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Herewe report the development of a new cationic liposome–hyaluronic acid (HA) hybrid nanoparticle (NP) sys-
tem and present our characterization of these NPs as an intranasal vaccine platform using a model antigen and
F1-V, a candidate recombinant antigen for Yersinia pestis, the causative agent of plague. Incubation of cationic li-
posomes composed of DOTAP and DOPE with anionic HA biopolymer led to efficient ionic complexation and for-
mation of homogenous liposome–polymer hybrid NPs, as evidenced by fluorescence resonance energy transfer,
dynamic light scattering, and nanoparticle tracking analyses. Incorporation of cationic liposomes with thiolated
HA allowed for facile surface decoration of NPs with thiol-PEG, resulting in the formation of DOTAP/HA core-
PEG shell nanostructures. These NPs, termed DOTAP–HA NPs, exhibited improved colloidal stability and
prolonged antigen release. In addition, cytotoxicity associatedwith DOTAP liposomes (LC50 ~ 0.2mg/ml)was sig-
nificantly reduced by at least 20-fold with DOTAP–HANPs (LC50 N 4mg/ml), asmeasuredwith bonemarrow de-
rived dendritic cells (BMDCs). Furthermore, NPs co-loaded with ovalbumin (OVA) and a molecular adjuvant,
monophosphoryl lipid A (MPLA) promoted BMDC maturation and upregulation of co-stimulatory markers, in-
cluding CD40, CD86, and MHC-II, and C57BL/6 mice vaccinated with NPs via intranasal route generated robust
OVA-specific CD8+ T cell and antibody responses. Importantly, intranasal vaccination with NPs co-loaded with
F1-V andMPLA induced potent humoral immune responses with 11-, 23-, and 15-fold increases in F1-V-specific
total IgG, IgG1, and IgG2c titers in immune sera by day 77, respectively, and induced balanced Th1/Th2 humoral
immune responses, whereasmice immunizedwith the equivalent doses of soluble F1-V vaccine failed to achieve
sero-conversion. Overall, these results suggest that liposome–polymer hybrid NPsmay serve as a promising vac-
cine delivery platform for intranasal vaccination against Y. pestis and other infectious pathogens.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Synthetic nanoparticles (NPs) are promising delivery systems for
subunit vaccines composed of peptides, recombinant proteins, or DNA
[1–3]. Advantages of particulate vaccines include efficient encapsulation
of antigens, shielding of antigens from rapid enzymatic degradation,
and ability to co-deliver antigens with molecular adjuvants to antigen-
presenting cells (APCs), thus promoting cellular and humoral immune
responses [3]. Among particulate vaccine delivery systems, liposomes
of various lipid compositions have beenwidely investigated as potential
vaccine carriers. In particular, cationic liposomes composed of 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP) have been exten-
sively studied as they can readily form nano-complexes with anionic
peptides, proteins, and plasmid DNA encoding for antigens and gener-
ate T and B cell immune responses in vivo [4–8]. Despite significant
, Ann Arbor, MI 48109, USA.
advances made in this field, there are still several major challenges
remaining for liposomal vaccines, including cytotoxicity of cationic
liposomes that can negatively impact immune responses at high
concentrations as well as their suboptimal in vivo stability for delivery
of biomacromolecules [6–10]. We previously addressed some of these
issues by developing a new lipid-based NP system formed by divalent
cation-induced liposomal fusion into multilamellar vesicles and subse-
quent cross-linking of apposing lipid layers via maleimide–thiol reac-
tion [11]. The resulting NPs released cargo protein in a stable manner
and elicited robust humoral and cellular immune responses [11–13].
As an alternative approach to producing stable vaccine delivery sys-
tems, here we aimed to synthesize lipid–biopolymer hybrid NPs by
exploiting ionic charge interactions between liposomes and hyaluronic
acid (HA), which is a biodegradable polymer that has been shown to
form complexes with liposomes [14] and investigated as a vaccine de-
livery agent [15–17]. Specifically, we utilized ionic complexation be-
tween cationic DOTAP-based liposomes and anionic HA-based
biopolymers to form DOTAP–HA hybrid NPs, which were then
surface-decorated with poly(ethylene glycol) (PEG), resulting in the
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formation of DOTAP/HA core-PEG shell NPs. We report here that these
NPs may serve as a promising vaccine delivery platform for intranasal
vaccination.

Yersinia pestis, a causative agent of pneumonic plague, is a Category
A bioterrorism bacterial agent that can be easily transmitted through
pulmonary inhalation, potentially causing a death rate near 100%within
a week of infection [18]. However, there are currently no available vac-
cine products against pneumonic plague. Therefore, it is of high priority
to develop a protective plague vaccine. For vaccination against Y. pestis,
intranasal route of immunization is attractive due to ease of vaccine ad-
ministration and rapid deployment in the time of imminent biological
threat. In addition, nasal cavity is characterized by highly permeable
nasal epithelium for absorption of biomolecules and high frequency of
immune cells within nasal-associated lymphoid tissues [19]. Thus,
nasal vaccination against Y. pestis may drive induction of local mucosal
immune responses in the airway to prevent initial pneumonic infection
while simultaneously eliciting systemic immune responses to inhibit
transmission of bacterial infection. In particular, F1-V, a recombinant fu-
sion protein of fraction 1 pilus and LcrV antigen from Y. pestis, has been
demonstrated to be a promising candidate for plague vaccine in a num-
ber of previous studies [18,20]. In addition, F1-V in combination with
various types of adjuvants [21] or nanocarriers [22,23] has been
shown to promote prophylactic humoral immune responses against
Y. pestis.

In this study, we report the development of a new liposome–polymer
hybrid NP system and our initial characterization of these NPs as an intra-
nasal vaccine platform using a model antigen as well as F1-V. We show
that DOTAP liposomes can be readily incorporated with thiolated HA
(HA-SH) by promoting ionic complexation between DOTAP and HA-SH.
The resulting DOTAP–HA NPs were further stabilized by reacting the
HA-SH layer on the outer shell with thiolated PEG (PEG-SH), generating
stable DOTAP/HA core-PEG shell NPs (Fig. 1). Importantly, cytotoxicity
Fig. 1. Schematic illustration of thiolation of hyaluronic acid
of DOTAP liposomes in BMDCs (LC50 ~ 0.2 mg/ml) was significantly re-
duced by at least 20-fold (LD50 N 4 mg/ml) for DOTAP–HA NPs. In addi-
tion, toll-like receptor (TLR) 4 agonist, MPLA [24], was chosen as a
molecular adjuvant for both the model antigen OVA and F1-V. DOTAP–
HA hybrid NPs co-loaded with antigens and MPLA promoted maturation
of BMDCs in vitro and effectively stimulated antigen-specific cellular and
humoral immune responses in vivo after intranasal vaccination, suggest-
ing their potency as a promising nasal vaccine platform against infectious
pathogens.

2. Materials and methods

2.1. Reagents

Lipids including 1,2-dioleoyl-3-trimethylammonium propane
(DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),
nitrobenzoxadiazole (NBD)-labeled DOPE (DOPE-NBD), rhodamine
(Rhod)-labeled DOPE (DOPE-Rhod), and MPLA were all purchased
form Avanti Polar Lipids (Alabaster, AL). Sodium hyaluronate (HA) and
2 kDa PEG-SH were from Lifecore Biomedical (Chaska, MN) and Laysan
Bio (Arab, AL), respectively. L-cysteine, N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
5,5′-Dithiobis(2-nitrobenzoic acid) (DTNB) and chloramine T were ob-
tained from Sigma-Aldrich (St. Louis, MO). Ovalbumin (OVA) and F1-V
were obtained fromWorthington (Lakewood, NJ) and NIH BEI Resources
(Manassas, VA), respectively. RPMI 1640media, fetal bovine serum (FBS),
penicillin–streptomycin, β-mercaptoethanol, ACK lysis buffer and Texas
Red N-hydroxysuccinimide ester were from Life Technologies (Grand Is-
land, NY). Granulocyte macrophage colony stimulating factor (GM-CSF)
was the product of PeproTech (Rocky Hill, NJ). Rat anti-mouse CD16/32,
CD86-PE, CD40-APC, and MHC Class II-FITC were from eBioscience (San
Diego, CA). Rat anti-mouse CD8-APC, hamster anti-mouse CD11c-PE-
and formation of lipid–polymer hybrid nanoparticles.
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Cy7 were from BD Bioscience (San Jose, CA). iTAg tetramer/PE— H-2 Kb
OVA (SIINFEKL) was purchased from Beckman Coulter (Brea, CA).
Zymax Rabbit anti-mouse IgG and HRP Rat anti-mouse IgG1 were
purchased from Invitrogen (Grand Island, NY), and Goat anti-mouse
IgG2c was from Southern Biotech (Birmingham, AL). 3.3′,5.5′-
tetramethylbenzidine (TMB) substrate solution was purchased from
Thermo Scientific (Waltham, MA).

2.2. Thiolation of hyaluronic acid

Thiolated HA was synthesized by conjugation of HA with L-cysteine
via EDC/NHS reaction. Briefly, 200mgHAwas dissolved by 20ml deion-
ized water containing 200mM EDC and NHS. The pHwas then adjusted
to 5 with 1 M HCl. The reaction mixture was stirred for 0.5 h, followed
by addition of 400 mg L-cysteine and stirring at room temperature for
another 4 h. The thiolated HA (HA-SH) was purified by dialysis
(MWCO 10 kDa) against dilute HCl (pH 5), 0.9% NaCl in dilute HCl,
and then dilute HCl again. Finally, the dialyzed sample was lyophilized
and stored at −80 °C. The free thiol content of HA-SH was measured
by Ellman's assay as previously reported [16,17].

2.3. Preparation of liposomes and liposome–polymer hybrid NPs

DOTAP and DOPE (each 0.5 mg) were dissolved in chloroform,
followed by solvent evaporation to form lipid film. The dried lipid film
was hydrated with 0.2 ml deionized water at room temperature for
1 h with intermittent vortex, followed by addition of varying amounts
of HA or HA-SH and incubation for 1 h. Next, 0.1 ml PEG-SH solution
(5 mg/ml in 10 mM HEPES buffer, pH 7.4) was added and the pH was
adjusted to 8with 1Msodiumhydroxide. Then 50 μl of chloramine T so-
lution (50 mM in HEPES buffer, pH 7.4) was added to induce thiol-
mediated conjugation of PEG-SH onto HA-SH. After 1 h incubation at
room temperature, the resulting particles were collected by centrifuga-
tion at 20,000 ×g for 10 min, washed with PBS, resuspended in 0.2 ml
PBS, briefly sonicated, and stored at 4 °C till use. In some cases, the initial
lipid film was prepared along with 2.9 μg of MPLA, and hydrated with
solution containing 200 μg of OVA to synthesize OVA/MPLA-loaded
DOTAP–HA NPs. Since MPLA with hydrophobic acyl chains has been
previously shown to be efficiently incorporated into liposomes and
lipid-based nanoparticles via self-assembly into lipid membranes [11,
25], we assumed 100% loading efficiency for MPLA in DOTAP–HA NPs.
Encapsulation efficiency of OVA into NPs was determined to be 11 ±
1.8%, as assessed by running the samples through SDS-PAGE, followed
by Coomassie staining and densiometry measurement.

Particle samples were dilutedwith deionized water or PBS, followed
by size and zeta potential measurements by dynamic light scattering
(DLS, ZetasizerNano ZSP,Malvern, UK). In addition, detailedNP size dis-
tribution and NP concentration were obtained by nanoparticle tracking
analysis (NTA, NanoSight NS300, Malvern, UK) as reported previously
[26]. PEG content in the final particle was determined by complexation
of PEGwith barium iodide as reported previously [27,28]. Briefly, 200 μl
of 5% (w/v) barium chloride dissolved by 1 M hydrochloride acid and
100 μl of iodide solution containing 0.05M iodine and 2% (w/v) potassi-
um iodide were added to 800 μl of ×200 diluted particle suspension,
followed by an incubation at room temperature for 15min. Absorbance
at 535 nmwas measured for PEG quantification. The dry weight of par-
ticles after lyophilization was measured to report the PEG content in
μmol/g of particles. For the in vitro release study, OVA was labeled
with Texas Red N-hydroxysuccinimide ester and encapsulated into
DOTAP–HA NPs. NPs were resuspended in phenol red-free RPMI 1640
supplemented with 10% FBS, loaded in dialysis cassettes (MWCO
300 kDa), and incubated at 37 °C under constant shaking. Release
media were collected at pre-determined time points during 3 weeks,
followed by fluorescence measurement with excitation and emission
wavelengths of 585/615 nm using a microplate fluorometer (Synergy
Neo, BioTek, USA). The extent of polymer-induced liposomal fusion
was assessed by the fluorescence resonance energy transfer (FRET)
method [29,30]. Briefly, liposomes incorporating 5 mM DOPE-NBD
(donor) or DOPE-Rhod (acceptor) were prepared separately, then
mixed at 1:1 volume ratio, followed by addition of varying amounts of
HA. After incubation at room temperature for 1 h, the samples were di-
luted 200 times and fluorescence intensity was measured by a micro-
plate fluorometer with excitation at 480 nm and emission filters set at
540 nm and 600 nm. FRET indexwas calculated as fluorescence intensi-
ty at 600 nm divided by that at 540 nm [31].

2.4. Preparation of BMDCs

BMDCswere prepared as described previously [32]. Briefly, femur and
tibia were harvested from C57BL/6 mice, and cells were collected by
flushing bone marrow with a syringe and passing the cell suspension
through a cell strainer (mesh size = 40 μm). After centrifugation, cells
were seeded into non-tissue culture treated petri-dish at a density of
2 × 106 cells/dish and cultured in DC culture media (RPMI 1640 supple-
mented with 10% FBS, 1% penicillin–streptomycin, 50 μM β-
mercaptoethanol, and 20 ng/ml GM-CSF) at 37 °C with 5% CO2. Culture
media were refreshed on days 3, 6 and 8, and BMDCs were used on
days 10–12.

2.5. Activation and viability of BMDCs

BMDCs were seeded at a density of 8 × 105 cells/ml into 12-well
plates and cultured overnight. Cells were incubated with culture
media, liposomes, or liposome–polymer hybrid NPs encapsulating
5 μg/ml of OVA, with or without 0.58 μg/ml of MPLA at 37 °C for 2 h,
followed by washing with PBS and overnight culture. BMDCs were har-
vested, incubated with anti-CD16/32 at room temperature for 10 min,
and then stained with fluorescent probe-labeled antibodies against
CD11c, CD40, CD86, andMHC II at room temperature for 30min. Finally,
cells were washed and resuspended in 2 μg/ml DAPI solution and ana-
lyzed by flow cytometry (Cyan 5, Beckman Coulter, USA). BMDC viabil-
ity following different treatments was measured by CCK-8 kit [33].
Briefly, BMDCs were seeded into 96-well plates (40,000 cells/well)
and cultured overnight. Cells were then incubated with liposomes or
liposome–polymer hybrid NPs encapsulating OVA, with or without
MPLA, with various lipid concentrations. Following 2 h incubation at
37 °C, cells were washed by PBS and cultured overnight. Finally, cells
were incubated with CCK-8 reagent for 2 h at 37 °C and OD450 was
measured with a microplate reader.

2.6. In vivo immunization studies

All in vivo experiments were performed under approval from
Institutional Animal Care and Use Committee (IACUC) at University of
Michigan. Female, 6-week old C57BL/6 mice (The Jackson Laboratory,
USA)were randomly divided into 3 groups (n=3–7) and administered
with PBS, OVA plus MPLA solution, or hybrid NPs co-encapsulating OVA
and MPLA via intranasal route of immunization. Intranasal vaccination
was performed by anesthetizing mice with isoflurane and administer-
ing both nostrils with a total vaccine dose of 50 μg of OVA and 0.58 μg
of MPLA in 20–40 μl per mouse. A booster dose was given on day 28
after the prime vaccination. Sera samples were collected on days 21
and 49 for ELISA analysis. We also assessed the frequency of OVA-
specific CD8+ T cells among peripheral blood mononuclear cells
(PBMCs) on day 7 post-vaccination aswe recently reported [34]. Briefly,
blood samples were collected by retro-orbital bleeding, lysed with ACK
lysis buffer, followed by centrifugation to collect pellets, which were
then blocked by CD16/32 blocking antibody and incubated with PE la-
beled SIINFEKL tetramer for 30min on ice. Sampleswere then incubated
with anti-CD8-APC for 20min on ice. Cells werewashed and resuspend-
ed in 2 μg/ml DAPI solution for analysis by flow cytometry.



Fig. 3. Ionic complexation of DOTAP liposomes and HA. DOTAP liposomes were separately
preparedwith NBD- or Rhod-labeled lipid, followed by addition of various amounts of HA.
The efficiency of FRET was measured with respect to the control liposomes without HA.
Results are means ± SEM (n= 3).

Fig. 2. Characterization of liposomes interacting with varying amounts of HA polymer. HA in varying amounts was added per 1 mg of DOTAP:DOPE liposomes, and particle size (a), PDI
(b) and zeta potential (c) were measured. Results are reported as mean ± SEM (n= 3).
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In vivo biodistribution of antigen was investigated by injecting
C57BL/6 mice (n = 3 per group) with PBS or 50 μg of Texas Red-
labeled OVA either in free soluble or NP forms via intranasal or intrave-
nous tail vein administration, and visualizing fluorescence signal from
the major organs (e.g. heart, lungs, spleen, liver, and kidneys) with a
Xenogen IVIS Spectrum Imaging System at 4 h post-administration.

For studies with F1-V, mice (n = 4) were intranasally immunized
with F1-V plus MPLA solution or hybrid NPs co-encapsulating F1-V
and MPLA. The doses for prime vaccination on day 0 and 1st booster
vaccination on day 28 were 1 μg F1-V and 0.58 μg MPLA per mouse,
while the 2nd booster dose given on day 56 was increased to 5 μg F1-
V and 2.9 μg MPLA per mouse. Sera samples were collected on days 0,
7, 21, 35, 49, 63 and 77 post the prime dose.

2.7. Enzyme linked immunosorbent assay (ELISA)

ELISA was used to determine sera anti-OVA or anti-F1-V antibody
titers post-immunization. Microtiter plate was coated with OVA
(1 μg/well) or F1-V (200 ng/well) dissolved in carbonate–bicarbonate
buffer (pH 9.6) at 4 °C overnight. Wells were washed and blocked by 1%
BSA for 2 h, followed by incubationwith serially diluted sera at room tem-
perature for 1 h, incubation with HRP-conjugated anti-IgG, IgG1 or IgG2c

for another hour, and colorization with TMB substrate solution for
5 min. The reaction was stopped by 2 M H2SO4, and absorbance at
450 nmwas measured by a microplate reader.

2.8. Statistical analysis

Data were analyzed by one- or two-way analysis of variance
(ANOVA), followed by Bonferroni's test for comparison of multiple
groups with Prism 5.0 (GraphPad Software). p values less than 0.05
were considered statistically significant. All values are reported as
means ± SEM with at least triplicate data points.

3. Results

3.1. Lipid–polymer hybrid NPs formed by ionic complexation of DOTAP
liposomes and HA

Liposome–polymer hybrid NPs were synthesized by utilizing ionic
complexation of positively charged liposomes and negatively charged
HA. As shown in Fig. 2a, the initial liposomes hydrated from lipid films
composed of DOTAP and DOPE (henceforth referred to as DOTAP lipo-
somes) had the particle size of 91.4 ± 0.4 nm. As an increasing amount
of HA was added to the unilamellar liposomes, their size gradually in-
creased, reaching 164.0 ± 1.4 nmwith 150 μg HA added per 1 mg of li-
posome suspension. Addition of more than 300 μg of HA caused non-
homogeneous aggregation shown by abrupt increase in particle sizes
(Fig. 2a) and PDI values (Fig. 2b). Similarly, zeta potential of the lipid–
polymer hybrid particles maintained values ranging from 47 to 55 mV
with 0–150 μg HA added per 1 mg of liposome suspension (Fig. 2c).
Addition of ≥300 μg of HA sharply decreased the surface charge of
lipid–polymer hybrid particles, with their zeta potential readings
reaching negative values with HA ≥ 1000 μg.

Ionic complexation between DOTAP liposomes and HA biopolymer
was further assessed by FRET assay, in which the efficiency of resonance
energy transfer was measured between fluorescent NBD- (donor) and
rhodamine- (acceptor) lipids initially on separate DOTAP liposomes
and intermixed after addition of varying amounts of HA. As shown in
Fig. 3, addition of even 25 μgHA into liposomal suspension efficiently in-
duced fusion of liposomes. The extent of fusion was decreased when
more than 150 μg of HAwas added to the batch of liposomes, suggesting
that excess HAwith anionic charge may reduce the extent of liposomal
fusion by coating the external surfaces of cationic DOTAP liposomes.
Based on the ability to induce ionic complexation between DOTAP lipo-
somes and HA and form lipid–polymer hybrid NPs with homogeneous
size, we chose to synthesize the hybrid NPs with 100 μg of HA for the
subsequent studies.

3.2. PEGylated DOTAP–HA NPs exhibit colloidal stability and allow steady
antigen release

In order to coat the external surfaces of liposome–HA hybrid parti-
cles with hydrophilic PEG shell, we introduced free sulfhydryl groups
to HA by EDC-mediated reaction between carboxylic groups in HA and
amine group in L-cysteine (Fig. 1). Ellman's assay indicated that
thiolated HA contained 313.8 ± 1.8 μmol/g of free sulfhydryl groups.
Analyses of DOTAP liposomes incorporated with varying amounts of
thiolated HA showed similar trends in terms of particle size, PDI, and
zeta potential values as in Fig. 2 (data not shown), indicating that intro-
duction of sulfhydryl groups in HA did not significantly alter the ability



Table 1
Characterization of DOTAP–HA NPs. Results are reported as mean ± SEM (n= 3).

Size (nm) PDI Zeta potential (mV) PEGylation efficiency (%) PEG content (μmol/g particle)

Blank DOTAP–HA NPs 190 ± 1.3 0.184 ± 0.002 −16.8 ± 0.07 24 ± 5 47 ± 4
OVA-loaded DOTAP–HA NPs 250 ± 12 0.247 ± 0.005 −15.1 ± 0.9 22 ± 0.9 51 ± 13
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of biopolymer to form complexation with DOTAP liposomes. DOTAP li-
posomes incorporated with 100 μg of thiolated HA were PEGylated by
incubation with 2 kDa MW thiol-PEG in the presence of an oxidizing
agent, chloramine T, and the resulting NPs (henceforth referred to as
DOTAP–HA NPs) were analyzed for their size and surface charge with
Zetasizer Nano, as presented in Table 1. We measured the PEG content
in DOTAP–HANPs by assessing complexation of PEGwith barium iodide
as reported previously [27,28], and the results indicated that ~24% of
thiol-PEG initially added to the particle suspension was conjugated on
the surfaces of DOTAP–HA NPs with PEG concentration of 47 ±
4 μmol per gramof particles (Table 1).We also carried out similar assays
with DOTAP–HA NPs loaded with OVA, and the results showed that in-
corporation of OVA led to modest increases in particle size and PDI,
whereas PEGylation efficiency and PEG content remained similar.

In addition, we performed more detailed size distribution analyses
on DOTAP–HA NPs with nanoparticle tracking analysis (NTA), which
has been reported to be a more accurate analytical tool than DLS analy-
sis for assessing particle size distribution [26]. The number distribution
of particle size as measured with NTA indicated homogenous popula-
tion of particles with the average diameter of ~210 nm for both blank
DOTAP–HA NPs and OVA-DOTAP–HA NPs (Fig. 4), thus corroborating
the results of the DLS analyses of the particles.

Notably, DOTAP liposomes loaded with OVA immediately formed
aggregates after resuspension in PBS (data not shown), whereas OVA-
DOTAP–HA NPs stably maintained their size distribution even after
3 days of incubation at 37 °C (Fig. S1). Next, we examined antigen re-
lease from DOTAP–HA NPs loaded with Texas Red-labeled OVA (we
omitted the DOTAP liposome group due to aggregation).When incubat-
ed in 10% FBS containing media at 37 °C, OVA-DOTAP–HA NPs steadily
released ~40% of encapsulated OVA over 3weeks, demonstrating stabil-
ity of the NPs (Fig. 5).
Fig. 4. Nanoparticle tracking analysis of DOTAP–HA NP. Representative NTA video frame (left
scattering intensity vs. particle concentration) are shown for blank and OVA-containing DOTAP
3.3. Activation of BMDCs with adjuvant-loaded DOTAP–HA NPs

Maturation of dendritic cells (DCs) involves up-regulation of a series
of cell surface markers [35], including co-stimulatory molecules CD40
and CD80/86, and MHC-II responsible for antigen presentation to
CD4+ T cells. We investigated DC activation by incubating BMDCs
with different particle formulations (Fig. 6). After overnight culture,
BMDCs exhibited minor increase in the expression levels of CD86 and
MHC-II after treatment with OVA-DOTAP liposomes. Treatment with
OVA-DOTAP–HA NPs also led to slight increase in the expression levels
of MHC-II, indicating low immunogenicity of particles without any dan-
ger signals. To promote DC maturation, we incorporated MPLA, a FDA-
approved TLR4 agonist, into DOTAP–HA NPs by adding MPLA into the
initial lipid film prior to hydration. Compared with OVA-DOTAP–HA
NPs, DOTAP–HA NPs co-loaded with OVA and MPLA significantly up-
regulated CD40 (Fig. 6a), CD86 (Fig. 6b) andMHC-II (Fig. 6c) on DCs, in-
dicating the immunostimulatory property of MPLA-loaded DOTAP–HA
NPs.
3.4. Enhanced biocompatibility DOTAP–HA NPs, compared with DOTAP
liposomes

One of themajor concerns of using DOTAP as a delivery vehicle is its
widely reported cytotoxicity [9,10]. To compare cytotoxicity of DOTAP
liposomes and DOTAP–HANPs, we pulsed BMDCswith various concen-
trations of OVA-DOTAP liposomes or OVA-DOTAP–HA NPs with or
without MPLA. Measurement of cell viability after overnight culture in-
dicated that OVA-DOTAP liposome formulations with or without MPLA
induced significant BMDC cytotoxicity with 50% of cell death observed
at LC50 value of ~0.2 mg/ml (Fig. 7). In contrast, BMDCs were able to
panel), size distribution (middle panel), and 3D graph (right panel showing size vs. light
–HA NPs.



Fig. 5. Steady release of protein antigen fromDOTAP–HANPs. DOTAP–HANPs encapsulat-
ing Texas Red-labeled OVA were loaded in dialysis cassettes (MWCO 300 kDa) and incu-
bated in RPMI 1640 supplemented with 10% FBS at 37 °C under constant shaking.
Protein release was quantified by measuring fluorescence intensity of release media
over 3 weeks with excitation/emission wavelengths of 585/615 nm. Results are
mean ± SEM (n = 3).
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tolerate at least 20-fold higher concentration of lipids in OVA-DOTAP–
HA NPs (LC50 N 4 mg/ml). In addition, BMDCs exhibited similar levels
of viability when incubated with DOTAP–HA NPs with or without
PEGylation (Fig. S2). These results showed that ionic complexation of
DOTAP liposomes with HA biopolymer significantly enhanced their
biocompatibility. Overall, liposome-HA hybrid NPs potently activated
DCs with significantly reduced cytotoxicity, compared with DOTAP
liposomes.

3.5. Vaccination with DOTAP–HA NPs elicits adaptive immune responses

Next, we investigated the induction of humoral and cellular immune
responses after intranasal delivery of OVA and MPLA in either soluble
form or DOTAP–HA NPs. C57BL/6 mice were immunized with 50 μg of
OVA and 0.58 μg of MPLA either in solution or DOTAP–HA NPs via
intranasal administration on days 0 and 28. Immune serawere collected
on days 21 and 49, 3 weeks post-prime and boost, respectively, and
analyzed for OVA-specific IgG responses with ELISA. Immunization
with OVA/MPLA-DOTAP–HA NPs elicited significantly enhanced OVA-
specific IgG responses, compared with immunization with soluble vac-
cines (Fig. 8a). Among IgG subtypes, a robust level of OVA-specific
IgG1 response was observed in mice immunized with OVA/MPLA-
Fig. 6.MPLA-loadedDOTAP–HANPs inducematuration of BMDCs. BMDCswere pulsedwith DO
for 2 h at 37 °C. After overnight culture, expression levels of CD40 (a), CD86 (b) andMHC-II (c)w
control. **p b 0.01 and ***p b 0.001, as analyzed by one-way ANOVA followed by Bonferroni's te
(n = 6).
DOTAP–HA NPs (Fig. 8b); however, IgG2c responses were not detected
in any of the groups (Fig. 8c), indicating strong skewing toward Th2
over Th1 humoral immune responses with the OVA antigen.

We also examined elicitation of OVA-specific cellular immune
responses by assessing the frequency of OVA-specific CD8+ T cells
among PBMCs on day 7 after vaccination (Fig. 9). Compared with the
PBS group, vaccination with DOTAP–HA NPs significantly increased
the frequency of OVA-specific CD8+ T cells among PBMCs as measured
with fluorophore-conjugated tetramer with OVA257–264 (SIINFEKL) in
the context of H-2Kb. Although the difference was not statistically sig-
nificant, there was a trend for increased OVA-specific CD8+ T cell re-
sponses in the DOTAP–HA NP group, compared with the soluble
vaccine group. Overall, intranasal vaccination with DOTAP–HA NPs en-
hanced both B- and T-cell immune responses, comparedwith the equiv-
alent dose of soluble vaccines.

In addition, we examined whether intranasal vaccination leads to
systemic delivery of vaccine components. C57BL/6 mice were adminis-
teredwith Texas Red-labeled OVA in either free soluble form or DOTAP–
HA NPs, and after 4 h we examined the heart, lungs, spleen, liver, and
kidneys for the presence of OVA by measuring the fluorescence signal.
We did not detect any accumulation of OVA in any of the major organs
after intranasal vaccination with free OVA or OVA-DOTA–HA NPs
(Fig. S3). In contrast, as we expected, intravenous injection of the
same dose of OVA-DOTAP–HA NPs resulted in robust accumulation in
the liver. These results suggest that there is minimal penetration of vac-
cine components into systemic compartments after intranasal adminis-
tration, at least for the time window that we examined in our studies.

3.6. Intranasal vaccination with DOTAP–HA NPs elicits robust humoral
immune responses against F1-V

DOTAP–HANPswere also used to deliver F1-V via intranasal route of
vaccination. C57BL/6 mice were immunized with F1-V andMPLA either
in soluble form or DOTAP–HANPs, and the immune sera were analyzed
for F1-V specific antibody titers. The prime and first boost doses given
on day 0 and 28 contained 1 μg F1-V and 0.58 μg MPLA per mouse. Al-
though there was a detectable increase in anti-F1-V IgG titers after the
first boost immunization, due to low overall IgG responses, we decided
to increase the second booster dose to 5 μg F1-V and 2.9 μg MPLA per
mouse to ensure sero-conversion and to more clearly distinguish the
potency of soluble vs. particulate vaccine formulations. After the second
booster doses, the hybrid NP delivery system elicited substantially
higher F1-V-specific total IgG titers, compared with soluble F1-V vac-
cines (11-fold increase on day 77, p b 0.0001, Fig. 10a). Analyses of F1-
V-specific IgG1 (Fig. 10b) and IgG2c (Fig. 10c) responses also revealed
TAP liposomes or DOTAP–HANPswith 5 μg/ml of OVAwith orwithout 0.58 μg/ml ofMPLA
eremeasured byflowcytometry. BMDCs treatedwith culturemedia served as thenegative
st for comparison ofmultiple groups. Results are mean fluorescence intensity (MFI)± SEM



Fig. 9. Vaccination with DOTAP–HA NPs elicits antigen-specific cellular immune re-
sponses. C57BL/6 mice were immunized via intranasal route with PBS or OVA and MPLA
either in free soluble form or in DOTAP–HA NPs (OVA dose: 50 μg/mouse; MPLA dose:
0.58 μg/mouse). PBMCs were collected on day 7 and analyzed for OVA-specific CD8+ T
cells by tetramer staining and flow cytometry. **p b 0.01 in comparison to PBS control,
as analyzed by one-way ANOVA, followed by Bonferroni's test for comparison of multiple
groups. Results are reported as mean ± SEM (n = 7).

Fig. 7. Cytotoxicity of DOTAP liposomes and DOTAP–HA NPs. BMDCs were pulsed with
OVA-DOTAP liposomes or OVA-DOTAP–HA NPs with or without MPLA for 2 h at 37 °C.
After overnight culture, BMDC viability was measured with a CCK-8 kit and reported as
the percentage of viable BMDCs relative to the media treatment control group. Results
are reported as mean ± SEM (n= 3).
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similar trendwith 23-fold (p b 0.05) and 15-fold increases (p b 0.001) in
sera titers on day 77, compared with immune sera from mice immu-
nized with soluble F1-V vaccines. Notably, IgG1 responses induced by
DOTAP–HA NPs reached their peak on day 63 (1 week post the second
boost) and started to decrease by day 77. On the other hand, IgG2c

responses continued to increase after the second boost and reached
substantially enhanced sera titer by day 77, contributing to the overall
anti-F1-V total IgG titer. Thus, unlike the case with the OVA antigen
(Fig. 8), F1-V delivered by DOTAP–HA NPs exhibited Th1/Th2-
balanced humoral immune responses, suggesting that the identity of
subunit antigen formulated into these vaccine NPs may have a direct
impact on the Th1/Th2 humoral immune responses.
4. Discussion

In this work, we have utilized the ionic interaction between cationic
DOTAP liposomes and anionic HA to form lipid–polymer hybridNPs and
examined their efficacy as delivery vehicles for protein antigens and
immunostimulatory agents in vitro and in vivo. Our results indicated
that DOTAP–HA NPs carrying MPLA, a TLR4 agonist, significantly
improved BMDC activation while reducing cytotoxicity of DOTAP-
based liposomes by at least 20-fold as indicated by their LC50 values.
In addition, when administered via intranasal route, these vaccine NPs
elicited significantly enhanced humoral immune responses against sub-
unit protein antigens, compared with soluble vaccine formulations. Im-
portantly, F1-V, a candidate antigen for Y. pestis was successfully
formulated into DOTAP–HA NPs, and intranasal vaccination with these
NPs induced substantially enhanced antigen-specific IgG titers with
Fig. 8.Vaccinationwith DOTAP–HANPs elicits antigen-specific humoral immune responses. C57
in DOTAP–HANPs on days 0 and 28 via intranasal route (OVA dose: 50 μg/mouse; MPLA dose: 0
total IgG (a), IgG1 (b) and IgG2c (c) titers by ELISA. *p b 0.05 and ***p b 0.001 in comparison to PB
test for comparison of multiple groups. Results are reported as mean ± SEM (n = 3).
balanced Th1/Th2 IgG responses, compared with the soluble vaccine
counterpart, suggesting their potential as a pulmonary vaccine
platform.

Liposomal fusion can be induced by the ionic interaction between
lipids and charged small molecules such as Ca2+, Mg2+ [36,37],
fusogenic peptides [38], or polymers such as dextran sulfate [39],
poly(malic acid) [30] and polylysine [40]. In this study, we report that
HA and its thiolated form can induce fusion of cationic DOTAP-
containing liposomes. This is supported by our results from the DLS
(Fig. 2) and FRET (Fig. 3) assays that revealed efficient complexation of
cationic liposomes with HA polymer (polymer: total lipid = 1:10, w/w).
In addition, incorporation of DOTAP liposomes with thiolated HA poly-
mers allows for facile surface modification of the particles with thiol-
PEG, and our quantification of PEG content with barium iodide (Table 1)
confirmed the presence of PEGouter shell layer onNPs. Overall our results
indicate that DOTAP/HA core-PEG shell NPs are stable in PBS and serum-
containing media, allowing for prolonged release of protein antigen over
at least 3 weeks at 37 °C (Figs. S1 and 5).
BL/6micewere vaccinatedwith PBS, soluble OVA plusMPLA, or OVA andMPLA co-loaded
.58 μg/mouse). Sera sampleswere collected on days 21 and 49 for analysis of OVA-specific
S and solution groups on day 49, as analyzed by two-wayANOVA, followed by Bonferroni's



Fig. 10. Vaccination with DOTAP–HA NPs induces F1-V-specific humoral immune responses. C57BL/6mice were intranasally immunized with free F1-V andMPLA, or F1-V andMPLA co-
loaded DOTAP–HA NPs on days 0 and 28 (F1-V dose: 1 μg/mouse; MPLA dose: 0.58 μg/mouse). The second booster dose given on day 56 was increased to 5 μg F1-V and 2.9 μg MPLA to
ensure successful sero-conversion. Sera were collected on days 0, 7, 21, 35, 49, 63 and 77 and analyzed for F1-V-specific total IgG (a), IgG1 (b) and IgG2c (c) titers by ELISA. *p b 0.05,
***p b 0.001 and ****p b 0.0001 in comparison to the soluble F1-V plus MPLA group of the same time point, as analyzed by two-way ANOVA, followed by Bonferroni's test for comparison
of multiple groups. Results are reported as mean ± SEM (n = 4).
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DCs are considered to be the most efficient antigen-presenting cells
that play a key role in both innate and adaptive immune responses. Dur-
ing DC maturation, elevated MHC-II presents antigens to CD4+ T cells
(signal 1), while CD80/86 provides necessary co-stimulatory signal 2
for T cell activation. Increased CD40 is also necessary for DCs to receive
further activation signals from CD4+ T helper cells. Blank DOTAP lipo-
somes and DOTAP–HA NPs without any other danger signal did not
lead to any appreciable activation of DCs beyond the PBS control
group, whereas incorporation of MPLA into DOTAP–HA NPs resulted
in efficient promotion of DC maturation. In addition, compared with
DOTAP liposomes, DOTAP–HANPs exhibited significantly reduced cyto-
toxicity in BMDC culture (Fig. 7). In line with enhanced DC activation
and reduced cytotoxicity, DOTAP–HA NPs co-loaded with OVA and
MPLA stimulated stronger adaptive cellular and humoral immune re-
sponses following intranasal immunization in vivo. Similar advantages
have been reported in nasal immunization with nanoparticles com-
posed of other biodegradable polymers, such as trimethyl chitosan
which increased sera anti-OVA IgG titers [16,41] and poly(γ-glutamic
acid) which enhanced OVA-specific CD8 T cell response [42]. In our cur-
rent studies, we have shown that DOTAP–HA NPs are a potent vaccine
delivery system that can induce concerted, antigen-specific cellular
and humoral immune responses. These results formed the basis for
our studies investigating the efficacy of our particles for intranasal vac-
cination with F1-V.

As pneumonic plague can be easily transmitted by respiratory tract
with deadly consequences, nasal vaccination has been the subject of
various prior studies. A previous study comparing various routes of vac-
cination has reported that intranasal vaccination with F1-V resulted in
humoral immune responses comparable to subcutaneous or intramus-
cular immunizations [43,44]. Moreover, adjuvants were shown to be in-
dispensable for protection against Y. pestis infection by intranasal
immunization of F1-V [45]. Recently, F1-V andMPLAhave been intrana-
sally delivered bypolyanhydride nanoparticles, resulting in significantly
improved lung residence of F1-V and plague protection [22,23]. These
results highlight the benefits of particulate delivery system for F1-V vac-
cine. In our current studies, intranasal vaccination with DOTAP–HANPs
co-encapsulating F1-V and MPLA led to substantially enhanced F1-V-
specific humoral immune responses, compared with immunization
with soluble F1-V and MPLA vaccine. Notably, we were able to achieve
successful sero-conversion and balanced Th1/Th2 humoral immune re-
sponses against F1-V using low doses of F1-V (1–5 μg) formulated into
NPs, whereas the equivalent vaccine dose in soluble formulation failed
to elicit humoral immune responses above the basal level. These results
highlight the potency of DOTAP–HANPs to generate immune responses
against F1-Vwith significant dose sparing, comparedwith conventional
vaccine formulations. Our future studies will be directed to provide
mechanistic insights into the process of NP-mediated antigen delivery
to antigen-presenting cells within nasal-associated lymphoid tissues
and to delineate the impact of IgG1/IgG2c-balanced humoral immune re-
sponses on protection against Y. pestis infection. Collectively, these
results suggest that DOTAP–HA NPs may serve as a promising vaccine
delivery platform for intranasal vaccination against Y. pestis.

5. Conclusion

Liposome–polymer hybrid NPs were constructed and tested as a
nasal vaccine delivery system. Cationic DOTAP liposomeswere incorpo-
rated with HA and PEGylated for enhanced biocompatibility, improved
colloidal stability, and steady antigen release. These NPs co-loaded
with protein antigen and adjuvantmoleculesmore efficiently promoted
DC maturation and stimulated stronger humoral and cellular immune
responses, compared with soluble vaccine formulations. Intranasal vac-
cination with NPs carrying F1-V antigen and MPLA led to robust serum
IgG responses, characterized by Th1/Th2-balanced humoral immune re-
sponses, indicating the potential of the hybridDOTAP–HANP system for
prophylactic vaccination against infectious pathogens.
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