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Safety and efficacy of live attenuated
PEDV vaccines for neonatal protection

Check for updates

Wentao Li1,3,4 , Basav N. Hangalapura2,4, Paul van den Elzen2, Erwin van den Born2,
Frank J. M. van Kuppeveld1, Peter J. M. Rottier1 & Berend-Jan Bosch1

Porcine epidemic diarrhea virus (PEDV) causes severe diarrheal disease with high mortality in neonatal
piglets. To protect suckling piglets, maternal vaccination strategies that induce lactogenic immunity in
sows are crucial. To develop modified live vaccine candidates, we generated recombinant viruses with
genome alterations such as deletion of the ORF3 accessory gene (ΔORF3), deletion of the N-terminal
sialic acid binding domain of the spike glycoprotein (SΔN), and rearrangement of the spike, envelope,
matrix and nucleocapsid genes (SEMN → ESMN) in the viral genome. These recombinant PEDVs
were evaluated for their safety, virulence and immunogenicity in neonatal piglets. Piglets infected with
the parental virus exhibited severe diarrhea and high mortality. Deletion of ORF3 alone did not
attenuate the virus. Additional rearrangement of the gene order reduced virulence: rPEDV-ΔORF3-
ESMN infection caused moderate diarrhea with a 50% mortality rate. The SΔN recombinant viruses,
particularly when combined with other genome alterations, showed significantly reduced virulence,
causing mild diarrhea and no mortality. These attenuated viruses retained their replicative ability in the
gut and induced humoral immune responses (IgA and IgG). The rPEDV-SΔN vaccine candidate,
selected for its favorable safety and immunogenicity profile, was tested in a pregnant sow vaccination
and offspring challenge study for its ability to induce lactogenic immunity and confer protection to the
offspring. Despite strong IgG responses, sow vaccination with rPEDV-SΔN resulted in low IgA serum
levels and failed to protect piglets from virulent PEDV challenge. Our study defines key virulence
factors for PEDV and illustrates the challenge of developing a live-attenuated vaccine that balances
safety in neonatal piglets with sufficient replicative capacity in sows to stimulate lactogenic protective
immunity.

Porcine epidemic diarrhea virus (PEDV) replicates mainly in the gut of
infected animals and spreads via the fecal-oral route. Particularly, suckling
piglets are very susceptible to PEDV infection and typically show watery
diarrhea, dehydration, and metabolic acidosis upon infection, with mor-
tality rates typically between 50 and 100 percent1. Feeder and grower pigs
display diarrhea, anorexia and depression with high morbidity, but low
mortality (1–3 percent)2. PEDV is presently distributed globally and has
emerged and re-emergedover the last decade indifferent geographical areas.
China has seen a large increase in outbreaks since 2010, which has been
attributed to the emergence of pathogenic strains. Currently, PEDV is one of
the main pathogens causing large economic losses in the swine industry in

Asia3. PEDV was for the first time introduced in the United States of
America (USA) inApril 2013, and isnowprevalent in the USA, Canada, and
Central and South America. While the last reported large PEDV outbreak in
Europe dates to 2006, PEDV outbreaks in many countries in Europe,
including Germany and the Netherlands, were reported in 2014 and 2015.
After long periods of only sporadic outbreaks, PEDV has re-emerged in
Europe since 20144–8.

Attenuated and inactivated PEDV vaccines based on European and
other classical PEDV strains have been used in Southeast Asia, but their
protective efficacy against the contemporary virulent PEDV strains is
controversial9,10. Currently, there are two commercial PEDV vaccines
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conditionally approved for use in the USA (RNA particle-based PEDV
vaccine [Harris vaccines] and inactivatedkilledPEDVvaccine [Zoetis Inc.]),
but controlled vaccination/challenge studies to assess vaccine efficacy are
lacking9,11. An effective PEDV vaccine that protects immunologically naïve
animals is still lacking and needed to control PED outbreaks9.

Mucosal immunity at the gut level is suggested to be critical to protect
pigs from PEDV infection9. Earlier research on a related porcine enteric
coronavirus, TGEV, has learned that gut immunity in naïve pigs against
coronavirus infection can be locally elicited by natural infection or induced
by oral vaccination with live modified vaccines12. Moreover, suckling piglets
canbe passivelyprotected fromdisease through lactogenic immunity, which
correlates with IgA through the induction of the gut-mammary sIgA axis.
Hence, maternal vaccines that induce lactogenic immunity in sows, which is
transferred to suckling piglets via colostrum and milk, seem an attractive
approach12. Therefore, the development of modified live viruses with
reduced virulence but sufficient replicative ability in the enteric tract to
induce local immunity may be a viable strategy to effectively control PEDV
infection.

PEDV is an enveloped virus with a large positive-stranded RNA
genome of approximately 30 kilobases in size that contains the basic set of
genes found in all coronaviruses in the followingorder:ORF1a/1b-S-E-M-N.
The ORF1a/1b gene covers the first two-thirds of the viral genome and
encodes the ORF1ab polyprotein required for viral RNA replication and
transcription. The 3’-terminal one-third of the PEDV genome encodes the
S, E, M, andN structural proteins. It also contains one accessory gene, ORF3,
positioned between the S and the E genes, that is dispensable for virus
propagation in vitro13. The spike glycoprotein S is organized as homotrimers
in the viral envelope and mediates virus-cell entry. It facilitates host cell
attachment and membrane fusion through the N-terminal S1 and
C-terminal S2 parts, respectively. S1 has multiple domains, of which the
N-terminal domain (domain 0) can assist in virus-cell entry through
binding to cell surface sialic acids. However, this sialic acidbinding activity is
not required for virus infection, as variants that lack this domain can be
generated using reverse genetics14,15 or through cell culture adaptation16 and,
importantly, they are also found in the field17,18. The true entry receptor for
PEDV has not been identified19,20.

The availabilityof reverse-genetics systems for RNA viruses enables the
development of live-attenuated vaccines by rational attenuation, such as
through deletion of non-essential virulence genes. This deletion strategy
lowers the risk of reversion to virulence through acquisition of point
mutations or compensatory mutations, which is an important risk factor for
viruses that have acquired their attenuation phenotype through acquisition
of point mutations or compensatory mutations. Earlier, we developed a
reverse-genetics system for PEDV using a targeted RNA recombination
approach, which allows genome manipulation in the 3’-terminal one-third
of the PEDV genome13. The system was initially described for mouse and
feline coronaviruses and used to create viable recombinants with deletions
of accessory genes or reversal of the gene order, which were shown to
attenuate virulence21,22. More recently, alternative reverse-genetics systems
were developed for PEDV that allowed modification of the entire PEDV
genome23,24. These systems have been used to generate and compare
recombinant copies of different field strains23 and to study the biological
effects of replacing ORF3 with the red fluorescent protein (RFP) gene23.

Here,we employed the targetedRNA recombination systembasedona
contemporary PEDV strain to construct a number of potentially attenuated
recombinant viruses. We applied three types of genome alterations with the
aim of attenuating the virulence of PEDV in vivo without affecting its
growth properties in vitro, using three different approaches that can be
combined in a single virus. These genome alterations involved the deletion
of a gene fragment encoding the spike protein N-terminal domain, the
deletion of the ORF3 gene, and the rearrangement of the gene order in the 3’
part of the genome. The modified live PEDV variants were assessed for
virulence and immunogenicity in piglets, and one selected candidate was
assessed for its vaccine efficacy in sows to protect suckling piglets via lac-
togenic immunity.

Results
To develop rationally attenuated PEDV vaccine candidates that match the
antigenicity of prevalent PEDV strains, we set up a PEDV reverse-genetics
system based on the contemporary GDU strain using a targeted RNA
recombination approach13,25. This system allows the manipulation of the 3’
part of the genome downstream of the ORF1b gene. The GDU strain effi-
ciently grows in cell culture to maximum viral titers on Vero cells of ~1 × 107

TICD50/mL. The donor virus exhibited a 35-nucleotide-long out-of-frame
deletion in ORF3 (nucleotide 436–470; Supplementary Fig. 1) that was
acquired during cell culture passaging. Using the reverse-genetics system,
we developed a recombinant PEDV-GDU (rPEDV) in which the ORF3
deletion was repaired. Restoration of the ORF3 gene in rPEDV was con-
firmed by RT-PCR and sequencing.

To attenuate viral virulence while preserving immunogenicity, we
engineered a series of recombinant live-attenuated PEDV variants by
introducing one or more genome modifications into the rPEDV genome.
These modifications include: (i) deletion of the spike gene fragment
encoding the spike protein’s N-terminal domain (S�N; residues 19–238,
Supplementary Fig. 2), (ii) deletion of the ORF3 gene (�ORF3), and (iii)
rearrangement of the genome gene order (SEMN → ESMN) (Fig. 1A).
Recombinant viruses were successfully recovered from Vero cells, and their
genetic identity was confirmed by PCR analysis and sequencing of the PCR-
amplified regions spanning the introduced modifications (Fig. 1A–C).

To assess the impact of these alterations on viral replication, we per-
formed a multistep growth curve analysis in Vero cells at a multiplicity of
infection (MOI) of 0.01. Peak titers for all recombinant viruses and the
parental GDU donor strain were reached at 36 h post-infection (h.p.i.) and
were within a 10-fold difference, except for rPEDV-S�N-�ORF3-ESMN,
which exhibited a nearly 2-log reduction in peak titer compared to rPEDV
(Fig. 1D). The S�N variants (rPEDV-S�N, rPEDV-S�N-�ORF3 and rPEDV-
S�N-�ORF3-ESMN) demonstrated slightly slower replication kinetics
(Fig. 1D), consistent with the known role of the deleted N-terminal spike
domain in sialic acid-mediated attachment, a feature previously reported for
PEDV, including the GDU strain14. Growth curves of rPEDV and rPEDV-
�ORF3 were similar, indicating that ORF3 deletion does not impair virus
production in vitro (Fig. 1D).

To evaluate the safety and immunogenicity of the recombinant
PEDV variants, we tested them in neonatal piglets, the most susceptible
target population. Three-day-old piglets from PEDV-seronegative sows
were intratracheally inoculated with 1 × 106 TCID50 of each recombinant
virus and monitored for 10 days. Piglets that survived the primary
immunization received a booster dose on day 16. Clinical signs, rectal
temperatures, diarrhea severity, viral shedding, and antibody responses
were monitored.

All piglets administered with rPEDV developed severe watery diarrhea
within 1–2 days post inoculation and either succumbed to the infection or
were euthanized for welfare reasons between days 2-6 (Fig. 2A, B). Similarly,
rPEDV-�ORF3-infected piglets exhibited no reduction in morbidity or
mortality. In contrast, rPEDV-�ORF3-ESMN- piglets infected piglets
experienced severe diarrhea, but mortality was reduced to 50% (Fig. 2A, B).
Remarkably, no mortality was seen in the three groups of piglets immunized
with the S�N-containing rPEDVvariants, though varying degrees of diarrhea
were observed (rPEDV-S�N > rPEDV-S�N-�ORF3 > rPEDV-S�N-�ORF3-
ESMN) (Fig. 2A, B). Disease severity correlated with rectal temperature
changes, where a temperature drop was observed in rPEDV-, rPEDV-
�ORF3- and rPEDV-�ORF3-ESMN-infected groups starting at day 2 post-
inoculation (Fig. 2C). Surviving rPEDV-�ORF3-ESMN-immunized piglets
showed temperature recovery from day 7 onwards. No significant tem-
perature fluctuations were seen in piglets receiving the S�N variants.

Viral RNA was detectable in fecal swabs from all groups by day 1 or 2
post-inoculation, peaking at 109–1010 genome equivalents per milliliter,
before and declining to low or undetectable levels in surviving animals from
day 8 onwards (Fig. 2D). Piglets that received a booster dose on day 16 day
exhibited no additional clinical symptoms or increase in viral shedding,
suggesting the development of PEDV-specific immunity.
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PEDV-specific IgA and IgG responses were measured in sera collected
at days -1, 13, and 23 using an S1-ELISA (Fig. 2E, F). Following primary
vaccination, a consistent rise in PEDV-S1 antibody levels was observed
across all groups by day 13. Antibody levels further increased by day 23, one
week after receiving the booster dose (Fig. 2E, F).

Overall, all six recombinant vaccine candidates displayed in vivo
replicative ability in 3-day-old nursing piglets, exhibiting varying levels of
virulence. The N-terminal domain deletion of the PEDV-S protein had the
most profound attenuating effect, eliminating mortality in the most vul-
nerable target group. In contrast, deletion of ORF3 alone failed to prevent
mortality, but its combination with the S�N mutation in rPEDV-S�N reduced
viral virulence. Likewise, reversing the genomic gene order (SEMN →

ESMN) in the rPEDV-�ORF3 or rPEDV-S�N-�ORF3 background led to an
additional reduction of clinical symptoms. While the S�N deletion effectively
attenuates PEDV virulence, recombinant viruses retaining this modification

maintain sufficient enteric replication to induce immunogenicity. Fur-
thermore, booster immunization enhances antibody responses, reinforcing
the potential of these candidates for further evaluation in maternal vacci-
nation strategies.

To further assess immunogenicity of the S�N vaccine candidates, we
selected rPEDV-S�N which induced the highest clinical symptoms among
the three S�N variants, and rPEDV-S�N-�ORF3-ESMN, which induced the
lowest—and tested them in weaned piglets. Six-week-old, PEDV-
seronegative piglets were orally immunized on day 1 and 21, followed by
an intramuscular booster on day 42. Notably, none of the vaccinated ani-
mals succumbed to the virus. Viral genome titers in rectal swabs of rPEDV-
S�N vaccinated piglets peaked at day 14 after the first oral dose and again at
day 28 following the second oral administration (Fig. 3A). Unlike in the
neonatal piglets, viral genomes were undetectable in fecal samples from
rPEDV-S�N-�ORF3-ESMN-vaccinated piglets, suggesting reduced

Fig. 1 | Generation and characterization of
recombinant PEDVs carrying various genome
alterations. Generation of recombinant PEDV
vaccine candidates. A Schematic representation of
the unmodified and modified recombinant PEDV
genomes. B RT-PCR analysis of PEDV variants.
DNA fragments spanning the ORF1B-S junction
(primers 1/2) or the S-M border (primers 3/4) were
generated and analyzed by gel electrophoresis. For
primer sequences, see Supplementary Table 1. For
uncropped gel images, see Supplementary Fig. 3.
The predicted lengths of the RT-PCR products are
indicated in Fig. 1A. C In vitro characterization of
recombinant viruses. Vero cells were inoculated
with the indicated viruses at an MOI of 0.1. At 24 h
post inoculation, the cells were fixed and stained
with mouse monoclonal antibody 3F12 to the PEDV
N protein. Nuclei were stained with DAPI (blue).
D Multistep growth kinetics of recombinant PEDV
viruses. Vero cells were inoculated with each
recombinant PEDV (MOI = 0.01) for 3 h in the
presence of trypsin, after which the inoculum was
replaced by fresh culture medium containing tryp-
sin, following a previously described procedure13.
Virus infectivity in the culture media was deter-
mined at different times p.i. (4, 12, 24, 36, 48, 60, and
72 h p.i.) by a quantal assay on Vero cells from which
TCID50 values were calculated.
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Fig. 2 | Virulence and immunogenicity of recombinant PEDVs in neonatal
piglets. A Survival rates of ±3-day-old piglets in different groups (12 animals/group)
infected with 1 × 106 TCID50 recombinant PEDV viruses carrying various genome
alterations. B Diarrhea scores of piglets in different groups. C Rectal temperature
(average per group) of piglets inoculated with different recombinant PEDV. D Fecal

PEDV RNA shedding profiles. Data are displayed as mean ± standard deviations for
each group. Values below the detection limit (1.0 log10 PEDV RNA equivalent
copies/mL) were considered negative. PEDV-specific IgA (E) and IgG (F) antibodies
in serum of piglets as determined by PEDV-S1 antigen ELISA.
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replication in the gut. PEDV-specific IgA and IgG antibodies were detected
in sera of rPEDV-S�N-vaccinated piglets following the first dose, with titers
peaking one week after the final immunization (Fig. 3B). Consistent with the
absence of detectable viral RNA in fecal samples, antibody responses in
rPEDV-S�N-�ORF3-ESMN-vaccinated piglets were lower (Fig. 3B).
Remarkably, while the second oral immunization did not significantly boost
IgA and IgG titers, the third (intramuscular) dose elicited a clear immune
response. However, for the rPEDV-S�N vaccine, this response was short-
lived, with antibody levels peaking one weekpost-vaccination before rapidly
declining. Whether the rPEDV-S�N-�ORF3-ESMN vaccine followed a
similar but slower pattern remains uncertain for this experiment.

Based on its favorable safety and immunogenicity profile in neonatal
piglets and its immunogenicity profile in weaned piglets, rPEDV-S�N was
selected for evaluation as a maternal vaccine to confer passive protection to
newborn piglets through lactogenic immunity. PEDV-seronegative preg-
nant sows were vaccinated with rPEDV-S�N using a prime-boost regimen:
oral vaccination at 6 and 3 weeks pre-farrowing, followed by an intramus-
cular booster with an adjuvanted (X-Solve30) virus preparation one week
before farrowing. Three days postpartum, nursing piglets were orally
challenged with virulent PEDV. Sows and piglets were monitored for
clinical signs, mortality, fecal shedding and presence of PEDV-specific
serum antibody responses.

No viral RNA could be detected in fecal swabs from vaccinated sows
(Fig. 4B and Supplementary Table 3), and all immunized animals remained
asymptomatic during and after vaccination. By 12 days post-farrowing, two
out of four mock-vaccinated sows had seroconverted, indicating infection
following exposure to the challenge virus (Fig. 4A). In contrast,five out of six
rPEDV-S�N-vaccinated sows exhibited PEDV-specific IgG antibodies in
serum 2 days after farrowing, confirming the induction of a systemic
humoral immune response following vaccination (Fig. 4A). However, IgA
antibodies, which are crucial for lactogenic immunity, were low or unde-
tectable in serum (Fig. 4A) and colostrum (Supplementary Table 4) of
vaccinated sows. The lack of IgA induction in colostrum suggests that the
vaccine may have failed to elicit robust mucosal immunity, highlighting the
need for alternative vaccine strategies to enhance maternal IgA responses for
effective passive protection of neonates.

Post-viral challenge of piglets, diarrhea was observed in 3/6 vaccinated
sows and in 2/4 sham-vaccinated sows. Furthermore, piglets in all groups
developed severe diarrhea and dehydration, with no significant differences
seen in clinical scores, fecal viral load, or mortality between placebo and
vaccinated groups (Fig. 4B–D and Supplementary Table 4). These findings
indicate that vaccination of pregnant sows with rPEDV-S�N did not confer
lactogenic immunity sufficient to protect suckling piglets from PEDV
infection. The lack of IgA induction in colostrum suggests that the rPEDV-

Fig. 3 | Viral shedding and immunogenicity of
rPEDV-S�N and rPEDV-S�N-�ORF3-ESMN in
6-week-old piglets. A Fecal PEDV RNA shedding
profile. Data are displayed as mean ± standard
deviations for each group (10 animals/group).
Values below the detection limit (1.0 log10 PEDV
RNA equivalent copies/mL) were considered nega-
tive. B PEDV-specific IgA and IgG antibodies in
serum of piglets before and after vaccination as
determined by PEDV-S1 antigen ELISA.
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Fig. 4 | Ef�cacy of the rPEDV-S�N vaccine candidate in inducing lactogenic
immunity. PEDV-seronegative pregnant sows were sham-vaccinated with PBS
(4 sows) or vaccinated with 1 × 106 TCID50 rPEDV-S�N (6 sows) via the oral route at
6 and 3 weeks prior to the expected farrow date. Sows received one intramuscular
booster vaccination (PBS or adjuvanted 1 × 106 TCID50 rPEDV-S�N) at 1 week prior
to the anticipated farrowing date. Approximately 2–3 days post-farrowing, nursing
piglets (12–13 piglets per sow) were challenged orally with 1 × 105 TCID50 of a
virulent PEDV (non-S-Indel) strain. A PEDV-specific IgG and IgA antibodies in the
serum of sows were determined by PEDV-S1 antigen ELISA. WPF: week post-

farrowing, F: Farrowing, End: 12 days post-farrowing. B Fecal PEDV RNA shedding
profile of PEDV-challenged piglets from litters of placebo- and rPEDV-S�N-vacci-
nated sows. The diarrhea (C) and dehydration (D) scores of PEDV-challenged
piglets from placebo-vaccinated or rPEDV-S�N vaccinated sows. Data are displayed
as mean ± standard deviations for each group. Values below the detection limit (1.0
log10 PEDV RNA equivalent copies/mL) were considered negative. Statistical
analyses were performed using an unpaired two-tailed Student’s t-test in GraphPad
Prism 5 (*P < 0.05 and **P < 0.01).

https://doi.org/10.1038/s41541-025-01195-w Article

npj Vaccines |          (2025) 10:131 6

www.nature.com/npjvaccines


S�N may have failed to elicit the robust mucosal immunity needed for
effective passive protection of neonates.

Discussion
The development of live-attenuated vaccines remains an attractive
strategy for disease prevention, but balancing safety and immunogeni-
city remains challenging. In this study, we used reverse genetics to
attenuate a virulent PEDV strain, creating recombinant viruses with
various genome modifications. The modifications included the deletion
of the sequence encoding the sialic acid binding domain of the spike
protein, the deletion of the ORF3 gene, and a rearrangement of the S-E-
M-N gene order. These recombinant viruses were comparatively
assessed for virulence and immunogenicity in 1-week-old piglets, being
the most vulnerable age group. All modified viruses replicated in vivo
after oral administration and induced PEDV-specific antibody respon-
ses in piglets that survived infection. Based on its superior safety and
immunogenicity profile in both 1-week and 6-week-old piglets, we
selected one vaccine candidate lacking the sialic acid binding domain of
the spike protein for further evaluation. However, despite robust
immune responses in weaned piglets, maternal vaccination with
rPEDV-S�N failed to protect newborn piglets through lactogenic
immunity. These findings highlight the continued challenge of devel-
oping a live-attenuated PEDV vaccine that is sufficiently attenuated for
neonates while retaining the replicative potential necessary to induce
protective maternal immunity in pregnant sows26.

Our studies revealed variable effects of genome modifications on
PEDV virulence. All recombinant viruses maintained replicative ability in
1-week-old piglets after oral administration and induced PEDV-specific
antibody responses in animals that survived infection. Deletion of ORF3 did
not affect virus replication in cell culture and showed similar levels of virus
replication, mortality and morbidity in neonatal piglets compared to the
parental recombinant virus. ORF3 encodes a multi-spanning membrane
protein implicated in virus production, ion channel activity27, apoptosis
inhibition28, and IFN antagonism29. However, despite these functions, ORF3
is non-essential for virus replication in vitro13,23. Our findings align with
recent studies showing that ORF3 deletion has minimal impact on viral
pathogenicity15,30. Nevertheless, we cannot rule out that subtle effects on
virus virulence in vivo may have been missed due to the high viral inocu-
lation dose used in our study. The impact of genome rearrangement (SEMN
→ESMN)on PEDVvirulencewas assessedby comparing clinical outcomes
in piglets infected with rPEDV-�ORF3 and rPEDV-�ORF3-ESMN. While
both viruses exhibited similar replication kinetics in vitro, rPEDV-�ORF3-
ESMN-infected piglets displayed reduced diarrhea severity and lower
mortality compared to those infected with rPEDV-�ORF3. These results
suggest that gene order rearrangement attenuates virulence in neonatal
piglets.

Complete prevention from mortality in neonatal piglets was only
achieved by PEDV recombinants lacking the sialic acid binding domain of
the spike protein (S�N). Despite 100% survival, infected piglets exhibited
moderate to severe diarrhea, indicating robust viral replication, which was
further confirmed by high levels of fecal virus shedding. These data align
with previous studies demonstrating the importance of this spike domain in
PEDV pathogenesis15.

To better understand the age-dependent susceptibility of young piglets
to PEDV, we also inoculated 6-week-old animals with rPEDV-S�N. Sur-
prisingly, these piglets remained asymptomatic and shed significantly lower
viral genome titers in their feces compared to neonatal piglets. This differ-
ence in replication and virulence levels between age groups aligns with
previous studies reporting age-dependent resistance to pathogenic PEDV
infection26,31. Despite the reduced replication, rPEDV-S�N infection induced
PEDV-specific IgA and IgG antibodies in the older piglets, prompting us to
evaluate lactogenic immunity transmission to neonatal suckling piglets via
maternal vaccination using an oral prime/parenteral boost approach.
However, no protection was observed despite the induction of IgG
responses in sow sera. The low IgA levels detected in colostrum suggest

inefficient stimulation of the gut-mammary-sIgA axis9. Additionally, the
absence of viral RNA in sow rectal swabs following oral immunization with
rPEDV-S�N indicates a lack of enteric virus replication, suggesting that
deletion of the spike protein N-terminal domain may have compromised
gastrointestinal stability or directly impaired viral replication in the sow’s
gut. Moreover, further refinement of the challenge model may be necessary
as the highly pathogenic challenge strain even induced clinical symptoms
in sows.

Achieving protection in neonatal piglets remains a significant chal-
lenge, as maternal vaccines must induce sufficient lactogenic immunity in
sows to confer passive protection through colostrum/milk12. Our findings,
along with those of other studies, reinforce the inverse correlation between
PEDV-induced morbidity and mortality and piglet age26. Striking a balance
between sufficient viral attenuation for neonatal safety and adequate
replication in sows to stimulate lactogenic immunity is a formidable
challenge26. Thus, alternative vaccine strategies such as vector-based or
inactivated antigen-based mucosal vaccines should be explored to enhance
IgA antibody responses in sows and improve passive protection for neonatal
piglets.

Methods
Cells and viruses
African green monkey kidney cells (Vero-CCL81) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM, Lonza BE12-741F) sup-
plemented with 10% fetal bovine serum (Bodinco). PEDVs were grown
in Vero cells in maintenance medium (�MEM-TPB), which consists of
Eagle’s minimum essential medium alpha (Life Technologies, 22571-
020) supplemented with 0.3% tryptose phosphate broth (TPB, Sigma
T9157) and 10 µg/mL trypsin (Sigma T4799). The PEDV GDU strain
was isolated from one-week-old pigs with PED-associated clinical signs
from a farm in Guangdong, China, in 2011. The challenge virus is a
PEDV isolate with a spike gene genetically identical to the U.S. index
virus (strain USA/Colorado/2013; GenBank accession no. KF272920), it
was isolated from two-day old pigs with PED-associated clinical signs
from a farm in Indiana, USA, in May 2013.

Generation of mutant PEDVs
Recombinant viruses with genome alterations in 3’-part of the viral genome
were generated using the targeted RNA recombination system13 using the
GDU strain, which is identical in sequence to the GD-A strain (GenBank
accession number: JX112709.1). The donor virus (GDU) contains a 35-
nucleotide long out-of-frame deletion in ORF3 (nucleotide 436–470)
acquired during cell culture passaging which was repaired in the ORF3-
carrying recombinant GDU (rPEDV) variants (Supplementary Fig. 1).
Genome alterations in the recombinant PEDVs include (i) a deletion in the
5’ end of the S gene resulting in 219-residue long deletion (residues 19–238)
in the N-terminal endof the spike protein (S�N) (Supplementary Fig. 2), (ii) a
deletion of non-essential ORF3 gene, or (iii) a rearrangement of the gene
order (ESMN). All the recombinant viruses were confirmed by IFA, RT-
PCR and sequencing.

Immuno�uorescence microscopy
For immunofluorescence staining, cells were washed twice with PBS and
fixed with 3.7% formaldehyde (Merck, Germany) in PBS, followed by
membrane permeabilization with 0.1% Triton-X-100 (Sigma, USA) in PBS
for 10 min at room temperature. Fixed cells were incubated with 3% Bovine
serum albumin (BSA) (GE Healthcare Life Sciences) in PBS for 1 h followed
by incubation with Mouse anti-PEDV nucleocapsid protein monoclonal
antibody (BioNote, Republic of Korea) for 1 h in PBS with 1% BSA. After
rinsing three timeswith PBS, staining was completed with Alexa Fluor®488-
conjugated goat anti-mouse antibody (Life Technologies, USA). Nuclei
were visualized using DAPI nuclear counterstaining (Molecular Probes).
Pictures of immunofluorescent cells were captured using an EVOS-fl
fluorescence microscope (Advanced Microscopy Group) at 10×
magnification.
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Multistep growth analysis
To analyze the growth kinetics of the rescued recombinant viruses, Vero
cells in 24-well plates were infected with the indicated viruses at an MOI of
0.01. After adsorption for 3 h, the inoculum was removed, and cells were
washed twice with phosphate-buffered saline (PBS), after which the cells
were incubated in medium �MEM-TPB supplemented with 10 µg/mL
trypsin at 37 °C with 5% CO2. The cell supernatants and the infected cells
were collected at the indicated times post-infection. Virus titers were
determined by endpoint dilution assay and expressed as TCID50 per mil-
liliter, according to the Reed-Muench method.

ELISA for PEDV-speci�c IgA and IgG detection
The enzyme-linked immunosorbent assay (ELISA) for PEDV-specific IgA
and IgG detection was described previously32. Briefly, 96-well plates
(Greiner bio-one, cat. no.655092) were coated with PEDV-GDU S1-mFc
(10 ng/well) at 4 °C overnight. After four washes with phosphate buffered
saline (PBS) containing 0.05% Tween 20 (PBST), the plates were blocked
with PBS supplemented with 5% (w/v) skim milk (DIFCO, cat no 232100)
and 0.1% (w/v) Tween 20 for 1 h at 37 °C and then washed 4 times with
PBST, incubated with serum or colostrum diluted 1:100 in blocking buffer
for 60 minat 37 °C. After aPBSTwashing step, a 1:20,000dilutedGoat �-Pig
IgG HRPO (Abcam, cat. no. ab6915) or Goat �-Pig IgA HRPO (Abcam, cat.
no. ab112746) in PBS supplemented with 1% (w/v) BSA, was added and
incubated at 37 °C for 60 min. HRP activity was measured at 450 nm using
tetramethylbenzidine substrate (BioFX) and an ELISA plate reader (Tecan
Sunrise). The cutoff value for the S1-ELISA was calculated by using the
mean OD value of the serum samples collected 1 day prior to infection, plus
three standard deviations (SDs).

Animal studies
Animal Ethics Declaration: All the in vivo laboratory studies were per-
formed after the approval of the Animal Welfare Body at MSD Animal
Health and at Central Veterinary Institute, Lelystad, the Netherlands and
were conducted according to the relevant Dutch legislation. Animals were
humanely euthanized by initially administering an intramuscular injection
of sedatives [1 mL/10 kg of Zoletil 100,100 mg/mL, Virbac Laboratories, the
Netherlands) dissolved in 10 mL of Sedamun (20 mg/mL, Eurovet Animal
Health BV, the Netherlands)], followed by an intravenous injection of
analgesic (Euthasol 400 mg/mL, 2 mL/10 kg, Le Vet Beheer B.V., the
Netherlands).

Safety and immunogenicity in piglets
Six high parity, pregnant sows, each expected to deliver ~12 piglets, were
obtained from a commercial specific pathogen-free (SPF) farm. Two weeks
before farrowing, the sows were transported to the high-containment ani-
mal facilities. After birth, the piglets were allowed to nurse colostrum and
milk from their mother for ~1 day. Following this period, piglets were sexed,
ear-tagged and randomly cross-fostered to ensure an equal distribution of
12 piglets per sow.

To assess the safety and immunogenicity of recombinant PEDV vac-
cine candidates in piglets, 3-day-old piglets were inoculated intragastrically
with 1.0 × 106 TCID50 of different recombinant viruses in a total volume of
5 mL milk replacer (Opticare milk, SwiNco B.V., Netherlands) (Supple-
mentary Table 2). Unless the piglets were dead or euthanized for animal
welfare reasons, a second round of administration with a matching PEDV
strain and dose was carried out at study day 16. Blood samples (5–10 mL)
were taken from sows at study days -1, 12, and 22. During the study, three
blood samples were taken from the piglets (~3 mL) at study days -1, 12, and
22. Serum isolated from the blood samples was used to determine the anti-
PEDV antibody response. Rectal temperatures and clinical signs of diarrhea
and mortality were observed daily in the morning hours starting on the day
before the first PEDV inoculation (i.e., study day -1) until study day 10.
Rectal swabs were taken on study day -1, 0 (i.e., 6 h after administration), 2,
4, 6, 8, and 10.

Immunogenicity in weaned piglets
To test the immunogenicity of rPEDV. Thirty, 4-week-old female piglets
that are seronegative for PEDV were purchased from a commercial SPF
farm. A week (study week-1) prior to the first vaccination, they were
transported to the high containment animal facilities. Upon arrival, piglets
were ear-tagged and randomly assigned to one of the three treatment groups
(10 pigs per group). Each group of pigs was vaccinated (oral, dose 1.0 × 106

TCID50) with one of the vaccine candidates at study weeks 0 and 3. At study
week 6, a third vaccination (i.m., dose 1.0 × 106 TCID50 with X-Solve30
adjuvant mixed prior to administration in 3:1 (v/v) vaccine to adjuvant
ratio) was given. During the study, blood sample was taken from all animals
at study day -1, 21 (prior to 2nd vaccination), 28, 35, 42 (prior to 3rd
vaccination), 49, and 56. Serum isolated from the blood samples will be used
to determine the anti-PEDV IgA antibody responses. Diarrhea and mor-
tality will be scored daily in the morning hours for 7 consecutive days
starting from study day 1. Rectal swab samples will be taken on study day -1,
1, 3, 5, 7, 14, 21, 28, 35, 42, 49, and 56.

Sow vaccination and piglet challenge study
First and second vaccination: sows were vaccinated with S�N via the oral
route (dose in a total volume of 10 mL) using a drench gun at approximately
6 weeks prior to farrow date or left untreated (placebo) listed in Supple-
mentary Table 5 and the same vaccination was repeated when sows were at
approximately 3 weeks prior to farrow date. To increase the easy acceptance
of the vaccine by the sows, 4–5 mL of sunflower oil was given with the same
drench gun at 1 and 2 days before the first and second vaccination. Third
vaccination: sows were vaccinated via IM route (dose 1 × 106 TCID50 in a
total volume of 2 mL) in the right neck region at approximately 1 week prior
to farrow date using the matched vaccine candidate used for first and second
oral vaccination after mixing it with X-Solve adjuvant in 3:1 (v/v) vaccine to
adjuvant ratio. At approximately 3 days of age, piglets were orally infected
with 1 × 105 TCID50 of a virulent PEDV strain (PEDV strain USA/Color-
ado/2013; GenBank accession no. KF272920) (Supplementary Table 6). The
challenge material was prepared in a total volume of 3 mL per animal and
administered orally using a feeding tube attached to a single-dose syringe.

RNA extraction from rectal swabs and real-time RT-qPCR
Rectal swabs were taken using Sigma Virocult® swabs, RNA was extracted,
and RT-qPCR was performed to confirm the presence of PEDV using
specific primers F4 and R4 (Supplementary Table 1), and the iTaq Universal
SYBR Green One-Step kit (Bio-Rad; Cat. No. 1725151).

Statistical analysis
Statistical analyseswere performed using anunpaired two-tailed Student’s t-
test in GraphPad Prism 5, and asterisk signs in the figures indicate statistical
significance (*P < 0.05, **P < 0.01, and ***P < 0.001).

Data availability
This study does not contain any data sets and did not generate any new
sequence data. Recombinant viruses were based on existing viral sequences
with GenBank Accession number JX112709.1. The data generated during
this study are available from the corresponding author on request.
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