
Citation: Yang, J.; Boer, J.C.;

Khongkow, M.; Phunpee, S.; Khalil,

Z.G.; Bashiri, S.; Deceneux, C.;

Goodchild, G.; Hussein, W.M.;

Capon, R.J.; et al. The Development

of Surface-Modified Liposomes as an

Intranasal Delivery System for Group

A Streptococcus Vaccines. Vaccines

2023, 11, 305. https://doi.org/

10.3390/vaccines11020305

Academic Editors: Eduardo

Gomez-Casado and Sohrab

Ahmadivand

Received: 27 December 2022

Revised: 21 January 2023

Accepted: 26 January 2023

Published: 30 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

The Development of Surface-Modified Liposomes as an
Intranasal Delivery System for Group A Streptococcus Vaccines
Jieru Yang 1, Jennifer C. Boer 2 , Mattaka Khongkow 3 , Sarunya Phunpee 3, Zeinab G. Khalil 4 ,
Sahra Bashiri 1 , Cyril Deceneux 2 , Georgia Goodchild 2 , Waleed M. Hussein 1 , Robert J. Capon 4 ,
Uracha Ruktanonchai 3, Magdalena Plebanski 2 , Istvan Toth 1,4,5 and Mariusz Skwarczynski 1,*

1 School of Chemistry and Molecular Biosciences, The University of Queensland, St. Lucia, QLD 4072, Australia
2 School of Health and Biomedical Sciences, RMIT University, Bundoora, Melbourne, VIC 3083, Australia
3 National Nanotechnology Center (NANOTEC), National Science and Technology Development

Agency (NSTDA), 111 Thailand Science Park, Phahonyothin Road, Klong 1, Pathumthani 12120, Thailand
4 Institute for Molecular Bioscience, The University of Queensland, St. Lucia, QLD 4072, Australia
5 School of Pharmacy, The University of Queensland, Woolloongabba, QLD 4102, Australia
* Correspondence: m.skwarczynski@uq.edu.au; Tel.: +61-73-346-9894

Abstract: Intranasal vaccine administration can overcome the disadvantages of injectable vaccines
and present greater efficiency for mass immunization. However, the development of intranasal
vaccines is challenged by poor mucosal immunogenicity of antigens and the limited availability
of mucosal adjuvants. Here, we examined a number of self-adjuvanting liposomal systems for
intranasal delivery of lipopeptide vaccine against group A Streptococcus (GAS). Among them, two
liposome formulations bearing lipidated cell-penetrating peptide KALA and a new lipidated chitosan
derivative (oleoyl-quaternized chitosan, OTMC) stimulated high systemic antibody titers in outbred
mice. The antibodies were fully functional and were able to kill GAS bacteria. Importantly, OTMC
was far more effective at stimulating antibody production than the classical immune-stimulating
trimethyl chitosan formulation. In a simple physical mixture, OTMC also enhanced the immune
responses of the tested vaccine, without the need for a liposome delivery system. The adjuvanting
capacity of OTMC was further confirmed by its ability to stimulate cytokine production by dendritic
cells. Thus, we discovered a new immune stimulant with promising properties for mucosal vaccine
development.

Keywords: group A Streptococcus; oleoyl-quaternized chitosan; adjuvant; intranasal vaccine;
multilamellar liposome; cell-penetrating peptide

1. Introduction

Intranasal delivery is one of the most advantageous routes for vaccine administra-
tion [1–3]. Mucosal surfaces are well-vascularized, enabling rapid antigen absorption into
the lymphatic system. The activity of proteolytic enzymes in the nasal cavity, which can
potentially destroy antigens, is low in comparison to the oral delivery pathway. Intranasal
immunization (a) can trigger systemic immune responses; (b) is needle-free and has high
patient compliance; (c) can be self-administered and, therefore, the cost of vaccine admin-
istration can be greatly reduced (no need for specialized personnel); and (d) has greater
capacity for mass immunizations. Furthermore, nasal-associated lymphoid tissue, the main
tissue involved in intranasal immunity, is similar in humans and rodents, which greatly
simplifies the translation of animal study into clinical trials. Two intranasally delivered
vaccines (live-attenuated virus-based) have already been approved and licensed for in-
fluenza (FluMist/Fluenz™ and Nasovac™). However, before any vaccine can be approved
for intranasal delivery, it must overcome a variety of challenges. These include (a) fast
mucosal clearance and, therefore, limited interaction time of a vaccine with the mucosal
surface; (b) poor mucosal permeability; (c) efficacy even with the limited dosage that can be
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administered via the nose; and (d) a lack of effective approved mucosal adjuvants (immune
stimulators). These limitations can all lead to suboptimal vaccine efficacy. Consequently,
the need exists for an effective mucosal vaccine self-adjuvanting delivery system. Further-
more, self-adjuvanting delivery systems provide additional advantages by circumventing
the requirement of toxic adjuvants, such as complete Freund’s adjuvant (CFA) [4–6], while
still inducing potent immune responses.

Group A Streptococcus (Streptococcus pyogenes, GAS) is a gram-positive bacteria that
causes a variety of diseases, from common pharyngitis (strep throat) to deadly rheumatic
heart disease (RHD) [7]. RHD, alone, results in hundreds of thousands of deaths per
year, worldwide [8]. There is no vaccine available to prevent this infection. Importantly,
the traditional live-attenuated pathogen-based strategy cannot be used for GAS vaccine
development, as the whole bacterium induces autoimmune reactions. Thus, a major
virulent factor of GAS, M protein, was selected as the most promising vaccine antigen. Since
similarities of M protein sequence with human proteins were detected, the development
of the GAS vaccine has been purely focused on short peptide epitopes derived from GAS
proteins. Significantly, all clinically tested vaccine candidates in the last two decades have
been composed of peptide epitopes derived from M-protein [9]. Among them, J8 peptide
(QAEDKVKQSREAKKQVEKALKQLEDKVQ) is the only conserved epitope recognized
by a variety of GAS strains that reached clinical trials [10]. Thus, we selected J8 as an
antigen for mucosal vaccine development and investigated a variety of intranasal delivery
platforms for one of our lead GAS vaccine candidates, LCP−1 (Figure 1a) [11,12].
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Liposome-based systems are one the most popular intranasal delivery platforms [2,13,14],
especially as the liposomes’ immunological properties can be modified by polyelectrolyte-
based coatings [15,16]. These coatings can stabilize liposomes, and more effectively
protect encapsulated antigens and improve their mucoadhesive properties. For exam-
ple, we have demonstrated that the immunogenicity of liposomes bearing lipopeptide-
based vaccines was enhanced by coating liposomes with alginate and trimethyl chitosan
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(TMC) [17]. Moreover, when such vaccine was coated with dextran and TMC and used
for intranasal immunization of mice, higher antibody titers were observed compared
to antigen delivered with a commercial mucosal adjuvant, cholera toxin subunit B [18].
Interestingly, once negatively charged dextran was converted to its cationic derivative,
diethylaminoethyl(DEAE)-dextran, it provided adjuvanting activity on its own [19,20].
We also recently showed that cell-penetrating peptides (CPPs), such as lipidated KALA
(WEAKLAKALAKALAKHLAKALAKALKACEA) and polyethylenimine (PEI), can im-
prove vaccine efficacy upon intranasal immunization (Figure 1b) [21,22]. While TMC
is a widely investigated mucoadhesive polymer, Ruktanonchai and co-workers recently
demonstrated that oleoyl-quaternized chitosan (OTMC, Figure 1c) also has mucoadhesive
properties [23]. Therefore, we hypothesized that OTMC may also improve the immuno-
genicity of mucosal vaccines.

As a leading vaccine candidate against GAS, lipopeptide LCP−1 was selected for
this study [11,24]. LCP−1 carries universal P25 T-helper epitope, J8, GAS M protein-
derived B-cell epitope, and two lipidic moieties (Figure 1). Here, we designed several
delivery systems for the LCP−1 vaccine to determine which has the greatest capacity to
induce strong and effective antibody responses following intranasal immunization. These
included five liposome-based vaccine candidates: LCP−1 encapsulated into liposomes
carrying lipoKALA peptide (L1); [21] OTMC (L2); lipoPEI (L3); [22] and LCP−1 coated
with alginate/DEAE-dextran (L4); or alginate/TMC (L5) (Figure 2). Moreover, three
corresponding physical mixtures were also investigated: LCP−1/OTMC; LCP−1/DEAE-
dextran; and LCP−1/TMC, which contained equivalent amounts of LCP−1 and polymers
to the liposomal formulations. The vaccine candidates were evaluated in outbred mice
following intranasal administration. A common key feature that defines many vaccine
adjuvants is an ability to stimulate immune-stimulatory cytokines from the main immune-
activating cell of the immune system, the dendritic cell (DC) [25]. Indeed, DC are uniquely
capable of priming the immune system to recognize new pathogens, given their ability to
endocytose, process and present antigens to lymphocytes, and release secondary signals,
such as pro-inflammatory cytokines, which further result in their production and activation.
Therefore, the ability of vaccines to stimulate cytokine production by DC has also been
evaluated.
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2. Materials and Methods

All chemicals used in this study were analytical-grade or equivalent, unless stated oth-
erwise. Protected Fmoc/Boc-amino acids were obtained from Novabiochem (Läufelfingen,
Switzerland). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate (HATU) was purchased from Mimotopes (Melbourne, Australia).
p-MBHA·HCl resin was purchased from Peptides International (Louisville, KY, USA).
Rink amide 4-methylbenzhydrylamine (MBHA) resin was purchased from Novabiochem
(Hohenbrunn, Germany). Methanol, dichloromethane (DCM), N,N′-dimethylformamide
(DMF), chloroform, N,N-diisopropylethylamine (DIPEA), HPLC-grade acetonitrile, tri-
fluoroacetic acid (TFA), and piperidine were purchased from Merck (Hohenbrunn, Ger-
many). Triisopropylsilane (TIPS), copper wire, phenylmethylsulfonyl fluoride (PMSF),
and phosphate-buffered saline (PBS) tablets were purchased from Gibco (Paisly, UK). O-
phenylenediamine dihydrochloride (OPD) was purchased from SIGMAFASTTM. Goat
anti-mouse IgG conjugated to horseradish peroxidase and its substrate were purchased
from Bio-Rad (Hercules, CA, USA). Dipalmitoylphosphatidylcholine (DPPC), cholesterol
(CH), an Avanti mini extruder, PC membranes, and filter supports were purchased from
Avanti (Alabaster, AL, USA).

Analytical reverse-phase high-performance liquid chromatography (RP-HPLC) was
performed on a Shimadzu LCMS-2020 instrument (Kyoto, Japan) with a Vydac analytical
C-4 (214TP; 10 µm, 250 × 4.6 mm) or C-18 column (218TP; 10 µm, 250 × 4.6 mm) at a
flow rate of 1 mL/min. Detection was conducted at 214 nm. Preparative RP-HPLC was
performed on a Shimadzu instrument using either a Vydac or Altima preparative C-18
column (218TP; 10 mm, 250 × 22 mm) and C-4 column (214TP; 10 mm, 250 × 22 mm), or
a semi-preparative column in linear gradient mode using a flow rate of 10–20 mL/min.
Detection was conducted at 214 nm. Compounds were synthesized as previously reported:
LCP−1 [26], lipoKALA [21], OTMC [23], lipoPEI [22], and TMC (degree of quaternization
65%) [27].

2.1. Preparation of LCP−1-Loaded Multilamellar Liposomes

All liposomal formulations were prepared to contain 1 mg/mL of LCP−1.
Liposomes L1 were formulated with DPPC, CH, LCP−1, and lipoKALA at a molar

ratio of 2:1:0.05:0.01. DPPC (4 mg in 1 mL chloroform), CH (1.05 mg in 1 mL chloroform),
LCP−1 (1 mg in 0.5 mL methanol), and lipoKALA (0.135 mg in 0.5 mL methanol) were
mixed together in a 5 mL round bottom flask. The solvents were very slowly removed
under reduced pressure to produce a dry lipid film. The flask was stored under a high
vacuum (in a freeze dryer) overnight to remove residual solvent. The formed film was
rehydrated with Milli-Q water (1 mL) to produce multilamellar liposomes.

Liposomes L2 and L3 were formulated in an identical manner to L1, but with DPPC,
CH, LCP−1, and OTMC at a molar ratio of 2:1:0.05:0.01 (L2); and DPPC, CH, LCP−1, and
lipoPEI at a molar ratio of 2:1:0.05:0.01 (L3).

Liposomes L4 and L5 were formulated with DPPC, CH, and LCP−1 at a molar ratio
of 2:1:0.05 in a similar manner to L1, except an additional coating was performed. The
liposome coating procedure was performed after thin-film hydration and was based on
electrostatic interactions. The optimal amount of polymer in the coating (sodium alginate,
DEAE-dextran, and TMC) was determined based on the least amount required for full-
surface coating, as detected by changes in zeta potential (Supplementary Figure S1). The
rehydrated liposome solution (1 mL) was split into 10 individual vials (100 µL liposome
solution in each, containing 100 µg LCP−1), while three polymer stock solutions (sodium
alginate, TMC, and DEAE-dextran) were prepared to a 3 mg/mL concentration in Milli-Q
water. Stock solutions were stirred for 2 h prior to the coating process. Various amounts
of alginate stock solution (0, 5, 10, 20, 30, 40, 60, 65, 70, 75, 80, 100, or 200 µg of alginate)
were added drop-by-drop to 100 µL liposome solutions and incubated for 1 h with gentle
stirring at room temperature. The zeta potential of each solution was monitored by DLS,
a stable negative zeta potential indicated that the coating was complete. The saturation
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quantity of sodium alginate to coat 100 µL of liposome solution (containing 100 µg LCP−1)
was identified as 75 µg. Rehydrated liposome solution (1 mL) with 750 µg of coating
was prepared and split into 10 individual vials. DEAE-dextran stock solution (0, 80, 110,
115, 125, 130, 150, 200, or 240 µg) was added drop-by-drop to individual alginate-coated
liposome solutions (containing 100 µg LCP−1); the solutions were then incubated for 1 h
with gentle stirring at room temperature. The optimal amount of DEAE-dextran coating
was identified as 125 µg/100 µL liposomes (containing 100 µg LCP−1); this was used to
produce L4. The amount of TMC for coating (150 µg/100 µL) of L5 was determined in the
same way.

2.2. Characterization of Vaccine Candidates by Dynamic Light Scattering

Average particle size, zeta potential, and the polydispersity index (PDI) were deter-
mined by dynamic light scattering (DLS) at a back-scattering angle of 173◦ at 25 ◦C in folded
capillary cuvettes, using a Zetasizer Nano ZP instrument (Malvern, UK) with Malvern
Zetasizer Analyser 6.2 software. The formulations were tested at 0.1 mg/mL concentration.

2.3. Immunization Study

Outbred female Swiss (CD-1) mice (9–10 weeks old) obtained from the Animal Re-
source Centre (Perth, Western Australia) were used for the immunization study. Mice
were immunized intranasally with 30 µL (15 µL/nare) of PBS (negative control group),
L1, L2, L3, L4, or L5 (five mice per group). Each liposomal formulation, L1–L5, contained
30 µg of LCP−1. Mice were also immunized with physical mixtures of LCP−1/OTMC
(containing 30 µg of LCP−1, and 45 µg of OTMC), LCP−1/DEAE-dextran (30 µg of LCP−1,
and 37.5 µg of DEAE-dextran), LCP−1/TMC (30 µg of LCP−1, and 45 µg of TMC), and
LCP−1 alone (30 µg). Three boosts were performed on days 14, 28, and 42. Blood was
collected via tail bleed on days −1, 13, 27, and 41 and by cardiac puncture on day 52. The
clear supernatant serum was collected after centrifugation for 10 min at 956× g (3600 rpm).
Serum samples were stored at −80 ◦C.

2.4. Determination of IgG Titres

ELISA was used to measure J8-specific IgG antibody titers, as previously described [21].
Briefly, plates were coated with J8 (50 µg/plate) in carbonate coating buffer and then
blocked with a 5% skim milk/PBS-Tween 20 buffer. Serial dilutions of two-fold serum
samples were implemented in a 0.5% skim milk/PBS-Tween 20 buffer, with an initial
serum dilution of 1:200. Horseradish-conjugated goat anti-mouse IgG (H + L) was used
as a secondary antibody and O-phenylenediamine as substrate. An antibody titer was
described as the lowest concentration producing an absorbance (at 450 nm) that was higher
than 3 standard deviations (STD) above the average of serum from PBS-immunized mice
(negative control).

2.5. Opsonization Assays

Opsonization assays were performed as described previously [28], using clinical
isolates of D3840 (nasopharynx swab) and GC2203 (wound swab) donated by the Princess
Alexandra Hospital (Brisbane, Australia). Briefly, bacterial isolates were streaked onto
Todd–Hewitt broth supplemented with 5% yeast extract agar plates, then incubated for
24 h at 37◦C. Single colonies were transferred to Todd–Hewitt broth (5 mL) supplemented
with 5% yeast extract and incubated for 24 h at 37 ◦C to produce approximately 4.6 × 106

colony-forming units (CFU)/mL. The culture was serially diluted (×100) in PBS. Aliquots
(10 µL) were mixed with horse blood (80 µL) and heat inactivated sera (10 µL, inactivated
using a water bath at 50 ◦C for 15 min). Bacteria were incubated with the sera in a 96-well
plate for 3 h at 37 ◦C. Bacterial survival was examined by plating a 10 µL aliquot of the
culture material onto Todd–Hewitt agar plates supplemented with 5% horse blood and 5%
yeast extract. Plates were incubated for 24 h at 37 ◦C and colonies were counted as CFU.
Antibody opsonic activity (%) was calculated as (1 − [CFU in the presence of immunized
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mouse serum]/[mean CFU in the presence of untreated wells]) × 100%. Assays were
performed from two independent cultures, in duplicate.

2.6. Ex vivo Cytokine Profiling in Dendritic Cells

Bone marrow-derived dendritic cells (BMDCs) were obtained from C57BL/6 mice
(6–8 week-old) in triplicate, for each condition. Briefly, mice were culled by CO2 asphyxia-
tion. The femur and tibia of both legs were extracted and soaked in ethanol (70%) for 1 min,
then washed and soaked in sterile Roswell Park Memorial Institute (RPMI) complete media
(supplemented with 10% fetal bovine serum (FBS), 20 mM HEPES, 2 mM L-glutamine,
0.1 mM 2-mercaptoethanol, 100 µg of streptomycin and 100 units/mL penicillin; complete
media (CM)). To extract bone marrow cells, bones were flushed and cells were then dis-
sociated with a pipette, filtered through a cell strainer (100 µm, Millipore, Billerica, MA,
USA) into a centrifuge tube (10 mL) and centrifuged at 372× g at room temperature for
5 min. The supernatant was removed and the cells were re-suspended in ammonium-
chloride-potassium (ACK) lysis buffer (1 mL) for 1 min for erythrocyte lysis. The lysis
buffer reaction was stopped with CM (9 mL). The cells were centrifuged again (372× g) at
room temperature for 5 min, the supernatant was removed, and bone marrow cells were
re-suspended in CM (10 mL). The bone marrow cells were then adjusted to 5× 105 cells/mL
in CM, plated in 6-well plates (Corning) and granulocyte and monocyte colony-stimulating
factor (GM-CSF) (PeproTech, Rocky Hill, NJ, USA) was added to the cell suspension to
reach a concentration of 10 ng/mL. Bone marrow cells were adjusted to a concentration of
5 × 105 cells/mL in CM and incubated for 3 days in 5% CO2 at 37 ◦C. On day 3, the cells
were incubated with lipopolysaccharide (LPS), alone (negative control), OTMC, LCP−1,
or OTMC mixed with LCP−1. Three mice were used for biological replicates, and each
condition was plated in duplicate. As a control, to ensure that cytokine upregulation was
indeed directly stimulated by the compounds tested, the cells were plated in identical
conditions and incubated with liposomes for 24 h at 4 ◦C. Following 24 h incubation with
the compounds, the cell supernatant was collected to analyze mouse cytokine expression
by ELISA for TNFα (cat. 558534, BD), IL1β (cat. 432601 Biolgened), IL6 (cat. 555240, BD),
IL4 (cat. 555232, BD), IL12 (cat. 555256, BD), and IL23 (cat. 433704, Biolegend, CA, USA).
ELISA was performed following the manufacturer’s instructions. Absorbance was read
on a plate reader (Multiscan GO, Thermo Fisher, Waltham, MA, USA) at 450 nm, within
30 min of adding the stop solution. Background absorbance was subtracted from all data
points. Standard curves were generated using either linear regression or four-parameter
logistic regression.

2.7. Ethics Statement

This study was performed according to the regulations set by the National Health and
Medical Research Council (NHMRC) of Australia (Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes, 8th edition, 2013). All animal procedures and
protocols were approved by The University of Queensland Animal Ethics Committee (AEC),
AEC Approval Number SCMB/AIBN/069/17. In addition, C57BL/6 mice 6–8 weeks old
were obtained from the Animal Resource Centre (ARC) in Western Australia. All ex vivo
experiments had ethics approval by the Research Animal Facility (RAF) of RMIT university
under AEC-approved project number 1917.

2.8. Statistical Analysis

GraphPad Prism® 7 software (GraphPad Software, Inc., San Diego, CA, USA) was
used for all statistical analysis. One-way ANOVA followed by Tukey’s multiple comparison
test was applied for statistical analysis, or multiple comparison Kruskal–Wallis tests with
p < 0.05 were considered statistically significant.
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3. Results

Liposomes L1–L5 were prepared without extrusion as multilamellar vesicles. Lipo-
somes were composed of neutral lipids (composed of DPPC and CH) and the positively
charged (due to high cationic amino acid content) lipopeptide vaccine, LCP−1. They had an
overall positive surface charge (50 ± 2 mV). These liposomes carried additional anchored
moieties: lipoKALA (L1), OTMC (L2), lipoPEI (L3), or were coated with alginate/DEAE-
dextran (L4), or alginate/TMC (L5). All were positively charged according to DLS analysis.
OTMC-bearing liposomes (L2) had a higher positive charge than TMC-bearing liposomes
(L5), which can be explained by the presence of negatively charged alginate in L5. L1–L5
formed a variety of sizes, ranging from 60–5000 nm, and were highly polydisperse (PDI),
which is typical for multilamellar liposomes (Supplementary Figure S2). Physical mixtures
of LCP−1/OTMC, LCP−1/DEAE-dextran, and LCP−1/TMC were also prepared.

The new liposome- and physical mixture-based formulations were examined in out-
bred Swiss mice for the ability to induce antibody production upon intranasal immuniza-
tion, and compared to our previous lead formulation, L1 [21], bearing lipoKALA as an
immune enhancer. Again, L1 elicited a high J8-specific IgG titer, which was significantly
higher than those induced by LCP−1 alone (Figure 3a). Interestingly, a comparable J8-
specific IgG titer was produced by mice vaccinated with L2, which incorporated OTMC.
Moreover, when mice were immunized with OTMC and physically mixed with LCP−1,
the produced IgG titers were not significantly different from L1. In contrast, significantly
lower antibody titers were produced by mice vaccinated with the two coated liposomes
(L4 and L5). L3, which contained lipoPEI, produced a higher IgG titer compared to the
negative control (PBS) group, but it was not significantly different from that of mice im-
munized with LCP−1 alone. Similarly, the two physical mixtures, LCP−1/DEAE-dextran
and LCP−1/TMC, did not stimulate higher IgG expression than LCP−1. The serum
isolated from mice immunized with the three most effective formulations (L1, L2, and
LCP−1/OTMC). The weakly performing L4 and LCP−1 (control) were analyzed for their
ability to kill GAS bacteria. L1, and especially L2, had the highest opsonization potentials
against both GAS clinical isolates (Figure 3b,c).
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Cytokine profiling was performed using C57BL/6 mouse-derived BMDCs upon
treatment with OTMC and controls, as this chitosan derivative had not been previously
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tested for its adjuvanting capabilities (Figure 4). Secretion of pro-inflammatory cytokine
TNFα by BMDCs was significantly higher for LCP−1/OTMC and OTMC than for the
negative control (Figure 4a). OTMC also induced significantly higher levels of expres-
sion of pro-inflammatory cytokine IL6 and IL1β, while its mixture with LCP−1 did not
(Figure 4b,c). While the production of these cytokines was higher in cells treated with
OTMC than LCP−1/OTMC, the difference was not statistically significant. Despite its
reported self-adjuvanting properties [29], LCP−1, alone, did not induce significant cytokine
release with the concentration of tested lipopeptide. Production of IL4 and IL12 was slightly
upregulated by LCP−1/OTMC and OTMC; however, this did not differ significantly from
the negative control (Figure 4d,e). None of the compounds stimulated the production of
IL23 (Figure 4f). The upregulation of cytokine production was not observed under cold
conditions (Supplementary Figure S3). Interestingly, TNFα and IL1β production triggered
by OTMC was higher than with the gold-standard stimulant, LPS, in the experimental
conditions used here.
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4. Discussion

Liposomal antigen delivery has been recognized as a promising strategy for vaccine
development. Liposome-based vaccine formulations have been approved for human use
against hepatitis A (Epaxal) and influenza (Inflexal V) [17,30]. Liposomes can carry anti-
gens encapsulated inside their aqueous core or attached to their membrane via lipid-based
anchoring. Furthermore, a variety of lipidated moieties can be anchored to liposomes
to modify their properties. One such moiety, CPPs, has been used to enhance vaccine
efficacy [31]. We recently screened a variety of lipidated CPPs anchored to liposomes for
their ability to enhance humoral immune responses against GAS. Among the tested formu-
lations, multilamellar liposomes were the most effective. Of the CPPs tested, lipoKALA
(Figure 1) stimulated the production of the highest level of opsonic IgG titers. Thus, the
optimized formulation, L1 carrying lipoKALA, was chosen as a control for the further
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development of intranasal vaccine delivery systems. For this study, we selected a variety
of known and previously examined immune-stimulating moieties (TMC, lipoPEI, DEAE-
dextran) [22,26,32], as well as untested OTMC. Chitosan derivatives (e.g., TMC) are known
immune stimulators [33], while lipidated sugars often demonstrate adjuvanting abilities,
especially once incorporated into liposomes [34–38]. Therefore, we hypothesized that a
lipidated analog of TMC (OTMC) may also be an effective immune stimulator.

Multilamellar liposomes were chosen as a vaccine carrier based on our previous studies
demonstrating their (i.e., L1) ability to induce stronger immune responses compared to
unilamellar liposomes (120 nm) [21]. Indeed, we also demonstrated that smaller unilamellar
liposomes induced higher antibody titers than larger (70 nm > 140 nm > 400 nm) in mice
following intranasal administration; however, multilamellar liposomes (150–1000 nm)
were as effective as the smallest unilamellar liposomes [39]. Thus, four new liposomal
formulations (L2–L5) were produced and examined for their ability to stimulate antibody
production upon intranasal administration in outbred mice. As expected, liposome L1
induced high-level antigen-specific IgG titers. Surprisingly, coated liposome L5 failed to
improve the immunogenicity of LCP−1, despite the TMC/alginate system having been
reported as effective previously [26,28,40,41]. DEAE-dextran and lipidated PEI were even
less effective than TMC.

It is important to note that the polymers mentioned above were examined previously
only in unilamellar liposomal formulation, not multilamellar, as reported here. The new
chitosan derivative, OTMC, showed a remarkable ability to induce IgG production once for-
mulated into liposomes (L2) and was effective even as a simple mixture with LCP−1. How-
ever, once antibodies were tested for their GAS opsonization efficacy, only the liposomal
formulation, L2, triggered the production of clearly opsonic antibodies at the tested concen-
trations. The high efficacy of L2 was related to the special properties of OTMC, rather than
the high positive charge of the liposomes (e.g., L2 = +63 mV vs. L5 = +36 mV), as OTMC
was also very immunogenic in the physical mixture (LCP−1/OTMC vs. LCP−1/TMC,
Figure 3a). In addition, OTMC/LCP−1 was more immunogenic than TMC/LCP−1, sug-
gesting that more than the liposome-anchoring ability of OTMC was responsible for its
activity. Thus, to further analyze the ability of OTMC to act as an adjuvant, we analyzed its
ability to stimulate cytokine production. Pro-inflammatory cytokines play an important
role in the control of adaptive immune responses. Several different cytokines were tested
(TNFα, IL1β, IL6, IL4, IL12, and IL23). Cytokines, such as IL6 and TNFα, have the ability
to enhance immune responses against viral infections/vaccines [42–44]. Both IL6 and IL12
play important roles in the induction of immune responses against influenza [42]. IL6 is
also involved in the terminal differentiation of B-cells [42]. while IL12 and IL23 regulate
the differentiation of CD4+ T follicular helper cells, providing support for B-cell generation
of high-affinity antibodies and differentiation of B-cells into memory B-cells [45,46]. Three
pro-inflammatory cytokines, TNFα, IL1β, and IL6, were secreted in significantly higher
amounts upon dendritic cell stimulation with OTMC. OTMC stimulated higher cytokine
production alone, compared to LCP−1, suggesting a lack of synergistic effect between
these two lipidated compounds. IL6 and TNFα’s ability to stimulate plasma cell longevity
was also reported [47], and OTMC clearly upregulated the production of these cytokines.
Moreover, IL1β produced at higher levels by OTMC than even the positive control LPS, and
has a critical non-dispensable role in stimulating and priming naïve T cell activation [48], a
useful new feature for this potential new adjuvant. In addition, cytokines IL12 and IL23
have been associated with autoimmunity and extensive inflammation [49]. Harmful effects
associated with the overexpression of IL-4 have also been reported [50]. OTMC did not
greatly enhance the level of IL4, IL12, or IL23 produced by BMDCs, suggesting no unde-
sired immunity would be stimulated. Finally, overexpression of IL-1β can be associated
with pain, inflammation, and autoimmune reactions [51]. Although OTMC significantly
overexpressed this cytokine, we did not observe any adverse effects in mice immunized
with OTMC. This could mean that, when administered together with LCP−1, it does not
overstimulate IL-1β production.
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In summary, both liposomal formulations, L1 (bearing lipidated CPP KALA) and L2
(bearing lipidated TMC), stimulated the production of fully functional opsonic antibodies.
A newly discovered adjuvant (OTMC) showed the ability to trigger cytokine release by
dendritic cells, as well as IgG production, even when administered as a physical mixture
with the antigen. However, it was more effective in liposomal formulation.

5. Conclusions

We examined a variety of liposomal intranasal vaccine delivery systems. While we
confirmed that the lipoKALA liposome delivery strategy is efficient in inducing antibody
production, we also discovered the remarkable adjuvanting capacity of OTMC. OTMC
was not only effective in enhancing antibody production upon anchoring to liposomes,
but also on its own when mixed with the LCP−1 vaccine. OTMC triggered cytokine
release by dendritic cells when administered with or without LCP−1, further confirming
its adjuvanting activity. TMC/DEAE dextran-coated and lipoPEI-incorporated liposomes
were much less immunogenic than expected. In summary, liposomes bearing lipoKALA
and OTMC are promising self-adjuvanting platforms for intranasal peptide-based vaccine
delivery.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/vaccines11020305/s1, Figure S1: Coating of polyelectrolyte-coated liposomes. Effect of
concentration of sodium alginate, TMC, and DEAE-dextran on zeta potentials of LCP−1 loaded
liposome formulation. Zeta potential changes during the coating of liposome with (a) sodium
alginate; (b) DEAE-dextran; and (c) with TMC. The red box marks the values selected for the final
liposome coating. Figure S2: DLS spectra of particles of (a) L1, (b) L2, (c) L3, (d) L4, and (e) L5. Size
distributions by intensity, PDI, and zeta potential. Figure S3: Production of (a) TNFα; (b) IL-1β;
(c) IL6; (d) IL4; (e) IL12; and IL23 cytokines following stimulation of BMDC in cold-controlled
conditions (4 ◦C). Stimulation was performed with LPS, none (negative control), OTMC, LCP−1, and
OTMC mixed with LCP−1. No significant difference between the groups was detected.

Author Contributions: M.S. and I.T. designed the project. J.Y. performed the experiments and wrote
the first draft of the manuscript. J.C.B., C.D., G.G. and M.P. performed and analyzed the cytokine
profiling in dendritic cells. M.K., S.P. and U.R. synthesized OTMC. S.B. assisted in the TMC synthesis.
Z.G.K., R.J.C. and W.M.H. performed the opsonization study and data analysis. M.S., W.M.H. and I.T.
reviewed and edited the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Health and Medical Research Council, Australia
(NHMRC, APP1132975) and The University of Queensland, Australia.

Institutional Review Board Statement: The study was conducted in compliance with the guidelines
from the Australian National Health and Medical Research Council (NHMRC). All immunization
protocols were approved by The University of Queensland Ethics Committee (Animal Ethics Unit,
Office of Research Ethics, The University of Queensland; approval number SCMB/AIBN/069/17).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article and
Supplementary Materials.

Acknowledgments: M.P. is a recipient of an NHMRC SRFB Fellowship.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Skwarczynski, M.; Toth, I. Non-invasive mucosal vaccine delivery: Advantages, challenges and the future. Expert Opin. Drug

Deliv. 2020, 17, 435–437. [CrossRef] [PubMed]
2. Marasini, N.; Skwarczynski, M.; Toth, I. Intranasal delivery of nanoparticle-based vaccines. Ther. Deliv. 2017, 8, 151–167.

[CrossRef] [PubMed]
3. Yusuf, H.; Kett, V. Current prospects and future challenges for nasal vaccine delivery. Hum. Vaccin. Immunother. 2017, 13, 34–45.

[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/vaccines11020305/s1
https://www.mdpi.com/article/10.3390/vaccines11020305/s1
http://doi.org/10.1080/17425247.2020.1731468
http://www.ncbi.nlm.nih.gov/pubmed/32059625
http://doi.org/10.4155/tde-2016-0068
http://www.ncbi.nlm.nih.gov/pubmed/28145824
http://doi.org/10.1080/21645515.2016.1239668
http://www.ncbi.nlm.nih.gov/pubmed/27936348


Vaccines 2023, 11, 305 11 of 13

4. Oscherwitz, J.; Hankenson, F.C.; Yu, F.; Cease, K.B. Low-dose intraperitoneal Freund’s adjuvant: Toxicity and immunogenicity in
mice using an immunogen targeting amyloid-beta peptide. Vaccine 2006, 24, 3018–3025. [CrossRef]

5. Powers, J.G.; Nash, P.B.; Rhyan, J.C.; Yoder, C.A.; Miller, L.A. Comparison of immune and adverse effects induced by AdjuVac
and Freund’s complete adjuvant in New Zealand white rabbits (Oryctolagus cuniculus). Lab. Anim. 2007, 36, 51–58. [CrossRef]

6. Petrovsky, N. Comparative Safety of Vaccine Adjuvants: A Summary of Current Evidence and Future Needs. Drug Saf. 2015, 38,
1059–1074. [CrossRef]

7. Sanyahumbi, A.S.; Colquhoun, S.; Wyber, R.; Carapetis, J.R. Global disease burden of group A Streptococcus. In Streptococcus
pyogenes: Basic Biology to Clinical Manifestations; University of Oklahoma Health Sciences Center: Oklahoma City, OK, USA, 2016.

8. Watkins, D.A.; Johnson, C.O.; Colquhoun, S.M.; Karthikeyan, G.; Beaton, A.; Bukhman, G.; Forouzanfar, M.H.; Longenecker, C.T.;
Mayosi, B.M.; Mensah, G.A.; et al. Global, Regional, and National Burden of Rheumatic Heart Disease, 1990–2015. N. Engl. J. Med.
2017, 377, 713–722. [CrossRef]

9. Azuar, A.; Jin, W.; Mukaida, S.; Hussein, W.M.; Toth, I.; Skwarczynski, M. Recent advances in the development of peptide vaccines
and their delivery systems against group a streptococcus. Vaccines 2019, 7, 58. [CrossRef]

10. Sekuloski, S.; Batzloff, M.R.; Griffin, P.; Parsonage, W.; Elliott, S.; Hartas, J.; O’Rourke, P.; Marquart, L.; Pandey, M.; Rubin, F.A.
Evaluation of safety and immunogenicity of a group A streptococcus vaccine candidate (MJ8VAX) in a randomized clinical trial.
PLoS ONE 2018, 13, e0198658. [CrossRef]

11. Alharbi, N.; Skwarczynski, M.; Toth, I. The influence of component structural arrangement on peptide vaccine immunogenicity.
Biotechnol. Adv. 2022, 60, 108029. [CrossRef]

12. Marasini, N.; Ghaffar, K.A.; Giddam, A.K.; Batzloff, M.R.; Good, M.F.; Skwarczynski, M.; Toth, I. Highly Immunogenic Trimethyl
Chitosan-based Delivery System for Intranasal Lipopeptide Vaccines against Group A Streptococcus. Curr. Drug Deliv. 2017, 14,
701–708. [CrossRef] [PubMed]

13. Yang, J.; Azuar, A.; Toth, I.; Skwarczynski, M. Liposomes for the Delivery of Lipopeptide Vaccines. In Vaccine Design: Methods and
Protocols, Volume 3. Resources for Vaccine Development; Thomas, S., Ed.; Springer: New York, NY, USA, 2022; pp. 295–307.

14. Marasini, N.; Ghaffar, K.A.; Skwarczynski, M.; Toth, I. Liposomes as a Vaccine Delivery System. In Micro- and Nanotechnology in
Vaccine Development; Skwarczynski, M., Toth, I., Eds.; William Andrew Inc.: Norwich, UK, 2017; pp. 221–239.

15. Zhao, L.; Skwarczynski, M.; Toth, I. Polyelectrolyte-Based Platforms for the Delivery of Peptides and Proteins. ACS Biomater. Sci.
Eng. 2019, 5, 4937–4950. [CrossRef] [PubMed]

16. Volodkin, D.V.; Schaaf, P.; Mohwald, H.; Voegel, J.-C.; Ball, V. Effective embedding of liposomes into polyelectrolyte multilayered
films: The relative importance of lipid-polyelectrolyte and interpolyelectrolyte interactions. Soft Matter 2009, 5, 1394–1405.
[CrossRef]

17. Ghaffar, K.A.; Marasini, N.; Giddam, A.K.; Batzloff, M.R.; Good, M.F.; Skwarczynski, M.; Toth, I. Liposome-based intranasal
delivery of lipopeptide vaccine candidates against group A streptococcus. Acta Biomater. 2016, 41, 161–168. [CrossRef]

18. Marasini, N.; Giddam, A.K.; Khalil, Z.G.; Hussein, W.M.; Capon, R.J.; Batzloff, M.R.; Good, M.F.; Toth, I.; Skwarczynski, M.
Double adjuvanting strategy for peptide-based vaccines: Trimethyl chitosan nanoparticles for lipopeptide delivery. Nanomedicine
2016, 11, 3223–3235. [CrossRef] [PubMed]

19. Houston, W.E.; Crabbs, C.L.; Kremer, R.J.; Springer, J.W. Adjuvant effects of diethylaminoethyl-dextran. Infect. Immun. 1976, 13,
1559–1562. [CrossRef]

20. Piedrafita, D.; Preston, S.; Kemp, J.; de Veer, M.; Sherrard, J.; Kraska, T.; Elhay, M.; Meeusen, E. The Effect of Different Adjuvants
on Immune Parameters and Protection following Vaccination of Sheep with a Larval-Specific Antigen of the Gastrointestinal
Nematode, Haemonchus contortus. PLoS ONE 2013, 8, e78357. [CrossRef] [PubMed]

21. Yang, J.; Firdaus, F.; Azuar, A.; Khalil, Z.G.; Marasini, N.; Capon, R.J.; Hussein, W.M.; Toth, I.; Skwarczynski, M. Cell-Penetrating
Peptides-Based Liposomal Delivery System Enhanced Immunogenicity of Peptide-Based Vaccine against Group A Streptococcus.
Vaccines 2021, 9, 499. [CrossRef] [PubMed]

22. Dai, C.C.; Yang, J.; Hussein, W.M.; Zhao, L.; Wang, X.; Khalil, Z.G.; Capon, R.J.; Toth, I.; Stephenson, R.J. Polyethylenimine: An
Intranasal Adjuvant for Liposomal Peptide-Based Subunit Vaccine against Group A Streptococcus. ACS Infect. Dis. 2020, 6,
2502–2512. [CrossRef] [PubMed]

23. Yostawonkul, J.; Surassmo, S.; Iempridee, T.; Pimtong, W.; Suktham, K.; Sajomsang, W.; Gonil, P.; Ruktanonchai, U.R. Surface
modification of nanostructure lipid carrier (NLC) by oleoyl-quaternized-chitosan as a mucoadhesive nanocarrier. Colloids Surf. B
Biointerfaces 2017, 149, 301–311. [CrossRef]

24. Bartlett, S.; Skwarczynski, M.; Toth, I. Lipids as Activators of Innate Immunity in Peptide Vaccine Delivery. Curr. Med. Chem.
2020, 27, 2887–2901. [CrossRef] [PubMed]

25. Wilson, K.L.; Flanagan, K.L.; Prakash, M.D.; Plebanski, M. Malaria vaccines in the eradication era: Current status and future
perspectives. Expert Rev. Vaccines 2019, 18, 133–151. [CrossRef] [PubMed]

26. Zhao, L.; Jin, W.; Cruz, J.G.; Marasini, N.; Khalil, Z.G.; Capon, R.J.; Hussein, W.M.; Skwarczynski, M.; Toth, I. Development of
polyelectrolyte complexes for the delivery of peptide-based subunit vaccines against group A streptococcus. Nanomaterials 2020,
10, 823. [CrossRef] [PubMed]

http://doi.org/10.1016/j.vaccine.2005.10.046
http://doi.org/10.1038/laban1007-51
http://doi.org/10.1007/s40264-015-0350-4
http://doi.org/10.1056/NEJMoa1603693
http://doi.org/10.3390/vaccines7030058
http://doi.org/10.1371/journal.pone.0198658
http://doi.org/10.1016/j.biotechadv.2022.108029
http://doi.org/10.2174/1567201813666160721141322
http://www.ncbi.nlm.nih.gov/pubmed/27440071
http://doi.org/10.1021/acsbiomaterials.9b01135
http://www.ncbi.nlm.nih.gov/pubmed/33455241
http://doi.org/10.1039/b815048f
http://doi.org/10.1016/j.actbio.2016.04.012
http://doi.org/10.2217/nnm-2016-0291
http://www.ncbi.nlm.nih.gov/pubmed/27830630
http://doi.org/10.1128/iai.13.6.1559-1562.1976
http://doi.org/10.1371/journal.pone.0078357
http://www.ncbi.nlm.nih.gov/pubmed/24205209
http://doi.org/10.3390/vaccines9050499
http://www.ncbi.nlm.nih.gov/pubmed/34066099
http://doi.org/10.1021/acsinfecdis.0c00452
http://www.ncbi.nlm.nih.gov/pubmed/32786276
http://doi.org/10.1016/j.colsurfb.2016.09.049
http://doi.org/10.2174/0929867325666181026100849
http://www.ncbi.nlm.nih.gov/pubmed/30362416
http://doi.org/10.1080/14760584.2019.1561289
http://www.ncbi.nlm.nih.gov/pubmed/30601095
http://doi.org/10.3390/nano10050823
http://www.ncbi.nlm.nih.gov/pubmed/32357402


Vaccines 2023, 11, 305 12 of 13

27. Zhao, L.; Bashiri, S.; Toth, I.; Skwarczynski, M. Preparation of Trimethyl Chitosan-Based Polyelectrolyte Complexes for Peptide
Subunit Vaccine Delivery. In Bacterial Vaccines: Methods and Protocols; Bidmos, F., Bossé, J., Langford, P., Eds.; Springer: New York,
NY, USA, 2022; pp. 141–149.

28. Marasini, N.; Giddam, A.K.; Ghaffar, K.A.; Batzloff, M.R.; Good, M.F.; Skwarczynski, M.; Toth, I. Multilayer engineered
nanoliposomes as a novel tool for oral delivery of lipopeptide-based vaccines against group A Streptococcus. Nanomedicine 2016,
11, 1223–1236. [CrossRef] [PubMed]

29. Zaman, M.; Abdel-Aal, A.B.; Phillipps, K.S.; Fujita, Y.; Good, M.F.; Toth, I. Structure-activity relationship of lipopeptide Group A
streptococcus (GAS) vaccine candidates on toll-like receptor 2. Vaccine 2010, 28, 2243–2248. [CrossRef]

30. Tenchov, R.; Bird, R.; Curtze, A.E.; Zhou, Q. Lipid Nanoparticles—From Liposomes to mRNA Vaccine Delivery, a Landscape of
Research Diversity and Advancement. ACS Nano 2021, 15, 16982–17015. [CrossRef]

31. Yang, J.R.; Luo, Y.C.; Shibu, M.A.; Toth, I.; Skwarczynski, M. Cell-Penetrating Peptides: Efficient Vectors for Vaccine Delivery.
Curr. Drug Deliv. 2019, 16, 430–443. [CrossRef]

32. Zhao, L.; Yang, J.; Nahar, U.J.; Khalil, Z.G.; Capon, R.J.; Hussein, W.M.; Skwarczynski, M.; Toth, I. A dual-adjuvanting strategy for
peptide-based subunit vaccines against group A Streptococcus: Lipidation and polyelectrolyte complexes. Bioorg. Med. Chem.
2020, 28, 115823. [CrossRef]

33. Bashiri, S.; Koirala, P.; Toth, I.; Skwarczynski, M. Carbohydrate Immune Adjuvants in Subunit Vaccines. Pharmaceutics 2020, 12,
965. [CrossRef]

34. Nahar, U.J.; Toth, I.; Skwarczynski, M. Mannose in vaccine delivery. J. Control. Release 2022, 351, 284–300. [CrossRef]
35. Reintjens, N.R.M.; Tondini, E.; de Jong, A.R.; Meeuwenoord, N.J.; Chiodo, F.; Peterse, E.; Overkleeft, H.S.; Filippov, D.V.; van der

Marel, G.A.; Ossendorp, F.; et al. Self-Adjuvanting Cancer Vaccines from Conjugation-Ready Lipid A Analogues and Synthetic
Long Peptides. J. Med. Chem. 2020, 63, 11691–11706. [CrossRef] [PubMed]

36. Norpi, A.S.M.; Nordin, M.L.; Ahmad, N.; Katas, H.; Fuaad, A.A.A.; Sukri, A.; Marasini, N.; Azmi, F. New modular platform based
on multi-adjuvanted amphiphilic chitosan nanoparticles for efficient lipopeptide vaccine delivery against group A streptococcus.
Asian J. Pharm. Sci. 2022, 17, 435–446. [CrossRef]

37. Stanisic, D.I.; Ho, M.-F.; Nevagi, R.; Cooper, E.; Walton, M.; Islam, M.T.; Hussein, W.M.; Skwarczynski, M.; Toth, I.; Good, M.F.
Development and Evaluation of a Cryopreserved Whole-Parasite Vaccine in a Rodent Model of Blood-Stage Malaria. mBio 2021,
12, e0265721. [CrossRef]

38. Al-Nazal, H.A.; Cooper, E.; Ho, M.F.; Eskandari, S.; Majam, V.; Giddam, A.K.; Hussein, W.M.; Islam, M.T.; Skwarczynski, M.; Toth,
I.; et al. Pre-clinical evaluation of a whole-parasite vaccine to control human babesiosis. Cell Host Microbe 2021, 29, 894–903.e5.
[CrossRef]

39. Ghaffar, K.A.; Marasini, N.; Giddam, A.K.; Batzloff, M.R.; Good, M.F.; Skwarczynski, M.; Toth, I. The Role of Size in Development
of Mucosal Liposome-Lipopeptide Vaccine Candidates against Group A Streptococcus. Med. Chem. 2017, 13, 22–27. [CrossRef]
[PubMed]

40. Li, X.; Kong, X.; Shi, S.; Zheng, X.; Guo, G.; Wei, Y.; Qian, Z. Preparation of alginate coated chitosan microparticles for vaccine
delivery. BMC Biotechnol. 2008, 8, 89. [CrossRef] [PubMed]

41. Slütter, B.; Plapied, L.; Fievez, V.; Sande, M.A.; des Rieux, A.; Schneider, Y.-J.; Van Riet, E.; Jiskoot, W.; Préat, V. Mechanistic study
of the adjuvant effect of biodegradable nanoparticles in mucosal vaccination. J. Control. Release 2009, 138, 113–121. [CrossRef]

42. Fernández-Ruiz, M.; Humar, A.; Baluch, A.; Keshwani, S.; Husain, S.; Kumar, D. Baseline serum interleukin-6 to interleukin-2
ratio is associated with the response to seasonal trivalent influenza vaccine in solid organ transplant recipients. Vaccine 2015, 33,
7176–7182. [CrossRef] [PubMed]

43. Su, B.; Wang, J.; Wang, X.; Jin, H.; Zhao, G.; Ding, Z.; Kang, Y.; Wang, B. The effects of IL-6 and TNF-alpha as molecular adjuvants
on immune responses to FMDV and maturation of dendritic cells by DNA vaccination. Vaccine 2008, 26, 5111–5122. [CrossRef]

44. Ovsyannikova, I.G.; Reid, K.C.; Jacobson, R.M.; Oberg, A.L.; Klee, G.G.; Poland, G.A. Cytokine production patterns and antibody
response to measles vaccine. Vaccine 2003, 21, 3946–3953. [CrossRef] [PubMed]

45. Schmitt, N.; Morita, R.; Bourdery, L.; Bentebibel, S.E.; Zurawski, S.M.; Banchereau, J.; Ueno, H. Human dendritic cells induce
the differentiation of interleukin-21-producing T follicular helper-like cells through interleukin-12. Immunity 2009, 31, 158–169.
[CrossRef]

46. Schmitt, N.; Bustamante, J.; Bourdery, L.; Bentebibel, S.E.; Boisson-Dupuis, S.; Hamlin, F.; Tran, M.V.; Blankenship, D.; Pascual,
V.; Savino, D.A.; et al. IL-12 receptor β1 deficiency alters in vivo T follicular helper cell response in humans. Blood 2013, 121,
3375–3385. [CrossRef] [PubMed]

47. Cassese, G.; Arce, S.; Hauser, A.E.; Lehnert, K.; Moewes, B.; Mostarac, M.; Muehlinghaus, G.; Szyska, M.; Radbruch, A.; Manz,
R.A. Plasma cell survival is mediated by synergistic effects of cytokines and adhesion-dependent signals. J. Immunol. 2003, 171,
1684–1690. [CrossRef] [PubMed]

48. Plebanski, M.; Elson, C.J.; Billington, W.D. Dependency on interleukin-1 of primary human in vitro T cell responses to soluble
antigens. Eur. J. Immunol. 1992, 22, 2353–2358. [CrossRef]

49. Schurich, A.; Raine, C.; Morris, V.; Ciurtin, C. The role of IL-12/23 in T cell–related chronic inflammation: Implications of
immunodeficiency and therapeutic blockade. Rheumatology 2018, 57, 246–254. [CrossRef] [PubMed]

http://doi.org/10.2217/nnm.16.36
http://www.ncbi.nlm.nih.gov/pubmed/27077314
http://doi.org/10.1016/j.vaccine.2009.12.046
http://doi.org/10.1021/acsnano.1c04996
http://doi.org/10.2174/1567201816666190123120915
http://doi.org/10.1016/j.bmc.2020.115823
http://doi.org/10.3390/pharmaceutics12100965
http://doi.org/10.1016/j.jconrel.2022.09.038
http://doi.org/10.1021/acs.jmedchem.0c00851
http://www.ncbi.nlm.nih.gov/pubmed/32960056
http://doi.org/10.1016/j.ajps.2022.04.002
http://doi.org/10.1128/mBio.02657-21
http://doi.org/10.1016/j.chom.2021.04.008
http://doi.org/10.2174/1573406412666160720093138
http://www.ncbi.nlm.nih.gov/pubmed/27449794
http://doi.org/10.1186/1472-6750-8-89
http://www.ncbi.nlm.nih.gov/pubmed/19019229
http://doi.org/10.1016/j.jconrel.2009.05.011
http://doi.org/10.1016/j.vaccine.2015.10.134
http://www.ncbi.nlm.nih.gov/pubmed/26555352
http://doi.org/10.1016/j.vaccine.2008.03.089
http://doi.org/10.1016/S0264-410X(03)00272-X
http://www.ncbi.nlm.nih.gov/pubmed/12922130
http://doi.org/10.1016/j.immuni.2009.04.016
http://doi.org/10.1182/blood-2012-08-448902
http://www.ncbi.nlm.nih.gov/pubmed/23476048
http://doi.org/10.4049/jimmunol.171.4.1684
http://www.ncbi.nlm.nih.gov/pubmed/12902466
http://doi.org/10.1002/eji.1830220926
http://doi.org/10.1093/rheumatology/kex186
http://www.ncbi.nlm.nih.gov/pubmed/28541488


Vaccines 2023, 11, 305 13 of 13

50. Junttila, I.S. Tuning the Cytokine Responses: An Update on Interleukin (IL)-4 and IL-13 Receptor Complexes. Front. Immunol.
2018, 9, 888. [CrossRef]

51. Ren, K.; Torres, R. Role of interleukin-1beta during pain and inflammation. Brain Res. Rev. 2009, 60, 57–64. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3389/fimmu.2018.00888
http://doi.org/10.1016/j.brainresrev.2008.12.020
http://www.ncbi.nlm.nih.gov/pubmed/19166877

	Introduction 
	Materials and Methods 
	Preparation of LCP-1-Loaded Multilamellar Liposomes 
	Characterization of Vaccine Candidates by Dynamic Light Scattering 
	Immunization Study 
	Determination of IgG Titres 
	Opsonization Assays 
	Ex vivo Cytokine Profiling in Dendritic Cells 
	Ethics Statement 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

