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Abstract 

Encephalomyocarditis virus (EMCV), a potential zoonotic pathogen, poses significant socioeconomic and public 
health challenges across various host species. Although EMCV rarely triggers severe clinical symptoms in humans, 
its widespread prevalence and unique biological characteristics underscore the need for continuous surveillance 
and the development of effective therapeutics and prophylactics. In this study, we evaluated the neutralizing 
effects of a monoclonal antibody derived from the spleens of mice immunized with EMCV virus-like particles (VLPs), 
both in vitro and in vivo. Using recombinant DNA technology, we engineered a baculovirus system to express 
EMCVs P12A and 3C, facilitating the production of VLPs in Sf9 cells. These VLPs serve as antigens to immunize mice, 
leading to the isolation of the monoclonal antibody 45G3. This antibody exhibited high specificity for EMCV confor-
mational epitopes, excluding linear epitopes, and demonstrated potent in vitro neutralizing activity, with an IC50 
of 0.01873 μg/mL. Immunoelectron microscopy (IEM) revealed a strong direct interaction between the 45G3 antibody 
and EMCV particles. Virus adsorption inhibition assays demonstrated that 45G3 effectively blocked viral attachment, 
thereby preventing further infection of host cells. These findings further support the notion of a robust interac-
tion between the virus and the antibody. Moreover, in vivo assessments revealed that 45G3 significantly reduced 
viral loads in treated mice and improved survival outcomes following EMCV exposure. Additionally, posttreatment 
analysis revealed reduced tissue damage and a markedly decreased inflammatory response in the brain, indicating 
that the 45G3 antibody effectively blocked viral infection, thereby mitigating tissue damage and enhancing survival. 
These findings position 45G3 as a promising candidate for EMCV management and provide a strong foundation 
for the future development of antiviral drugs targeting this widespread virus.
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Introduction
EMCV is the causative agent of zoonotic diseases 
characterized primarily by encephalitis and myocardi-
tis (Carocci and Bakkali-Kassimi 2012). EMCV was ini-
tially discovered in a gibbon in Florida in 1945 (Helwig 
and Schmidt 1945), followed by its isolation from pigs 
after a Panama epizootic in 1958 (Murnane et al. 1960). 
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Since its first identification, EMCV has been recognized 
in a broad spectrum of wild and domesticated spe-
cies worldwide, including Europe (Canelli et  al. 2010; 
Cardeti et  al. 2016), Canada (Dea et  al. 1991), South 
America (Czechowicz et al. 2011), Australia (Reddacliff 
et al. 1997), Korea (An et al. 2009), and China (Ge et al. 
2010). The virus has been identified in diverse species, 
including voles, squirrels, elephants, pigs, wild boars, 
raccoons, antelopes, lions, various birds, and numerous 
primates (Billinis 2009; Canelli et al. 2010; Cardeti et al. 
2016; Gainer 1967; Luo et al. 2017; Medkour et al. 2021; 
O’Connor et al. 2020; Romey et al. 2021; Vyshemirskii 
et al. 2018). Infection in pigs leads to acute myocarditis 
and sudden death, especially in young piglets (Gelmetti 
et  al. 2006), with mortality rates sometimes reaching 
100%. Furthermore, the reproductive health of preg-
nant sows is severely compromised, often resulting in 
miscarriage, stillbirth, and the birth of weak offspring 
(Salogni et al. 2016; Vansteenkiste et al. 2016). Rodents, 
which act as natural reservoirs, play a pivotal role in the 
epidemiology of EMCV (Camp and Desvars-Larrive 
2022), aiding its persistence and transmission primarily 
through the fecal‒oral route via contaminated food and 
water (Gainer 1967). This mode of transmission sig-
nificantly affects pig populations, as evidenced by sero-
logical surveys revealing widespread infections in pig 
farms, especially in regions such as China (Feng et  al. 
2015; Liu et al. 2016).

EMCV is a nonenveloped, single-stranded RNA virus 
classified within the Cardiovirus genus of the Picor-
naviridae family (Palmenberg et  al. 1984). The EMCV 
genome is approximately 7.8 kb in length and is organ-
ized into a single open reading frame that encodes a 
polyprotein. This polyprotein undergoes posttransla-
tional cleavage to yield structural and nonstructural 
viral proteins essential for viral replication, assembly, 
and pathogenicity (Carocci and Bakkali-Kassimi 2012; 
Foglia et  al. 2023). Structural proteins, including VP1, 
VP2, VP3 and VP4, form the viral capsid and play 
critical roles in host cell receptor binding and entry, 
whereas nonstructural proteins, such as 2A, 2B, 2C, 3A 
and 3B (VPg) (Guo et al. 2021; Han et al. 2021), 3C pro-
tease, and 3D polymerase, are involved in the replica-
tion complex and polyprotein processing  (Carocci and 
Bakkali-Kassimi 2012; Carocci et al. 2011; Cherry 2019; 
Han et  al. 2022, 2021; Huang et  al. 2017; Zoll et  al. 
1998).

In the field of disease prevention and control caused 
by pathogens, the discovery and application of antibod-
ies are key factors for effective interventions. Recent 
studies have focused on specific antibodies against vari-
ous viruses, particularly neutralizing antibodies, because 
they can directly block the infection process. Research on 

SARS-CoV-2 has revealed the existence of specific neu-
tralizing antibodies that can bind to the receptor-bind-
ing domain of the virus and prevent its entry into host 
cells (Tang et al. 2022). Specifically, the combined use of 
four antibodies targeting the conserved regions of the 
receptor-binding domain and the stem helix structure 
can effectively prevent escape mutations. This further 
underscores the potential of neutralizing antibodies in 
controlling the spread of epidemics. In the development 
of viral vaccines, similar strategies have been success-
fully applied to foot-and-mouth disease virus (FMDV), a 
closely related picornavirus. FMDV is a significant patho-
gen in livestock, and while inactivated vaccines have been 
the traditional approach, recombinant vaccines offer the 
advantage of differentiating infected from vaccinated 
animals without the use of live virus. One such strategy 
involves the use of recombinant P1-2A-3C constructs to 
produce virus-like particles (VLPs) in Sf9 cells (Mohana 
Subramanian et  al. 2012). These VLPs, when combined 
with an oil adjuvant, have been shown to induce strong 
immune responses in cattle, including the generation 
of high neutralizing antibody titers. Another approach 
involves the in  vitro assembly of VLPs from the FMDV 
capsid proteins VP1, VP2 and VP3, which has proven 
effective in eliciting robust immune responses in animal 
models (Wang et al. 2023). These vaccine strategies have 
demonstrated the potential to provide broad protection 
and offer valuable insights into the design of similar vac-
cines for other viruses, including EMCV. The studies 
mentioned above demonstrate that VLPs not only serve 
as promising vaccine candidates for the prevention and 
control of diseases but also play crucial roles in the gen-
eration of neutralizing antibodies. Currently, there are 
no specific treatment options available for EMCV, nor 
are any neutralizing antibody products available on the 
market. Therefore, research on neutralizing antibodies 
against EMCV may provide new insights and strategies 
for treating this disease.

Collectively, these investigations indicate that EMCV 
is globally distributed and can infect an extensive vari-
ety of animal species, indicating that it has consider-
able potential for zoonotic transmission. Therefore, it 
is necessary to develop effective prevention and control 
measures against EMCV. Recent advances in monoclonal 
antibody (mAb) technology have opened new avenues for 
antiviral therapy, offering specificity, high efficacy, and 
reduced side effects compared with conventional treat-
ments. This study focused primarily on isolating a neu-
tralizing monoclonal antibody from the spleens of mice 
immunized with EMCV VLPs. We evaluated the neutral-
izing effects both in vitro and in vivo and demonstrated 
excellent neutralization and protective efficacy in both 
settings. Further evidence from viral load measurements 
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and pathological sections confirmed that the neutral-
izing antibody reduced viral loads in various tissues and 
mitigated pathological damage. The development of such 
mAbs not only provides a critical tool for combating 
EMCV infections but also contributes to our understand-
ing of viral pathogenesis, paving the way for novel antivi-
ral interventions.

Results
Recombinant baculovirus expressing EMCV Ac‑P12A‑3C
The recombinant bacmid vAc-P12A-3C were  con-
structed by inserting the genes encoding EMCV 3C and 
P12A into the AcMNPV bacmid under the control of the 
p10 and polyhedrin promoters, respectively (Fig.  1A). 
After transfection, the Sf9 cells were infected with the 
Ac-P12A-3C recombinant virus (multiplicity of infection 

of 1) for 72  h. Western blot (WB) analysis of the cell 
lysates revealed that the VP1 monoclonal antibody pro-
duced a protein band of approximately 35  kDa, which 
was consistent with the expected size of the VP1 protein, 
indicating that the precursor protein P1 was correctly 
expressed and cleaved (Fig.  1B). Indirect immunofluo-
rescence analysis revealed significant green fluorescence 
signals in Sf9 cells infected with Ac-P12A-3C (Fig.  1C), 
further confirming the successful expression of VP1.

Recombinant baculovirus expressing P12A and 3C in EMCV 
generated VLPs
To investigate whether the P1 protein can self-assem-
ble into VLPs after being cleaved by the 3C protein, Sf9 
cells infected with the Ac-P12A-3C recombinant virus 
at 72 h post infection were fixed and observed via TEM. 

Fig. 1  Construction, expression and identification of EMCV-VLPs. Note: A. Construction diagram of AC-P12A-3C; B. Identification of Ac-P12A3C 
by western blot analysis. Lane 1 represents Sf9 cells infected with Ac-P12A-3C recombinant baculovirus; lane 2 represents Sf9 cells infected 
with Ac-WT; C. Identification of Sf9 cells infected with Ac-P12A-3C recombinant baculoviruses via IFA, bar: 50 μm. The primary antibody used 
was a monoclonal antibody, Anti-VP1, which was independently selected following the immunization of mice with VP1 expressed in a prokaryotic 
system
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As shown in Fig.  2A, spherical particles approximately 
30 nm in diameter with a uniform size and regular mor-
phology were observed in the vesicle structure outside 
the cell membrane, similar to virus exocytosis.

To further determine the morphological characteris-
tics of the VLPs, the cell lysates were purified via cesium 
chloride (CsCl) density gradient centrifugation. A dense 
white band between CsCl densities of 1.2  g/cm3 and 
1.4 g/cm3 was collected, desalted, and prepared as nega-
tively stained samples for TEM observation. As shown 
in Fig.  2B, uniform spherical particles of approximately 
30 nm in diameter were observed via TEM, which were 
consistent with those of the live virus particles (Fig. 2C).

Anti‑EMCV monoclonal antibody (45G3) identified 
from VLP‑immunized BALB/c Mice directly interacts 
with EMCV
After three subcutaneous administrations of EMCV-
VLPs in mice, a monoclonal antibody, designated 45G3, 
was isolated via hybridoma fusion technology. Subse-
quent indirect immunofluorescence assays demonstrated 
a robust interaction between the 45G3 mAb and EMCV-
infected Vero cells, as well as vAc-P12A-3C-infected Sf9 
cells (Fig.  3A). Conversely, WB analysis using EMCV-
infected Vero cells and vAc-P12A-3C-infected Sf9 cells as 

the antigen and 45G3 mAb as the primary antibody failed 
to reveal bands (Fig. 3B), indicating that the 45G3 mAb 
does not bind to the linear epitopes but rather to the con-
formational epitopes of EMCV proteins. ELISAs coated 
with virus-like particles (VLPs) were used to assess the 
effects of the 45G3 antibody, revealing that the optical 
density (OD450) values across various antibody concen-
trations were significantly greater than those of the PBS 
control group. Linear regression analysis revealed a sig-
nificant correlation between 45G3 and VLP (P = 0.04), 
confirming an interaction between the EMCV VLP and 
the antibody (Supplementary Material, Figure S1).

The direct interaction between the EMCV and the anti-
body was confirmed via immunoelectron microscopy. 
Under a 200  kV electron microscope, a distinct ring of 
6  nm gold particles surrounding the viral particles was 
observed when the 45G3 antibody was used as the pri-
mary antibody. In contrast, when mouse IgG was used 
as the primary antibody, gold particles were scattered 
throughout the field and did not accumulate around 
the viral particles. These results provide evidence that 
the 45G3 antibody directly interacts with the EMCV 
(Fig. 3C).

To identify the target protein of 45G3, we expressed 
EMCV proteins (VP1, VP2, VP3, VP4, 2A and 3C) in 

Fig. 2  Detection of EMCV-VLPs via transmission electron microscopy (TEM). Note: A. Electron microscopy images of Sf9 cells infected 
with the recombinant baculovirus vAC-P12A-3C; B. Negative electron microscopy images of EMCV VLPs; C. Negative electron microscopy images 
of EMCV. The EMCV and EMCV VLPs were both homogeneous spherical particles with a diameter of approximately 30 nm. Bar, 100 nm;
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eukaryotic systems and tested their interactions with 
45G3 through an immunofluorescence assay (IFA) 
(Supplementary Material, Figure S2) and Western blot 
(WB) (Supplementary Material, Figure S3). However, 
no interactions were detected, suggesting that the 
epitope recognized by 45G3 likely involves a complex 
conformational structure not preserved in isolated 
protein forms. These findings confirm that 45G3 spe-
cifically blocks EMCV by targeting a conformational 
epitope.

To investigate the antigen epitope recognized by mAb 
45G3, we obtained sequences of the hybridoma cell anti-
body variable regions H2 and K2. Using AlphaFold 3, a 
three-dimensional interaction model of these variable 
regions with VP1 was constructed (Fig.  3D). The types 
and strengths of the protein‒protein interactions were 
then evaluated via PDBePISA. The results showed that 

both H2 and K2 of mAb 45G3 interacted with viral VP1 
(Table 1), forming hydrogen bonds at the E91, N97 and 
D101 sites of VP1 (Fig. 3D). This interaction may explain 
the neutralizing activity of the mAb 45G3.

The 45G3 antibody has neutralizing activity and effectively 
inhibits viral adsorption.
To assess the neutralizing activity of the 45G3 antibody, 
we determined its IC50  in vitro via a plaque reduction 
neutralization assay. The results showed that the mAb 
45G3 effectively neutralized EMCV, with the half-max-
imal inhibitory concentration (IC50) calculated to be 
approximately 0.01873 µg/mL (Fig. 4A). Another method 
to detect the half-maximal inhibitory concentration 
(IC50) was calculated to be approximately 0.2096  µg/
mL via a 96-well plate microcell culture method in con-
junction with an immunofluorescence assay (IFA) and 

Fig. 3  Identification and characterization of mAbs against EMCV. Note: A. Identification of 45G3 in Vero cells infected with EMCV and Sf9 cells 
infected with Ac-P12A-3C recombinant baculoviruses via IFA; bar: 50 μm. B. Identification of 45G3 in Vero cells infected with EMCV and Sf9 cells 
infected with Ac-P12A-3C recombinant baculoviruses via Western blotting. In Figures a and b, Sf9 cells were infected with Ac-P12A-3C (lane 1) 
and wild-type Acanthamoeba castellanii virus (WtAc, lane 2), respectively. Western blot analysis was conducted using a custom-made anti-VP1 
monoclonal antibody (figure a) and a 45G3 antibody (figure b) to detect the presence of the VP1 protein. A distinct band at approximately 
35 kDa, indicative of VP1 expression, was observed in both figures and is marked with a red arrow. Similarly, in Figures c and d, BHK cells were 
infected with EMCV (lane 1) or served as uninfected controls (lane 2). Western blot analysis was performed using the same custom-made anti-VP1 
monoclonal antibody (figure c) and the 45G3 antibody (figure d). A band corresponding to the expected size of VP1 (35 kDa) was detected 
in both infected cell lysates, as indicated by the red arrow. These findings confirm the specific and successful expression of the VP1 protein 
in virus-infected cells. C. Immunoelectron microscopy (IEM) detection. In figures a, b, and c, the primary antibody used for immunostaining 
was 45G3, which was applied at a dilution of 1:100 to ensure optimal binding specificity and sensitivity. Conversely, in figure d, a mouse IgG 
antibody served as the primary antibody used as a control. D. 3D binding epitopes predicted by AlphaFold. Green: VP1, pink: H1, and purple: K1. The 
red regions indicate the antibody variable regions, with the amino acids at the interaction sites marked
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high-content imaging techniques. (Supplementary Mate-
rial, Figure S4).

To further confirm the interaction between 45G3 and 
EMCV and to preliminarily investigate the neutralization 
mechanism of 45G3, a virus adsorption inhibition assay 
was conducted. The results showed that 45G3 effectively 
inhibited the viral adsorption stage, thereby preventing 
subsequent viral infection. As depicted in Fig.  4B, the 
viral copy number in the group incubated with EMCV 
and 45G3 was almost undetectable, whereas the viral 
copy number in the group incubated with EMCV and 
mouse IgG reached approximately 106 copies/well. Statis-
tical analysis via a t test revealed a significant difference 
(P = 0.005), confirming the marked inhibitory effect of 
45G3 on viral attachment (Fig. 4B).

45G3 mAb protected against EMCV infection in BALB/c 
mice
The neutralization efficacy of the 45G3 monoclonal anti-
body against EMCV was evaluated. We administered the 
treatment before and after viral infection to demonstrate 
the preventive and therapeutic effects of the monoclo-
nal antibody. The mice in groups A (treated 24 h before 
infection) and C (treated at intervals of 1 h, 24 h, 48 h and 
72 h postinfection) presented negligible viral loads across 
various tissues. In the heart, groups A, C, E and F were 
significantly different from group D (P < 0.01), whereas 
there was no significant difference between groups B 
and D. In the kidney, groups A, B, C, E and F were sig-
nificantly different from toxin group D (P < 0.05). In the 
brain tissue, groups A and F were significantly different 
from group D (P < 0.01), whereas group C was signifi-
cantly different from group D (P < 0.05). No significant 
differences were observed between groups B and D. In 
the liver, spleen and lung tissues, there were no signifi-
cant differences between any of the groups and group D 
(Fig. 5C). These groups also achieved a 100% survival rate 
over 14 d (Fig. 5B), with their body weights returning to 

baseline levels by the end of the study (Fig.  5A). These 
results demonstrated the potent therapeutic and pro-
phylactic benefits conferred by the 45G3 monoclonal 
antibody following EMCV exposure. Conversely, mice 
in group B (treated 24 h after infection) presented brain 
tissue viral loads similar to those observed in group D 
(untreated) along with a significant reduction in body 
weight. However, the progression to onset and mortal-
ity in group B were significantly delayed compared with 
those in the untreated control group. Furthermore, the 
brain tissue viral load in group E (treated at 24 h and 48 h 
postinfection) was lower than that in group B. Survival 
curve analyses revealed postponement of disease onset 
and mortality by 1 and 2 d, respectively, compared with 
those in group B and the control group. These findings 
suggest that even delayed administration of 45G3 can 
confer partial protection against EMCV, likely because 
of the high virulence of EMCV at an administered infec-
tious dose of 1 × 106 TCID50 per mouse.

The 45G3 mAb reduces pathological lesions 
and inflammation in vivo
As shown in Fig.  6A, in group D (the PBS challenge 
group), numerous areas of coagulative necrosis were 
observed in the heart. In contrast, group F (healthy con-
trol group) exhibited myocardial cells with clear stria-
tions, which were arranged in parallel and appeared 
uniform and orderly. The hearts of groups A (admin-
istered 24  h before the challenge) and E (administered 
1, 24, 48 and 72  h after the challenge) were consistent 
with those of the normal control group F. In group D, 
significant brain edema and inflammatory cell infiltra-
tion were noted, whereas those of group F presented 
normal meninges, a clear cortical structure, and no 
inflammatory cell infiltration within the white matter. 
Compared with those in the normal control group, the 
liver tissue in groups A and E was not significantly dif-
ferent. In group D, the liver tissue exhibited pronounced 

Table 1  PISA Interface List

a iNat indicates the number of interfacing atoms in the corresponding structure

b iNres indicates the number of interfacing residues in the corresponding structure

c Surface Å2 is the total solvent accessible surface area in square Ångstroms

d Interface area in Å2, calculated as difference in total accessible surface areas of isolated and interfacing structures divided by two

e ΔiG indicates the solvation free energy gain upon formation of the interface, in kcal/M

f ΔiG P-value indicates the P-value of the observed solvation free energy gain

Type Mol 1 Mol 2 Interface 
area, Å2d

ΔiG kcal/mol e ΔiG P-valuef

Range iNat 
a iNres 

b SurfaceÅ2c Range iNat
iNres SurfaceÅ2

1 45G3-H2 101 23 6623 45G3-K2 87 24 5601 774.7 −13.2 0.117

2 45G3-H2 77 19 6623 VP1 78 23 17,505 769.1 −2.2 0.605

3 45G3-K2 32 7 5601 VP1 35 13 17,505 307.9 −1.4 0.685
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fatty degeneration characterized by the accumulation of 
lipid droplets within hepatocytes, along with significant 
infiltration of inflammatory cells. In contrast, group F 
displayed a well-organized hepatic architecture, with 
hepatocytes arranged in a regular pattern and showing 
normal morphology. The cellular structure was intact, 
and no signs of inflammation were observed. Com-
pared with those in group F, the histological appear-
ance of the samples in groups A and E was consistent 
with that of normal liver tissue. In group D, the kidney 
tissue exhibited extensive areas of ballooning degenera-
tion. Conversely, group F demonstrated well-preserved 
renal tubules featuring a distinct brush border and uni-
form epithelial cells, while the glomeruli maintained 
their typical structure, showing no evidence of damage or 
inflammation. Compared with those of Group F, Groups 
A and E were not significantly different, indicating a 

similar histological appearance. In group D, the lung tis-
sue exhibited ventilation obstruction, indicating compro-
mised airflow and potential impairment of gas exchange. 
In contrast, group F included normal lung tissue charac-
terized by a well-organized structure, with intact alveoli 
and clear interstitial spaces. No significant abnormalities 
were observed in groups A and E, which presented histo-
logical features consistent with those of group F. In group 
D, the lung tissue exhibited ventilation obstruction. In 
contrast, group F included normal lung tissue charac-
terized by a well-organized structure, with intact alveoli 
and clear interstitial spaces. No significant abnormali-
ties were observed in groups A and E, which presented 
histological features consistent with those of group F. No 
significant abnormalities were observed in the spleens of 
any of the groups.

Fig. 4  Detection of neutralizing titers and mechanistic analysis. Note: A. IC50 detection of the 45G3 antibody via a plaque reduction neutralization 
test. The horizontal axis represents the concentration of 45G3, whereas the vertical axis represents the percentage of EMCV inhibition. B. 
45G3-mediated blockage of viral adsorption. The vertical axis indicates the viral load in the cell supernatant. Cell control: no virus or antibody 
was present; EMCV: only EMCV was added; EMCV + mouse IgG: EMCV was incubated with mouse IgG; EMCV + 45G3: EMCV was incubated 
with the 45G3 antibody

(See figure on next page.)
Fig. 5  Evaluation of the neutralization capacity of mAbs against EMCVs in vivo. Note: A. Monitoring of body weight in different groups for a period 
of 14 days. B. Survival rate of the mice in each group after challenge with EMCV for a period of 14 days; C. Viral load in different tissues of the mice, 
including the heart, liver, spleen, lung, kidney, and brain. The samples were collected over a period of 4 days, and a p value of < 0.05 was considered 
to indicate statistical significance. As shown in each panel of Fig. 4, Group A received treatment 24 h prior to infection, Group B received treatment 
24 h after infection, and Group C underwent treatment at intervals of 1, 24, 48 and 72 h post infection. Group D was challenged with only EMCV, 
whereas Group E received treatment at 24 and 48 h post infection. Group F served as the control and received only PBS without viral challenge
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Fig. 5  (See legend on previous page.)
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Overall, these findings indicate that the 45G3 anti-
body can significantly reduce tissue and organ damage in 
mice and facilitate viral clearance. This finding is consist-
ent with the 100% survival rate observed in the mice. In 
groups B (1 h and 24 h postinfection) and C (1 h, 24 h and 
48 h postinfection), the pathological changes observed in 
the affected mice were not significantly alleviated (data 
not shown).

We analyzed multiple inflammatory factors in the 
brain tissue of mice and found that group D (the virus-
challenged group) exhibited significant upregulation of 
TNFα, CXCL9, CXCL10, IL-6 and IFN-β. The expression 
levels of CXCL9 in groups A, C, E and F were signifi-
cantly different from those in group D (P < 0.05), whereas 
those in group B were not different. The expression levels 
of CXCL10 in groups A, C, E and F were extremely sig-
nificantly different from those in group D (P < 0.01), and 
those in group B were significantly different (P < 0.05). 
Compared with those in group D, the expression levels of 
TNF-α in groups A, B, C, E and F significantly differed 
(P < 0.001). The expression levels of IFN-β in groups A 
and F were extremely significantly different from those in 
group D (P < 0.001), whereas those in group E were sig-
nificantly different (P < 0.05), and those in groups B and 
C were not significantly different. Compared with those 
in group D, the expression levels of IL-6 in groups A, C, 
E and F were extremely significantly different (P < 0.001), 
whereas those in group B were significantly different 
(P < 0.05). These findings suggest that viral infections 
increase inflammatory responses in the mouse brain. 
Compared with those in group D, the expression levels 
of each inflammatory factor in group A were extremely 
significantly different from those in group D. Compared 
with those in group D, the continuous therapeutic treat-
ment group E presented a significant decrease in each 
factor. Groups B and C presented a certain decrease in 
the expression level of each inflammatory factor com-
pared with that in group E. Following antibody admin-
istration, the level of inflammation decreased, possibly 
because the antibodies impeded virus-induced inflam-
mation, which may have contributed to the improved 
survival rate of the mice (Fig. 6B).

Discussion
Our results offer significant insights into the develop-
ment of a novel therapeutic approach against EMCV, a 
pathogen with notable socioeconomic and health impli-
cations across various species. This study successfully 
produced EMCV-VLPs via a baculovirus expression sys-
tem, demonstrating their potential as vaccine candidates 
owing to their strong immunogenicity and safety. These 
VLPs, which mimic the viral surface, can trigger robust 
neutralizing antibody responses. Furthermore, VLPs 
were employed as immunogens to successfully identify 
an antibody, designated 45G3, that possesses neutral-
izing capabilities. This approach not only enhances the 
efficiency of neutralizing antibody identification but also 
substantiates the potent immunogenicity of VLPs in elic-
iting robust humoral immune responses, highlighting 
their potential utility in immunological research and vac-
cine development.

The successful generation of EMCV-VLPs through the 
baculovirus expression system represents a significant 
improvement, given the capacity of VLPs to accurately 
mimic the viral surface and elicit a strong neutralizing 
antibody response. This finding aligns with previous 
research showing the effectiveness of VLP-based vaccines 
against various Picornaviridae family members, such as 
enteroviruses (Liu et  al. 2023; Wang et  al. 2021), polio-
viruses (Bahar et  al. 2022; Sherry et  al. 2020), and foot-
and-mouth disease viruses (Han et al. 2023). The use of 
VLPs derived from the P12A and 3C proteins of EMCV 
as immunogens led to the isolation of the 45G3 monoclo-
nal antibody, which exhibited high specificity toward the 
conformational epitopes of EMCV, indicating its poten-
tial for neutralizing viral activity. The inability of 45G3 
to recognize linear epitopes, as evidenced by the failure 
to reveal any band via WB analysis, further elucidates 
the specificity of the antibody‒epitope interactions. In 
this study, we were unable to ascertain the specific pro-
tein targeted by this antibody. Nonetheless, we employed 
AlphaFold3 and PDB3PISA, which indicated potential 
recognition of the VP1 protein. Importantly, this predic-
tion may not accurately reflect the actual binding profile 
and is accompanied by inherent limitations. Therefore, 
further experimental validation is essential to confirm 

Fig. 6  Body reactions of the mice in each group post challenge with EMCV. Note: A. Histopathological section after challenge. The figure displays 
the pathological characteristics of various tissues collected on day 4. The regions of pathological changes in the tissue are marked with red arrows 
in the figure. In heart tissue, the red arrows point to foci of coagulative necrosis. In liver tissue, the red arrows signify areas of fatty change (steatosis). 
In lung tissue, the red arrows denote the presence of ventilation impairment. In kidney tissue, the red arrows indicate features of ballooning 
degeneration. In brain tissue, the red arrows point to evidence of cerebral edema. B. Expression of inflammatory factors in mouse brain tissue. 
Group A received treatment 24 h prior to infection, Group B received treatment 24 h after infection, and Group C underwent treatment at intervals 
of 1, 24, 48 and 72 h post infection. Group D was solely challenged with EMCV, whereas Group E received treatment at 24 and 48 h post infection. 
Group F served as the control and received only PBS without viral challenge

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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the specificity of an antibody and its potential interac-
tions with VP1 or other related proteins. This specificity 
is crucial for developing targeted therapies that minimize 
cross-reactivity and potential off-target effects. In  vitro 
and in  vivo assessments of the neutralizing efficacy of 
45G3, particularly its substantial impact on reducing 
viral loads and improving survival rates in treated mice, 
highlighted the therapeutic potential of this antibody. 
These observations are consistent with the growing body 
of literature emphasizing the importance of monoclonal 
antibodies in viral disease management owing to their 
specificity and efficacy; however, the observed variation 
in therapeutic outcomes on the basis of the timing of 
antibody administration post infection underscores the 
necessity for timely intervention to achieve optimal ther-
apeutic effects. The partial protection conferred by the 
delayed administration of 45G3 suggests that although 
immediate postexposure treatment is ideal, there is a 
potential window for therapeutic intervention, even after 
the onset of infection. This aspect is particularly relevant 
for managing outbreaks in animal populations where 
immediate identification and treatment of infected indi-
viduals may not always be feasible. This study also high-
lights the need for further research to optimize dosing 
strategies and explore the protective efficacy of mono-
clonal antibodies in a broader context, including differ-
ent strains of EMCV and across various animal species. 
This study revealed the development of a monoclonal 
antibody that exhibited significant neutralization potency 
both in  vitro and in  vivo, underscoring its potential for 
pharmaceutical development against EMCV. Future 
studies should focus on humanizing or porcinizing the 
antibody and conducting structural analyses to bet-
ter understand its mechanism of action and enhance its 
applicability in therapeutic contexts. This study lays a 
critical foundation for EMCV prevention and treatment, 
contributing to the broader field of vaccine development 
and virus control.

Additionally, the high pathogenicity of EMCV at 
infectious doses highlights the importance of perform-
ing dose-dependent studies to evaluate the efficacy of 
therapeutic interventions. Histopathological examina-
tion revealed a significant reduction in tissue damage 
across multiple organs in mice treated with the 45G3 
antibody. Notably, compared with the untreated control 
mice, the treated mice presented reduced inflamma-
tion and tissue damage in the brain, heart, liver, lungs, 
and kidneys. The reduction in inflammatory responses 
and tissue damage likely contributed to the improved 
survival rates observed in treated mice. Quantitative 
analysis of inflammatory factors in brain tissue revealed 
significant upregulation of TNF-α, CXCL9, CXCL10, 
IL-6 and IFN-β in virus-challenged mice. Treatment with 

the 45G3 antibody resulted in a marked reduction in the 
levels of these inflammatory markers, suggesting that the 
antibody effectively mitigated virus-induced inflamma-
tion. This reduction in inflammation likely plays a crucial 
role in protecting against tissue damage and in improving 
survival outcomes. Although this antibody exhibited sig-
nificant preventive and therapeutic effects in experimen-
tal mice, it has not yet been evaluated in porcine models. 
Future research should focus on modifying antibodies to 
increase their efficacy for the prevention and treatment 
of diseases in swine populations. This adaptation will be 
crucial for translating our findings into practical appli-
cations within veterinary medicine. On the basis of the 
above research, we speculate that EMCV primarily enters 
the host through the oral or respiratory route, where it 
can infect cells in the heart, brain, and other organs. Dur-
ing EMCV infection, the host inflammatory response 
is activated. The release of cytokines, such as IL-6 and 
TNF-α, along with chemokines, triggers both local and 
systemic inflammation. Although this inflammatory 
response can serve as a mechanism for the host to com-
bat the virus, excessive inflammation can lead to tissue 
damage and pathological changes, potentially resulting in 
multiorgan failure and death.

Overall, this study contributes significantly to the field 
of EMCV control and treatment by offering new insights 
into VLP vaccine development and monoclonal antibody 
therapy. These findings reinforce the importance of con-
tinued research in this area, particularly for understand-
ing the underlying mechanisms of the immunogenicity 
and protection conferred by these novel biomedical 
approaches. Future research should consider the scalabil-
ity and practicality of these methods for their widespread 
application in EMCV prevention and treatment.

Conclusions
This study advances the development of therapies against 
EMCV by engineering a baculovirus system to produce 
EMCV-specific VLPs, leading to the isolation of the mon-
oclonal antibody 45G3. Because of its high specificity 
and neutralizing activity toward EMCV conformational 
epitopes, 45G3 has promising therapeutic and prophylac-
tic potential. The in vivo efficacy, highlighted by reduced 
viral loads and enhanced survival of treated mice, under-
scores the importance of early intervention. Moreover, 
there was a noticeable reduction in tissue damage and a 
significant decrease in the inflammatory response in the 
brain tissue of the mice after treatment, indicating that 
the 45G3 antibody may have successfully inhibited viral 
infection, leading to less tissue damage and improved 
survival rates in the mice. This study paves the way for 
future antiviral strategies against EMCV, emphasizing 
the value of mAbs in combating zoonotic pathogens. 
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Further studies are necessary to optimize the treatment 
protocols and assess broader applications. Future investi-
gations, potentially involving lower infectious doses, may 
further elucidate and enhance the protective and thera-
peutic potential of delayed 45G3 antibody treatment 
against EMCV infections.

Methods
Cells, viruses and antibodies
A Vero cell line (CCL-81) and an SP2/0 myeloma cell 
line (PTA-9396) were acquired from the American Type 
Culture Collection (USA). These cells were propagated in 
Dulbecco’s modified Eagle’s medium with a high glucose 
content (NZK Biotech, China) and enriched with 10% 
fetal bovine serum (Gibco, Australia). In parallel, Spo-
doptera frugiperda Sf9 cells were maintained in Grace’s 
insect medium (Gibco, USA), adjusted to a pH of 6.0 and 
supplemented with 10% FBS at a constant temperature 
of 27°C. The EMCV strain (GenBank accession number: 
DQ464062.1) was generously provided by Professor Shu 
Zhu of Zhejiang University. The secondary antibodies 
utilized included horseradish peroxidase-conjugated goat 
anti-mouse immunoglobulin (Ig)G (H + L) (Proteintech 
group, China) for western blot (WB) analyses and goat 
anti-mouse IgG H&L conjugated with Alexa Fluor® 488 
(Abcam, UK) for immunofluorescence assays. Anti-VP1 
is a monoclonal antibody generated through a hybridoma 
cell screening system following the immunization of mice 
with prokaryotically expressed VP1 protein. This anti-
body is used in Western blot (WB) and immunofluores-
cence (IFA) assays.

Generation of the recombinant baculovirus Ac‑P12A‑3C
The EMCV P12A and 3C genes were engineered into 
multiple cloning sites under the control of the poly-
hedrin and P10 promoters within the pFastBac Dual 
vector, resulting in the creation of the donor plasmid 
pFastBac-P12A-3C. This plasmid was subsequently intro-
duced into DH10Bac Escherichia coli cells. AcBac-P12A-
3C recombinant bacmids were selected via blue‒white 
screening. These recombinant bacmids were subse-
quently transfected into Sf9 insect cells, facilitating the 
generation of Ac-P12A-3C recombinant baculovirus. 
This methodological approach ensures the precise inser-
tion of EMCV genes into the baculovirus genome, allow-
ing efficient expression in insect cell lines, which is 
critical for the production of viral proteins for further 
research and vaccine development purposes (Fig. 1A).

Production and purification of EMCV‑VLPs
Before initiation of the experiment, Sf9 cells were cul-
tured in flasks and seeded at an initial concentration 
of 1 × 107 cells/mL. When cell proliferation reached a 

confluence exceeding 80%, the cells were infected with 
Ac-P12A-3C recombinant baculovirus at a multiplicity 
of infection of 1. The infection period spanned 48–72 h, 
after which both the supernatant and the cell pellets were 
carefully harvested for further evaluation.

After 72 h of infection, Sf9 cells harboring Ac-P12A-3C 
were harvested and centrifuged at 2000 × g for 10  min. 
The collected pellets were resuspended and washed 
with PBS, followed by an additional centrifugation step 
under identical conditions. The cells were then lysed 
via a Tissue Cell Destroyer 1000 (NZK Biotech, China) 
at 4500  rpm for 10  s, and the resulting lysate was fur-
ther centrifuged at 9,000 × g for 30  min to separate the 
supernatant. The supernatant was carefully layered over 
a discontinuous CsCl gradient (1.2  g/cm3 and 1.4  g/
cm3) in SW41 ultracentrifuge tubes and centrifuged at 
36,000 rpm for 2 h. The intermediate white layer rich in 
EMCV-VLPs was extracted, diluted with prefiltered PBS, 
and centrifuged at 20,000 rpm for 2 h. The purified pellet 
containing the VLPs was resuspended in PBS for further 
analysis.

Detection of EMCV‑VLPs by transmission electron 
microscopy (TEM)
Sf9 cells infected with the Ac-P12A-3C virus for 72  h 
were subjected to a series of treatments, including fixa-
tion, dehydration, embedding, infiltration, sectioning, 
and staining. The morphological characteristics of the 
viral particles were observed via transmission electron 
microscopy at 200  kV. For purified EMCV-VLPs and 
wild-type EMCV, we performed negative staining as 
described below. The purified EMCV-VLP sample (10 
μL) was applied to a copper grid and allowed to adsorb 
for 2 min. The sections were then stained with phospho-
tungstic acid for 1  min and air-dried. The morphology 
of the VLPs was examined under an electron micro-
scope, which enabled detailed visualization of the particle 
structure.

Hybridoma generation and screening
Purified EMCV-VLPs were emulsified with an equal 
volume of Freund’s adjuvant by vigorous shaking. Five 
female BALB/c mice, aged 6–8  weeks and of specific 
pathogen-free status, were selected for a series of subcu-
taneous immunizations. The immunization regimen con-
sisted of three doses administered at 2-week intervals, 
with each mouse receiving a 100  μg dose. Before each 
immunization, orbital blood samples were collected to 
analyze the elicited immune responses.

Following immunization, booster doses were admin-
istered intraperitoneally. After 3 d, orbital blood was 
collected, and the mice were euthanized. The spleens 
were aseptically harvested and processed in RPMI-1640 
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medium to prepare splenocyte suspensions. This suspen-
sion was mixed with myeloma cells at a ratio of 5:1, fol-
lowed by polyethylene glycol-mediated cell fusion. The 
fused cells were cultured in HAT-supplemented medium 
in a CO2 incubator. After 10 d, cell colonies were assessed 
for EMCV-specific antibody production via immuno-
fluorescence and neutralizing antibody assays. This pro-
cedure facilitated the isolation of hybridoma cells that 
secreted EMCV-specific neutralizing antibodies, which 
were subsequently screened to establish stable monoclo-
nal cell lines.

Plaque reduction neutralization assay
To determine the neutralizing potency of the selected 
monoclonal 45G3 cell line, 45G3 monoclonal antibodies 
were first diluted to concentrations of 0.012, 0.024, 0.047, 
0.094, 0.189, 0.377, 0.755, 1.509, 3.019, 6.038, 12.075, 
24.150 and 48.300  μg/mL. The EMCV was then diluted 
to 100 PFU/mL and mixed with diluted monoclonal anti-
bodies in equal volumes. After incubation at 37 °C for 1 h, 
the mixture was added to BHK cells in a 12-well plate. 
After incubation at 37°C for 1  h, the supernatant was 
removed, and 1 mL of MEM containing 2% FBS and 0.9% 
methylcellulose was added to each well. The cells were 
then incubated at 37°C with 5% CO₂ for 24 h. Following 
incubation, 4% paraformaldehyde was added for 1 h to fix 
the cells. The supernatant was discarded, and the wells 
were washed 2–3 times with water. The cells were then 
stained with 0.5% crystal violet for 10 min. Plaque counts 
were recorded, and the half-maximal inhibitory concen-
tration (IC50) values were calculated. All the experiments 
were conducted in triplicate.

Prediction of antibody binding to EMCV capsid proteins 
via AlphaFold3 and PDB3PISA
To predict the potential binding of the 45G3 antibody 
to individual EMCV capsid proteins (VP1, VP2, VP3 
and VP4), a computational approach combining Alpha-
Fold3 (https://​alpha​folds​erver.​com/) and PDB3PISA was 
employed. The full-length sequences of the four EMCV 
capsid proteins were submitted to the AlphaFold3 server 
for three-dimensional structure prediction (Abramson 
et al. 2024). Models were evaluated on the basis of pre-
dicted local distance difference test (pLDDT) scores, with 
only those scoring above 90 considered for further anal-
ysis. For each capsid protein, the structure of 45G3 was 
either retrieved from experimental data or predicted via 
AlphaFold3 if unavailable. Molecular docking of 45G3 to 
the predicted structure of each capsid protein was per-
formed via the PDB3PISA server, which facilitates the 
analysis of protein‒protein interactions and the predic-
tion of potential binding interfaces on the basis of steric 
compatibility and interaction energy scores (Krissinel 

and Henrick 2007). The docking results were assessed 
on the basis of the predicted binding affinity, interface 
size, and interaction energy between the 45G3 antibody 
and each capsid protein. The most likely binding model 
for each capsid protein was selected on the basis of the 
lowest binding energy and the most favorable interaction 
surface. Interaction patterns were analyzed to identify 
key residues involved in antibody‒protein binding, pro-
viding insights into the specificity of the 45G3 antibody 
for individual capsid proteins. However, this method has 
certain limitations and may not accurately reflect the true 
structural characteristics.

Immunosorbent electron microscopy (IEM)
To investigate the direct interaction between the 45G3 
monoclonal antibody and encephalomyocarditis virus 
(EMCV), we employed immunoelectron microscopy 
(IEM) alongside viral supernatant collection and ultra-
centrifugation. Vero cells were cultured and infected 
with EMCV at a multiplicity of infection (MOI) of 0.1. At 
24  h post infection, the viral supernatant was collected 
and clarified by centrifugation at 2,000 × g for 10 min to 
remove cell debris. The supernatant was then subjected 
to ultracentrifugation at 100,000 × g for 1 h to concentrate 
the virus particles. Following ultracentrifugation, the pel-
leted virus was resuspended in phosphate-buffered saline 
(PBS) for subsequent immunolabeling. Concentrated 
EMCV particles were incubated with either the 45G3 
antibody (1:100 dilution) or a mouse IgG isotype control 
(1:100 dilution) for 1 h at room temperature. After being 
washed with PBS containing 0.1% Tween-20 to remove 
unbound antibodies, the samples were incubated with 
6  nm gold-conjugated goat anti-mouse IgG (1:50 dilu-
tion) for 1  h. The samples were washed again, stained 
with 2% uranyl acetate for 10  min, and subsequently 
treated with lead citrate for 5  min to enhance contrast. 
The labeled samples were examined via transmission 
electron microscopy (TEM) at 200 kV, and images were 
captured at various magnifications.

45G3 antibody blocking adsorption assay
To further explore the neutralization mechanism of 
neutralizing antibodies, a 24-well plate was prepared 
in this study, with various cell types seeded at a den-
sity of 1.25 × 105 cells per well. At least three replicates 
were included for each cell type to facilitate subsequent 
RNA extraction. For the cell binding assay, 200  μg of 
the 45G3 antibody and mouse IgG were mixed sepa-
rately with EMCV at a multiplicity of infection (MOI) 
of 1 and incubated at 37°C for 1 h. Simultaneously, con-
trols for both the virus and the cells were set up. After 
incubation, the mixtures were added to the cells, which 

https://alphafoldserver.com/
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were then placed in a P2 refrigerator at 4°C for an addi-
tional hour. Following this incubation, the cells were 
washed three times with cold phosphate-buffered saline 
(PBS) to remove any unbound virus. Finally, 300 μL of 
TRIzol was collected for sample preparation, and the 
samples were subsequently subjected to RNA extrac-
tion and quantitative PCR (qPCR) analysis to assess 
viral binding.

In vivo animal experiments
An in  vivo study was designed to evaluate the pro-
tective efficacy of the 45G3 mAb in mice (BALB/c, 
6–8-week-old, female) distributed into six groups, 
with treatments administered via intraperitoneal injec-
tion of approximately 30 mg/kg mAb or PBS as a con-
trol. All the groups were challenged with a dose of 
1 × 106 TCID50 per mouse. Group A received treatment 
24  h before infection, whereas group B received treat-
ment 24 h after infection. Group C received treatment 
at 1, 24, 48 and 72 h post infection. Group D was only 
challenged with EMCV, whereas group E was treated 
at 24 h and 48 h post infection. Group F served as the 
control and received only PBS without viral challenge. 
Changes in body weight and survival were monitored 
for 14 d. On days 4 and 14 postchallenge, the mice were 
sacrificed, and the liver, spleen, lungs, and kidneys 
were harvested for viral load analysis and fixed in 4% 
paraformaldehyde for tissue sectioning. Mouse tissue 
sectioning and hematoxylin and eosin staining were 
performed as previously described (Shen et al. 2022).

RNA Extraction
For RNA extraction, 1 mL of PBS was added to the pre-
weighed tissue sample. The sample was homogenized 
twice via a Tissue Cell Destroyer 1000 (NZK Biotech, 
China) at 4,500  rpm for 10  s. A volume of 0.2  mL of 
homogenized tissue was mixed with 0.8 mL of RNAiso 
Plus (Takara, Japan). The procedure was subsequently 
carried out according to the RNA Iso Plus protocol. The 
concentration and purity of the extracted RNA were 
assessed via a NanoDrop microvolume spectrophotom-
eter (Thermo Fisher Scientific, USA).

Fluorescence quantitative polymerase chain reaction (PCR) 
detection
For fluorescence quantitative PCR detection, the follow-
ing primers and probes for EMCV reverse transcription 
(RT)-PCR were designed: forward primer (EMCV-3D-F): 
5’-TGA​CCC​TAG​AAC​AGA​GGC​TGATG-3’; reverse 
primer (EMCV-3D-R): 5’-GGT​GTT​CCT​GTC​CAT​GGG​
GTC-3’; and probe (EMCV-3D-P): FAM-CCA​ACC​AGG​

AAA​GCC​TCC​CAC​CAG​-BHQ1. Standard samples were 
prepared by serially diluting the initial concentration to 
108 copies/μL to establish a calibration curve. Fluores-
cence RT‒PCR was conducted via the One Step Prime-
Script™ RT‒PCR Kit (Perfect Real Time) (Takara, Japan) 
according to the one-step protocol. The procedure was 
performed on a CFX96-touch (Bio-Rad) fluorescence 
PCR system, adhering to the protocol provided by the 
One Step PrimeScript™ RT‒PCR Kit (Perfect Real Time) 
(Takara, Japan). To determine the quantity of tissue 
nucleic acid utilized for PCR detection in various tissues, 
we employed a standard curve and referenced the copy 
numbers of standard samples. Subsequently, leveraging 
the established relationship between the mass and the 
aliquoted volume of each tissue, we calculated the copy 
number per unit mass. The expression of inflammatory 
factors, such as TNF-α, CXCL9, CXCL10, IL-6 and IFN-
β, in mouse brain tissue was detected as reported in the 
literature (Hu et al. 2022; Zhang et al. 2020).
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