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Abstract

Nicotine vaccines have been investigated to assist with smoking cessation. Because smoking
cessation is a long process, past nicotine vaccines required multiple injections to achieve long-
term efficacy. It would be of great significance if extended efficacy can be achieved with

fewer injections. Here, we report the assembly of lipid-polylactic acid (PLA) and lipid-poly(lactic-
co-glycolic acid) (PLGA) hybrid nanoparticle (NP) based nicotine vaccines. Mice immunized
with the lipid-PLGA vaccine produced higher titers of nicotine-specific antibodies than the lipid-
PLA vaccine in short-term. However, the lipid-PLA vaccine was found to induce long-lasting
antibodies. Three months after the immunization, only mice that received first two injections of
the lipid-PLGA vaccine and a third injection of the lipid-PLA vaccine achieved a significantly
lower brain nicotine concentration of 65.13 + 20.59 ng/mg than 115.88 + 37.62 ng/mg from

the negative controls. The results indicate that not only the stability of the vaccines but also

the combination of the vaccines impacted the long-term efficacy of the immunization. Lastly,
both the body weight and the histopathology study suggest that the vaccines were safe to mice.
These findings suggest that long-term immunity against nicotine can be realized by a rational
administration of nanovaccines of different levels of stability.
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1. INTRODUCTION

Cigarette smoking is a worldwide pandemic, which is responsible for more than 7 million
deaths per year. Nicotine vaccines can elicit production of nicotine-specific antibodies
(NSAs), reduce the entry of nicotine into the brain, and thus assist with smoking
cessation.23 The effectiveness of a nicotine vaccine relies heavily on the concentration

of NSAs in the bloodstream.* It has been repeatedly shown in clinical trials that higher
concentrations of nicotine-antibodies were associated with higher quitting rates.5” In
addition, smoking cessation is a long-term process, which may take several months to
reach the goal.8 Therefore, it is necessary for vaccines to induce a strong and long-lasting
immune response against nicotine. A strong immune response requires a nicotine vaccine to
be highly immunogenic, which may be achieved by selecting appropriate carrier proteins,
nicotine epitopes, and adjuvants, etc.2910 However, a prolonged immune response is
difficult to attain with a limited number of injections, because nicotine on its own is not
able to activate memory B cells, which means that the level of NSAs may rapidly drop
without boosting injections.11 The most straightforward way to maintain a high level of
NSAs is through repeated injections of the vaccines at certain intervals.#"5 However, this is
not only costly, but also inconvenient to the users, which may dampen the willingness of
smokers to use nicotine vaccines. Therefore, it is necessary to develop a nicotine vaccine
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or a vaccination scheme that can maintain a high level of antibodies against nicotine over a
long period of time with fewer booster injections.

Our previous studies demonstrated that a lipid-PLGA hybrid NP-based nicotine vaccine
(NanoNicVac) could more effectively and specifically induce the immune system to produce
NSAs than a traditional carrier protein-based nicotine vaccine.12-16 The unique structure of
this vaccine allows flexible modifications, including modulating its surface charge, particle
size, and incorporating different molecular adjuvants, for stronger immunogenicity.

On the other hand, as we found in a previous study that the incorporation of a nanohorn as
the core into liposomes produced nanohorn-liposome hybrid NPs, which had significantly
better stability than the blank liposomes.1” The resulting hybrid NP-based nicotine vaccine
was significantly more immunogenic than the liposome-based vaccine. In subsequent
studies, nanohorn was substituted by biodegradable and biocompatible poly(lactic-co-
glycolic acid) (PLGA) NPs for better safety.14 Since the better stability of a NP-liposome
hybrid NP is attributed to the presence of the NP core, it is possible to improve the stability
of a hybrid NP-based vaccine by strengthening the stability of the NP core. A nicotine
vaccine assembled from such a stabilized hybrid NP may stay intact in the body for longer
time, providing extended signal to the immune system and achieving a long-lasting immune
response. It is reported that the stability of a PLGA NP is dependent on the ratio of lactic
acid and glycolic acid in the polymer chain.18 At a ratio of 50:50 of lactic acid and glycolic
acid, the resulting PLGA NPs have the fastest degradation rate, while the NPs composed of
only polylactic acid (PLA) has the slowest degradation rate.1920 It is possible that compared
to lipid-PLGA nicotine vaccine, a lipid-PLA nicotine vaccine may circulate in the body for
longer time and induce a prolonged immune response.

In this study, we assembled two nicotine vaccines from lipid- PLGA and lipid-PLA hybrid
NPs, respectively. It was found that the lipid-PLA-based nicotine vaccine (PLA vaccine)

has much better stability than the lipid-PLGA-based nicotine vaccine (PLGA vaccine) under
both in vitroand in vivo conditions. However, mice immunized with either the PLA vaccine
or the PLGA vaccine alone did not achieve high concentrations of long-lasting NSAs.
Interestingly, it was the mice that received the first two injections of the PLGA vaccine,
followed by a third injection of the PLA vaccine attained high concentrations of NSAs for
up to 3 months and had significantly reduced brain nicotine levels.

2. RESULTS AND DISCUSSION

2.1. Characterization of Physicochemical Properties and Morphologies of Nicotine

Vaccines.

In this study, nicotine vaccines were assembled by conjugating nicotine haptens onto hybrid
NPs containing either a PLGA core or a PLA core. The surface charge and size distribution
of the vaccine particles were characterized. As shown in Figure 1A, the PLGA vaccine

and the PLA vaccine had close average diameters of 300.3 and 309.7 nm, respectively. As
shown in previous studies, nicotine vaccines with a nanosized dimension were efficiently
internalized by immune cells.12-17:21 particle surface charge, another important factor that
can largely influence the cellular uptake of vaccine particles, was also measured for the
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vaccine particles.2224 As shown in Figure 1A, the PLGA vaccine and the PLA vaccine had
a zeta potential of =30.5 mV and —-13.2 mV, respectively. Although, it was reported that
vaccines that carried positive surface charges could be more easily captured by immune
cells, our previous findings demonstrated that dendritic cells (DCs) were able to efficiently
internalize anionic nicotine vaccines.142% In addition, compared to anionic NPs, cationic
NPs were found to significantly disrupt plasma-membrane integrity and cause serious
damage to mitochondria and lysosome.26 Therefore, anionic nicotine vaccines may be safer
than cationic nicotine vaccines.

The morphologies of the vaccine particles were characterized using a transmission electron
microscope (TEM). As shown in Figure 1B, both the PLGA vaccine and the PLA vaccine
consisted of a nanosized core structure as well as a lipid shell surrounding the core. This

is consistent with our previous findings that core—shell hybrid NPs could be assembled by
sonicating a mixture of liposome and PLGA NPs.14.16 As discussed in previous studies,

the core—shell structure not only allowed codelivery of antigen and adjuvants, but also
facilitated the cellular uptake of the vaccine particles by immune cells.1214.15.17 |n addition,
agreeing with the results in Figure 1A, the sizes of the two vaccine particles were around
300 nm. Overall, the two vaccine particles shared similar physicochemical properties and
morphologies.

2.2. Cellular Uptake and Processing of Vaccine Particles by DCs.

The development of a humoral immune response starts from the recognition and
internalization of antigens by antigen presenting cells (APCs), such as DCs and B cells.27:28
Therefore, how efficiently a vaccine can be taken up by APCs may affect the quality of

the resulting immune response. In our previous studies, we found that lipid-PLGA hybrid
NPs were rapidly internalized by DCs.1416 In this study, to monitor the uptake of the
vaccine particles, keyhole limpet hemocyanin (KLH) in the core and the lipid layer of

both the PLGA vaccine and the PLA vaccine were labeled with Alexa 647 (red) and NBD
(green), respectively. As shown in Figure 2A, within 120 min, 95.3% and 98.0% of the DCs
internalized the PLGA vaccine and the PLA vaccine, respectively. These results show that
the two vaccine particles were rapidly captured by the DCs. Remarkably, both NBD and
Alexa 647 were simultaneously detected in most of the cells. This demonstrates that the lipid
layer and the core structure of the vaccine particles were concomitantly internalized by the
cells. As discussed in a previous study, codelivery of the nicotine hapten on the lipid surface
and the protein antigen in the core was essential for the development of nicotine-specific
immune response.1* One of the advantages of the hybrid nanoparticle-based vaccines over
the conventional carrier protein-nicotine conjugate vaccine is that they enable codelivery of
antigens and adjuvants to the immune cells, which may produce stronger immune response
and minimize systemic toxicity of the adjuvants.2%-30 In addition, enclosing KLH inside

the polymer core can reduce the exposure of the protein antigens to B cell receptors and
decrease the number of KLH-specific antibodies, thereby improving the specificity of the
vaccine. In contrast, the traditional protein-nicotine conjugate vaccines cannot avoid the
production of antibodies against the carrier proteins 14.
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In addition, the relative quantities of the internalized vaccine particles were measured

over time. As shown in Figure 2B, both the median intensities of Alexa 647 and NBD
increased with time in the DCs that were treated with either the PLGA vaccine or the PLA
vaccine. It is noteworthy that the intensities of the two fluorescence signals did not increase
proportionally. This might be caused by the fact that Alexa 647 is less photosensitive than
NBD.31 Although close percentages of cells captured the two vaccine particles within 120
min, significantly more PLA vaccine was detected in the DCs than the PLGA vaccine at 120
min. As shown in Figure 1A, the PLGA vaccine carried more negative charge than the PLA
vaccine, this might cause elevated electrostatic repulsion between the vaccine particle and
the negative charge on the cell membranes, leading to hindered cellular uptake of the PLGA
vaccine.32

Following uptake, protein antigens in DCs need to be processed into antigenic peptides and
presented on cell surface for the activation of T cells.33 Therefore, antigen processing is also
a critical step in the development of an immune response.34 In this study, the processing of
vaccines by DCs were studied using an ImageStream flow cytometer. As shown in Figure
2C, represented by the wide distribution of the red fluorescence, a large amount of Alexa
647 was released from the internalized PLGA vaccine within 30 min. In contrast, at 30
min, the red fluorescence from the PLA vaccine was confined in small vesicles, indicating
the protein antigen (KLH) was contained in the PLA core without being processed. These
results implied that the PLA vaccine was degraded slower than the PLGA vaccine in

the cells. At 60 min, considerable amount of the red fluorescence was released from the
PLA vaccine, indicating that part of the early internalized vaccine particles was degraded.
Strikingly, by 120 min, most of the PLGA vaccine particles and PLA vaccine particles
were degraded in the cells. Overall, these findings demonstrate that, despite the relatively
lower uptake rate, PLGA vaccine was more efficiently processed by the DCs than the

PLA vaccine. An efficient antigen processing may provide sufficient amount of processed
antigenic peptides to T cells and facilitate the signaling between APCs and T cells, thereby
promoting immune response. In contrast, an inefficient antigen processing may negatively
affect the development of an immune response.3°

In Vitro Stability of Vaccines.

The stability of a vaccine can have a significant impact on its immunological
performance.36:37 Better stability may increase the bioavailability of a vaccine to the
immune system, thus enhancing the immune response. In addition, a stable vaccine can
persist in the body for an extended time, leading to prolonged stimulation to immune cells.
Moreover, stable vaccines may be more easily stored and transported with reduced cost.38
To compare the stability of the PLGA vaccine and the PLA vaccine, the two vaccines were
suspended in human serum and the release of KLH was monitored. As shown in Figure 3A
(left), at any studied time points, a significantly higher amount of KLH was released from
the PLGA vaccine than that from the PLA vaccine. In addition, the PLGA vaccine released
almost all the KLH within 15 days. In contrast, only 60% of KLH was released from the
PLA vaccine within 15 days. Remarkably, as high as 12% of the KLH remained in the PLA
vaccine after 30 days’ incubation. The decay of Alexa 647 shown in Figure 3A (right) also
indicates that the PLGA vaccine lost KLH more rapidly than the PLA vaccine.
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The morphology of the vaccine particles after 30 days of incubation in human serum was
studied using a TEM. As shown in Figure 3B, most of the PLGA vaccine particles were
degraded, which was reflected by the loss of the lipid layer. In contrast, many of the

PLA vaccine particles still retained the lipid layer. As discussed in a previous study, an
intact lipid-NP hybrid structure was essential for codelivery of the nicotine antigen and T
cell-adjuvant protein to induce an effective immune response.1* The loss of the lipid layer in
the PLGA vaccine is likely to render this vaccine less immunogenic after long circulation in
the body.

In Vivo Stability of Vaccines.

To evaluate the /n vivo stability of the vaccines, mice were subcutaneously injected with
Alexa 750-labeled vaccine particles, which were studied using an IVIS SpectrumCT. As
shown in Figure 4A, the PLGA vaccine disappeared at the site of injection (SOI) much
faster than the PLA vaccine. At 48 h after the injection, the PLGA vaccine was not
detectable at the SOI. In contrast, the PLA vaccine stayed at the SOI for up to 168 h.

As also shown in Figure 4B, as much as 84% of the PLA vaccine was detected at the

SOl at 12 h, while only 35% of the PLGA vaccine was detected. In addition, the PLGA
vaccine at the SOl was hardly detectable at 48 h, but up to 48% of the PLA vaccine was
present. Post injection, there was a significantly higher amount of the PLA vaccine detected
at the SOI than that of the PLGA vaccine at any studied time points. Although part of the
decrease in the amount of the vaccines at the SOI might be attributed to cellular uptake of
the particles, given the fact shown in Figure 2 that the immune cells internalized the PLA
vaccine more efficiently than the PLGA vaccine, the faster loss of the PLGA vaccine at
the SOI was more likely a result of faster degradation. Consistent with the /n7 vitro stability
of the vaccines, these /n vivo results demonstrate that the PLA vaccine had better /n vivo
stability than the PLGA vaccine. Interestingly, both the PLGA and PLA vaccines tended
to stay at the SOI instead of migrating away. This could form a vaccine depot at the SOI.
One of the mechanisms that contribute the adjuvant effect of Alum is that Alum can retain
vaccines at the SOI and form a vaccine depot.3940 The slow degradation of the PLA vaccine
at the depot will likely benefit the immunogenicity of the vaccine, because damages in the
vaccines may render the vaccine less effective. Moreover, extended existence of the PLA
vaccine might provide sustained signals to immune cells for prolonged immune response.

Immunogenicity of Nanovaccines.

Anti-Nic antibody titer is one of the most important parameters for gaging the
immunogenicity of nicotine vaccines.21418 |n preclinical trials, higher titers of anti-Nic
antibodies were associated with lower brain nicotine concentrations.10:12:40 |n clinical
trials, people with higher anti-Nic antibodies in the blood were found to quit smoking
more readily.841:42 Although a nicotine vaccine may induce production of many types of
antibodies, such as IgA, 1gG, and IgE, usually only the titer of I1gG is evaluated because
it is the most abundant serum antibody in humans.#344 In this study, the titers of anti-Nic
IgG from serum collected on days 13, 27, 42, and 118 were measured. As shown in Figure
5, mice injected with various combinations of the PLGA vaccine and the PLA vaccine,
as illustrated in Table 1, produced markedly different levels of anti-Nic 1gG. On day 13,
minimal anti-Nic IgG titers of 2571 + 282, 1818 + 147, 2430 + 352, 1657 + 261, 2406
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+ 167, and 1827 = 52, which resulted from the first injection, were detected in groups

1,2, 3, 4,5, and 6, respectively. For humoral immune response, the first encounter of
antigens usually does not result in high magnitude of antibody production, but instead, it
primes the immune system for the next encounter with the antigens.1#:23 It has been widely
reported that when a primed immune system is challenged with a previous encountered
antigen, the memory B cells can rapidly proliferate to produce high levels of antibodies.4>46
As expected, the first booster vaccine injection pronouncedly increased the titers to 48077
+ 3732, 16482 + 696, 45875 + 3654, 17138 + 2367, 19984 + 1708, and 25565 + 5568

for groups 1, 2, 3, 4, 5, and 6, respectively. This was consistent with previous studies, in
which booster injections significantly increased the concentrations of anti-Nic 1gG.14-17:40.47
Interestingly, groups 1 and 3, which were administered with the PLGA vaccine both on
days 0 and 14, show significantly higher anti-Nic IgG than those of other groups. This
indicates that the PLGA vaccine was more immunogenic than the PLA vaccine. Although
the underlying mechanism was unclear, it was possible that as shown in Figure 2C, the
slower degradation of the PLA vaccine in DCs might not provide as many stimulating
signals to the immune cells as the PLGA vaccine might, resulting in the suboptimal
immunogenicity of the PLA vaccine. This hypothesis was also supported by comparing

the antibody titers between group 2 and group 6. Both groups were injected with the

PLA vaccine on day 0, but the PLGA vaccine injection in group 6 on day 14 produced a
significantly higher level of anti-Nic 1gG than group 2 which was injected with the PLA
vaccine on day 14. Surprisingly, the second booster continued to increase the antibody titers
to 62387 + 3232, 40899 + 2955, 53707 + 2417, 41406 + 2565, 43054 + 3938, and 44872 +
7673, respectively, on day 42. This was inconsistent with what was observed in a previous
study, in which the second booster injected did not further promote the immune response.14
It was possible that the concomitant delivery of multiple molecular adjuvants, including
MPLA, CpG ODN 1826, and R848, by the vaccines in this study provided more signals

to the immune system for a stronger response.*849 In addition, group 1, which received 3
injections of the PLGA vaccine, continued to show significantly higher antibody levels than
other groups on day 42. In previous studies, only the short-term efficacy of the nicotine
vaccines was evaluated.1214.16.17.47 | this study, the long-term outcome of the vaccines
was evaluated. As anticipated, the levels of anti-Nic 1gG dropped significantly in all groups
3 months after the second booster injection. As IgG is known to have a half-life of 20

days, the decrease in the 1gG level might partially result from the natural clearance of

the antibodies.>C Interestingly, on day 118, mice in group 1 that received only the PLGA
vaccines showed a significantly lower antibody titer of 6492 + 340 than those of other
groups that received at least one injection of the PLA vaccine, indicating that the PLA
vaccine could maintain the immunity against nicotine longer than the PLGA vaccine. It has
been reported that prolonged retention of antigens in the body resulted in long-term immune
response.®1:52 As shown in Figure 3 and Figure 4, the PLA vaccine showed significantly
higher stability under both /n vitro and in vivo conditions, which suggested that the PLA
vaccine might stay in the body for a longer time and provide continuous stimulation to

the immune system. The fact that the treatment groups 2, 3, 4, 5, and 6 with at least one
injection of the PLA vaccine achieved significantly higher titers of anti-Nic IgG than the
group 1 treated with only PLGA vaccine demonstrates that the efficacy of our previous
nanovaccines built with PLGA can be extended by a combination use of the PLA vaccine.
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Adaptive immune response can be divided into either humoral or cell-mediated immune
response.>3>4 Usually, antigen can induce both humoral and cell-mediated immune
response.>> Because the immunity against nicotine is based on the functions of NSAs, it
is ideal to polarize the nicotine vaccine induced immune response to a humoral immune
response. To evaluate the polarity of the immune response, the titers of subtype IgGs,
including 19gG1, 19G2a, 1gG2b, and 1gG3, were measured for blood collected on day 118,
and the Th1/Th2 index was calculated. As shown in Figure 5, mice from groups 2, 3, 4, 5,
and 6 produced significantly higher titers of anti-Nic 1gG1, 1gG2a, IgG2b, and 1gG3 than
mice from group 1. 1IgG1 and IgG2a represented the two most dominant subtype IgGs in
all the immunized groups. In addition, mice in group 3 had a significantly higher titer of
IgG1 than that of any other immunized groups. The Th1/Th2 index from groups 1, 2, 3,
4,5, and 6 was 0.92 + 0.12, 0.80 £ 0.05, 0.31 + 0.05, 0.68 + 0.02, 0.72 + 0.07, and 0.79

+ 0.04, respectively. As reported in previous studies, a Th1/Th2 index that was less than 1
indicates that the immune response was dominated by the humoral immune response.14.17
The Th1/Th2 index in this study shows that both the PLA and the PLGA vaccines polarized
the immune response to produce antibodies. These results were consistent with previous
findings that the lipid-NP-based nicotine vaccine was mainly employed by the immune
system to elicit production of NSAs instead of activating cytotoxic T cells.14.17

2.6. Brain Nicotine Level in the Immunized Mice.

It has been widely believed that the efficacy of a nicotine vaccine primarily depends on its
ability to reduce the entry of nicotine into the brain.4258 In our previous research, nicotine
pharmacokinetic studies were carried out shortly after booster injections, and, therefore,
the results might only reflect the short-term efficacy of the vaccines.12:13.15-17.40 | thjs
research, to evaluate the long-term efficacy of nicotine vaccines, the pharmacokinetic study
was performed 3 months after the second vaccine booster injection. As shown in Figure 6,
the control group and groups 1, 2, 3, 4, 5, and 6 achieved a brain nicotine concentration

of 115.88 + 37.62, 123.25 + 24.44, 89.25 + 33.81, 65.13 + 20.59, 78.00 + 50.37, 75.00

+ 35.79, and 71.00 + 24.07 ng/g, respectively. In addition, only the mice in group 3
attained a significantly lower brain nicotine concentration than that of the control among all
immunized mice. These results were consistent with the NSA levels in the mice measured
using ELISA. In previous studies, lower brain nicotine concentrations were also correlated
with higher NSA concentrations,12:13.15-17.40

According to the data from other groups as well as our previous nanovaccines, the
vaccinated animals were usually challenged with nicotine a few weeks post vaccination, and
thus the long-term impact of these vaccines on the brain nicotine level is unknown.40:57-59
In other studies, conventional protein-nicotine vaccines require more injections to maintain
long-term efficacy.89 In addition, the combination dosing of PLGA and PLA vaccine in

this study clearly shows advantage over our previous PLGA vaccines in terms of long-term
efficacy.

Although not significantly, the brain nicotine levels in all group immunized with at least one
shot of the PLA vaccine were considerably lower than those of both the control group and
group 1. This demonstrates that the PLA vaccine could maintain long-term immunological
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efficacy compared to the PLGA vaccine. In addition, the brain nicotine levels reveal that
both the stability of vaccine and the combination of the vaccination influenced the long-term
immunological outcome. Overall, these results demonstrate that it is possible to optimize
the vaccine design and vaccination protocol with fewer injections for long-term immunity
against nicotine. As discussed above, having a prolonged efficacy is very meaningful to a
nicotine vaccine, because it may not only reduce the cost but also simplify the immunization
process.

Because this is a proof-of-concept study, the efficacy of the vaccines were only tested

in mice. It needs to be noted that humans may react differently to these vaccines due to

the differences in physiological structure as well as the immune system. In addition, the
adjuvants used in these hybrid vaccines may not be optimal for human use. Therefore, future
studies in primates or human clinical trials are needed to validate the efficacy of these
vaccines in this study.

2.7. Safety of the Nicotine Vaccines.

Safety is always the top concern during development of a vaccine.b1 As considered from
the very beginning of the vaccine design, all materials used in our nicotine vaccines were
either clinically approved by the FDA or tested as safe in clinical trials.141° Previous
findings revealed that these hybrid NP-based vaccines were safe to mice.13-16 However, this
is the first time that we evaluated the long-term safety of the vaccines. As shown in Figure
7A, during a course of 120 days, mice immunized with either the PLGA vaccine or the
PLA vaccine did not show significantly different body weight compared with the mice that
received the PBS buffer. Moreover, we harvested the major organs from mice sacrificed on
day 120 and conducted a histopathology study for these organs. As shown in Figure 7B,
with the mice that received the PBS buffer as the control, no abnormity was detected in

the organs, including heart, liver, spleen, lung, kidney, and stomach from the mice injected
with nicotine vaccines. These results demonstrate that both the PLGA vaccine and the PLA
vaccine are safe for an extended period of time. Although these vaccines demonstrate good
safety profiles in mice, more comprehensive studies are needed to investigate their safety in
humans due to the difference between humans and rodents.

3. CONCLUSIONS

In summary, the PLA vaccine was significantly more stable than the PLGA vaccine in both
the in vitroand in vivo environment. The titers of anti-Nic 1gG from the immunized mice
demonstrate that the PLGA induced higher levels of immune response than the PLA vaccine
in the short term. In contrast, the PLA vaccine was more capable of producing long-lasting
antibody immune response. In addition, the Th1/Th2 index demonstrates that both the
PLGA vaccine and the PLA vaccine dominantly induced humoral immune response. Finally,
it was the first two injections of the PLGA vaccine and a third injection of the PLA vaccine
achieved significantly lower brain nicotine levels in mice compared to the control 3 months
after the second booster injection. These results imply that a rational administration of

the two vaccines could improve the long-term efficacy of immunotherapy against nicotine
addiction.
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4. EXPERIMENTAL SECTION

4.1. Materials.

CpG oligonucleotides 1826 (CpG ODN 1826) and R848 VacciGrade were purchased from
InvivoGen (San Diego, California). Monophosphoryl lipid A (MPLA), 1,2-diphytanoyl-
sn-glycero-3-phosphoethanolamine-N-(7-nitro-2—1,3-benzoxadiazol-4-yl) (ammonium salt)
(NBD PE), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), 1,2-distearoyl-sn-
glycero-3-phosphoethanol-amine-N-[carboxy(polyethylene glycol)-2000] (ammonium salt)
(DSPE-PEG(2000)COOH), and cholesterol were acquired from Avanti Polar Lipids, Inc.
(Alabaster, AL). Lactel 50:50 PLGA and PLA were purchased from Durect Corporation
(Cupertino, CA). Trypsin/EDTA, fetal bovine serum (FBS), alpha minimum essential
medium, and granulocyte macrophage-colony stimulating factor (GM-CSF) recombinant
mouse protein were purchased from Life Technologies Corporation (Grand Island,

NY). TMB one component microwell substrate was procured from SouthernBiotech
(Birmingham, AL). The antimouse IgG from goat and antigoat IgG-HRP were purchased
from Alpha Diagnostic Intl (San Antonio, TX). Poly(vinyl alcohol) (PVA), bovine serum
albumin (BSA), and dichloromethane (DCM) were acquired from Sigma-Aldrich Inc.
(Saint Louis, MO). Alexa Fluor 750 dye (Alexa 750), Alexa Fluor 647 hydrazide (Alexa
647), keyhole limpet hemocyanin (KLH), 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride (EDC), and sulfo-NHS were purchased from Thermo Fisher Scientific Inc.
(Rockford, IL). Ractrans 3’-aminomethyl nicotine (3"-AminoNic) was purchased from
Toronto Research Chemicals Inc. (Toronto, Canada). JAWSII (ATCC CRL-11904) immature
dendritic cells were purchased from ATCC (Manassas, VA). All other chemicals were of
analytical grade.

4.2. Fabrication of PLA and PLGA NPs.

PLGA and PLGA NPs enclosing KLH and molecular adjuvants were formed according to a
previously reported method with minor modifications.1416:40 CpG ODN 1826 (1.6 mg) and
R848 (0.8 mg) were included in 200 zL deionized water with 2 mg of KLH and mixing with
PLGA or PLA solution. The NPs were prepared by closely following procedures described
previously.16:40

4.3. Assembly of Nicotine Vaccines.

As described in a previous study, nicotine vaccines were assembled by conjugating 3’-
AminoNic on to the surface of lipid-PLGA or lipid-PLA hybrid NPs via a reaction of
carboxylic acid on the lipid layer with an amine on 3’-AminoNic.1# Lipids of MPLA (0.4
mg), DOTAP (3.77 mg), DSPE-PEG(2000)COOH (4.10 mg), and cholesterol (0.14 mg)
were hydrated with 1 mL of 55 °C PBS buffer. Lipids-PLGA/PLA NPs and the conjugation
of 3"-AminoNic were prepared following a previously described method.16

4.4. Synthesis of Nicotine-BSA Conjugate.

3’-AminoNic-BSA conjugate was synthesized via the method described previously.4
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4.5. Synthesis of Alexa 647/Alexa 750-labeled KLH.

Alexa 647 or Alexa 750-labeled KLH was synthesized using a previously reported
method.14

4.6. Characterization of Physicochemical Properties of Nicotine Vaccines.

The PLGA and the PLA vaccines were diluted ten times in PBS buffer (pH 7.0). The
physicochemical properties including particle size (diameter, nm), size distribution, and
surface charge (zeta potential, mV) were analyzed with a Malvern Nano-ZS zetasizer
(Malvern Instruments Ltd., Worcestershire, United Kingdom).

4.7. Examination of Morphology of Nicotine Vaccines Using a Transmission Electron
Microscope (TEM).

The morphologies of nicotine vaccines were examined using a TEM as described in previous
studies.14.16.40

4.8. Study of In Vitro Uptake and Processing of Vaccines by Dendritic Cells (DCs).

NBD and Alexa 647 labeled vaccines were assembled using the same method as described
above, except that these vaccines contained Alexa 647-labeled KLH and NBD in the lipid
layer and did not contain molecular adjuvants. JAWSII (ATCC CRL-11904) immature DCs
were cultured using a previously reported method.14 The PLGA vaccine or the PLA vaccine
(500 1) was incubated with 2 x 108 DCs for 30, 60, and 120 min, respectively. The
methods to study cell uptake and cellular vaccine processing were described elsewhere.40

4.9. Study of In Vitro Release of KLH from Nicotine Vaccines.

Alexa 647-labeled PLGA vaccine or the PLA vaccine was assembled using the same method
as described above, except that these vaccines contained Alexa 647-KLH and did not
contain molecular adjuvants. The study of /n vitro release of KLH followed that described
previously.40

4.10. Study of Degradation of Nicotine Vaccines in Mice.

Alexa 750-labeled PLGA vaccine or PLA vaccine was assembled using the same method as
described above, except that these vaccines contained Alexa 750-KLH and did not contain
molecular adjuvants. Alexa 750-labeled vaccines (2 mg) were subcutaneously injected into
female BALB/c mice (8-10 weeks). The degradation of the vaccines at the site of injection
(SOI) was studied using an 1VIS SpectrumCT (PerkinElmer, Waltham, MA). The in vivo
fluorescence image was taken at given time points post vaccine injection, and fluorescence
intensity from the SOI was defined manually.

4.11. Immunization of Mice with Nicotine Vaccines.

All animal studies were carried out following the National Institutes of Health (N1H)
guidelines for animal care and use. Animal protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) at Virginia Polytechnic Institute and State
University. Female BALB/c mice (8-10 weeks, 16—20 g) were purchased from Charles
River. Mice (7= 8) were immunized with nicotine vaccines according to a previously
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reported method with proper modifications.14 Briefly, the PLGA vaccine or the PLA vaccine
containing 20 g KLH was subcutaneously injected into female BALB/c mice (8 mice/
group) on days 0 (primary injection), 14 (1st booster), and 28 (2nd booster) as shown

in Table 1. Blood samples (~200 z1.) were collected from each mouse on days -2, 13,

27, 42, and 118 via retro orbital puncture and processed following previously described
procedures. 14

Measurement of Titers of Antinicotine (anti-Nic) IgG and Subtype IgG.

For determining antibody titers, mice sera were analyzed according to the enzyme-linked
immunosorbent assay (ELISA) procedure described in previous publications.14:16:40 The
ELISA for measuring subtype anti-Nic IgGs, including 19G1, 1gG2a, 1gG2b, and 1gG3 was
carried out according to a previously reported protocol.14

Calculation of the Th1/Th2 Index.

Th1/Th2 index was calculated according to a previously reported equation: ([lgG2a +
1gG3]/2)/(IgG1) for each group.1*

Measurement of Brain Nicotine in Mice.

On day 120, mice either injected with PBS buffer or nicotine vaccines were subcutaneously
administered with nicotine (0.07 mg/kg). All mice were sacrificed 4 min after injection of
nicotine, and the brain tissues were collected. Brain nicotine concentrations were assayed by
gas chromatography/mass spectrometry according to a method reported before.16:40

Histopathological Examination.

On day 120, major organs, including heart, liver, kidney, stomach, lung, and spleen were
harvested from mice and fixed in 10% buffered formalin. These organs were treated with
H&E staining according to the method described in previous studies.1416:40 Tissue sections
were examined with an Olympus CKX41 Inverted Microscope, and images were captured
using an INFINITY 1 camera,14.16:40

Data Analysis.

As described in a previous study, data were compared among groups using one way ANOVA
and rtests.14
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Figurel.
Physiochemical properties of nano vaccines. (A) Physiochemical properties of the PLGA

vaccine and the PLA vaccine. (B) TEM images of vaccine particles. The scale bars represent
200 nm
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Figure 2.

Cegllular uptake and processing of nicotine vaccine particles by DCs. Two million DCs were
incubated with 0.5 mg of PLGA nicotine vaccine or PLA nicotine vaccine, of which the lipid
layer was labeled with NBD (green) and the KLH was labeled with Alexa 647 (Red), for 30,
60, and 120 min, respectively. The uptake and processing of vaccine particles by the DCs
were quantitatively and qualitatively studied using a BD FACSARIA flow cytometer and an
Amnis ImageStream flow cytometer, respectively. (A) The percentages of the cells that took
up the PLGA and PLA vaccine particles within 120 min. (B) NBD and Alexa 647 median
intensities from the cells that were incubated with the vaccine particles for a given period

of time. (C) Representative images of processing of vaccine particles in the DCs. The scale
bars represent 10 4m. *** denotes that significantly more PLA vaccine was taken up by DCs
than PLGA vaccine at 120 min.
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Figure 3.

In vitro degradation of PLGA and PLA vaccine particles. Two milligrams of PLGA or PLA
vaccine particles that were suspended in 1 mL human serum (5% v/v, pH 7.4) was placed
in a Spectra/Por Float-A-Lyzer G2 dialysis device and dialyzed against 30 mL of human
serum (5% v/v, pH 7.4) at 37 °C. (A) Cumulative release of KLH from PLGA and PLA
nicotine vaccines (left) and the remaining Alexa 647 fluorescence in the vaccine particles
at given time points (right). (B) TEM images of vaccine particles after incubation in human
serum for 30 days. The scale bars represent 200 nm. *** denotes that the amount of KLH
release from the PLA vaccine was significantly less than that from the PLGA vaccine at the

indicated time points.
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Figure 4.
In vivo degradation of vaccine particles in mice. The protein antigen KLH in the vaccine

was labeled with Alexa 750 and 2 mg of the PLGA vaccine, or the PLA vaccine was
subcutaneously injected into female BALB/c mice. The degradation of the vaccine particles
in the mice was monitored using an 1VIS SpectrumCT. (A) The fluorescence image of
vaccine particles at the SOI. (B) The relative amount of nondegraded vaccine particles at
the SOI. *** denotes that the amount of remaining PLA nicotine vaccine was significantly
higher than that of the PLGA nicotine vaccine at the SOI.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 June 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hu et al.

b PZAGroup1 —si— @ EE— .
& 70000 B oo F o 0000
+ 60000 E=Group3 S st -
©, 50000 B crewns ' [ SF (915000
"o 40000| B Group 6 ? we it D
E 30000 é oo '210000
Ll — 2
& 20000 é Z 5000
< 10000 P E 2

0! Pr—m— ] <

Day13 Day27 Day42 Day118
& 10000 & 2000
- **;7 = I E
= 8000
o 2 1500
g 6000 (0]
> 21000
=’ 4000 o
- Z 500
Z 2000 <
—— L
€ 0 <
L 5rouP rouP ZrouP 3 ouP & ouP 2cour ©
+ 8000 —
s, EX X
- 6000 —*
o
2 4000
02
Z 2000 .
=
e
e R e Mg
G(o\.\P G‘-o\,\\) G‘o\\? G\—o\.\p G‘o\\p G‘o\\p 0.0
Figureb.

0
G‘ouP ‘\G‘O“p 'éfo\“’ %‘o\m é‘oup %‘oup J

Page 21

0
G‘-o\.\P 3;‘.0\.\9 ’é\-o\.\p %‘oup g‘o\“’ %‘oup 8

25
RRRRKLS

3RS

02 04 06 08 1.0
Th1/Th2 index

Titers of anti-Nic 1gG, 1gG1, 1gG2a, 1gG2b, and IgG3 and the Th1/Th1l index. Eight female
BALB/c mice in each group were injected on days 0 (primary injection), 14 (first booster),
and 28 (second booster) with either the PLGA vaccine or the PLA vaccine as shown in Table
1. Titers of anti-Nic 1gG were measured for blood collected from each immunized group on
days 13, 27, 42, and 118. Titers of subtype antibodies, including 1gG1, 1gG2a, IgG2b, and
1gG3, were measured for blood collected from each group on day 118. The Th1/Th2 index,
which represented the polarization of the immune response, was calculated according to the
titers of subtype 1gGs. ** indicates that the p-value was less than 0.05, and *** indicates that
the p-value was less than 0.01.
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Figure 6.

Brain nicotine concentrations. All mice that were treated with either nicotine vaccines

or PBS buffer were subcutaneously administered with 0.07 mg/kg nicotine on day 120,

and the brain nicotine concentrations were measured. *** denotes that the brain nicotine
concentration in group 3 was significantly lower than that of the control (P-value is less than
0.05). ## denotes that the brain nicotine concentrations in groups 1, 2, 4, 5, and 6 were not
significantly different from that of the control.
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Safety of nicotine vaccines on mice. The body weight of the mice was monitored throughout

the study, and the mice that received either the PBS buffer or nicotine vaccines were

sacrificed on day 120. The major organs of mice, including heart, liver, spleen, lung, kidney,
and stomach were harvested for a safety study. (A) Body weight of mice. (B) H&E staining

of the sections of mice organs. Scale bars represent 200 ym.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 June 23.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Hu et al.

Table 1.

Schedule of Immunization with Nicotine Vaccines in Mice

control
group 1
group 2
group 3
group 4
group 5
group 6

1st injection 1st booster
PBS buffer PBS buffer
PLGA vaccine  PLGA vaccine
PLA vaccine PLA vaccine
PLGA vaccine  PLGA vaccine
PLA vaccine PLA vaccine
PLGA vaccine  PLA vaccine

PLA vaccine PLGA vaccine

2nd booster
PBS buffer
PLGA vaccine
PLA vaccine
PLA vaccine
PLGA vaccine
PLA vaccine

PLGA vaccine
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