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Abstract

Porcine epidemic diarrhea (PED) is a coronavirus disease characterized by the rapid spread of severe diarrhea among
pigs. PED virus (PEDV) infects and replicates mainly in the epithelial cells of the duodenum, jejunum, ileum and colon.
Serum or mucosal IgA antibody levels have been used to predict both vaccine efficacy and the level of protective
immunity to enteric infectious diseases in individuals or herds. Details of the B-cell immune response upon PEDV
infection, such as the systemic and mucosal PEDV IgA antibody response, the distribution of IgA antibody-secreting
cells (ASCs), and their role in virus clearance are not yet clear. In this experimental infection study, we observed similar
fluctuations in PEDV IgA antibody levels in serum and intestinal contents of the upper and lower jejunum and ileum,

but not fecal samples, over the 4-week experimental course. ASCs that actively secrete PEDV IgA antibody without
in vitro stimulation were distributed mainly in the upper jejunum, whereas memory B cells that showed enhanced
PEDV IgA antibody production upon in vitro stimulation were observed in mesenteric lymph nodes and the ileum.
Our findings will contribute to the development of effective vaccines and diagnostic methods for PEDV.
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Introduction

Porcine epidemic diarrhea (PED) is an emerging and re-
emerging swine disease caused by PED virus (PEDV),
a member of the family Coronaviridae, genus Alphac-
oronavirus. PED is characterized by the rapid spread of
acute and severe diarrhea within pig herds. Mortality
reaches nearly 100% in suckling piglets at susceptible
seronegative farms [1-3]. With age, however, the sever-
ity of clinical signs becomes milder and the mortality rate
decreases, although older pigs are still susceptible to viral
infection. After its appearance in 1974, PED caused losses
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mainly in European and east Asian countries up until
the 1980s. From the 1990s to 2000s, however, the virus
was problematic in east Asian countries such as China
and Korea, but not in Europe. From 2013, new highly
pathogenic PEDV strains that emerged in 2010 in China
[4] have spread to North and South American coun-
tries where PED had not reported before [5-8] and re-
emerged in Asian countries [9-12]. A single outbreak of
the pathogenic strain has also reported in Ukraine [13].
Approximately 8 million pigs died in the United States
during the 2013 to 2014 epidemic [14]. PED is now con-
sidered an important emerging and re-emerging diseases
that causes severe economic loss to the swine industry
[15].

PEDV is transmitted by the fecal-oral routes and rep-
licates mainly in the epithelium of the small intestine
(especially in the jejunum and ileum) and colon [16].
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Viral replication causes vacuolization and destruction of
cells, leading to villous atrophy and watery diarrhea [17,
18]. Although the PEDV genome is often detected in
serum from infected suckling and weaned pigs [16, 19—
21], active viral replication in cells other than intestinal
epithelial cells has yet to be reported in pigs [16, 18].

For enteric viruses that replicate mainly in intestinal
epithelial cells, locally produced virus-specific IgA anti-
bodies are the most important function for the primary
adaptive defense at mucosal surfaces [22, 23]. While
serum neutralizing and IgG antibody responses are rarely
correlated with protection against infection and onsets
of most enteric virus infections [22, 24—26], serum or
mucosal IgA antibody levels have been used to predict
both vaccine efficacy and the immune status of individ-
uals or herds against enteric infectious diseases such as
rotavirus infection [25]. However, despite the wide use
of serum PEDV IgA antibody testing to assess infection
and vaccine immunity against PEDV [27, 28], few stud-
ies have investigated the relationship between serum and
intestinal PEDV antibody responses.

The mucosal immune system is unique in that it
includes both induction sites such as Peyer’s patches and
mesenteric lymph nodes (MLNs), where naive B cells are
activated and differentiate into antibody-secreting cells
(ASCs) and memory B cells, and effector sites such as
the lamina propria of the small intestine, to which ASCs
migrate and secrete antibodies to induce immune-exclu-
sion at the mucosal surface [22, 29-31]. The elucidation
of not only antibody levels in serum and body fluids but
also the distribution of ASCs is therefore fundamental to
understanding the intestinal immune system for vaccine
development and improvement. The distribution of ASCs
in systemic and mucosa-associated lymphoid tissues of
PEDV-infected pigs has been evaluated [32]. However,
the relationship between PEDV antibody levels in serum
and those in intestinal contents remains unclear. Further,
details of the distribution of PEDV-specific ASCs and
their antibody production in the small intestine are also
unclear.

Here, we analyzed the kinetics of antibody responses
to PEDV in serum and intestinal contents in an experi-
mental PEDV infection study of 4-week-old pigs. We
further investigated the distribution of PEDV-specific
ASCs in the upper and lower jejunum and ileum as well
as in blood and spleen to understand the local immune
responses in PEDV-infected pigs.

Materials and methods

Cells and viruses

Vero cells were cultured in Eagle’s minimum essential
medium (EMEM, Nissui Pharmaceutical, Tokyo, Japan)
supplemented with 5% fetal bovine serum (FBS, Thermo
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Fisher Scientific, Waltham, MA, USA) at 37 'C with 5%
CO,. The PEDV strain OKN-1/JPN/2013, a Japanese
strain in Group II that was isolated from a homogenate
obtained from a diarrheal piglet in 2013 [33], was propa-
gated in Vero cells in EMEM supplemented with 10 pg/
mL trypsin 1:250 (Gibco, Grand Island, NY, USA) and
used as a virus inoculum. Pigs were inoculated with a
dose of 3 x 10° TCID,,/2 mL/pig at the 9™ cell passage.

Study design

The animal experiment was approved and performed
according to the regulations and guidelines of the Animal
Ethics Committee of National Institute of Animal Health
(NIAH), National Agriculture and Food Research Organ-
ization (NARO) ([18-078] and [18-088]). A total of 24
PEDV seronegative 4-week-old pigs were used; 16 were
orally inoculated with PEDV OKN-1/JPN/2013 and the
other eight were used as negative controls. Fecal samples
were collected directly from the rectum of each pig every
day from O to 5 days post-inoculation (dpi) and twice a
week from 7 to 28 dpi for quantification of viral RNA by
reverse transcriptase polymerase chain reaction (qRT-
PCR) and antibody detection.

Virus-inoculated pigs were euthanized at 2, 7, 14 and
28 dpi (n=4 each dpi). The small intestine (upper jeju-
num and ileum), spleen, MLNs, and blood were col-
lected for the isolation of mononuclear cells (MNCs).
Serum and small intestinal contents (SICs) of the upper
and lower jejunum and ileum were collected for antibody
detection at necropsy. Among the eight control pigs, four
were sacrificed for the isolation and analysis of MNCs.
SICs were only available from six of the eight pigs in the
control group because the small intestine was empty in
the other two control pigs. After making a 20% suspen-
sion in phosphate-buffered saline (PBS) and centrifuging
at 2000 x g for 15 min, the supernatants were collected
and stored at —80 ‘C until RNA extraction (fecal sam-
ples) and antibody detection (fecal and SIC samples).

qRT-PCR for PEDV nucleocapsid gene

RNA was extracted from 250 pL of the 20% fecal suspen-
sion using ISOGEN-LS (Nippon Gene, Tokyo, Japan)
according to the manufacturer’s instructions. RNA was
reverse transcribed and amplified using a One Step
TB Green' PrimeScript" PLUS RT-PCR Kit (Perfect
Real Time) (Takara Bio, Shiga, Japan) and an ABI 7500
Fast Real-Time PCR System (Thermo Fisher Scientific)
according to the manufacturer’s protocol. The primers
used for qRT-PCR were as follows; forward: 5'-GAATTC
CCAAGGGCGAAAAT-3' and reverse: 5-TTTTCGACA
AATTCCGCATCT-3' [34]. Viral RNA standards with
known titers were used for quantification. The detection
limit was determined to be 6000 genome copies/g.
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Indirect ELISA for PEDV-specific IgG and IgA antibody
detection

The lysate of OKN-1/JPN/2013 or mock-inoculated
Vero cells was prepared as a virus or control antigen
for indirect enzyme-linked immunosorbent assay
(ELISA), respectively. Vero cells (4 x 10° cells) were
inoculated with PEDV at an MOI of 1. After 24 h
post-inoculation, the cells were lysed in 1 mL of 1%
Triton X-100 (Nacalai Tesque, Kyoto, Japan) in PBS
on ice for 30 min. Supernatants of the cell lysate
were collected after centrifugation at 2000 x g for
10 min to remove cell debris and used as the virus
ELISA antigen. The control antigen was prepared
in the same manner using mock-inoculated cells.
The microwell plates (Maxisorp, Thermo Fisher
Scientific) were coated using the virus and control
antigens, which were diluted to 1:2000 with coat-
ing buffer (15 mM Na,CO3; and 35 mM NaHCO,),
overnight at 4 °C. Lysates were not treated to remove
Triton X-100 prior to use for coating plates. Virus
or control antigen-coated plates were treated
with blocking solution containing 5% skim milk
(Morinaga, Tokyo, Japan) in PBS containing 0.1%
Tween 20 (PBS-T) for 1 h at 37 C. Serum samples,
20% fecal suspension, and 20% SIC suspension were
diluted 1:100, 1:2 and 1:16, respectively with PBS-T
containing 5% skim milk and added to pairs of wells
containing virus or control antigen. The plates were
incubated for 1 h at 37 °C for serum, or overnight at
4 °C for fecal samples and SICs.

After a washing step with PBS-T, horseradish perox-
idase-conjugated secondary antibodies against porcine
IgG or IgA (Bio-Rad, Hercules, CA, USA) were added
to each well, and the plates were incubated for 1 h at
37 °C. The reaction was visualized by adding ABTS
(2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid)) substrate solution (Roche, Basel, Switzerland)
to each well after a washing step. Optical density (OD)
values were measured using an Infinite F50R absorb-
ance microplate reader (TECAN, Minnedorf, Zirich,
Switzerland). Antibody levels are expressed as sample-
to-positive (S/P) ratios: S/P ratio = ((OD value of sam-
ple in viral antigen well — OD value of sample in control
antigen well)/(OD value of positive control sera in viral
antigen well — OD value of positive control sera in con-
trol antigen well)). Positive control sera for detecting
specific IgG and IgA antibodies were obtained from
a sow that had been experimentally inoculated with
PEDV OKN-1/JPN/2013. Cut-off values were deter-
mined to be the mean+ three standard deviations of
S/P ratios of serum and fecal samples collected from
virus-inoculated pigs at 0 dpi or those collected from
control pigs.
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Isolation of MNCs

MNCs were isolated from the blood, spleen, MLNs, and
lamina propria of the small intestine (upper jejunum and
ileum) as described previously [32, 35, 36] with some
modification. Blood was aseptically collected into tubes
containing EDTA 2Na (Terumo, Tokyo, Japan). Periph-
eral blood mononuclear cells (PBMCs) were isolated
from 4 mL of blood by density gradient centrifugation
using 60% Percoll (GE Healthcare, Chicago, IL, USA).
PBMCs collected from the interface were washed twice
with PBS and resuspended in RPMI-1640 (Nissui Phar-
maceutical) containing 10% FBS and antibiotics: 100 pg/
mL kanamycin (Wako Pure Chemical Corporation,
Osaka, Japan) and 50 pg/mL gentamycin (Wako).

Pig spleens and MLNs were collected and placed in ice-
cold wash buffer (RPMI-1640 containing antibiotics and
HEPES (Wako); 10 mM). Spleens and MLNs were dis-
sociated by pressing the tissues through a stainless-steel
mesh. The cell suspensions were washed and centrifuged
at 800 x g for 20 min at 4 °C. After removing cell debris
by gradient centrifugation in 33% Percoll at 1800 x g for
20 min at 4 ‘C, MNCs were collected. MNCs were fur-
ther enriched by additional collection at the interface fol-
lowing gradient centrifugation in 43% and 70% Percoll at
1800 x g for 20 min at 4 ‘C. After a washing step with
PBS, the MNCs were resuspended in RPMI-1640 con-
taining 10% FBS and antibiotics, and the cell concentra-
tion was adjusted to 1 x 107 cells/mL.

Small intestinal fragments (upper jejunum and ileum)
of approximately 20 cm were collected aseptically and
placed in ice-cold wash buffer. Peyer’s patches were not
removed for isolation of MNCs. The intestinal fragments
were transferred to 40 mL of Hank’s balanced salt solu-
tion without calcium and magnesium (Wako) but con-
taining 40 mM HEPES, 5 mM EDTA (Wako), 1 mM
DTT (Wako), 0.28% NaHCO,; (Wako) and antibiotics,
and shaken at 190 rpm for 25 min at 37 °C. The fragments
were then washed and cut into small pieces. The pieces
were suspended in 40 mL of RPMI-1640 containing anti-
biotics, 20 mM HEPES, 5 mM EDTA, 1 mM DTT, and
0.11% of type II collagenase (Thermo Fisher Scientific)
and shaken at 190 rpm for 25 min at 37 “C. Supernatants
containing MNCs were collected, and the remaining tis-
sues were pressed through a stainless-steel mesh for col-
lection of additional MNCs. After removing cell debris
by gradient centrifugation in 33% Percoll at 1800 x g for
20 min at 4 ‘C, the MNCs were collected. MNCs were
further enriched by collection from the interface follow-
ing gradient centrifugation in 43% and 70% Percoll at
1800 x g for 20 min at 4 ‘C. After a washing step with
PBS, the MNCs were resuspended in RPMI-1640 con-
taining 10% FBS and antibiotics, and the cell concentra-
tion was adjusted to 1 x 107 cells/mL.
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Culture and in vitro stimulation of MNCs

MNCs isolated from blood and each tissue were sus-
pended at 5x10° cells/500 pL/well and cultured in
RPMI-1640 containing 10% FBS and antibiotics with or
without 1 pg/mL R848 (resiquimod) (AdipoGen Life Sci-
ences, San Diego, CA, USA), which induces polyclonal
activation of memory B cells [37]. Cells were added to
each well of 24-well culture plates and incubated at 37 “C
for 4 days in a 5% CO, incubator. Cell culture superna-
tants were collected and analyzed for specific IgA and
IgG antibodies by indirect PEDV ELISA.

Statistical analyses

One-tailed Student’s t-test, Dunnett’s test, or Tukey’s test
were used to compare the differences in specific IgA or
IgG antibody S/P ratios among the different time points
or different organs. p-values of p<0.10, p<0.05, and
p<0.01 were considered to be suggestive, significant, and
highly significant, respectively, for all comparisons. Sta-
tistical analyses were performed using Microsoft Excel
and R. Correlation coefficients (r) between viral RNA
copies (log copies/g) and antibody S/P ratios were calcu-
lated using Microsoft Excel. Viral RNA copy data from 0
dpi were omitted as they were not related to a decrease in
viral shedding.

Results

Clinical signs and fecal viral shedding

All 16 virus-inoculated pigs developed clinical signs such
as decreased or complete loss of appetite, vomiting, and/
or soft-to-watery feces from 1 to 7 dpi. At the same time
that clinical signs were observed, fecal shedding of PEDV
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RNA peaked at around 2 to 5 dpi, and all inoculated pigs
shed the virus (Figure 1). All 16 inoculated pigs recov-
ered from the clinical signs, and the amount of detectable
fecal PEDV RNA started to decrease after 7 dpi. The per-
centage of pigs that shed PEDV in feces also dropped off
to 50% (4/8) at 11 dpi, 75% (6/8) at 14 dpi, and 25% (1/4)
at 18 dpi and 21 dpi. Viral RNA could not be detected in
feces after 25 dpi (Figure 1).

S/P ratios of serum IgG and IgA and fecal IgA antibody
against PEDV
Along with the diminished clinical signs and drop in
fecal viral RNA shedding (decrease in both the number
of copies of the viral RNA and the percentage of positive
pigs), PEDV IgG antibody was detected in the serum of
66.7% (8/12) of inoculated pigs at 7 dpi. The S/P ratio of
PEDV IgG antibody was significantly increased at 14 dpi
compared to that at 0 dpi, and peaked at 28 dpi (Fig-
ure 2A). The correlation coefficient between the S/P ratio
of serum PEDV IgG antibody and fecal virus shedding
load was r=— 0.993 (p<0.001). The PEDV IgA antibody
S/P ratio showed a similar trend to that of the PEDV IgG
antibody S/P ratio: PEDV IgA antibody was detected in
the serum of 58.3% (7/12) of inoculated pigs at 7 dpi, and
its S/P ratio peaked at 14 dpi and remained at the same
level until the end of the study (28 dpi) (Figure 2B). The
correlation coefficient between the S/P ratio of serum
IgA and fecal viral load was r=— 0.952 (p=0.012).
Although PEDV antibodies were detected in serum
from all inoculated pigs at high S/P ratios after 14 dpi,
they were only detected in the feces of 37.5% (3/8), 50%
(2/4), and 100% (4/4) of inoculated pigs at 14, 21, and

Log copies /g
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Figure 1 Fecal shedding of PEDV RNA in inoculated pigs determined by gRT-PCR. PEDV-seronegative 4-week-old pigs were orally inoculated
with PEDV strain OKN-1/JPN/2013. Fecal samples were serially collected, and PEDV RNA was detected and quantified by gRT-PCR.
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Figure 2 S/P ratios of PEDV IgG and IgA antibodies in serum and fecal samples serially collected from pigs inoculated with PEDV.
Antibodies to PEDV in collected serum samples were detected by IgG (A) and IgA (B) ELISAs. Antibodies to PEDV in collected fecal samples were
detected by IgA ELISA (C). *p < 0.05 and **p < 0.01 (significant and highly significant, respectively) determined using Dunnett’s test. Cut-off values
were the mean + three standard deviations of sample values at 0 dpi in infected pigs and negative controls. Solid line: PEDV-inoculated group.

28 dpi, respectively. The fecal S/P ratios of PEDV IgA
antibodies were lower than those in serum (Figure 2B, C).
In contrast, the S/P ratios of PEDV IgG and IgA antibod-
ies from control pigs were below the cut-off value in both
the serum and fecal samples throughout the study.

Comparison of S/P ratios of PEDV IgA antibody in the SICs
of the upper and lower jejunum, and ileum

PEDV IgA antibodies were detected in the SICs of the
upper jejunum, lower jejunum, and ileum at 14 and

28 dpi (Figure 3), with higher S/P ratios at 14 dpi than
28 dpi, which coincided with the decrease in viral shed-
ding (Figure 1). The correlation coefficients between the
PEDV IgA antibody S/P ratio in SICs of the upper jeju-
num, lower jejunum, and ileum and the number viral
copies shed in fecal samples were r=— 0.932 (p=0.068),
r=— 0986 (p=0.014) and r=— 0.975 (p=0.025),
respectively. The PEDV IgA antibody S/P ratio in the
SICs of the upper jejunum was significantly higher than
that in SICs of the lower jejunum and ileum at 28 dpi,
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Figure 3 S/P ratios of PEDV IgA antibody in SICs. SICs in the upper jejunum, lower jejunum and ileum were collected at 2, 7, 14, and 28 dpi
from pigs inoculated with PEDV. The IgA ELISA was used to detect antibodies to PEDV in SICs collected from the upper jejunum, lower jejunum,
and ileum. *p < 0.05 and **p < 0.01 (significant and highly significant differences between control and inoculated pigs euthanized at the indicated
times, respectively) determined using Dunnett’s test. ¥p < 0.05 (significant difference among tissues) determined using Tukey's test. Black bar: upper

although no significant difference was observed among
these sites at 14 dpi (Figure 3).

Distribution of MNCs which actively produce PEDV IgA
antibody
To understand the systemic and intestinal distributions
of PEDV IgG and IgA ASCs, we analyzed PEDV IgA and
IgG antibody levels in the culture supernatants of MNCs
isolated from systemic (blood and spleen) and mucosal
(MLNs, upper jejunum and ileum) tissues without
in vitro stimulation (Figure 4). PEDV IgA antibody was
detected in the supernatants of MNCs isolated from the
blood and spleen of PEDV-inoculated pigs euthanized at
7 dpi. At 28 dpi, PEDV IgA antibody levels from PEDV
inoculated pigs were significantly higher than those from
control pigs (Figure 4A, B). Similarly, PEDV IgA anti-
body was detected in the supernatants of MNCs iso-
lated from the upper jejunum of PEDV-inoculated pigs
euthanized as early as 7 dpi. PEDV IgA antibody levels
were significantly enhanced in PEDV-inoculated pigs
compared to control pigs at 14 dpi (Figure 4D), concur-
rently with the rise in the PEDV IgA antibody S/P ratio in
SICs (Figure 3). A similar trend was observed for PEDV
IgA antibody levels in the supernatants of MNCs from
MLNs and the ileum, although no significant differences
were observed between inoculated and control pigs (Fig-
ure 4C, E).

Although PEDV IgG antibody was detected as early
as 14 dpi in serum (Figure 2A), secretion of PEDV IgG

antibody from MNCs from the blood, spleen, and MLNs
of PEDV-inoculated pigs was significantly increased at
28 dpi compared to that of control pigs (Figure 5). No
PEDV IgG antibody secretion was observed from MNCs
from the upper jejunum and ileum of PEDV-inoculated
pigs throughout the experimental period (data not
shown).

Distribution of memory/resting B cells that can produce
PEDV IgA or IgG antibodies upon in vitro stimulation

To investigate the distribution of memory/resting B
cells, we stimulated isolated MNCs in vitro with R84S,
a TLR7/8 agonist that is known to stimulate polyclonal
activation of memory B cells and induce antibody secre-
tion [37]. In vitro stimulation had no effect on PEDV IgA
and IgG antibody secretion by MNCs isolated from pigs
in the control group (Figures 4, 5).

In contrast, in vitro stimulation of MNCs from PEDV-
inoculated pigs significantly enhanced PEDV-specific IgA
antibody secretion from MLNs at 28 dpi and the ileum
at 7 dpi, and showed a trend towards enhancing secre-
tion from the ileum at 28 dpi (p=0.057), compared to
no stimulation (Figure 4). These findings suggest that
memory/resting B cells, which can produce PEDV IgA
antibodies upon antigen stimulation, were present in the
MLNs and ileum of PEDV-inoculated animals. In vitro
stimulation did not significantly enhance PEDV IgA
antibody secretion from MNCs isolated from the blood,
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Figure 4 S/P ratios of PEDV IgA antibody in culture supernatants of MNCs isolated from the blood, spleen, MLN, upper jejunum and
. MNCs were isolated from the blood (A), spleen (B), MLN (C), upper
jejunum (D) and ileum (E) of PEDV-inoculated pigs. The MNCs were cultured for 4 days to evaluate the responses of specific ASCs. In the other wells,

B cells. Cell supernatants were collected and PEDV-specific antibodies in

the supernatants were detected by an IgA ELISA. *p <0.05 vs. unstimulated group, by Dunnett’s test. {p < 0.1, *p<0.05 and **p <0.01 (suggestive,
significant, and highly significant differences, respectively) for unstimulated vs. stimulated groups, by one-tailed Student'’s t-test. Black bar: without

spleen, or jejunum of PEDV-inoculated pigs compared to
no stimulation (Figure 4A, B, D).

In vitro stimulation significantly increased the secre-
tion of PEDV IgG antibodies from blood MNCs of PEDV-
inoculated pigs euthanized at 14 and 28 dpi compared
to no stimulation (Figure 5A), suggesting that memory/
resting B cells which can produce PEDV IgG antibodies
upon antigen stimulation were circulating in the blood at
28 dpi. No effect of in vitro stimulation was evident on
PEDV IgG antibody secretion by MNCs isolated from the
spleen (Figure 5B), MLNs (Figure 5C), or upper jejunum
and ileum throughout the experiment (data not shown).

Discussion

PED emerged or re-emerged globally in 2013-2015 and
caused devastating economic losses to the pork indus-
try. While, inactivated, live-attenuated, and other newly

developed vaccines are available, many swine farmers
choose to implement “controlled exposure’, in which ani-
mals are fed infectious PEDV contained in feces and/or
intestinal homogenates from infected animals, to manage
PED at their farms [38]. Understanding the mechanisms
of antibody-mediated protection during PEDV infec-
tion is fundamental to the development of a better vac-
cine against PED. Here, we elucidated the systemic and
intestinal IgA and IgG antibody responses and the distri-
bution of IgA and IgG ASCs and memory B cells against
PEDV in experimentally inoculated pigs over the course
of 4 weeks.

Antibody levels in serum and/or fecal samples from
infected animals are typically monitored to understand
the humoral immune response, which plays a pivotal role
in virus clearance and protection against subsequent re-
infection. The present study showed that, at the same
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Figure 5 S/P ratios of PEDV IgG antibody in culture supernatants of MNCs isolated from the blood, spleen and MLN of PEDV-inoculated
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memory B cells. Cell supernatants were collected, and PEDV-specific antibodies in the supernatants were detected by an IgG ELISA. *p <0.05 and
*p<0.01 vs. the unstimulated group (significant and highly significant differences, respectively) by Dunnett’s test. *p < 0.05 for unstimulated vs.
stimulated groups, by one-tailed Student’s t-test. Black bar: without in vitro stimulation. Open bar: with in vitro stimulation.

time that they were showing recovery from clinical signs
and a decrease in virus shedding, more than half of the 16
virus-inoculated pigs had detectable PEDV IgA and IgG
antibodies in their serum at 7 dpi. IgA and IgG antibody
S/P ratios significantly increased after 14 dpi until 28 dpi
in all inoculated pigs compared to control pigs (Figure 2).
Similar results have been described by other research
groups [39-41].

In contrast, PEDV IgA antibody was detected in fecal
samples from less than half of the pigs until 14 dpi. While
PEDV IgA antibody was detectable in all inoculated pigs
at 28 dpi, levels were lower than those in serum and
SICs (Figures 2B, 3). Similarly, lower PEDV IgA antibody

levels in fecal samples were reported by Gerber et al. [28].
Although fecal sample collection has the advantage over
serum sample collection of being noninvasive and easy
to perform at any time by animal caretakers, the findings
obtained in the present study and by other groups sug-
gest that, compared to fecal samples, serum samples may
provide more precise data regarding immune response.
We next investigated whether PEDV antibody
responses in serum reflect those in the small intestine. In
an experimental infection study, To6 et al. reported that
the serum rotavirus IgA antibody level may serve as an
indicator of the rotavirus IgA antibody level in the intes-
tine of gnotobiotic pigs [25]. Similar to their findings, we



Suda et al. Vet Res (2021) 52:2

observed fluctuations in PEDV IgA antibody levels in
contents from the upper and lower jejunum and ileum
that were similar to the fluctuations in serum: IgA anti-
body levels in SICs started to increase from 7-14 dpi
and peaked at 28 dpi, when the highest IgA antibody
level was observed in upper jejunal contents (Figure 3).
The correlation coefficients between the S/P ratio of the
upper jejunum, lower jejunum, and ileum IgA and serum
IgA were r=0.837 (p=0.077), r=0.934 (p=0.020) and
r=0.910 (p=0.032), respectively. Furthermore, the cor-
relation coefficients between the S/P ratio of the upper
jejunum, lower jejunum, and ileum IgA and serum IgG
were r=0.955 (p=0.011), r=0.997 (p<0.001) and
r=0.991 (p=0.001), respectively. These findings suggest
that, at least during the 4-week period following PEDV
inoculation, PEDV IgA and IgG antibody levels in serum
may well reflect levels in the SICs.

Intestinal IgA antibodies are typically produced by
plasma cells in the lamina propria and secreted into the
gut lumen through cell-translocation via binding with
polymeric immunoglobulin receptors [42]. To eluci-
date the distribution and antibody-producing levels of
PEDV ASCs, we analyzed antibody levels in the culture
supernatant of MNCs isolated from blood and tissues
using ELISA. However, we did not determine the num-
ber of ASCs using an enzyme-linked immunospot (ELIS-
POT) assay, as was done in a previous PEDV study [27,
32, 35] and enteric virus studies [43, 44]. The decision to
use ELISA but not ELISPOT was based on reports that
antibody levels in culture supernatants of MNCs meas-
ured by ELISA or another method correlate well with the
number of ASCs determined by ELISPOT in analyses of
mucosal immune responses [45, 46]. In our present study,
ASCs showing active production of PEDV IgA antibody
without in vitro stimulation were identified in the upper
jejunum but not in the ileum or MLNs of PEDV-inocu-
lated pigs euthanized at 14 dpi, which coincided with the
significant increase in PEDV IgA antibody levels in upper
jejunum contents (Figures 3, 4). Considering together
with previous findings that IgA-positive cell numbers
were higher in the upper than lower small intestine in
pigs [47], these findings may indicate that the upper jeju-
num is the major site of intestinal IgA production and
secretion upon PEDV infection.

Memory B cells play important roles in the protec-
tion of individual animals from subsequent re-infection.
We thus further analyzed the distribution of memory B
cells in PEDV-inoculated pigs by examining the level of
antibodies produced by MNCs isolated from blood and
each tissue following in vitro stimulation. We stimulated
isolated MNCs with the TLR7/8 agonist R848, which
induces polyclonal memory B-cell expansion and anti-
body production without a specific antigen [37, 48—50].
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Because B-cell responses can vary depending on the
dose and virus proteins used for stimulation [32, 51], we
hypothesized that in vitro stimulation with R848 may
provide a clearer picture of memory B-cell responses to
PEDV than stimulation with recombinant proteins or
partially purified viruses.

Overall, compared with no stimulation, in vitro stimu-
lation with R848 significantly enhanced PEDV IgA anti-
body secretion from MNC:s isolated from MLNSs at 28 dpi
and the ileum significantly at 7 dpi, and showed a trend
towards enhancing secretion from MNCs from the ileum
at 28 dpi, the intestinal secondary lymphoid organ where
naive B-cell activation and differentiation take place
(Figure 4). However, in vitro R848 stimulation did not
enhance IgA antibody secretion from MNCs in the jeju-
num, where active production of the IgA antibody was
observed without stimulation. These findings demon-
strate the importance of MLNs and the ileum as induc-
tive sites and the jejunum as an effective site of adaptive
humoral immunity to PEDV infection.

Active production of PEDV IgA and IgG antibodies
was also observed in culture supernatants of MNCs iso-
lated from the blood and spleen of PEDV-inoculated pigs
(Figure 4). Similarly, an earlier study also detected PEDV
IgA and IgG ASCs in both systemic and intestinal tissues
[32]. Possible explanations for this observation are that
B cells that become activated and differentiated follow-
ing activation by the virus are transported from the gut
to the blood and other secondary lymphoid organs prior
to antibody secretion [52], and/or B cells are activated in
systemic secondary lymphoid tissues by PEDV antigens
in systemic circulation [18, 53]. We observed lower IgA
antibody levels in the culture supernatants of MNCs iso-
lated from intestinal tissues than those from blood and
spleen (Figure 3). This observation may be ascribable to
the lower frequencies of B cells in intestinal tissues than
in blood and spleen, as reported by Pasternak et al. [54].
However, further studies are required to clarify these
phenomena.

In conclusion, we elucidated the kinetics of PEDV IgA
and IgG antibody secretion and the distribution of ASCs
in systemic and mucosal tissues. To our knowledge, this
is the first report to investigate PEDV IgA antibody levels
in various parts of the small intestine and to demonstrate
the inductive and effective sites of the adaptive immune
response in PEDV infection in young piglets in an experi-
mental setting. Our findings will contribute to the under-
standing of immunity against enteric virus infection
and the development of a more effective vaccine against
PEDV.
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