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a  b  s  t  r  a  c  t

Porcine  epidemic  diarrhea  virus  (PEDV)  causes  a severe  clinical  enteric  disease  in suckling  neonates
with  up  to  100%  mortality,  resulting  in devastating  economic  losses  to the  pork  industry  in recent  years.
Maternal  immunity  via  colostrum  and  milk  is a vital  source  to neonates  of  passive  protection  against
diarrhea,  dehydration  and death  caused  by  PEDV.  Comprehensive  information  on neutralizing  activity
(NA)  against  PEDV  in  mammary  secretions  is  critically  important  for assessing  the  protective  capacity
of  sows.  Therefore,  the objectives  of  this  study  were  to  characterize  anti-PEDV  neutralizing  activity  in
mammary  secretions.  Anti-PEDV  NA  was  present  in colostrum,  milk  and  serum  from  PEDV-infected  sows
as determined  both  by  immunofluorescence  and  ELISA-based  neutralizing  assays,  with  neutralization
levels  higher  in  colostrum  and  milk  than  in serum.  The  highest  NA  was observed  in colostrum  on  day
1,  and decreased  rapidly  in  milk  at day  3, then  gradually  declined  from  day  3 to  day  19  post-farrowing.
nti-PEDV IgA
orrelation

Notably,  the  NA  in  mammary  secretions  showed  various  patterns  of  decline  over  time  of  lactation  that
may  contribute  to  variation  in sow  protective  capacities.  The  kinetics  of NA decline  were  associated  with
total IgA  and  IgG  antibody  levels.  Neutralizing  activity  significantly  correlated  with  specific  IgA primarily
to  spike  domain  1 (S1)  and  domain  2  (S2)  proteins  of PEDV  rather  than  to specific IgG  in colostrum.
Subsequently,  the  NA  in  milk  was  mainly  related  to  specific  IgA  to S1  and  S2  during  lactation.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Porcine epidemic diarrhea (PED), an acute and highly conta-
ious enteric disease, is characterized by watery diarrhea, vomiting,
ehydration, and high mortality in sucking piglets, especially in
–10-day-old piglets (Li et al., 2012; Pijpers et al., 1993). The disease
as first recorded in England in 1971 and spread to other European

nd Asian countries (Li et al., 2012; Park et al., 2013; Wood, 1977).
ince late 2010, PED prevalence with high morbidity (90–100%) and
ortality (70–100%) in suckling pigs has become more clinically

requent, and more severe than the historical clinical symptoms in

hina (Chen et al., 2011; Li et al., 2012; Yang et al., 2013). The out-
reaks of PED suddenly occurred in April 2013 and spread through
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168-1702/© 2016 Elsevier B.V. All rights reserved.
the pork industry across the United States (US) (Anon, 2014; Chen
et al., 2014; Cima, 2013; Stevenson et al., 2013; Vlasova et al., 2014).

PEDV, a member of the genus Alphacoronavirus within the family
Coronaviridae, is a positive-sense single-stranded, enveloped RNA
virus (Pensaert and de Bouck, 1978). The 28 kb genome encodes
four major structural proteins, spike (S), envelope (E), membrane
(M), and nucleocapsid (N) (Kocherhans et al., 2001; Song and Park,
2012). The S protein of PEDV can be divided into domain 1 (S1) and
domain 2 (S2) (Lee et al., 2010; Oh et al., 2014). It is a pivotal surface
glycoprotein involved in virus attachment, entry and induction of
neutralizing antibodies in the natural host (Cruz et al., 2008; Sun
et al., 2008). The N protein is the most abundant viral protein in
infected cells, is associated with the viral RNA genome, and may
be important for induction of cell-mediated immunity (CMI) (Saif,
1993).

PEDV causes severe enteric disease in suckling pigs, but milder
disease in older weaned pigs (Annamalai et al., 2015; Chen et al.,

2014; Madson et al., 2014; Stevenson et al., 2013), similar to
another enteric coronavirus, transmissible gastroenteritis virus
(TGEV) (Moon et al., 1973; Norman et al., 1973). Therefore, mater-
nal vaccines to induce lactogenic immunity and their transmission

dx.doi.org/10.1016/j.virusres.2016.06.002
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Fig. 1. SDS polyacrylamide gel containing purified N, S1 and S2. Bands were visual-
6 Q. Song et al. / Virus R

o suckling neonates via colostrum and milk are pivotal for early
assive protection (Chattha et al., 2015; Wesley and Lager, 2003).

noculations with PEDV virulent isolates, killed or attenuated
trains induce specific mucosal and systemic immune responses
n sows (Goede et al., 2015; Ouyang et al., 2015). The specific neu-
ralizing antibodies (NA) were presented in colostrum, milk and
erum after attenuated PEDV was orally or intramuscularly admin-
stered to late-term pregnant sows (Kweon et al., 1999; Ouyang
t al., 2015). Lactogenic immunity, based on the presence of specific
A, can decrease the mortality of neonatal piglets or prevent death
fter challenge with wild-type PEDV (Goede et al., 2015; Kweon
t al., 1999; Song et al., 2007).

Considering that maternal antibody plays pivotal roles in
rotecting neonates from enteric infections, we characterized neu-
ralizing activity against PEDV in colostrum, milk and serum of sows
fter farrowing, the dynamics of the neutralizing activity in milk
uring lactation, and correlations between the neutralizing activity
nd specific antibodies to PEDV-S1, -S2 and -N proteins.

. Materials and methods

.1. Cells and virus

Vero-81 cells were cultured in complete medium containing
0% heat inactivated fetal bovine serum, 0.1 mM non-essential
mino acids (Sigma), and 50 �g/mL gentamycin sulfate (Lonza) in
inimal Essential Medium (MEM,  Sigma) at 37 ◦C in a humidi-

ed atmosphere with 5% CO2. PEDV strain 13-019349 (Genbank
D: KF267450), isolated from PEDV-infected fecal samples at the
ational Veterinary Services Laboratories, Ames IA, was  propa-
ated in Vero-81 cells with complete medium containing 2.5 �g/mL
rypsin, and 10% tryptose phosphate broth solution (Sigma).
emoval of trypsin from the maintenance media resulted in
educed infection, as reported previously (Li et al., 2012). Virus
tocks of 2.54 × 105 TCID50/mL  or 1.4 × 1010 viral genome copies
er mL  were collected and stored at –80 ◦C until use.

.2. Sample collection

A midwestern United States sow farm was diagnosed with
 PEDV outbreak and a planned exposure event occurred while
eaned piglets were testing positive for PEDV by PCR. The planned

xposure inoculum was prepared by humanely sacrificing piglets
linically affected with acute diarrhea, collecting intestinal con-
ents and diluting in water. Two months after exposure of the
ntire herd, all weaned pigs tested negative for PEDV. Colostrum,
ilk and serum samples were collected from sows beginning one
onth later. Colostrum was harvested by hand massage within 24 h

nd milk at or after 3 days post-farrowing. Serum was collected by
enipuncture in serum-separator tubes. PEDV antibody-negative
olostrum, milk and serum was collected from sows at a farm with-
ut PEDV infection.

Colostrum and milk were incubated at 37 ◦C for 30 min
ith 2.5 �g/mL rennet. The clear fluid was harvested and
eat-inactivated for 30 min  at 56◦. Alternatively, samples were
efrigerated for 3 days to obtain an aqueous fraction that was heat-
reated. Serum also was heat-inactivated. The treated samples were
sed immediately or stored at –40 ◦C prior to testing.

.3. Antigen production

PEDV RNA was extracted from a fecal sample containing isolate

SA/Colorado/2013 (Genbank accession KF272920). PCR ampli-
ons were obtained that contained open reading frames encoding

 (sequence 26382-27701), S1 (sequence 20694-22844) and S2
sequence 22860-24614). Amplicons were inserted into the pET25b
ized with Imperial protein stain (Thermo Scientific). The molecular weight standards
were Kaleidoscope prestained proteins (BioRad). The predicted molecular weight of
N  is about 55 kD, but it runs anomalously on SDS gels.

vector (Novagen, Madison, WI)  by In-Fusion cloning (TaKaRa)
and transformed into E. coli for expression and purification as
previously described (Dvorak et al., 2016; Johnson et al., 2007;
Puvanendiran et al., 2011). Inserts of recombinant plasmids were
sequenced to confirm their identities. Recombinant protein quality
was assessed by SDS-gel electrophoresis (Fig. 1).

2.4. ELISA

96-well plate wells (Corning, NY) were coated with 0.1 �g of
recombinant PEDV proteins, S1, S2 or N, in 50 mM carbonate buffer
(pH 9.6), and incubated at 4◦ C overnight. Plates were washed three
times with phosphate-buffered saline (PBS), pH 7.4, containing
0.05% Tween-20 (PBST) at room temperature (ELx405 Microplate
Washer, Bio-Tek Instrument Inc.). Blocking buffer (PBST with 5%
non-fat dry milk) was added for 2 h, washed, and diluted sam-
ples (colostrum, milk or serum) and negative control (1:50) were
added in duplicate for 1 h at room temperature. After washing,
horseradish peroxidase (HRP) conjugated goat anti-pig IgG (Bethyl
Labs) diluted 1:100 000, was added for 1 h. After plates were
washed, tetramethylbenzidine (TMB) peroxidase substrate with
H2O2 was  added to each well to develop in the dark for 15 min.
The reaction was stopped with 1 M phosphoric acid. Optical density
(OD) was  measured with an ELISA-spectrophotometer (Bio-Tek) at
450 nm.

Total IgG and IgA antibody levels in milk were determined by
isotype-specific ELISA using a standard curve (Bethyl Laboratories).
In brief, diluted coating antibody (IgG or IgA) was  added to each well
for 1 h. Serially two-fold diluted standards and samples in duplicate
were added and incubated for 1 h. After washing, HRP-conjugated

detection antibody was added and incubated as described. Plates
were washed and TMB  Substrate Solution was  added to each well.
Plates were developed in the dark for 15 min  and reactions stopped
with phosphoric acid as described. Absorbance was  measured on
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Fig. 2. PEDV-N, -S1 and -S2 antibodies (IgG or IgA) were examined in serum,
colostrum and milk by ELISA. Serum came from sows (n = 8), colostrum from
sows (n = 34) within 24 h post-farrow, and milk (n = 31) from sows at 7 days post-
farrowing. ELISA analysis was performed using the nucleocapsid (N), spike domain
Q. Song et al. / Virus R

he plate reader at 450 nm.  The IgG or IgA concentration was  cal-
ulated in unknown samples using the standard curve.

.5. Immunofluorescence assay (IFA) for neutralization activity

The colostrum, milk and serum were two-fold serially diluted in
aintenance media and incubated with an equal volume of PEDV

t a multiplicity of infection (MOI) of 0.01 for 1 h at 37 ◦C. One hun-
red �L of the sample-virus mixture was transferred to duplicate
ells containing confluent Vero-81 cells in 96-well plates. Samples

colostrum, milk or serum), virus and blank controls were prepared
t the same time. Plates were incubated for 1 h at 37 ◦C, washed gen-
ly, and pre-warmed maintenance media was added. Plates were
ncubated for 48 h at 37 ◦C in a 5% CO2 atmosphere. Plates were

ashed and fixed using ice-cold absolute methanol for 10 min  at
20 ◦C. The methanol was removed, wells washed, and anti-PEDV

 protein monoclonal antibody (SD6-29, Medgene Labs) was  added
t a dilution of 1:1000 for 1 h at 37 ◦C. Plates were washed and Alexa
luor 488-conjugated goat anti-mouse IgG1 (Bethyl Laboratories)
1:1000) was then added and incubated for 45 min  at 37 ◦C. Plates
ere washed and cells were stained with bisbenzimide (10 ng/mL)

or 20 min  and washed. The plates were examined and images were
aptured under an Olympus 1X70 inverted fluorescence micro-
cope.

.6. ELISA-based neutralizing assay

The PEDV serum neutralization (SN) assay was  performed
ssentially as described and explained (Li and Murtaugh, 2012;
obinson et al., 2013). Milk and colostrum samples were serially
iluted and incubated with PEDV at a multiplicity of infection (MOI)
f 0.01 for 1 h at 37 ◦C. Confluent Vero-81 cell monolayers in 96-well
lates were washed with PBS before mixtures of sample and virus,
ositive-control virus and blank controls were added in duplicate.
fter 1 h incubation at 37 ◦C, plates were washed and incubated at
7 ◦C in prewarmed media. After 24 h, plates were washed and fixed

n 3.7% formaldehyde for 30 min, permeabilized with 0.1% Triton
-100 for 5 min, washed and blocked with 5% non-fat dry milk in
0 mM carbonate buffer, pH 9.5, for 1 h at 37 ◦C. Cells were treated
ith anti-PEDV N protein monoclonal antibody (SD6-29) (Medgene

ab, USA) diluted 1:1000 for 1 h at 37 ◦C, washed, and incubated
ith HRP-conjugated goat anti-mouse IgG heavy and light chains

ntibody (Bethyl Laboratories, USA) diluted 1:10 000. Plates were
ashed with PBST and developed using TMB  development solution

KPL, USA). Reactions were stopped with 1 M phosphoric acid and
bsorbance was measured at 450 nm in a spectrophotometer (Bio-
ek, USA). Percent inhibition of viral infection at each dilution was
ompared with virus only controls after background subtraction of
bsorbance from uninfected cells. Fifty percent neutralization titer
as defined as reciprocal of the highest serum dilution for which

0% inhibition of infection was reached.

.7. Statistical analysis

All data were expressed as the mean ± standard error of mean
SEM). Neutralizing antibody titers were converted into log10 and
sed in statistical analysis. SPSS 17.0 was employed for correla-
ion analysis and a value of p < 0.05 was considered statistically
ignificant.

. Results
.1. Neutralizing activities in serum, colostrum and milk

Presence of specific antibodies against PEDV-N, S1 and S2 pro-
eins in serum, colostrum and milk confirmed that test sows were
1  (S1), or spike domain 2 (S2). The positive/negative cutoff was 0.1 (solid line) for
anti-N antibody detection, and 0.2 (dashed line) for anti-S1 and anti-S2 antibody
detection.

previously infected. Fig. 2 shows that the relative level of anti-S2
IgG in serum was higher and less variable than anti-N IgG, and
that the level of anti-S1 IgG was near the limit of detection. Anti-
PEDV IgA antibodies in serum were insignificant (data not shown).
The pattern of IgG reactivity in colostrum and milk was similar to
that observed in serum, though with exceeding high levels of vari-
ation, particularly in milk, in which levels of anti-N and anti-S1
were undetectable in some sows. Quantitative comparison of IgG
levels in serum, colostrum and milk was  not feasible since sam-
ple dilutions needed to give results within the linear absorbance
range of the ELISA varied greatly. Specifically, serum was diluted
from 1:3000 to 1:10,000, colostrum from 1:100,000 to 1:1,000,000,
and milk from 1:3000 to 1:250,000. Anti-PEDV IgA results dif-
fered notably from IgG results, with anti-S1 IgA most abundant in
colostrum and anti-N substantially lower, and in milk anti-S1 and
anti-S2 IgA were both high compared to anti-N-IgA (Fig. 2).

Validation of the PEDV neutralization assay in serum, colostrum
and milk matrices was first established by immunofluorescent
visualization of infected Vero 81 cell monolayers. Typical flu-
orescent images of infected monolayers are shown in Fig. 3.
Addition of serially diluted milk from a previously infected sow
showed solid inhibition, even at the highest dilution of 1:128. Sim-
ilarly, colostrum and serum samples showed dilution-dependent
inhibitory activity (Fig. 3). The ELISA-based neutralizing assay
showed that 50% inhibition of viral infection was  observed in serum
at a dilutions of 1:128–1:256, in colostrum at 1:1600–1:3200, but
with occasional samples > 1:6400, and in milk at 1:800–1:1600
(Fig. 4A–C). These results indicated that colostrum and milk had
higher levels of PEDV neutralizing activity than were present in
serum, and also showed that variation among sows was higher than
would be predicted from results using serum.

3.2. Temporal dynamics of neutralizing antibody secretion during
lactation

Inhibition of PEDV infection was determined in colostrum and
milk secretions from 37 sows over 19 days post-farrowing. Aver-
age neutralizing antibody titer was  highest in colostrum collected
on day 1 compared to milk collected on days 3, 12 and 19 post-
parturition (P < 0.01). Average neutralizing titer in colostrum was

1:3220, declining to 1:1000 by day 3, then declining slowly to 1:560
by day 19 (Fig. 5 and Table 1). However, various declining trends of
neutralizing antibody in milk were exhibited among different sows
over time of lactation (Fig. 6A–F), and the neutralization of PEDV in
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Table 1
Concentration of total IgG and IgA and anti-PEDV NA titers in colostrum and milka.

Samples (n = 37) Concentration (mg/mL) NA titers (Log10)

IgG IgA

Colostrum Day 1 25.92 ± 10.27 D 13.39 ± 5.63 B 3.34 ± 0.41 B

Milk Day 3 5.15 ± 7.5C 7.10 ± 4.41 A 3.00 ± 0.40 Ab

Day 12 1.29 ± 1.58 B 6.80 ± 4.30 A 2.78 ± 039 Aa

Day 19 0.46 ± 0.27 A 6.85 ± 2.23 A 2.75 ± 0.46 Aa

ABCD or abSuperscripts within columns indicate statistically significant differences
among the days in the same columns (p < 0.01 or p < 0.05, respectively).

a Colostrum and milk were collected from sows (n = 37) at various days post-
ig. 3. PEDV-infection inhibition in serum, colostrum and milk in Vero-81 cells by 

ilk  was  collected on day 12 post-farrowing. Negative samples came from a health

ome sows became very low by day 12 after farrowing (Fig. 6C and
).

The dynamics of total IgG and IgA production in milk were mea-
ured from day 1 to day 19 post-farrowing by isotype-specific ELISA.
oncentrations of both IgG and IgA were significantly higher in
olostrum (day 1) than in milk (day 3–day 19) (p < 0.01). IgG lev-
ls continued to decline from day 3 to day 19 while IgA levels
ere maintained in milk at about 7 mg/mL  (Table 1). These two

rends were similar to that of neutralizing activity against PEDV,
ut the kinetics of IgA production paralleled neutralizing activity
ore closely than did IgG.

.3. Correlations between neutralizing activity and antibodies to
, S1 and S2 proteins

Specific viral neutralization activity correlated significantly with
pecific IgA in milk to PEDV N, S1 and S2 protein rather than specific
gG at day 1 post-farrowing (Table 2). After day 1, the viral neutral-
zation activity was mainly related to specific IgA to S1 and S2 over
ime of lactation.

. Discussion

Maternal antibodies from sows inoculated or infected with
nteric viruses such as PEDV or TGEV are vitally important for suck-
ing neonates to obtain early passive protection via colostrum and
ilk (Chattha et al., 2015; Goede et al., 2015; Wesley and Lager,
003). Specific IgA and IgG neutralizing antibodies in serum and
olostrum appeared when the late-term pregnant sows were inoc-
lated with an attenuated PEDV orally or intramuscularly (Ouyang
farrowing. Neutralizing titers were expressed as log10 at 50% inhibition of PEDV
infection in Vero-81 cells.

et al., 2015; Paudel et al., 2014; Song et al., 2007). In this study,
PEDV-specific neutralizing activity found in serum, colostrum and
milk exhibited various levels of neutralizing activity in which the
highest inhibition was in colostrum, then in milk, and last in serum,
as observed previously (Paudel et al., 2014). This result empha-
sizes the importance of mammary secretions to suckling neonates
to obtain early passive protection from PED.

PEDV-specific antibodies were observed in serum and oral fluids
in sows from 1 to 6 months after infection, and the virus neutral-
ization titers in serum persisted beyond 6 months (Ouyang et al.,
2015). However, the characteristics of PEDV-specific neutralizing
antibody responses in mammary secretions have not been char-

acterized. We  show that the virus neutralizing antibody titer and
the levels of total IgG and IgA in colostrum at day 1 significantly
exceeded those in milk at day 3, and declined progressively from
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Fig. 4. Infection inhibition in serum, colostrum and milk in Vero-81 cells by ELISA-
based neutralizing assay. Serum (S1–S8), colostrum (C1–C8) collected within 24 h
of  farrowing, and milk (M1–M8) collected on day 12 post-farrowing were analyzed.
Neg. indicates negative serum, colostrum or milk not containing PEDV antibodies.

Fig. 5. Dynamics of neutralizing antibody titers (log10) in mammary secretions over
time of lactation. Colostrum and milk were collected from PEDV-infected sows
(n = 37) on days 1, 3, 12 and 19 post-farrowing. Neutralizing antibody titers were
expressed as log10 at 50% inhibition of PEDV infection in Vero-81 cells and are pre-
sented as means ± SD. Asterisk indicates statistical difference between day 1 and
other days (***p < 0.001).
ch 226 (2016) 85–92 89

day 3 to day 19 after farrowing. Further analysis indicated that IgG
levels continued to drop sharply from day 3 to day 19 while IgA
declined slightly, more closely to the trend of virus neutralizing
activities at the same time. This result indicated that IgA might play
a more important role in virus neutralization especially after day 3
post-farrowing.

Various patterns of declining neutralizing activities were
observed in sow milk over time of lactation. The various patterns of
neutralizing antibody activity through lactation showed the com-
plexity of lactogenic immunity, and might explain why  feedback
methods utilizing PEDV infected material have shown variable
success in protection of litters from PED (R. Morrison, personal com-
munication). It still remains a challenge to achieve uniformity of
lactogenic immunity in herds against PEDV infection.

PEDV S glycoprotein (S1 and S2 domains) containing B cell neu-
tralizing epitopes can stimulate the production of viral neutralizing
antibodies (Cruz et al., 2008; Sun et al., 2008). The N protein may  be
important for induction of cell-mediated immunity and be able to
effectively facilitate the mucosal and systemic immune responses
induced by S1 protein (Liu et al., 2012; Saif, 1993). In addition, M
protein plays an important role in viral assembly, and it contains
a conserved linear B-cell epitope (Arndt et al., 2010; Zhang et al.,
2012). Here, further analyses of the correlations of PEDV neutral-
izing activities and specific antibody isotypes, IgG and IgA to PEDV
S1, S2 or N proteins in mammary secretions during lactation indi-
cated that the specific anti-S1, -S2 and -N IgG did not correlate
significantly with viral neutralizing activity in milk. However, the
neutralizing activities were dominated by IgA to S1 and S2 pro-
teins in colostrum on day 1 post-farrowing. Subsequently, anti-S1
and anti-S2 IgA in milk played a vital role in viral neutralization.
The results demonstrated that PEDV neutralizing activities in mam-
mary secretions, within the limitations of the proteins examined,
i.e. S1, S2, and N, were correlated with specific antibodies to struc-
tural proteins of PEDV, principally anti-S1 and anti-S2 IgA, in milk.

The ELISA-based PEDV neutralization assay was used because
it is a more direct measure of an effect on infection since assays
based on plaque formation also depend on viral cytopathology,
are more labor and time intensive, and can be affected by opera-
tor experience. The use of 50% reduction as the readout in place
of a focus-forming or plaque assay with 90% reduction enables
optimization of key parameters, including MOI  and testing of the
percentage law (Andrewes and Elford, 1933; Brioen and Boeye,
1985). The 50% endpoint for neutralization titers was used in place
of 90% reduction in focus-forming units to gain information about
the antibody reactivity independently of antigen concentration.
Virus–antibody interactions can be modeled as antigen–antibody
interactions that conform to the law of mass action as a reac-
tion approaches equilibrium (Klasse and Sattentau, 2002; Reverberi
and Reverberi, 2007; Tyrrell, 1953). Since neutralized and non-
neutralized virus is in equilibrium at 50% inhibition of infectivity,
mathematical modeling can be used to assess functional qualities
of antibodies and antisera that have viral neutralizing activity, as
has been shown in HIV, influenza virus, human adenovirus, equine
infectious anemia virus, chimeric SIV/HIV, and Newcastle disease
virus infections (Klasse and Moore, 1996; McEwan et al., 2012;
Nishimura et al., 2002; Schwartz and Smith, 2014; Shingai et al.,
2014; To et al., 2012; Tyrrell, 1953; Willey et al., 2010). Charac-
terization of neutralization affinity, reaction kinetics, and avidity
cannot be determined under more stringent conditions, such as
at 90% inhibition, which are not at equilibrium. More stringent
neutralization readouts may  have value for diagnostic purposes or
for studies in which there is background cross-reactivity such as

with dengue virus (Roehrig et al., 2008). However, cross-reacting
substances have not been reported to interfere with PEDV neutral-
ization assays.
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Table 2
Correlations between neutralizing activities and isotype-specific antibodies to N, S1 and S2 proteins in colostrum and milka.

Days
post-farrowing

Ig OD450 (n = 37) NA (Log10) (n = 37) Correlation
coefficient

P value

1 N IgG
S1 IgG
S2 IgG

1.215 ± 0.398
0.701 ± 0.382
1.110 ± 0.313

3.337 ± 0.406 0.011
0.301
0.174

0.951
0.079
0.318

1  N IgA
S1 IgA
S2 IgA

0.679 ± 0.280
1.360 ± 0.453
1.065 ± 0.336

0.469
0.450
0.455

0.003**
0.007**
0.006**

3  N IgA
S1 IgA
S2 IgA

0.363 ± 0.189
0.943 ± 0.385
0.610 ± 0.305

2.995 ± 0.399 0.292
0.528
0.489

0.111
0.002**
0.005**

12  N IgA
S1 IgA
S2 IgA

0.288 ± 0.184
0.709 ± 0.328
0.496 ± 0.255

2.769 ± 0.386 0.346
0.616
0.574

0.039*
0.000**
0.000**

19  N IgA
S1 IgA
S2 IgA

0.285 ± 0.142
0.687 ± 0.335
0.419 ± 0.208

2.748 ± 0.455 0.159
0.375
0.420

0.353
0.024*
0.011*

*or ** indicated that the correlation was significant at the 0.05 or 0.01 level (2-tailed).
a Colostrum (day 1) and milk (days 1, 3, 12 and 19 post-farrowing) were collected from PEDV immune sows. Correlation was  performed by comparing the neutralizing

titer  of each sample to the antigen- and isotype-specfiic ELISA value of the sample using SPSS 17.0.

F ased n
F

e

ig. 6. Various patterns of neutralizing activities in milk in Vero-81 cells by ELISA-b
 are the neutralization curves for each time point in 6 individual sows.
In summary, the data show that neutralizing antibody lev-
ls against PEDV are high but patterns of passive expression in
eutralizing assay. Milk collected on days 1, 3, 12 and 19 post-farrowing. A through
colostrum and milk are variable over time in mammary secre-
tions. Sow variability might help explain the inconsistent success
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f feedback methods to protect suckling neonates from clinical
ED through maternal protection received from immune dams.
oreover, the kinetics of neutralizing antibody titers during lac-

ation help explain the pivotal role of IgA in colostrum and milk in
uckling neonates to gain passive protection. The amount of neu-
ralizing antibodies necessary for protection in piglets is unknown,
nd would be affected by titer, volume of milk ingested, antibody
tability in the enteric environment, and possibly other variables
hat could be difficult to measure. Neutralizing activities in mam-

ary secretions, which can be assessed and are mainly correlated
ith specific IgA antibodies to PEDV spike glycoprotein, may  help

uide vaccine design and immunological monitoring for PEDV.
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