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Introduction: Human Enterovirus A71 (EV-A71) is the primary pathogen responsible

for severe hand, foot, and mouth disease (HFMD). Vaccination plays a crucial role in

controlling its spread. Although inactivated vaccines have been approved, there is

growing interest in developing new candidates using advanced platforms. mRNA

vaccines, widely used for enveloped viruses, are less studied for non-enveloped

viruses like EV-A71. This study investigates the potential of an mRNA vaccine

targeting the EV-A71 VP1 protein.

Methods: A nucleoside-modified mRNA vaccine encoding the VP1 protein of EV-

A71, encapsulated in lipid nanoparticles (LNPs), was developed. Immunogenicity and

protective efficacy were evaluated in BALB/c and neonatal A129 mice, respectively.

Immune responses were assessed by ELISA, micro-neutralization assays, ELISpot,

and intracellular cytokine staining (ICS). Passive protection was tested by transferring

immune sera to neonatal mice challenged with EV-A71.

Results: The VP1mRNA-LNP vaccine elicited robust humoral and cellular immunity,

including high levels of VP1-specific IgG, neutralizing antibodies, and a Th1-biased T-

cell response. Notably, the mRNA vaccine outperformed the inactivated vaccine in

eliciting cellular immunity. Immune sera provided complete protection against lethal

EV-A71 challenge, significantly reducing viral load and pathology.

Discussion: This study demonstrates that the mRNA vaccine exhibits significant

potential for combating non-enveloped viruses. These findings highlight the

promising role of mRNA platforms in advancing vaccine development against

non-enveloped viral pathogens, offering new avenues for future research and

clinical applications.
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Introduction

Enteroviruses (EVs) are classified as members of the Enterovirus

genus within the Picornaviridae family. These non-enveloped, single-

stranded RNA viruses have genomes encapsulated in viral capsids,

forming symmetrical icosahedral particles approximately 20-30 nm in

diameter (1, 2). The Enterovirus genus includes 12 Enterovirus species

(A-L) and 3 Rhinovirus species (RV A-C). Enterovirus A71 (EV-A71)

belonging to the enterovirus A species is transmitted via the fecal-oral

route (2, 3). EV-A71 was first isolated from fecal specimens of an infant

with aseptic meningitis in California, USA, in 1969 (4). Since then,

numerous outbreaks and epidemics of EV-A71 have been reported

worldwide (5–8), with notable occurrences in the Asia-Pacific region

since the late 1990s (9). EV-A71 predominantly affects children under

five years old and is one of the main causative agents of hand, foot, and

mouth disease (HFMD), which typically resolves within 1–2 weeks as a

self-limiting illness. However, in severe cases, EV-A71 can cause

neurological complications, leading to a poor prognosis or even

death, posing a significant health threat to infants and young

children. Therefore, EV-A71 is recognized as the most significant

neurotropic enterovirus after poliovirus (10–12).

The EV-A71 genome is approximately 7,500 nucleotides long and

encodes four structural proteins (VP1 to VP4) and seven non-structural

proteins (2A to 2C and 3A to 3D). Structural proteins VP1 to VP4

firstly combine to form a protomer, with sixty protomers assemble into

a viral capsid that encapsulates the viral genome (13). Of these proteins,

VP1, VP2, and VP3 are exposed on the surface of the capsid, while VP4

resides internally (13, 14). VP1 is the most immunodominant structural

protein consisting of 297 amino acids and contains major neutralizing

epitopes. It plays a crucial role in virus adsorption, penetration, and

uncoating during the EV-A71 lifecycle, making it a primary target for

molecular research and vaccine development (15–17).

Currently, no specific drugs are approved for EV-A71, so supportive

therapy is the primary treatment for EV-A71-related diseases.

Vaccination is the most effective and cost-efficient strategy for EV-A71

prevention. Recent research on EV-A71 vaccines has mainly focused on

inactivated vaccines (18, 19), virus-like particles (VLP) (20–22), live

attenuated vaccines (23, 24), and subunit vaccines (25, 26). Among these,

only inactivated EV-A71 vaccine has completed human clinical trials,

while the other candidates are still in preclinical animal evaluation (27).

Between 2015 and 2017, the China Food and Drug Administration

(CFDA) approved the commercialization of three inactivated vaccines

targeting the EV-A71 C4 sub-genotype (28–30). Phase III clinical trials

demonstrated that all three vaccines effectively reduced EV-A71-related

HFMD (27). However, inactivated vaccines face challenges, including

high production costs, long development timelines, and potentially

weakened immunogenicity, which may result in inadequate

stimulation of cellular immune responses (22). Moreover, increasing

evidence suggests that intra- and intertypic recombination, alongside

mutations in co-circulating EV-A71 strains, has driven rapid viral

evolution, posing potential challenges for inactivated vaccines (31, 32).

As a promising and versatile vaccine platform, mRNA-based

vaccines are applicable to both infectious diseases and cancer. They

offer several advantages, including shorter development cycles, strong

immunogenicity, favorable safety profiles, and adaptability to mutations

(33, 34). Recent breakthroughs in RNA molecular modification and
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delivery systems, coupled with the urgent need for rapid development

and large-scale production of vaccines and antiviral drugs for emerging

infectious diseases, have greatly accelerated mRNA vaccines research

(35). In December 2020, the first two SARS-CoV-2 mRNA vaccines,

developed by Moderna and Pfizer/BioNTech, received Emergency Use

Authorization (EUA) in the United States, demonstrating over 90%

efficacy in Phase III clinical trials (36, 37). Since then, additional SARS-

CoV-2 mRNA vaccines received regulatory approval. Recently, the first

non-COVID-19 mRNA vaccine for Respiratory Syncytial Virus (RSV)

from Moderna was approved by the U.S. Food and Drug

Administration (FDA) (38). Currently, several mRNA vaccine

candidates targeting infectious agents such as the influenza virus, Zika

virus, Nipah virus, and cytomegalovirus, are in different stages of clinical

trials (39). Additionally, mRNA vaccines targeting non-communicable

diseases such as melanoma, lymphoma, and colorectal cancer are also

under various phases of development (40).

In this study, we developed an mRNA vaccine candidate targeting

EV-A71, utilizing the VP1 structural protein coding sequence

encapsulated within lipid nanoparticles (LNPs). Immunization

experiments in mice demonstrated that the vaccine effectively elicits

robust humoral and cellular immune responses, successfully protecting

newborn mice from infection.

Results

EV-A71 VP1 mRNA-LNP production and in
vitro characterization

Previous studies have demonstrated that VP1 serves as the

receptor-binding protein for EV-A71 infection in cells and is the key

target for vaccine development (16). Therefore, we designed a mRNA

vaccine encoding the full-length of VP1 from the EV-A71 JN315 strain

(C4 sub-genotype) (Figure 1A; Supplementary Table S1). First, codon-

optimized VP1 sequence was cloned into a eukaryotic expression vector

(pCAGGS) and the expression of VP1 was evaluated post transfection

into HEK 293T cells. The results exhibited the successful expression of

VP1, suggesting the efficient usage of VP1 mRNA codon (Figure 1B).

Next, we conducted in vitro transcription to synthesize mRNA with

N1-methyl-pseudouridine nucleoside substituting of uridine.

Subsequently, this mRNA was transfected into RD cells and its

expression was validated using immunofluorescence (Figure 1C) and

Western blot (Figure 1D). Following this, the mRNA was encapsulated

in lipid nanoparticles (LNP) forming into mRNA nanoparticle vaccines

with approximately 84 nm in size (Figure 1E). Finally, VP1 mRNA-

LNP was transfected into A549 cells and its expression in vitro was

confirmed as well (Figure 1F). All these results demonstrate that the

VP1 mRNA-LNP vaccine we developed can be successfully expressed

in vitro and could be used for further analysis in vivo.
EV-A71 VP1 mRNA-LNP immunization
elicited robust humoral immune responses
in BALB/c mice

To evaluated the immunogenicity of our mRNA-based EV-A71

vaccine, groups of BALB/c mice were immunized intramuscularly
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(i.m.) with either a high dose (20 µg) or a low dose (5 µg) of VP1

mRNA-LNP three times at 3-week intervals. Empty LNPs served as the

negative control, while inactivated EV-A71 vaccine was used as the

positive control (Figure 2A). Mice sera were collected at days 21, 42,

and 63 post initial vaccination and analyzed by ELISA. The results

indicated that EV-A71 mRNA vaccine induced a strong production of

EV-A71-specific IgG antibodies. Both the 5 µg and 20 µg doses of VP1

mRNA-LNP generated high IgG titers, with the 20 µg dose inducing

titers comparable to the 5 µg dose. By contrast, no EV-A71-specific IgG

was detected in the sera of mice vaccinated with empty LNPs. Notably,

mice immunized with inactivated EV-A71 vaccine showed high

antibody titers when ELISA plates were coated with inactivated EV-

A71 virus particles (Figure 2B), while almost no antibodies were

detected on plates coated with VP1 recombinant protein (Figure 2C).

These data demonstrated that the EV-A71 mRNA vaccine could

effectively elicit VP1 specific IgG antibodies.

To further investigate whether the sera from immunized mice

have specific neutralizing antibody activity against EV-A71, micro-

neutralization assays were conducted. As shown in Figure 2D, sera

from the cohort immunized with either VP1 mRNA-LNP or the

EV-A71 inactivated vaccine demonstrated strong neutralizing

activity against EV-A71. Three weeks after the primary

immunization, neutralizing antibodies titers reached 11.5 and

11.6 in the 5 mg and 20 mg mRNA vaccine groups, respectively.
Frontiers in Immunology 03
Following the second immunization, significantly increased

neutralizing antibody titers were observed, reaching 21.2 in the 5

µg group and 54.4 in the 20 µg group. After the third immunization,

titers further increased to 71.9 and 102.9, respectively. In contrast,

all sera from mice immunized with empty LNPs showed no

detectable neutralizing antibody titers, even at the lowest dilution

(1:8). Nonetheless, the group immunized with the inactivated virus

vaccine consistently displayed higher neutralizing antibody titers

than the mRNA vaccine group, reaching 127.8 three weeks after the

second booster immunization.
Extraordinary cellular immune responses
induced by EV-A71 VP1 mRNA-LNP in
BALB/c mice

To further assess whether cellular immune responses could be

induced in mice by administering either EV-A71 VP1 mRNA-LNP or

the EV-A71 inactivated vaccine, spleens were collected three weeks

after the second booster immunization. The number of T cells secreting

IFN-g was measured using the enzyme-linked immunospot (ELISpot)

assay. The results indicated that both the 5 mg and 20 mg doses of VP1
mRNA-LNP elicited a significantly higher number of IFN-g-secreting
cells (about 5000 spot-forming cells (SFC)/106 cells) compared to mice
FIGURE 1

Design and characterization of mRNA vaccine encoding the EV-A71 VP1. (A) Schematic representation of the mRNA vaccine design. The mRNA
consists of 5’ cap followed by a 5’UTR, a signal peptide, full-length VP1, a 3’UTR, and a poly (A) tail. (B) pCAGGS-EV-A71 VP1 was transfected into
HEK 293T cells, and VP1 expression was identified using Western blot (WB). VP1 expression following mRNA-VP1 transfection into HEK 293T cells
was assessed using immunofluorescence assay (IFA) (C) and WB (D). (E) The size distribution of VP1-LNPs was measured using dynamic light
scattering (DLS). (F) VP1-LNPs were transfected into RD cells, and VP1 expression was confirmed using WB.
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immunized with empty LNPs or the inactivated EV-A71 vaccine, when

stimulated with 10 mM peptide pool targeting EV-A71 VP1 (excluding

peptide 7, which failed to be synthesized due to its high

hydrophobicity) (Figure 3A). Furthermore, the specific T lymphocyte

response was evaluated using an intracellular cytokine staining (ICS)

assay. After stimulation with a 10 mMVP1 peptide pool for 5-6 h in the

presence of brefeldin A, flow cytometry analysis was conducted. The

result revealed that immunization with EV-A71 VP1 mRNA-LNP

induced higher levels of VP1-specific CD4+ and CD8+ T cells secreting

Th1-type cytokines, including IFN-g, interleukin-2 (IL-2), and tumor

necrosis factor (TNF), compared to those induced by empty LNPs. In

contrast, the production of Th2-type cytokines such as IL-4 was

extremely low in each immunization group, with no significant

differences between groups (Figures 3B, C). Intriguingly, T cell

responses in mice immunized with the inactivated EV-A71 vaccine

were undetectable in either the ELISpot or ICS assay. These results

suggested that immunization with the EV-A71 VP1 mRNA-LNP

effectively elicited a robust Th1-biased specific T cellular immune

response. Next, we investigate the T cell epitopes in BALB/c mice

immunized with the VP1 mRNA-LNP vaccine, splenocytes were

stimulated with 5 mM of each individual peptide for 5-6 h in the

presence of brefeldin A, and VP1-specific T cells were identified by

IFN-g production using ICS. Three peptides (VP1-19, VP1-20, VP1-

21) (Figure 4A) stimulated CD4+ T cells, while six peptides (VP1-9,
Frontiers in Immunology 04
VP1-10, VP1-14, VP1-20, VP1-21) stimulated CD8+ T cells

(Figure 4B). Notably, peptides VP1-20 and VP1-21 exhibited

dominant CD8 and CD4 T cell epitopes.
Passive protection efficacy of mRNA
vaccine against lethal viral challenge in
neonatal mice

To further evaluate in vivo protection efficacy of mRNA vaccine,

one-day-old neonatal A129 mice received sera collected from mice

three weeks af ter the second booster immunizat ion

intraperitoneally. Twenty-four hours later, the mice were

challenged with a lethal dose of EV-A71 (2×107 TCID50)

(Figure 5A). The results showed that neonatal mice administrated

sera from either VP1 mRNA-LNP-vaccinated or inactivated EV-

A71-vaccinated mice exhibited a steady weight gain (Figure 5B),

comparable to the mock group. No noticeable clinical symptoms

were observed throughout the study period (Figure 5C), and all the

mice survived (Figure 5D). In contrast, neonatal mice receiving sera

from those vaccinated with empty LNPs showed significantly

reduced weight gain since 5 dpi. Clinical symptoms began to

manifest at 3 dpi and worsened over time, resulting in the death

of all the mice by 8 dpi (Figures 5B–D).
FIGURE 2

Humoral immune response induced by EV-A71 VP1 mRNA vaccines and inactivated EV-A71 vaccines in mice. (A) Timeline of mice immunization and
sample collection. Specific IgG antibody titers in mouse sera were measured using ELISA plates coated with VP1 protein (B) and EV-A71 virus
particles (C), respectively. (D) Neutralizing antibody titers in mouse sera was measured by micro-neutralization assay. Data are shown as the
mean ± SEM. Statistical significance was determined using a two-way ANOVA with multiple comparison tests. **p < 0.01, ***p < 0.001.
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Additionally, viral titers and pathological damage were

evaluated in the hind leg muscles of neonatal mice at 2 and 4 dpi.

Mice treated with sera from either the VP1 mRNA-LNP and

inactivated EV-A71 vaccinated group showed significantly lower

viral titers compared to the empty LNPs group (Figure 5E). In

addition, histopathological analysis revealed severe muscle tissue

damage in the mice treated with sera from empty LNPs immunized
Frontiers in Immunology 05
mice 6 dpi, characterized by extensive cell death, hemorrhage,

moderate interstitial edema and disorganized connective tissue. In

contrast, no such lesions were observed in the muscle sections of

mice treated with sera from mRNA or inactivated-vaccinated mice

or mock mice (Figure 5F). Overall, these findings demonstrate that

mRNA vaccines provide complete protection against lethal EV-A71

infection in suckling mice model.
FIGURE 4

Identification of CD4+ and CD8+ T cell epitopes on EV-A71 VP1 mRNA in mice immunized with the EV-A71 VP1 mRNA vaccine. Confirmation of CD4 + (A)
and CD8 + (B) T cell epitopes in infected BALB/c mice. Flow cytometry plots and summary data are presented. All results are expressed as mean ± SEM.
pep, peptide.
FIGURE 3

Cellular immune response induced by EV-A71 VP1 mRNA vaccines and inactivated EV-A71 vaccines in mice. (A) IFN-g-producing T cells in spleen of
mice immunized with vaccines were detected using the ELISPOT assay. The percentage of CD4+ (B) and CD8+ (C) T cells secreting IFN-g, TNF, IL-2,
or IL-4 were determined through intracellular cytokine staining (ICS). Data are shown as the mean ± SEM. Statistical significance was determined
using unpaired Students’ t-test. ***p < 0.001.
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Discussion

Since the late 1990s, EV-A71-induced hand, foot, and mouth

disease (HFMD) has emerged as a significant public health challenge

in the Asia-Pacific region. Based on the VP1 gene sequence, EV-A71 is

currently classified into eight genotypes (A-H), with genotypes B and C

being themost prevalent in this area. Genotype B is further divided into

subtypes B0-B7, while genotype C includes subtypes C1-C6 (41).

Notably, C4 sub-genotype is the dominant strain in Mainland China

and has been responsible for several major outbreaks (9). Although

three inactivated vaccines targeting the C4 sub-genotype have been

authorized for use in Mainland China, new variants of EV-A71 are

continuously emerging, and the production capacity for these vaccines

cannot be rapidly scaled up. This situation poses significant challenges

to achieving widespread immunization among high-risk populations
Frontiers in Immunology 06
during EV-A71 outbreaks (22). mRNA vaccines offer a potential

solution due to their rapid development, scalable production and

flexibility to quickly adapt formulations for emerging variants.

Currently, mRNA vaccine research is primarily focused on

enveloped viruses, but studies have demonstrated their effectiveness

against non-enveloped viruses, such as enterovirus D68 (42).

Taking advantage of mRNA vaccine technology, we developed a

novel vaccine targeting the prevalent EV-A71 C4 sub-genotype in

this study. The immunogenicity and protective efficacy of the

mRNA vaccine in murine models, comparing its performance

with that of an inactivated EV-A71 vaccine. Our results indicated

that the EV-A71 VP1 mRNA-LNP vaccine effectively induced VP1-

specific IgG antibodies and neutralizing antibody responses,

alongside a strong Th1-biased immune response. Notably, while

the inactivated EV-A71 vaccines exhibit lower levels of total IgG
FIGURE 5

Protective efficacy of sera from vaccinated mice against lethal viral challenges in neonatal mice. (A) Schematic representation of the study design.
One-day-old A129 mice were intraperitoneally injected (i.p.) with pooled sera from mice vaccinated with EV-A71 VP1 mRNA-LNP, inactivated EV-A71
or Empty LNPs. One day later, the mice were challenged with the EV-A71 virus and monitored daily for weight change (B), clinical signs (C), and
survival (D). (E) Two and four days after challenge, four mice from each group were selected, and their hind leg muscles were collected for viral RNA
load detection. (F) Six days after challenge, two mice from each group were euthanized for pathological analysis of their hind leg muscles. Data are
shown as the mean ± SEM. Statistical significance was determined using a two-way ANOVA with multiple comparison tests. *p < 0.05, **p < 0.01,
***p < 0.001.
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antibodies on VP1-coated plates, and produced higher neutralizing

antibody levels, which may contribute to the viral neutralizing

epitopes present on the VP2 and VP3 proteins of the viruses.

Previous researches have shown that neutralizing epitopes exist in

the viral structural proteins VP2 (43, 44) and VP3 (13), and sera

from immunized mice containing these neutralizing epitopes can

protect against lethal challenges with EV-A71 in vivo. However, not

all non-envelope proteins can be used to product effective mRNA

vaccines with a single viral structural protein. For example, the

individual expression of either the VP1 protein or P1 protein of EV-

D68 does not elicit the production of neutralizing antibodies (42).

Notablely, we detected relatively low levels of IgG titers of the

inactivated vaccine immune sera on plates coated with the VP1

recombinant protein, which might be associated with the protein’s

structure and the type of vaccine. Linear epitope recognition

antibody detection in immune sera revealed significant differences

between the two vaccine types; the mRNA vaccine elicited

antibodies against the VP1 C-terminal sequence, whereas no

significant linear epitope recognition antibodies against VP1 were

detected in the inactivated vaccine immune sera (Supplementary

Figure S2). This suggests that there are differences in the humoral

immune responses induced by the two vaccines.

Additionally, the EV-A71 inactivated vaccine failed to elicit

antigen-specific T cell immune responses, indicating that VP1

mRNA-LNP may provide more comprehensive immune

protection. Previous studies have shown that severe cases of

pulmonary edema induced by EV-A71 are associated with

reduced level of Th1-biased cytokine, suggesting that the

immunopathogenesis of EV-A71-related pulmonary edema may

be linked to weakened cellular immunity (45). Recent studies on T-

cell-mediated immunity against heterologous SARS-CoV-2

infection has demonstrated the importance of CD4+ and CD8+ T

cells in providing protection, particularly through IFN-g-mediated

responses independent of antibodies (46). These findings underline

the importance of Th1 cells in antiviral immunity, underscoring the

need to evaluate vaccines based on their ability to elicit cellular

immune responses in addition to antibody production.

Nonetheless, it is important to acknowledge certain limitations in

our study. Due to the lack of suitable animal models, we are

currently unable to determine whether the T cell immune

response induced by EV-A71 VP1 mRNA-LNP could effectively

defend against lethal EV-A71 challenges.

Previous studies have shown that in neonatal mice, death is

induced in an age- and dose-dependent manner, with a 100%

mortality rate observed only in 1-day-old mice at higher

inoculation doses (108 PFU) (47). Additionally, neonatal mice

typically exhibit a weak antibody response, and the production of

neutralizing antibodies requires at least 14 days after immunization.

By that time, these mice are no longer sensitive to enterovirus

infection (48). Consequently, vaccine evaluations usually employ

neonatal mouse models and vaccine efficacy is often determined

through the passive transfer of immune sera or by immunizing the

dams before gestation, allowing maternal antibodies to be conveyed

to the suckling mice via the placenta (48–54). The EV-A71 isolate

we used in this study was shown to be susceptible in IFNAR

knockout neonatal mice rather than ICR mice. Therefore, A129
Frontiers in Immunology 07
mice, deficiently in IFNa/b receptor, were subjected to EV-A71

infection for evaluation of our vaccines via adoptive transfer of sera.

Both the EV-A71 VP1 mRNA-LNP and inactivated EV-A71

vaccines provided complete passive protection against lethal viral

challenges, significantly reducing viral load and pathological lesions

in both groups.

In conclusion, this study successfully developed an EV-A71

mRNA vaccine with strong immunogenicity and protective efficacy,

making it a promising candidate for future vaccination strategies.

We also identified several CD4+ and CD8+ T cell epitopes specific to

the EV-A71 VP1 protein, which would serve as valuable targets for

the future development of multi-epitope-based peptide vaccines.
Materials and methods

Virus, cells and mice

The EV-A71 C4 sub-genotype virus (JN315 strain, NMDC No.

IMCN0006AUC) used for gene amplification, virus neutralization

assays, and mouse infection experiments was isolated in our

laboratory from clinical samples. The virus was propagated in RD

cells, and the viral titer was determined. RD cells and Vero cells

were maintained in Minimal Essential Medium (MEM)

supplemented with 10% fetal bovine sera (FBS) at 37°C with 5%

CO2, and HEK 293T and A549 cells were cultured in Dulbecco’s

Modified Eagle Medium (DMEM) with 10% FBS under the same

conditions. A129 mice, deficient in the interferon alpha/beta

receptor were A129 mice were donated by the Institute Pasteur of

Shanghai at the Chinese Academy of Sciences and housed at the Key

Laboratory of Emerging Infectious Diseases in Universities of

Shandong, Shandong First Medical University & Shandong

Academy of Medical Sciences, BALB/c mice were purchased from

Jinan Pengyue Experimental Animal Breeding Co., Ltd. All animal

experiments were conducted in accordance with the People’s

Republic of China legislation on the care and use of laboratory

animals. The experimental protocols were approved by the

Committee on the Ethics of Animal Experiments of Shandong

First Medical University & Shandong Academy of Medical Sciences

(Permit No. W202312230347).
Design and production of nucleoside-
modified VP1 mRNA-LNP

The VP1 structural protein sequence was derived from EV-A71

JN315 strain, with a secretion signal peptide (mouse Ig Kappa)

added to the N-terminus. After codon optimization, the sequence

was constructed into a eukaryotic expression plasmid (pCAGGS)

and confirmed for expression in HEK 293T cells. Subsequently, 5’

and 3’ untranslated regions and a poly-A tail of Pfizer/BioNTech’s

BNT162b2 mRNA (55) were added to both ends of the sequence.

The sequence was then transcribed in vitro using T7 RNA

polymerase to generate mRNA containing a 100 - nucleotides

poly(A) tail, with uridine-5′-triphosphate substituted by m1Y-5′-
triphosphate (TriLink BioTechnologies). After purification, the size
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and integrity of the mRNAs were analyzed by capillary

electrophoresis. Lipid nanoparticles (LNPs) were encapsulated

using a self-assembly process with the GenNano-E0011 reagent

kit (Micro&Nano) and thoroughly mixed with the mRNA

molecules using the INanoTML nanoparticle preparation system

(Micro&Nano) to produce the VP1 mRNA-LNP vaccine. The

average diameter of the VP1 mRNA-LNP was measured using

Dynamic Light Scattering (DLS) with a Zetasizer Nano ZS (Malvern

Instruments Ltd.).
DNA and mRNA transfection

HEK 293T or RD cells were seeded in 24-well plates and

incubated for 20 hours. The cells were then transfected with either

pCAGGS-VP1 or VP1 transcribed mRNA using PEI Transfection

Reagent (PEI-MAX 40K, 24765, Polysciences), taking the pCAGGS

vector as a control. Additionally, VP1-mRNA-LNP was transfected

following the same protocol. Four to six hours post transfection, the

medium was replaced with DMEM containing 2% FBS. The cells

were then processed for Western blot or immunofluorescence assays

(IFA) to confirm protein production.
Western blot

Cell lysate mixed with SDS-PAGE loading buffer (Solabio) was

boiled and separated by SDS-polyacrylamide gel electrophoresis at

110 V for 1 hour, then transferred onto polyvinylidene fluoride

(PVDF) membranes (Bio-Rad) at 240 mA for 2 hours. The

membranes were blocked with 5% (w/v) skim milk for 2 hours at

room temperature, followed by incubation with the primary (Rabbit

anti-EV-A71 VP1 (GTX132338, GeneTex); Mouse anti-GAPDH

(60004-1-Ig, Proteintech)), and secondary antibodies (Peroxidase

AffiniPure donkey anti-mouse IgG (715-035-151, Jackson

ImmunoResearch); Peroxidase AffiniPure donkey anti-rabbit IgG

(711-035-152, Jackson ImmunoResearch)) after washing three

times with 0.1% Tween Phosphate Buffered Saline (PBST)

(Solabio). VP1 proteins were visualized using the Amersham

Imager 600 ECL system (GE).
Immunofluorescence assay

RD cells were transfected with EV-A71 VP1 mRNA molecules

using PEI transfection reagent and incubated for 24 hours. The cells

were then washed with PBS, fixed with 4% paraformaldehyde, and

permeabilized with 0.2% Triton X-100 (X100, Sigma-Aldrich) at

room temperature for 10 minutes. Following permeabilization, cells

were stained with rabbit anti-VP1 primary antibody (GTX132338,

GeneTex) for 2 hours at room temperature. Afterward, the cells

were treated with Alexa Fluor 488 AffiniPure donkey anti-rabbit

IgG (711-545-152, Jackson ImmunoResearch) and incubated with a

nuclear staining dye DAPI (D9542, Sigma-Aldrich) in the dark.

Finally, the samples were visualized using a ZEISS Observer

300 (Germany).
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Animal experiments

BALB/c mice were randomly assigned to four groups of six mice

each. Two groups were vaccinated with either 5 mg or 20 mg of VP1
mRNA-LNP. The negative control group received empty LNPs,

while the positive control group was immunized with a

combination of inactivated EV-A71 virus combined with

aluminum adjuvant. Immunizations were administered via the

intramuscular (i.m.) route at three-week intervals. Blood samples

were collected by submental bleeding on days 21, 42, and 63 after

the primary vaccination to obtain sera for humoral immune

response detection. On day 63, mice were anesthetized with 2,2,2-

Tribromoethanol at a concentration of 20 mg/mL, with a dosage of

17.5 mL per gram of body weight. They were then euthanized by

cervical dislocation, and their spleens were harvested and

homogenized for T cell immune response analysis.
Enzyme-linked immunosorbent assay

The total specific antibody titers in the sera were determined

using ELISA. In brief, 96-well ELISA plates were coated with 200

mg/mL of either VP1 protein or inactivated EV-A71 virus and

incubated overnight at 4°C. After four washes with PBST, plates

were blocked with 100 mL of blocking buffer (1% BSA in PBST) for 2

hours at 37°C. Following three washes, 100 mL of serially diluted

mouse sera were added to each well and incubated at 37°C for 2

hours. After four washes, 100 mL of HRP-conjugated goat anti-

mouse IgG (1:10,000 dilution) (Solabio) was added and incubated

for 1 hour at 37°C. The plates were washed four times and then

developed with 50 mL/well of TMB solution (NCM Biotech) for 10-

30 minutes at room temperature. The reaction was stopped by

adding 50 mL/well of 2 mol/L sulfuric acid, and absorbance was

measured at 450 nm (OD450).
Virus neutralization assay

Vero cells were seeded at 10,000 cells per well in 96-well plates and

maintained in DMEM supplemented with 10% FBS, then cultured for

20 hours at 37°C. Mouse sera were serially diluted starting from a 1:8

dilution in DMEM containing 2% FBS and incubated with equal

volumes of a 100 TCID50 EV-A71 virus for 2 hours at 37°C. Then, 100

mL of the mixture was transferred to the Vero cells and incubated for

another 2 hours. The cytopathic effect (CPE) in each well was assessed

five days post-infection. Three replicates were conducted for each well,

and 50% neutralizing antibody titer (NT50) were calculated. Negative

control samples and virus back titrations were included to ensure the

stability of the testing system.
ELISpot assay

Cellular immune responses in vaccinated mice were evaluated

using IFN-g precoated ELISPOT kits (3321-4AST-2, MabTech)

following the manufacturer’s protocol. The plates were analyzed
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with ImmunoSpot® Analyzers to quantify the number of IFN-g-
secreting cells.
Flow cytometry

The following monoclonal antibodies were used for surface and

intracellular staining: anti-mouse CD4-A488 (100529, Biolegend), anti-

mouse IL-2-PE (503808, Biolegend), anti-mouse CD16/CD32-PerCP-

Cy5.5 (45-0161-82, eBioscience), anti-mouse TNF-APC-Cy7 (506344,

Biolegend), anti-mouse CD8a-BV510 (100752, Biolegend), anti-mouse

IL-4-PE-Cy7 (25-7041-80, eBioscience), anti-mouse IFN-g-eFluor450
(48-7311-82, eBioscience). For intracellular cytokine staining (ICS),

1×106 splenocytes were cultured in 96-well plates at 37°C for 5-6 hours

in the presence of VP1 protein overlapping peptides and brefeldin A

(BDBiosciences). The cells were then labeled for surfacemarkers at 4°C

for 15 minutes in the dark, followed by fixation and permeabilization

using Cytofix/Cytoperm Solution (BD Biosciences) at 4°C for 30

minutes in the dark. Intracellular cytokines were stained using

antibody cocktails. All flow cytometry data were collected on a BD

FACSVerse Cytometer and analyzed using FlowJo software.
Mouse challenge experiments

Passive immunization with antisera to assess protection against

viral challenge in recipient mice was performed as follows: one-day-

old A129 mice from five litters were mixed and randomly assigned

into 4 groups (n=8), each group were injected intraperitoneally with

50 mL of pooled sera from the indicated vaccinated mice. Twenty-

four hours later, the mice were challenged intramuscularly (i.m.)

with a lethal dose of EV-A71 virus (2×107 TCID50/50 mL). Weight

change, clinical signs, and survival were monitored daily for up to

12 days post-infection (dpi). A repeat experiment was conducted,

and four to five mice were euthanized on day 2 and 4 post-infection

to evaluate virus titers in the hind leg muscles. On day 6 post-

infection, two mice were euthanized to examine pathological

changes in the hind leg muscles as previously described (56). All

the suckling mice were euthanized by cervical dislocation. The

clinical disease was scored as follows: 0, healthy; 1, lethargy and

inactivity; 2, hind limb weakness; 3, single limb paralysis; 4, double

hind limb paralysis; and 5, death (56).
Statistical analysis

All statistical analysis was performed with GraphPad Prism

version 5.0 (GraphPad 4 Software, San Diego, CA, USA). Analysis

of variance (ANOVA) or t-test was used to determine statistical

significance among different groups. Data were presented as

means ± SEM. P values of <0.05 were considered statistically

significant (n.s., not significant; *p < 0.05, **p < 0.01, ***p

< 0.001, ****p < 0.0001).
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12. Aknouch I, Garcıá-Rodrıǵuez I, Giugliano FP, Calitz C, Koen G, van Eijk H, et al.
Amino acid variation at VP1-145 of enterovirus A71 determines the viral infectivity
and receptor usage in a primary human intestinal model. Front Microbiol. (2023)
14:1045587. doi: 10.3389/fmicb.2023.1045587

13. Jiang L, Fan R, Sun S, Fan P, Su W, Zhou Y, et al. A new EV71 VP3 epitope in
norovirus P particle vector displays neutralizing activity and protection in vivo in mice.
Vaccine. (2015) 33:6596–603. doi: 10.1016/j.vaccine.2015.10.104

14. Plevka P, Perera R, Cardosa J, Kuhn RJ, RossmannMG. Crystal structure of human
enterovirus 71. Sci (New York NY). (2012) 336:1274. doi: 10.1126/science.1218713

15. Wang H, Li Y. Recent progress on functional genomics research of enterovirus
71. Virol Sin. (2019) 34:9–21. doi: 10.1007/s12250-018-0071-9

16. Yuan J, Shen L, Wu J, Zou X, Gu J, Chen J, et al. Enterovirus A71 proteins:
structure and function. Front Microbiol. (2018) 9:286. doi: 10.3389/fmicb.2018.00286

17. Oberste MS, Maher K, Kilpatrick DR, Pallansch MA. Molecular evolution of the
human enteroviruses: correlation of serotype with VP1 sequence and application to
picornavirus classification. J Virol. (1999) 73:1941–8. doi: 10.1128/jvi.73.3.1941-
1948.1999

18. Wu CN, Lin YC, Fann C, Liao NS, Shih SR, Ho MS. Protection against lethal
enterovirus 71 infection in newborn mice by passive immunization with subunit VP1
vaccines and inactivated virus. Vaccine. (2001) 20:895–904. doi: 10.1016/s0264-410x
(01)00385-1
19. Cai Y, Ku Z, Liu Q, Leng Q, Huang Z. A combination vaccine comprising of
inactivated enterovirus 71 and coxsackievirus A16 elicits balanced protective immunity
against both viruses. Vaccine. (2014) 32:2406–12. doi: 10.1016/j.vaccine.2014.03.012

20. Kingston NJ, Snowden JS, Martyna A, Shegdar M, Grehan K, Tedcastle A, et al.
Production of antigenically stable enterovirus A71 virus-like particles in Pichia pastoris
as a vaccine candidate. J Gen Virol. (2023) 104 (6):001867. doi: 10.1099/jgv.0.001867

21. Lim PY, Hickey AC, Jamiluddin MF, Hamid S, Kramer J, Santos R, et al.
Immunogenicity and performance of an enterovirus 71 virus-like-particle vaccine in
nonhuman primates. Vaccine. (2015) 33:6017–24. doi: 10.1016/j.vaccine.2015.05.108

22. Yang Z, Gao F, Wang X, Shi L, Zhou Z, Jiang Y, et al. Development and
characterization of an enterovirus 71 (EV71) virus-like particles (VLPs) vaccine
produced in Pichia pastoris. Hum Vaccines Immunotherapeut. (2020) 16:1602–10.
doi: 10.1080/21645515.2019.1649554

23. Lee MHP, Tan CW, Tee HK, Ong KC, Sam IC, Chan YF. Vaccine candidates
generated by codon and codon pair deoptimization of enterovirus A71 protect against
lethal chal lenge in mice. Vaccine . (2021) 39:1708–20. doi : 10.1016/
j.vaccine.2021.02.024

24. Yee PTI, Tan SH, Ong KC, Tan KO, Wong KT, Hassan SS, et al. Development of
live attenuated Enterovirus 71 vaccine strains that confer protection against lethal
challenge in mice. Sci Rep. (2019) 9:4805. doi: 10.1038/s41598-019-41285-z

25. Kim YG, Lee Y, Kim JH, Chang SY, Jung JW, Chung WJ, et al. Self-assembled
multi-epitope peptide amphiphiles enhance the immune response against enterovirus
71. Nanomater (Basel). (2020) 10 (12):2342. doi: 10.3390/nano10122342

26. Foo DG, Alonso S, Chow VT, Poh CL. Passive protection against lethal
enterovirus 71 infection in newborn mice by neutralizing antibodies elicited by a
synthetic peptide. Microbes Infect . (2007) 9:1299–306. doi : 10.1016/
j.micinf.2007.06.002

27. Lin JY, Kung YA, Shih SR. Antivirals and vaccines for enterovirus A71. J Biomed
Sci. (2019) 26:65. doi: 10.1186/s12929-019-0560-7

28. Li R, Liu L, Mo Z, Wang X, Xia J, Liang Z, et al. An inactivated enterovirus 71
vaccine in healthy children. New Engl J Med. (2014) 370:829–37. doi: 10.1056/
NEJMoa1303224

29. Zhu FC, Meng FY, Li JX, Li XL, Mao QY, Tao H, et al. Efficacy, safety, and
immunology of an inactivated alum-adjuvant enterovirus 71 vaccine in children in
China: a multicentre, randomised, double-blind, placebo-controlled, phase 3 trial.
Lancet. (2013) 381:2024–32. doi: 10.1016/s0140-6736(13)61049-1

30. Zhu F, Xu W, Xia J, Liang Z, Liu Y, Zhang X, et al. Efficacy, safety, and
immunogenicity of an enterovirus 71 vaccine in China. New Engl J Med. (2014)
370:818–28. doi: 10.1056/NEJMoa1304923

31. Aswathyraj S, Arunkumar G, Alidjinou EK, Hober D. Hand, foot and mouth
disease (HFMD): emerging epidemiology and the need for a vaccine strategy. Med
Microbiol Immunol. (2016) 205:397–407. doi: 10.1007/s00430-016-0465-y

32. Ang PY, Chong CWH, Alonso S. Viral determinants that drive Enterovirus-A71
fitness and virulence. Emerging Microbes Infect. (2021) 10:713–24. doi: 10.1080/
22221751.2021.1906754

33. Pardi N, Hogan MJ, Porter FW, Weissman D. mRNA vaccines - a new era in
vaccinology. Nat Rev Drug Discovery. (2018) 17:261–79. doi: 10.1038/nrd.2017.243

34. Maruggi G, Zhang C, Li J, Ulmer JB, Yu D. mRNA as a transformative
technology for vaccine development to control infectious diseases. Mol Ther. (2019)
27:757–72. doi: 10.1016/j.ymthe.2019.01.020

35. Wang Y, Zhang Z, Luo J, Han X, Wei Y, Wei X. mRNA vaccine: a potential
therapeutic strategy. Mol Cancer. (2021) 20:33. doi: 10.1186/s12943-021-01311-z

36. Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, et al. Efficacy and
safety of the mRNA-1273 SARS-coV-2 vaccine. New Engl J Med. (2021) 384:403–16.
doi: 10.1056/NEJMoa2035389
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1535758/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1535758/full#supplementary-material
https://doi.org/10.1513/AnnalsATS.201412-592FR
https://doi.org/10.1513/AnnalsATS.201412-592FR
https://doi.org/10.3390/microorganisms10071296
https://doi.org/10.3390/microorganisms10071296
https://doi.org/10.3390/v15091823
https://doi.org/10.1093/infdis/129.3.304
https://doi.org/10.1128/jcm.00507-09
https://doi.org/10.1186/1471-2334-14-251
https://doi.org/10.3201/eid2404.171783
https://doi.org/10.1186/s13578-020-00503-2
https://doi.org/10.1186/s12929-019-0573-2
https://doi.org/10.1186/s12985-022-01882-3
https://doi.org/10.1186/s12985-022-01882-3
https://doi.org/10.1016/s1473-3099(10)70194-8
https://doi.org/10.3389/fmicb.2023.1045587
https://doi.org/10.1016/j.vaccine.2015.10.104
https://doi.org/10.1126/science.1218713
https://doi.org/10.1007/s12250-018-0071-9
https://doi.org/10.3389/fmicb.2018.00286
https://doi.org/10.1128/jvi.73.3.1941-1948.1999
https://doi.org/10.1128/jvi.73.3.1941-1948.1999
https://doi.org/10.1016/s0264-410x(01)00385-1
https://doi.org/10.1016/s0264-410x(01)00385-1
https://doi.org/10.1016/j.vaccine.2014.03.012
https://doi.org/10.1099/jgv.0.001867
https://doi.org/10.1016/j.vaccine.2015.05.108
https://doi.org/10.1080/21645515.2019.1649554
https://doi.org/10.1016/j.vaccine.2021.02.024
https://doi.org/10.1016/j.vaccine.2021.02.024
https://doi.org/10.1038/s41598-019-41285-z
https://doi.org/10.3390/nano10122342
https://doi.org/10.1016/j.micinf.2007.06.002
https://doi.org/10.1016/j.micinf.2007.06.002
https://doi.org/10.1186/s12929-019-0560-7
https://doi.org/10.1056/NEJMoa1303224
https://doi.org/10.1056/NEJMoa1303224
https://doi.org/10.1016/s0140-6736(13)61049-1
https://doi.org/10.1056/NEJMoa1304923
https://doi.org/10.1007/s00430-016-0465-y
https://doi.org/10.1080/22221751.2021.1906754
https://doi.org/10.1080/22221751.2021.1906754
https://doi.org/10.1038/nrd.2017.243
https://doi.org/10.1016/j.ymthe.2019.01.020
https://doi.org/10.1186/s12943-021-01311-z
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.3389/fimmu.2025.1535758
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chi et al. 10.3389/fimmu.2025.1535758
37. Thomas SJ, Moreira EDJr., Kitchin N, Absalon J, Gurtman A, Lockhart S, et al.
Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine through 6 Months. New
Engl J Med. (2021) 385:1761–73. doi: 10.1056/NEJMoa2110345

38. Wilson E, Goswami J, Baqui AH, Doreski PA, Perez-Marc G, Zaman K, et al.
Efficacy and safety of an mRNA-based RSV preF vaccine in older adults. New Engl J
Med. (2023) 389:2233–44. doi: 10.1056/NEJMoa2307079

39. Gote V, Bolla PK, Kommineni N, Butreddy A, Nukala PK, Palakurthi SS, et al. A
comprehensive review of mRNA vaccines. Int J Mol Sci. (2023) 24 (3):2700.
doi: 10.3390/ijms24032700

40. Vishweshwaraiah YL, Dokholyan NV. mRNA vaccines for cancer
immunotherapy. Front Immunol. (2022) 13:1029069. doi: 10.3389/fimmu.2022.
1029069

41. Ma ZH, Nawal Bahoussi A, Tariq Shah P, Guo YY, Dong L, Wu C, et al.
Phylogeographic dynamics and molecular characteristics of Enterovirus 71 in China.
Front Microbiol. (2023) 14:1182382. doi: 10.3389/fmicb.2023.1182382

42. Warner NL, Archer J, Park S, Singh G, McFadden KM, Kimura T, et al. A self-
amplifying RNA vaccine prevents enterovirus D68 infection and disease in preclinical
models. Sci Trans Med. (2024) 16:eadi1625. doi: 10.1126/scitranslmed.adi1625

43. Xu L, He D, Yang L, Li Z, Ye X, Yu H, et al. A broadly cross-protective vaccine
presenting the neighboring epitopes within the VP1 GH loop and VP2 EF loop of
enterovirus 71. Sci Rep. (2015) 5:12973. doi: 10.1038/srep12973

44. Xu L, He D, Li Z, Zheng J, Yang L, Yu M, et al. Protection against Lethal
Enterovirus 71 Challenge in Mice by a Recombinant Vaccine Candidate Containing a
Broadly Cross-Neutralizing Epitope within the VP2 EF Loop. Theranostics. (2014)
4:498–513. doi: 10.7150/thno.7457

45. Chang LY, Hsiung CA, Lu CY, Lin TY, Huang FY, Lai YH, et al. Status of cellular
rather than humoral immunity is correlated with clinical outcome of enterovirus 71.
Pediatr Res. (2006) 60:466–71. doi: 10.1203/01.pdr.0000238247.86041.19

46. Fumagalli V, Ravà M, Marotta D, Di Lucia P, Bono EB, Giustini L, et al.
Antibody-independent protection against heterologous SARS-CoV-2 challenge
conferred by prior infection or vaccination. Nat Immunol. (2024) 25:633–43.
doi: 10.1038/s41590-024-01787-z
Frontiers in Immunology 11
47. Yu CK, Chen CC, Chen CL, Wang JR, Liu CC, Yan JJ, et al. Neutralizing
antibody provided protection against enterovirus type 71 lethal challenge in neonatal
mice. J Biomed Sci. (2000) 7:523–8. doi: 10.1007/bf02253368

48. Wu Y, Qu Z, Xiong R, Yang Y, Liu S, Nie J, et al. A practical method for evaluating
the in vivo efficacy of EVA-71 vaccine using a hSCARB2 knock-in mousemodel. Emerging
Microbes Infect. (2021) 10:1180–90. doi: 10.1080/22221751.2021.1934558

49. Lei L, Li Q, Xu S, Tian M, Zheng X, Bi Y, et al. Transplantation of enterovirus 71
virion protein particle vaccine protects against enterovirus 71 infection in a neonatal
mouse model. Ann Transplant. (2021) 26:e924461. doi: 10.12659/aot.924461

50. Chen FH, Liu X, Fang HL, Nan N, Li Z, Ning NZ, et al. VP1 of enterovirus 71
protects mice against enterovirus 71 and coxsackievirus B3 in lethal challenge
experiment. Front Immunol. (2019) 10:2564. doi: 10.3389/fimmu.2019.02564

51. Zhou SL, Ying XL, Han X, Sun XX, Jin Q, Yang F. Characterization of the enterovirus
71 VP1 protein as a vaccine candidate. JMed Virol. (2015) 87:256–62. doi: 10.1002/jmv.24018

52. Zhang RR, He MJ, Zhou C, Xu YP, Tang W, Cao TS, et al. Rational design of a
DNA-launched live attenuated vaccine against human enterovirus 71. Virol Sin. (2024)
39 (5):812–20. doi: 10.1016/j.virs.2024.09.008

53. Wang Z, Zhou C, Gao F, Zhu Q, Jiang Y, Ma X, et al. Preclinical evaluation of
recombinant HFMD vaccine based on enterovirus 71 (EV71) virus-like particles (VLP):
Immunogenicity, efficacy and toxicology. Vaccine. (2021) 39:4296–305. doi: 10.1016/
j.vaccine.2021.06.031

54. Luo J, Huo C, Qin H, Hu J, Lei L, Pan Z. Chimeric enterovirus 71 virus-like
particle displaying conserved coxsackievirus A16 epitopes elicits potent immune
responses and protects mice against lethal EV71 and CA16 infection. Vaccine. (2021)
39:4135–43. doi: 10.1016/j.vaccine.2021.05.093

55. Jeong D-E, McCoy M, Artiles K-L, Ilbay O, Fire A, Nadeau K, et al. Assemblies of
putative SARS-CoV2-spike-encoding mRNA sequences for vaccines BNT-162b2 and
mRNA-1273.docx. GitHub. version 0.21Beta. (2021). Available online at: https://
github.com/NAalytics.

56. Zhang Z, Dong Z,Wei Q, Carr MJ, Li J, Ding S, et al. A neonatal murine model of
coxsackievirus A6 infection for evaluation of antiviral and vaccine efficacy. J Virol.
(2017) 91 (9):e02450-16. doi: 10.1128/jvi.02450-16
frontiersin.org

https://doi.org/10.1056/NEJMoa2110345
https://doi.org/10.1056/NEJMoa2307079
https://doi.org/10.3390/ijms24032700
https://doi.org/10.3389/fimmu.2022.1029069
https://doi.org/10.3389/fimmu.2022.1029069
https://doi.org/10.3389/fmicb.2023.1182382
https://doi.org/10.1126/scitranslmed.adi1625
https://doi.org/10.1038/srep12973
https://doi.org/10.7150/thno.7457
https://doi.org/10.1203/01.pdr.0000238247.86041.19
https://doi.org/10.1038/s41590-024-01787-z
https://doi.org/10.1007/bf02253368
https://doi.org/10.1080/22221751.2021.1934558
https://doi.org/10.12659/aot.924461
https://doi.org/10.3389/fimmu.2019.02564
https://doi.org/10.1002/jmv.24018
https://doi.org/10.1016/j.virs.2024.09.008
https://doi.org/10.1016/j.vaccine.2021.06.031
https://doi.org/10.1016/j.vaccine.2021.06.031
https://doi.org/10.1016/j.vaccine.2021.05.093
https://github.com/NAalytics
https://github.com/NAalytics
https://doi.org/10.1128/jvi.02450-16
https://doi.org/10.3389/fimmu.2025.1535758
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	A nucleoside-modified mRNA vaccine prevents enterovirus A71 infection in mouse model
	Introduction
	Results
	EV-A71 VP1 mRNA-LNP production and in vitro characterization
	EV-A71 VP1 mRNA-LNP immunization elicited robust humoral immune responses in BALB/c mice
	Extraordinary cellular immune responses induced by EV-A71 VP1 mRNA-LNP in BALB/c mice
	Passive protection efficacy of mRNA vaccine against lethal viral challenge in neonatal mice

	Discussion
	Materials and methods
	Virus, cells and mice
	Design and production of nucleoside-modified VP1 mRNA-LNP
	DNA and mRNA transfection
	Western blot
	Immunofluorescence assay
	Animal experiments
	Enzyme-linked immunosorbent assay
	Virus neutralization assay
	ELISpot assay
	Flow cytometry
	Mouse challenge experiments
	Statistical analysis

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


