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Immunity over commercial
subunit vaccine
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The E2 subunit vaccine is crucial for eliminating Classical Swine Fever Virus
(CSFV) due to its favorable biosafety and Differentiating Infected from Vaccinated
Animals (DIVA) capability. However, low immunogenicity and high costs limit its
broader application. To overcome these bottlenecks, we leveraged mRNA-LNP
technology to design next-generation E2 glycoprotein vaccines with enhanced
immunogenicity and cost-effectiveness. We designed different E2 glycoprotein
coding sequences incorporating CD154 adjuvants and mi3 self-assembled
nanoparticles, delivered via cmRNA-LNP formulations in murine
immunogenicity testing. Among these, E2-TMD-mi3 cmRNA-LNP vaccine
induced high-titer antibodies with a 78.25% + 1.32% blocking rate at day 14
post-booster, significantly higher than the commercial subunit vaccine (39.74% +
3.30%, p<0.01). To further optimize vaccine performance, we compared
cmRNA-LNP formulations incorporating with different cationic lipids. Notably,
AX4-LNP formulation induced superior cellular and humoral immunity
compared to other cationic lipids. In mice, this vaccine induced robust
humoral immunity, achieving a mean blocking rate of 80.55% + 2.06% by day
14 post-booster, alongside potent cellular immunity (IFN-y ELISpot, 319.60 +
4523 SFC/10° cell, 5.6-fold higher than that of the commercial vaccine). In
swine, the CSFV-specific antibody blocking rate remained at 54.76% + 3.21% at
120 days post-primary vaccination. In contrast, the antibody blocking rates in
other cmRNA-LNP vaccine groups and the commercial vaccine group were
below the positivity threshold (<40%, set according to the manufacturer’s
technical specifications), outperforming commercial subunit vaccines.
Moreover, this vaccine does not affect the body weight gain of immunized pigs
and does not cause inflammatory reactions at the immunization site. Ultimately,
we successfully developed a cmRNA-LNP vaccine incorporating the E2-TMD-
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Mi3 coding sequence and AX4-LNP, which demonstrated superior
immunogenicity compared to commercial subunit vaccines. This study
establishes a modular cmRNA-LNP platform combining mi3 nanoparticles,
overcoming traditional subunit vaccine limitations for porcine viral pathogens.

classical swine fever virus, E2 glycoprotein, mi3 self-assembled nanoparticles, AX4-LNP,

cmRNA-LNP vaccine

1 Introduction

Classical swine fever (CSF), characterized by its high
contagiousness and mortality, has been documented in major
pork-producing regions with intensive farming practices, posing
severe threats to the global swine industry (1). The causative agent
of CSF is classical swine fever virus (CSFV) (2), which is classified
within the Pestivirus genus of the Flaviviridae family (3). CSFV is an
enveloped virus harboring a single-stranded RNA genome
approximately 12.3 kb in length, which consists of an open
reading frame (ORF) flanked by 5 and 3’ untranslated regions
(UTRs) (4). This ORF encodes a polyprotein of 3898 amino acids
which undergoes post-translational processing mediated by both
viral proteases and host cellular enzymes (5-7). The cleavage
generates multiple functional virus proteins, including four
structural proteins (Core, E™, El, and E2) and eight non-
structural proteins (NP, p7, NS2, NS3, NS4A, NS4B, NS5A, and
NS5B) (8).

Biosecurity measures and vaccination currently remain crucial
strategies for the prevention and control of CSF (9). Owing to the
extensive deployment of the attenuated live vaccines such as hog
cholera lapinized virus (HCLV), the CSF epidemic in China has
been well controlled (10). However, the use of attenuated live
vaccines makes it difficult to differentiate between infected and
vaccinated animals (DIVA) which is very important for the
elimination of CSF, thereby necessitating the urgent development
of novel DIVA-capable vaccine platforms (11-13).

As the major envelope glycoprotein, E2 is not only critical for the
attachment and entry of the virus (14-16) but also serves as a key
target for immune responses (17). E2 glycoprotein obtained from
different protein expression systems have been used to develop
subunit vaccines (17-20). Among these, the commercial subunit
vaccine employed in this study is expressed via a recombinant
baculovirus expression system, which facilitates proper
glycosylation modification of the E2 glycoprotein and preserves its
native biological activity. The purified inactivated E2 protein is
emulsified with an oil-based adjuvant to generate a water-in-oil
emulsion formulation, featuring enhanced sustained-release kinetics
that potently elicit robust humoral immune responses. This vaccine
not only exhibit good immunoprotective efficacy but also enable
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DIVA, thereby serving as a strategic tool for the elimination of CSFV
(21). However, E2 glycoprotein subunit vaccines exhibit inferior
immune efficacy compared to live attenuated vaccines. They
require more time to induce neutralizing antibody production and
fail to elicit high-level cellular immunity (13). How to enhance the
immunogenicity of E2 protein has become the focus of the
development of vaccines based on E2 glycoprotein. Subunit
vaccines based on the E2 glycoprotein are typically formulated by
emulsifying in vitro-expressed E2 protein with adjuvants to form oil-
in-water emulsions. Thus, adjuvant selection is key to improving E2
subunit vaccine immunogenicity. Common oil-based adjuvants like
Montanide ISA 15A VG and ISA 50 V2 exhibit strong
immunostimulatory effects (22). Additionally, food-grade saponin
extracts offer both emulsification and immunostimulatory benefits
(23). Given the high cost and toxicity of traditional oil-based
adjuvants and food-grade saponin extracts, and as CSFV vaccine
development diversifies, strategies to improve E2 immunogenicity via
fusion with self-assembling nanoparticles and immunostimulatory
molecular adjuvants have become increasingly prevalent in CSFV
vaccine research. Linking the immunogenic domains of viral
structural proteins to the surface of self-assembling nanoparticles
such as mi3 is an important strategy for enhancing the
immunogenicity of viral structural proteins (24). Mi3 is a
spontaneously assembled icosahedral cage-like protein nanoparticle
with 60 subunits (25). Its highly ordered and repetitive structure
allows it to act as a protein scaffold, boosting the antigen density of
target proteins cross-linked to its surface (25). Additionally, mi3’s
relatively large molecular size (typically larger than 25 nm) facilitates
its uptake by antigen-presenting cells (APCs) (26). In contrast to the
self-assembled nanoparticle strategy, which modifies the intrinsic
properties of antigenic proteins, molecular adjuvants like CD40L
(CD154) ligand (27, 28) (a member of the tumor necrosis factor
superfamily) predominantly exhibit immunostimulatory properties.
They bolster the host’s immune response by triggering the activation
and maturation of immune cells, including dendritic cells and B cells,
thus enhancing vaccine efficacy (27). Both strategies have been applied in
the development of the E2 glycoprotein subunit vaccine (27, 29).
Notably, the above-mentioned E2 glycoprotein immunogenicity
improvement strategies often rely on eukaryotic expression systems
for vaccine production, which leads to a long R & D cycle and high
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production costs. Unlike traditional vaccines that depend on in
vitro expression systems, mRNA vaccines are produced through
cell-free in vitro transcription. This approach eliminates the
requirement for live cell cultures, making the production process
more suitable for large-scale manufacturing (30). Moreover,
compared with mRNA, circular messenger RNA (cmRNA), which
also belongs to the RNA family, has better stability because of its
unique circular structure that can avoid degradation by
exonucleases (31). This not only reduces the transportation and
storage costs of vaccines but also prolongs the half-life of cmRNA in
host cells, thereby increasing the expression level of the target
protein in host cells (31). Significantly, the delivery efficiency of
c¢cmRNA is a key factor determining the immunological effect of
¢cmRNA vaccines. Due to their excellent stability and
biocompatibility, lipid-based nanoparticles (LNP) are widely used
in the in vivo delivery of cmRNA (32). LNP-formulated cnRNA has
emerged as a promising preclinical research hotspot for vaccine
development and cancer treatment (33, 34). Obviously, delivering
the optimized sequence of E2 glycoprotein via the cmRNA-LNP
vaccine platform could overcome these limitations for developing
DIVA-capable vaccines. Therefore, in this study, this study
systematically evaluated 5 candidate encoding sequences in
murine models, identifying the E2-TMD-Mi3 sequence as
optimal. Subsequent optimization of cationic lipids revealed AX4-
LNP formulation significantly enhanced antibody blocking rates
(80.55% =+ 2.06%) and IFN-y responses (319.60 + 45.23 SFC/10°
cells) compared to commercial vaccines. In swine trials, this vaccine
maintained 54.76% * 3.21% blocking rate at 120 days post-primary
vaccination, surpassing the 40% positivity threshold.

In conclusion, this study innovatively combined the
immunogenicity enhancement strategy based on self-assembling
nanoparticles with cmRNA-LNP vaccine platform, providing novel
approaches for the development of vaccines of CSFV.

2 Materials and methods

2.1 Cells

HEK293T cells and PK-15 cells were purchased from Cobier
Biosciences (Nanjing, China) and BeNa Culture Collection
(Xinyang, China). The cells were cultured in Gibco' DMEM
(Thermo Fisher Scientific, MA, USA) supplemented with 10%
Gibco™ fetal calf serum (Thermo Fisher Scientific, MA, USA)
and Gibco penicillin/streptomycin antibiotics (100 U/mL
penicillin, 100 mg/mL streptomycin; Thermo Fisher Scientific,
MA, USA). The cells were maintained at 37°C, 5% CO,, and 90%
relative humidity.

2.2 The three-dimensional structure
analysis of proteins encoded by cmRNA

The three-dimensional structure of proteins Encoded by
c¢cmRNA was modeled using the Alphafold2 2.3.1 server (https://
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github.com/deepmind/alphafold). The identified linear antigenic
epitopes and different structural regions of the encoded protein
were presented by the Pymol 3.1.3.1 software

(https://www.pymol.org).

2.3 cmRNA preparations

In this study, the Clean-PIE strategy reported in the reference
(35) was used to prepare cmRNA. The DNA sequences
encompassing PIE elements, IRES, coding regions, and others
were chemically synthesized and cloned into a pUC57 plasmid
vector. Using the plasmid vector digested by Xbal as a template, in
vitro transcription was carried out with the Purescribe T7 High
Yield RNA Synthesis Kit (CureMed, Suzhou, China) to synthesize
the cmRNA precursor. Subsequently, the cmRNA precursors were
digested with DNase I (CureMed, Suzhou, China) for 15 minutes
and then purified by the GeneJET RNA Purification Kit (Thermo
Fisher Scientific, MA, USA). Then, the above-mentioned cmRNA
precursor was added to a magnesium-containing buffer (50 mM
Tris-HCI, pH 8.0; 10 mM MgCI2; and 1 mM DTT; Thermo Fisher)
with 2 mM GTP, and the reaction was conducted at 55°C for 15
min. The reaction products were purified by HPLC based on a size-
exclusion column with a particle size of 5 um and a pore size of
1,000 A (Sepax Technologies, Suzhou, China) on an SCG (Sepure
Instruments) protein purification system (Sepure Instruments,
Suzhou, China). The column was washed with RNase-free
phosphate buffer (pH 6) at a flow rate of 15 mL/min. The purity
and integrity of cmRNA were evaluated using an Agilent
Bioanalyzer. For size analysis, agarose gel electrophoresis was
performed with a linear ssSRNA ladder (Thermo Fisher Scientific,
MA, USA) as a molecular standard.

2.4 In vitro transfection of mRNA

To conduct cmRNA transfection, 1x10° HEK293T cells were
seeded per well into 24-well plates. Subsequently, following the
manufacturer’s protocol, 500 ng of cmRNA was transfected into
each well using the TransIT®-mRNA Transfection Kit (Mirus Bio,
WI, USA).

After transfection, the transfected cells were incubated at 37°C
in a 5% CO, atmosphere for 24 h. After that, the culture
supernatant was collected, and intracellular expression samples
were prepared by lysing the cells with a cell lysis buffer.
Subsequently, based on the 6xHis protein tag fused to the C-
terminus of the target protein, the protein expression levels in
these samples were quantified using the His Tag ELISA Detection
Kit (GenScript, Nanjing, China). The protein expression effects of
each cmRNA were further confirmed by Western Blot. After
electrophoresis, the gel was transferred to a PVDF membrane
which was blocked with 5% skim milk in PBS at 37°C for 1 h,
washed three times with PBST, and then incubated overnight at 4°C
with primary antibodies (anti-E2 glycoprotein, 1000x dilution;
National Center for Veterinary Culture Collection, Beijing,
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China). After washing, HRP-conjugated goat anti-mouse antibodies
(2000x dilution, KPL, MD, USA) were applied at 37°C for 1h,
followed by ECL detection using Enhanced ECL
Chemiluminescence Detection Kit (Vazyme, Nanjing, China).

2.5 LNP encapsulation of cmRNA

The cmRNA was encapsulated using the LNP encapsulation
method established in the references (36, 37) to prepare the
c¢cmRNA-LNP vaccine for immunization. The cmRNA was diluted
in 10 mM citrate buffer (pH 4.0) to a final concentration of 200 ug/
mL, the cationic lipid ALC0315 (JenKem, Beijing, China) or AX4
(Curemed, Suzhou, China) or SM102 (JenKem, Beijing, China),
DSPC, cholesterol, and DMG-PEG were dissolved in ethanol. The
c¢cmRNA-LNP complex was prepared by microfluidics, with a
volume ratio of mRNA to the mixture of lipids of 3:1, then the
mixed product was purified by tangential flow filtration. The
concentration and encapsulation rate of cmRNAs were measured
by the Quant-it' " RiboGreen' " RNA Assay Kit (Thermo Fisher
Scientific, MA, USA). The size of cmRNA-LNP complex was
measured using dynamic light scattering on a Zetasizer Nano-ZS
300 (Malvern, UK) which is irradiated with a red laser.

2.6 Immunogenicity evaluation of mRNA-
LNP vaccines in mice

To evaluate the immunogenicity of five cnRNA-LNP vaccines
formulated via different sequence optimization strategies in mice,
30 female BALB/C mice aged 4-6 weeks were randomly divided
into six equal-sized experimental groups of five mice each. Mice in
Groups 1 to 5 were given an intramuscular injection with one of the
five prepared cmRNA-LNP vaccines at a 10 pg dose per mouse.
Mice in Group 6 served as the immunization control group,
receiving the CSFV E2 protein recombinant baculovirus-
inactivated vaccine (Strain WH-09, Wuhan Kegian Biologics,
Wubhan, China), which is formulated with a water-in-oil emulsion
adjuvant (oil adjuvant) and expresses E2 protein via a baculovirus
system, at a 10 ug dose per mouse. All groups received a booster
immunization 21 days after the initial one. At 21, 28, 35 and 49 days
post-first immunization, blood was collected from the orbital vein
to aseptically prepare serum. The CSFV antibody test kit (IDEXX,
ME, USA) was used to measure the titers of CSFV-specific
antibodies in the serum, with all procedures following the
manufacturer’s instructions.

To evaluate the differences in immunogenicity among different
LNPs, the cmRNA encoding E2-TMD-mi3 was encapsulated into
three distinct LNPs, respectively. 20 female BALB/C mice aged 4-6
weeks were randomly divided into four equal-sized experimental
groups of five mice each. Mice in Groups A to C were given an
intramuscular injection with one of the three prepared cmRNA-
LNP vaccines at a 10 pg dose per mouse. Mice in Group D serving
as the commercial subunit vaccine immunization control group,
were immunized following the manufacturer’s dosage guidelines.
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Serum samples from groups A to D were collected at the previously
mentioned post-immunization time points and antibody titers were
measured according to the procedures. On day 35 post-
immunization, mice were euthanized via CO, anesthesia.
Splenocytes were then harvested under aseptic conditions, ground
with pre-chilled sterile PBS, and filtered through a 70 pum cell
strainer. ACK Buffer is used to remove red blood cells from cell
suspensions, then the cell suspensions were centrifuged at 1500 rpm
for 5 minutes. The cell pellet was resuspended in PBS and washed
2-3 times. Cell viability was assessed by trypan blue staining.
Splenocytes were then cultured in Gibco'™ RPMI 1640
supplemented with 10% Gibco' ™ fetal calf serum (Thermo Fisher
Scientific, MA, USA) and Gibco penicillin/streptomycin (100 U/
mL penicillin, 100 pug/mL streptomycin; Thermo Fisher Scientific,
MA, USA) at 37°C in 5% CO,. The cellular immune level of
immunized mice was measured using splenocytes with IFN-y
ELISpot assay kit (R&D Systems, MN, USA). Splenocytes were
seeded into an ELISpot plate at a density of 1x10” cells per well. For
each cmRNA-LNP vaccine immunization group, 10 pug/mL of the
E2 peptide pool (GenScript, Nanjing, China) was added as a
stimulant. Phytohemagglutinin (PHA) was used as stimulant
control, and DMSO was used as unstimulated control. After 72-
hour stimulation, streptavidin-horseradish peroxidase substrate was
added, and the number of spots in each well was counted using an
ELISpot counter.

2.7 Immunogenicity evaluation of mRNA-
LNP vaccines in pigs

To verify the immunoprotective effect of the mRNA-LNP
vaccine-E2-TMD-mi3 based three distinct LNPs in pigs, 25 three-
way crossbred pigs aged 28-40 days were randomly divided into five
equal-sized experimental groups of five pigs each. Pigs in Groups I
to III were given an intramuscular injection in the neck with one of
the three prepared mRNA-LNP vaccines at a 50p1g dose per pig. Pigs
in Group 4 served as the immunization control group, receiving the
CSFV E2 protein recombinant baculovirus-inactivated vaccine
(Strain WH-09, Wuhan Kegqian Biologics, Wuhan, China), at a 50
ug dose per pig. Group V, serving as the negative control, received
an equal-volume injection of PBS. All pigs in the groups received a
booster immunization at 21 days post-prime immunization.

Serum samples were collected from all groups at 21, 35, 60, 90,
and 120 days post-prime immunization, and body weight was
measured simultaneously. The CSFV antibody test kit (IDEXX,
ME, USA) was employed to measure the titers of CSFV-specific
antibodies in the serum, with all procedures strictly following the
manufacturer’s instructions. Sera from immunized pigs at 35 and
120 days post-immunization (dpi) were inactivated at 56°C for 30
min. Serial dilutions were performed in 96-well plates: initial 4-fold
dilution, followed by twofold serial dilutions up to 8192x (final
volume: 50 pL/well). An equal volume of CSFV-SM strain (100
TCIDs,) was added to each well, and the mixture was incubated at
37°C for 1 h. Subsequently, 100 uL of PK-15 cells (2x10* cells/well)
were added, and plates were cultured at 37°C in a 5% CO, incubator
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for 72 h. After culture, supernatants were discarded, and cells were
washed 3x with PBS. Cells were fixed with 80% cold acetone at -20°
C for 1 h, followed by 3x washes with PBST. Plates were then
incubated with 50 uL of E2-specific monoclonal antibody WH303
(1:1000 dilution in PBS containing 10% calf serum) at 37°C for 1 h,
washed 3x with PBST, and incubated with Goat anti-mouse Alexa
Fluor 488 (1:200 dilution) at 37°C for 1 h. Final washes (3x with
PBST) were performed before microscopy. Plates were observed
under a fluorescence microscope to record positive wells with virus-
infected cells (specific fluorescence). Neutralizing antibody titers
(NDs) were determined according to the EU Classical Swine Fever
Diagnostic Manual: the highest serum dilution at which 1 of 2
replicate wells exhibited specific fluorescence (infected cells) and the
other did not.

2.8 Quantification and statistical analysis

Statistical analysis was performed using GraphPad Prism 9.5.1
(GraphPad Software). A two-way or one-way analysis of variance
(ANOVA) was applied after confirming normality (Shapiro-Wilk
test) and homogeneity of variances (Levene’s test). Tukey’s post hoc
test was used for all pairwise comparisons, while Dunnett’s test was
applied for comparisons against a control group. Statistical
significance was defined as *P < 0.05, **P < 0.01, ***P < 0.001, or
PP < 0.0001.

A ATG
2
ATG
2D
ATG
ATG
ATG

C

E2-CD154

FIGURE 1

10.3389/fimmu.2025.1604677

3 Results

3.1 Design of cmRNA sequence
combinations

As the glycoprotein with the best immunogenicity in classical
swine fever virus, the E2 protein serves as an important target for
vaccine development. Therefore, in this study, based on the coding
sequence of the E2 glycoprotein, a series of optimized E2
glycoprotein sequences (GenBank accession number:
AY663656.1) were designed by genetically fusing the molecular
adjuvant (CD154, a member of the tumor necrosis factor
superfamily, GenBank accession number: NP_035746.2) or self-
assembled nanoparticle mi3 to the E2 glycoprotein C-terminus. A
total of five different coding sequences were designed. To facilitate
protein expression detection, a 6xHis tag coding sequence was
genetically incorporated at the C-terminus of all designed sequences
(Figure 1A). Among them, the coding sequence E2 only retained the
signal peptide of the E2 glycoprotein and the extracellular domain
(ECD) where neutralizing antigenic epitopes are most concentrated.
The coding sequence E2-TMD retained the above two structural
units and the transmembrane domain (TMD) of the E2 protein.
Based on the E2 sequence, the coding sequences E2-CD154 and E2-
mi3 were generated by genetically fusing the molecular adjuvant
CD154 and self-assembled nanoparticle mi3 to its C-terminus.
These components were connected via a double GGGGS flexible

B

ﬂw}%;f Shwr

E2-mi3

Design of mMRNA sequence combinations. Schematic diagrams of the structures of the five designed sequences (A). Predicted three-dimensional
structures of proteins encoded by E2 and E2-TMD (B). Predicted three-dimensional structures of proteins encoded by E2-CD154 (C). Predicted
three-dimensional structures of proteins encoded by E2-mi3 and E2-TMD-mi3 (D). The ECD is highlighted in green, the TMD in red, the linker and
6xHis tag in black, the identified antigenic epitopes in pink, the signal peptide in purple, CD154 in yellow, and the mi3 in blue.
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linker to ensure that the two parts flanking the linker could fold
independently into correct spatial conformations. Based on the E2-
TMD sequence, a coding sequence named E2-TMD-mi3 was
designed by fusing the self-assembled nanoparticle mi3 to its C-
terminus, following the same strategy as described earlier. To ensure
that the fusion of CD154 or mi3 does not disrupt the native folding
of the E2 glycoprotein and masks its original antigenic epitopes, this
study used AlphaFold to predict the three-dimensional structures of
the proteins encoded by the five sequences. The three-dimensional
structures of the proteins encoded by E2 and E2-TMD were
substantially identical, with the key difterence being the presence
of an o-helix formed by the TMD (highlighted in red) at the C-
terminus of E2-TMD (Figure 1B). The three-dimensional structure
of the protein encoded by the E2-CD154 sequence formed two
independent folded units. The CD154 (highlighted in yellow) did
not disrupt the folding of the E2 protein, as no significant
alterations were observed in the E2 tertiary structure.
Additionally, the antigenic epitopes (highlighted in pink)
previously identified (38) in the ECD (highlighted in green)
remained fully exposed (Figure 1C). Similarly, both E2-mi3 and
E2-TMD-mi3 formed two independent folded units, with mi3
(highlighted in blue) and E2/E2-TMD each folding into their
respective spatial conformations (Figure 1D). Thus, fusion
expression of the molecular adjuvant CD154 or self-assembling
nanoparticles mi3 did not alter the native structure of E2
glycoprotein, ensuring proper presentation of both
conformational and linear epitopes. This is crucial for our
subsequent development of the cmRNA-LNP vaccine.

3.2 Verification of the cmRNA sequence
combinations

In this study, Capillary electrophoresis (CE, using a 3100
Genetic Analyzer with an internal standard, 15 kV, 60 min), and
in vitro transfection experiments (detection of protein expression
levels based on His-Tag ELISA and Western blotting based on an
anti-E2 protein monoclonal antibody) were used to further evaluate
the quality of the cnRNA prepared based on the above five coding
sequences. A Capillary electrophoresis analysis showed that the
main peak of cyclized products was consistent with expectations,
with purity ranging from 92% to 97% (Table 1). This indicates that
the cmRNA prepared in this study has good quality and can be used

TABLE 1 Results of capillary electrophoresis analysis for 5 cmRNA.

Name Main peak Percentage (%)
size (nt)

E2 1968 97
E2-TMD 2070 96
E2-CD154 2640 94

E2-mi3 2613 95
E2-TMD-mi3 2715 92
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for subsequent vaccine preparation. Building on these results, we
further confirmed whether the five cnRNAs described earlier could
be properly expressed in vitro. At 24 h post-transfection, the E2, E2-
CD154, and E2-mi3 proteins were mainly expressed in the culture
supernatant, with concentrations of 660.87 + 60.15 ng/mL, 1302.21
+96.33 ng/mL, and 699.87 + 68.49 ng/mL respectively. In contrast,
the E2-TMD and E2-TMD-mi3 proteins had higher concentrations
in the cell lysates, at 501.18 + 54.63 ng/mL and 1313.11 + 115.36 ng/
mL respectively (Figure 2A). This might be related to the fact that
the latter two proteins retained the transmembrane domain.
Moreover, the Western Blotting analysis of the cell lysates 24 h
post-transfection further demonstrated that the band positions were
consistent with the expectations (Figure 2B). In conclusion, the
c¢cmRNA prepared in this study can be used for the subsequent
formulation of cmRNA-LNP vaccines.

3.3 Verification of the immune effects of
sequence combinations in mice

To further validate the immunogenicity of the five prepared
cmRNAs in mice, this study encapsulated the above five cmRNAs
using ACLO315-LNP and characterized the particle size and
polydispersity index (PDI) of the cmRNA-LNP complexes. The
five cmRNA-LNP formulations exhibited high encapsulation
efficiency (93.4%-96.1%) and uniform particle sizes (92.4-96.7
nm, PDI 0.15-0.2), indicating robust formulation quality
(Table 2). These properties are essential for efficient cellular
delivery and immune activation.

Following the experimental protocol (Figure 3A), we
immunized mice (n=5 per group) and collected their blood to
measure serum antibody blocking rates, aiming to evaluate the
immunogenicity of the five cmRNA-LNP vaccines. Before the
booster immunization, antibody locking rates in all immunized
groups were below the positivity threshold (<40%, set according to
the manufacturer’s specifications). One week after the booster, all
¢cmRNA-LNP vaccine groups except E2 and E2-TMD
seroconverted, while E2 and E2-TMD groups remained non-
responsive. Statistical analysis revealed that only the E2-TMD-
mi3 induced significantly higher blocking rates compared to the
commercial E2 subunit vaccine group at 4, 5, and 7 weeks after the
primary immunization. Specifically, at 4 weeks, the blocking
percentage in the E2-TMD-mi3 group was 74.46% * 3.43%, while
that in the commercial E2 subunit vaccine was 46.02% * 2.18%
(two-way ANOVA, p < 0.001); at 5 weeks, the rates were 78.25% +
1.32% and 39.74% + 3.29% respectively (p < 0.001); at 7 weeks, they
were 75.82% + 3.26% and 42.18% =+ 2.69% respectively (p <
0.001).Conversely, the E2 induced significantly lower mean
blocking rates than the commercial vaccine group at 5 weeks
post-immunization (two-way ANOVA, p < 0.05), and both E2
and E2-TMD groups exhibited significantly reduced blocking
percentage at 7 weeks post-immunization (two-way ANOVA, p <
0.01) (Figure 3B). Collectively, among the five cmRNA-LNP
vaccines developed in this study, E2-TMD-mi3 exhibited the
best immunogenicity.
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Verification of the mRNA sequence combinations. Quantification of protein expression levels of five cmRNAs in different fractions 24 h post-
transfection (A). Western Blotting analysis of cell lysates from five cmRNAs 24 h post-transfection (B). Lane M, protein ladder.

3.4 Comparison of the immunization
effects of different LNPs in mice

Given the substantial influence of LNP composition on the
immunogenicity of cnRNA-LNP vaccines, this study evaluated the
differences in immune responses of cmRNA-LNP vaccines
formulated with three different LNPs (AX4, ACL0315, and
SM102) at both humoral and cellular levels. Similarly, the particle
size, PDI, and encapsulation efficiency of the cmRNA-LNP
complexes formulated with different LNPs were characterized
following preparation. The three cmRNA-LNP formulations
exhibited high encapsulation efficiency (93.7%-97.7%) and
uniform particle sizes (86.1-103.3 nm, PDI 0.18-0.25), indicating
robust formulation quality (Table 3).

Mice were immunized according to the protocol (Figure 4A).
Serum samples were collected at 3 weeks post-primary
immunization. At 5 weeks, both serum and splenocytes were
harvested. The serum samples were used to evaluate humoral
immune responses (antibody blocking rates), while the
splenocytes were used for the cellular immune responses
assessment through IFN-y ELISpot assay. Consistent with
previous findings, serum antibody neutralization rates in all
immunized groups remained below the detection threshold at 3
weeks post-primary immunization. However, two weeks after the

TABLE 2 Characterization of key parameters of cmRNA-LNP complexes.

Encapsulation

Name Size (nm) PDI percentage (%)
E2/ALCO315 96.7 0.16 93.7
E2-TMD/ALC0315 955 020 96.1
E2-CD154/ALC0315 96.3 0.15 945
E2-mi3/ALC0315 92.4 0.21 934
E2-TMD-mi3/ALC0315 95.6 0.20 94.1
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booster, all mice in the cmRNA-LNP vaccine groups showed
blocking rates above the detection threshold, which were
significantly higher than those of the commercial vaccine group
(80.56% + 2.06%, 72.76% + 2.19%, 75.82% + 2.03% vs. 41.00% =
3.38%; two-way ANOVA, p<0.0001). No significant differences
were observed among the cmRNA-LNP vaccine groups
(Figure 4B). IFN-y ELISpot assay showed that AX4-LNP
formulated E2-TMD-mi3 induced 5.63-fold higher antigen-
specific T cell responses (319.60 + 45.23 SFC/10° cells) than the
commercial E2 subunit vaccine (56.8 + 12.50 SFC/10° cells) at 2
weeks post-boost (one-way ANOVA, p<0.01). Although no
statistically significant differences were observed between
c¢cmRNA-LNP vaccines formulated with other LNPs and the
commercial vaccine, SM102-LNP and ALCO0315-LNP induced
responses 4.05-fold (230.20 + 53.98 SFC/10° cells) and 4.11-fold
(233.60 + 66.95 SFC/10° cells) higher antigen-specific T cell
responses than the commercial vaccine, respectively. (Figure 4C).
These data demonstrate that cmRNA-LNP vaccines formulated
with different LNPs all exhibited superior immunogenicity
compared to the commercial E2 subunit vaccine, with AX4-LNP
yielding the highest efficacy.

3.5 Comparison of the immunization
effects of different LNPs in pigs

To compare the immunogenicity and safety profiles of three
LNP-encapsulated cmRNA vaccines (AX4-LNP, ALC0315-LNP,
and SM102-LNP) with a commercial E2 subunit vaccine in pigs
(n=5 per group), animals were immunized and serum samples were
collected at days 21, 35, 60, 90 and 120 for antibody analysis, while
body weight was recorded weekly to assess systemic tolerability
(Figure 5A). Like the results of mouse experiments, 21 days after the
primary immunization, the antibody blocking rates in all
immunization groups were below the positive threshold.
Seroconversion occurred 14 days after the booster immunization.
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Verification of the immune effects of sequence combinations in mice. Schematic diagram of the cmRNA-LNP (ALC0315) vaccination in mice (A).
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(P>0.05) were omitted from the figure. All data are presented as mean +SEM (Standard Error of the Mean).

However, in the commercial vaccine group, only one pig had a
blocking rate above the positive threshold, while the rest remained
below the threshold and subsequently turned seronegative
(Figure 5B). 14 days after booster immunization, antibody
blocking rates in the cmRNA-LNP vaccine groups (E2-TMD-
mi3/AX4, E2-TMD-mi3/ALC0315, and E2-TMD-mi3/SM102)
were significantly higher than those in the commercial vaccine
group (two-way ANOVA, p < 0.01 and p < 0.001), reaching 82.72%
+ 3.78%, 73.21% + 3.95%, and 68.36% * 4.04% respectively
(Figure 5B). For the E2-TMD-mi3/AX4 vaccine formulation,
antibody blocking rates remained at 82.94% +* 3.55% 60 days
post-primary immunization. Although antibody levels began
declining at 90 and 120 days post-primary immunization, they

TABLE 3 Characterization of key parameters of cmRNA-LNP complexes.

Encapsulation

Name Size (nm) PDI percentage (%)
E2-TMD-mi3/AX4 86.1 0.25 93.7
E2-TMD-mi3/SM102 97.5 0.18 96.1
E2-TMD-mi3/ALC0315 103.3 0.19 94.5
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remained above the detection threshold and significantly higher
than those of the commercial vaccine group (two-way ANOVA, p <
0.01). In contrast, both E2-TMD-mi3/ALC0315 and E2-TMD-mi3/
SM102 formulations became seronegative by 120 days post-primary
vaccination. The results related to the neutralizing titers of
antibodies in each group showed that the antibody neutralizing
titers of each mRNA-LNP group at 35 days and 120 days after
primary immunization were comparable to those of the commercial
vaccine group, with no significant difference between groups (two-
way ANOVA, p > 0.05). Only 35 days after the first immunization,
the neutralizing antibody titer of the E2/TMD-mi3/AX4 group was
significantly higher than that of the negative control group (two-
way ANOVA, p < 0.01) (Figure 5C). Throughout the entire
experimental period, no statistically significant differences (two-
way ANOVA, p > 0.05) in weight gain rates were observed between
vaccinated pigs and the negative control group (immunized with
sterile PBS only). This indicates that the three cmRNA-LNP
vaccines formulated with different LNPs (AX4, ALC0315, and
SM102) were all safe and did not compromise the production
performance of immunized animals (Supplementary Figure S1).
Overall, the three cmRNA-LNP vaccines demonstrated superior
immunogenicity compared to the commercial vaccine and
exhibited favorable safety profiles. Among them, the AX-4 LNP-
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encapsulated ¢cmRNA-LNP vaccine showed the optimal
performance, inducing higher levels of humoral immunity and
providing prolonged antibody persistence.

4 Discussion

At present, CSFV still poses a significant threat to the global swine
industry. Although the cases of CSFV in China are sporadically
reported, efforts are still required to achieve the elimination of CSFV
(10, 39). E2 subunit vaccines with DIVA capability continue to be
crucial instruments in the fight to eradicate CSFV. Nevertheless, the
high production costs coupled with suboptimal immunogenicity have
restricted their further application (13). To address these challenges in
CSFV elimination, next-generation vaccine platforms requiring both
biosafety and high immunogenicity are urgently needed. CircRNA
vaccines have emerged as a promising platform in vaccine development
against major infectious diseases, including SARS-Cov-2 (40, 41), and
monkeypox virus (42), which combines the biosafety advantages of
traditional subunit vaccines with enhanced production efficiency.
Therefore, for the first time, we developed the cmRNA-LNP vaccine
by integrating an immunogenicity enhancement strategy into the
c¢cmRNA-LNP platform, resulting in a vaccine that exhibits better
immunogenicity than commercial vaccines.

Herein, we designed a coding sequence for E2-mi3 nanoparticles
by fusing the mi3 self-assembling particles to the C-terminus of the
E2 protein to enhance the immunogenicity of the E2 protein. This
strategy has been extensively employed to bolster the
immunogenicity of the E2 protein, yielding immune responses that
outperform those elicited by subunit vaccines (24, 43). When
encapsulated with ALC0315-LNP, the E2-TMD-mi3 vaccine
induced significantly higher antibody levels in mice compared to
the commercial vaccine after booster vaccination (p < 0.01), with a
maximum antibody blocking rate of 78.25%+ 1.32%. Although the
E2-CD154 vaccine incorporating a molecular adjuvant strategy also
elicited higher antibody levels than the commercial product, no
statistically significant difference was observed. Notably, the E2-
TMD-mi3vaccine designed using the mi3 self-assembled particle
strategy induced significantly higher antibody levels in mice
compared to the E2-mi3 formulation and CD-154 formulation. In
vitro expression results of this study showed that E2-TMD-mi3 was
predominantly expressed in cell pellets, while a significant portion of
E2-mi3 was secreted into the culture supernatant. This is likely due to
the presence of the TMD, which enhances the cell membrane
localization of E2-TMD-mi3. Such enhanced membrane
localization may enable E2-TMD-mi3 to localize to the surface of
antigen-presenting cells (APCs) at higher density, thereby increasing
the antigen density of E2-TMD-mi3 and avoiding extensive secretion
and subsequent dilution of antigens (44). This may be a critical factor
contributing to the immunogenicity difference between E2-TMD-
mi3 and E2-mi3. Similar changes in antigen immunogenicity caused
by cellular localization differences have been observed in other
mRNA vaccine studies (45), indicating that the subcellular
localization of antigen proteins delivered by mRNA significantly
impacts their immunogenicity. Relevant findings suggest that,
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compared to soluble antigens secreted extracellularly, membrane-
localized antigens can directly activate B cells via B cell receptors
(BCRs) by enhancing antigen presentation density. This may explain
why E2-TMD-mi3 exhibits superior immunogenicity, although the
specific mechanisms require further investigation in subsequent
experiments. This suggests that while the TMD is not a region rich
in epitopes, it still influences the immunogenicity of the E2 protein.
The underlying mechanisms require further investigation. In contrast
to the three constructs mentioned above, both E2 and E2-TMD failed
to induce antibody levels in immunized mice exceeding those of the
commercial vaccine group. Moreover, 4 weeks after booster
vaccination, their antibody levels were significantly lower than
those of the commercial vaccine group (p < 0.01). From a
mechanistic perspective, the rational design of the E2-TMD-mi3
fusion coding sequence enabled two critical improvements (1): self-
assembling nanoparticles enhancing molecular diameter versus
monomeric E2, and (2) high-density epitope display. The
molecular diameter of an antigen is a crucial factor influencing the
uptake efficiency of antigen-presenting cells (APCs) (46). The larger
molecular diameter of the E2-TMD-mi3 nanoparticles enables them
to be presented and taken up more efficiently (46). Moreover, the
higher antigen density enables E2-TMD-mi3 nanoparticles to cross-
link with B-cell receptors (BCRs) more efficiently (47). This, in turn,
promotes the activation of B cells and induces the body to produce
higher levels of antibodies. Consequently, within 120 days after
immunizing pigs, the cmRNA-LNP vaccine encapsulated with
AX4-LNP and based on coding sequence for E2-TMD-mi3
nanoparticles induced the production of antibodies at levels
significantly higher than those induced by commercial subunit
vaccines (p < 0.01), with an antibody blocking rate of 54.76% +
3.21%. Similarly, cmRNA-LNP vaccines encapsulated with
ALCO0315-LNP and SM102-LNP also induced more prolonged
antibody persistence compared to the commercial vaccine in pigs.
Beyond antigen design optimization, the delivery system of
cmRNA was identified as another critical determinant of cmRNA
vaccine efficacy (31). As a crucial component of LNP, ionizable
cationic lipids (ICL) exert a significant impact on immunogenicity
of RNA vaccines (48). Therefore, in this study, we also compared the
immunogenicity of cnRNA-LNPs vaccines formed by different ICL.
The relevant results show that only the cmnRNA-LNP vaccine formed
by the ICL AX4 induced significantly higher cellular immune
responses in immunized mice compared to commercial subunit
vaccines (319.6 + 45.23 SFC/10° cells, p < 0.01). In pigs, serum
antibody blocking rates remained above detection thresholds even 120
days post-primary immunization, providing superior immunogenicity
compared to commercial vaccines. However, when encapsulating the
same cmRNA, the antibodies induced by the other two LNPs could
only last until 90 days after the primary immunization, and their
antibody levels were lower than those of AX4-LNP throughout the
entire antibody persistence period. Whether the tail of the ICLs has
branched chains and whether the connecting bonds in the tail are
easily degradable are important factors affecting the mRNA delivery
efficiency and the release rate in endosomes, which in turn influences
the mRNA expression level (49). This is an important factor leading to
the differences in the immunization effects of mRNA-LNP vaccines
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prepared based on different ICL. However, in this study, the tail of AX-
4 used has four branched chains, each containing a butyl octanoic acid
moiety and eight ester bonds that are easily degradable at its tail (36).
This endows the AX4-LNP with better mRNA delivery efficiency. As a
result, when delivering the same ¢cmRNA, the improved delivery
efficiency leads to higher intracellular mRNA translation, resulting
in a stronger immune response and enhanced vaccine efficacy.
Notably, recent reports indicate that the AX4-LNP-formulated
c¢mRNA-LNP vaccine not only remains effective after six months of
storage at 4°C but also maintains stability through multiple freeze-
thaw cycles, while exhibiting significantly lower hepatorenal toxicity.
These attributes endow the vaccine developed in this study with
promising clinical potential for practical applications (36).
Compared with the traditional eukaryotic expression system
production platform, the RNA vaccines production platform has
multiple advantages. RNA vaccines production platform with cells-
free production can be produced more quickly and efficiently
compared to traditional foreign protein expression systems. Just a
single 5-liter bioreactor can produce millions of doses of vaccine in a
single reaction (50). Compared with mRNA, cmRNA not only has a
higher level of protein expression, but can also be stored and
transported at room temperature and can be repeatedly frozen and
thawed several times (32). This further reduces the transportation
cost of vaccines, which accounts for most vaccine costs. Therefore,
different from other studies on E2 subunit vaccines based on mi3 self-
assembled nanoparticles (24, 43), this study used an cmRNA-LNP
vaccine platform to deliver the E2-TMD-mi3 coding sequence.
Although ¢cmRNA - LNP vaccines demonstrate robust
immunoprotective efficacy, residual double -stranded pre-RNA and
introduced PIE elements from the cmRNA production process,
among other nucleic acid molecules, can act as host innate
immunity stimulants. This may lead to immunological side effects
in vaccinated animals, potentially compromising vaccine safety (31).
Therefore, this study employed the Clean-PIE strategy for circular
mRNA production. By leveraging coding sequences as PIE elements
to minimize the introduction of non-coding sequences and further
enhancing cmRNA purity through size - exclusion chromatography-
based HPLC, the safety of cnRNA-LNP vaccines was ensured, which
is conducive to their widespread adoption in livestock farms.
Additionally, recent studies have shown that mRNA-LNP
vaccines can induce the secretion of type I IFN and pro-
inflammatory signals, thereby initiating downstream adaptive
immune responses (51). Moreover, LNPs themselves can modulate
the gene expression of macrophages and dendritic cells (51, 52). As a
key negative regulator, TRIM29 deficiency regulates the PERK-
mediated ER stress pathway, thereby enhancing local antiviral
capacity and conferring protection against both lethal influenza
infection and viral myocarditis (53, 54). PARPY, likewise serving as
anoncanonical RNA virus sensor, can enhance type I IEN (55). Given
TRIM29’s role as a negative regulator and PARP9’s antiviral function,
therefore, we speculate that the mRNA-LNP developed in this study
may further enhance protective immunity by transiently
downregulating TRIM29 or upregulating PARP9 expression. In
subsequent research, we will directly assess the expression kinetics
of TRIM29 and PARP9 following vaccination to deeply elucidate the
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mechanisms by which the mRNA-LNP delivering the E2-TMD-mi3
coding sequence elicits robust immunogenicity.

Overall, this study engineered a ¢cmRNA-LNP vaccine with
superior immunogenicity to commercial subunit vaccines, which is
more suitable for large-scale production. When paired with an ELISA
kit designed for detecting anti-E™* protein antibodies, this vaccine
enables the effective implementation of the DIVA strategy. This not
only provides a robust and reliable approach but also serves as a
powerful tool in the efforts to eradicate CSFV. Furthermore, this
research expands the research horizons by demonstrating the practical
feasibility of cmRNA-LNP vaccines in the development of porcine
virus vaccines. Moreover, it presents innovative and promising
strategies that can potentially be adapted and applied to the
development of vaccines against a wide array of other pathogens.
Despite these significant achievements, constrained by biosafety
regulations, this study was unable to verify the immunoprotective
effect of the vaccine through a challenge experiment. Whether the
vaccine prepared in this study can provide cross-protection against
different genotypes of CSFV remains an open question. Additionally,
although this study validated the promising immunogenicity of the
cmRNA-LNP vaccine delivering the E2-TMD-mi3 coding sequence in
both mouse and pig models, it was limited by experimental conditions
and time constraints. We were unable to verify the in vitro and in vivo
expression efficiency under different LNP deliveries, assess whether it
could elicit high cellular immune responses in pigs comparable to
those in mice, or provide an in-depth explanation of the mechanisms
underlying its good immunogenicity. In future research, it would be
necessary to explore alternative experimental models or settings that
comply with biosafety regulations to verify the immunoprotective
effect and cross - protection of the vaccine. Additionally, systematic
studies on the stability of the cmRNA-LNP vaccine under various
conditions are needed to optimize its storage and transportation.
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