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ARTICLE INFO ABSTRACT

The SARS-CoV-2 pandemic has resulted in millions of fatalities, and the continual emergence of variants
highlights the vital need for effective mucosal vaccines. Novel antigen designs and delivery strategies can elicit
robust, epitope-focused mucosal immune responses while minimizing side effects and avoiding immune im-
printing are urgently needed. Here, we developed an innovative bacterial lipidation-based SARS-CoV-2 receptor-
binding domain (RBD) mucosal nanovaccine using the SpyCatcher/SpyTag (SC/ST) orthogonal assembly system.
The lipidated SpyCatcher (lipoSC), derived from Escherichia coli, was employed as a nano-scaffold to display the
SARS-CoV-2 RBD glycoprotein on its surface. The 1lipoSC-RBDST exhibited favorable monodispersity and ther-
mostability, effectively promoted T follicular helper (Tfh) cell and germinal center B cell proliferation in en-
dobronchial lymph nodes following mucosal administration, and was well tolerated overall. A series of animal
experiments showed the potent ability of lipoSC-RBDST to activate RBD-specific mucosal immunity in the re-
spiratory tract, as evidenced by the presence of neutralizing antibodies (nAbs) and secretory IgA (sIgA) in
bronchoalveolar lavage fluid (BALF) and nasal lavage fluid (NLF). Serum neutralizing antibody titers remained
above 10° even eight months post-immunization. There was also a significant increase in lung-localized tissue-
resident memory (Try) T cells. Furthermore, two doses of mucosal booster activated and retained the omicron-
specific immune responses in the respiratory track in wild-type RBD-primed mice. In conclusion, these findings
support the utilization of a bacterial lipidation-based antigen design as a promising strategy for mucosal delivery
to elicit epitope-focused mucosal immunity against SARS-CoV-2.
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1. Introduction

The SARS-CoV-2 pandemic and the continual emergence of SARS-
CoV-2 variants caused millions of fatalities.* Although vaccination has
been a successful strategy for preventing and controlling the spread of
this virus,® the majority of the approved vaccines against SARS-CoV-2,
including inactivated vaccines,”” mRNA vaccines,® viral-vectored vac-
cines,”® and protein subunit vaccines,”'’ are administered by in-
tramuscular injections that induce systemic immunity and do not pro-
vide a first line of protection in the respiratory tract, as the response is

* Corresponding authors.

deficient in secretory IgA (sIgA) and tissue-resident memory T (Trm)
cells.'!

Mucosal vaccines, which induce both localized mucosal and sys-
temic immunity characterized by sIgA, Try cells across the respiratory
tract, and circulating antibodies,'”'* have promise for eliminating in-
fections and preventing the transmission of respiratory pathogens.
Several mucosal vaccine candidates against SARS-CoV-2 are under de-
velopment or have been authorized,'” most of which are based on
adenovirus or influenza virus or parainfluenza virus vectors.'® Ad-
ditionally, proteinaceous antigens, which are encapsulated with
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liposome or organic polymers ' and displayed on the surface of a na-
nocarrier with ligand-receptor specific interactions,'” or an un-
adjuvanted spike protein,'® have also displayed attractive efficacy.
However, previous research has demonstrated that immune imprinting
against conserved regions of a spike protein '°~*' or viral vectors ****
exhibits impaired vaccine efficacy.

Protein N-terminal lipidation in bacteria, initiated by a unique N-
terminal signal peptide that contains a conserved lipobox motif (e.g.,
[LVI][ASTVI][GAS]C) and a cysteine residue vital for modification,
which results in diacylation of the thiol group of the N-terminal cy-
steine and acylation of the and a-amino group, can interact with toll-
like receptors 2 or 6 (TLR2/6) (diacylated lipoproteins) or TLR2/1
(triacylated lipoproteins) heterodimeric complexes, thereby activating
the TLR2 signaling pathway to exert adjuvant effects.”"*> Commer-
cialized Neisseria meningitidis serogroup B vaccine Trumenba® demon-
strated that the lipidated antigen, rLP2086, can consistently elicit one
order higher of bactericidal activity titers than the nonlipidated
forms.”® Theoretically, lipoproteins contain highly hydrophobic diacy-
lated or triacylated lipids at the N-terminus of the protein, as well as a
high charge density on the surface of the folded polypeptide domains,
which are highly amphiphilic. Purified lipoproteins, which are free of
membrane components, are energetically favorable, such that the lipids
of multiple molecules can associate with each other and form a hy-
drophobic core of a micelle, with the hydrophilic polypeptide domains
on the outer layer assembled in a side-by-side manner, which is suitable
antigen carrier for mucosal delivery.

Here, we present the development and evaluation of an innovative
bacterial lipidation-based SARS-CoV-2 mucosal nanovaccine. The lipi-
dated SpyCatcher (lipoSC) was synthesized in Escherichia coli and as-
sembled into particles, with the capacity to form isopeptide bonds with
SpyTag-labeled molecules. The SARS-CoV-2 receptor-binding domain
(RBD) glycoprotein was generated in glycoengineered Pichia pastoris
and conjugated with lipoSC, resulting in the lipoSC-RBDST nano-
particle. A series of experiments demonstrated the RBD-specific mu-
cosal and systemic immune response activation potential of lipoSC-
RBDST, as well as the rapid boost of cross-protection capabilities
against SARS-CoV-2 variants. Our findings regarding bacterial lipida-
tion-based viral glycoprotein mucosal nanovaccines provide essential
functional insights that should be considered when developing epitope-
focused mucosal vaccines against SARS-CoV-2 variants and other re-
spiratory viruses.

2. Methods
2.1. lipoSpyCatcher (lipoSC) design and production

The E. coli murein lipoprotein signal peptide (GenBank, Cat. #:
EU900370.1, MKATKLVLGAVILGSTLLAGC) was fused to the N-ter-
minus of the SpyCatcher sequence utilizing the pelB signal peptide as a
control, and a His-tag was added for purification. Both constructs were
cloned into the pET30a vector between the Ndel and Notl restriction
sites, and the plasmids were transformed into E. coli C43(DE3) com-
petent cells (Sigma, Cat. #: CMCO0019) via heat shock. Single colonies
were inoculated into Luria-Bertani medium (0.5 % yeast extract, 1%
tryptone, 1% NaCl, 1 ug/mL kanamycin) and grown until the optical
density at 600 nm was 0.6. Then the cells were induced with 0.5 mM
isopropyl 3-D-1-thiogalactopyranoside (IPTG) for 12 h. After induction,
bacterial cultures were centrifuged at 8500 rpm for 15min, and the
supernatant was discarded. The pellets were then resuspended in water,
sonicated, and both the supernatant and precipitate were analyzed
using 12 % SDS-PAGE and western blot to screen for positive clones. For
large-scale production, cells were resuspended in Ni-A buffer (20 mM
Tris-HCI, pH 7.5, 0.3 M NaCl, 5 mM imidazole, 1 % Triton X100) at 1:20
(w/v), sonicated, and centrifuged. The supernatant was purified em-
ploying Ni Sepharose 6 Fast Flow resin (Cytiva, Cat. #: 17531802). After
loading, the target protein was eluted using a gradient of 10 %, 30 %,
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and 100 % Ni-B buffer (20 mM Tris-HCI, pH 7.5, 0.3 M NacCl, 500 mM
imidazole, 1 % Triton X-100). The fractions containing the target pro-
tein were desalted and further purified using a Source 30Q column
(Cytiva, Cat. #: 17127503), equilibrated with 10 column volumes of
30Q-Al buffer followed by 10 column volumes of 30Q-A2 buffer
(20 mM Tris-HCL, pH 7.5, 0.1 % Tween 80). The protein was then lin-
early eluted with a 0-50 % gradient of 30Q-B buffer (20 mM Tris-HCl,
pH 7.5, 1 M NacCl, 0.1 % Tween 80), and then the eluted fractions were
collected. The resulting protein was further separated using a
Superdex™ 200 Increase 10/300 GL column (Cytiva, Cat. #: 28990946)
with phosphate-buffered saline (PBS) as the buffer.

2.2. Design, preparation, and structural characterization of the RBDST
protein

RBDST protein was expressed and purified as previously de-
scribed.”” Briefly, a SpyTag sequence was added to the C-terminus
based on the amino acid sequence from position 319-534 of the spike
(S) protein of the SARS-CoV-2 Delta variant (GenBank accession
number OK091006.1). It was then inserted into the pPICZaA vector
between the Xhol and Notl sites, generating the plasmid pPICZaA-
RBDST. pPICZaA-RBDST was then linearized with Bglll and trans-
formed into glycoengineered P. pastoris.”’ Expression of the target
protein was induced by methanol, and positive clones were identified
by screening with 12 % SDS-PAGE. After the shake-flask culture was
completed, the product was centrifuged at 8500 x g for 15 min. The
harvested supernatant was purified as described previously.”” The
purified recombinant RBDST was assessed by SDS-PAGE, and then it
was digested with peptide-N-asparagine amidase (PNGase) F at 37°C.

2.3. Design and purification of the SpyTag-XEC RBD

The SpyTag sequence was added to the N-terminus of the XEC
variant RBD sequence (GenBank accession number XQC65592.1) and
cloned into the BamHI and Xhol sites of the PCDNA3.1vector. A His-tag
was also incorporated into the protein to facilitate purification. The
resulting construct, PCDN13.1-STXEC, was transfected into Expi 293 F
cells (Thermo Fisher Scientific, A14527CN) using ExpiFectamine 293
transfection reagent (Gibco, A14524), according to the manufacturer’s
instructions. Seventy-two hours post-transfection, the supernatant was
collected by centrifugation at 8500 x g for 15min and then the re-
combinant protein was purified. Initially, the sample was purified using
an SP Fast Flow column (Cytiva, 17072910). After loading, the column
was equilibrated with SP-A buffer (20 mM PB 6.5) and eluted with SP-B
buffer (20 mM PB 6.5, 1 M NaCl) using a gradient of 10 %, 30 %, and
100 %. The samples containing the target protein were further purified
by diluting the samples twofold with Ni-A buffer (20 mM Tris-HCI, pH
7.5, 0.5 M NaCl, 5 mM imidazole). The samples were then loaded onto a
Ni Sepharose 6 Fast Flow column. The protein was eluted with a gra-
dient of Ni-B buffer (20 mM Tris-HCl, pH 7.5, 0.5M NaCl, 0.5M imi-
dazole) and collected for further use.

2.4. lipoSC-RBDST and SC-RBDST complex production

The prepared RBDST was incubated overnight at 4°C with lipoSC
and SC at a molar ratio of 5:1 to form lipoSC-RBDST and SC-RBDST
complexes, respectively. Due to the presence of unreacted RBDST re-
maining in the reaction, lipoSC-RBDST and SC-RBDST were purified
utilizing a Superdex™ 200 Increase 10/300 GL column and a Superdex™
75 Increase 10/300 GL (Cytiva, 29148723) column, respectively, with
PBS as the mobile phase.

2.5. Purity analysis

The purity of the target proteins was assessed by size-exclusion
chromatography high-performance liquid chromatography (SEC-
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HPLC). Absorbance values at 214 nm were recorded. SEC-HPLC (TSK
gel G2000SWXL, 5 pm, ®7.8 x 300 mm) was performed using a mobile
phase of 20 mM PB 7.0 containing 150 mM NaCl t a flow rate of 0.5 mL/
min.

2.6. Dynamic light scattering (DLS)

The protein sample was diluted to a concentration of 100 pg/mlL,
and then 1 mL was placed into the sample chamber. Particle size dis-
tribution was measured using a Malvern particle size analyzer. Each
sample was analyzed five times.

2.7. Transmission electron microscopy (TEM)

Samples were prepared by carefully placing a copper grid on a glass
slide. Afterward, 10 pL of the sample was pipetted onto the copper grid
and left to sit for 10 min, after which the excess liquid was gently re-
moved with a small piece of filter paper. For staining, 10 uL of 3%
uranyl acetate was applied to the samples on the copper grid and al-
lowed to sit for 1-3 min before the excess stain was removed using a
small piece of filter paper. The copper grid was air-dried for 10 min
before imaging with TEM (JEOL Ltd., Japan) at an acceleration voltage
of 100 kV.

2.8. Stability analysis of lipoSC-RBDST

The temperature stability of lipoSC-RBDST was analyzed by storing
it at —20°C, 4°C, 25°C and 37°C for seven days with daily particle size
measurements employing DLS.

2.9. Mass spectrometry analysis

Mass spectrometry analysis of lipoSC was carried out using a high-
resolution mass spectrometer (TripleTOF 5600, AB Sciex) coupled with
an ultra-high-performance liquid chromatography system (Waters
Acquity UPLC). Data deconvolution was performed utilizing IntactMass
software (Protein Metrics). The liquid chromatography separation was
performed using a C4 column (5pum, 2.1 x 150 mm, Symmetry300,
Waters), with a mobile phase consisting of 0.1 % formic acid in water
(A) and 0.1 % formic acid in acetonitrile (B). Mass spectrometry was
conducted in positive ion mode with ion source parameters set as
GS1 = 50, GS2 = 50, CUR = 30, TEM = 500, and ISVE = 5500. The
compound parameters were DP = —80 and CE = —10, with a parent
ion scan range of m/z 600-4000.

2.10. Luciferase reporter gene assay for NFxB activation

293T-NFxB-Luc cells (Zhejiang Meisen Cell Technology, Cat. #:
CTCC-DZ-0179) were seeded in a 10-cm plastic dish at a density of
5 x 10° cells/well (Corning, Cat. #: 430167) and incubated for 12h at
37°C with 5 % CO,. The cells were transfected with 7.5 ng of PCDN13.1-
TLR2 (synthesized by Sangon Biotech (Shanghai)) and 7.5 ug of pRL-TK
plasmid (preserved by our laboratory) as an internal control using li-
pofectamine transfection reagent (Invitrogen, Cat. #: L3000015) for 6 h.
The transfection medium was then replaced with complete DMEM
medium, and the cells were maintained for 24 h. The transfected cells
were replaced into a 6-well plate (Corning, Cat. #: 3516) and stimulated
with equimolar amounts of Pam3CSK4 (InvivoGen, Cat. #: tlrl-pms),
lipoSC, or SC for 1, 3, and 6 h. The cells were treated with lysis reagent,
and the luciferase activity was determined using a dual luciferase assay
kit (Vazyme, Cat. #: DL101). The luciferase activity in the cell lysates
was determined with a microplate reader (SpectraMax® iD3), and the
increase was expressed using the ratio in comparison to control cells.
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2.11. Real-time quantitative polymerase chain reaction (RT-qPCR)

DC 2.4 cells were seeded in 6-well plates at a density of 5 x 10°
cells/mL per well. The cells were incubated for 12h at 37°C with 5%
CO, and then stimulated with equimolar amounts of Pam3CSK4,
lipoSC, or SC for 6h. RNA was isolated using the TRIzol® reagent
(Invitrogen, Cat. #: 15596026) following the manufacturer’s instruc-
tions. The purity of the extracted RNA was determined using a
NanoDrop spectrophotometer (Thermo Fisher Scientific) by assessing
the optical density ratio (OD260/280). The RNA was then reverse-
transcribed into complementary DNA (cDNA) using a reverse tran-
scription kit (Accurate Biotechnology, Cat. #: AG11728) following the
provided protocol. PCR was utilized to quantify the expression levels
of the target genes using the synthesized cDNA as templates. The se-
quences of the primers (5'—3’) used in this study are listed in Table S1.
qPCR reactions were carried out in a 20 pL system consisting of 1 pL of
cDNA, 0.8 uL of primers, 10 pL of 2 x Hieff® qPCR SYBR Green Master
Mix (Yeasen Biotechnology, Cat. #: 11201ES03), and 8.2 uL of DEPC-
treated water (Thermo Fisher Scientific, Cat. #: AM9906). The PCR
program used was as follows: an initial denaturation at 95°C for 3 min,
followed by 39 cycles of 95°C for 10s, 55°C for 20 s (annealing), and
72°C for 20 s (extension). The relative mRNA expression levels of TLR2
were normalized to those of B-actin using the 2~ 24" method.

2.12. Antigen phagocytosis by macrophages

LipoSC and SC were conjugated with the SpyTag-enhanced green
fluorescent protein (ST-EGFP) in vitro at 4°C for 12 h. Following the
incubation, the conjugates (20 pug/mL) were incubated with macro-
phages (provided by Yu Shujuan) for 24 h. Fifteen minutes prior to the
end of the incubation, Hoechst stain (Thermo Fisher Scientific, Cat. #:
H21486) was added to each well (10 uL/well) for nuclear staining. The
staining solution was then discarded, and the cells were washed twice
with PBS. Cells were fixed with 4 % paraformaldehyde (Solarbio, Cat. #:
P1110, 100 pL/well) for 10 min. The paraformaldehyde was then re-
moved, and the cells were washed twice with 300 uL/well of PBS. A
high content analysis system (PerkinElmer) was utilized to capture
images and perform the analysis.

2.13. Endotoxin detection

A semi-quantitative detection analysis was performed using the
Limulus amebocyte lysate (LAL) gel-clot assay prior to immunization, in
accordance with the Pharmacopoeia of the People's Republic of China
(2020, Vol. 4, p. 180). The sensitivity of the Limulus lysate reagent (\)
was determined to be 0.125 EU/mL, as provided by Zhanjiang A & C
Biological LTD, a subsidiary of Charles River Laboratories International,
Inc. The assay was performed following the manufacturer's instructions.

2.14. Mouse immunization

BALB/c mice (Cat. #: 01011) were purchased from Beijing Vital
River Animal Technology. C57BL/6J (Cat. #: C001089) and C57BL/
6 J/TLR2 knockout (KO) (Cat. #: C001263) mice were purchased from
Cyagen Biosciences. All experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) of the Beijing Institute of
Biotechnology (approval: DWZX-2024-025). The researchers obtained
certificates as laboratory animal practitioners and completed the ex-
periments according to the experimental guidelines.

For intramuscular immunization, mice were randomly divided into
four groups, with five mice per group: (1) RBDST (5pug) + Al(OH);
(Croda, Cat. #: AJV3012, 100 ug); (2) RBDST (5 ug) + Al(OH)5 (100 ug)
+ CpG2006 (synthesized by Takara Bio, 50yug); (3) lipoSC-RBDST
(5pg); and (4) lipoSC-RBDST (5pug) + Al(OH); (100 pug). Mice were
immunized with 100 pL of the appropriate treatment on days 0 and 14
via intramuscular injection in the hind leg. Blood samples were
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collected 2 weeks after each immunization and centrifuged at
10,000 X g for five minutes to isolate the supernatant, which was col-
lected and stored at —20°C.

For pulmonary delivery, BALB/c mice were randomly divided into
five groups, with 13 mice in each group. Before pulmonary delivery,
mice were anesthetized with a restraint agent (Beijing Lai Aite
Technology, Cat. #: LAT-AFD) at a dose of 200 uL per 10 g of body
weight. Each mouse then received a pulmonary delivery of (1) 10 ug of
lipoSC-RBDST, while (2) SC-RBDST, (3) RBDST + Pam3CSK4, and (4)
lipoSC + RBD were administered at equimolar doses; and (5) a saline
group was included as a control. Mice were immunized on days 0, 14,
and 28, with each mouse receiving 50 puL per immunization. The serum
was isolated from each mouse following the same procedure as de-
scribed above and tested by an enzyme linked immunosorbent assay
(ELISA) for antigen-specific IgG and IgA titers, as well as neutralizing
antibody titers. Two weeks after the third immunization, lung tissue
from three mice was analyzed by flow cytometry for resident memory T
cells, IL-17A cells, and antigen-specific IL-17A, TNF-a, IFN-y, IL-2, IL-4,
and IL-6 levels. For BALF analysis, mice were divided into five groups
(as above) with seven mice in each group. Two weeks after the third
immunization, samples were collected to measure the antigen-specific
IgG and IgA titers, as well as neutralizing antibody titers. C57BL/6 J
and C57BL/6 J/TLR2 KO mice (n = 6) were immunized with 10 ug of
lipoSC-RBDST on days 0, 14, and 28. Serum was collected and tested for
antigen-specific IgG, IgA, and neutralizing antibody titers, as described
above

For intranasal immunization, mice were randomly divided into five
groups (n = 5): mice were administered (1) 10pug of lipoSC-RBDST,
while (2) SC-RBDST, (3) RBDST + Pam3CSK4, and (4) lipoSC + RBD
were administrated in equal molarity to lipoSC-RBDST, and (5) a saline
group was included as a control. Mice were intranasally immunized on
days 0, 14, and 28 with 20 pL per injection. Blood samples were col-
lected two weeks after each immunization for serum separation. BALF
and nasal lavage fluid (NLF) were collected 2 weeks after the third
immunization.

For long-term antibody titer assessment, BALB/c mice were divided
into three groups of 10 and immunized via pulmonary delivery of (1)
10 ug of lipoSC-RBDST, (2) an equimolar dose of SC-RBDST, or (3)
saline as a control, on days 0, 14, and 28. Serum was collected at two
weeks, six months, and eight months post-final dose to assess the IgG,
IgA, and neutralizing antibody titers.

For the pulmonary delivery of lipoSC-STXEC to enhance immunity
in mice, BALB/c mice were initially immunized intramuscularly in the
hind leg with 100 uL of either (1) RBD (10 pug) + Al(OH)3; (100 ug)
+ CpG2006 (50 pg) or (2) saline on days 0 and 14. One year after the
initial intramuscular immunization, lipoSC was conjugated to STXEC at
a specific ratio (lipoSC-STXEC), and both lipoSC-STXEC and STXEC
were separately administered to the previously immunized mice.

2.15. ELISA

RBD was diluted to 2 pg/mL utilizing coating buffer (50 mmol/L
carbonate, pH 9.6), and 100 uL was added to each well of the ELISA
plates (Corning, Cat. #: 3590), which were placed at 4°C overnight. The
plates were then washed twice with PBST (PBS containing 0.1 %
Tween-20), and 300 uL of 5 % skim milk was added to each well before
incubating for 1 h at 37°C. Mouse serum was added to the first well and
then diluted. The plates were incubated at 37°C for 1 h and then washed
three times with PBST. After the 1-h incubation at 37°C, 100 pL of goat
anti-mouse IgG (HRP) (Beijing Biodragon Immunotechnologies, Cat. #:
BF03001, 1:5000 dilution) or goat anti-mouse IgA alpha chain (HRP)
(Abcam, Cat. #: ab97235, 1:10,000 dilution) antibody was added to
each well. The plates were then incubated for 1 h at 37°C. Plates were
then washed four times with PBST and developed with 100 uL/well of
TMB one-component chromogenic solution (Solarbio, Cat. #: PR1200)
for 3 min, and 2 M H,SO, (50 uL/well) was added to stop the reaction.
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The results were measured using microplate reader (SpectraMax® iD3)
at 450/630 nm.

2.16. Pseudovirus packaging

HEK293T cells (preserved in our laboratory) were washed twice
with PBS, and any remaining liquid was removed by aspiration.
Subsequently, 1 mL of trypsin (HyClone, Cat. #: SV30031.01) was
added to digest the cells. The digestion reaction was terminated by
adding 3 mL of complete DMEM medium, composed of 89 % DMEM
(Gibco, Cat. #: C11995500BT), 10 % fetal bovine serum (PAN-Biotech,
Cat. #: P30-3306), and 1% penicillin-streptomycin (Gibco, Cat. #:
15140122). The cells were then plated at a density of 5 x 10° cells/mL
in a 10 cm dish and cultured at 37°C in a 5% CO,, incubator for 12 h.
According to the Lipofectamine 3000 transfection reagent instructions,
7.5ug of the pNL4-3-R-E backbone plasmid (laboratory stock) and
7.5 ug of SARS-CoV-2 S protein plasmid (synthesized by Sangon Biotech
(Shanghai)) were introduced into the cells. After 6-8 h of transfection,
the medium was switched to Opti-MEM (Gibco, Cat. #: 31985070).
Seventy-two hours post-transfection, the supernatant was collected by
centrifuging at 1000 x g for five minutes, passed through a 0.45-um
filter (Pall Corporation, 4614), and stored at —80°C for later use.

2.17. Pseudovirus-neutralization testing

Digested HEK293-ACE2 cells (laboratory stock) were diluted to
2 x 10° cells/mL, and 100 pL of the cell suspension was added to each
well of in several 96-well plates (Corning, 3599). The plates were in-
cubated overnight at 37°C with 5 % CO,. Serum (inactivated at 56°C for
30 min), BALF, or NLF samples were initially diluted with complete
DMEM medium. Diluted serum (150 puL) was added to the first well in a
row of cell culture plates, followed by three-fold serial dilutions, re-
sulting in five total dilutions per row. For control wells, 100 uL of
medium was added to the virus control wells and 150 pL to the cell
control wells. Pseudoviruses were diluted to a final concentration of
2 x 10* TCIDso/mL, and 50 pL of the diluted pseudovirus was added to
each sample and virus control well. The plates were gently shaken to
mix, and the mixtures were neutralized at 37°C for 1h. The culture
medium from the cells cultured overnight was discarded, and 120 pL of
the pseudovirus-serum mixture was transferred to each well containing
cells. After 12 h of incubation, the mixture was discarded, and 150 pL of
fresh medium was added to each well. The plates were then incubated
for an additional 48 h. At the end of the incubation, the plates were
equilibrated to 25°C. A total of 100 uL of medium was removed from
each well, and 100 uL of reporter gene assay reagent (Vazyme, Cat. #:
DD1201) was added. The plates were shaken for two minutes and al-
lowed to react in the dark for five minutes. Subsequently, 100 pL of the
reaction mixture was transferred to a CulturPlate-96 white plate
(PerkinElmer, Cat. #: 6005290). Fluorescence values were measured
utilizing a microplate reader (SpectraMax® iD3).

2.18. Flow cytometry analysis of Tfh and GC B cells in bronchial lymph
nodes

BALB/c mice were randomly divided into five groups (five mice per
group). Each mouse received 10 pg of lipoSC-RBDST via pulmonary
delivery. Both SC-RBDST and lipoSC-RBDST were utilized at equimolar
concentrations, and the control group received saline. One week after
immunization, bronchoalveolar lymph nodes were collected for flow
cytometry to analyze the levels of Tfh and GC B cells. The bronchial
lymph nodes of mice were harvested, and a single-cell suspension was
prepared following centrifugation and resuspension with staining
buffer. The collected cells were stained with anti-CD45 (Invitrogen, Cat.
#: 363-0451-82), anti-CD19 (Invitrogen, Cat. #: 414-0193-82), anti-
mouse GL7 (BioLegend, Cat. #: 144606), anti-mouse CD95 (Fas)
(BioLegend, Cat. #: 152617), anti-mouse CD3 (Invitrogen, Cat. #:
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46-0032-82), anti-CD4 (BioLegend, Cat. #: 100529), anti-CD185
(CXCR5) (Invitrogen, Cat. # 12-7185-80), anti-CD279 (PD-1)
(BioLegend, Cat. #: 135218), and anti-CD8a (BD Biosciences, Cat. #:
566985) 25°C for 25 min in the dark. The proportion of Tth and GC cells
was measured using a Cytek® Aurora full spectrum flow cytometer
(Cytek Biosciences) and analyzed using SpectroFlo (Cytek, version
3.2.1).

2.19. Flow cytometry analysis of Try cells in lungs

Fourteen days after the third pulmonary immunization in BALB/c
mice, the lungs were mechanically disrupted. The red blood cells were
lysed with a buffer and then the sample was centrifuged. The pellet was
resuspended in staining buffer, and a single-cell suspension was pre-
pared. A portion of the collected cells was stained with anti-CD45
(Invitrogen, Cat. #: 363-0451-82), anti-CD3 (BD Biosciences, Cat. #:
564009), anti-CD4 (Invitrogen, Cat. #: 414-0042-82), anti-CD8a (BD
Biosciences, Cat. #: 566985), anti-CD69 (BioLegend, Cat. #: 104543),
and anti-CD103 (BioLegend, Cat. #: 121410), all of which are surface
markers. Additionally, anti-IL-17A% (BioLegend, Cat. #: 506922) was
utilized for intracellular antibody staining. Try cells were measured
using a Cytek® Aurora full spectrum flow cytometer (Cytek
Biosciences) and was then analyzed using SpectroFlo (Cytek, version
3.2.1).

2.20. Cytokine detection

At 6, 24, 72, and 120h post-immunization, blood samples were
collected from the mice, and serum was further isolated for cytokine
analysis. Cytokine concentrations were measured utilizing a Mouse
Th1/Th2/Th9/Th17/Th22/Treg Cytokine Panel (17-plex) kit (Cat. #:
EPX170-26087-901) from Invitrogen, in accordance with the manu-
facturer's protocol. The cytokines were measured using a Luminex 200
system.

2.21. Statistical analysis

Statistical analysis was conducted using GraphPad Prism version
10.3.0. Data were expressed as the means + SD. Data were analyzed by
an one-way ANOVA with Dunn’s multiple comparison test. Values of
P < 0.05 were considered to be statistically significant (****
P < 0.0001, *** P < 0.001, ** P < 0.01, and * P < 0.05); ns (not
significant).

3. Results
3.1. lipoSC-RBDST nanoparticle preparation and characterization

Protein N-terminal lipidation and N-linked glycosylation are two
distinct post-translational modification processes in bacterial and eu-
karyotic cells, both of which rarely occur simultaneously on a protein.
The SpyCatcher/SpyTag (SC/ST) system serves as a generic tool for
coupling two molecules and makes the modular assembly of nanobio-
conjugates feasible. The SC/ST system has been broadly used in vaccine
development. Here, we prepared N-terminal lipidated SpyCatcher
(lipoSC) in E. coli, which can be covalently attached to a SpyTag-labeled
molecule. In order to elicit RBD-focused immune responses, we selected
SARS-CoV-2 RBD delta variant as antigen with SpyTag (ST) genetically
fused to the N-terminus (RBDST), and prepared RBDST in glycoengi-
neered Picha pastoris with characteristics of glycosylation profile similar
to those of mammalian cells *” (Fig. 1).

Signal peptides from the E. coli murein lipoprotein (ML signal pep-
tide),”® N. meningitides Ag473 lipoprotein (Ag signal peptide),”® Hae-
mophilus influenzae P4 outer membrane protein (P4 signal peptide) *°
were separately fused to the N-terminal of SpyCatcher (Figure S1A) and
evaluated for the efficiency of directing nascent SpyCatcher peptide to
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the secretion pathway and then lipidation after localization. The re-
combinant SpyCatcher (rSC) proteins with distinct signal peptides were
expressed as soluble proteins in the supernatant after cell lysis (Figure
S1B) and purified from cell lysates via Ni-NTA affinity chromatography
in the presence of 1 % Triton X100 in the mobile phase. Although the
target bands observed via SDS-PAGE ran slightly lower than 17 kDa
(Figure S1B), the size exclusion chromatography (SEC) retention vo-
lumes were smaller than that of IgG (~150kDa) (Superdex™ 200 In-
crease 10/300 GL, 24 mL total volume, Cytiva) (Figure S1C), suggesting
that all three forms of rSC may exist as a multimer.

After that, rSC with the ML signal peptide was selected and further
purified by anion exchange chromatography (Source 30Q) and size
exclusion chromatography for subsequent experiments. The purified
protein displayed a single band via SDS-PAGE (Fig. 2A), indicating high
purity. Dynamic light scattering (DLS) analysis indicated that the rSC
particle size was approximately 16 nm (Fig. 2B), while transmission
electron microscopy (TEM) microscopy revealed that rSC exhibited an
irregular granular morphology (Fig. 2C). Edman degradation failed to
detect the N-terminal sequence of rSC (data not shown), suggesting that
its N-terminus was blocked. To further verify that the N-terminal of rSC
was lipidated, we performed LC-MS (TripleTOF 5600, AB Sciex). The
molecular weights of rSC proteins were concentrated in two clusters:
the first cluster was comprised of molecular weights of 14810.1 Da,
14824.2Da, and 14838.0Da, while the second cluster included
14585.8 Da and 14600.0Da (Fig. 2D). Considering the theoretical
molecular weight of unmodified SC protein (13919.11 Da) in conjunc-
tion with the theoretical molecular weight of Pam3Cys (910.46 Da), we
hyothesized that rSC protein undergoes a fatty acid modification, pri-
marily via triacylation, with a carbon chain length between C16 and
C18. Consequently, we designated rSC as lipoSC.

Natural bacterial lipoproteins and synthetic lipopeptides can acti-
vate the TLR2-mediated immune signaling pathway.>' To verify if the
lipoSC prepared in this study was able to activate TLR2 downstream
signaling, equimolar amounts of 1lipoSC, Pam3CSK4, and SC were uti-
lized to stimulate TLR2/293T-NFkB-Luc cells, and the relative luci-
ferase activity was measured at various time points. We found that the
relative luciferase activity of cells treated with lipoSC and Pam3CSK4
was significantly increased as compared to cells treated with SC (Figure
S2A), confirming that the lipoSC prepared in this study has an im-
munostimulatory function similar to Pam3CSK4. In order to further
explore the phagocytosis efficiency of antigen-presenting cells (APCs)
towards lipoSC nanoparticles, ST-EGFP was conjugated to lipoSC and
used to stimulate macrophages. Compared to ST-EGFP and SC-ST-EGFP,
lipoSC-ST-EGFP induced a higher phagocytosis efficiency in macro-
phages (Fig. 2E), suggesting that lipoSC has the potential to serve as a
self-adjuvant carrier protein, aiding in the uptake and presentation of
its loaded antigens.

Encouraged by the above results, RBD of the SARS-CoV-2 Delta
variant spike protein was fused with SpyTag (RBDST) and conjugated to
lipoSC to prepare a bacterial fatty acylated glycoprotein RBD antigen
(lipoSC-RBDST). Glycoengineered P. pastoris, an expression platform
capable of performing mammalian N-glycosylation modifications,””
was utilized to prepare the SpyTag-labeled glycoprotein RBD antigen
(Figure S2B). Consistent with our previous findings,”” the RBD band
shifted downward following PNGase F digestion, indicating the pre-
sence of N-glycosylation modifications. Different molar ratios of lipoSC
and RBDST were mixed and conjugated at 4°C overnight (12 h), and the
optimal ratio for conjugation was determined to be 4:1 (Figure S2C).
Unreacted RBDST was removed via size-exclusion chromatography
(Figure S2D), resulting in the fatty acylated glycoprotein RBD antigen,
lipoSC-RBDST (Fig. 2F). DLS analysis demonstrated that the particle
size of 1ipoSC-RBDST was approximately 16 nm (Figure S2E), with no
significant alterations in particle size under storage conditions at 4°C
and 37°C and —20°C (Fig. 2G). TEM images revealed that lipoSC-
RBDST had an irregular granular morphology (Fig. 2H). Taken to-
gether, these study findings confirmed the successful construction of the
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Fig. 1. Modular construction of the bacterial lipidation-based SARS-CoV-2 mucosal nanovaccine.

bacterial fatty acylated SARS-CoV-2 glycoprotein RBD antigen lipoSC-
RBDST through SC/ST conjugation.

3.2. LipoSC-RBDST effectively induces humoral immune responses

Following the preparation of lipoSC-RBDST, a semi-quantitative detec-
tion analysis was conducted using the Limulus amebocyte lysate (LAL) gel-
clot assay prior to immunization, in accordance with the Pharmacopoeia of
the People's Republic of China (2020, Vol. 4, p. 180). We found that the en-
dotoxin concentration in the sample was approximately 125 EU/mL (Figure
S3A). Our previous studies showed that the combination of Al(OH); and
CpG2006 adjuvants significantly increased the immunogenicity and pro-
tective efficacy of RBD vaccines.>>** To investigate if fatty acylation could
enhance the immunogenicity of RBD, we evaluated the ability of lipoSC-
RBDST to induce binding and neutralizing antibodies upon intramuscular
immunization. Seven-week-old BALB/c mice were randomly divided into
four groups (n = 5) and intramuscularly immunized with 5 pg RBDST twice
at a 14-day interval in the following formulations: RBDST + Al(OH)s,
RBDST + Al(OH); + CpG2006, lipoSC-RBDST, and lipoSC-RBDST + Al
(OH); (Figure S3B). The results demonstrated that a single dose of lipoSC-
RBDST stimulated high titers of RBD-binding antibodies, regardless of the
presence of Al(OH)3 (Figure S3C). When combined with Al(OH)s, neu-
tralizing antibodies with a titer of 1:182 were induced (Figure S3D). After a
second immunization, RBDST + Al(OH); + CpG2006, lipoSC-RBDST, and
lipoSC-RBDST + Al(OH); all induced neutralizing antibodies with titers
above 10° (Figure S3D). Taken together, these findings suggest that fatty
acylation substantially enhances RBD immunogenicity and the induction of
neutralizing antibodies.

3.3. Aerosolized lipoSC-RBDST administered via the pulmonary route
exhibits high safety and efficient induction of immune responses

After establishing the humoral immunogenicity of lipoSC-RBDST,
we further investigated its capacity to induce respiratory mucosal im-
mune responses. We assessed the safety of pulmonary delivery of
aerosolized lipoSC-RBDST (Fig. 3A). Seven-week-old BALB/c mice were
randomly divided into three groups (n = 5) and subjected to pulmonary
delivery of aerosolized saline, SC-RBDST, or lipoSC-RBDST, with each
mouse receiving 10 ug of protein (Fig. 3A). The body weight, body
temperature, and cytokine (TNF-a, IL-1f, IL-6) levels were determined
in each mouse. Post-immunization, the mice maintained body tem-
peratures between 36°C and 37°C (Fig. 3B). The body weight of the
mice declined at 24 h, probably due to anesthesia, but then gradually

recovered, with no significant differences between immunization and
saline groups (Fig. 3C). At 6 h post-immunization, TNF-a levels in the
lipoSC-RBDST group were slightly elevated, IL-6 levels were sig-
nificantly increased in both SC-RBDST and lipoSC-RBDST groups, and
IL-1f3 generally remained unchanged (Fig. 3D). These data imply that
aerosolized lipoSC-RBDST administered via the pulmonary route is safe
and does not induce severe adverse effects. The proportions of Tfth and
germinal center (GC) B cells are critical indicators of adaptive immune
responses. Seven days post-immunization, bronchial draining lymph
nodes were isolated to detect the proportions of Tth and GC B cells. We
found that the proportions of Tfh and GC B cells in the bronchial lymph
nodes of the lipoSC-RBDST group were significantly elevated as com-
pared to those in the saline and SC-RBDST groups (Fig. 3E), suggesting
that lipoSC-RBDST induces significant adaptive immune responses.

3.4. Aerosolized lipoSC-RBDST administered via the pulmonary route
induces RBD-specific humoral and mucosal immune responses

After confirming the safety and immunogenicity of aerosolized
lipoSC-RBDST delivered via the pulmonary route, we evaluated its pro-
tective efficacy and ability to stimulate RBD-specific antibody responses.
BALB/c mice were randomly divided into five groups (n = 10). The
lipoSC-RBDST group was immunized with 10 pug of total protein, while
the SC-RBDST, RBDST + Pam3CSK4, and lipoSC + RBD groups received
equimolar amounts of RBD and Pam3CSK4 or lipoSC. The saline group
served as the negative control. All groups received three doses, with a 14-
day interval between each dose (Fig. 4A). The results demonstrated that
a single immunization with aerosolized lipoSC-RBDST induced RBD-
specific IgG in the serum, while the second immunization induced RBD-
specific IgA in the serum. After the third immunization, the lipoSC-
RBDST group achieved RBD-specific IgG and IgA titers of 1:912011 and
1:4677, respectively, which were significantly higher than those in the
lipoSC + RBD group (Fig. 4B, C). A pseudovirus neutralization assay,
which is widely utilized to assess the protective efficacy of COVID-19
vaccines, demonstrated that two doses of either lipoSC-RBDST or lipoSC
+ RBD induced detectable neutralizing antibodies in the serum. After
three doses, the lipoSC-RBDST group achieved a neutralizing antibody
titer of 1:9333, which was substantially higher than that found in the
lipoSC + RBD group. No neutralizing antibodies were detected in the
saline, SC-RBDST, or RBDST + Pam3CSK4 groups (Fig. 4D). In contrast,
immunization of C57BL/6J TLR2-knockout mice with aerosolized li-
poSC-RBDST induced lower serum levels of RBD-specific IgG (Figures
S4A, B), IgA (Figure S4C), and neutralizing antibodies (Figure S4D),
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Fig. 2. Preparation and characterization of the nanoparticle antigen lipoSC-RBDST. A) Coomassie blue staining of lipoSC nanoparticles after separation via size-
exclusion chromatography (Superdex™ 200 Increase 10/300 GL, 24 mL total volume). B) Dynamic light scattering analysis of lipoSC nanoparticles. C) A transmission
electron microscopy image showing the morphology of purified lipoSC nanoparticles. D) Liquid chromatography-mass spectrometry (TripleTOF 5600, AB Sciex)
analysis of the molecular weight of lipoSC. E) Fluorescence imaging of macrophages stimulated with the complex formed by lipoSC and SpyTag-labeled EGFP. F)
Coomassie blue staining analysis of the covalent complex formation between lipoSC and RBDST. G) Dynamic light scattering analysis of the stability of lipoSC-RBDST
after storage at 4°C, 25°C and 37°C for 7 days. H) A transmission electron microscopy image showing the morphology of lipoSC-RBDST nanobioconjugates.

indicating that lipoSC-RBDST enhanced the immune response through
the TLR2-mediated signaling pathway. To investigate if immunization
via the pulmonary route induces mucosal antibody responses, bronch-
oalveolar lavage fluid (BALF) was collected two weeks after the third
immunization in order to assess RBD-specific IgG, IgA, and neutralizing

antibody titers. The lipoSC-RBDST group achieved IgG, IgA, and pseu-
dovirus neutralizing antibody titers of 1:6026 (Figs. 4E), 1:3236
(Figs. 4F), and 1:309 (Fig. 4G), respectively, all of which were sig-
nificantly higher than those in the other groups. To evaluate the dur-
ability of RBD-specific antibodies induced by immunization via the
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Fig. 3. Evaluation of the safety and humoral immune response induced by lipoSC-RBDST delivered via the pulmonary route. A) Immunization schedule for assessing
the safety of lipoSC-RBDST. Body weight (B) and body temperature (C) of BALB/c mice immunized with lipoSC-RBDST via the pulmonary route. D) Serum levels of
inflammatory cytokines IL-1p, IL-6, and TNF-a at various time points after a single immunization with lipoSC-RBDST. E) Proportions of GC B cells (GL7 " CD95™ cells
among the CD19™ cells) and Tth cells (CXCR5* PD1* cells among the CD4™ T cells) in the bronchial lymph nodes 7 days post vaccination as determined by flow

cytometry (n = 5).

pulmonary route, serum IgG (Figure S4E), IgA (Figure S4F), and neu-
tralizing antibody (Figure S4G) titers were measured eight months after
the final immunization and were found to be 1:50119, 1:4169, and
1:1259, respectively, with no substantial decline observed.

Respiratory tract tissue-resident memory T cells (Try) play an es-
sential role in mucosal immune protection.”>° To determine whether
lipoSC-RBDST induces Try;, the lungs of mice were collected 14 days
after the last immunization and dissociated into single-cell suspensions
(n = 3). Flow cytometry was employed to evaluate the proportions of
CD69" CD103" CD4™ T cells, CD69" CD103™ CD8" T cells, and IL-
17A" CD4™ T cells in the lung tissue. We found that the lipoSC + RBD
and lipoSC-RBDST groups displayed elevated proportions of all three T

cells in the lungs as compared to the saline, SC-RBDST, and RBDST
+ Pam3CSK4 groups (Fig. 4H), indicating that lipoSC induces local
cellular immune responses in the lung.

3.5. LipoSC-RBDST stimulates strong humoral and mucosal immune
responses in mice via intranasal immunization

To further confirm the ability of lipoSC-RBDST to induce respiratory
mucosal immune responses, we assessed the induction of RBD-specific
1gG, IgA, and neutralizing antibodies by intranasal immunization using
the same regimen as that employed for pulmonary immunization
(Fig. 5A). The lipoSC-RBDST group exhibited serum IgG and IgA titers
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of 1:467735 and 1:2042, respectively, which were significantly in-
creased as compared to those of the lipoSC + RBD group. No antibody
titers were detected in the SC-RBDST group (Fig. 5B, C). A pseudovirus
neutralization assay demonstrated that two doses of intranasal lipoSC-
RBDST stimulated a serum neutralizing antibody titer of 1:162, which
increased to 1:933 after three doses—significantly higher than the li-
poSC + RBD group (Fig. 5D). Two weeks after the third immunization,
BALF and nasal lavage fluid (NLF) were collected from all groups to

detect RBD-specific antibody titers. The lipoSC-RBDST group showed
IgG and IgA titers of 1:3890 and 1:537 in BALF, both significantly
higher than those of other groups (Fig. 5E, F), while IgG and IgA titers
in NLF were both 1:117 (Fig. 5H, I). However, the positive conversion
rates and titers of neutralizing antibodies in BALF and NLF were rela-
tively low (Fig. 5G, J). These results indicate that immunization with
lipoSC-RBDST via the upper respiratory tract can also induce significant
mucosal and humoral immune responses.
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Fig. 5. Intranasal immunization with lipoSC-RBDST effectively induces mucosal and humoral immune responses in BALB/c mice. A) Immunization schedule for evaluating the
efficacy of lipoSC-RBDST via intranasal administration in BALB/c mice. SARS-CoV-2 RBD-specific IgG titers (B), IgA titers (C), and neutralizing antibody titers (D) in the serum
14 days after three doses of saline, RBDST + Pam3CSK4, SC-RBDST, lipoSC + RBD, or lipoSC-RBDST (n = 5). RBD-specific IgG titers (E), IgA titers (F), and neutralizing
antibody titers (G) in the bronchoalveolar lavage fluid. RBD-specific IgG titers (H), IgA titers (I), and neutralizing antibody titers (J) in nasal lavage fluid.

3.6. Mucosal booster immunization with lipoSC-STXEC effectively induces
robust variant-specific neutralizing antibodies in mice with pre-existing

immunity to wild-type RBD (RBDyt)

In order to explore if pre-existing immunity enhances mucosal het-
erologous booster immunization with a fatty acylated variant RBD to

10

induce mucosal immune responses against the variant, we utilized the
RBD of the SARS-CoV-2 XEC variant, which exhibits elevated trans-
missibility and immune evasion capacity,?” as the antigen to prepare
lipoSC-STXEC. Antibody responses against the variant were evaluated
in mice with pre-existing immunity to the wild-type RBD (RBDyt)
following immunization with aerosolized lipoSC-STXEC via the
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Fig. 6. Evaluation of the efficacy of booster immunization with aerosolized lipoSC-STXEC via the pulmonary route in mice previously immunized intramuscularly
with wild-type RBD. A) The schedule for booster immunization with aerosolized lipoSC-STXEC via the pulmonary route in mice previously immunized in-
tramuscularly with wild-type RBD. RBDy-specific (B) and RBDxgc-specific (C) IgG titers in the serum before and after lipoSC-STXEC booster immunization. RBDyy-
specific (D) and RBDxgc-specific (E) IgA titers in the serum before and after lipoSC-STXEC booster immunization. Neutralizing antibody titers against JN.1 (F) and

Kp.2 (G) in the serum before and after lipoSC-STXEC booster immunization.

pulmonary route. BALB/c mice were immunized twice via in-
tramuscular injection with RBDyr + Al(OH)3; + CpG2006 at a 14-day
interval. After 50 weeks, the mice received two pulmonary immuniza-
tions with either lipoSC-STXEC or STXEC, and then the serum titers of
IgG, IgA, and neutralizing antibodies against RBDyy and RBDxgc were
determined (Fig. 6A). Fifty weeks after receiving two doses of RBDyr
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+ AI(OH); + CpG2006, the mice maintained detectable levels of
RBDyr-specific (Fig. 6B) and RBDxgc-specific (Fig. 6C) IgG in the
serum. However, both RBDyr-specific (Fig. 6D) and RBDyxgc-specific
(Fig. 6E) IgA titers remained at low levels, and no neutralizing antibody
activity was observed against JN.1 (Fig. 6F) or Kp.2 (Fig. 6G). Fol-
lowing pulmonary delivery of lipoSC-STXEC, RBDxgc-specific IgG titers
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increased substantially in the serum (Fig. 6C), along with elevated titers
against RBDy-specific (Fig. 6D) and RBDxgc-specific (Fig. 6E) IgA.
Notably, the titer of neutralizing antibodies against Kp.2, which is
phylogenetically close to XEC, exhibited marked elevation. In contrast,
mice lacking RBDy pre-existing immunity failed to induce immune
responses against the variant. Moreover, even in the presence of RBDyt
pre-existing immunity, a non-fatty acylated antigen was unable to in-
duce immune responses against the variant.

4. Discussion

SARS-CoV-2 mainly disseminates through the respiratory tract.*®
Although intramuscular vaccines are effective in decreasing severe
disease outcomes and mortality, they do not induce mucosal immunity,
emphasizing the necessity for the development of mucosal vaccines.
The currently approved COVID-19 mucosal vaccines primarily use viral
vectors,”® which may suffer from reduced efficacy due to pre-existing
immunity.”” In contrast, subunit vaccines, which are known for their
well-defined structure and favorable safety profile,’’ bypass the issue of
pre-existing immunity. However, their limited immunogenicity poses a
challenge in inducing strong mucosal immune responses, necessitating
strategies to improve their immunogenic potential. Fatty acylated an-
tigens have the potential to act as TLR2 agonists, thereby increasing
immune responses while circumventing pre-existing immunity. Given
that fatty acylation is a modification specific to bacteria, and the gly-
cosylation of the RBD is critical to maintaining structural stability and
immunogenicity,"" we utilized a modular assembly strategy to facilitate
the fatty acylation of glycosylated antigens. Specifically, we expressed
fatty acylated SC in E. coli, produced glycosylated RBD in glycoengi-
neered P. pastoris, and took advantage of the ability of the SC/ST system
to form isopeptide bonds in vitro to facilitate the modular assembly of
fatty acylated and glycosylated antigens.

The expression of lipoSC in E. coli was analyzed by comparing the
expression levels of the recombinant Ag473 protein (rAg473), which is
directed by the N. meningitidis lipoprotein signal peptide, in E. coli
strains BL21(DE3) and C43(DE3). The C43(DE3) strain exhibited su-
perior protein expression as compared to BL21(DE3). N-terminal se-
quencing of purified rAg473 utilizing Edman degradation found that
rAg473 from BL21(DE3) started with an MKKL sequence, indicating
incomplete lipidation. In contrast, the N-terminus of rAg473 from
C43(DE3) was not able to be sequenced, indicating that post-transla-
tional modifications obstructed the N-terminus. Mass spectrometry
analysis confirmed the appropriate lipid modification of purified
rAg473.42 Therefore, the E. coli C43(DE3) strain was deemed more
suitable for expressing fatty acylated antigens in this study. None-
theless, further research is warranted in order to explore the variations
in the type of fatty acid modifications on the SC system across various
expression strains.

As of now, Trumenba® (rLP2086), a lipoprotein-based vaccine de-
veloped by Pfizer that received FDA approval in 2014, is the only li-
poprotein-based vaccine targeting Group B N. meningitidis,. Intranasal
administration of rLP2086 in murine models has been shown to di-
minish nasal colonization by N. meningitidis,*” thereby demonstrating
its efficacy in eliciting mucosal immunity. However, the rLP2086 pro-
duced in E. coli lacks glycosylation modifications. In contrast, our
previous study employed glycoengineered P. pastoris to produce the
RBD with mammalian-like glycosylation, presenting a cost-effective
strategy amenable to high-density fermentation.”” By leveraging the
capability of the SC/ST system to form stable isopeptide bonds in vitro,
we successfully conjugated fatty acylated RBD antigens. This metho-
dology permits the independent expression of the nanocarrier and an-
tigen in optimized expression systems, thereby ensuring high yield and
purity for both components. The resultant lipoSC nanoparticles, ap-
proximately 16 nm in diameter, are likely formed due to the fatty acid
chains creating a hydrophobic core, while the hydrophilic peptide do-
mains on the exterior facilitate nanoparticle assembly. This nanocarrier
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aids the presentation of a variety of antigens on its surface, and the
orthogonal conjugation strategy employed herein enhances the ex-
pedited development of nanovaccines.

At 6 h post-immunization, we observed a slight elevation in TNF-a
levels in the lipoSC-RBDST group, while IL-6 levels were significantly
increased in both the SC-RBDST and lipoSC-RBDST groups. These cy-
tokine elevations were transient, with both IL-6 and TNF-a levels re-
turning to baseline within 24 h post-immunization (Fig. 3D). These data
suggest that lipoSC-RBDST vaccine administered via the pulmonary
route is safe in the short term and does not induce severe adverse ef-
fects, indicating that the vaccine platform is safe and well-tolerated in
the mouse model. Although the transient increase in cytokines warrants
further investigation, we believe that these immune responses do not
compromise the safety of the vaccine in the short term. However, future
studies should address the potential long-term implications of these
cytokine elevations, particularly in populations with pre-existing in-
flammatory conditions. IL-6 and TNF-a are key pro-inflammatory cy-
tokines,""" and while the elevations observed here were brief, their
impact on immune responses may vary in individuals with underlying
conditions, such as the elderly or those with compromised immune
systems. Therefore, it is important to assess the dynamics of cytokine
levels and their potential effects on immune responses in these specific
populations in future clinical studies.

In this study, mucosal immunization with lipoSC-RBDST induced
robust mucosal and humoral immune responses in mice, whereas the
RBD + Pam3CSK4 group did not induce an effective immune response,
consistent with findings from prior studies. Previous research has de-
monstrated that the N-terminal fragment of the recombinant lipopro-
tein rlipo-D1E3, produced via trypsin cleavage and referred to as lipo-
Nter, displays superior anti-tumor effects as compared to synthetic li-
popeptides.’® Vaccination of mice with a recombinant HPV16 E7 mu-
tant protein (rE7m) in conjunction with lipo-Nter resulted in increased
levels of anti-E7 antibodies, and a single administration of rE7m with
lipo-Nter inhibited tumor growth, whereas rE7m alone had no effect.
Similarly, lipo-Nter improved the anti-tumor efficacy of E7-based pep-
tide vaccines, in contrast to Pam3CSK4, which did not. These findings
highlight the potential of the recombinant lipoprotein lipo-Nter as a
potent novel adjuvant, offering significant promise for the development
of next-generation subunit vaccines, while underscoring the limited
efficacy of Pam3CSK4. The strong mucosal and humoral immune re-
sponses stimulated by lipoSC-RBDST can be ascribed to several factors.
First, it functions as a TLR2 receptor agonist, thus activating immune
signaling pathways. Second, its nanoparticle architecture enhances ef-
ficient antigen presentation by APCs. Finally, the intramolecular ad-
juvant design likely enables the concurrent targeting of the antigen and
adjuvant to the same cell, thus amplifying the immune response.

Adenoviral vector-based vaccines, such as Ad5 and ChAd platforms,
have been widely used for mucosal immunization due to their ability to
generate strong immune responses.*”*® However, these vaccines often
face challenges, including pre-existing immunity to the adenoviral
vector, immune-mediated inflammation, and limitations in repeated
dosing.>****° In contrast, protein-based nanoparticle vaccines are ty-
pically safer, with fewer concerns regarding pre-existing immunity, and
can precisely display antigens. However, they often require the use of
additional adjuvants to achieve robust mucosal immune responses. The
lipoSC scaffold allows for efficient mucosal delivery and antigen uptake
by APCs without the need for viral vectors. Furthermore, conjugating
RBDST to the lipoSC system facilitates precise antigen presentation and
induces strong mucosal IgA and systemic antibody responses, as well as
Trym formation.

The in vitro data confirmed that lipoSC activates TLR2 signaling and
significantly enhances antigen uptake by APCs. In the context of re-
spiratory mucosal vaccination, lung-resident DCs, particularly the
CD103* DC subset, play a pivotal role in capturing luminal antigens
and migrating to draining lymph nodes to prime adaptive immunity.'”
It is highly likely that the lipidated moiety of lipoSC-RBDST acts as a
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ligand for TLR2 on these mucosal DCs, triggering their maturation and
enhancing antigen presentation efficacy. This potent DC activation is
crucial for driving the subsequent adaptive responses we observed.
Specifically, TLR2-activated DCs are known to create a cytokine milieu
favorable for the differentiation of Tfh cells, which we found elevated in
bronchial lymph nodes. These Tth cells are essential for promoting GC B
cell responses and subsequent class switching to sIgA, consistent with
the high levels of RBD-specific sIgA detected in BALF and NLF. Fur-
thermore, TLR2 signaling has been implicated in promoting Th17 cell
differentiation.” The observed increase in lung-localized IL-17A*
CD4* T cells and Tgry cells suggests that lipoSC-RBDST may drive a
TLR2-dependent Th17-Tgy; axis, which is vital for establishing rapid,
frontline protection at mucosal surfaces. While definitive character-
ization of the phenotypes and kinetics of these specific lung DC subsets
and T-cell differentiation pathways awaits future in vivo tracking stu-
dies, the integration of our current data strongly points to these co-
ordinate cellular events as the basis for the vaccine’s potent mucosal
immunogenicity.

This study has several limitations. First, flow cytometry analysis of
lung-Try cells in mice following pulmonary immunization revealed
that lipoSC-RBDST effectively induces Try formation. To elucidate the
vaccine’s mechanism of action more thoroughly, future research should
utilize fluorescent labeling techniques to monitor the distribution, re-
tention time, and diffusion of vaccine antigens into surrounding tissues.
This approach would aid the assessment of the utilization efficiency of
fatty acylated nanoparticle vaccines. Furthermore, flow cytometry
should be employed to quantify the proportion of antigen-specific
memory B cells within peripheral blood mononuclear cells. A compre-
hensive analysis of these data, including aspects of antigen presenta-
tion, immune cell activation, and antigen-specific B cell activation,
would yield profound insights into the mechanisms underlying the
vaccine's immune response. Thirdly, this study evaluated vaccine effi-
cacy exclusively through upper and lower respiratory mucosal im-
munization. Further optimization of nebulization devices is necessary
to improve vaccine performance. Fourthly, while the 41 % conjugation
efficiency for lipoSC-RBDST confirms effective site-specific lipidation,
we recognize the need for improvements in scalability and reproduci-
bility. Future strategies may involve optimizing reaction parameters
(e.g., pH, temperature, shortening induction times), or imodifying the
construct design by inserting the SpyTag sequence at the N-terminus of
the RBD protein to mitigate potential degradation. Another limitation
of this study is the lack of direct in vivo protective efficacy data against
viral challenge. Although the high neutralizing antibody titers observed
strongly suggest potential protection, confirmation in a live virus
challenge model was not feasible in the current setup due to biosafety
facility constraints. Lastly, as a versatile nanocarrier, the applicability
and efficacy of lipoSC should be examined for antigens derived from
other bacterial or viral pathogens.

5. Conclusion

In summary, this study demonstrates an innovative strategy for
mucosal vaccine design by integrating bacterial N-terminal fatty acy-
lation into a glycosylated RBD. LipoSC synergistically enhances the
immunogenicity of RBD by acting as both a self-assembling scaffold and
an intramolecular adjuvant, which in turn elicited robust mucosal and
humoral immune responses in murine models. This approach effec-
tively circumvents the challenge of pre-existing immunity associated
with viral vectors. This methodology offers both essential theoretical
foundation and empirical data for the design and development of mu-
cosal vaccines, especially through innovative strategies aimed at en-
hancing antigen immunogenicity and optimizing antigen delivery. This
study serves as a valuable reference for the advancement of next-gen-
eration COVID-19 mucosal vaccines and provides insights applicable to
the broader development of respiratory mucosal vaccines.
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