-I (high-density)  121.2+4.2 3.86+0.12 0.21+0.02 86.7+0.45 318.6£18.2
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Abstract

A lipid-polymeric hybrid nanoparticle-based next-generation nicotine nanovaccine was developed
in this study to combat nicotine addiction. A series of nanovaccines, which had nicotine-haptens
localized on carrier protein (LPKN), nanoparticle surface (LPNK), or both (LPNKN), were
designed to study the impact of hapten localization on their immunological efficacy. All three
nanovaccines were efficiently taken up and processed by dendritic cells. LPNKN induced a
significantly higher immunogenicity against nicotine and a significantly lower anti-carrier protein
antibody level compared to LPKN and LPNK. Meanwhile, the anti-nicotine antibodies elicited by
LPKN and LPNKN bound nicotine stronger than those elicited by LPNK. LPNK and LPNKN
resulted in a more balanced Th1-Th2 immunity than LPKN. Moreover, LPNKN exhibited the best
ability to block nicotine from entering the brain of mice. Collectively, the results demonstrated
that the immunological efficacy of the hybrid nanoparticle-based nicotine vaccine could be
enhanced by modulating hapten localization, providing a promising strategy to combatting
nicotine addiction.

Key words

Nicotine vaccine; lipid-polymeric hybrid nanoparticle; anti-nicotine antibody; hapten localization;

smoking cessation.
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5.1 Introduction

Tobacco smoking is one of the most significant public health threats the world has ever faced,
approximately, 6 millions of premature deaths are attributed to tobacco use each year in the
world.[1-3] Despite strong desires to quit smoking, the majority of unassisted smokers usually
relapse within the first month, and only 3-5% of them remain abstinent after 6 months.[4] Even
with the help of pharmacological interventions, including nicotine replacement therapy,
varenicline, and bupropion, the long-term smoking cessation rate at one year is disappointingly

low (10-25%).[5-8]

Nicotine vaccine has been demonstrated to be an attractive approach for smoking cessation.[9, 10]
Promisingly, some conjugate nicotine vaccines were successful in inducing strong
immunogenicity as well as achieving high pharmacokinetic efficacy in preclinical and early-stage
clinical trials.[11-14] However, so far, none of them have increased overall enhanced smoking
cessation rate over placebo, mainly due to insufficient and highly-variable antibody titers.[15-17]
Although great efforts have been made to improve their immunogenicity by modulating multiple
factors,[13, 18-23] conjugate nicotine vaccines bear some intrinsic shortfalls, such as rapid
degradation, low nicotine loading capacity, low bioavailability, and poor recognition and uptake

by immune cells. These largely limit their immunological efficacy.

To circumvent these disadvantages of conjugate nicotine vaccines, in our previous work, we
designed the next-generation nicotine nanovaccines using nanoparticles (NPs) as delivery vehicles
for antigen presentation.[24-26] Particularly, lipid-polymeric hybrid nanoparticle (NP)-based
nicotine nanovaccines were demonstrated to induce significantly higher immunogenicity over the

conjugate vaccines and result in better pharmacokinetic efficacy in mice.[26, 27]
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Nicotine hapten is such a small molecule that can only elicit an immune response when attached
to a carrier, such as proteins or nanoparticles.[9] In addition, a stimulating protein is always a
necessity in NP-based nicotine vaccine, as it will stimulate the T-helper cell formation that is
required for B cell maturation.[9, 28] Meanwhile, conjugating protein antigen to the surface of
NPs could promote its delivery and presentation.[29, 30] In our previous nanovaccine design,
hapten was conjugated to the surface of protein antigens.[26] As the localization of haptens on
vaccine NPs may potentially affect the recognition of antigens by immune cells, in this current
work, we evaluated the design of a hybrid NP-based nicotine vaccine by studying the impact of
hapten localization on its immunogenicity and capability to reduce brain nicotine concentrations.
As shown in Scheme 1, three nanovaccines, which have haptens localized only on the carrier
protein (LPKN), only on NP surface (LPNK), or on both (LPNKN), were synthesized. The

immunogenicity and ability to reduce brain nicotine levels of nanovaccines were measured in mice.

5.2 Materials and methods

5.2.1 Materials

Lactel® (50:50 poly(lactic-co-glycolic acid) (PLGA)) was purchased from Durect Corporation
(Cupertino, CA, USA). Keyhole limpet hemocyanin (KLH) was purchased from Stellar
Biotechnologies (Port Hueneme, CA, USA). Alexa Fluor® 647 NHS ester (AF647), Alexa Fluor®
350 NHS ester (AF350), 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC),
and N-hydroxysulfosuccinimide (Sulfo-NHS) were purchased from Thermo Fisher Scientific
(Rockford, IL, USA). 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 1,2-
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distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (ammonium
salt) (DSPE-PEG2000-amine) were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
O-Succinyl-3’-hydroxymethyl-(+)-nicotine (Nic) was purchased from Toronto Research
Chemicals (North York, ON, Canada). All other chemicals were of analytical grade.

5.2.2 Fabrication of PLGA NPs by nanoprecipitation

PLGA NPs were fabricated by a nanoprecipitation method.[31] In brief, 20 mg of PLGA was
dissolved in 2 mL of acetone. The PLGA-in-acetone organic solution was injected into 10 mL of
0.5% PV A aqueous phase by a vertically mounted syringe pump with magnetic stir agitation (1200
rpm). The resultant suspension was placed under vacuum for 6 hours to eliminate the organic
solvent. PLGA NPs were collected by centrifugation at 10,000 g, 4°C for 30 min.

5.2.3 Fabrication of lipid-polymeric hybrid NPs

Lipid-polymeric hybrid NPs were fabricated with a previously reported hydration-sonication
method.[26, 32] In brief, 2.5 mg of lipid mixture consisting of different molar ratios of DOTAP,
DSPE-PEG2000-maleimide, DSPE-PEG2000-amine, and CHOL, was evaporated to form a lipid
film. The lipid film was hydrated with 0.01 M phosphate buffer saline (PBS) and sonicated for 2
min to form a liposome suspension. Lipid-polymeric hybrid NPs were assembled by coating
liposomes to PLGA NPs (PLGA: lipids= 10:1 (w/w)) via sonication for 10 min. Lipid-polymeric
hybrid NPs were collected by centrifugation at 10,000 g, 4°C for 30 min. The PLGA cores were
labeled by Nile Red, and the number of NPs per mg was estimated by flow cytometry using an
Amnis ImageStream™ Mark 2 imaging flow cytometer.

5.2.4 Synthesis of Nic-KLH conjugates

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

previously.[26] Specifically, the Nic-KLH conjugates used for preparing LPKN or LPNKN
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nanovaccines were synthesized by reacting 1.2 mg or 2.4 mg of Nic hapten with 5 mg of KLH.
Hapten densities of Nic-KLH conjugates were estimated by a 2,4,6-trinitrobenzene sulfonic acid-
based method as reported previously.[33] Nic-BSA conjugate was synthesized using the same
method.

5.2.5 Preparation of nanovaccine NPs

LPKN nanovaccine NPs were assembled with the method reported previously.[26] In brief, an
appropriate amount of Traut’s reagent was added into the Nic-KLH conjugates equivalent to 2 mg
of KLH in 0.5 mL of PBS and reacted for 1 h to form thiolated Nic-KLH. The thiolated Nic-KLH
equivalent to 1 mg of KLH was conjugated to 30 mg of lipid-polymeric hybrid NPs by reacting
the thiolated Nic-KLH with maleimide groups in the lipid layer of NPs for 2 h. Unconjugated Nic-
KLH was separated by centrifugation at 10,000 g, 4°C for 30 min, and quantified by the
bicinchoninic acid assay. Negative control was prepared following a similar procedure, except that
KLH, instead of Nic-KLH, was conjugated to NP surface.

For LPNK and LPNKN synthesis, Nic-haptens were conjugated to the surfaces of hybrid NPs via
an EDC/NHS-mediated reaction. In brief, an aliquot of Nic-haptens was activated for 30 min in
0.3 mL of activation buffer (0.1 M MES, 0.5 M NaCl, pH 6.0) by adding EDC and NHS (Nic:
EDC: NHS=1:10:10). Nic-hapten-conjugated hybrid NPs (LPN) were synthesized by reacting the
activated Nic-haptens with 30 mg of hybrid NPs in 2 mL of coupling buffer (0.1 M sodium
phosphate, 0.15 M NaCl, pH 7.2) for 10 h. Unconjugated Nic-haptens were eliminated by dialysis
and quantified by HPLC using a Luna C18 (2) reverse phased chromatography column and a UV
detector (at 254 nm). LPNK and LPNKN NPs were assembled by conjugating KLH or Nic-KLH
to LPN NPs with the same method as LPKN nanovaccine. Nanovaccine NPs were collected by

centrifugation at 10,000 g, 4°C for 30 min, and stored at 2°C for later use.
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5.2.6 Characterization of NPs

Size distribution and zeta potential of NPs were measured in 0.01 M pH 7.4 PBS on a Nano ZS
Zetasizer (Malvern Instruments, Worcestershire, United Kingdom) at 25°C. The morphology of
NPs was characterized by transmission electron microscopy (TEM) on a JEM 1400 transmission
electron microscope (JEOL, Tokyo, Japan). Fluorescent nanovaccine NPs, in which the lipid layer
was labeled by NBD, and AF647 and AF350 were conjugated to KLH and NP surface, respectively,
were imaged on a Zeiss LSM 510 laser scanning microscope (Carl Zeiss, Oberkochen, Germany).
The Fourier transform infrared (FT-IR) spectra of NPs were recorded on a Thermo Nicolet 6700
FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA).

5.2.7 Cellular uptake of nanovaccine NPs in dendritic cells (DCs)

The uptake of nanovaccine NPs by DCs was studied by flow cytometry (FCA). NBD-labelled
LPKN, LPNK, and LPNKN NPs were prepared by adding 2.5% of NBD into lipid mixture.
JAWSII (ATCC® CRL-11904™) immature DCs (2 x 10%well) were seeded into 24-well plates
and cultured overnight. Cells were treated with 20 pg of NBD-labelled nanovaccine NPs for 15
min or 2 h. After washed 3 times with PBS, cells were detached from the culture plates using
trypsin/EDTA solution and collected by centrifugation at 200 g for 10 min. Cell pellets were re-
suspended in PBS. Samples were immediately analyzed on a flow cytometer (FACSAria I, BD
Biosciences, Franklin Lakes, NJ, USA).

The cellular uptake and processing of nanovaccine NPs were analyzed by confocal laser scanning
microscopy (CLSM). AF647- and NBD-labeled NPs were prepared according to the method
described above, except that AF647-KLH was conjugated to KLH and 2.5% of NBD was added
into lipids for labeling. Cells (2 x 10°/chamber) were seeded into 2-well chamber slides and

cultured overnight. Cells were treated with 20 pug of AF647- and NBD-labeled nanovaccine NPs
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for 15 min or 2 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.

5.2.8 Immunization of mice with nicotine nanovaccines

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, 6 per group) were
immunized subcutaneously with a total volume of 200 pL of nicotine vaccines containing 25 ug
of KLH antigen on days 0, 14, and 28. The subcutaneous injection site was over the shoulder of
mice (into the loose skin over the neck). For the negative control group, mice were immunized
with KLH associated hybrid NPs without Nic-hapten conjugation containing 25 ng of KLH. For
the blank group, mice were injected with 200 pL of sterilized PBS. Blood was collected from the
retro-orbital plexus under isoflurane anesthesia on days 0, 12, 26, and 40.

5.2.9 Measurement of titers of anti-nicotine IgG antibody, anti-nicotine IgG subclass
antibody, and anti-KLH antibody

Anti-nicotine IgG and IgG-subclass antibody titers were measured by an enzyme-linked
immunosorbent assay (ELISA) according to a previously reported method.[25] Anti-KLH
antibody titers were measured following a similar protocol, except that KLH was used as a coating
material. Antibody titer was defined as the dilution factor at which absorbance at 450 nm declined
to half maximal.

5.2.10 Measurement of anti-nicotine antibody affinity
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The relative affinity of anti-nicotine antibody induced by nicotine nanovaccines was measured by
a competition ELISA method.[34] In brief, serum samples were diluted to achieve absorbance
values of around 1.0 at 450 nm. Nicotine was serially diluted from 10 M to 10”7 M. One hundred
uL of nicotine solutions were added into Nic-BSA coated plates, and 100 uL. of serum samples
were subsequently added to plates. The other steps were the same as in measuring anti-nicotine
antibody titers. Percent inhibition was calculated at each nicotine concentration and plotted against
log nicotine concentration. The concentration at which 50% inhibition was achieved (ICsy) was
extrapolated for each sample.

5.2.11 Nicotine challenge study in mice

The nicotine challenge study was conducted using a method reported previously.[26] In brief, 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 dosing.
Nicotine concentration in the brain and serum was measured by GC/MS as reported previously.[35]
5.2.12 Histopathological analysis

Histopathological analysis was conducted to detect lesions of mouse organs caused by the
immunization with nicotine vaccines following a method reported previously.[26] On day 42,
organs of immunized mice, including heart, kidney, liver, lung, and spleen, were harvested and
fixed in 10% buffered formalin. Tissue blocks were stained with hematoxylin and eosin (H&E)
according to the method described before[25] and imaged on a Nikon Eclipse E600 light
microscope.

5.2.13 Statistical analyses
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Data are expressed as means + standard deviation unless otherwise specified. Comparisons among
multiple groups were conducted using one-way ANOVA followed by Tukey’s HSD test.

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

5.3 Results

5.3.1 Verification of Nic-hapten conjugate chemistry

CLSM was employed to verify the Nic-hapten conjugate chemistry. AF350-NHS and AF647-NHS,
which have the same reactive groups as the Nic-hapten, were used to simulate the hapten and
conjugated to NP surface and KLH, respectively. Hybrid NPs were labeled by NBD. The co-
localization of AF647 with NBD suggested the successful conjugation of the model hapten to KLH
(the upper panel of Figure 1A), and thus verified the conjugate chemistry for LPKN synthesis. On
the other hand, the overlapping of AF350, AF647, and NBD indicated the efficient conjugation of
the model haptens to NP surface and the successful association of the model hapten-KLH
conjugate to NPs (the lower panel of Figure 1A), and verified the conjugate chemistry for LPNK
and LPNKN synthesis.

FT-IR was used to further validate the conjugate chemistry for nanovaccine synthesis. Specific
peaks of both Nic-hapten (636 and 708 cm™) and KLH (1654 cm™) are evident in the spectrum of
Nic-KLH conjugate (Figure 1B), suggesting the efficient conjugation of Nic-hapten to KLH.
Similarly, characteristic peaks of Nic-hapten (858 and 949 cm™) appeared in the spectrum of LPN
NPs (Figure 1C), revealing the successful attachment of Nic-hapten to NP surface. Finally, the
spectra of all three nanovaccines included characteristic peaks of both Nic-hapten and KLH/Nic-
KLH (Figure 1D), indicating the successful synthesis of nanovaccines.

5.3.2 Characterization of nanovaccine NPs
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Nanovaccine NPs were characterized morphologically using TEM (Figure 2A). A core-shell
structure was clearly shown on hybrid NPs, which was displayed as a bright core and dark shell.
All three nanovaccine NPs had similar morphological features. Specifically, multiple black dots
that were KLH/Nic-KLH showed on the surface of NPs, again suggesting the successful
conjugation of protein antigens to hybrid NP surface. The conjugation efficiency of Nic-
KLH/KLH was 82.3 £+ 5.4%, 85.3 + 7.4%, and 80.2 + 6.7%, for LPKN, LPNK, and LPNKN,
respectively (Table 1). The Nic-hapten densities of LPKN, LPNK, and LPNKN were (6.32 + 0.39)
x10%/NP, (5.89 £ 0.67) x10*/NP, and (6.02 + 0.53) x10*/NP, respectively (Table 1), suggesting
that the three nanovaccines with different hapten localizations had similar overall hapten densities.
Moreover, the physicochemical properties of NPs were characterized. The three nanovaccines
exhibited a similar average diameter, which was 118.1, 122.8, and 115.7 nm for LPKN, LPNK,
and LPNKN nanovaccines, respectively (Table 1). Dynamic light scattering data revealed that all
three nanovaccines had a similar size distribution, with most particles being smaller than 200 nm
(Figure 2B). The zeta-potentials were 5.46 + 0.25, 2.85 + 0.23, and 4.69 + 0.24 mV, for LPKN,
LPNK, and LPNKN, respectively (Table 1), revealing that all three nanovaccines were positively
charged at pH 7.4.

The stability of nanovaccines, indicated by size change, was tested in PBS and DI water for 7
weeks, a period of time that is sufficient for the entire vaccination regimen and a short period of
storage. The size change of all three nanovaccines was less than 20 nm in PBS over the entire
study period (Figure 2C), suggesting the nanovaccines were highly stable in PBS for at least 7
weeks. The nanovaccines appeared to be less stable in water. However, the size change of
nanovaccines was still less than 30 nm for 7 weeks in DI water (Figure 2D).

5.3.3 Cellular uptake of nanovaccine NPs

114



The cellular uptake of nanovaccine NPs was studied in DCs by FCA. The uptake of nanovaccines
displayed a time-dependent manner. After 15 min’s incubation, except for LPKN, only small
portions of cells had taken up NPs (Figure 3A and 3B). The percentages of NBD-positive cells
were 43.0 £ 8.3%, 19.2 + 1.76%, and 24.5 £+ 0.8% for LPKN, LPNK, and LPNKN, respectively
(Figure 3B). The corresponding median NBD intensity was 773 + 52, 522 + 30, and 540 + 6,
respectively (Figure 3C). After 120 min’s incubation, more NPs were internalized for all three
nanovaccines. Particularly, the percentages of NBD-positive cells were 93.0 & 1.4%, 77.3 + 0.9%,
and 84.3 £ 3.0%, for LPKN, LPNK, and LPNKN, respectively (Figure 3B); and the median NBD
intensity was 1560 + 44, 1217 &+ 28, and 1237 + 34, respectively (Figure 3C). The data of both
NBD-positive cells and NBD median intensity revealed that LPKN were taken up by dendritic
cells more rapidly than LPNK and LPNKN.

The uptake and processing of nanovaccines were further studied by CLSM. Consistent with the
FCA data, the uptake of nanovaccine NPs was time-dependent (Figure 4). After 15 min’s
incubation, weak NBD and AF647 fluorescences were shown in cells. This suggested cells had
taken up small amounts of nanovaccine NPs within 15 min. In contrast, the fluorescence of NBD
and AF647 was very strong in cells after incubation of 120 min, indicating more NPs were taken
up with time. Interestingly, the processing of nanovaccines appeared to be step-wise in cells. After
15 min, NBD fluorescence was widely distributed in cells while AF647 fluorescence was
displayed through individual particles. This phenomenon indicates that the lipid-layer was
removed from the hybrid NPs to release protein antigens, but the protein antigens had not been
efficiently processed. After 120 min, both NBD and AF647 fluorescence were widely distributed
in cells, revealing that protein antigens had been effectively processed to small peptides. Moreover,

consistent with the FCA data, LPKN was observed to be more efficiently taken up by dendritic
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cells than LPNK and LPNKN, as both NBD and AF647 fluorescence were stronger in the LPKN
group, especially at 120 min.

5.3.4 Immunogenicity of nanovaccines against nicotine and the carrier protein

The immunogenicity of nanovaccines against nicotine was evaluated in mice, and the results are
shown in Figure 5A. No anti-nicotine antibody titers were detected in the negative control group
on all days in which mice were immunized with KLH associated hybrid NPs without conjugated
hapten. After the primary immunization, the anti-nicotine antibody titers of LPKN, LPNK, and
LPNKN on day 12 were (1.3 +0.1) x10°, (1.6 £ 0.2) x10°, and (2.3 + 0.3) x10°, respectively. After
the first booster immunization, anti-nicotine antibody titers on day 26 significantly increased over
that on day 12. The titers were (9.2 +2.2) x10°, (9.8 £ 6.0) x10°, and (21.9 + 4.5) x10° for LPKN,
LPNK, and LPNKN, respectively. After the second booster immunization, anti-nicotine antibody
titers considerably increased again on day 40, which were (15.5 +2.3) x10°, (13.1 +4.1) x10°, and
(31.0 £+ 12.4) x10* for LPKN, LPNK, and LPNKN, respectively. Statistical analysis suggested that
LPNKN generated significantly higher anti-nicotine antibody titers than LPKN and LPNK (p <
0.05), while LPKN and LPNK induced comparable titers (p > 0.95), on all studied days.

Titers of anti-KLH antibody were also monitored. The results are shown in Figure 5B. Similar to
anti-nicotine antibody titers, anti-KLH antibody titers significantly increased after each
immunization. On all studied days, the negative control induced the highest level of anti-KLH
antibody. For the nanovaccines with different hapten localizations, the anti-KLH antibody titers
were in the order of LPKN > LPNK > LPNKN for all studied days. The differences among
different nanovaccine groups were significant (p < 0.05) on days 26 and 40, except for LPKN and

LPNK. Specifically, end-point titers of (79.1 + 14.1) x10°, (47.9 + 4.3) x10°, (44.7 + 7.1) x10°,

116



and (21.8 + 2.6) x10° were detected in the negative control, LPKN, LPNK, and LPNKN groups,
respectively.

5.3.5 Affinity of anti-nicotine antibody induced by nanovaccines

The binding affinity of nicotine to anti-nicotine antibodies elicited by nanovaccines was estimated
by competition ELISA, and the time-course antibody affinity on days 12, 26, and 40 was shown
in Figure 6A. On day 12, ICsy for LPKN, LPNK, and LPNKN was 1085 £+ 1103, 1380 + 460, and
1077 + 319 uM, respectively. On day 26, ICsy decreased to 29 + 19, 468 + 302, and 29 + 31 uM,
for LPKN, LPNK, and LPNKN, respectively. Evidently, the first booster immunization
significantly promoted the maturation of antibodies. Interestingly, after the second booster
immunization (on day 40), the affinity of antibodies induced by the three nanovaccines decreased.
The 1Csp was 115 + 162, 1004 + 1276, and 132 £ 51 pM for LPKN, LPNK, and LPNKN,
respectively. The affinity of antibodies induced by LPKN and LPNKN was considerably higher
over LPNK on all the studied days. Specially, statistical comparison suggested that the end-point
affinity of antibodies elicited by LPKN and LPNKN was significantly higher than that induced by
LPNK, and no significant differences existed between LPKN and LPNKN (Figure 6B).

5.3.6 IgG subclass distribution of anti-nicotine antibodies

The subtype distribution of anti-nicotine IgG antibodies induced by the nanovaccines on day 40
was analyzed. As shown in Figure 7A-D, IgG1 was the dominant among all four subtypes for all
three nanovaccines. In concordance with the total IgG titers, LPNKN induced higher titers of all
four IgG subtypes over LPNK and LPNKN, especially for I[gG1 and [gG2a. Interestingly, although
the total IgG titers of LPKN and LPNK were very close (Figure 5A), LPNK generated
significantly higher levels of IgG2a than LPKN. The relative magnitude of Thl versus Th2

immune response induced by nanovaccines was assessed by the Th1/Th2 index. The Th1/Th2
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indexes for LPKN, LPNK, and LPNKN were 0.043 + 0.042, 0.430 + 0.288, and 0.191 £ 0.136,
respectively, which were all significantly less than 1. The Th1/Th2 index data indicates that the
immune responses induced by the nanovaccines, regardless of hapten localizations, was Th2-
skewed (humoral response dominated). Interestingly, LPNKN and LPNK resulted in a more
balanced Th1-Th2 response than LPKN.

5.3.7 Capability of nanovaccines to influence the distribution of nicotine in the serum and
brain

Capability of nanovaccines with different hapten localizations to influence nicotine distribution in
the serum and brain was tested in mice. Mice received a dose of 0.06 mg/kg nicotine on day 42,
and the nicotine levels in the serum and brain 3 min post-administration were analyzed. Serum
nicotine levels are shown in Figure 8A. The blank group had a serum nicotine level of 12.5 ng/mL.
Compared to the blank group, the nicotine levels in mice injected with LPKN, LPNK or LPNKN
increased by 79.2%, 20%, and 192.0%, respectively. These data suggest that LPNKN had the best
ability to retain nicotine in serum. Nicotine levels in the brain are shown in Figure 8B. The brain
nicotine level in the blank group was 98.8 ng/g. The percent reductions in brain nicotine levels
were 49.4%, 41.3%, and 66.9% for LPKN, LPNK, and LPNKN vaccinated groups, respectively.
Based on the above results, LPNKN would have the best ability of keeping nicotine from entering
the brain.

5.3.8 Safety of nanovaccines

The safety of nanovaccines was evaluated by behavioral and histopathological examination
(Figure 9). Major organs of mice, including heart, kidney, lung, liver, and spleen, were stained
with H&E and examined. No significant differences were detected between the blank (PBS) and

the three nanovaccine groups, in all examined organs. Moreover, no detectable difference was
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observed among the nanovaccines with different hapten localizations. Behavioral and physical
conditions of mice during the entire study were monitored. No short-term effects, including local
site reaction, elevation in body temperature, abnormal behavior, and abnormal food and water
consumption, were detected in treated groups compared to the blank group. Thus, the nanovaccines,

regardless of hapten localization, are considered safe.

5.4 Discussion

Nicotine vaccines are a promising strategy for future treatment against nicotine addiction.
Currently, conjugate vaccines are the prevalent and most-studied nicotine vaccines. However, their
intrinsic shortcomings, such as low nicotine loading capacity, low bioavailability, poor recognition
and uptake by immune cells, and difficulty in incorporation of adjuvants, limit their immunological
efficacy.[9, 25] Nanoparticles have been widely studied for delivery of drugs and vaccines.[36-40]
Nanoparticles are able to maintain the activity of payloads and enhance delivery efficiency. In
addition, high payload loading capacity, improved bioavailability, and controlled payload release
can be achieved by nanoparticles.[41-44] These advantages inspired us to develop the next-
generation nanoparticle-based nicotine vaccines to circumvent the innate shortfalls of conjugate
nicotine vaccines. In our previous work, we conceptualized a lipid-polymeric hybrid nanoparticle-
based nicotine nanovaccine, and demonstrated that its immunogenicity was significantly higher
than that of the conjugate vaccine.[26] In this study, we studied the nanovaccine design by
investigating the impact of hapten localization on its immunogenicity and efficacy. The
nanovaccines developed in this current study differed in hapten localization, but all had similar

overall hapten loading, average size and size distribution, and surface charge.

The nicotine nanovaccines are based on a lipid-polymeric hybrid nanoparticle. TEM images

suggested the successful formation of a core-shell hybrid structure. In this study, each component
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of the hybrid nanoparticles was adopted for specific purposes. The PLGA core not only supplies
extra rigidity to liposomes to stabilize the nanoparticle system,[45] but also controls the size of
nanovaccines. We previously demonstrated that nicotine nanovaccines of 100 nm had a
significantly higher immunogenicity than those of 500 nm.[26] In this study, the PLGA core was
fabricated by a nanoprecipitation method [46] resulting in a precisely controlled particle size. An
advantage of the PLGA core is that it provides cargo space for encapsulation and controlled release
of molecular adjuvants.[47, 48] The lipid shell was composed of DOTAP, cholesterol, DSPE-
PEG2000-maleimide, and DSPE-PEG2000-amine. DOTAP,[49] a cationic lipid, produces a
positively-charged nanoparticle surface and may promote the interaction between nanovaccines
and negatively-charged immune cells, thus leading to enhanced internalization of vaccine particles.
Cholesterol acts as a stabilizer in the lipid layer to improve the stability of nanovaccines.[50]
DSPE-PEG2000-maleimide allows conjugation of multiple KLH/Nic-KLH to nanoparticle surface,
leading to a high loading efficiency of protein antigen. DSPE-PEG2000-amine enables
conjugation of Nic-hapten onto nanoparticle surface. Additionally, PEGylation may prolong the

circulation time of nanovaccines and increase the bioavailability of vaccines.[51]

To induce an immune response, vaccine particles need to be efficiently internalized and processed
by antigen presenting cells (APCs).[9] Both the FCA and CLSM data suggested that the
nanovaccines, regardless of hapten localization, were taken up by DCs efficiently. The positively
charged surface of nanovaccines likely contributed to this effect. Specifically, more than 75% of
the cells had taken up nanoparticles within 120 min. The efficient internalization of nanovaccines
may provide sufficient antigens to induce a quick development of immune response. Moreover,
CLSM images indicated the sufficient processing of protein antigens to peptide antigens within

120 min. Efficient processing of protein antigens may ensure effective activation of T-helper cells,
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making the immune response fervent and long-lasting. Interestingly, the uptake of LPKN particles
is slightly more efficient than that of LPNK and LPNKN particles. This may be caused by the high
PEG-grafting in LPNK and LPNKN, as it has been reported that PEG-grafting might decrease the

uptake of nanoparticles.[52]

Previous studies suggested that anti-nicotine antibody levels largely determine smoking cessation
efficacy.[16, 17] LPNKN induced significantly higher anti-nicotine antibody titers than LPKN and
LPNK, while the antibody levels of LPKN and LPNK were comparable. This finding suggests that
the immunogenicity of nanovaccines could be improved by conjugating Nic-haptens onto both
carrier protein and nanoparticle surface, instead of onto only one. Anti-KLH antibody is considered
a non-specific byproduct. Production of anti-KLH antibody would cause wastage of vaccines to
generate antibodies against KLH rather than nicotine. Meanwhile, high levels of anti-KLH
antibody may neutralize nanovaccines injected during booster immunizations. Interestingly,
LPNKN induced the lowest anti-KLH antibody titers among the three nanovaccines with different
hapten localizations. This may be explained by the following: First, conjugation of Nic-hapten to
KLH masked sufficient amounts of immunogenic epitopes on KLH. Second, the shielding effect
of PEG-grafting [53] on LPNKN might decrease the recognition of immunogenic epitopes on KLH

by immune cells.

Based on the ELISA results, we found that LPNKN had the highest immunogenicity among the
three nanovaccines, eliciting the highest titers of anti-nicotine antibody and the lowest levels of
anti-KLH antibody. Although we do not have direct evidences to show the mechanism, the
following may explain the immunogenic differences among the nanovaccines that had similar
overall hapten densities but different hapten localizations. For examples, generation of an effective

humoral immune response against nicotine requires two pivotal processes: the first process is
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activation of nicotine-specific B cells; the second process is generation of T-helper cells and the
interaction between T-helper cells and B cells, which are required for the maturation of nicotine-
specific B cells to antibody-secreting cells.[9] Generation of T-helper cells occurs by specific
recognition of T cell epitopes (displayed on APCs) by T cells. Maturation of nicotine-specific B
cells is facilitated by specific recognition of T cell epitopes (displayed on B cells) by T helper
cells.[9] As for LPKN, the process of B cell activation was sufficient. However, Nic-haptens were
localized on KLH at a high density. This could mask some of the T cell epitopes, causing the B
cell maturation to be insufficient. For LPNKN, B cell activation was efficient. As less Nic-haptens
were localized on KLH, T cell epitopes were minimally masked. Thus, the B cell maturation
process was also sufficient. As for LPNK, no Nic-haptens were conjugated to KLLH, and thus the
immunogenic epitopes of KLH were fully exposed. Therefore, a portion of nanovaccines would
be used to generate antibodies against KLH rather than nicotine, leading to a low immunogenicity
against nicotine. However, a cellular mechanistic study is not within the scope of this work. The

proposed mechanism needs to be verified in future experiments.

Affinity of Anti-nicotine antibodies to nicotine is a critical factor influencing the efficacy of a
nicotine vaccine.[9] Interestingly, we found that antibodies induced by LPKN and LPNKN had
significantly higher affinity than those induced by LPNK. This indicates that hapten localization
appeared to affect affinity of anti-nicotine antibodies. Our analysis of subtype distribution of anti-
nicotine IgG antibody revealed that LPNK generated higher percentages of 1gG2a, 1gG2b, and
IgG3 than LPKN, especially IgG2a, although their total IgG titers were close. Hapten localization
thus influenced the anti-nicotine IgG subtype distribution, and tended to induce widely-distributed
IgG subtypes. Th1/Th2 index is an indicator of the polarization of immune responses.[54]

Although LPNK and LPNKN induced more balanced Th1-Th2 immune responses than LPKN, all
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three nanovaccines induced Th2-skewed humoral responses (Th1/Th2 significantly less than 1).
Th2-skewed immune responses are considered desirable for nicotine vaccine design, as the
efficacy of reducing the rewarding effects of nicotine is dependent on the magnitude of the humoral
response. Consistent with the immunogenicity and affinity data, we found that LPNKN resulted in
a better retention of nicotine in serum and reducing nicotine levels in the brain than LPKN and
LPNK. These results suggest the efficacy of nicotine nanovaccines could be improved by
conjugating Nic-haptens to both stimulating protein and nanoparticle surface. In our previous study,
we found that LPKN induced an anti-nicotine antibody titer of ~ 9,000 on day 41 and resulted in
a 32% brain nicotine reduction.[26] However, in this study, we found that LPKN elicited an
antibody titer of ~ 15,000 on day 40 and reduced brain nicotine concentrations by 49%. These two
studies differed in the two studies differed in Nic-KLH conjugation capacity (the mass ratio of
conjugated Nic-KLH to hybrid nanoparticles). Future work is needed to be done to establish an
optimal Nic-carrier protein conjugation capacity. In addition, we previously demonstrated that
LPKN induced a significantly better pharmacokinetic efficacy than the conjugate vaccine. The
finding in this current study may lead to further improvement in the efficacy of hybrid
nanoparticle-based nicotine nanovaccines. It should be pointed out that no molecular adjuvants
were incorporated to the nanovaccines in this study. A study is undergoing to further improve the

immunogenicity of nanovaccines by selecting potent molecular adjuvants.

In summary, a lipid-polymeric hybrid nanoparticle-based next-generation nicotine nanovaccine
was successfully fabricated and tested with a focus on studying the impact of hapten localization
on its immunogenicity and efficacy. Results from mice trials suggested that vaccines with hapten
molecules conjugated on both the carrier protein and nanoparticle surface have better

immunogenicity and are more likely to lower brain concentrations of nicotine than vaccines with
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haptens only on protein or nanoparticle surface. The findings of this study suggest a novel strategy
to improve the immunogenicity and efficacy of the next-generation nanoparticle-based nicotine
vaccine, and can be applied to the design of other nanoparticle-based vaccines. Based on all the
reported results, hybrid nanoparticle-based next-generation nicotine nanovaccines hold great

promise as future clinical vaccines against nicotine addiction.
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Scheme. Schematic illustration of the structure of hybrid NP-based nicotine nanovaccines with

different hapten localizations.
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Figure 1. Verification of the hapten conjugate chemistry. (A) CLSM images showing the co-
localization of model hapten dyes with hybrid NPs. Scale bars represent 10 um. FT-IR spectra of
Nic-hapten (Nic), Nic-KLH conjugate (KN), and KLH (B); Nic-hapten, hybrid NPs (LP), and Nic-

hapten-conjugated LPN NPs (LPN) (C); LPKN, LPNK, and LPNKN (D).
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Figure 2. Characterization of nanovaccine NPs. (A) TEM images showing the morphological

characteristics of NPs. Scale bars represent 200 nm. (B) Size distribution of LPKN, LPNK, and
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Figure 3. Flow cytometry assay of the uptake of nanovaccine NPs by dendritic cells. (A)
Population distribution of cells treated with 20 pg of nanovaccine NPs for 15 min or 120 min. The

percentage of NBD-positive cells (B) and NBD median intensity in cells (C) were analyzed.
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Figure 4. Uptake of nanovaccine NPs by dendritic cells analyzed by CLSM. The lipid-layer of
hybrid NPs was labeled by NBD. Nic-hapten on KLH was substituted with AF647 to provide
fluorescence. Cells were treated with 20 pg of nanovaccine NPs for 15 min or 120 min. Scale bars

represent 10 um.
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Significantly different compared to the previous studied day: & p <0.05, && p <0.01, &&& p <
0.001. Significantly different compared to the other three groups on the same studied day: ## p <

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

137



%‘ 0.003+ B3 Day 12 * E 0.0015+ - |L|

E E== Day 26 * E A

o H @

EE 0.002- EA 0.0010+ _o(;%_

b= =

% E g ‘é ' NS |

) @0 00005 o !

-% 0.001+ £

L o

2 £ 0.00004 % <>

g 0.000- < r T T
& ol &

oS v v N
é‘\A
&

Figure 6. Anti-nicotine antibody affinity estimated by competition ELISA. (A) Time-course
affinity of anti-nicotine antibodies induced by various nicotine nanovaccines. (B) Endpoint
comparison of antibody’s affinity among different hapten localization nanovaccine groups on day

40. Significantly different: * p <0.05, ** p <0.01, *** p <0.001.
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Figure 7. Anti-nicotine subclass antibody titers of (A) IgG 1, (B) IgG 2a, (C) IgG 2b, and (D) IgG
3. (E) Th1/Th2 index induced by immunization with nicotine nanovaccines. Th1/Th2 index=

(IgG2a+1gG3)/2/1gG1. Significantly different: * p <0.05, *** p <0.001.
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Figure 8. Capability of nanovaccines with different hapten localizations to influence nicotine
distribution in the serum and brain after nicotine challenge. Nicotine levels in the serum (A) and
brain (B) of mice 3 min after challenged with 0.06 mg/kg nicotine. Data were reported as means
+ standard error. Significantly different compared to the blank group: # p < 0.05, ### p < 0.001.

Significantly different: * p < 0.05.
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Heart

Figure 9. H&E staining of the sections of major organs including heart, kidney, lung, liver, and

spleen harvested from the mice immunized with different nicotine vaccines.
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Table 1. Characteristics of nanovaccines with different hapten localizations.

Nanovaccines Size Zeta- PDI KLH/Nic-KLH Nic-hapten density
(d. nm) potential conjugation (#/x10%/NP)
(mV) efficiency (%)

LPKN 118.1 + 546 0.11 £ 823+54 6.32£0.39
3.0 0.25 0.02

LPNK 122.8 + 285+ 0.15+ 853+74 5.89+£0.67
5.5 0.23 0.03

LPNKN 1157+ 4.69 + 0.14 £+ 80.2+6.7 6.02 £0.53
2.7 0.24 0.03
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Abstract

A series of hybrid nanoparticle-based nicotine nanovaccines (NanoNicVac) were engineered in
this work by conjugating potent stimulating protein candidates (KLH multimer, KLH subunit,
CRM,97, or TT) for enhanced immunological efficacy. All four NanoNicVac, regardless of
stimulating proteins, were rapidly and efficiently taken up by dendritic cells in vifro. NanoNicVac
conjugated with CRM;9; or TT were processed by dendritic cells more efficiently than that
conjugated with KLH multimer or KLH subunit. NanoNicVac carrying CRM 97 or TT exhibited a
significantly higher immunogenicity against nicotine and a considerably lower immunogenicity
against stimulating proteins than NanoNicVac carrying KLH multimer or KLH subunit in mice.
NanoNicVac conjugated with CRM 97 or TT resulted in lower brain nicotine levels after nicotine
challenge. All the findings suggest that an enhanced immunological efficacy of NanoNicVac can
be achieved by conjugating potent CRM 97 or TT stimulating proteins, making NanoNicVac be a

promising next-generation immunotherapeutic candidate against nicotine addiction.

Key words

Nicotine addiction; nicotine vaccine; hybrid nanoparticle; stimulating protein; anti-nicotine

antibody
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6.1 Introduction

Tobacco smoking continues to be the leading preventable cause of disease, disability, and death
worldwide.[1] Every year in the United States alone, more than 480,000 people die from tobacco
smoking.[2] Current pharmacological medications for smoking cessation are only partially
successful and associated with the risk of serious side effects.[3] Nicotine vaccines that can
generate nicotine-specific antibodies capable of sequestering nicotine in serum and reducing
nicotine entering the brain have shown to be a promising approach to treating nicotine addiction.[4,
5] Several conjugate nicotine vaccines have reached various stages of clinical trials.[6, 7] Despite
the prominent results in preclinical and early-stage clinical trials, no conjugate nicotine vaccines
have proven overall to enhance smoking cessation rate, mainly due to the insufficient and highly-
variable antibody titers.[5, 8, 9]

In our previous work, we devised the next-generation nanoparticle-based nicotine vaccines to
achieve improved immunogenicity over conjugate nicotine vaccines.[10-13] These next-
generation nanoparticle-based nicotine nanovaccines have many unique properties, such as high
bioavailability, enhanced recognition and uptake by immune cells, long immune persistence, high
specificity, and ease of incorporation with adjuvants. In particular, a lipid-polymeric hybrid
nanoparticle-based nicotine nanovaccine (NanoNicVac) was demonstrated to result in
significantly higher immunological efficacy than the conjugate nicotine vaccine.[12] In addition,
we previously demonstrated that the immunogenicity of NanoNicVac could be improved by
modulating nanoparticle size,[12] hapten density,[ 14] and hapten localization.[15]
Immunologically, efficient T cell immunity is essential for the generation of an effective humoral
immune response against nicotine.[ 16, 17] The maturation of nicotine-specific B cells to antibody-

secreting cells requires two pivotal T cell-dependent processes. The two processes are the
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formation of T helper cells and the interaction between T-helper cells and B cells, both of which
only occur via presentation of peptidic antigens on the major histocompatibility complex (MHC)
of antigen presenting cells.[5, 18] Basically, an effective T cell immunity makes the humoral
Immune response against nicotine specific, intense, and long-lasting.[19] Therefore, a stimulating
protein that provides peptidic antigens is a necessity for a nanoparticle-based nicotine
nanovaccine.[20] Incorporation of different stimulating proteins into a nanoparticle-based nicotine
nanovaccine may cause differential effectiveness of T cell immunity, thus leading to different
immunological efficacy.

In this study, potent stimulating proteins were incorporated into NanoNicVac to boost its
immunological efficacy. Specifically, four stimulating protein candidates, including keyhole
limpet hemocyanin (KLH) multimer,[21] KLH subunit (KS),[22] cross reactive material 197
(CRM,97),[23] and tetanus toxoid (TT),[24] all of which have been reported to be highly-
immunogenic and widely used as stimulating proteins, were conjugated to NanoNicVac to study
the impact of stimulating proteins on its immunogenicity and capability to reduce brain nicotine
levels. NanoNicVac with different stimulating proteins (Figure 1A) were prepared and
characterized. The cellular uptake and processing of NanoNicVac particles were studied in
dendritic cells. The immunogenicity and capability to reduce brain nicotine levels of NanoNicVac

were tested in mice.

6.2 Materials and methods

6.2.1 Materials

Lactel® (50:50 poly(lactic-co-glycolic acid) (PLGA)) was purchased from Durect Corporation

(Cupertino, CA, USA). 1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP), cholesterol
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(CHOL), 1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-
yl) (ammonium salt) (NBD-PE), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[maleimide(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG2000-maleimide) were
purchased from Avanti Polar Lipids (Alabaster, AL, USA). O-Succinyl-3’-hydroxymethyl-(+)-
nicotine (Nic) was purchased from Toronto Research Chemicals (North York, ON, Canada). KLH
multimer, KLH subunit, Alexa Fluor® 647 NHS ester (AF647), Fluor® 350 NHS ester (AF350),
1-Ethyl-3-[3-dimethylaminopropyl] = carbodiimide  hydrochloride = (EDC), and  N-
hydroxysulfosuccinimide (Sulfo-NHS) were purchased from Thermo Fisher Scientific (Rockford,
IL, USA). TT was purchased from Statens Serum Institut (Copenhagen, Denmark). CRM 97 was a

gift from Fina Biosolutions (Rockville, MD, USA). All other chemicals were of analytical grade.
6.2.2 Fabrication of lipid-polymeric hybrid nanoparticles

PLGA nanoparticles were fabricated using a nanoprecipitation method.[15] In brief, 60 mg of
PLGA were dissolved in 3 mL of acetone to form the organic phase. The PLGA-in-acetone
solution was injected perpendicularly into 10 mL of 0.5% (w/v) poly(vinyl alcohol) aqueous
solution by a vertically mounted syringe pump with magnetic stir agitation (1200 rpm). The
resultant suspension was continuously stirred under vacuum for 6 h to eliminate acetone. PLGA

nanoparticles were collected by centrifugation at 10,000 g, 4 °C for 45 min.

Liposomes were fabricated with a hydration-sonication method.[12] In brief, 15 mg of lipid
mixture, which consisted of DOTAP, DSPE-PEG2000-maleimide, and CHOL at a molar ratio of
90: 5: 5, was placed under vacuum to form a lipid film. The film was hydrated with 1 mL of pre-
heated 0.01 M phosphate buffer saline (PBS). The resultant suspension was sonicated for 2 min to

form liposomes.
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Lipid-polymeric hybrid nanoparticles were assembled by coating liposomes onto PLGA
nanoparticles using a sonication method. In brief, 15 mg of liposomes in PBS was mixed with 60
mg of PLGA nanoparticles. The mixture was sonicated using a Branson 1800 Ultrasonic Cleaner
for 8 min. The resultant lipid-polymeric hybrid nanoparticles were collected by centrifugation at

10,000 g, 4 °C for 30 min.

6.2.3 Synthesis and characterization of Nic-stimulating protein conjugates

Nic-stimulating protein conjugates (Nic-KLH, Nic-KS, Nic-CRM97, and Nic-TT) were
synthesized using an EDC/NHS-mediated reaction.[12] In brief, an appropriate amount of Nic-
haptens was dissolved in 0.5 mL activation buffer (0.1 M MES, 0.5 M NaCl, pH 6.0). EDC and
NHS (EDC: NHS: Nic-hapten = 10: 10: 1) were subsequently added. The mixture was incubated
at room temperature for 30 min to activate Nic-haptens. Ten mg of stimulating proteins that were
dissolved in 3 mL of a coupling buffer (0.1 M PBS, pH 7.4) were mixed with the activated Nic-
haptens. The reaction was allowed to proceed for 10 h, and unconjugated Nic-haptens were
eliminated by dialysis. The Nic-hapten loading in Nic-stimulating protein conjugates were
estimated by a 2,4,6-trinitrobenzene sulfonic acid (TNBSA)-based method.[11] In brief,
stimulating proteins and Nic-stimulating protein conjugates were prepared at a concentration of 1
mg/mL. Two hundred pL of the protein solution was mixed with 200 pL. of 4% NaHCOj; solution.
Two hundred pL of 0.1% TNBSA solution was added to the mixture and incubated at 37 °C for 1
h, and the absorbance was read at 335 nm. Glycine was used as an amino standard. Unconjugated
stimulating proteins were used as a control. Hapten density was calculated from the differences

between the O.D. of the control and the conjugates.

6.2.4 Assembly of NanoNicVac particles
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NanoNicVac particles were assembled by a thiol-maleimide-mediated reaction.[12] In brief, an
appropriate amount of Traut’s reagent was added to 6 mg of Nic-stimulating protein conjugates
that were dissolved in 2 mL of 0.01 M PBS. The mixture was incubated at room temperature for
1 h to form thiolated Nic-stimulating protein conjugates. The activated conjugates were added to
75 mg of lipid-polymeric hybrid nanoparticles and incubated for 2 h. NanoNicVac nanoparticles
were separated by centrifugation at 10,000 g, 4 °C for 30 min. Unconjugated Nic-stimulating

protein conjugates in the supernatants were quantified by the bicinchoninic acid assay.
6.2.5 Characterization of nanoparticles

The morphology of nanoparticles was characterized by transmission electron microscopy (TEM).
Nanoparticles were negatively stained with 1% phosphotungstic acid and imaged on a JEM 1400
transmission electron microscope (JEOL, Tokyo, Japan). The conjugation of protein antigens to
the surface of hybrid nanoparticles was verified by confocal laser scanning microscopy (CLSM).
Fluorescent NanoNicVac particles, in which the PLGA core, lipid-shell, and stimulating proteins
were labeled by Nile red, NBD, and AF350, respectively, were imaged on a Zeiss LSM 510 laser
scanning microscope (Carl Zeiss, Germany). The average size and zeta-potential of nanoparticles
were measured on a Malvern Nano ZS Zetasizer (Malvern Instruments, Worcestershire, United

Kingdom).
6.2.6 In vitro study of uptake and processing of NanoNicVac by dendritic cells

JAWSII (ATCC® CRL-11904™) immature dendritic cells were cultured in alpha minimum
essential medium supplemented with 5 ng/mL murine GM-CSF and fetal bovine serum (20%) at
37 °C with 5% CO,. Coumarin-6 (CM-6)-labeled NanoNicVac nanoparticles were prepared by

encapsulating 1% (w/w) CM-6 in the PLGA core during the nanoprecipitation process. AF647-
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labeled NanoNicVac particles were fabricated by conjugating AF647-stimulating protein
conjugates to nanoparticles. The uptake of NanoNicVac particles was quantitatively studied by
flow cytometry. In brief, cells (2 x 10°/well) were seeded into 6-well plates and cultured overnight.
Cells were treated with 50 ug of CM-6-labeled NanoNicVac particles for 10, 90, or 240 min. The
medium was removed, and the cells were washed three times using PBS. Cells were detached from
plates by trypsinization and re-suspended in PBS. Samples were immediately analyzed on a
FACSAria 1 flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The uptake and
processing of NanoNicVac particles were qualitatively studied by CLSM. In brief, cells (2 x
10°/chamber) were seeded into 2-well chamber slides and cultured overnight. Cells were treated
with 50 pg of AF647-labeled NanoNicVac particles for 10 or 90 min. At 90 min, the medium
containing NPs were replaced with fresh medium, and the cells were continuously incubated for
240 min. Cells were fixed with 4% (w/v) paraformaldehyde. The nuclei of cells were stained by
4',6-diamidino-2-phenylindole (DAPI). Cells were imaged on a Zeiss LSM 510 laser scanning

microscope.
6.2.7 In vivo study of the immunogenicity and efficacy of NanoNicVac in mice

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, 5-6 per group) were immunized with
nicotine vaccines or PBS on days 0, 14, and 28. For NanoNicVac groups, mice were injected with
200 pL of nanovaccines (Nano-KLH-Nic, Nano-KS-Nic, Nano-CRM;¢7-Nic, or Nano-TT-Nic)
containing 25 pg of protein antigens. For the Nic-TT conjugate group, mice were immunized with

a mixture of 25 pug Nic-TT and 40 pg Alum that were dissolved in 200 pL of PBS. For the control
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group, mice were injected with 200 pL of sterilized PBS. Blood samples were collected on days 0,

12, 26, and 40.

Titers of anti-nicotine antibody, anti-nicotine IgG subclass antibody (IgG1, 1gG2a, 1gG2b, and
IgG3), and anti-stimulating protein antibody in the serum were assayed by an enzyme-linked
immunosorbent assay (ELISA) using a method reported previously.[12] Antibody titer was

defined as the dilution factor at which absorbance at 450 nm dropped to half maximal.

The affinity and specificity of anti-nicotine antibodies induced by nicotine vaccines were estimated
by a competition ELISA method. In brief, serum samples were diluted to a factor at which the
absorbance at 450 nm was around 1. Inhibitors (nicotine, cotinine, nornicotine, nicotine-N-oxide,
and acetylcholine) with concentrations of 107 to 10 M were serially prepared. Inhibitor samples
were added to plates that were coated with Nic-BSA, and serum samples were subsequently added.
The following steps were the same as in measuring anti-nicotine antibody titers. Percent inhibition
was calculated at each inhibitor concentration, and the concentration at which 50% inhibition was

achieved (ICsp) was determined. Pooled serum samples were used for specificity estimation.

The ability of nicotine nanovaccines to reduce nicotine in the brain of mice was evaluated using a
method reported previously.[12] Balb/c female mice (6-7 weeks, 5-6 per group) were immunized
as described in the previous context. On day 42, mice were dosed 0.06 mg/kg of nicotine
subcutaneously. After 3 min, mice were sacrificed, and the brain and blood samples were collected.
The nicotine levels in the brain and serum samples were measured using a GC/MS method as

reported previously.[25]

6.2.8 Assessment of the safety of NanoNicVac by Histopathological examination
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On day 42, major organs of immunized mice, including heart, liver, spleen, kidney, and lung, were
extracted and stored in 10% formalin. The organs were processed by a hematoxylin and eosin
staining method. Tissue blocks were imaged on a Nikon Eclipse E600 light microscope (Melville,

NY, USA).

6.2.9 Statistical analyses

Data were expressed as means =+ standard error of the mean (MSE) unless specified. Comparisons
among multiple groups were conducted with one-way ANOVA followed by Tukey’s HSD test.

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

6.3 Results

6.3.1 Morphological and physicochemical properties of NanoNicVac conjugated with

different stimulating proteins

CLSM was used to characterize the structure of NanoNicVac nanoparticles conjugated with
different stimulating proteins. The PLGA core, lipid shell, and stimulating proteins were labeled
by Nile Red, NBD, and AF-350, respectively. The co-localization of red, green, and blue
fluorescence on most of the particles (Figure 1B) suggested the successful and efficient assembly
of NanoNicVac particles. The morphology of nanoparticles was characterized by TEM. As shown
in Figure 1C, a “core-shell” structure was shown on lipid-polymeric (LP) hybrid nanoparticles.
Upon conjugation of Nic-stimulating protein conjugates, a dark layer, which was formed by
protein antigens, was observed on all four NanoNicVac nanoparticles. This further verified the

efficient conjugation of protein antigens to hybrid nanoparticle surface.
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The physicochemical properties of NanoNicVac were also characterized. As shown in Figure 1D,
all four NanoNicVac nanoparticles exhibited narrow size distributions. This narrow size
distribution is in concordance with the uniform size shown in the TEM images (Figure 1C) and
the low PDI indexes (Table 1). Specifically, the average size of Nano-KLH-Nic (167.2 nm) and
Nano-KS-Nic (153.2 nm) was slightly larger than that of Nano-CRM;¢7-Nic (125.2 nm) and Nano-
TT-Nic (136.6 nm) (Table 1). The four NanoNicVac nanoparticles, regardless of stimulating
proteins, were negatively charged (indicated by the negative zeta-potentials shown in Table 1),
which was probably caused by the conjugation of negatively-charged Nic-stimulating protein
conjugates. The conjugation efficiency of Nic-stimulating protein conjugates was 87.6 = 7.9%,
83.2 £ 11.3%, 90.0 £ 7.6%, and 84.3 £+ 9.4% for Nano-KLLH-Nic, Nano-KS-Nic, Nano-CRM; ;-
Nic, and Nano-TT-Nic, respectively (Table 1). Meanwhile, the loading contents of Nic-haptens
on NanoNicVac particles were 0.88 = 0.07, 0.93 £ 0.12, 0.84 + 0.07, and 0.81 +0.09 pg Nic/mg
nanoparticle, respectively. This suggested that the four NanoNicVac nanoparticles had similar

hapten loading contents.

6.3.2 Cellular uptake and processing of NanoNicVac by dendritic cells

The uptake efficiency of NanoNicVac nanoparticles by dendritic cells were studied by FCA. As
shown in Figure 2A, >95.3% of the studied cells had taken up nanoparticles in all four
NanoNicVac groups after being incubated with nanoparticles for 10 min. This revealed that
NanoNicVac nanoparticles could be internalized by dendritic cells efficiently in a short period of
time. As shown in Figure 2B, indicated by the significantly increased mean fluorescence intensity
(M. F. I.) of CM-6, NanoNicVac nanoparticles were continuously internalized from 10 to 90 min.
However, the M. F. 1. of CM-6 at 240 min was similar to that at 90 min, suggesting that the uptake

of NanoNicVac was saturated after 90 min. Meanwhile, all four NanoNicVac, regardless of
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stimulating proteins, had a similar cellular uptake efficiency, as they exhibited comparable M. F.

I. of CM-6 at all the studied time points.

The processing of stimulating proteins carried by NanoNicVac was studied using CLSM (Figure
2C). The stimulating proteins on NanoNicVac particles were labeled by AF647. At 10 min, the
AF647 fluorescence displayed as individual dots in cells, revealing that the stimulating proteins
had not been processed. At 90 min, a substantial amount of AF647 fluorescence was found to
spread throughout the cells. This suggested that the stimulating proteins began to be processed to
small peptidic antigens. At 240 min, a substantial percentage of AF647 fluorescence was still
observed to display as individual dots in the Nano-KLH-Nic and Nano-KS-Nic groups, indicating
KLH and KS stimulating proteins had not been completely processed. Interestingly, less red
individual dots were found in cells treated with Nano-CRM;¢7-Nic and Nano-TT-Nic, suggesting
that CRM,97 and TT stimulating proteins were efficiently processed to small peptidic antigens.
NanoNicVac conjugated with CRM97 or TT appeared to be processed more efficiently than that

conjugated with KLH or KS.

6.3.3 Immunogenicity of NanoNicVac conjugated with different stimulating proteins against

nicotine

The immunogenicity of NanoNicVac against nicotine was tested in female Balb/c mice. As shown
in Figure 3A, comparable anti-nicotine antibody titers were found in all nicotine vaccine groups
12 days after the primary immunization (on day 12). The anti-nicotine antibody levels significantly
increased in all vaccine groups 12 days after the first booster immunization (on day 26). Twelve
days after the second booster immunization (on day 40), the anti-nicotine antibody titers increased

by 7.5 x10°, 5.6 x10°, 26.3 x10°, 17.5 x10°, and 4.8 x10* in Nano-KLH-Nic, Nano-KS-Nic, Nano-
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CRM,97-Nic, Nano-TT-Nic, and Nic-TT + alum groups, respectively, compared to that on day 26.
The second booster immunization boosted antibody titers in the groups of Nano-CRM 97-Nic and
Nano-TT-Nic more significantly than in the other groups. The end-point anti-nicotine antibody
titers of individual mice on day 40 are shown in Figure 3B. Compared to TT-Nic + alum, Nano-
TT-Nic induced a significantly higher anti-nicotine antibody titer (p < 0.05). This suggested that
conjugating hapten-protein conjugates to the hybrid nanoparticle surface would enhance the
immunogenicity of the conjugate nicotine vaccine. The titers of Nano-CRM,¢7-Nic and Nano-TT-
Nic were comparable (p > 0.91), and were significantly higher than that of Nano-KLH-Nic and
Nano-KS-Nic (p < 0.05). These indicate NanoNicVac conjugated with CRM 97 or TT had an

enhanced immunogenicity against nicotine when compared to NanoNicVac carrying KLH or KS.

6.3.4 Subclass distribution of anti-nicotine IgG antibodies elicited by NanoNicVac

The titers of anti-nicotine IgG subclass antibodies on day 40 were assayed and presented in Figure
3C. For all vaccine groups, IgG1 and 1gG3 were the most and least dominant subtype, respectively.
Compared to Nic-TT conjugate vaccine, Nano-TT-Nic resulted in higher titers of all four IgG
subtypes, especially IgG1 and IgG2a, which are consistent with our previous report.[12] Nano-
CRM97-Nic and Nano-TT-Nic induced higher levels of IgG1, IgG2a, and 1gG3 than Nano-KLH-
Nic and Nano-KS-Nic. Specifically, Nano-CRM¢7-Nic generated the highest IgG1 titer among
the four NanoNicVac vaccines. The IgGl titer of Nano-CRM;¢7-Nic was significantly higher than
that of Nano-KLH-Nic and Nano-KS-Nic (p <0.01). Nano-TT-Nic induced the highest IgG2a titer
among the four NanoNicVac vaccines, and the [gG2a titer of Nano-TT-Nic was significantly
higher than that of Nano-KLH-Nic and Nano-KS-Nic (p <0.05). Interestingly, although the overall
IgG titer of Nano-KLH-Nic is slightly higher than that of Nano-KS-Nic (Figure 3B), Nano-KLH-

Nic had a higher IgG1 titer but lower IgG2a and IgG2b titers compared to Nano-KS-Nic. The
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Th1/Th2 indexes were 0.044, 0.192, 0.075, 0.239, and 0.142 for Nano-KLH-Nic, Nano-KS-Nic,
Nano-CRM197-Nic, Nano-TT-Nic, and Nic-TT + alum, respectively. All the values were
considerably less than 1, indicating that the immune responses induced by all nicotine vaccines
were skewed toward Th2 (humoral response). Moreover, the indexes of Nano-TT-Nic and Nano-
KS-Nic were considerably larger than that of Nano-KLH-Nic and Nano-CRM¢7-Nic, indicating
that Nano-TT-Nic and Nano-KS-Nic resulted in more balanced Th1/Th2 responses than Nano-

KLH-Nic and Nano-CRM;¢7-Nic.

6.3.5 Anti-stimulating protein antibody levels induced by NanoNicVac carrying different

stimulating proteins

Anti-stimulating protein antibody titers are shown in Figure 4. Similar to anti-nicotine antibody
titers, the anti-stimulating protein antibody titers increased after each injection. On day 12, the
anti-stimulating protein antibody titers were (1.8 + 0.1) x10°, (1.9 + 0.2) x10°, (0.5 + 0.1) x10°,
(1.9 + 0.1) x10°, and (3.3 £ 0.1) x10°, for Nano-KLH-Nic, Nano-KS-Nic, Nano-CRM;;-Nic,
Nano-TT-Nic, and Nic-TT + alum, respectively. On day 26, the titers increased to (35.3 + 2.2)
x10°, (35.2 £ 2.5) x10°, (16.0 £ 6.0) x10°, (23.5 + 12.8) x10°, and (42.2 + 4.2) x10°, respectively.
On day 40, the titers further increased to (46.2 + 1.8) x10°, (50.9 + 4.6) x10%, (27.5 £ 0.2.9) x10™
(36.6 + 2.5) x10°, and (51.4 + 4.0) x10°, respectively. On all the studied days, Nano-TT-Nic
induced significantly lower anti-stimulating protein antibody titers compared to Nic-TT + alum (p
< 0.05). Among the four NanoNicVac carrying different stimulating proteins, Nano-CRM,¢7-Nic
and Nano-TT-Nic elicited considerably lower anti-stimulating protein antibody levels than Nano-

KLH-Nic and Nano-KS-Nic, especially on days 26 and 40.

6.3.6 Affinity of anti-nicotine antibodies generated by NanoNicVac
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The affinity of anti-nicotine antibodies elicited by NanoNicVac carrying different stimulating
proteins was estimated by competition ELISA on days 12, 26, and 40 (Figure 5). The affinity of
antibodies increased after each immunization in all nicotine vaccine groups, except the Nano-
KLH-Nic group, in which the antibody affinity slightly decreased after the second booster
immunization. On day 40, the ICs of nicotine was 96 + 35, 137 £ 92, 167 + 78, 212 £ 103, and
277 £ 199 uM for Nano-KLH-Nic, Nano-KS-Nic, Nano-CRM;¢7-Nic, Nano-TT-Nic, and Nic-TT
+ alum, respectively. The antibodies induced by Nano-TT-Nic had a comparable affinity to that
elicited by Nic-TT + alum (p > 0.99). Nano-KLH-Nic resulted in the highest average antibody
affinity, but the differences among the four NanoNicVac were not significant (p > 0.92).
Interestingly, the maturation of anti-nicotine antibody affinity exhibited different patterns in the
four NanoNicVac groups. Specifically, the maturation of antibody affinity in the Nano-KLH-Nic
and Nano-KS-Nic groups was significantly completed after the first booster immunization, and the
second booster immunization did not remarkably enhance the antibody affinity. In contrast, the
anti-nicotine antibody affinity gradually increased in the Nano-CRM¢7-Nic and Nano-TT-Nic
groups. Both the first and second booster immunizations remarkably promoted the affinity

maturation.

6.3.7 Specificity of anti-nicotine antibodies elicited by NanoNicVac

The specificity of anti-nicotine antibodies on day 40 was assayed by competition ELISA. The
dose-dependent inhibitions of nicotine binding by nicotine metabolites (cotinine, nornicotine, and
nicotine-N-oxide) and endogenous nicotine receptor ligand (acetylcholine) are shown in Figure 6.
As shown in Figure 6A-E, in all nicotine vaccine groups, anti-nicotine antibodies had the highest
relative affinity to nicotine. A somewhat lower affinity was detected to the inactive nicotine

metabolite (cotinine) and active but minor nicotine metabolite (nornicotine) in all nicotine vaccine
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groups. Specifically, the cross-reactivity between nicotine and cotinine was less than 2%, and that
between nicotine and nornicotine was less than 7%, in all groups (Figure 6F). Meanwhile,
antibodies elicited by all nicotine vaccines had little affinity for the inactive nicotine metabolite
(nicotine-N-oxide) and endogenous nicotine receptor ligand (acetylcholine). The cross-reactivity
between nicotine and nicotine-N-oxide/acetylcholine was less than 1% in all groups (Figure 6F).
The anti-nicotine antibodies generated by NanoNicVac, regardless of stimulating protein,

exhibited high specificity for nicotine.

6.3.8 Effect of NanoNicVac conjugated with different stimulating proteins on reducing brain

concentrations of nicotine

The ability of NanoNicVac to retain nicotine in serum and reduce nicotine in the brain of mice was
evaluated. Figure 7A shows the serum nicotine levels of mice 3 min after being challenged with
0.06 mg/kg nicotine subcutaneously. More nicotine was retained in serum after immunization with
NanoNicVac, regardless of the stimulating proteins used. Compared to that of the unvaccinated,
PBS-treated group, the serum nicotine levels of Nano-KLH-Nic, Nano-KS-Nic, Nano-CRM ;-
Nic, and Nano-TT-Nic increased by 79.2%, 21.6%, 403.7%, and 370.7%, respectively. Nano-
CRM 97-Nic and Nano-TT-Nic exhibited considerably better abilities for sequestering nicotine in
the serum of mice than Nano-KLH-Nic and Nano-KS-Nic. The brain nicotine levels of mice after
being challenged with nicotine are shown in Figure 7B. All NanoNicVac groups, regardless of the
stimulating proteins used, had significantly lower brain nicotine concentrations than the PBS-
treated group (p < 0.001). Specifically, the brain nicotine levels were lowered by 48.5%, 45.9%,
65.2%, and 63.1% after treatment with Nano-KLH-Nic, Nano-KS-Nic, Nano-CRM;¢7-Nic, and
Nano-TT-Nic groups, compared to nicotine levels in PBS-treated mice. Nano-CRM¢7-Nic and

Nano-TT-Nic had a significantly better capability for reducing nicotine in the brain of mice than
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Nano-KS-Nic (p < 0.05). Meanwhile, Nano-CRM;¢7-Nic and Nano-TT-Nic also exhibited a
considerably better ability in reducing the brain nicotine concentrations than Nano-KLH-Nic.
Overall, NanoNicVac conjugated with CRMj97 or TT had an enhanced efficacy in sequestering

nicotine in serum and reducing nicotine levels in brain than NanoNicVac conjugated with KLH or

KS.

6.3.9 Safety of NanoNicVac carrying different stimulating proteins

The safety of NanoNicVac was evaluated by histopathological analysis. Figure 8 shows the
images of major organs of mice after being treated with PBS or NanoNicVac conjugated with
different stimulating proteins. No significant differences on all the studied organs were found
between the PBS group and all NanoNicVac groups. None of the four NanoNicVac conjugated
with different stimulating proteins caused detectable lesions to mouse organs, suggesting they

would be safe.

6.4 Discussion

Conventional hapten-protein conjugate nicotine vaccines tested in human clinical trials have not
proven to enhance overall smoking cessation rate so far.[5-7] In our previous work, we suggested
a novel strategy to improve the immunological efficacy of conjugate nicotine vaccines by using
biodegradable lipid-polymeric hybrid nanoparticles as delivery vehicles.[12, 13] The hybrid
nanoparticle-based nicotine nanovaccine (NanoNicVac) was demonstrated to have a significantly
higher immunogenicity than the conjugate nicotine vaccine. In addition, we proved that the
immunogenicity of NanoNicVac could be enhanced by modulating the particle size [12], hapten
density [14], and hapten localization [15]. In this study, we developed a series of NanoNicVac in

which various potent stimulating proteins were conjugated with, and systemically studied their
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physicochemical properties, cellular uptake and processing by immune cells, immunogenicity, and
ability to lower brain nicotine concentrations. We demonstrated in this current work that enhanced
immunological efficacy could be achieved by conjugating CRM 97 or TT to NanoNicVac, making
NanoNicVac be a promising next-generation nanoparticle-based immunotherapeutic against

nicotine addiction.

The ELISA results demonstrated that NanoNicVac conjugated with TT (Nano-TT-Nic) exhibited
a significantly higher immunogenicity against nicotine over Nic-TT + alum even in the absence of
alum adjuvant. This result is in agreement with our previous report that Nano-KLH-Nic was more
immunogenic against nicotine than the Nic-KLH conjugate.[12] Also, the result strengthened our
hypothesis that the use of hybrid nanoparticles as delivery vehicles improves the immunogenicity
of conjugate nicotine vaccines. The higher immunogenicity of Nano-TT-Nic over Nic-TT may be
attributed to the better recognition and internalization by immune cells. The conjugation of
multiple TT-Nic to one hybrid nanoparticle may increase the availability of antigens for uptake,
thus contributing to an enhanced antigen internalization. Meanwhile, the immune system prefers
to recognize and take up particulate pathogens (such as bacteria and virus) and is relatively
invisible to small soluble protein antigens.[26-28] The stable and spherical lipid-polymeric hybrid
nanoparticles[29-33] endowed Nano-TT-Nic with a particulate property that mimics that of
particulate pathogens. This particulate nature together with the optimal particle size (~100 nm) is

beneficial for improved recognition and uptake by immune cells.[12, 34]

Efficient uptake and processing of NanoNicVac by antigen presenting cells (such as dendritic cells
and macrophages) are prerequisites for the generation of a potent immune response.[5, 35, 36] The
in vitro data demonstrated that NanoNicVac conjugated with different stimulating proteins were

similarly taken up but differently processed by dendritic cells. All NanoNicVac developed in this
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study, regardless of stimulating proteins, were found to be internalized rapidly and efficiently. The
rapid and efficient internalization of vaccine particles may provide sufficient amounts of antigens
for processing, and thus contributes to the generation of a quick immune response. The CLSM
data suggested that Nano-CRM¢;-Nic and Nano-TT-Nic, especially Nano-CRM;¢7-Nic, were
processed more efficiently than Nano-KLH-Nic and Nano-KS-Nic. This higher effectiveness of
antigen processing may be attributed to the smaller size and lower structural complexity of CRM 97
and TT as stimulating proteins. KS has a molecular weight of ~400 kDa, and KLH multimer is an
assembled form of multiple KS.[37] Both of them have a relatively high structural complexity due
to the large size. In contrast, CRM 97 and TT have a molecular weight of ~150 kDa and ~59 kDa,
respectively. The relatively small size makes them have a relatively low structural complexity.[38,
39] Immunologically, the generation of an effective humoral immune response requires two T cell-
dependent processes, the formation of T helper cells and the interaction between B cells and T-
helper cells, both of which only occur via the presentation of peptidic antigens on MHC of antigen
presenting cells.[18, 40] Thus, the efficient processing of protein antigens to peptidic antigens may
enhance the T cell-dependent processes, subsequently leading to a potent humoral immune

response.

The immunogenicity data demonstrated that Nano-CRM;¢7-Nic and Nano-TT-Nic could induce
significantly higher anti-nicotine antibody titers and considerably lower anti-stimulating protein
antibody titers than Nano-KLH-Nic and Nano-KS-Nic. The lower antibody titers against
stimulating proteins induced by Nano-CRMjg7;-Nic and Nano-TT-Nic may be caused by the
relatively smaller size of CRM 97 and TT. Compared with larger KS and KLH multimer, smaller
CRM 97 and TT had fewer immunogenic epitopes available for B cells, thus producing fewer anti-

stimulating protein antibodies. A lower anti-stimulating protein antibody level is desirable in
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nicotine vaccine design, as the anti-stimulating protein antibodies may neutralize the vaccine
particles that are injected during booster immunizations. This neutralization may impair the
efficacy of nicotine vaccines.[13, 41] Noticeably, the levels of anti-nicotine antibodies induced by
NanoNicVac were in concordance with the effectiveness of antigen processing by dendritic cells.
As discussed in the previous context, the efficient processing of protein antigens that were carried
by Nano-CRM;¢7-Nic and Nano-TT-Nic would result in a potent T-cell immunity and contribute
to an enhanced immunogenicity against nicotine. Interestingly, the second booster immunization
boosted the anti-nicotine antibody titers in Nano-CRM97-TT and Nano-TT-Nic groups more
remarkably than in Nano-KLH-Nic and Nano-KS-Nic groups. Although we do not have direct
evidences to show the mechanism, the following may explain the finding. On one hand, the higher
effectiveness of Nano-CRM;¢;-Nic and Nano-TT-Nic in generating a T-cell immunity may
enhance the humoral immune response, resulting in more anti-nicotine antibodies to be generated.
On the other hand, Nano-CRM¢;-Nic and Nano-TT-Nic had lower anti-stimulating protein
antibody titers than Nano-KLH-Nic and Nano-KS-Nic after the first booster immunization. The
lower anti-stimulating protein antibody levels may neutralize less vaccine particles administered
in the second booster immunization, and thus leave more vaccine particles available for inducing
the production of anti-nicotine antibodies. In agreement with the data of anti-nicotine antibody
titer, affinity, and specificity, the pharmacokinetic data showed that NanoNicVac conjugated with
CRM,97 or TT exhibited better capability to sequester nicotine in serum and reduce nicotine

entering the brain than NanoNicVac conjugated with KLH or KS.

In summary, a series of hybrid nanoparticle based nicotine nanovaccines (NanoNicVac) were
developed in this study by conjugating potent stimulating proteins (KLH, KS, CRM 97, and TT) to

the nanoparticle surface. Although all four NanoNicVac were taken up by dendritic cells
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efficiently, NanoNicVac conjugated with CRM ;97 or TT were processed more efficiently than that
conjugated with KLH or KS. In addition, compared to NanoNicVac carrying KLH or KS,
NanoNicVac conjugated with CRM 97 or TT induced remarkably higher anti-nicotine antibody
titers and considerably lower anti-stimulating protein antibody levels. Meanwhile, the anti-nicotine
antibodies induced by all four NanoNicVac, regardless of stimulating proteins, exhibited high
affinity and specificity to nicotine. Also, NanoNicVac conjugated with CRM 97 or TT had better
capability to reduce nicotine in the brain of mice than NanoNicVac conjugated with KLH or KS.
This study illustrated the necessity of selecting potent stimulating proteins in maximizing the
immunological efficacy of nicotine nanovaccine. The findings can potentially be applied in the
development of other drug abuse and nanoparticle-based vaccines. Furthermore, NanoNicVac with

boosted immunological efficacy could be a promising candidate for treating nicotine addiction.

Conflict of interest

The authors declare no competing financial interests.

Acknowledgment

This work was financially supported by National Institute on Drug Abuse (U01DA036850). We

thank Andrew Lees from Fina Biosolutions for providing us with CRM 7.

163



References

[1] Benowitz NL. Nicotine addiction. N Engl J Med. 2010;362:2295-303.

[2] Prochaska JJ, Benowitz NL. The past, present, and future of nicotine addiction therapy. Annual
Review of Medicine, Vol 67. 2016;67:467-86.

[3] Polosa R, Benowitz NL. Treatment of nicotine addiction: present therapeutic options and
pipeline developments. Trends Pharmacol Sci. 2011;32:281-9.

[4] Moreno AY, Janda KD. Immunopharmacotherapy: Vaccination strategies as a treatment for
drug abuse and dependence. Pharmacology Biochemistry and Behavior. 2009;92:199-205.

[5] Pentel PR, LeSage MG. New directions in nicotine vaccine design and use. Emerging Targets
& Therapeutics in the Treatment of Psychostimulant Abuse. 2014;69:553-80.

[6] Cornuz J, Zwahlen S, Jungi WF, Osterwalder J, Klingler K, van Melle G, et al. A Vaccine
against nicotine for smoking cessation: A randomized controlled trial. Plos One. 2008;3.

[7] Hatsukami DK, Jorenby DE, Gonzales D, Rigotti NA, Glover ED, Oncken CA, et al.
Immunogenicity and smoking-cessation outcomes for a novel nicotine immunotherapeutic.
Clinical Pharmacology & Therapeutics. 2011;89:392-9.

[8] Goniewicz ML, Delijewski M. Nicotine vaccines to treat tobacco dependence. Hum Vaccin
Immunother. 2013;9:13-25.

[9] Raupach T, Hoogsteder PH, Onno van Schayck CP. Nicotine vaccines to assist with smoking
cessation: current status of research. Drugs. 2012;72:e1-16.

[10] Hu Y, Zheng H, Huang W, Zhang CM. A novel and efficient nicotine vaccine using nano-

lipoplex as a delivery vehicle. Hum Vacc Immunother. 2014;10:64-72.

164



[11] Zheng H, Hu Y, Huang W, de Villiers S, Pentel P, Zhang JF, et al. Negatively charged carbon
nanohorn supported cationic liposome nanoparticles: A novel delivery vehicle for anti-nicotine
vaccine. Journal of Biomedical Nanotechnology. 2015;11:2197-210.

[12] Zhao Z, Hu Y, Hoerle R, Devine M, Raleigh M, Pentel P, et al. A nanoparticle-based nicotine
vaccine and the influence of particle size on its immunogenicity and efficacy. Nanomedicine. 2016.
[13] Hu'Y, Smith D, Frazier E, Hoerle R, Ehrich M, Zhang C. The next-generation nicotine vaccine:
a novel and potent hybrid nanoparticle-based nicotine vaccine. Biomaterials. 2016;106:228-39.
[14] Zhao Z, Powers K, Hu Y, Raleigh M, Pentel P, Zhang CM. Engineering of a hybrid
nanoparticle-based nicotine nanovaccine as a next-generation immunotherapeutic strategy against
nicotine addiction: A focus on hapten density. Biomaterials. 2017;123:107-17.

[15] Zhao Z, Hu Y, Harmon T, Pentel P, Ehrich M, Zhang C. Rationalization of a nanoparticle-
based nicotine nanovaccine as an effective next-generation nicotine vaccine: A focus on hapten
localization. Biomaterials. 2017;138:46-56.

[16] Crotty S. A brief history of T cell help to B cells. Nat Rev Immunol. 2015;15:185-9.

[17] Abbas AK, Murphy KM, Sher A. Functional diversity of helper T lymphocytes. Nature.
1996;383:787-93.

[18] Collins KC, Janda KD. Investigating hapten clustering as a strategy to enhance vaccines
against drugs of abuse. Bioconjugate Chemistry. 2014;25:593-600.

[19] Jacob NT, Lockner JW, Schlosburg JE, Ellis BA, Eubanks LM, Janda KD. Investigations of
enantiopure nicotine haptens using an adjuvanting carrier in anti-nicotine vaccine development.

Journal of Medicinal Chemistry. 2016;59:2523-9.

165



[20] Fraser CC, Altreuter DH, Ilyinskii P, Pittet L, LaMothe RA, Keegan M, et al. Generation of
a universal CD4 memory T cell recall peptide effective in humans, mice and non-human primates.
Vaccine. 2014;32:2896-903.

[21] Bi SG, Bailey W, Brisson C. Performance of keyhole limpet hemocyanin (KLH) as an antigen
carrier for protein antigens depends on KLH property and conjugation route. Journal of
Immunology. 2016;196.

[22] Zhong TY, Arancibia S, Born R, Tampe R, Villar J, Del Campo M, et al. Hemocyanins
stimulate innate immunity by inducing different temporal patterns of proinflammatory Cytokine
Expression in Macrophages. Journal of Immunology. 2016;196:4650-62.

[23] McCluskie MJ, Thorn J, Gervais DP, Stead DR, Zhang NL, Benoit M, et al. Anti-nicotine
vaccines: Comparison of adjuvanted CRMI197 and Qb-VLP conjugate formulations for
immunogenicity and function in non-human primates. International Immunopharmacology.
2015;29:663-71.

[24] Haile CN, Kosten TA, Shen XY, O'Malley PW, Winoske KJ, Kinsey BM, et al. Altered
methamphetamine place conditioning in mice vaccinated with a succinyl-methamphetamine-
tetanus-toxoid vaccine. American Journal on Addictions. 2015;24:748-55.

[25] de Villiers SHL, Cornish KE, Troska AJ, Pravetoni M, Pentel PR. Increased efficacy of a
trivalent nicotine vaccine compared to a dose-matched monovalent vaccine when formulated with
alum. Vaccine. 2013;31:6185-93.

[26] Storni T, Kundig TM, Senti G, Johansen P. Immunity in response to particulate antigen-

delivery systems. Adv Drug Deliver Rev. 2005;57:333-55.

166



[27] Benne N, van Duijn J, Kuiper J, Jiskoot W, Slutter B. Orchestrating immune responses: How
size, shape and rigidity affect the immunogenicity of particulate vaccines. J Control Release.
2016;234:124-34.

[28] De Temmerman ML, Rejman J, Demeester J, Irvine DJ, Gander B, De Smedt SC. Particulate
vaccines: on the quest for optimal delivery and immune response. Drug Discov Today.
2011;16:569-82.

[29] Zheng MB, Yue CX, Ma YF, Gong P, Zhao PF, Zheng CF, et al. Single-step assembly of
DOX/ICG loaded lipid-polymer nanoparticles for highly effective chemo-photothermal
combination therapy. Acs Nano. 2013;7:2056-67.

[30] Zhang LF, Chan JM, Gu FX, Rhee JW, Wang AZ, Radovic-Moreno AF, et al. Self-assembled
lipid-polymer hybrid nanoparticles: A robust drug delivery platform. Acs Nano. 2008;2:1696-702.
[31] Hu Y, Hoerle R, Ehrich M, Zhang CM. Engineering the lipid layer of lipid-PLGA hybrid
nanoparticles for enhanced in vitro cellular uptake and improved stability. Acta Biomater.
2015;28:149-59.

[32] Hu Y, Zhao ZM, Ehrich M, Fuhrman K, Zhang CM. In vitro controlled release of antigen in
dendritic cells using pH-sensitive liposome-polymeric hybrid nanoparticles. Polymer.
2015;80:171-9.

[33] Hadinoto K, Sundaresan A, Cheow WS. Lipid-polymer hybrid nanoparticles as a new
generation therapeutic delivery platform: A review. Eur J Pharm Biopharm. 2013;85:427-43.

[34] Bachmann MF, Jennings GT. Vaccine delivery: a matter of size, geometry, kinetics and

molecular patterns. Nat Rev Immunol. 2010;10:787-96.

167



[35] Metlay JP, Pure E, Steinman RM. Control of the immune-response at the level of antigen-
presenting cells - a comparison of the function of dendritic cells and lymphocytes-B. Adv Immunol.
1989;47:45-116.

[36] Banchereau J, Steinman RM. Dendritic cells and the control of immunity. Nature.
1998;392:245-52.

[37] Harris JR, Markl J. Keyhole limpet hemocyanin (KLH): a biomedical review. Micron.
1999;30:597-623.

[38] Broker M, Costantino P, DeTora L, McIntosh ED, Rappuoli R. Biochemical and biological
characteristics of cross-reacting material 197 (CRM197), a non-toxic mutant of diphtheria toxin:
Use as a conjugation protein in vaccines and other potential clinical applications. Biologicals.
2011;39:195-204.

[39] Pichichero ME. Protein carriers of conjugate vaccines: Characteristics, development, and
clinical trials. Hum Vacc Immunother. 2013;9:2505-23.

[40] Liu XW, Xu Y, Yu T, Clifford C, Liu Y, Yan H, et al. A DNA nanostructure platform for
directed assembly of synthetic vaccines. Nano Lett. 2012;12:4254-9.

[41] Skolnick P. Biologic approaches to treat substance-use disorders. Trends Pharmacol Sci.

2015;36:628-35.

168



A Nano-TT-Nic

Lipid shell . _ _

_ -~ PLGA core
TT stimulating protein

_ —Nicotine hapten

Nano-KLH-Nic Nano-CRM,4;-Nic

AF-350 (TT)

i > & B
‘§ g \(VQ*QL‘ 2000 4&

o - o
- A - PN @ L e
Nano-K@ , O%no-CRM,,,-Nic " Elﬂné‘mic i 1
i o ! ) ; ,
: it o e S » ¥
- * b Q @
= -
l/—\ . .
ot P s e
Nile Red (PLGA) —
D 30
@ Nano-KLH-Nic [l Nano-CRM,y;-Nic
3 Nano-KS-Nic 3 Nano-TT-Nic
g 20
2
£
2 10

e © O 9 S P ©® OO P ©
S W VN VvV QW 7 N QY W P N
T SRS S SEPC S Y S, S RO Sl RN -
NI L R N L S N L L

Size (d. nm)

Figure 1. Synthesis and characterization of NanoNicVac. (A) Schematic illustration of
NanoNicVac carrying different stimulating proteins. (B) CLSM images showing the co-
localization of TT stimulating protein, lipid shell, and PLGA core, which were labeled by AF-350,
NBD, and Nile Red, respectively. Scale bars represent 10 um. (C) TEM images showing the
morphological characteristics of NanoNicVac nanoparticles. (D) Dynamic size distribution of

NanoNicVac nanoparticles.
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Figure 2. Cellular uptake and processing of NanoNicVac conjugated with different stimulating
proteins. (A) Intensity distribution and (B) M.F.I. of CM-6 fluorescence in cells treated with CM-
6 labeled NanoNicVac nanoparticles for 10, 90, or 240 min. Blank represents non-treated cells.
(C) Processing of protein antigens carried by NanoNicVac particles. Protein antigens on
NanoNicVac particles were labeled by AF647. Cells were treated with NanoNicVac particles for
10 or 90 min. The medium containing particles were replaced with fresh medium at 90 min, and

cells were continuously incubated until 240 min.
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Figure 3. Immunogenicity of NanoNicVac conjugated with different stimulating proteins against

nicotine. (A) Time-course of the anti-nicotine antibody titers induced by NanoNicVac. Bars are

shown as means =+ standard deviation. (B) End-point anti-nicotine antibody titers of individual

mice on day 40. (C) Titers of anti-nicotine IgG subclass antibodies and Th1/Th2 indexes induced

by NanoNicVac on day 40. Significantly different: * p <0.05, ** p <0.01, *** p <0.001.

171



80000+

ESS Nano-KLH-Nic

o BA Nano-KS-Nic £ N
£ Bl Nano-CRM,o;-Nic .
'§' 60000+ D Nano-TT-Nic L
£ Nic-TT+Alum )
s .
-é’ 400004 % Z
% 200001 en % é
< &***ﬂ é %

ol-s=w ez o P72 4 /

Day 12

Figure 4. Time-course of anti-stimulating protein antibody titers induced by NanoNicVac with

different stimulating proteins. Significantly different: * p < 0.05, ** p <0.01, *** p <0.001.

172



0.0020- E=E Nano-KLH-Nic
B3 Nano-KS-Nic
—_— B Nano-CRM,4,-Nic
0.00154 —T1—1 @@ Nano-TT-Nic
Nic-TT+Alum

Anti-nicotine antibody affinity
IC5o(M)

A
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compared to day 12: # p <0.05, ## p < 0.01.
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Figure 6. Specificity of anti-nicotine antibodies induced by NanoNicVac conjugated with different

stimulating proteins. Dose-dependent inhibitions of nicotine binding by various inhibitors in

groups of (A) Nano-KLH-Nic, (B) Nano-KS-Nic, (C) Nano-CRM197-Nic, (D) Nano-TT-Nic, and

(E) Nic-TT + alum were estimated by competition ELISA. (F) Percent ligand cross-reactivity

defined as (ICsg of nicotine/ICs of inhibitors).
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Figure 7. Effect of NanoNicVac conjugated with different stimulating proteins on influencing
nicotine distribution in the serum and brain after nicotine challenge. The nicotine levels in the
serum and brain of mice were analyzed 3 min after challenging the mice with 0.06 mg/kg nicotine
subcutaneously. Significantly different compared to the PBS-treated group: ## p < 0.01, ## p <

0.001. Significantly different: * p < 0.05, ** p <0.01.

175



Heart Kidney Liver Spleen Lung

PBS

Nano-KLH-Nic

Nano-KS-Nic

Nano-CRM197-NiC

Nano-TT-Nic

Figure 8. Safety of NanoNicVac conjugated with different stimulating proteins evaluated by
histopathology. Organs of mice from groups of PBS blank group, Nano-KLH-Nic, Nano-KS-Nic,

Nano-CRM197-Nic, and Nano-TT-Nic were processed by H&E staining and imaged.
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Table 1. Physicochemical properties of NanoNicVac nanoparticles conjugated with different

stimulating proteins

Zeta- Conjugation
Size Hapten loading
NanoNicVac potential PDI efficiency
(d. nm) (ng Nic/mg NP)
(mV) (%)
Nano-KLH-Nic 167.2+9.7 -11.00+£ 098 0.256+0.067 87.6+7.9 0.88 £0.07
Nano-KS-Nic 153.2+10.2 -11.80+093 0.271+0.076 83.2+11.3 0.91+0.12
Nano-CRM;,¢7-Nic 1252+ 13.5 -12.50+£0.75 0.230+£0.066 90.0+7.6 0.86 +0.07
Nano-TT-Nic 136.6+7.4 -11.20+£2.07 0.218+0.045 843+94 0.81£0.09

Data were expressed as means + standard deviation (n=3).
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Abstract

Nanoparticle-based nicotine vaccines represent a promising next-generation immunotherapeutic
strategy against nicotine addiction. This study aims to facilitate the immunogenicity of a hybrid
nanoparticle-based nicotine nanovaccine 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 nanoparticles were transported to endosomal compartments upon
cellular internalization. The incorporation of single or dual TLR adjuvants not only considerably
increased total anti-nicotine 1gG titers but also significantly affected 1gG 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 the adjuvant
MPLA-+R848 exhibited the best ability to reduce levels of nicotine entering the brain. Collectively,
rational incorporation of TLR adjuvants could enhance the immunological efficacy of the hybrid
nanoparticle-based nicotine nanovaccine, making it a promising next-generation
immunotherapeutic candidate for treating nicotine addiction.

Key words

Nicotine addiction; nicotine vaccine; hybrid nanoparticle; toll-like receptors; molecular adjuvant;

anti-nicotine antibody
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7.1 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 CN'Vs have shown improved overall smoking cessation rate compared to placebo,

mainly due to the insufficient antibody titers and 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 CN'Vs 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
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developed a lipid-polymeric hybrid nanoparticle (NP)-based nicotine nanovaccine (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.

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 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 promising
class of 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 NP capable of co-delivering nicotine antigens and TLR

agonists. As shown in Figure 1A, the nicotine-protein conjugate was conjugated to the surface of
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lipid-polymeric hybrid NPs for presentation. The lipid-shell and PLGA-core served as harbors 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 three adjuvant candidates. In this study, NanoNicVac NPs carrying different TLR
adjuvants or combinations were fabricated, and their physicochemical properties were
characterized. The cellular uptake of NanoNicVac NPs was studied in dendritic cells. The
immunogenicity and capability to reduce brain nicotine levels of NanoNicVac were investigated

in mice.

7.2 Materials and methods

7.2.1 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-(4)-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.
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7.2.2 Fabrication of adjuvant-loaded PLGA NPs

Adjuvant-loaded PLGA NPs were fabricated using a w/o/w 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 pL of DI water or 1.50 mg of R848 in 200 pL 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 pL of DI water and 1.50 mg of R848 in 100 puL 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 puL 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 HCI. 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 efficiency of adjuvants is shown in Table 1.

7.2.3 Preparation of lipid-PLGA hybrid NPs
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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.

7.2.4 Assembly of NanoNicVac NPs

Nic-KLH conjugates were synthesized using an EDC/NHS mediated reaction as reported
previously.[20] NanoNicVac NPs 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 NPs 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 NPs were stored at 4 °C for later use.

7.2.5 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.

7.2.6 Testing the uptake of NanoNicVac NPs in dendritic cells (DCs)
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The uptake of NanoNicVac NPs 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 (2 x 10°/well) were seeded into 35-mm petri dish
and cultured overnight. Cells were treated with 20 pg of NBD-labelled NanoNicVac NPs for 1, 2,
or 4 h. Cells were washed 3 times using phosphate buffer 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 NPs 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 conjugated to hybrid NPs and CM-6 was encapsulated
in the PLGA core for labeling. Cells (2 x 10°/chamber) were seeded into 2-well chamber slides
and cultured overnight. Cells were treated with 20 ug of AF647- and CM-6-labeled nanovaccine
NPs 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.

7.2.7 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 uL of nicotine vaccines equivalent to 25 ug
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of KLH on days 0, 14, and 28. For the control group, mice were injected with 200 pL 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 (ICsp) was extrapolated and used as an indicator of the affinity of anti-nicotine

antibodies.

7.2.8 Testing the ability of NanoNicVac to reduce brain concentrations of nicotine in mice

The capability of NanoNicVac to decrease brain nicotine concentrations of nicotine 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 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]

7.2.9 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
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were stained with hematoxylin and eosin (H&E) and imaged on a Nikon Eclipse E600 light
microscope.

7.2.10 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.

7.3 Results

7.3.1 Characterization of adjuvant-loaded NanoNicVac NPs

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 NPs shared similar morphological characteristics with non-
adjuvant-loaded NPs. Interestingly, a distinct black ‘“cloud” was found on the surface of
NanoNicVac NPs, which was most likely caused by the efficient conjugation of Nic-KLH

conjugates.

The size of NanoNicVac NPs was characterized by dynamic light scattering (Figure 1B).
NanoNicVac NPs loaded with no adjuvant, MPLA, R848, ODN 1826, MPLA+R848,
MPLA-+ODN 1826, and R848+ODN 1826 have average diameters of 140.9, 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 increases. The surface charge of NanoNicVac NPs

was measured by electrophoretic light scattering (Figure 1C). The zeta-potential of NanoNicVac
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NPs 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 NPs were negatively charged, which might be caused by the

conjugation of negatively charged Nic-KLH conjugates.

7.3.2 Cellular uptake of adjuvant-loaded NanoNicVac NPs

The impact of NanoNicVac NPs 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 NPs (“In nanoparticles™) carrying the same amounts of AF647-KLLH and CM-6 for
1 or 4 h. Interestingly, at both 1 h and 4 h, the mean influence intensity (M.F.1.) of CM-6 and
AF647 in the group of “In free form” was significantly higher than that in the group of “In
nanoparticles” (Figure 2B and 2C). This data reveals 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 NPs in DCs was investigated using flow
cytometry (Figure 2D). DCs were treated with same amounts of NanoNicVac NPs loaded with
different TLR adjuvants for 1, 2, or 4 h. NanoNicVac NPs were fluorescently labeled by adding
NBD-PE to the lipid-layer. Consistent with the data shown in Figure 2A, the uptake of
NanoNicVac NPs was time-dependent. Particularly, NanoNicVac NPs were rapidly taken up at 2
h, and the uptake process appeared to be saturated after that. NanoNicVac NPs loaded with R848,
ODN 1826, MPLA+R848, MPLA+ODN 1826, and R848+0ODN 1826 exhibited similar cellular

uptake efficiency at all the studied time points, which may be attributed to their similar size
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(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 NPs was visualized using CLSM (Figure 2E). DCs
were treated with NanoNicVac NPs in which KLH was labeled by AF647 and CM-6 (a model
adjuvant) was loaded to 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 NPs 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 9 are primarily localized in the endosomal compartments of cells, the endosomal
localization of NanoNicVac NPs and the efficient release of adjuvant from NPs would be

beneficial for promoting an effective interaction between TLRs and TLR adjuvants.

7.3.3 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. As shown in Figure 3B, the first booster
immunization significantly increased the antibody response in all vaccine groups. On day 26,

NanoNicVac loaded with MPLA or R848+ODN 1826 did not increase the antibody titers
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compared to NanoNicVac with no 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 with no adjuvant. The
co-delivery of MPLA and R848 or ODN 1826 generated a higher anti-nicotine antibody response
than the delivery of only one adjuvant. As shown in Figure 3C, the second booster injection
significantly enhanced antibody titers in all vaccine groups. 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 with no adjuvant.
Interestingly, the co-delivery of R848 and ODN 1826 did not result in a higher antibody titer than
the delivery of only one adjuvant. However, the co-delivery of MPLA and R848 or ODN 1826

resulted in a considerably stronger antibody response than the delivery of only one adjuvant.

7.3.4 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). The incorporation
of different single TLR adjuvant to NanoNicVac resulted in different patterns of increasing 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 also considerably increased the titers
of IgG1 as well as 1gG2a 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 1gG2a,
IgG2b, and IgG3 but decreased the levels of IgG1. The incorporation of MPLA+ODN 1826
significantly increased the titers of all subtype IgGs except IgGl. 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 analyzed
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(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 1gGl1 is
still the major subtype. In contrast, the inclusion of ODN 1826, MPLA+ODN 1826, or R§48+ODN

1826 significantly increased the percentage of [gG2a and 1gG2a became the major IgG subtype.

7.3.5 Relative affinity of anti-nicotine antibodies induced by adjuvant-loaded NanoNicVac

The affinity of anti-nicotine antibodies was estimated by competition ELISA (Figure S). As shown
in Figure 5A, 12 days after the primary immunization (on day 12), the ICs values of all vaccine
groups were high (>540 uM), suggesting the antibodies had not matured sufficiently to have a high
affinity to nicotine. As shown in Figure 5B, the ICs( values of groups of NanoNicVac loaded with
no adjuvant, MPLA, R848, MPLA+R848, or R848+ODN 1826 were significantly lower on day
26 than on day 12. In addition, although no significant differences were detected, the ICsy 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 may 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 ICsy 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 samples of
NanoNicVac loaded with R848, ODN 1826, or MPLA+R848, the I1Csy values were slightly lower

on day 40 than those on day 26. In terms of the end-point affinity, compared to NanoNicVac loaded
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with no adjuvant, NanoNicVac loaded with R848 or MPLA+R848 resulted in a slightly lower

average ICsp while NanoNicVac loaded with the other adjuvants caused a higher average ICs.

7.3.6 Effect of adjuvant-loaded NanoNicVac on reducing brain nicotine concentrations in

mice

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 MPLA

or R&48.

7.3.7 Preliminary safety of adjuvant-loaded NanoNicVac
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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, was safe for mice.

7.4 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,[37-40] 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
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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. 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 NPs and studied the impact of different TLR adjuvants
on its immunological efficacy, finding the improved immunogenicity of NanoNicVac.

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 suggested that the design of NanoNicVac NPs significantly enhanced the delivery
efficiency of both nicotine antigens and adjuvants. These data are in agreement with previous
report showing that the use of NPs as delivery vehicles could improve the cellular internalization
of soluble proteins and small molecules.[4]1] 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 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 NPs can overcome the abovementioned drawbacks of CNVs. On one hand,
NanoNicVac NPs provide a harbor 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.

194



It has been reported that co-localization of antigens and adjuvants within the same APCs can
augment antigen presentation and T help 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 NPs. Therefore, NanoNicVac may
induce enhanced antigen presentation and T cell activation, thus helping to elicit a strong immune
response. Moreover, our CLSM results also revealed that NanoNicVac NPs 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 TLRY, respectively, which are localized in endosomal compartments, were loaded to
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 adjuvants (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 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
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reported to act in a TRIF pathway biased manner.[42] R848 and ODN 1826, which are TLR7/8
and TLR 9 agonists, respectively, are predominantly acting through MyD88-dependent signaling
pathways.[43] 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.[43, 44] The combination of MPLA and
R848 or 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,[45] and enhanced activation of T-helper cell responses,[46, 47], thus promoting antibody
production.[48, 49] In contrast, as TLR7/8 and TLR9Y 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.

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
reductions 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 adjuvanted with MPLA+ODN 1826 or R848+ODN 1826
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did not result in significantly different brain nicotine concentrations than non-adjuvant-loaded
NanoNicVac. These results were as expected. NanoNicVac with MPLA+R848 adjuvant induced
both significantly higher titer and much higher affinity of anti-nicotine antibodies, so more nicotine
could be prevented from entering the brain. However, the anti-nicotine antibodies elicited by
NanoNicVac with MPLA+ODN 1826 or R848+0ODN 1826 adjuvants 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 concentrations could not be significantly improved
by the incorporation of MPLA+ODN 1826 or R848+ODN 1826.

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
concentrations of the nicotine nanovaccines were examined. Mouse trial results suggested that the
use of single TLR adjuvants (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. Especially, 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 candidate for treating nicotine addiction.
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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 NPs. Scale bars represent

100 nm. (B) Average diameters of NanoNicVac NPs. (C) Zeta-potential of NanoNicVac NPs.
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Figure 2. Cellular Uptake of NanoNicVac NPs 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 NPs carrying AF647-KLH and CM-6 (In
nanoparticles). AF647 was used to label KLH, and CM-6 was used as a model adjuvant to load
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 NPs loaded with different adjuvants. NBD
was added to the lipid-layer to label NPs. (E) CLSM images of dendritic cells after being treated
with NanoNicVac NPs 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 to load into the PLGA core. Scale bars represent 10 pum.
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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 day: & 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) 1gG3, 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:

< 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 ICsp on day 12: & p <0.05, && p < 0.01. Significantly different: * p <0.05.
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Figure 6. Effect of adjuvant-loaded NanoNicVac on the distribution of nicotine in the serum and
brain after nicotine challenge 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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Table 1. The loading efficiency of adjuvants in NanoNicVac

NPs MPLA loading R848 loading ODN 1826 loading
(ng/mg NP) (ng/mg NP) (ng/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 3372 +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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Chapter 8: General Conclusions

Tobacco smoking remains a leading cause of preventable diseases and premature deaths in the
world. Because of the severe addictiveness of nicotine, smokers need the help of medications to
quit smoking. The ineffectiveness of currently available pharmacological medications necessitates
the development of new strategies for smoking cessation. Nicotine vaccines have been proposed
as a promising immunotherapeutic strategy to treat nicotine addiction. Many conjugate nicotine
vaccines have been developed in the past two decades and several of them have entered various
stages of clinical trials. The clinical studies of conjugate nicotine vaccines provided the following
information: 1) the basic concept of nicotine vaccine is sound; 2) more effective nicotine vaccines
that can induce much stronger immune responses are required to achieve an enhanced overall
smoking cessation rate. Since all the clinically tested conjugate nicotine vaccines have failed, it
has been convincingly argued that it is necessary to utilize completely new paradigms to develop
novel nicotine vaccines. The use of nanoparticles rather than proteins as carriers is such a new

paradigm.

The immune system has evolved to better recognize and capture particulate antigens and is
relatively invisible to soluble protein antigens. One major innate drawback of conjugate nicotine
vaccines is their poor recognition and internalization by immune cells. To overcome this shortfall,
a nicotine nanovaccine based on lipid-polymeric hybrid nanoparticles that have a particulate nature
was developed in this study. The cellular uptake assay revealed that the hybrid nanoparticle-based
nicotine nanovaccine particles were taken up by dendritic cells more efficiently than the conjugate
nicotine vaccine particles. In concordance with these data, the mouse trial results suggested that

the hybrid nanoparticle-based nicotine vaccine could induce a significantly higher anti-nicotine
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antibody titer and result in a significantly lower brain nicotine level than the conjugate nicotine

vaccine.

Although the hybrid nanoparticle-based nicotine nanovaccine exhibited promising immunological
efficacy, it i1s still necessary to better understand the influence of multiple factors on its
immunogenicity and thus to further improve its efficacy by tuning these factors. Efficient uptake
of vaccine particles by antigen presenting cells is a necessity in inducing a strong immune response.
Particle size is one of the most important physicochemical properties of a nanoparticle-based
nanomedicine that largely impact the cellular uptake process. In this study, we fabricated
nanovaccine nanoparticles with different sizes (100 and 500 nm) and studied the impact of particle
size on their immunogenicity. The smaller sized nanovaccine (100 nm) was found to elicit a
significantly higher anti-nicotine antibody titer than the larger sized nanovaccine (500 nm) in the
presence of alum. The findings provided useful guidance on how to enhance the efficacy of

nanoparticle-based nicotine vaccines by modulating particle size.

The activation of hapten-specific B cells requires the recognition and interaction between haptens
and hapten-specific B cells. The density of hapten on nanovaccine surface is an important factor
potentially influencing this recognition and interaction process. In this study, we fabricated
nanovaccine nanoparticles with tunable hapten densities (high-, medium-, and low-density) and
studied the impact of hapten density on the immunogenicity of the hybrid nanoparticle-based
nicotine vaccine. Mouse trial results indicated that hapten density not only impacted anti-nicotine
antibody titers but also influenced anti-carrier protein antibody levels. With the increase of hapten
density, the nanovaccine elicited higher titers of anti-nicotine antibodies and lower levels of anti-
carrier protein antibodies. The findings showcase the necessity of tuning hapten density in

improving the immunogenicity and specificity of nanoparticle-based nicotine vaccines.
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The generation of a strong immune response requires the activation of both B cells and T helper
cells. The conjugation of high-density haptens to carrier protein does facilitate the activation of B
cells but may mask T cell epitopes that are necessary for T helper cell activation. A balanced B
cell immunity and T cell immunity may be beneficial for inducing a strong immune response. The
localization of haptens on nanovaccine nanoparticles is such a factor that affects both B cell
activation and T helper cell activation. In this study, we fabricated nanovaccine nanoparticles with
haptens localized on carrier protein alone, on nanoparticle surface alone, or on both, to study the
impact of hapten localization on the immunogenicity of the hybrid nanoparticle-based nicotine
nanovaccine. Mouse trial results suggested that the nanovaccine with hapten localized on both
carrier protein and nanoparticle surface resulted in a significantly higher anti-nicotine antibody
titer and capability to reduce brain nicotine levels than the nanovaccine with haptens localized on
carrier protein or nanoparticle surface alone. The findings suggested a novel strategy to facilitate

the efficacy of nanoparticle-based nicotine vaccines by engineering hapten localization.

The maturation of B cells to antibody-secreting plasma cells needs the help of T helper cells. The
generation of T helper cells is achieved by the processing and presentation of T help
proteins/peptides. Thus, the selection of T help proteins potentially influences the generation of T
helper cells. In this study, we fabricated nanovaccine nanoparticles, on which different T help
protein candidates were conjugated, to study the impact of selection of T help proteins on the
immunogenicity of the hybrid nanoparticle-based nicotine nanovaccine. /n vivo results indicated
that the use of tetanus toxoid (TT) and cross reactive material 197 (CRM97) induced significantly
higher anti-nicotine antibody titers and considerably lower anti-protein antibody titers than the use

of keyhole limpet hemocyanin (KLH) or KLH subunit. The findings demonstrated that the
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immunogenicity of nanoparticle-based nicotine vaccines can be enhanced by rational selection of

T help proteins.

An adjuvant is an essential component of a vaccine formulation as it may facilitate cytokine
secretion, enhance antigen presenting cell activation, and increase antibody generation.
Incorporating appropriate adjuvants to a vaccine formulation may significantly improve its
immunogenicity. In this study, we incorporated various toll-like receptor (TLR) agonists to the
hybrid nanoparticle-based nicotine nanovaccine and investigated the impact of molecular
adjuvants on its immunogenicity. /n vivo results suggested that the incorporation of single TLR
adjuvant was not sufficient to significantly increase the titers of anti-nicotine antibodies. In
contrast, the incorporation of appropriate TLR adjuvant combinations significantly enhanced the
immunological efficacy of the hybrid nanoparticle-based nicotine nanovaccine. The findings
showcase the necessity of incorporating appropriate molecular adjuvants in enhancing the

immunogenicity of nanoparticle-based nicotine vaccines.

In conclusion, the use of lipid-polymeric hybrid nanoparticle as a particulate platform for
developing nicotine vaccines can achieve a significantly better immunological efficacy than
conventional conjugate nicotine vaccines. The immunogenicity of the lipid-polymeric hybrid
nanoparticle-based nicotine nanovaccine is affected by multiple factors that potentially influence
one or multiple processes involved in the induction of an immune response against nicotine. By
modulating these factors, including nanoparticle size, hapten density, hapten localization, carrier
protein, and molecular adjuvant, the immunological efficacy of the hybrid nanoparticle-based
nicotine nanovaccine can be significantly enhanced. The hybrid nanoparticle-based nicotine
nanovaccine can be a promising next-generation immunotherapeutic candidate for treating

nicotine addiction.
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Future studies can focus on tuning other factors to further improve the immunogenicity of the
hybrid nanoparticle-based nicotine nanovaccine. First, the loading quantity of molecular adjuvants
in nanovaccine nanoparticles can be optimized to achieve a better adjuvant efficacy. Secondly,
enantiopure nicotine haptens can be conjugated to nanovaccine nanoparticles to improve the
specificity and affinity of anti-nicotine antibodies. Thirdly, bivalent or trivalent nicotine
nanovaccines can be fabricated to co-activate B cell subclasses and thus to increase the overall
anti-nicotine antibody titers. Last but not least, the immunization regimen, such as vaccine doses

and injection intervals, can be optimized to achieve a strong and long-lasting immune response.
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Appendix A: Supplementary Information for Chapter 3

Materials

Lactel® (50:50 poly(lactic-co-glycolic acid) (PLGA)) was purchased from Durect Corporation
(Cupertino, CA, USA). Fetal bovine serum, GM-CSF recombinant mouse protein, minimum
essential medium, keyhole limpet hemocyanin (KLH), and Alexa Fluor® 647 hydrazide (AF647)
were purchased from Life Technologies Corporation (Grand Island, NY, USA). Poly(vinyl alcohol)
(MW 89,000-98,000), dichloromethane (DCM), rhodamine B, paraformaldehyde, and Triton™X-
100 were purchased from Sigma-Aldrich (Saint Louis, MO, USA). 1-Ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide
(Sulfo-NHS) were purchased from Thermo Fisher Scientific (Rockford, IL, USA). 1,2-Dioleoyl-
3-trimethylammonium-propane, cholesterol, 1,2-diphytanoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD PE), and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000]
(ammonium salt) (DSPE-PEG2000-maleimide) were purchased from Avanti Polar Lipids
(Alabaster, AL, USA). JAWSII (ATCC® CRL-11904™) immature dendritic cells and
trypsin/EDTA were purchased from American Type Culture Collection (Manassas, VA, USA). O-
Succinyl-3’-hydroxymethyl-(£)-nicotine (Nic) was purchased from Toronto Research Chemicals
(North York, ON, Canada). All other chemicals were of analytical grade.

Preparation of PLGA nanoparticles (NPs)

PLGA NPs were prepared using a double emulsion solvent evaporation method with minor
modifications. In brief, 50 mg of PLGA were dissolved in 2 mL of DCM (oil phase). Two hundred
microliters of ultrapure water were then added into the oil phase. The resultant mixture was

emulsified by sonication for 10 min using a Branson M2800H Ultrasonic Bath (Danbury, CT,
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USA). This primary emulsion was added drop-wise into 15 mL of poly(vinyl alcohol) solution
(0.5%, w/v) under continuous stirring. The suspension was then emulsified by sonication at 70%
amplitude for 20 s (for 100 nm PLGA NP preparation) or at 20% amplitude for 10 s (for 500 nm
PLGA NP preparation) using a sonic dismembrator (Model 500; Fisher Scientific, Pittsburg, PA,
USA). The secondary emulsion was stirred overnight to allow complete DCM evaporation. PLGA
NPs were collected by centrifugation at 10,000 g, 4°C, for 30 min (Beckman Coulter Avanti J-251,
Brea, CA, USA). Pellets were washed three times using ultrapure water. The final suspension was
freeze-dried (Labconco Freezone 4.5, Kansas City, MO, USA), and NPs were stored at 2°C for
later use.

Fabrication of lipid-polymeric hybrid NPs

Lipid-polymeric NPs were assembled using a hydration-sonication method. Briefly, 25 mg of lipid
mixture, which was dissolved in chloroform containing 1,2-dioleoyl-3-trimethylammonium-
propane, DSPE-PEG2000-maleimide, and cholesterol, was evaporated to form a lipid film. The
lipid film was then hydrated with 2 mL of pre-warmed hydration buffer (0.9% saline, 5% dextrose,
and 10% sucrose). The resultant suspension was cooled to room temperature. An appropriate
amount of PLGA NPs, suspended in ultrapure water, was added into the liposome suspension and
mixed thoroughly, followed by sonication for 10 min in an ice-water bath using a Branson
M2800H Ultrasonic Bath sonicator. Lipid-polymeric NPs were collected by centrifugation at

10,000 g, 4°C, for 30 min, freeze-dried, and stored at 2°C for later use.

Characterization of NPs
The morphology of lipid-polymeric hybrid NPs of different sizes was analyzed by transmission
electron microscopy. NP samples were negatively stained using 1% phosphotungstic acid, and

imaged on a JEM 1400 transmission electron microscope (JEOL, Tokyo, Japan). Fluorescent
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nanovaccine NPs, in which KLH and the lipid layer were labeled by rhodamine B and NBD,
respectively, were imaged on a Zeiss LSM 510 laser scanning microscope (Carl Zeiss, Oberkochen,
Germany). The Fourier transform infrared spectra of NPs were recorded on a Thermo Nicolet 6700
FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA). Particle size (diameter, nm) and
surface charge (zeta-potential, mV) of NPs were analyzed on a Nano ZS Zetasizer (Malvern
Instruments, Worcestershire, United Kingdom) at 25°C.

Cell culture

JAWSII (ATCC® CRL-11904™) immature dendritic cells were cultured in alpha minimum
essential medium supplemented with ribonucleosides, deoxyribonucleosides, 4 mM L-glutamine,
1 mM sodium pyruvate, 5 ng/mL murine GM-CSF, and fetal bovine serum (20%) at 37°C with 5%
CO..

Confocal laser scanning microscopy analysis of the uptake of NPs by dendritic cells

AF647 and NBD fluorescently labeled NPs were prepared according to the method described
above, except that AF647-KLH was conjugated to hybrid NPs and 0.25 mg of NBD was added
into lipids for labeling. Cells (2 x 10°/chamber) were seeded into 2-well chamber slides (Thermo
Fisher Scientific) in 2 mL of medium, and cultured overnight. The original medium was then
replaced with 2 mL of fresh medium containing 100 pg of AF647- and NBD-labeled nanovaccine
NPs. At predetermined time points (0.5, 1, and 2 h) the medium was discarded and cells were
washed 3 times using 0.01 M, pH 7.4, phosphate-buffered saline (PBS). One mL of freshly
prepared 4% (w/v) paraformaldehyde was added into each well to fix cells for 15 min. The fixed
cells were washed 3 times against PBS and permeabilized by adding 0.5 mL 0of 0.1% (v/v) Triton™
X-100 for 15 min at room temperature. After again washing cells 3 times using PBS, cell nuclei

were stained by 4',6-diamidino-2-phenylindole (DAPI) according to the standard protocol
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provided by the supplier. The coverslips were finally placed onto the glass microscope slides. The
intracellular distribution of NPs was visualized on a Zeiss LSM 510 laser scanning microscope.
Flow cytometry analysis of NP uptake by dendritic cells

AF647-KLH was synthesized using a EDC/NHS-mediated reaction and was conjugated to hybrid
NPs. Dendritic cells (2 x 10%well) were seeded into 24-well plates (Corning, Tewksbury, MA,
USA) and cultured for 24 h. The original medium was replaced with fresh medium containing 100
ug of AF647-labeled NPs or the same amount of AF647-KLH conjugate contained in AF647
labeled NPs. The medium was removed after 2 h and cells were washed 3 times with PBS. Cells
were detached from the culture plates using trypsin/EDTA solution and collected by centrifugation
at 200 g for 10 min. Cell pellets were re-suspended in PBS. Samples were immediately analyzed
on a flow cytometer (FACSAria I, BD Biosciences, Franklin Lakes, NJ, USA).

Measurement of anti-nicotine IgG subclasses

Similar enzyme-linked immunosorbent assay protocols as that were applied to measure IgG
antibody titers, were used to determine titers of the four IgG antibody isotypes, except that
horseradish peroxidase-conjugated goat anti-mouse IgGl, 1gG2a, IgG2b, and IgG3 (Alpha
Diagnostic, San Antonio, TX, USA) were used as the secondary antibodies. The Th1/Th2 index
was calculated using the following formula:

Th1/Th2 index = ((IgG2a + 1gG3)/2)/1gG1

Histopathological analyses

Histopathological analyses of tissues from mice vaccinated with the nicotine vaccines, including
heart, kidney, liver, spleen, and lung, were performed to identify any lesions caused by the
administration of vaccine NPs. In brief, different mouse organs were first fixed with 10% formalin,

followed by cutting the organs according to a standard protocol. Tissue blocks were then embedded
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in paraffin and sections were stained by hematoxylin and eosin. The stained sections were imaged
on a Nikon Eclipse E600 light microscope and pictures were captured using a Nikon DS-Fil

camera.
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