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ABSTRACT

The constant mutation of SARS-CoV-2 has led to the continuous appearance of viral variants and their
pandemics and has improved the development of vaccines with a broad spectrum of antigens to curb the
spread of the virus. The work described here suggested a novel vaccine with a virus-like structure (VLS)
composed of combined mRNA and protein that is capable of stimulating the immune system in a manner
similar to that of viral infection. This VLS vaccine is characterized by its ability to specifically target
dendritic cells and/or macrophages through S1 protein recognition of the DC-SIGN receptor in cells,
which leads to direct mRNA delivery to these innate immune cells for activation of robust immunity with
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a broad spectrum of neutralizing antibodies and immune protective capacity against variants. Research
on its composition characteristics and structural features has suggested its druggability. Compared with
the current mRNA vaccine, the VLS vaccine was identified as having no cytotoxicity at its effective
application dosage, while the results of safety observations in animals revealed fewer adverse reactions

during immunization.

Introduction

Since the pandemic of COVID-19 occurred in Wuhan city
and spread rapidly worldwide in 2019,' many studies have
focused on the development of vaccines, especially the devel-
opment of mRNA vaccines, which has propelled great pro-
gress in this field.>* These works created novel opportunities
that enable the realization of a technical strategy in which
viral vaccines activate immunity more efficiently through
eliciting an intracellular innate immune response followed
by adaptive immunity on the basis of molecular biological
simulations of viral replication in cells,* as mRNA vaccines
against COVID-19 have produced great public health effects
and business proﬁts.S This design of a viral vaccine, which is
based on our knowledge of viral molecular biology, involves
an artificially unique viral antigenic gene module containing
the initiator element (5-UTR) and terminator element (3’-
UTR) with a poly-A tail and can express a certain viral
antigen intracellularly, which leads to the binding of these
antigenic components to innate immune receptors followed
by their activation.®” The realization of this design is depen-
dent on the development of a certain delivery system that
works through its fusion effect with the cellular
membrane,*® which actually reflects an analogous process
of virus entry into cells, even if it is nonspecific to various

cells. Importantly, this successful technical design, supported
by some licensed and marketed mRNA vaccines,” also cre-
ated a technical concept of a virus-like structure by means of
logical consequences. This concept highlights a certain nano-
delivery system capable of not only encapsulating mRNA
molecules but also loading a protein antigenic molecule on
its surface that functions to specifically guide the lipid par-
ticle to certain cells, e.g., dendritic cells or other antigen-
presenting cells. The significance of this concept includes the
following: first, the process by which lipid particles encapsu-
late mRNAs to target certain cells by loading proteins on
their surface to bind to cellular receptors is comparable to
that by which viruses bind to cells with membrane proteins
to target specific receptors; second, the integration of intra-
cellular antigens encoded by mRNAs and protein antigens
loaded on the surface could result in a more extensive anti-
gen spectrum than current mRNA vaccines. If this is the
case, this strategy could show a greater advantage for the
vaccine development of SARS-CoV-2, which has been
haunted for a long time, with waned immunity quickly and
lower efficacy against appearing variants of current
vaccines.”'® On the basis of the above hypothesis, the work
described here provides a novel lipid nanodelivery system
and suggests a virus-like structure (VLS) vaccine candidate
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against SARS-CoV-2 variants. This design of VLS vaccine
candidates depends upon the characterization of the lipid
nanodelivery system, which has a composition different from
that of the current LNP system, and presents critical immu-
nogenicity. The characterization of these lipid components
and the properties of the VLS vaccine were investigated to
understand their mechanisms.

Materials and methods
Ethics statement

BALB/c mice were purchased from Vital River (Beijing, China)
(animal license number: SCXK [Jing] 2021-0006). The experi-
mental mice were specific pathogen-free (SPF) grade and aged
4-5 weeks. The mice were bred in specific pathogen-free
(SPF)-grade barrier facilities [laboratory license number:
SYXK (Dian) K2023-0010]. The laboratory animals were
cared for and used according to the “3 Rs” principle and
animal welfare guidelines. The animal experimental process
and animal-related care and welfare were reviewed and
approved by the Animal Experiment Ethics Committee of
Shandong WeigaoLitong Biological Products Co., Ltd.
(approval number: LACUC- RD3-2022-006).

Cell lines

HEK-293T cells and 16HBE cells (ATCC, Manassas,
Virginia, USA) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Thermo Fisher Scientific,
Waltham, Massachusetts, USA) supplemented with 10%
fetal bovine serum (FBS; HyClone, GE Healthcare,
Chicago, Illinois, USA), 10% 100 U/ml penicillin and 100
mg/ml streptomycin. JASWII dendritic cells (ATCC,
Manassas, Virginia, USA) were cultured in MEM Alpha
(Thermo Fisher Scientific, Waltham, Massachusetts, USA)
supplemented with 20% fetal bovine serum (FBS; HyClone,
GE Healthcare, Chicago, Illinois, USA), 10% 100 U/ml peni-
cillin, 100 mg/ml streptomycin, and 5ng/ml murine GM-
CSF (HY-P7361, MCE, USA).

Animal experimental design

BALB/c mice were divided into seven groups, namely, the
control group and the other six immunized groups, depending
on the N/P ratio. The six groups were vaccinated with VLS at
different dosages, and the VLS contained 15/20/25 g of
mRNA and 5/7.5/10 pg of protein. All the mice in the immu-
nized groups underwent booster immunization on the 21st day
after the primary immunization and on the 14th day after the
booster immunization for antibody detection.

To compare the immunity of the three types of vaccines,
BALB/c mice were randomly divided into four groups: the VLS
group (n=20), the ADT-LNP-mRNA group (n=20), the
ADT-LNP-protein group (n =20) and the control group. The
VLS contained 20 ug of mRNA and 5 pg of protein, and the
ADT-LNP-mRNA and ADT-LNP-protein contained only
20 pg of mRNA or 5 ug of protein. All the mice in the immu-
nized groups underwent booster immunization on the 21st day

after the primary immunization and 28 days after the booster
immunization for antibody detection.

Cytotoxicity assay

HEK-293T cells were seeded at a density of 5 x 10* mL™" in 96-
well plates and incubated at 37°C with 5% CO, for 24 h. The
cells were treated with the VLS vaccine and cultured for
another 24h. Cell proliferation rates were subsequently
assessed via a cell counting kit-8 (CCK-8) assay (Biosharp,
BS350B, China) according to the manufacturer’s instructions.

Cell transfection

LNP-mRNA and the VLS vaccine were transfected into 293T
cells, 16HBE cells, and JASWII DCs, and Western blot analysis
was performed at 24 h after transfection.

Western blotting

Proteins were separated on 4-20% SDS - PAGE gels
(M42015C, GenScript Biotech, China) and transferred to poly-
vinylidene difluoride (PVDF) membranes. The membranes
were blocked with 5% BSA-TBST (Sigma - Aldrich,
St. Louis, MO, USA). The membranes were subsequently
incubated with an anti-SARS-CoV-2 S1 antibody (MHC0102;
Yunnan Lepeng Technology Co., Ltd.) for 12 h at 4°C, washed
3 times with TBST for 5min each, incubated with HRP-
conjugated goat anti-mouse IgG (H+L) (Sigma, Shanghai,
China) for 1 h at room temperature, and washed 3 times with
TBST for 5min each. Finally, the PVDF membranes were
covered with ECL ultrasensitive chemiluminescence reagent
(NCM Biotech, Cat# P10100, Suzhou, China) and placed in
a Bio-Rad gel imager for exposure and color development.

Hemolysis test

Mouse blood was centrifuged at 1500 rpm for 10 min, the super-
natant was discarded, and the erythrocytes were washed by
adding 5-8 ml of PBS (pH 7.2) and centrifuging at 1500 rpm
three times for 10 min. The volume of red blood cells was
measured, and a 5% red blood cell suspension was diluted in
PBS (pH 7.2) and stored at 4°C. The samples were diluted
according to the gradient and subsequently added to the plate.
After the sample was added, the volume was adjusted to 500 ul
added 500 pl of the 5% red blood cell suspension in PBS (pH
7.2). The positive control was 500 ul of 0.5% Triton-X-100
added 500 pl of the 5% red blood cell suspension. Five hundred
microliters of PBS added 500 pl of the 5% red blood cell suspen-
sion were incubated for 1 h at 37°C and centrifuged for 5 min at
1500 rpm, after which the supernatant was removed, 100 pl/well
was added to the microplate, and the OD540 was read.

Design and preparation of different lipid nanopatrticles

Briefly, five compositions were prepared by encapsulating equiva-
lent amounts (20 pg) of mRNA to explore the interactions of
mRNAs and proteins with different cationic lipid molecules.
The five compositions were prepared by mixing the different



components of NanoAssemblr® Ignite+™ LNPs (Precision
Nanosystems, Canada) according to Table 2 with mRNA at
a weight ratio of 1:3 in 20 mm NaAc, 2.5 mm KCl and 0.1%
trehalose buffer.

Furthermore, different S1 proteins (His or His-Free) were
added to the five compositions at concentrations of 0.1, 0.5, 1,
and 5 ug/500 pl to test the protein binding ratio.

Flow NanoAnalyzer

The use of the Flow NanoAnalyzer has been described else-
where. Briefly, SARS-CoV-2 spike protein S1 antibodies were
labeled with Alexa Fluor 647 (Abcam). The five components
were labeled with the S1 antibody at 37°C for 30 min to
determine the protein binding ratio. A nucleic acid dye
(SYTO 9, NanoFCM) was added to the lipids, which were
subsequently incubated for 15 min at 37°C to determine the
ratio of the five components loaded with mRNA.

ELISA

The S1 antibody was measured via ELISA. The absorbance at 450
nm was measured via an ELISA plate reader (Gene Company,
Beijing, China). The antibody serum samples that yielded OD
values at least 2.1-fold greater than those of the negative control
were considered positive. The endpoint titer (ET) was defined as
the highest serum dilution that yielded a positive OD value. The
geometric mean titer (GMT) was calculated as the geometric
mean of the ETs of the positive serum samples in each group.

Statistical analysis

All the data are presented as the mean values with the standard
errors of the means. Significant differences between groups
were analyzed via t tests (GraphPad Prism; GraphPad
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Software, San Diego, CA, USA), and P < 0.05 was considered
to indicate statistical significance.

Results

Theoretical advantages of the VLS nanodelivery system
and its limited effect on the currently used LNP system

Previous data concerning the utilization of SARS-CoV-2
mRNA vaccines with mRNA molecules encoding the S or S1
gene confirmed that the lipid particles of the vaccine enabled
the delivery of mRNA molecules to various cells of local tissue
through LNP fusion to the cellular membrane.'' This technical
breakthrough realized the endogenous expression of vaccine
antigens, which is important for increasing the immunogeni-
city of COVID-19 vaccines, as two points need to be addressed.
One is the nonspecificity of LNP fusion to the cellular mem-
brane, which might lead to a lack of targeting specificity and
unnecessary damage to some cells. The other is the limited
antigenic capacity resulting from the expression of a single
mRNA encoding the S antigen, which is unable to prevent
the emergence of more variants. The VLS system improves
these two inadequacies. First, the S1 protein of SARS-CoV-2
recognizes not only the ACE2 receptor but also the DC-SIGN
receptor, which is expressed in immune cells, especially den-
dritic cells and macrophages.'>'> These findings suggest that
the S1 protein loaded on the surface of the VLS vaccine can
guide lipid particle-encapsulated mRNAs to direct dendritic
cells/macrophages in the early period of immunization and
enhance antigenic signal stimulation and the activation of
these antigen-presenting cells. Second, the integration of the
endogenous S1 antigen encoded by mRNA and the exogenous
S1 protein antigen can expand the antigenic spectrum to
address more epitopes of viral variants in vaccines
(Supplemental Figure S1). These hypothesized events are
shown in Figure la. However, our experiment using the
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Figure 1. Biological characteristics of the VLS nanodelivery system. (a) The speculated mechanism of VLS vaccines, VLS vaccines are endocytosed by DCs and
macrophages through the mediation of S1 protein binding specifically with dc-sign or ACE2 receptor. The delivered mRNA is translated into protein as an endogenous
antigen that can activate DCs and macrophages. (b) Electron micrographs of current LNP system and loaded protein. Samples were negatively stained with 2% uranyl

acetate (pH 7.4). Scale bars = 200 nm. (c) S1 proteins were expressed by Western b

lotting analysis of current LNP system or loaded protein.
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current LNP system did not support this concept because the
accession of the S1 protein antigen enables the alteration of the
LNP structure. The results of physicochemical detection sug-
gested that the addition of protein significantly increased the
diameter of the LNPs, decreased the zeta potential and altered
the shape of the lipid particles (Table 1; Figure 1b).
Importantly, the expression of mRNA in 293 cells was
decreased, but its expression was not detected in dendritic
cells (Figure 1c). These data suggest that the current mRNA
vaccine modality cannot be applied according to our VLS
hypothesis, even if it possesses attractive technical prospects.

A novel composition of lipid molecules enables the
formation of a virus-like structure associated with mRNA
genes and protein antigens

Studies on the interactions between lipid molecules and
mRNAs in COVID-19 vaccines have suggested that the bind-
ing of the positive charge in the head group of ionizable
cationic lipids to the negative charge in mRNA molecules
supports the encapsulation of mRNAs by LNPs.'*!' In asso-
ciation with other lipid molecules, including cholesterol, LNP-
encapsulated mRNAs present a core—shell model that is com-
posed of an amorphous isotropic core and a surface layer. The
structure was found to contain 24% water, except the mRNA
and lipid molecules used for analysis.'"® This leads to the
possibility that the interaction of mRNA and ionizable cations,
both of which are hydrophobic molecules, is likely subject to
the existence of water molecules through electrostatic attrac-
tion and hydrogen bonding. Generally, this hydration might
involve the presence of cholesterol, which has been shown to
increase the rigidity of the lipid membrane and probably
maintain water molecules during the production of lipid par-
ticles. These findings suggest that the mechanism of our obser-
vation of current LNPs is that they are unable to carry proteins
simultaneously, such as their encapsulated mRNAs. On the
basis of these data and previous studies, which involved the
interaction of the protein and lipid molecules DOTAP,Y
a novel design composed of two ionizable cation lipid mole-
cules DOTAP and DHA-1, the neutral phospholipids DOPC
and mPEG DTA-1-2-K, but free of cholesterol, was suggested
for VLS carriers named ADT-LNP. To investigate the roles of
each ionizable cation in this structure, five compositions were
prepared by encapsulating equivalent amounts of mRNA

(Table 2) and interacting with equal amounts of S1 protein,
followed by detection with a flow nanoanalyzer. The results
suggest two points. First, DHA-1 was identified as being
responsible for binding with mRNAs (Figure 2a); it interacted
with the same amount of mRNAs in compositions Al, A2 and
A3, with a constant molar ratio in these three compositions;
however, the composition C was unable to bind mRNAs,
which did not contain DHA-1 (Table 2; Figure 2a). Second,
DOTAP was identified as being responsible for binding pro-
tein (Figure 2b), which was supported by the significant rela-
tionship of its decreasing molar ratio and reduced binding
protein amount in the Al to A3 compositions (Table 2;
Figure 2b) and higher bound protein amount in the
C composition and no protein bound in the B composition
(Table 2; Figure 2b). In further morphological detection of the
ADT-LNP-mRNA structure produced from the five composi-
tions and those loaded with the S1 protein, Al, A2 and A3
exhibited a regular spherical appearance with a diameter of
approximately 100 nm (Figure 2¢; Supplemental Table S1). Al
to 3 presented a certain sphere with the small protrusion on its
surface (Figure 2d). These data suggest that our design of
ADT-LNP enables the realization of the VLS hypothesis.

Analysis of the optimized composition of mRNA and
protein in the VLS system

Several licensed mRNA vaccines against SARS-CoV-2 provide
different amounts of mRNA (30-100 pg) for realizing effective
immunization.*'®'? Importantly, however, the validity of the
mRNA vaccine was determined not only by the amount of
mRNA used but also by the effective integration rate of
mRNAs and LNPs,* which led to a parameter N/P ratio. In
our VLS system, this N/P ratio was investigated to characterize
the ability of ADT-LNP to bind mRNA and protein simulta-
neously. First, we prepared six ADT-LNP-mRNAs with differ-
ent N/P ratios on the basis of different amounts of mRNA and
loaded the same amount of S1 protein on them (Table 3). The
analysis of their physicochemical properties suggested that the
VLS produced with an N/P ratio of 6-8, which was referenced
by current mRNA vaccines, had an obviously lower encapsu-
lating rate of mRNA and loading rate of protein than those
produced with a higher N/P ratio (Table 3). Second, on the
basis of the N/P ratio from 16-19, the VLS encapsulated and
loaded with different amounts of mRNA and protein S1

Table 1. The physicochemical characteristics of classical LNP lipid particles.

Size (nm) PDI Zeta (mV)
LNP-mRNA 120-150 <0.2 12.3+0.012
LNP-mRNA +S1 protein 200-220 <0.2 7.8+0.2

Table 2. Composition of the five lipid particles used to investigate protein/mRNA ratios and

cationic lipids (molar ratios).

Sample name DHA-1 DOTAP DOPC mPEG
Al 37.61 5.61 18.70 1.00
A2 37.61 7.01 18.70 1.00
A3 37.61 8.42 18.70 1.00
B 37.61 0.00 18.70 1.00
C 0 8.42 0 0
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Figure 2. The function and physical characteristics of the five lipid particles. The ratio of loaded mRNA (a) and protein (b) by flow nanoanalyzer; (c) Electron micrographs
of A1, A2, A3, B and C. Samples were negatively stained with 2% uranyl acetate (pH 7.4). Scale bars = 200 nm. The data are shown as the means + SEMs from three
independent experiments (n = 3); *P < 0.05, **P < 0.01, ***P < 0.001, **** P < 0.0001.

Table 3. The physicochemical characteristics of lipid particles with different N/P ratios.

mRNA Protein
N/P ratios (ng/dose) (ng/dose) mMRNA encapsulated ratio (%) Protein loaded ratio (%)
6 20 5 89 525
7 20 5 85 39.6
8 20 5 87 63.6
17.2 20 5 95 85
19.4 20 5 95 86.2
258 20 5 95 84.7

elicited an antibody response that was not significantly differ-
ent (Table 4). These data suggested an optimized combination
of mRNA and protein in the VLS system with a specific N/P
ratio of 16-18, which might elicit effective immunity with
lower amounts of mRNA and protein. An improved immune-
precipitation method identified the specific VLS structure of
the system.''

Dynamic expression of VLS mRNA in various cells via the
S1 protein recognition of ACE2 and DC-SIGN

The critical technical innovation of VLS design focused on the
S1 protein loaded on the surface of ADT-LNP-mRNA parti-
cles, which enables the recognition of ACE2 and DC-SIGN
receptors, which are usually located in dendritic cells and
macrophages. This led logically to the process of VLS binding
specifically to these cells and delivering mRNA to them, fol-
lowed by the activation of innate and harvest immunity. To
evaluate this mechanism, our experiment included 293 cells,
which are usually transfected to detect mRNA expression, but

without ACE2 receptors, 16-HBE cells, which are bronchial
epithelial cells with ACE2 receptors, and the mouse dendritic
cell JASWII strain, which has similar human DC-SIGN recep-
tors but no ACE2,"" were used to analyze the dynamic expres-
sion of ADT-LNP-mRNA and mRNAs used in VLS vaccines at
different doses at different times. The results suggested that,
first, the same dynamic expression trends of mRNAs in a dose-
dependent manner were observed in 293 cells treated with
ADT-LNP-mRNA or VLS vaccines (Figure 3a), which were
identified via WB (Figure 3a). Second, similar trends in expres-
sion in terms of dose effects were found in 16-HBE cells
(Figure 3b), but differences in trends were detected in the
cells treated with ADT-LNP-mRNA and VLS (Figure 3b),
which reflected some differences associated with the existence
of ACE2 receptors. Third, completely different trends in
mRNA expression were observed in the dendritic cells; only
a greater amount of mRNA in the ADT-LNP-mRNA group
was found slightly expressed in the dendritic cells rather than
lower amount of mRNA (Figure 3c), but a lower amount of
mRNA in the VLS vaccine group was capable of expression
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Table 4. Antibody titers of animals immunized with lipid particles at different N/P ratios.

MRNA Protein immunocompetence
N/P ratio (ng/dose) (ng/dose) primary immunization (D21) booster immunization (D14)
51.7 15 5 51200-204800 1638400-6553600
20 7.5 51200-409600 1638400-13107200
25 10 51200-204800 3276800-6553600
31 15 5 102400-409600 1638400-13107200
20 75 102400-204800 1638400-13107200
25 10 51200-409600 1638400-13107200
25.8 15 5 51200-204800 1638400-6553600
20 7.5 102400-409600 1638400-13107200
25 10 51200-204800 1638400-3276800
19.4 15 5 51200-409600 1638400-13107200
20 75 51200-409600 3276800-13107200
25 10 51200-409600 1638400-13107200
17.2 15 5 51200-409600 1638400-13107200
20 7.5 51200-409600 3276800-13107200
25 10 51200-409600 1638400-13107200
15.5 15 5 51200-409600 1638400-13107200
20 75 51200-409600 1638400-13107200
25 10 102400-409600 1638400-13107200
8 15 5 51200-204800 819200-6553600
20 7.5 51200-204800 819200-6553600
25 10 51200-409600 819200-6553600
7 15 5 25600-204800 819200-6553600
20 75 51200-204800 819200-6553600
25 10 51200-409600 819200-6553600
6 15 5 25600-102400 819200-6553600
20 7.5 51200-204800 819200-6553600
25 10 51200-409600 819200-6553600

clearly in the cells, and a dose-dependent effect on expression
was also observed in the VLS group (Figure 3c).'" The expres-
sion of the mRNA in VLS systems in dendritic cells confirmed
our design and identified the role of the S1 protein in the VLS
system. To further identify the advantages of the VLS over the
current mRNA vaccine, ADT-LNP-mRNA and VLS with dif-
ferent amounts of mRNA were used to immunize BALB/c
mice. The detection of anti-S antibodies suggested that the
VLS group presented a greater dynamic antibody response
than did the ADT-LNP-mRNA group (Figure 3d).

VLS vaccine candidates enable broad-spectrum antibody
responses against SARS-CoV-2 variants

In our design of the VLS, two purposes were planned: one was
to significantly enhance antigenic signal stimulation to elicit
robust immunity via the VLS interacting directly with dendri-
tic cells/macrophages, followed by mRNA expression. The
other was to extend the antigenic spectrum against SARS-
CoV-2 variants on the basis of two units of antigenic capacity,
including the S1 antigen encoded by mRNA and protein S1
and a strategy of cross complementation of antigenic epitopes
in these two units (Supplemental Figure S1). To evaluate these
effects, we established three groups of immunized animals,
namely, the VLS group, ADT-LNP-mRNA group and ADT-
LNP-protein group (Table 5). Antibody detection via ELISA at
28 days after two immunizations at 0 and 21 days suggested
higher antibody titers against variants of WT, Beta, Delta and
Omicron in the VLS groups than in the other two groups did
(Figure 4a), whereas similar increasing trends of antibody
titers against recent variants of XBB.1.5, EG.5.1, JN.1 and
KP.2 were detected in the VLS group (Figure 4b).
Importantly, further detection of pseudoviruses suggested

that these immune sera presented neutralizing antibodies
with protective significance (Figure 4c). The real virus neutra-
lization test indicated that the significant neutralizing antibody
titers observed against XBB.1.5, JN.1 and KP.2 were the same
as those against past variants (Figure 4d). These data suggested
that our VLS vaccine achieved primary purposes.

Safety evaluation of VLS vaccine candidates in vitro and

in vivo

The safety of the VLS system, a novel nanodelivery system with
different compositions versus current LNPs, should be consid-
ered because of its validity. In our work, some basic toxicological
measurements were performed, except the conventional toxico-
logical research using animals required by authorities. First, on
the basis of a previous report that DOTAP can induce hemolysis
in red blood cells*" 31), in vitro analysis using DHA-1/DOPC,
DOTAP and VLS systems to treat red blood cells indicated that
DOTAP led to hemolysis in a dose-dependent manner, similar
to its use alone (Figure 5a), and that DHA-1/DOPC did not have
this effect (Figure 5b). However, this characterization of hemo-
lysis basically disappeared because of its integration into the
ADT-LNP-mRNA system (Figure 5c). Furthermore, the VLS
end product containing DOTAP did not completely elicit hemo-
lysis, even at higher doses than those used (Figure 5d). In the
animal study, the mice injected with 5x VLS did not exhibit any
manifestations or pathological changes in physiological hemo-
lysis (Table 6). In addition, the detection of the cytotoxicity of
VLS in CCK-8 cells suggested that only slight toxicological
effects were observed (Figure 5e). All of the data, including
those provided by the authorized professional toxicological
institute, indicated the safety of VLS vaccines, at least in experi-
mental animals.
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Figure 3. Different dynamic expression patterns of the VLS in 293, 16HBE and dendritic cells are based on the interaction of the S1 protein. S1 proteins were expressed by
Western blotting analysis of 293T cells (a), 16HBE cells (b) and dendritic cells (c) transfected with ADT-LNP-mRNA or VLSs containing different doses (0.5, 1, 2, 5, 7, 15 pg) of S1

mRNA for 48 h. (d) SARS-CoV-2 titers of specific Anti-Omicron strain antibodies whose production was induced by ADT-LNP-mRNA or VLSs, the hollow circles represent the ADT-

LNP-mRNA and solid circles represent the VLS. The data are shown as the means + SEMs from three independent experiments (n =5). *P < 0.05, **P < 0.01, ***P < 0.001,
**xxp < 0,0001.



8 J. ZHANG ET AL.

Table 5. Groups of immunized animals.

Group

VLS
ADT-LNP-mRNA
ADT-LNP-Protein

a
225 — o Wr
5 0 O Beta
= o Delta
gzza_ = Omicron
=
%‘215_
o
=
E21o_
g
=
s 25
(O]
20_
\\\? Qﬁv. 6\0
e of
5 S
<3 »
o Q«
v v
b d
225 —T
o XBB.l5
’g % o EGSs.1
£ 2% o« NI
=
= = KP2
T -
°215
2
E21o_
<
|—
s 254
o
2° T T T
2 &
K\ Q.év. 0\0\
& ¥
N S
< »
QO Q&
v v

mRNA Protein
(ng/dose) (ng/dose)
20 5
20 0
0 5
C
215 sk
o KP2
o N1
~ A EGS5.1
(=2
k=) v XBB.LS
< o BA275
2 o BA286
-
2
<
z
Fkk
210_ Kk
291 o XBB.5
28] o NI
8 O A KP2
g 277 v W
= 264
8 254
= 244
g 23
Z 92
21_
0L
W~ & s
vl 8¢
N &
O
4 3

Figure 4. Adaptive immune responses were induced by VLSs in mice. SARS-CoV-2 titers of specific anti- wild-type (WT), Beta, Delta, Omicron strain antibodies (a) and
XBB.1.5, EG.5.1, JN.1 and KP.2 (b) whose production was induced by VLS, ADT-LNP-mRNA and ADT-LNP-Protein; the samples were obtained on days 28 after boost injection.
Titers of neutralizing antibodies against the pseudovirus (c) and real virus XBB.1.5, JN.1, KP.2 and wild-type strains (d) whose production was induced by VLSs, ADT-LNP-
mRNA and ADT-LNP-Protein. The data are shown as the means + SEMs from three independent experiments (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Discussion

The development of mRNA vaccines for controlling the COVID-
19 pandemic provided an extended technical space capable of
supporting novel vaccine development with more innovative con-
cepts and technical means. Through a technical improvement in
the composition and structure of the lipid carrier, our VLS nano-
delivery system and VLS vaccine candidate have constructed
a novel virus-like vaccine structure to simulate the mode of virus
infection of host cells, which enables direct delivery of mRNA into
antigen-presenting cells, such as dendritic cells/macrophages, via
S1 protein recognition to DC-SIGN receptors in these cells, sug-
gesting that antigens can activate the immune system beginning
with innate receptors inside these cells, followed by adaptive
immunity via various immune signaling pathways. This vaccine
mode could be very appropriate for use against SARS-CoV-2
variants because an enhanced immune response and an extended

antigenic spectrum against the variant S protein are needed in the
development of new-generation vaccines. In this case, our work to
prepare a novel VLS vaccine against SARS-CoV-2 focused on the
following points. First, the process of virus replication in cells can
be regarded as the initial step of viral antigen-mediated activation
of innate immunity (32), even if the immune interference of some
virus-encoding molecules can attenuate the transduction of
immune signals.”” Our VLS vaccine against SARS-CoV-2 not
only enables the activation of innate immunity in cells on the
basis of the advantages of the mRNA vaccine but also has an
activating effect on dendritic cells/macrophages early in the pro-
cess of immunization via surface S1 protein recognition by DC-
SIGN, as this protein has a signal effect on exogenous antigens.
This comprehensive function led to the robust immune response
observed in animal tests, especially the robust binding antibody
response and neutralizing antibodies against variants of SARS-
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Figure 5. Safety evaluation of VLS vaccine candidates in vitro and in vivo. The hemolysis effect of DOTAP (A), DHA-1/DOPC (B), ADT-LNP-mRNA (C) and VLS (D) to treat
mouse blood red cells with different dose, the abscissa represents the dose of DOTA and DHA-1/DOPC, and the ordinate represents OD540; the cytotoxicity of VLS on
CCK-8 (E), the abscissa represents the dose of mRNA and protein, and the ordinate represents cell density. The data are shown as the means + SEMs from three
independent experiments (n=3). * P <0.05, ** P < 0.01, *** P <0.001, **** P < 0.0001.

Table 6. Pathology inspection of tissues from mice immunized with the VLS
vaccine.

Tissue 3 days 7 days

Muscle + +
Heart - _
Lung - -
Trachea - _
Liver - -
Stomach - _
Spleen - -
Spinal cord - _
Brain - -

u_n

represents no symptoms, “+" represents milder symptoms, and “++" repre-
sents more obvious symptoms.

CoV-2, including most of those recently identified via ELISA,
pseudovirus neutralization and real virus neutralization. Second,
the immunological analysis of the VLS system suggested the
possibility that a certain composition of lipid molecules could
produce an artificial membrane structure with the capacity to
encapsulate mRNAs and load proteins to simulate the structure
and features of virus particles. This finding, that was partly

published in previous paper,'" is associated with the comprehen-
sive technical research data presented in here implies that VLS
could be used for the development of vaccines for more membra-
nous viruses, except the vaccine against SARS-CoV-2 described
here, which would be important for some viral pathogens for
which vaccines are unavailable via conventional methods of devel-
opment. The safety of the VLS system was investigated and
analyzed in comparison with that of current mRNA vaccines. In
our work, in addition to many observations according to conven-
tional requirements for vaccine safety evaluation, the hemolysis
induced probably by DOTAP and the cytotoxicity of the lipid
composition were analyzed carefully. The results indicated that
the safety of the VLS was within a completely acceptable range.
However, there are deficiencies in this innovative work,
including the molecular mechanism of the VLS lipid system
in which mRNAs are encapsulated and proteins are expressed
on its surface, allowing these molecules to interact with each
other and might reflect some unknown nonequilibrium ther-
modynamic laws that exist in basic live forms composed of
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biological macromolecules. In addition, analysis of the trans-
duction of immune signals from dendritic cells/macrophages
treated with VLS vaccines to T cells is still needed for further
investigation. Thirdly, the query of pre- existed antibody
against S antigen blocking probably the binding of S1 protein
in VLS particles to DC-SIGN receptor in dendritic cells needs
identity, even if our previous work suggested the rates of VLS
binding to dendritic cells in local tissues in mice immunized by
inactivated SARS-CoV-2 vaccine and naive mice with no
difference.
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