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Abstract 

Background/Objectives: Porcine epidemic diarrhea (PED) is a highly contagious enteric 
disease caused by porcine epidemic diarrhea virus (PEDV) and is associated with severe 
clinical signs and high mortality in neonatal piglets. Vaccination is an important strategy 
for PED control through the induction of humoral immunity. This study aimed to com-
pare immune responses induced by inactivated and live-attenuated PEDV vaccines and 
to evaluate a heterologous prime-boost vaccination strategy in PEDV-naïve replacement 
gilts. Methods: Twenty-four PEDV-naïve replacement gilts were randomly assigned to 
four groups: unvaccinated control, inactivated vaccine administered twice (K/K), live-at-
tenuated vaccine administered twice (L/L), and live-attenuated priming followed by an 
inactivated booster (L/K). Pigs received two intramuscular vaccinations at 16 weeks of age 
and two weeks later. Serum samples collected up to 42 days post-vaccination were ana-
lyzed for PEDV-specific IgG and IgA antibodies by ELISA, and serum-neutralizing anti-
body titers were determined using a serum neutralization test. Results: The L/K regimen 
induced the highest PEDV-specific IgG responses, with peak levels at day 28 post-vac-
cination that were significantly higher than those in the K/K and control groups. Serum-
neutralizing antibody titers were significantly higher in the L/K and L/L groups than in 
the K/K and control groups. Serum IgA responses were low and transient across all vac-
cination groups. Conclusions: A heterologous prime-boost vaccination strategy using a 
live-attenuated PEDV vaccine followed by an inactivated booster induces strong systemic 
humoral immune responses in replacement gilts and represents a promising approach for 
PEDV vaccination programs. 
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1. Introduction 
Porcine epidemic diarrhea (PED) is a highly contagious enteric disease of swine 

caused by porcine epidemic diarrhea virus (PEDV), an enveloped, positive-sense, single-
stranded RNA virus belonging to the genus Alphacoronavirus [1–3]. PEDV continues to 
circulate globally and remains a major economic threat to the swine industry, primarily 
due to severe watery diarrhea, dehydration, and high mortality in neonatal piglets [4–6]. 
Antigenic drift within the spike (S) glycoprotein has contributed to recurrent outbreaks 
and the emergence of variant strains with altered virulence and immune recognition [7–
10]. Consequently, vaccination strategies capable of inducing robust and durable immune 
responses against PEDV remain a critical component of swine health management. 

Despite the availability of commercial PEDV vaccines, their protective efficacy under 
field conditions has been reported to vary across regions and production systems [11]. 
One important factor contributing to this variability is antigenic divergence between clas-
sical vaccine strains and currently circulating epidemic field isolates, particularly within 
the spike (S) glycoprotein, the principal target of virus-neutralizing antibodies. Experi-
mental challenge studies have demonstrated reduced cross-protective efficacy of classical 
G1a strains against heterologous G2a epidemic strains, indicating that genotype differ-
ences within the spike gene can compromise vaccine-induced immunity [12]. Further-
more, molecular epidemiological analyses based on spike gene sequences have revealed 
substantial genetic diversity and ongoing viral evolution among PEDV strains circulating 
in Thailand [13,14], emphasizing the importance of regionally relevant vaccine evaluation. 
Together, these findings highlight the need to systematically assess vaccine regimens that 
are antigenically matched to locally circulating strains and optimized for specific produc-
tion contexts. 

Because neonatal piglets rely predominantly on passive lactogenic immunity, high 
levels of neutralizing antibodies, particularly IgA in the colostrum and milk of pregnant 
sows, are recognized as the primary correlates of protection against PEDV under field 
conditions [15–17]. Although feedback exposure has been applied in some regions, includ-
ing Thailand, to stimulate herd immunity, this practice carries substantial biosafety risks, 
such as co-transmission of other pathogens and the potential selection of antigenic vari-
ants [18–20]. Therefore, the development and optimization of safe and effective PEDV 
vaccination strategies remain essential for disease prevention and control. 

Protection against enteric coronaviruses such as PEDV is largely mediated by lacto-
genic immunity, whereby antibodies produced in the dam are transferred to suckling pig-
lets through colostrum and milk and provide protection during early life [21,22]. This 
mechanism is particularly important for PEDV, as neonatal piglets possess an immature 
immune system and depend almost entirely on maternally derived antibodies to mitigate 
severe enteric disease [22,23]. Although lactogenic immunity represents the ultimate cor-
relate of protection in the field, systemic humoral immune responses—including serum 
IgG and functional neutralizing antibodies—are widely used as surrogate indicators of 
vaccine-induced immune priming prior to evaluation in pregnant sows [21,24]. While se-
rum IgA may provide supportive information on humoral activation, evaluation of sys-
temic antibodies in replacement gilts serves as an indicator of immune priming, whereas 
definitive assessment of protective lactogenic immunity requires analysis of mucosal an-
tibody responses in pregnant sows. 

Vaccine-induced immunity is influenced by the nature of the antigen, the adjuvant, 
and the immunization schedule. Live-attenuated vaccines are known to elicit strong in-
nate and adaptive immune activation, whereas inactivated vaccines generally provide a 
safer but sometimes less potent immunogenic stimulus [25–27]. Serial passaging of PEDV 
in cell culture has been employed to attenuate viral virulence and generate injectable live-
attenuated vaccine candidates [28]. In this context, heterologous prime-boost vaccination 
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strategies combining live-attenuated and inactivated PEDV vaccines have been shown to 
enhance the magnitude, breadth, and durability of humoral immune responses compared 
with homologous regimens [29]. 

Although pregnant sows are the primary target population for PEDV vaccination, 
replacement gilts represent a practical and ethically feasible pre-breeding model for eval-
uating systemic vaccine-induced immune priming, including serum IgG and neutralizing 
antibody responses, before advancing to studies in pregnant animals [30,31]. Parenteral 
vaccination in pigs predominantly induces systemic humoral immunity, whereas mucosal 
IgA responses are limited due to compartmentalization of the mucosal immune system 
[22], highlighting the relevance of assessing both systemic antibody responses and func-
tional neutralizing activity in this model. 

This study aimed to compare humoral immune responses, including PEDV-specific 
IgG, IgA, and serum-neutralizing antibody titers, induced by inactivated and live-attenu-
ated PEDV vaccines administered as homologous or heterologous prime-boost regimens 
in PEDV-naïve replacement gilts. The findings are intended to support rational vaccine 
program selection and optimization of PEDV control strategies in sow herds. 

2. Materials and Methods 
2.1. Viruses and Cells 

PEDV strain TRANG/37, Thailand (GenBank accession no. MN379926) was propa-
gated in Vero cells (ATCC® CCL-81™). Vero cells were maintained in Dulbecco’s Modi-
fied Eagle Medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 5% heat-
inactivated fetal bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL streptomycin at 
37 °C in a humidified 5% CO2 incubator. For virus propagation, confluent monolayers 
were washed with PBS and inoculated with PEDV at a multiplicity of infection (MOI) of 
0.1 in serum-free DMEM containing 10 µg/mL trypsin. After adsorption for 1 h, fresh in-
fection medium was added. Cultures were incubated at 37 °C and monitored daily for 
cytopathic effects (CPE). Under our experimental conditions, approximately 80% CPE was 
consistently observed at 4 days post-inoculation (dpi), at which point the cultures were 
harvested. The incubation period was strictly limited to 4 days to minimize potential age-
related degeneration of the cell monolayer. Mock-infected control cultures were main-
tained in parallel to distinguish virus-induced CPE from non-specific cellular changes. 
Virus-containing supernatants were then harvested, clarified by centrifugation, aliquoted, 
and stored at −80 °C until use. 

2.2. Vaccine Preparation 

Two types of PEDV vaccines, live-attenuated and inactivated (killed), were prepared 
for use in this study. For the live-attenuated vaccine, PEDV TRANG/37 was serially pas-
saged 150 times in Vero cells to achieve attenuation. Serial passage in Vero cells is a clas-
sical approach for viral attenuation. The attenuated phenotype of the passage 150 virus 
was verified based on stable replication in Vero cells and the absence of clinical signs (fe-
ver, diarrhea, or reduced appetite) in vaccinated pigs following immunization. Viral su-
pernatant from passage 150, containing approximately 1 × 105 TCID50/mL, was mixed with 
10% (v/v) Montanide™ Gel 01 adjuvant (Seppic, Paris, France) to formulate the final vac-
cine. Each pig received 2 mL per dose, corresponding to approximately 2 × 105 TCID50 of 
live PEDV per immunization. 

For the inactivated vaccine, PEDV was propagated to passage 20 and harvested at 
approximately 1 × 105 TCID50/mL. Viral suspensions were chemically inactivated using 0.1 
M binary ethylenimine (BEI) at 37 °C for 48 h, followed by neutralization with 10% sodium 
thiosulfate. Complete inactivation was confirmed by three blind passages in Vero cells 
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with no detectable cytopathic effect. The inactivated antigen was then formulated with 
10% Montanide™ Gel 01 to produce the final vaccine, and each pig received 2 mL per 
dose, corresponding to approximately 2 × 105 TCID50 equivalents per immunization. 

2.3. Animals, Experimental Design, and Sample Collection 

Twenty-four clinically healthy two-way crossbred commercial replacement gilts 
(Large White × Landrace), 16 weeks of age, were obtained from a commercial PEDV-free 
farm in Thailand. The herd was routinely monitored and confirmed to be free from por-
cine epidemic diarrhea virus (PEDV), porcine reproductive and respiratory syndrome vi-
rus (PRRSV), porcine circovirus type 2 (PCV2), classical swine fever virus (CSFV), and 
African swine fever virus (ASFV). None of the gilts had a history of PEDV vaccination. 
Prior to the experiment, serum samples were tested by enzyme-linked immunosorbent 
assay (ELISA) and real-time reverse transcription PCR (RT-PCR) to confirm their PEDV-
negative status. 

Pigs were randomly allocated to four groups (n = 6 per group): 

1. Control: PBS (unvaccinated). 
2. K/K: inactivated vaccine prime + inactivated vaccine boost. 
3. L/L: live-attenuated vaccine prime + live-attenuated vaccine boost. 
4. L/K: live-attenuated vaccine prime + inactivated vaccine boost. 

All pigs were vaccinated intramuscularly at 16 weeks of age (day 0) and boosted 2 
weeks later (day 14). Blood samples were collected on days 0, 7, 14, 21, 28, 35, and 42 post-
primary vaccination. All pigs were observed daily for general health status following vac-
cination, including changes in appetite, behavior, fecal consistency, and local injection site 
reactions. 

All animal procedures were approved by the Institutional Animal Care and Use 
Committee, Faculty of Veterinary Medicine, Kasetsart University, Thailand (ACKU63-
VET-003), and followed ARRIVE guidelines. 

2.4. Enzyme-Linked Immunosorbent Assay (ELISA) 

Anti-PEDV IgG and IgA antibodies in serum were measured using an in-house indi-
rect ELISA previously developed and validated in our laboratory. PEDV was propagated 
in Vero cells, and virus-containing supernatant was clarified by centrifugation at 4000 × g 
for 15 min at 4 °C to remove cell debris. The virus was then concentrated by high-speed 
centrifugation at 13,000 × g for 3 h at 4 °C, and the resulting pellet was washed twice with 
sterile phosphate-buffered saline (PBS, pH 7.4), resuspended in PBS, and stored at −80 °C 
until use. The viral antigen was chemically inactivated prior to plate coating. 

Polystyrene 96-well plates (Nalge Nunc Corp., Rochester, NY, USA) were coated 
with 100 µL per well of viral antigen diluted in 0.5 M carbonate–bicarbonate buffer (pH 
9.6) at the previously optimized coating dilution, corresponding to a final coating amount 
of 312 ng per well, as determined by checkerboard titration during assay validation [32], 
and incubated overnight at 4 °C. Plates were washed three times with 0.01% Tween-20 in 
PBS (PBST) and blocked with 150 µL of 5% skim milk in PBS at 37 °C for 1 h. After wash-
ing, serum samples diluted 1:40 (based on prior optimization by checkerboard titration) 
were added in duplicate (100 µL per well) and incubated at 37 °C for 1 h. Plates were 
washed and incubated with HRP-conjugated anti-swine IgG (KPL, Gaithersburg, MD, 
USA; 1:10,000) or HRP-conjugated anti-swine IgA (Thermo Fisher Scientific, Waltham, 
MA, USA; 1:4000) diluted in 1% skim milk/PBS at 37 °C for 1 h. After washing, 100 µL of 
TMB substrate (KPL, USA) was added to each well, and the reaction was stopped with 2 
N H2SO4. Absorbance was measured at 450 nm using a microplate reader. Antibody re-
sponses were expressed as sample-to-positive (S/P) ratios using the following formula: 
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S/P = (OD sample − OD negative)/(OD positive − OD negative). Samples with an S/P ratio 
≥ 0.4 were considered positive according to the previously validated cutoff value [32]. 

The positive control serum was obtained from PEDV-infected pigs experimentally 
confirmed by virus neutralization assay, whereas the negative control serum was col-
lected from PEDV-naïve pigs with no history of infection or vaccination. Positive and neg-
ative control sera were included on each plate to ensure assay consistency. All samples 
were tested in duplicate, and assay performance was monitored using internal control 
sera as part of routine quality control procedures. 

2.5. Serum Neutralization Test (SNT) 

Serum samples were heat-inactivated at 56 °C for 30 min. Two-fold serial dilutions 
of each serum were prepared in duplicate and mixed with an equal volume of PEDV sus-
pension containing 100 TCID50 per well. After incubation at 37 °C for 1 h, the mixtures 
were added to confluent Vero cell monolayers in 96-well plates and incubated for 1 h to 
allow virus adsorption. After removal of the inoculum, the cells were washed and over-
laid with maintenance medium containing 10 µg/mL trypsin, and plates were incubated 
at 37 °C for 48 h. Cytopathic effect (CPE) was evaluated by microscopic examination. 
PEDV-positive and PEDV-negative control sera were included in each assay. Neutralizing 
antibody titers were expressed as the reciprocal of the highest serum dilution that com-
pletely prevented (100%) CPE in the infected cells. 

2.6. Statistical Analysis 

Data for ELISA S/P ratios (IgG and IgA) and serum neutralization titers (log2-trans-
formed) were analyzed at each time point. Normality of the data was assessed using the 
Shapiro–Wilk test, and homogeneity of variances was evaluated using Levene’s test. The 
results indicated that the data were normally distributed and met the assumptions for 
parametric analysis. Therefore, group differences were analyzed using one-way analysis 
of variance (ANOVA) followed by Tukey’s honestly significant difference (HSD) post hoc 
test. Statistical analyses were performed using R software (version 4.1.2). The results are 
presented as mean ± SD, and differences were considered statistically significant at p ≤ 
0.05. 

3. Results 
3.1. Clinical Observations and Safety Assessment 

All vaccinated and control pigs remained clinically healthy throughout the study 
period. No abnormal clinical signs, including fever, diarrhea, reduced appetite, behavioral 
changes, or local injection site reactions, were observed following either primary or 
booster vaccination. No systemic or overt adverse reactions were detected in any group. 

3.2. PEDV-Specific IgG Responses 

PEDV-specific IgG levels were measured by ELISA and expressed as S/P ratios 
(Figure 1). All vaccinated groups developed detectable IgG responses following primary 
immunization, whereas the PBS control group remained below the cut-off value 
throughout the study period. A pronounced increase in IgG S/P ratios was observed after 
the booster vaccination administered on day 14. 

Among the vaccinated groups, the heterologous prime-boost regimen (L/K) 
exhibited the highest mean IgG responses, with elevated S/P ratios detected from day 21 
onward and peak levels observed at day 28. Although IgG levels in the L/K group 
gradually declined after day 28, they remained numerically higher than those observed in 
the other vaccination groups through day 42. The homologous live vaccine group (L/L) 
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also showed strong IgG induction, reaching peak levels at day 28, but its mean responses 
were numerically lower than those of the L/K group (Figure 1). In contrast, the inactivated 
vaccine group (K/K) induced only moderate IgG responses, which were significantly 
lower than those elicited by the live vaccine-containing regimens (L/L and L/K) at most 
post-booster time points. 

Statistical analysis indicated that at days 21 and 28 post-vaccination, IgG S/P ratios in 
the L/K group were significantly higher than those in the K/K and PBS control groups (p 
≤ 0.01). The L/L group also exhibited significantly higher IgG levels than the PBS group at 
day 28 (p < 0.05). However, no statistically significant differences were observed between 
the L/L and L/K groups at any time point. By day 42, IgG levels had declined in all 
vaccinated groups, and no significant differences were detected among the vaccination 
regimens. Detailed numerical data are provided in Supplementary Table S1. 

 

Figure 1. Serum PEDV-specific IgG responses in replacement gilts following different vaccination 
regimens. Serum IgG antibody levels were measured by ELISA and expressed as S/P ratios. Gilts 
were vaccinated with PBS (control), K/K, L/L, or L/K (n = 6 per group). Data are presented as mean 
± SD at each sampling time point. Different superscript letters within the same time point indicate 
significant differences among groups (p < 0.05). 

3.3. PEDV-Specific IgA Responses 

Serum PEDV-specific IgA responses were generally lower in magnitude and more 
transient than IgG responses (Figure 2). Following the booster immunization, IgA S/P 
ratios in the L/K and L/L groups increased and transiently reached or exceeded the assay 
cutoff (S/P ≥ 0.4) at day 21, indicating a short-lived induction of serum IgA. The L/K 
regimen showed numerically higher peak IgA levels than the L/L group at day 21; 
however, this difference was not statistically significant. 

After day 21, IgA responses declined rapidly, and S/P ratios in all vaccinated groups 
fell below the cutoff value by day 28 and remained low through day 42. Throughout the 
study period, pigs in the K/K and PBS control groups consistently maintained IgA S/P 
ratios below the cutoff, indicating minimal induction of serum IgA following the 
inactivated vaccine or in unvaccinated animals. 
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Statistical analysis indicated higher IgA S/P ratios in the L/L and L/K groups 
compared with the PBS control group at days 14 and 21. At day 28, IgA levels in the L/K 
group remained higher than those in the PBS and K/K groups; however, these values were 
below the assay cutoff. IgA S/P ratios were comparable among groups at later time points. 
Detailed numerical data are provided in Supplementary Table S2. 

 

Figure 2. Serum PEDV-specific IgA responses in replacement gilts following different vaccination 
regimens. IgA levels were measured by indirect ELISA and expressed as S/P ratios. Pigs were 
vaccinated with PBS (control), K/K, L/L, or L/K (n = 6 per group). Data are presented as mean ± SD 
values at each time point. 

3.4. PEDV-Specific Neutralizing Antibody Responses 

Serum-neutralizing antibody titers were measured by a serum neutralization test and 
expressed as log2 values (Figure 3). No neutralizing activity was detected in any group at 
days 0 and 7, and pigs in the PBS control group remained seronegative throughout the 
entire experimental period. All vaccinated groups developed detectable neutralizing 
antibody titers following immunization. 

The heterologous prime-boost (L/K) and homologous live vaccine (L/L) regimens 
induced the highest neutralizing antibody responses, with peak titers observed between 
days 21 and 28. At day 21 post-vaccination, neutralizing antibody titers in both the L/L 
and L/K groups were significantly higher than those in the K/K and PBS control groups (p 
< 0.001). At day 28, the L/K group exhibited significantly higher neutralizing antibody 
titers than both the K/K and L/L groups, indicating a stronger booster effect of the 
inactivated vaccine following live priming. 

The K/K group developed moderate neutralizing activity, with titers increasing 
gradually and reaching peak levels at day 35; however, these titers were significantly 
lower than those in the L/K group at key post-booster time points. By days 35 and 42, 
neutralizing antibody titers had declined in all vaccinated groups but remained 
significantly higher than those in the PBS control group. The complete neutralization 
dataset is available in Supplementary Table S3. 
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Figure 3. Serum-neutralizing antibody titers in replacement gilts following different vaccination 
regimens. Titers were measured by a serum neutralization test and expressed as log2 values. Pigs 
were vaccinated with PBS (control), K/K, L/L, or L/K (n = 6 per group). Statistical differences among 
groups at each time point were analyzed by one-way ANOVA with Tukey’s HSD test; different 
superscript letters indicate significant differences (p < 0.05). 

4. Discussion 
This study demonstrated that a heterologous prime-boost regimen consisting of a 

live-attenuated PEDV vaccine followed by an inactivated booster (L/K) induced strong 
systemic humoral immune responses in PEDV-naïve replacement gilts. This vaccination 
strategy generated the highest PEDV-specific serum IgG and neutralizing antibody titers 
and performed comparably to or better than homologous live (L/L) or inactivated (K/K) 
vaccination regimens. These findings are consistent with established principles of vaccine 
immunology indicating that heterologous prime-boost strategies can enhance immune 
priming, memory B-cell responses, and the durability of antibody responses compared 
with homologous vaccination [29,33,34]. 

The enhanced humoral immune responses observed in the L/K group likely reflect 
the complementary immunological properties of the two vaccine platforms rather than 
differences in adjuvantation, as the same adjuvant formulation was used across all vaccine 
groups. Live-attenuated PEDV vaccines are known to induce robust innate and adaptive 
immune activation during the priming phase, thereby establishing a strong immunologi-
cal foundation for subsequent boosting [35]. In contrast, inactivated vaccines provide a 
stable and consistent antigenic stimulus that effectively amplifies pre-existing immune 
memory during booster immunization [25–27,33,36]. The heterologous combination em-
ployed in the L/K regimen may therefore synergize early immune activation with effective 
antibody boosting, resulting in enhanced magnitude and persistence of systemic humoral 
immunity. Similar advantages of heterologous prime-boost strategies have been demon-
strated in influenza vaccination models, in which sequential immunization with antigen-
ically distinct inactivated viruses elicited broader and more effective cross-protective an-
tibody responses than homologous repeat vaccination [37]. Consistent with this interpre-
tation, the antibody kinetics observed in the present study—characterized by an initial 
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response following priming and a pronounced increase after booster vaccination—align 
with classical patterns of vaccine-induced humoral immune responses [25,26]. 

Although other heterologous combinations, such as an inactivated prime followed 
by a live-attenuated boost (K/L), could theoretically be evaluated, live priming is generally 
considered advantageous for effective immune activation because it can stimulate both 
innate and adaptive immune responses during the initial phase of vaccination. In contrast, 
priming with an inactivated vaccine may lead to comparatively lower initial immune 
stimulation, and subsequent boosting with a live-attenuated virus may introduce addi-
tional variables related to viral replication and safety. Therefore, the present study focused 
on vaccination regimens that are biologically rational and aligned with practical vaccina-
tion strategies. 

Previous studies conducted in sows have reported that both live and inactivated 
PEDV vaccines can increase PEDV-specific IgG, IgA, and neutralizing antibody levels in 
serum, colostrum, and milk, which are associated with improved lactogenic protection of 
neonatal piglets [3,18,19,23,38]. However, the effectiveness of PEDV vaccination under 
field conditions remains variable, influenced by factors such as viral strain diversity, an-
tigenic mismatch, vaccination timing, and parity [7–9,39,40]. A recent systematic review 
further emphasized the heterogeneity in immune responses and protective efficacy 
among different PEDV vaccine platforms [24]. 

Replacement gilts represent a practical and well-established pre-breeding model for 
comparing systemic immune responses between vaccination regimens when direct eval-
uation in pregnant sows is logistically challenging [30,31]. In the present study, serum IgA 
responses were generally low in magnitude and transient across all experimental groups, 
reflecting the limited capacity of parenteral vaccination to induce strong mucosal immune 
responses due to compartmentalization of the mucosal immune system [22]. Although 
transient increases in serum IgA were observed following booster vaccination, these re-
sponses rapidly declined and largely remained below the assay cutoff, underscoring their 
limited biological relevance in this experimental context. Accordingly, the immune re-
sponses measured in this model primarily reflect systemic immune priming rather than 
lactogenic or mucosal protection. While serum IgA may provide supportive information 
regarding systemic humoral activation, direct assessment of mucosal IgA in the intestine 
or mammary gland would be required to fully evaluate protective lactogenic immunity 
against PEDV [41]. 

Taken together, the findings of this study indicate that heterologous prime-boost vac-
cination with a live-attenuated PEDV vaccine followed by an inactivated booster elicits 
robust systemic humoral immune responses in replacement gilts. The enhanced serum 
IgG and neutralizing antibody responses observed with the L/K regimen highlight its po-
tential advantages in immune priming compared with homologous vaccination strategies. 
Under commercial farm conditions, vaccinated gilts were routinely observed for general 
health status throughout the study period. No abnormal clinical signs or overt adverse 
reactions were detected following L/K vaccination, and no management concerns were 
noted, indicating acceptable field-level tolerability of this regimen in replacement gilts. 

This study was conducted under commercial farm conditions using PEDV-naïve 16-
week-old replacement gilts, enabling controlled comparison of homologous and heterol-
ogous vaccination regimens and clear evaluation of primary systemic humoral immune 
priming through PEDV-specific IgG and serum-neutralizing antibody responses. Estab-
lishing immunity at the pre-breeding stage represents a practical component of herd vac-
cination programs and provides a foundation for subsequent gestational boosting. How-
ever, because lactogenic immunity is the primary correlate of protection for neonatal pig-
lets, this study did not assess mucosal antibodies in colostrum or milk, nor did it evaluate 
protective outcomes in suckling piglets. In addition, no virulent PEDV challenge was 
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performed; therefore, the findings should be interpreted as evidence of comparative im-
munogenicity rather than direct protective efficacy. Further studies in pregnant gilts and 
sows, including assessment of colostrum and milk IgA and neutralizing antibodies as well 
as controlled challenge or field protection endpoints, are warranted to confirm transla-
tional relevance for piglet protection. 

5. Conclusions 
This study demonstrated that a heterologous prime-boost PEDV vaccination strategy 

using a live-attenuated vaccine followed by an inactivated booster induced strong sys-
temic humoral immune responses in PEDV-naïve replacement gilts, characterized by high 
levels of PEDV-specific IgG and neutralizing antibodies. Although serum IgA responses 
were transient, the L/K regimen showed favorable immunogenicity compared with ho-
mologous vaccination regimens. Further studies in pregnant gilts and sows are required 
to determine whether this vaccination strategy can enhance lactogenic immunity and pro-
vide effective protection against PEDV in suckling piglets. 
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Abbreviations 
The following abbreviations are used in this manuscript: 

ASFV African swine fever virus 
CSFV Classical swine fever virus 
ELISA Enzyme-linked immunosorbent assay 
IACUC Institutional Animal Care and Use Committee 
K/K Inactivated vaccine prime followed by inactivated vaccine boost 
L/K Live-attenuated vaccine prime followed by inactivated vaccine boost 
L/L Live-attenuated vaccine prime followed by live-attenuated vaccine boost 
PBS Phosphate-buffered saline 
PCV2 Porcine circovirus type 2 
PED Porcine epidemic diarrhea 
PEDV Porcine epidemic diarrhea virus 



Vaccines 2026, 14, 231 11 of 12 
 

https://doi.org/10.3390/vaccines14030231 

PRRSV Porcine reproductive and respiratory syndrome virus 
RT-PCR Real-time reverse transcription polymerase chain reaction 
SN Serum neutralization 
S/P Sample-to-positive 

References 
1. Myint, O.; Hoa, N.T.; Fuke, N.; Pornthummawat, A.; Lan, N.T.; Hirai, T.; Yoshida, A.; Yamaguchi, R. A persistent epidemic of 

porcine epidemic diarrhoea virus infection by serological survey of commercial pig farms in northern Vietnam. BMC Vet. Res. 
2021, 17, 58. 

2. Nguyen Thi, T.H.; Chen, C.C.; Chung, W.B.; Chaung, H.C.; Huang, Y.L.; Cheng, L.T. Antibody evaluation and mutations of 
antigenic epitopes in the spike protein of the porcine epidemic diarrhea virus from pig farms with repeated intentional exposure 
(feedback). Viruses 2022, 14, 565. 

3. Wen, Z.; Xu, Z.; Zhou, Q.; Li, W.; Wu, Y.; Du, Y. A heterologous prime–boost anti-PEDV immunization for pregnant sows 
protects neonatal piglets through lactogenic immunity against PEDV. Lett. Appl. Microbiol. 2019, 69, 258–263. 

4. Boonsoongnern, P.; Boonsoongnern, A.; Pongchairerk, U.; Paompa, T. The comparison of villous damage at different ages of 
piglets infected with porcine epidemic diarrhea virus. Vet. Integr. Sci. 2018, 16, 37–46. 

5. Maj, M.; Fake, G.M.; Walker, J.H.; Saltzman, R.; Howard, J.A. Oral administration of coronavirus spike protein provides protec-
tion to newborn pigs when challenged with PEDV. Vaccines 2021, 9, 1115. 

6. Lee, C. Porcine epidemic diarrhea virus: An emerging and re-emerging epizootic swine virus. Virol. J. 2015, 12, 193. 
7. Lee, S.; Lee, C. Complete genome sequence of a novel S-insertion variant of porcine epidemic diarrhea virus from South Korea. 

Arch. Virol. 2017, 162, 2919–2922. 
8. Li, W.; Li, H.; Liu, Y.; Pan, Y.; Deng, F.; Song, Y. New variants of porcine epidemic diarrhea virus, China, 2011. Emerg. Infect. 

Dis. 2012, 18, 1350–1353. 
9. Vlasova, A.N.; Marthaler, D.; Wang, Q.; Culhane, M.R.; Rossow, K.D.; Rovira, A. Distinct characteristics and complex evolution 

of PEDV strains, North America, May 2013–February 2014. Emerg. Infect. Dis. 2014, 20, 1620–1628. 
10. Luo, J.; Song, C.; Zhang, T.; Li, J.; Yang, M.; Wang, H. Isolation and characterization of porcine epidemic diarrhea virus with 

mutations in the spike gene in China. Virology 2024, 600, 110224. 
11. Gao, Q.; Zheng, Z.; Wang, H.; Yi, S.; Zhang, G.; Gong, L. The new porcine epidemic diarrhea virus outbreak may mean that 

existing commercial vaccines are not enough to fully protect against the epidemic strains. Front. Vet. Sci. 2021, 8, 697839. 
12. Zhang, Y.; Chen, Y.; Yuan, W.; Peng, Q.; Zhang, F.; Ye, Y. Evaluation of cross-protection between G1a- and G2a-genotype por-

cine epidemic diarrhea viruses in suckling piglets. Animals 2020, 10, 1559. 
13. Stott, C.J.; Temeeyasen, G.; Tripipat, T.; Kaewprommal, P.; Tantituvanont, A.; Piriyapongsa, J. Evolutionary and epidemiologi-

cal analyses based on spike genes of porcine epidemic diarrhea virus circulating in Thailand in 2008–2015. Infect. Genet. Evol. 
2017, 50, 70–76. 

14. Doan, H.T.T.; Do, R.T.; Nguyen, K.T.; Le, X.T.K.; Le, T.H. Porcine epidemic diarrhea viruses (2022–2023) in northern Vietnam: 
Revealing a new subgenogroup (G2e) to emerge in pigs. Vet. Res. Commun. 2026, 50, 77–90. 

15. Chattha, K.S.; Roth, J.A.; Saif, L.J. Strategies for design and application of enteric viral vaccines. Annu. Rev. Anim. Biosci. 2015, 3, 
375–395. 

16. Niu, X.; Wang, Q. Prevention and control of porcine epidemic diarrhea: The development of recombination-resistant live atten-
uated vaccines. Viruses 2022, 14, 1108. 

17. Paudel, S.; Park, J.E.; Jang, H.; Hyun, B.H.; Yang, D.G.; Shin, H.J. Evaluation of antibody response of killed and live vaccines 
against porcine epidemic diarrhea virus in a field study. Vet. Q. 2014, 34, 194–200. 

18. Opriessnig, T.; Gerber, P.F.; Shen, H.; de Castro, A.M.M.G.; Zhang, J.; Chen, Q. Evaluation of the efficacy of a commercial inac-
tivated genogroup 2b-based porcine epidemic diarrhea virus vaccine and experimental live genogroup 1b exposure against 2b 
challenge. Vet. Res. 2017, 48, 69. 

19. Sato, T.; Oroku, K.; Ohshima, Y.; Furuya, Y.; Sasakawa, C. Efficacy of genogroup 1-based porcine epidemic diarrhea live vaccine 
against genogroup 2 field strain in Japan. Virol. J. 2018, 15, 14. 

20. Sawattrakool, K.; Stott, C.J.; Bandalaria-Marca, R.D.; Srijangwad, A.; Palabrica, D.J.; Nilubol, D. Field trials evaluating the effi-
cacy of porcine epidemic diarrhea vaccine RNA (Harrisvaccine) in the Philippines. Trop. Anim. Health Prod. 2020, 52, 2743–2747. 



Vaccines 2026, 14, 231 12 of 12 
 

https://doi.org/10.3390/vaccines14030231 

21. Langel, S.N.; Paim, F.C.; Alhamo, M.A.; Buckley, A.; Van-Geelen, A.; Lager, K.M. Stage of gestation at porcine epidemic diarrhea 
virus infection of pregnant swine impacts maternal immunity and lactogenic immune protection of neonatal suckling piglets. 
Front. Immunol. 2019, 10, 727. 

22. de Arriba, M.L.; Carvajal, A.; Pozo, J.; Plans-Rubió, P. Mucosal and systemic isotype-specific antibody responses and protection 
in conventional pigs exposed to virulent or attenuated porcine epidemic diarrhoea virus. Vet. Immunol. Immunopathol. 2002, 85, 
85–97. 

23. Gillespie, T.; Song, Q.; Inskeep, M.; Stone, S.; Murtaugh, M.P. Effect of booster vaccination with inactivated porcine epidemic 
diarrhea virus on neutralizing antibody response in mammary secretions. Viral Immunol. 2018, 31, 62–68. 

24. Won, H.; Lim, J.; Noh, Y.H.; Yoon, I.; Yoo, H.S. Efficacy of porcine epidemic diarrhea vaccines: A systematic review and meta-
analysis. Vaccines 2020, 8, 642. 

25. Boonsoongnern, P.; Boodde, O.; Chumsing, W.; Sukmak, M.; Jirawattanapong, P.; Ratanavanichrojn, N. Correlation between 
antibody response against porcine epidemic diarrhea virus in sows and their offspring under field conditions. Vet. World 2021, 
14, 1689–1694. 

26. Srijangwad, A.; Stott, C.J.; Temeeyasen, G.; Senasuthum, R.; Chongcharoen, W.; Tantituvanont, A. Immune response of gilts to 
single and double infection with porcine epidemic diarrhea virus. Arch. Virol. 2017, 162, 2029–2034. 

27. Plotkin, S.A. Correlates of protection induced by vaccination. Clin. Vaccine Immunol. 2010, 17, 1055–1065. 
28. Lin, C.M.; Hou, Y.; Marthaler, D.G.; Gao, X.; Liu, X.; Zheng, L. Attenuation of an original US porcine epidemic diarrhea virus 

strain PC22A via serial cell culture passage. Vet. Microbiol. 2017, 201, 62–71. 
29. Lu, S. Heterologous prime–boost vaccination. Curr. Opin. Immunol. 2009, 21, 346–351. 
30. Swindle, M.M.; Makin, A.; Herron, A.J.; Clubb, F.J.; Frazier, K.S. Swine as models in biomedical research and toxicology testing. 

Vet. Pathol. 2012, 49, 344–356. 
31. Meurens, F.; Summerfield, A.; Nauwynck, H.; Saif, L.; Gerdts, V. The pig: A model for human infectious diseases. Trends Micro-

biol. 2012, 20, 50–57. 
32. Budde, O.C.; Chumsing, W.; Rattanawanichrojn, N.; Boonsoongnern, A.; Jirawattanapong, P.; Poolperm, P.; Wajjwalku, W. De-

velopment of an indirect ELISA for detection of antibodies against porcine epidemic diarrhea virus in swine colostrum. KKU 
Sci. J. 2018, 46, 84–92. 

33. Calabro, S.; Tortoli, M.; Baudner, B.C.; Pacitto, A.; Cortese, M.; O’Hagan, D.T. Vaccine adjuvants alum and MF59 induce rapid 
recruitment of neutrophils and monocytes that participate in antigen transport to draining lymph nodes. Vaccine 2011, 29, 1812–
1823. 

34. Pollard, A.J.; Bijker, E.M. A guide to vaccinology: From basic principles to new developments. Nat. Rev. Immunol. 2021, 21, 83–
100. 

35. Ge, F.F.; Kang, L.S.; Shen, L.P.; Shen, H.X.; Yang, D.Q.; Li, X. Pathogenicity and immunogenicity of a serially passaged attenu-
ated genotype 2c porcine epidemic diarrhea virus cultured in suspended Vero cells. Front. Microbiol. 2022, 13, 896405. 

36. Coffman, R.L.; Sher, A.; Seder, R.A. Vaccine adjuvants: Putting innate immunity to work. Immunity 2010, 33, 492–503. 
37. Bhatnagar, N.; Kim, K.H.; Jeeva, J.; Muhammad-Worsham, S.; Park, B.R.; Liu, R.; Grovenstein, P.; Wang, B.-Z.; Kang, S.-M. 

Heterologous prime–boost vaccination with inactivated influenza viruses induces more effective cross-protection than homol-
ogous repeat vaccination. Vaccines 2023, 11, 1209. 

38. Kang, B.K.; Min, D.S.; Kim, D.I.; Jung, S.H.; Kim, B.K.; Lee, J.A. Effects of porcine epidemic diarrhoea virus vaccination timing 
and route of administration on colostrum antibody levels and prevention of diarrhoea in piglets on a pig farm with porcine 
epidemic diarrhoea. J. Virol. Methods 2026, 342, 114724. 

39. Galindo-Castañeda, L.M.; Chacón-Salinas, R.; Quintero, V.; Sánchez-Betancourt, J.I.; Cobos-Marín, L. Vaccination of nulliparous 
gilts against porcine epidemic diarrhoea can result in low neutralising antibody titres and high litter mortality. Aust. J. Vet. Sci. 
2021, 53, 147–152. 

40. Park, J.E.; Shin, H.J. Porcine epidemic diarrhea vaccine efficacy evaluation by vaccination timing and frequencies. Vaccine 2018, 
36, 2760–2763. 

41. Li, W.; Hangalapura, B.N.; van den Elzen, P.; van den Born, E.; van Kuppeveld, F.J.M.; Rottier, P.J.M. Safety and efficacy of live 
attenuated PEDV vaccines for neonatal protection. npj Vaccines 2025, 10, 45. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


