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KEY WORDS Abstract Intranasal vaccines specifically eliciting mucosal immunity in the upper respiratory tract have
shown advantages in protecting against respiratory virus invasion. Yet, no clinically licensed intranasal

Intranasal adjuvant; . . . . . . . .
! adjuvant remains a major hurdle for the development of intranasal vaccines with low immunogenic an-

Ig;&?;?;fisé; tigens like subunit vaccines. Here, we show that liposomes loading simvastatin (Lipo-SV) serve as potent
St veEsiTe: mucosal adjuvants for the intranasal liposomal subunit vaccine encapsulating the hemagglutinin 1 (HA1)
HINI1 influenza; glycoprotein of A/PR/8/34 (PR8) HINI influenza (Lipo-HA1), providing robust protection against the
Transcytosis of antigens; lethal PR8 HIN1 infection. Compared to cholera toxin subunit B (CTB), the only mucosal adjuvant used
Nasal epithelial cells; in humans, the Lipo-SV substantiate intranasal Lipo-HA1 vaccines to elicit robust systemic and local
Dendritic cell recruitment mucosal immune responses. The underlying mechanism of the adjuvanticity of Lipo-SV involves the

increased transcytosis of antigens by inhibiting the geranylgeranylation of RABS and RAB7B GTPases
in nasal epithelial cells. Moreover, Lipo-SV enhance the submucosal recruitment of dendritic cell for an-
tigen uptake via the Toll-like receptor 4-dependent pathway. Unlike CTB, intranasal Lipo-SV do not
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induce inflammation in the lung or the inflammatory cytokines in the central nervous system. Our results
present a paradigm of design of mucosal adjuvant to target the mucosal epithelial cells in addition to the

antigen-presenting cells.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The respiratory mucosal immune system serves as the first line of
physical and immunological defense against invasion of respira-
tory viral pathogens. Although the vaccines through intramuscular
(i.m.) administration induce serum immunoglobulin G (IgG)
against infectious diseases, they are unable to induce efficient
mucosal immunity'. Vaccination via the nasal route represents an
appealing strategy for inducing both antigen-specific systemic and
mucosal immunity. Compared to intramuscular vaccines, intra-
nasal vaccines can elicit secretory IgA (SIgA) in the nasal pas-
sages and upper airways as well as tissue-resident memory cells
(TRMs) in the lungs to prevent early invasion of pathogens in the
respiratory tract, which is desirable® *.

The currently intranasal vaccines for human use against res-
piratory viral pathogens are primarily live attenuated or inacti-
vated vaccines’. Subunit vaccines, using pathogen-derived
proteins or peptides as vaccine antigens, have advantages over
live attenuated vaccines or inactivated vaccines in terms of safety
and production costs®. However, the efficacy of intranasal subunit
vaccines is compromised due to the physiologic barriers of the
nasal cavity, such as the epithelial layer, ciliary clearance, mucus
layer, and degradation by the secreted lysozymes’. These barriers
restrict a sufficient amount of antigen from being delivered to the
submucosal lamina propria, where dendritic cells (DCs) can
capture the antigen and mature®. With the development of
bioengineering and material sciences, various nanoparticulate
vaccine delivery systems have been designed to overcome the
mucosal barriers to improve the nasal antigen delivery, such as
liposomes, polymers, hydrogels, chitosan, etc.”'®. Among them,
liposomal formulations are widely used in various human vac-
cines''. Intranasal (i.n.) administration of liposomes loading
Streptococcus mutans antigen can induce significantly higher IgA
titers than the free antigen in healthy adults'?. Besides, liposomal
formulations are clinically used as adjuvant delivery systems, such
as ASO1".

Besides the vaccine delivery systems, successful intranasal
subunit vaccines rely on adjuvants that can induce robust and
durable immune responses'*'>. Existing adjuvants licensed in
human vaccines are mostly for injectable vaccines'®!”. Among
these adjuvants, aluminum salts induce Th2 immune responses
through depot effect, while others like ASOl and CpG elicit
cellular immunity through triggering multiple signaling pathways
of host pattern recognition receptors (PRRs)'®'°. Nowadays, the
exploration of adjuvants primarily focuses on the molecules tar-
geting antigen-presenting cells (APCs) to activate innate immune
signals, such as Toll-like receptor (TLR) agonists, stimulator of
interferon genes (STING) agonists, and immune-stimulating
complexes (ISCOMs)'®. Yet, these adjuvants have not been
licensed for use in mucosal vaccines.

Cholera toxins (CT) have been well-studied and regarded as
one of the most potent mucosal adjuvants, consisting of a
monomeric “A” (CTA) and a pentameric “B” subunit (CTB)?. Its
B subunit binds to gangliosides, preferentially GM1 on epithelial
cell membranes, to enhance antigen transport across the epithe-
lium. However, CTA for human use has been constrained due to
local or systemic toxicity, such as overt diarrhea®'. CTB is non-
toxic and added to the oral cholera vaccine, which is the only
licensed non-living mucosal vaccine available for human use’.
CTB can assist an intranasal vaccine in inducing robust systemic
and mucosal immune responses in animal models®>. However,
CTB is highly immunogenic and potentially neurotoxic due to its
capacity to bind to gangliosides presented on all nucleated cells.
Therefore, there is an urgent need to develop effective and safe
mucosal adjuvants for intranasal subunit vaccines.

We hypothesize that adjuvants targeting nasal epithelial cells
(ECs) to facilitate the transmucosal delivery of antigen and sub-
mucosal antigen uptake could potentiate intranasal subunit vac-
cines against respiratory viruses. Simvastatin (SV) has been
reported to activate DCs as a vaccine adjuvant through arrested
endosomal maturation and increased antigen presentation by
inhibiting the geranylgeranylation of RAB5 guanosine triphos-
phatase (GTPases)>***. However, the ability of SV as mucosal
adjuvant remains unknown. Herein, we prepare liposomes loading
SV (Lipo-SV) serving as mucosal adjuvant for intranasal vaccines.
Intranasal immunization with Lipo-SV significantly promotes
systemic or mucosal immunity induced by intranasal liposomal
subunit vaccines encapsulating the hemagglutinin 1 (HAL)
glycoprotein of the A/PR/8/34 (PR8) HINI influenza (Lipo-HA1)
or the receptor-binding domain (RBD) of the spike protein of
SARS-CoV-2 prototype (Lipo-RBD), with high levels of IgGl1,
IgG or IgA, cytotoxic T lymphocytes (CTLs) and CD8' TRMs
responses. The mice intranasally immunized with Lipo-SV plus
Lipo-HA1 vaccines establish a formidable defense against the
lethal PR8 H1N1 influenza virus. Lipo-SV inhibit the formation of
geranylgeranyl diphosphate (GGPP), a metabolite downstream of
the mevalonate (MVA) pathway, which is required for ger-
anylgeranylation of RABS5 and RAB7B GTPases in the nasal ECs.
The decreased amount of RABS localized on cell membranes
increases the transcytosis of the subunit vaccine by reducing the
transport of antigens from early endosomes to lysosomes. Mean-
while, Lipo-SV increase the number of TLR4™ ECs as a result of
reduced expression of RAB7B in EC membranes. This leads to
submucosal recruitment of dendritic cells for antigen uptake via
enhanced expression of C-C motif chemokine ligand (CCL) 20.
Consequently, the antigen-loaded DCs quickly migrate into cer-
vical lymph nodes (CLNs) for antigen presentation (Fig. 1). Our
results demonstrate the mechanism of adjuvanticity of Lipo-SV
for intranasal HIN1 influenza vaccines, and the nasal epithelium
being a promising target for mucosal adjuvants.
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Figure 1  Schematic illustration of Lipo-SV as potent intranasal vaccine adjuvants to enhance antigen-specific mucosal immune response.
Lipo-SV increase their uptake by the nasal ECs and inhibit the geranylgeranylation of RABS5 and RAB7B GTPases by inhibiting the mevalonate
pathway. @ Lipo-SV reduce the degradation of antigens in lysosomes through arrested maturation of endosomes, thus increasing the distribution of
antigens in recycling endosomes (RE), endoplasmic reticulum (ER), and Golgi apparatus for enhanced transcytosis of antigens. @ Lipo-SV stimulate
the nasal ECs to secrete chemokine CCL20 via the TLR4 pathway, which recruits more submucosal DCs for antigen uptake. ® After capturing
antigens, DCs mature and migrate to the CLNS, increasing antigen presentation and mucosal immune response of the i.n. subunit vaccine. EE, early
endosomes; LE, late endosomes; pIgR, polymeric immunoglobulin receptor; TRMs, tissue-resident memory cells; SIgA, secretory IgA.

2. Materials and methods Fudan University (Approval Nos.: 2019-08-YJ-LW-01 and
2024-03-YJ-LW-41). For the animal experiments, mice that
2.1.  Ethics lost more than 20% of their body weight were euthanized
according to the IACUC guidelines. The experiment of virus
All animal experiments were conducted following protocols challenge and all the viruses and infectious samples were

approved by the Institutional Animal Care and Use Com- conducted under enhanced biosafety level 2 (BSL-2) labora-
mittee (IACUC) of the School of Pharmaceutical Sciences, tory conditions.
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2.2.  Preparation and characterization of the drug-loaded
liposomes

Lipo-SV were prepared by the thin-film hydration technique.
Briefly, 1,2-dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC),
cholesterol (Chol), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000]
(DSPE-mPEG;(), and SV were dissolved in chloroform at a
ratio of 125:93:4.2:12, then placed in a rotary evaporator to remove
the organic solvent. The lipid film was hydrated with phosphate
buffer solution (PBS) and extruded through a 200 nm polycarbonate
membrane (Whatman, Cat#10417006, Maidstone, UK).

The liposomes loading RBD, HAI1, or chicken ovalbumin
(OVA) were prepared by a reverse-phase evaporation method. The
lipid materials were dissolved in 3 mL of chloroform at a molar
ratio of 125:93:4.2 (DPPC: chol: DSPE-mPEG,y,) and mixed
with 1 mL of antigen solution (0.5 mg). The mixture was soni-
cated in a water bath to form a stable water-in-oil emulsion, fol-
lowed by the removal of the organic solvent on a rotary
evaporator. The emulsion was hydrated with PBS and then
extruded through a 200 nm polycarbonate membrane. For the
preparation of SV and RBD co-loaded liposomes (Lipo-SV-RBD),
the above lipids and SV were dissolved in 3 mL of chloroform at a
molar ratio of 125:93:4.2:12 (DPPC: chol: DSPE-mPEGgo: SV)
and mixed with 1 mL of RBD solution (0.5 mg). The liposomes
were also prepared using the reverse-phase evaporation method.
Particle size, polymer dispersity index (PDI), and zeta-potential of
the liposomes were measured by dynamic light scattering (DLS,
Zetasizer Nano ZS90, Malvern Instruments, Malvern, UK). The
morphology of liposomes was examined by cryo-transmission
electron micrograph (Cryo-TEM, FEI Tecnai G2 F20, 200 kV,
FEI, Hillsboro, OR, USA).

2.3.  Mouse immunization

For RBD antigens, BALB/c mice were i.n. inoculated with 50 pL
PBS, RBD, Lipo-RBD, Lipo-SV-RBD, Lipo-SV plus Lipo-RBD,
or CTB-RBD on Days 1, 22, and 210, respectively. For i.m. im-
munization, the mice were injected bilaterally in the quadriceps
femoris with a total volume of 100 pL of PBS, RBD, Lipo-RBD,
Lipo-SV-RBD, Lipo-SV plus Lipo-RBD, or Al(OH);-RBD on
Days 1, 22, and 210, respectively. In Lipo-SV-treated groups, the
mice were pretreated with Lipo-SV for 24 h before the immuni-
zation of Lipo-RBD. For intratracheal (i.t.) immunization, mice
received 50 pL of PBS, RBD, Lipo-RBD, or Lipo-SV-RBD on
Days 1 and 22, respectively. For the combination group of the i.t.
immunization, Lipo-SV was i.n. administered 24 h prior to the i.t.
immunization with Lipo-RBD. The RBD dose antigen for i.n. or
i.m. immunization was 10 pg. The dose of AI(OH); was 20 pg.
The dose of RBD antigen for i.t. immunization was 1 pg.

For HA1 antigens, BALB/c mice were i.n. inoculated with
50 uL PBS, Lipo-SV (20 pg) plus Lipo-HA1 (10 pg) or CTB-
HA1l(containing 10 ng HA1 and 10 ng CTB) every 3 weeks for
three times. In Lipo-SV-treated groups, the mice were pretreated
with Lipo-SV for 24 h before the immunization with Lipo-HA1.
For i.m. immunization, the mice were injected bilaterally in the
quadriceps femoris with a total volume of 100 pL containing
10 ng HA1 and Al(OH)3(2 mg/mL). The mice were euthanized to
collect samples on Day 57 after the primary immunization. Blood
was collected to separate sera at the indicated times from immu-
nized mice. Nasal washes and bronchoalveolar lavage fluid
(BALF) were obtained by washing the organs with 0.5 mL and

1.0 mL sterile PBS, respectively. Cerebrospinal fluid (CSF) was
collected for analysis of inflammatory factor levels in the central
nervous system (CNS). Lungs were minced into 2 mm X 2 mm
pieces, digested with 1 mL of collagenase IV (2 mg/mL)/DNase I
(5 mg/mL) at 37 °C for 60 min, and filtered through a 40-pum cell
strainer (Falcon, Cat#352340, BD, Franklin Lakes, NJ, USA).
CLNs and spleens were dissected from mice and processed into
single-cell suspensions by passing the tissues through 40-um cell
strainers directly for analysis by flow cytometry (FCM).

2.4.  Virus challenge

At 14 days after the third immunization, the vaccinated mice were
anesthetized and then i.n. challenged with 10 times the murine
median lethal dose (LDsg) of PR8 HINI1. Body weight and sur-
vival rates of infected mice were monitored daily after the chal-
lenge (n = 5). Mice that lost more than 20% of their initial body
weight were humanely euthanized. The lungs and small intestines
were collected for histopathological examination at 4 days post-
infection (n = 3). For measuring viral loads, nasal washes and
lungs were harvested at 4 days post-infection and stored at —80 °C
until processed (n = 4). For detecting changes in immune cells
after viral infection, the lungs and mediastinal lymph nodes
(MLNs) were dissected and processed into single-cell suspensions
for analysis by FCM at 4 days post-infection (n = 3).

2.5.  Measurement of viral load in the mouse

Neuraminidase (NA) level, the main target of influenza antivirals,
was detected by enzyme-linked immunosorbent assay (ELISA) in
nasal washes and lung homogenates. Influenza viral titers in lungs
were quantified using quantitative reverse transcription polymer-
ase chain reaction (QRT-PCR) from the RNA samples. Briefly,
frozen lungs collected as described above were homogenized in
TRIzol (Thermo Fisher Scientific, Cat#15596026CN, Waltham,
MA, USA) to isolate total RNA. Total RNA was reverse tran-
scribed using Hifair III 1st Strand cDNA Synthesis Kit (gDNA
digester plus) (Yeasen Biotech Co., Ltd., Cat#11139ES60,
Shanghai, China). qRT-PCR analysis was conducted on a Bio-Rad
CFX96 connect using an SYBR Green PCR kit (ABconal,
Cat#RK21203, Woburn, MA, USA). (-actin served as an internal
reference. The HINI influenza virus M gene and $-actin primers
were used: (M gene: forward primer, 5'~-AAGACCAATCCTGTC
ACCTCTGA-3'; reverse primer, 5'-CAAAGCGTCTACGCTGCA
GTC-3’; B-actin: forward primer, 5-CCAGGTCATCACTATT
GGCAAC-3'; reverse primer, 5-TTTACGGATGTCAACGTCA-
CAC-3). Fold change of M gene mRNA was calculated using the
2 A5C method comparing vaccine-treated mice to PBS-treated
mice.

2.6.  Detection of antigen-specific antibody titers

ELISA plates were coated with 100 pL of 1 pg/mL of RBD or
HAT1 protein overnight at 4 °C which were then blocked for 0.5 h
at 37 °C using 5% bovine serum albumin (BSA) in PBS. The
serial dilutions of serum or lavage fluid samples were added to the
wells and incubated for 1 h at 37 °C. After being washed five
times with PBS containing 0.05% Tween 20 (PBST), the plates
were incubated with horseradish peroxidase (HRP)-conjugated
1gGl, IgG, or IgA at 37 °C for 1 h. The plates were washed five
times with PBST and incubated with 100 pL of 3,3',5,5'-tetra-
methylbenzidine (TMB) substrate. After stopping the reaction
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with 50 pL of 2 mol/L H,SO, solution in each well, optical
density (OD)4s0—s570 Was measured using a microplate reader
(BioTek Instruments, Inc., Synergy 2, Winooski, VT, USA).

2.7.  Hemagglutination inhibition (HAI) assays

To determine the serum or lavage fluid HAI titers, the samples
were treated with receptor-destroying enzyme II (RDE II; Denka
Seiken, Cat#340122, Tokyo, Japan) at 37 °C for 16 h. The enzyme
activity was then inactivated by incubation for 30 min at 56 °C.
The RDE-treated samples were serially diluted and incubated with
four hemagglutination units (HAU) of PR8 HINlvirus in
V-bottom 96-well plates at room temperature for 1 h. Thereafter,
V-bottom 96-well plates were incubated with 0.5% chicken red
blood cells at room temperature for 30 min.

2.8.  Transepithelial cells study in vitro and in vivo

For the in vitro assay, different formulations were added into the
upper compartment of the Calu-3 cell monolayer with the same
concentration of liposomes loading CyS5-labeled OVA (Lipo-OVA-
Cy5). Then, take all the basolateral compartment solution at the
indicated time points and supplement with an equivalent volume
of PBS. The maximum emission wavelength of the collected
basolateral compartment solution was monitored using a micro-
plate reader (BioTek Instruments, Inc.) at an excitation wave-
length of 633 nm. For the GGPP-treated groups, the cells were
incubated with GGPP (20 pmol/L) or GGPP plus Lipo-SV
(10 pmol/L) for 24 h before the treatment with Lipo-OVA-Cy5
(20 pg/mL).

To estimate the effect of Lipo-SV on the transmucosal pene-
tration of antigen in vivo, mice were i.n. administered with PBS or
Lipo-SV. After 24 h, the mice were i.n. immunized with Lipo-
OVA-CyS5 containing 10 pg of OVA. The mice were euthanized
30 min later. After removing the irrelevant affiliated tissues, the
noses were fixed in 4% paraformaldehyde (PFA) for 24 h at 4 °C
Next, the noses were decalcified for 7 days in decalcifying fluid
(10% ethylenediaminetetraacetic acid (EDTA), pH 7.4) and then
embedded in optimal cutting temperature compound (OCT,
Sakura, Finetek, Tokyo, Japan) and frozen. Tissues were sliced
into 8-pum sections for analysis of immunofluorescence.

2.9.  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and western blotting assay

Protein quality was evaluated with 8% -12% SDS-PAGE under
reducing conditions. The proteins in the gel were stained with
Coomassie brilliant blue dye or transferred to nitrocellulose
membranes (Cytiva, Cat#10401436, Marlborough, MA, USA).
The membranes were blocked with 5% BSA-PBST and incubated
with appropriate primary antibodies and HRP-conjugated sec-
ondary antibodies. The antibodies used were listed in Supporting
Information Table S1. The specific protein bands in membranes
were visualized using enhanced chemiluminescence buffer, and
the images were captured by the Chemi Doc XRS system (Bio-
Rad Laboratories, Hercules, CA, USA).

2.10.  Subcellular distribution of Lipo-OVA
Calu-3 cells (1 x 10°) were seeded in 35-mm glass-bottom dishes

and pre-treated with or without Lipo-SV (10 pmol/L), RABS
small interfering RNA (siRNA), or RAB7B siRNA for 24 h,

followed by incubation with Lipo-OVA-Cy5 (10 pg/mL) for
another 3 h. For the GGPP-treated groups, the cells were incu-
bated with GGPP (20 umol/L) plus Lipo-SV (10 pmol/L) for 24 h
before the treatment with Lipo-OVA. The cells were washed with
PBS and stained with different fluorescent organellar probes,
including Lyso-tracker red (Beyotime, Cat#C1046, Shanghai,
China), ER-tracker red (Beyotime, Cat#C1041S), or Golgi-tracker
red (Beyotime, Cat#C1043) according to the manufacturer’s in-
structions. The cell nuclei were stained with Hoechst 33342. In the
RABI11A tracking group, cells were washed with PBS and fixed
with 4% PFA at room temperature for 10 min. Then the cells were
permeabilized with 0.3% Triton X-100 at room temperature for
10 min and blocked with 5% BSA (in PBS) at room temperature
for 1 h. After incubating overnight at 4 °C with mouse anti-human
RAB11A monoclonal antibody, the cells were incubated with
Alexa Fluor 594-conjugated goat anti-mouse IgG secondary
antibody at room temperature for 1 h and then incubated with 4,6-
diamidino-2-phenylindole (DAPI) at room temperature for 5 min.
The cells were observed by a Leica TCS SP8 confocal microscope
(Leica Microsystems, Wetzlar, Germany).

2.11.  Nasal ciliotoxicity

To evaluate nasal ciliotoxicity, female Sprague—Dawley rats were
i.n. inoculated with 100 pL PBS, Lipo-SV plus Lipo-HA1, CTB-
HA1 and 1% sodium deoxycholate-HA1 for 24 h, respectively.
Then, the nasal septal mucosa was removed, fixed with 2.5%
glutaraldehyde, dehydrated with ethanol gradient, dried at CO,
critical point, and sprayed with ion sputtering. Finally, the changes
in cilia morphology were observed by scanning electron micro-
scope (SEM, Hitachi High-Tech Corporation, Regulus 8100,
Tokyo, Japan). In Lipo-SV-treated groups, the rats were pretreated
with Lipo-SV for 24 h, followed by Lipo-HA1. The doses of SV,
CTB, and HA1 were 100, 50, and 50 pg, respectively.

2.12.  Statistical analysis

Data were presented as mean + standard deviation (SD). Statis-
tical significance was determined using GraphPad Prism 8.0
software (San Diego, CA, USA). An unpaired two-tailed #-test was
used to analyze differences between two groups. One-way or two-
way analysis of variance (ANOVA) with Tukey’s multiple com-
parisons post hoc test was used to analyze differences among
multiple groups. The results were considered significant when
P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001).

3. Results

3.1.  Lipo-SV potentiated intranasal subunit vaccines to elicit
robust systemic and local mucosal immune responses

Because of the poor solubility of lipophilic SV, i.n. administration
of free SV may reduce their absorption by the nasal ECs, weak-
ening the mucosal adjuvanticity. To address this issue, we pre-
pared liposomes encapsulating SV, Lipo-SV, with a particle size of
140.13 £ 8.34 nm in diameter (Fig. 2A). The average size of Lipo-
SV remained unchanged for 72 h, indicating that the formulation
was stable (Supporting Information Fig. S1A). In addition to
solubilization, the liposomal formulation exhibited a sustained
release profile, evidenced by that around 16% of SV was released
from Lipo-SV within 12 h in simulated nasal electrolyte solution
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Figure 2 Ln. immunization of Lipo-SV combined with Lipo-HA1 enhanced HA1-specific systemic and mucosal immunity. (A) The size
distribution and Cryo-TEM of Lipo-SV and Lipo-HAL, respectively. Scale bar = 100 nm. (B) The amount of SV in the Calu-3 cell monolayer
(left) or nasal mucosa (right) at different times following administration of free SV or Lipo-SV (n = 3). % ID/g, percentage of the injected dose
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(SNES), while around 36% was released in PBS 7.4 containing
0.5% sodium dodecyl sulfate (Fig. S1B). The accelerated release
in the sodium dodecyl sulfate (SDS)-containing medium is
attributed to the increased solubilization of SV by sodium dodecyl
sulfate. The slow-release profile of drugs from the liposomes en-
hances drug stability and prolongs mucosal residence time®>. This
prolonged mucosal exposure of SV is critical for achieving a
robust and durable therapeutic response. Compared with free SV,
liposomes significantly increased the uptake of SV in the Calu-
3 cell monolayer and nasal mucosa, respectively (Fig. 2B), indi-
cating that liposomes can enhance transmucosal penetration of SV.
Specifically, after 24 h following i.n. administration of Lipo-SV,
the distribution of SV in the nasal mucosa was 4.3-fold as high
as that of free SV. Among all the tissues or organs investigated, the
concentration of SV was the highest in the nasal mucosa (Sup-
porting Information Fig. S2). The particle sizes of Lipo-RBD and
liposomes loading SV and RBD (Lipo-SV-RBD) were
117.3 £ 2.95 and 135.03 = 3.27 nm in diameter, respectively
(Supporting Information Fig. S3A and Table S2). Both RBD
liposomal vaccines were stable in PBS and serum (Fig. S3B).
The dose of RBD antigen of i.t. immunization of Lipo-RBD
was 1 pg, whose dose was equivalent to the dose deposited in the
lung through i.n. administration of 10 pg of Lipo-RBD (Sup-
porting Information Figs. S4 and S5). The result showed that
Lipo-SV-RBD induced significantly lower IgG1 antibody titers
compared to immunization with Lipo-SV and Lipo-RBD sepa-
rately (Supporting Information Fig. S6). Previous study reported
that it took 24 h for SV to inhibit the geranylgeranylation of small
GTPases, including RABS in APCs, resulting in arrested endo-
somal maturation>. Therefore, i.n. administration of Lipo-SV
24 h prior to Lipo-RBD ensured enough time for inhibiting the
geranylgeranylation of RAB5 and RAB7B GTPases in nasal ECs.
Ln. immunization with Lipo-SV combined with Lipo-RBD eli-
cited a higher level of the RBD-specific systemic IgG1 antibody
than the i.m. injection of RBD vaccines with aluminum adjuvant
(AI(OH);-RBD) or the i.t. immunization of Lipo-SV combined
with Lipo-RBD at Day 35 by 1.8-fold and 5-fold, respectively. At
Day 217, the i.n. immunization with Lipo-SV combined with
Lipo-RBD induced IgG1 antibody by 5.7-fold of that before the
booster immunization (Fig. S6). This data demonstrated that mice
i.n. immunized with Lipo-SV combined with Lipo-RBD exhibited
a long-lasting systemic IgG1 antibody response. The i.n. immu-
nization group induced IgA and IgG antibody responses in nasal
washes and BALF compared with i.m. immunization (Supporting
Information Fig. S7). Furthermore, Lipo-SV combined with Lipo-
RBD increased CD8" TRMs (CD8TCD69"CD103™) in the lungs
after i.n. immunization at Day 217 by 3.6-fold, 2.2-fold and 3.7-
fold compared with the PBS control, CTB-RBD and Al(OH);-
RBD (Supporting Information Fig. S8). These results demon-
strated that Lipo-SV plus Lipo-RBD elicited long-term tissue
resident memory T cells. Taken together, these results showed that
i.n. immunization of Lipo-SV combined with Lipo-RBD induced
both long-acting serum antibody response and local mucosal

antibody response, while i.m. injection of Lipo-SV combined with
Lipo-RBD or Al(OH);-RBD had insufficient ability to induce
mucosal antibody response.

To assess the adjuvanticity of Lipo-SV to the Lipo-HA1 vac-
cine, we purified HA1 proteins of PR8 HINI influenza from
Escherichia coli and i.n. immunized mice with Lipo-SV combined
with Lipo-HA1 three times (Supporting Information Fig. S9). The
mice received i.n. administration of the HA1 vaccine with the
mucosal adjuvant CTB (CTB-HA1) or i.m. immunization of the
HA1 vaccine with the aluminum adjuvant (AI(OH);-HA1) were
used for comparison (Fig. 2C). L.n. immunization with Lipo-SV
plus Lipo-HA1 increased the serum IgGl antibody titers, IgA
antibody titers in nasal lavage fluid, and IgA antibody titers in
BALF by 15.7-fold, 1115-fold, and 2592-fold in comparison with
im. injection of Al(OH);-HAI, respectively (Fig. 2D-F). Ln.
immunization with Lipo-SV combined with Lipo-HA1 induced
higher levels of HAI titers in lavage fluids than i.m. injection of
Al(OH);-HA1 (Fig. 2E and F). Taken together, these results
demonstrated that i.n. immunization with Lipo-SV combined with
Lipo-HA1 generated robust systemic IgGl and mucosal IgA
antibody responses. Although i.m. immunization with Al(OH)3-
HA1 produced a strong systemic antibody response, it failed to
induce mucosal antibody responses.

Ln. immunization with Lipo-SV combined with Lipo-HA1
significantly induced the amount of activated (CD69") CD4" T
cells and CD8™" T cells, which were 1.8-fold and 2.0-fold of those
of the i.m. immunization group with AI(OH);-HA1, respectively
(Supporting Information Fig. S10). Moreover, Lipo-SV facilitated
Lipo-HA1 to induce stronger Th1, Th2, and CTLs responses than
Al(OH); adjuvant, evidenced by the significantly higher fre-
quencies of CD4Tinterferon-gamma (IFN-vy)¥, CD8'IFN-y™,
CD4%granzyme B (GZMB)*, CD8TGZMB™, and CD4"IL-4" in
the i.n. Lipo-SV group (Fig. 2G-1 and Supporting Information
Fig. S11). The Lipo-SV combined with Lipo-HA1 increased
central memory (CD8TCD44*CD62L") and effector memory
(CD8"CD44"CD62L7) T cells in the spleen after i.n. immuni-
zation by 1.27-fold and 1.50-fold compared with the PBS control,
respectively (Supporting Information Fig. S12). Taken together,
these results demonstrated that Lipo-SV potentiated the liposomal
subunit vaccines to elicit strong Thl, Th2 immunity, and CTLs
responses, while AI(OH); adjuvanted the vaccines to enhance Th2
immunity but with insufficient Th1 immunity or CTLs responses.

Germinal center (GC) formation is critical for the generation of
strong and long-term humoral immunity, and the affinity selection
of GC B cells is dependent on T follicular helper cells (Tfh)*®. The
frequencies of Tfh (CD4"CXCR5TPD-17) and GC B
(B220"GL7*Fas™) cells in the draining lymph nodes (DLNs) were
all markedly increased in mice i.n. administered with Lipo-SV
combined with Lipo-HA1, which was increased by 1.9-fold and
1.2-fold compared with those i.m. immunized with AI(OH);-HA1,
respectively (Fig. 2J and Supporting Information Fig. S13). These
data demonstrate that Lipo-SV facilitated Lipo-HA1 vaccines to
produce higher levels of humoral immune responses.

per g tissue. (C) Scheme of immunization and sampling regimens. The dose of HA1 was 10 pg. (D) Anti-HA1 IgG1 titers and HAI titers in serum,
respectively (n = 5). (E, F) Anti-HA1 IgG titers, Anti-HA1 IgA titers, and HAI titers in nasal washes (E) and BALF (F), respectively (n = 5).
(G-1) IFN-y and granzyme B produced by CD4" T and CD8* T cells (G, H) and IL-4 produced by CD4* T cells (I) by FCM, respectively
(n = 3). (J) The percentages of Tth and GC B cells in the DLNs by FCM, respectively (n = 3). (K, L) The expression of IFN-y and granzyme B
in CD4" T and CD8" T cells in the lung by FCM, respectively (n = 3). (M) The percentages of CD8" TRM:s in the lung by FCM (n = 3). Data
are presented as mean + SD. Statistical significance was assessed by one-way or two-way ANOVA with Tukey’s post hoc test for multiple groups.

*P < 0.05, ¥**P < 0.01, ***P < 0.001 vs. indicated.
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A notably high percentage of IFN-y or GZMB generating
CD4" T and CD8™" T cells was observed in the lungs of mice i.n.
immunized with Lipo-SV combined with Lipo-HA1 or CTB-HA1
(Fig. 2K and L, Supporting Information Fig. S14A and S14B). In
contrast, mice i.m. immunized with AI(OH)3;-HA1 failed to pro-
duce IFN-y and granzyme B in CD4" T and CDS8" T cells,
respectively. CD8" TRMs in the lungs are essential to defend
against viral infection”’. Mice in. immunized with Lipo-SV
combined with Lipo-HAI1 significantly increased the frequencies
of CD8"CD69"CD103" (CD8" TRM:s) cells in the lungs by 4.6-
fold in comparison with the groups i.m. immunized with AI(OH)3-
HA1(Fig. 2M and Fig. S14C). These data suggested that i.n. im-
munization with Lipo-SV combined with Lipo-HA1 or CTB-HAI,
but not i.m. immunization with Al(OH);-HA1, induced T-cell
immunity in the lung.

3.2.  Lipo-SV enhanced the immune protection of the intranasal
Lipo-HAI vaccine against PRS HINI influenza virus infection

To evaluate the efficacy of various vaccines plus adjuvants against
the viral infection, the vaccinated mice were challenged with a
10 x LDsq dose of the PR8 HIN1 virus at 14 days after the third
immunization. In the control group, the mice treated with PBS lost
their body weight more than 15% at 5 days post the virus chal-
lenge, causing the death of all five mice at Day 6 (Fig. 3A and
Supporting Information Fig. S15). Comparatively, all the HA1
vaccine-treated mice survived during the 12 days of observation
post viral challenge with less than 10% reduction in the average
body weights. Specifically, the mice treated with i.n. Lipo-SV
combined with Lipo-HAT1 exhibited the least weight loss among
all three vaccine groups (Fig. 3A and Fig. S15). Besides, HIN1
infection can cause pulmonary edema and inflammation in mice
with an increase in lung tissue weight. So, the lung index is an
indicator to measure the extent of lung impairment®®. At 4 days
post-infection, the lung index of the group of i.n. Lipo-SV plus
Lipo-HA1 was significantly smaller than that of the PBS group
(Supporting Information Fig. S16), suggesting that Lipo-SV
combined with Lipo-HA1 treatment could diminish the virus-
induced pulmonary edema. The NA levels of nasal washes or
lungs in mice treated with i.n. Lipo-SV combined with Lipo-HA1
was similar to that with i.n. CTB-HAI, but significantly lower
than that with PBS or AI(OH);-HA1 (Fig. 3B). qRT-PCR results
showed that the viral matrix (M) gene RNA level in the lung tissue
of the i.n. Lipo-SV plus Lipo-HA1 group was only 1/6 of that of
the i.m. AI(OH)3;-HA1 group (Fig. 3C). These results demon-
strated that the i.n. immunization with Lipo-SV combined with
Lipo-HA1, but not the i.m. immunization with Al(OH);-HAI,
remarkably attenuated the replication of the HIN1 virus both in
the nose and lung of mice.

Hematoxylin-eosin (H&E) staining of the lung sections of PBS
control mice challenged with PR8 HIN1 showed severe patho-
logical changes, including alveolitis with mixed inflammatory cell
infiltrates, pulmonary edema and pulmonary congestion (Fig. 3D).
The mice receiving AI(OH)3-HA1 at 4 days post infection did not
significantly reduce the lung inflammation compared with the
control (Fig. 3D). In contrast, the mice i.n. immunized with Lipo-
SV plus Lipo-HA1 or with CTB-HA1 showed markedly attenu-
ated inflammatory response in the lung, such as reduced neutro-
phil infiltration and pneumonia. Furthermore, the interleukin
(IL)-6, tumor necrosis factor-alpha (TNF-«), IL-18, and
CCL2 levels were 0.28-, 0.56-, 0.33-, and 0.13-fold in the lung of
mice i.n. immunized with Lipo-SV plus Lipo-HA1 compared

with PBS, respectively (Fig. 3E). Collectively, these results
illustrated that the in. immunization with Lipo-SV combined
with Lipo-HA1 rather than the i.m. immunization with
Al(OH)3-HAT1 decreased lung inflammation caused by the HINI
infection.

Next, the immune cells in the MLNs and lungs of mice from
different groups were analyzed after challenge with PR§ HIN1. At
4 days post challenge, the mice with i.n. immunization of Lipo-SV
plus Lipo-HA1 showed the populations of CD11c™ DCs, CD19™
B cells, and CD4" T cells in the MLNs increased by 5.20-, 1.82-,
and 1.17-fold in comparison to those of the PBS control, respec-
tively (Supporting Information Figs. S17 and S18). The mice i.n.
immunized with Lipo-SV combined with Lipo-HA1 exhibited the
most significant number of CD4 T* and CD8 T cells expressing
IFN-v and granzyme B in the MLNs compared with other groups,
demonstrating the activation of antigen-specific T-cell immunity
in the MLNs (Fig. 3F, Supporting Information Figs. S19 and S20).
Moreover, the number of CD4" T and CD8" T cells in the lung of
mice i.n. immunized with Lipo-SV combined with Lipo-HA1
were the highest among all the groups, respectively (Supporting
Information Fig. S21). The proportions of CD4 IFN-y*,
CD4"GZMB™, CD8'IFN-y", and CD8 GZMB™ T cells, which
were essential for preventing viral infections, were significantly
raised in mice immunized with Lipo-SV combined with Lipo-
HA1 compared with those of other groups (Fig. 3G, Supporting
Information Figs. S22 and S23). By contrast, we failed to detect an
increase in these cells in the lungs of AI(OH);-HA1 vaccinated
mice after being challenged by the PR8 HINI1 (Fig. 3G, Figs.
S22 and S23). These data suggest that the protective effect
observed in vaccinated mice was related to the cellular immune
responses.

Studies have shown that HIN1 infection can cause intestinal
injury®>*. Therefore, the protective effect of the vaccine on the
intestine was evaluated. As shown in Supporting Information
Fig. S24A, compared with other groups, i.n. immunization of
Lipo-SV combined with Lipo-HA1 significantly alleviated the
reduction in colon length. The H&E-stained sections further
revealed that in. immunization with Lipo-SV combined with
Lipo-HA1 resulted in less rupture of intestinal villi and less
infiltration of inflammatory cells (Fig. S24B). Compared with
CTB-HALI and AI(OH);-HA1, Lipo-SV combined with Lipo-HA1
ameliorated intestinal injury caused by HINT1 infection in mice.

3.3.  Lipo-SV enhanced transmucosal penetration of antigen

To evaluate the penetration of antigens across the nasal mucosa,
the vaccine of liposomes loading the model antigen OVA (Lipo-
OVA) was prepared (Supporting Information Fig. S25A). About
17% and 21% of OVA was released from the liposomes within
12 h in PBS and SNES, respectively (Fig. S25B). Circular di-
chroism (CD) spectroscopy was employed to assess the stability of
the OVA encapsulated in liposomes. The results demonstrated that
the secondary structure of OVA released from the liposomes was
similar to that of the free OVA, evidenced by the conserved double
negative peaks of the «-helix at 208 and 222 nm without
observable spectral shifts (Fig. 4A). Confocal laser scanning mi-
croscopy (CLSM) images showed that i.n. Lipo-SV significantly
enhanced the nasal mucosal permeability of antigens (Fig. 4B).
The Lipo-SV-enhanced transcytosis of Lipo-OVA across the nasal
ECs was specifically inhibited by chlorpromazine, suggesting the
clathrin-mediated transcytosis of Lipo-OVA (Supporting Infor-
mation Fig. S26). In addition, the Calu-3 cell monolayer, as a
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L.n. immunization of Lipo-SV combined with Lipo-HA1 protected mice against HIN1 influenza virus infection. (A) Body weight

changes (n = 5) of mice after PR8 HIN1 influenza virus challenge. BALB/c mice were i.n. or i.m. immunized with different vaccines every 3
weeks for three times. The mice were inoculated i.n. challenged with PR8 HIN1 (10 x LDsp) on Day 57 after the first dose of immunization. The
day of the virus infection in mice was designated Day 0. (B) Neuraminidase (NA) activity in nasal washes and lungs (n = 4) was determined by
ELISA. (C) Relative expression levels of HIN1 influenza virus matrix (M) gene viral RNA (n = 4) in the lung of immunized mice compared to



1634

Afeng Yang et al.

traditional method to study permeability across cell barriers, is
used to evaluate the ability of Lipo-SV to enhance the trans-
epithelial transport of antigen®'*?. The cell monolayer with the
transepithelial electrical resistance (TEER) of 500 Q cm? was
used in the experiment (Fig. 4C). The positive staining of tight
junction-related protein ZO-1 and OCCLUDIN in continuous
boundaries between Calu-3 cells further supported the formation
of the monolayer (Supporting Information Fig. S27). After con-
firming the feasibility and availability of Lipo-SV and Lipo-OVA
(Supporting Information Fig. S28). Lipo-SV increased the trans-
cellular transport of Lipo-OVA at 180 min by 2.1-fold compared
with Lipo-OVA alone (Fig. 4D). Lipo-SV increased the apparent
permeability coefficient (P,y,) of Lipo-OVA, which is defined as
the rate of the liposomes crossing a Calu-3 monolayer on a
Transwell membrane, by 2.44-fold in comparison with Lipo-OVA
alone (Fig. 4E). However, such enhancement of the antigen
transport across the monolayer of Lipo-SV was blocked by the co-
administration of Lipo-SV with GGPP (Fig. 4D and E). These
results suggested that Lipo-SV increased liposomal antigen
transport across the nasal mucosa and Calu-3 monolayer by
inhibiting the MVA pathway.

Trafficking and cargo sorting on the early and late endocytic
pathway are closely related to the RABS GTPase-expressed early
endosomes and the RAB7 GTPase-expressed late endosomes ac-
tivity, respectively?>=>. Lipo-SV decreased the amount of RAB5
localized on the membrane of Calu-3 cells, resulting in arrested
endosomal maturation (Fig. 4F). The amount of membrane
RAB7B was reduced due to a slower transition from endosome to
late endosome (Fig. 4G). Co-administration of Lipo-SV with
GGPP restored the cellular distribution of RAB5 and RAB7B to
the untreated normal level, respectively (Fig. 4F and G). Further,
intracellular trafficking analysis by CLSM (TCS-SP8, Leica,
Wetzlar, Germany) demonstrated that most of Lipo-OVA colo-
calized with lysosomes following the internalization (Supporting
Information Fig. S29). Lipo-SV pretreatment reduced the extent of
such lysosomal colocalization, but increased colocalization of the
liposomal antigen with the recycling endosome, endoplasmic re-
ticulum, and Golgi apparatus (Supporting Information Figs.
S29-S32). Whereas, the addition of GGPP plus Lipo-SV recov-
ered the lysosomal distribution of Lipo-OVA (Fig. S29). To test
whether RAB5 or RAB7B was involved in the regulation of an-
tigen intracellular transport, we inhibited the expression of RABS
or RAB7B in Calu-3 cells by transient transfection of RABS or
RAB7B siRNA. The Western blot assay revealed that RABS
protein levels in the RABS siRNA group decreased to 25% of
those in cells transfected with the corresponding scrambled siRNA
(Ctrl siRNA, Supporting Information Fig. S33). Knockdown of
RABS5 via siRNA transfection resulted in a reduction in the co-
localization of the liposomal antigen with lysosomes, which was
consistent with the result of the Lipo-SV-treated group (Fig. 4H
and I). The RAB7 siRNA transfection showed a reduced lyso-
somal colocalization with liposomal antigen similar to the Lipo-
SV pretreatment (Supporting Information Figs. S34 and S35).

The observed reduction in lysosomal targeting of antigens through
impairment of the RAB5/RAB7B pathway provides supporting
evidence of redirecting antigens away from degradative pathways.
This result, combined with the data of blocked transcytosis by
GGPP, supported that RABS/RAB7B geranylgeranylation plays a
crucial role in regulating antigen trafficking. Addition of an ER/
Golgi pathway inhibitor (brefeldin A, BFA), or a Golgi/recy-
cling endosome compartment (REC)/plasma membrane (PM)
pathway inhibitor (monensin, MON) slowed down the trans-
cytosis, indicating that antigen transmembrane transport was
associated with the ER/Golgi pathway (Supporting Information
Fig. S36). Taken together, Lipo-SV diminished the lysosomal
distribution of Lipo-OVA with reduced antigen degradation and
increased antigen transcytosis by inhibiting the geranylger-
anylation of small GTPases such as RABS5 and RAB7B in the
Calu-3 cells.

3.4.  Lipo-SV increased DCs recruitment in the nasal mucosa
through the TLR4-dependent pathway

Submucosal DCs are professional APCs that act as “sentinels” to
patrol under the epithelial layer>*>>. Recruitment of submucosal
DCs is a critical step to trigger subsequent adaptive immune re-
sponses. After i.n. administration of Lipo-SV for 24 h, more DCs
were recruited to the submucosal lamina propria compared to the
PBS control (Fig. 5A). The Western blotting results showed that
Lipo-SV decreased the amount of RAB7B localized in the Calu-3
membranes (Fig. 4G). Whereas the decrease in membrane distri-
bution of RAB7B was restored by GGPP. RAB7B has been re-
ported to be a negative regulator of TLR4 via promoting TLR4 to
lysosomes for degradation®®. To better understand the molecular
cues for DCs recruitment, we assessed the expression of TLR4 on
Calu-3 cells after treatment with Lipo-SV for 24 h. The result
demonstrated that Lipo-SV increased the TLR4 level in Calu-
3 cells (Fig. 5B). The expression of TLR4 could not be increased
when the concentration of Lipo-SV was lower than 5 pmol/L and
the incubation time of Lipo-SV was less than 12 h (Supporting
Information Fig. S37). Both immunofluorescence images and
FCM analysis showed that the expression of TLR4 was increased
on nasal ECs after i.n. administration of Lipo-SV for 24 h (Fig. 5C
and D, Supporting Information Fig. S38). Moreover, co-
administration of Lipo-SV with TLR4 inhibitor M62812 reduced
the expression of TLR4 to normal levels. The expression level of
TLR4 reverted to PBS level after co-administration of Lipo-SV
with GGPP (Fig. SE). Collectively, Lipo-SV increased the
amount of TLR4 on nasal ECs by inhibiting the formation of
GGPP that was required for geranylgeranylation of RAB7B
GTPases.

CCL20 is known to be secreted by mucosal ECs in response to
TLR stimulation, which attracts the immature DCs to ECs*’. We
tested the secretion of CCL20 in the chamber solution of Calu-
3 cell monolayer after treatment with PBS or Lipo-SV for 24 h.
The results showed that Lipo-SV treatment increased the secretion

those of PBS-immunized mice were measured by qRT-PCR. (D) Representative histopathological changes in the H&E-stained lung tissues
(n = 3). Scale bar = 100 um. (E) The IL-6, TNF-q, IL-18, and CCL2 levels in the lungs at 4 days post-infection were determined by ELISA
(n = 4). (F, G) IFN-v and granzyme B produced by T cells in the mediastinal lymph nodes (MLNs) (F) and lungs (G) were analyzed by FCM
(n = 3). Data are presented as mean + SD. Statistical significance was assessed by one-way or two-way ANOVA with Tukey’s post hoc test for
multiple groups. #, significant difference between Lipo-SV + Lipo-HA1 group and CTB-HAI group. $, significant difference between Lipo-
SV + Lipo-HA1 group and Al(OH);-HA1 group. &, significant difference between CTB-HA1 group and Al(OH);-HA1 group. *P < 0.05,

*#*P < 0.01, #**P < 0.001 vs. indicated.
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Figure 4  Lipo-SV increased the transcytosis of antigen by inhibiting the mevalonate pathway. (A) CD spectra of free OVA and OVA released
from Lipo-OVA. (B) Fluorescence micrograph of the murine nasal cavity after i.n. immunization of Lipo-OVA-CyS5 for 0.5 h. In the Lipo-SV-
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of CCL20 by 1.5-fold compared with the PBS group (Fig. 5F).
The results by FCM showed that the number of recruited DCs
induced by Lipo-SV was significantly increased by approximately
5.5-fold compared to that of the control (Fig. 5G and Supporting
Information Fig. S39). Notably, M62812 inhibited the Lipo-SV-
induced CCL20 secretion, resulting in the number of submuco-
sal CD11c* DC recruitment decreased to the control level. These
results demonstrated that Lipo-SV stimulated nasal ECs to secrete
CCL20 through a TLR4-dependent pathway to recruit submucosal
DCs.

3.5.  Lipo-SV promoted DCs maturation and antigen
presentation

Immunofluorescence micrographs showed that Lipo-SV increased
the number of OVA-loaded submucosal DCs in BALB/c mice
(Fig. 6A). Antigen-loaded DCs migrate to DLNs for triggering
subsequent adaptive immune response in the mucosal immune
system'”. After i.n. immunization of Lipo-SV for 24 h and sub-
sequent Lipo-OVA for another 18 h, the number of migratory DCs
in the CLNs and the OVA-loaded DCs that migrated into the CLNs
were increased by 1.7-fold and 2.1-fold compared with those of
mice receiving i.n. Lipo-OVA alone, respectively (Fig. 6B). The
immunofluorescence micrograph further depicted that Lipo-SV
could increase the number of migratory DCs in the CLNs and
the OVA-loaded DCs that migrated into the CLNs (Fig. 6C).
Notably, more antigens were distributed in the T-zone and T-B
border of the CLNs in the Lipo-SV plus Lipo-OVA group,
which was 3.6-fold and 7.8-fold of those in the Lipo-OVA group,
respectively (Supporting Information Fig. S40). The results of the
experiment on antigen transport in C57BL/6 mice showed that
Lipo-SV promoted frans-nasal epithelial transport of Lipo-OVA
and submucosal DCs recruitment (Supporting Information
Fig. S41A). Lipo-SV also increased the number of OVA-loaded
DCs that migrated into the CLNs in C57BL/6 mice (Fig. S41B).
These results, in line with the findings in BALB/c mice, demon-
strated that the Lipo-SV’s ability to increase transcytosis of anti-
gens and submucosal DCs recruitment and delivery of antigens in
the draining lymph nodes.

The ability of Lipo-SV to simulate the DCs activation was
analyzed using primarily cultured bone marrow-derived dendritic
cells (BMDCs) from C57BL/6 mice. The surface expression of
costimulatory molecules CD40, CD80, CD86, and MHC II was
remarkably upregulated in the group of Lipo-SV combined with
Lipo-OVA compared to other groups (Supporting Information
Fig. S42A). Lipo-SV increased the antigen presentation capa-
bility by detecting the percentage of OVAss7.064 (SIINFEKL)
peptide bound to H-2K" on CD11c™ cells, which was 12.6-fold,
7.3-fold, and 1.6-fold compared with the PBS group, Lipo-SV

group, and Lipo-OVA group, respectively (Fig. S42B). In addi-
tion, Lipo-SV combined with Lipo-OVA induced BMDCs to
secrete the highest amount of TNF-«, which was 9.5-fold, 7.3-
fold, and 1.7-fold in comparison with the PBS group, Lipo-SV
alone group, and Lipo-OVA alone group, respectively
(Fig. S42C). It is noted that Lipo-SV alone did not alter the
expression of the above phenotypic markers and the expression of
the cytokines in the absence of antigen exposure. Taken together,
the up-regulated number of costimulatory molecules on BMDCs
surface, antigen presentation, and enhanced expression of the
cytokines indicated that the combination of Lipo-SV and Lipo-
OVA was crucial to stimulate the intense DCs maturation and
antigen presentation. We next assessed the DCs maturation and
antigen presentation in the total DCs, migratory DCs, and resident
DCs in the CLNs following different treatments. FCM results
displayed that i.n. Lipo-SV combined with Lipo-OVA increased
the expression of costimulatory molecules on the surface of DCs
and antigen presentation in the CLNs (Supporting Information
Fig. S43A). In addition, only the expression of MHC II in the
resident DCs in the CLNs was increased in the group of Lipo-SV
combined with Lipo-OVA compared with the control. Whereas,
the expression of CD40, CD80, and MHC II on CD11C* cells
were upregulated in the group of Lipo-SV plus Lipo-OVA in the
migratory DCs in the CLNs compared with the control. Lipo-SV
plus Lipo-OVA increased the percentage of H-2K°-SIINFEKL on
CDl11c* cells by 15.4-fold, 7.4-fold, and 2.4-fold in comparison
with the PBS group, Lipo-SV alone group, and Lipo-OVA alone
group, respectively (Fig. S43B and Fig. 6D). Taken together, these
data demonstrated that Lipo-SV increased DCs maturation and
antigen presentation of migratory DCs in the CLNs.

3.6. Intranasal immunization of Lipo-SV plus Lipo-HAI did not
cause observable toxicity

To evaluate nasal mucociliary toxicity, rats were i.n. administrated
with Lipo-SV combined with Lipo-HA1. The scanning electron
microscopic images showed that the mucosal cilia were dense and
intact after i.n. immunization of Lipo-SV plus Lipo-HA1 or CTB-
HA1 in comparison with PBS control (Fig. 7A). Whereas, in the
group of rats treated with i.n. 1% sodium deoxycholate-HA1
(positive control), almost all the cilia were removed, indicating
severe cilia toxicity. The results illustrated that i.n. Lipo-SV
combined with Lipo-HA1 or CTB-HA1 did not have significant
cilia toxicity.

To evaluate the safety of the Lipo-SV combined with Lipo-
HA1 on major organs, we collected major organs and nasal tissues
for H&E staining two weeks after the third immunization. There
were no histologically significant changes in the heart, liver,
spleen, kidney, and nasal mucosa of the immunized mice

treated group, the mice were i.n. immunization with Lipo-SV for 24 h, followed by i.n. immunization with Lipo-OVA-Cy5. NP, nasal passage.
Blue, cell nuclei stained with DAPI. Scale bar = 10 um. (C) Schematic illustration of Calu-3 cell monolayer cultured on the Transwell membrane
for the antigen transcytosis study. (D) OVA-Cy5 fluorescence in the lower chamber at various time points following different treatments
(n = 3). &, #, and * denote significant differences between Lipo-SV + Lipo-OVA and Lipo-OVA, Lipo-SV + Lipo-OVA and Lipo-
SV + GGPP + Lipo-OVA, or Lipo-SV + Lipo-OVA and Lipo-OVA + GGPP. (E) Apparent permeability coefficient (P,,) calculated from the
results of (D). (F, G) Immunoblotting and semi-quantitative analysis of membrane, cytosol, or total cell RABS (F) or RAB7B (G) levels in Calu-
3 cells (n = 3). (H) Co-localization of OVA with lysosomes by CLSM. The cells were incubated with scrambled siRNA (Ctrl siRNA), Lipo-SV, or
RABS siRNA for 24 h, followed by incubation with liposomes loading Cy5-labeled OVA for 3 h. The lysosomes were labeled with Lyso-tracker
Red. Scale bar = 10 pm. (I) Line scan analysis along the randomly selected line in (H). Data are presented as mean =+ SD. Statistical significance
was assessed by one-way or two-way ANOVA with Tukey’s post hoc test for multiple groups. *P < 0.05, **P < 0.01, ***P < 0.001 vs. indicated,

ns indicated no statistical difference between the two groups.
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Figure 6  Lipo-SV increased DCs maturation and antigen presentation. (A) CLSM images of nasal tissues of BALB/c mice showing the sub-
mucosal recruitment of DCs and antigen uptake by DCs following i.n. administration of Lipo-OVA alone or Lipo-SV plus Lipo-OVA. Scale
bar = 25 um. (B) Mice were i.n. immunized with Lipo-OVA for 18 h, cells in the CLNs were isolated and analyzed by FCM. In the Lipo-SV-treated
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(B220~CD11c¢""MHC I1''€") in the CLNSs (left) and the OVA-loaded DCs (B220~CD11c**YMHC II"'€"OVA ™) that migrated into the CLNs (right).
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(n = 3). (C, D) Fluorescence micrograph of the murine nasal cavity (C) and FCM analysis (D) of TLR4 on the nasal ECs in mice after i.n.
administration of PBS, Lipo-SV or Lipo-SV plus M62812 for 24 h (n = 3). EPCAM, nasal epithelial cells stained with anti-EPCAM antibody. (E)
Immunoblotting (left) and semi-quantitative analysis (right) of TLR4 levels in Calu-3 cells treated with PBS, Lipo-SV, or Lipo-SV co-administration
of GGPP (n = 3). (F) The CCL20 levels in the chamber solution of Calu-3 cell monolayer after treatment with PBS, Lipo-SV, or Lipo-SV plus
M62812 for 24 h, determined by ELISA (n = 5). (G) Representative plots of FCM analysis of nasal submucosal DCs after i.n. administration with
PBS, Lipo-SV alone or Lipo-SV plus M62812 for 24 h (n = 3). Data are presented as mean £ SD. Statistical significance was calculated by an
unpaired two-tailed r-test between the two groups or by One-way ANOVA with Tukey’s post-hoc test for multiple groups. *P < 0.05, **P < 0.01,
*##%P < 0.001 vs. indicated.
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Figure 7 Lipo-SV combined with Lipo-HA1 did not cause nasal cilia toxicity or inflammation in the lung and the CNS. (A) SEM images of rat
mucosa after i.n. immunization with PBS, Lipo-SV + Lipo-HA1, CTB-HA1 and 1% sodium deoxycholate-HA1 for 24 h, respectively. Scale
bar = 5 um. In Lipo-SV-treated groups, the rats were pretreated with Lipo-SV for 24 h before i.n. immunization with Lipo-HA1. (B) Histological
examination of the lungs of mice at two weeks after the third immunization with different i.n. HA1 vaccines. Scale bar = 50 um. (C) The TNF-«,
IL-18, and CCL2 levels in the CNS of mice after i.n. immunization with PBS, Lipo-SV + Lipo-HA1 or CTB-HA1 were determined by ELISA
(n = 3). Data are presented as mean £ SD. Statistical significance was assessed by one-way ANOVA with Tukey’s post-hoc test for multiple
groups. **P < 0.01, ns, no statistical difference between the two groups.

(Supporting Information Fig. S44). I.n. immunization of Lipo-SV
combined with Lipo-HA1 did not lead to significant infiltration of
inflammatory cells in the lung. In contrast, i.n. administration of
CTB-HA1 caused substantial inflammatory cell infiltration
(Fig. 7B).

The potential dissemination of mucosal adjuvants to the CNS is
another safety concern®®. To evaluate the potential toxicity of Lipo-
SV combined with Lipo-HA1 vaccine to the CNS, the CSF of mice
was collected at two weeks post the third immunization. The results
by ELISA showed that there was no significant change in cytokines
in the Lipo-SV plus Lipo-HA1 group compared with the PBS
control. By contrast, i.n. immunization of CTB-HA1 led to high
levels of TNF-q, IL-18 and CCL2 in CSF by 5.7-fold, 4.3-fold and

1.7-fold in comparison with the PBS group, respectively (Fig. 7C).
In addition, i.n. administration of Lipo-SV had no significant effect
on the hematological indexes and liver and kidney function indexes
of mice (Supporting Information Fig. S45), showing the biosafety of
i.n. Lipo-SV plus Lipo-HA1 in vivo.

4. Discussion

To date, there are six U.S. Food and Drug Administration (FDA)-
approved adjuvants, including aluminum salt, MF-59, AS04,
AS03, CpG1018, and Matrix-M. However, none of them are used
for human mucosal vaccines. These adjuvants aim to enhance the
immune response by activating innate immune cells or
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recognizing pathogen-associated molecular patterns (PAMPs) via
PRRs on APCs™. Since APCs play a central role in processing
antigens and initiating adaptive immune responses, APCs are the
common targets for the design of most adjuvants. Differently, our
results demonstrate nasal ECs to be an effective target for mucosal
adjuvants. The nasal mucosal adjuvant Lipo-SV facilitates i.n.
subunit vaccine to elicit robust both systemic and local immune
responses. The underlying mechanism involves that the i.n. Lipo-
SV increase the transcytosis of antigens of nasal ECs and sub-
mucosal DCs recruitment by inhibiting the geranylgeranylation of
RABS5 and/or RAB7B GTPases. Other statins or bisphosphonates
as the MVA pathway inhibitors, may also have such mucosal
adjuvant activity. In addition, since the Rab and Rho family
members are known to regulate trafficking and cargo sorting, SV
may inhibit the formation of GGPP of other small GTPases to
increase the transcytosis of antigens*™*'. Agents inhibiting small
GTPases may exhibit mucosal adjuvanticity.

Our findings illustrate that Lipo-SV enhance the submucosal
DCs recruitment through activating TLR4. Addition of TLR4 in-
hibitors causes significantly decreased CCL20 secretion and sub-
mucosal DCs recruitment (Fig. SF and G). This result suggests
that Lipo-SV may activate TLR4 in the absence of TLR4 agonists.
Previous studies have reported that TLR4 can be activated by the
endosomal accumulation of cholesterol in the absence of any
ligand**~**. Other study has shown that SV increases the
expression of the transcriptional factor sterol regulatory element-
binding protein 2 (SREBP2)*. When the cells are deprived of
cholesterol, SREBP2 restores cellular cholesterol, which leads to
the accumulation of cholesterol*®. Our results show that Lipo-SV
treatment significantly increased free cholesterol levels in endo-
somes compared to the untreated control (Supporting Information
Fig. S46). Therefore, we hypothesize that Lipo-SV activates TLR4
by increasing the accumulation of cholesterol in endosomes.

Currently used adjuvants such as TLR agonists, cytosolic
nucleotide oligomerization domain-like receptors (NODs) ago-
nists, and C-type lectin-like receptors agonists activate the innate
immune response, resulting in inflammation and production of
pyrogenic factors. These adjuvants potentially contribute to
adverse effects such as fever*’*. Although Poly(I:C) can enhance
mucosal immune responses, its clinical application is limited by
poor stability and potential side effects, including the promotion
of allergic and autoimmune diseases**°. Lipopolysaccharide
(LPS), a key component of Gram-negative bacterial cell walls, is a
known TLR4 agonist. It leads to a potential risk of toxicity when
intratracheal inoculation including acute lung inflammation and
lung injury®">2. The low-toxicity TLR4 agonist monophosphoryl
lipid A (MPLA), a derivative of LPS, is under investigation in both
preclinical and clinical settings as a mucosal adjuvant for nor-
ovirus vaccines®>>*. We have conducted a direct comparison of
the antibody titers induced by Lipo-MPLA-RBD and Lipo-SV
combined with Lipo-RBD. The results showed that Lipo-SV
plus Lipo-RBD induced significantly higher level of the serum
IgG1 antibody titers in comparison with Lipo-MPLA-RBD
(Supporting Information Fig. S47). On the other hand, Lipo-SV
independent of conventional “danger sensing” through activating
PRRs do not cause infiltration of inflammatory cells in the lungs or
inflammatory factors in CSF. The general side effects of statins
such as hyperglycemia, proteinuria and diarrhea will be evaluated
in the future study.

Currently reported mucosal adjuvants such as TLR7/8 ago-
nists, cyclic dinucleotides (CDNs), and ISCOMs exhibit signifi-
cant potential as mucosal adjuvants. Yet, they face several

challenges that limit their clinical application. The inflammatory
effects of TLR7/8 agonists (e.g., Resiquimod) primarily result
from their capacity to trigger excessive production of pro-
inflammatory cytokines. Furthermore, emerging clinical evi-
dence suggests that these agents may occasionally induce distant
inflammatory mucosal reactions, highlighting concerns beyond
local toxicity>. The in vivo efficacy of CDNs is limited by their
physicochemical properties such as negative charges, hydrophi-
licity, poor cellular targeting, and membrane permeability. Be-
sides, CDNs have the potential to induce excessive systemic
inflammation due to robust cytokine release>®. ISCOMs incorpo-
rate natural saponin Quil A, which is toxic in humans and can
cause severe adverse effects such as local reactions, granulomas,
and hemolysis®’. Additionally, saponins are currently obtained
through plant extraction and cannot be synthetically produced”®.
In contrast, our results demonstrate good biocompatibility of
Lipo-SV following three doses of vaccination, which offers a
promising alternative to these platforms.

The recruitment of T cells from the bloodstream into the lung
parenchyma is a critical and well-established step in the adaptive
immune response to respiratory viral infections®”®°. Concurrently,
TRMs play an indispensable role in mediating locally protective
immunity against respiratory pathogens, which is essential for
effective viral clearance and the prevention of severe disease
progression®. An increase in immune cells in the lung of vacci-
nated mice after the HIN1 viral infection has been observed in the
study (Fig. 3G and Supporting Information Figs. S21-S23). It is
unknown whether these lymphocytes are lung resident or rapidly
recruited to the lung upon the viral challenge. In our study, i.n.
immunization with Lipo-SV combined with Lipo-HA1 established
a population of CD8" TRMs in the lung, evidenced by a signifi-
cant increase in the frequency of CD8TCD69"CD103" (CD8™
TRMs) cells isolated from lung tissue at two weeks after the third
immunization (Fig. 2M and Fig. S14C). In future studies, isolation
and characterization of subpopulations of these cells from the
lung, MLNSs, and peripheral blood before and after challenge will
elucidate the detailed mechanisms of the cellular immunity
against virus infection provided by the vaccine.

5. Conclusions

In conclusion, we have demonstrated that Lipo-SV, as an effective
and safe nasal mucosal adjuvant, enhances intranasal HINI
influenza subunit vaccines by inducing antigen-specific systemic
IgG1, mucosal IgA and IgG, CLTs, and CD8" TRMs. Compared
with i.m. immunization with Al(OH);-HA1, i.n. immunization
with Lipo-SV plus Lipo-HA1 induces more robust systemic and
mucosal immunity, and offer better protection from the PR§ HIN1
virus in both respiratory tracts and intestines. Lipo-SV inhibits the
geranylgeranylation of RABS and/or RAB7B GTPases in nasal
ECs, enhancing antigen transcytosis and promoting submucosal
DCs recruitment. Unlike CTB, Lipo-SV does not induce inflam-
matory cell infiltration in the lungs or significant cytokine pro-
duction in the brain. Taken together, our findings reveal that nasal
epithelial cells, alongside APCs, are functional targets of mucosal
adjuvants, offering different strategies for mucosal vaccination.
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