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Intranasal administration with recombinant ==

vaccine PRVXJ-delgE/gl/TK-S induces strong
intestinal mucosal immune responses
against PDCoV
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Abstract

Porcine deltacoronavirus (PDCoV) is a novel coronavirus that causes enteric diseases in pigs leading to substantial
financial losses within the industry. The absence of commercial vaccines and limited research on PDCoV vaccines
presents significant challenges. Therefore, we evaluated the safety and immunogenicity of recombinant pseudora-
bies virus (PRV) rPRVXJ-delgE/gl/TK-S through intranasal mucosal immunization in weaned piglets and SPF mice.
Results indicated that rPRVXJ-delgE/gl/TK-S safely induced PDCoV S-specific and PRV gB-specific antibodies in pig-
lets, with levels increasing 7 days after immunization. Virus challenge tests demonstrated that rPRVXJ-delgE/gl/TK-S
effectively improved piglet survival rates, reduced virus shedding, and alleviated clinical symptoms and pathological
damage. Notably, the recombinant virus reduced anti-inflammatory and pro-inflammatory responses by regulating
IFN-y, TNF-a, and IL-1[3 secretion after infection. Additionally, rPRVXJ-delgE/gl/TK-S colonized target intestinal seg-
ments infected with PDCoV, stimulated the secretion of cytokines by MLVS in mice, stimulated slgA secretion in dif-
ferent intestinal segments of mice, and improved mucosal immune function. HE and AB/PAS staining confirmed

a more complete intestinal mucosal barrier and a significant increase in goblet cell numbers after immunization. In
conclusion, rPRVXJ-delgE/gl/TK-S exhibits good immunogenicity and safety in mice and piglets, making it a promis-
ing candidate vaccine for PDCoV.
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Introduction

Porcine deltacoronavirus (PDCoV) is an emerging por-
cine enterovirus belonging to the family Coronaviridae
and genus Coronaviruses. It can co-infect with entero-
*Bingzhou Huang and Yao Huang have made an equal contribution to the virus, such as porcine epidemic diarrhea virus (PEDV),

research causing severe vomiting, watery diarrhoea, dehydra-
Iﬁ%”zefﬁondencez tion, and even death in pigs. PDCoV was initially dis-
abtczl72@126.com covered in Hong Kong in 2012 and emerged in Ohio
! College of Veterinary Medicine, Sichuan Agricultural University, and Indiana in the United States in February 2014 [1,
ZCE:;gLSl;Joér;:clrSyoéfC;:wr;fnal Diseases and Human Health of Sichuan 2]' Subsequently, it spriaaded rapldly m t[he L.Inlted
Province, Chengdu 611130, China States and Canada, leading to a global epidemic and

causing significant economic losses to the pig industry
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[3, 4]. A systematic review was conducted to access the
prevalence of PDCoV infection in pig population of
China, revealing an estimated prevalence of 12.2% [5].
Recent studies have shown that PDCoV can efficiently
infect a wide range of cells, including humans, suggest-
ing its potential for rapid and cross-species transmis-
sion [6-8]. Consequently, preventing and controlling
PDCoV not only has economically significant but also
has important for public health security.

The PDCoV genome is approximately 25.4 kb in size
and encodes four major structural proteins, including
spike (S), envelope (E), membrane (M), and nucleocapsid
(N), as well as three non-structural proteins NS6, NS7,
and NS7a [8, 9]. The S protein is particularly essential in
determining host range, tissue tropism, and virus viru-
lence, and also inducing neutralizing antibodies, making
it an ideal target for vaccine development [10, 11]. Cur-
rently, no commercial vaccines are available for PDCoV.
Research on PDCoV vaccines mainly focuses on inac-
tivated vaccines, which have limitations in protection
against homologous viruses [12, 13].

Live vaccines based on recombinant viruses have been
shown to provide stronger immune protection and often
cause better immune response and duration than inacti-
vated vaccines [14]. Additionally, they have proven to be
more effective in resisting homologous virus challenge.
[15]. PRV, a recombinant live vaccine vector, has been
used in the research and development of a variety of viral
vaccines [16]. The TK gene, which is not involved in virus
replication, is commonly deleted to reduce the infectiv-
ity of the virus to nervous tissues, making it an attractive
target for the development of live attenuated vaccines.
Moreover, the gE gene serves as an effective marker in
distinguishing vaccine strains from wild-type viruses and
ought to be deleted in the development of any PRV vac-
cine [17-20].

In the preliminary experiment, we used CRISPR/Cas
gene editing and homologous recombination technology
to construct a recombinant virus, PRVXJ-delgE/gl/TK-S,
that expresses the PDCoV S protein [21]. The recombi-
nant virus demonstrated good safety and immunogenic-
ity in mice. However, since PDCoV primarily infects the
intestine and elicits a strong intestinal mucosal immune
response, we further assessed the colonization of the
recombinant virus in different intestinal segments of
mice and its ability to induce sIgA secretion. Further-
more, it should be noted that,mouse models do not pro-
vide a complete representation of the performance of
the recombinant virus in pigs. Therefore, we inoculated
piglets with the recombinant virus PRV rPRVX]J-delgE/
gl/TK-S and evaluated their health status, immune
response, and protection against PDCoV infection. It
is suggested that PRVX]J-delgE/gl/TK-S is a promising
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candidate vaccine for the prevention and control of
PDCoV infection.

Materials and methods

Vaccines, cells and viruses

The rPRVX]J-delgE/gl/TK-S, rPRVX]J-delgE/gl/TK-EGFP
and PRV X]J strains were constructed and preserved by
Animal Biotechnology Center, College of Veterinary
Medicine, Sichuan Agricultural University (Chengdu,
China), and proliferated on BHK-21 cells. Each virus
stock was titrated by TCIDy, following the Reed-Muench
method on BHK-21 cells. All vaccines were confirmed to
be free of bacteria and fungi according to the standard
method as described in the Veterinary Phamacopoeia of
the People’s Republic of China 2015 Edition, and stored
at -80°C until use.

PDCoV was preserved by Animal Biotechnology
Center, College of Veterinary Medicine, Sichuan Agricul-
tural University (Chengdu, China), and proliferated on
LLC-PK1 cells.

BHK-21 cells were cultured in DMEM (Gibco, New
York, USA) supplemented with 10% newborn bovine
serum (NBS) (37°C, 5% CO,). LLC-PK1 cells were cul-
tured in DMEM (Gibco, New York, USA) supplemented
with 10% NBS (37°C, 5% CO,).

Colonization of recombinant virus rPRVXJ-delgE/gl/TK-S

in mice

All the animal experiments were approved by the Labo-
ratory Animal Management Committee of Sichuan Prov-
ince (Approval Number SYXK2019-187).

Female BALB/c mice aged 6-8 weeks were pur-
chased from Chengdu Dashuo Biotechnology Co., Ltd.
(Chengdu, China). A total of 120 mice were randomly
divided into two groups (80 mice in the rPRVX]J-delgE/
gl/TK-S group and 40 mice in the DMEM group) and
inoculated with activated 5x 10° TCID;, rPRVX]J-delgE/
gl/TK-S vaccine and 50 pl DMEM by nasal drop immu-
nization. Two weeks later, the booster immunization was
administered. All surviving mice were euthanized by an
overdose of sodium pentobarbital (National Pharmaceu-
tical Group Corporation, China) dosed by intravenous
route and a complete necropsy was performed.

Immunohistochemistry analysis of mucosal slgA in mice

In order to analyze the secretion of IgA in different intes-
tinal sections (jejunum, ileum, cecum, colon and rectum)
of mice in the experimental and control groups at each
time points (1 dpi, 3 dpi, 7 dpi and 14 dpi), 4% paraform-
aldehyde fixed intestinal samples were sent to Wuhan
Servicebio for immunohistochemical analysis. Goat anti-
mouse sIgA (Abcam, Cambridge, UK) was used as pri-
mary antibody, goat anti-mouse IgG (Servicebio, Wuhan,
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China) as secondary antibody. Image-Pro Plus 6.0 soft-
ware was employed to calculate the percentage of posi-
tive cells.

Test of vaccine safety of rPRVXJ-delgE/gl/TK-S
Nine 3-week-old healthy piglets were purchased from
Wanjiahao pig farms without PDCoV and PRV for immu-
nization safety test. Prior to vaccination, all pigs were
tested negative for PRV antibodies. The pigs were ran-
domly divided into three groups, with three pigs in each
group. Group 1 was intramuscularly vaccinated with 2
mL inactivated vaccine prepared from rPRVX]-delgE/gl/
TK-S at a dose of 10" TCID,,. Group 2 was intramuscu-
larly vaccinated with 2 mL inactivated vaccine prepared
from rPRVXJ-delgE/gl/TK-S at a dose of 10° TCIDx,
Group 3 was intramuscularly inoculated with 2 mL
DMEM as a negative control. Each group was housed in
separate rooms at an ambient temperature of 20-25C.
Clinical signs were monitored daily for 14 days. Serum
samples were collected for PRV gB and gE antibodies test
at 14 days P.I

After 14 days, all surviving pigs were euthanized and
various tissue samples (including brain, heart, liver,
spleen, lung, kidney, lymph nodes and intestinal) were
collected and subjected to pathological examinations
[22].

Test of vaccine efficacy of rPRVXJ-delgE/gl/TK-S

Nine 3-week-old healthy piglets purchased from a
PDCoV-free pig farm were used to test the immunogenic-
ity of the vaccine. Prior to vaccination, all pigs tested neg-
ative for PRV antibodies, viral DNA and RNA by the PRV
antibody detection kit (ID.VET, Montpellier, France),
the PCR and RT-PCR, respectively. The pigs were ran-
domly divided into three groups (A-F), with three pigs
in each group. Groups A and B were intranasally vacci-
nated with 2 mL vaccine prepared from rPRVX]J-delgE/
gl/TK-S at a dose of 10° TCID;,. Groups C and D were
also intranasally vaccinated with 2 mL vaccine prepared
from rPRVXJ-delgE/gl/ TK-EGFP at a dose of 10° TCIDy,,
Groups E and F were intranasally inoculated with 2 mL
DMEM as a negative control (Table 1). Each group was
housed separately in a temperature-controlled room
maintained at 20—25. Booster immunizations were given
at the same dose by intramuscular injection 4 weeks after
the primary immunization. Blood samples were col-
lected at 2, 4, 6, and 8 weeks after initial immunization.
Four weeks after vaccination, the piglets in groups A, C
and E were challenged intranasally with 10° TCID;, of
PRV X]J, and the piglets in groups B, D and F were chal-
lenged with PDCoV by intragastric administration. After
the challenge, clinical symptoms and rectal temperatures
were monitored, and virus excretion was determined by
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Table 1 The immunity and challenge of each group in the piglet
challenge experiment

Group Vaccines for immunization The
challenged
virus

A 2mL rPRVXJ-delgE/gl/TK-S PRV

B 2mL rPRVXJ-delgE/gl/TK-S PDCoV

C 2mL rPRVXJ-delgE/gl/TK-EGFP PRV

D 2mL rPRVXJ-delgE/gl/TK-EGFP PDCoV

E 2mL DMEM PRV

F 2mL DMEM PDCoV

collecting anal swabs at 2, 3, 5, 7-days and 14-days after
the challenge (dpc). The challenged piglets were blood
sampled at 7 dpc and 14 dpc.

After 14 dpc, all surviving pigs were euthanized by
an overdose of sodium pentobarbital (National Phar-
maceutical Group Corporation, China) dosed by intra-
venous route and different tissue samples (including
brain, heart, liver, spleen, lung, kidney, lymph nodes and
intestinal) were collected and subjected to pathological
examinations.

Neutralizing antibody assay

To assess the neutralizing antibody titer of rPRVXJ-
delgE/gl/TK-S, the antigen-specific and neutralizing
antibodies were detected using a virus-specific neutral-
izing antibody (VNA) assay. Dilutions of serum were co-
incubated with the virus (0.2-200 TCID,) for 1 h at 37°C
prior to the addition of LLC-PK1 cells in DMEM contain-
ing 1% NBS and 1% PS. After 3 days of incubation at 37°C
and 5% CO,, the neutralization was analyzed by observ-
ing cytopathic effects (CPEs) under a microscope.

ELISA for antibodies

To evaluate the specific antibody and cytokines response
to rPRVX]J-delgE/gl/TK-S, We measured the levels of
specific antibodies to PRV-gB, PRV-gE, and PDCoV-S
and the levels of cytokines IFN-y, IL-1p, IL-6, IL-8, IL-10,
TNEF-a, and IL-2 in the blood of piglets with ELISA. PRV-
gB and PRV-gE antibody ELISA kit were purchased from
IDEXX (Maine, USA). ELISA kits for cytokine detection
were purchased from Thermo Fisher Scientific (Massa-
chusetts, USA). All operations were carried out accord-
ing to the instructions of commercial ELISA kit. PDCoV
anti-S antibody was detected by PDCoV-S antibody
ELISA assays constructed in our lab [18].

Viral load was detected by real-time quantitative RT-PCR
To evaluate the protective effect of the recombinant
virus rPRVX]J-delgE/gl/TK-S, viral loads of PRV and
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PDCoV in blood and anal swabs were measured. The
viral DNA/RNA was purified from a 1 g tissue sample
using the Magnetic Pathogen DNA/RNA Kit (Vazyme,
Nanjing, China) according to the manufacturer’s instruc-
tions. The qPCR test was conducted at a total volume of
20.0 pL containing 10.0 pL 2x TagMan Fast Advanced
Master Mix (ThermoFisher, Massachusetts, USA), 2.0
uL DNA, 6.5 pL sterilized H,O, and 0.5 pL each of the
primers (final primer concentration 0.5 mM). The reac-
tion was heated to 95°C for 1 min, followed by 40 cycles
of 95°C for 5 s, and 60°C for 20 s (fluorescence captured).
TagMan real-time PCR was carried out using the Quant-
Studio 5 real-time PCR instrument (ThermoFisher, Mas-
sachusetts, America). According to the CT value of each
tissue sample, the original copies were calculated by the
standard curve constructed in the previous study [15, 23]
and converted into copies of the virus load in each gram
of tissue with multiples (25X). The copy numbers of each
tissue sample were expressed as log10 copies per gram of
tissue sample.

Hematoxylin - eosin staining
All tissue of pigs was fixed with 4% paraformaldehyde and
sent to Wuhan Servicebio for pathological examination.

AB/PAS (alcian blue/periodic acid Schiff) staining

All intestinal tissues of pigs were fixed with 4% para-
formaldehyde and sent to Wuhan Servicebio for AB/PAS
staining.

Result

Immunohistochemical analysis of virus colonization

in intestinal mucosa of mice

In the preliminary study, we have measured the basic
indicators such as mortality, neutralizing antibody level,
and specific antibody level of mice immunized with
rPRVX]J-delgE/gl/TK-S. These results have been pub-
lished [18]. To further verify the protective ability of
rPRVX]J-delgE/gl/TK-S on the intestinal mucosa, this
study analyzed the colonization of rPRVX]J-delgE/gl/
TK-S in the mouse intestine by immunohistochemistry,
and found that rPRVX]J-delgE/gl/TK-S could colonize the
jejunum and ileum of mice, while rPRVX]-delgE/gl/TK-S
was not detected in the DMEM group mice (Fig. 1A).
Moreover, the recombinant virus rPRVX]-delgE/gl/TK-S
was detected in the jejunum and ileum of the experimen-
tal mice at all time points (Fig. 1B).

Immunohistochemical analysis of sIgA in intestinal mucosa
of mice

sIgA is the most critical immunoglobulin in the intestinal
mucosa. The study determined the mucosal content of
sIgA by performing an immunohistochemistry analysis
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(Fig. 2). The rPRVXJ-delgE/gl/TK-S group showed a
higher percentage of sIgA positive cells in the intestinal
epithelium compared to the DMEM group (Fig. 3).

The secretion of IL-4 and IFN-y by MLN after immunization

To further analyze the impact of the rPRVX]J-delgE/gl/
TK-S on the secretion of IL-4 and IFN-y by mesenteric
lymph node (MLN) cells in mice, enzyme-linked immu-
nospot (ELISPOT) assay was performed on MLN cells
from mice on days 1 and 7 after the second immuniza-
tion. We measured the secretion and production of IL-4
and IFN-y by MLN cells after immunisation. The findings
indicate that MLN cells, stimulated by rPRVX]J-delgE/
gl/TK-S, produced elevated levels of IL-4 and IFN-y,
significantly differing from the control group (£<0.001)
(Fig. 4A and B).

The secretion of sIgA in the intestinal tract of mice
stimulated by PDCOV-S

To further analyze the stimulatory effect of PDCOV-S
on the secretion of secretory IgA (sIgA) in the intestinal
mucosa of mice, enzyme-linked immunospot (ELISPOT)
assay was performed on intestinal cells from mice at 1, 3,
and 7 days after the second immunization. The ability of
intestinal mucosal secretion to produce sIgA after immu-
nization was examined. The results demonstrated that
PDCOV-S stimulated mice to produce a higher level of
sIgA, which was significantly different from the control
group (P<0.0001) (Fig. 5).

rPRVXJ-delgE/gl/TK-S was avirulent to piglets

To determine the pathogenicity of rPRVX]-delgE/gl/
TK-S in piglets, groups 1 and 2 were inoculated with
107 TCID,, or 10° TCID50 of the viurs, respectively. All
piglets survived throughout the experiment without any
clinical symptoms. All surviving piglets were euthanized
at 14 days post inoculation (dpi) and necropsied. No vis-
ible gross pathological lesions were identified in the inoc-
ulated piglets’ organs. Histopathological examination
showed that the piglets of all groups exhibited almost no
pathological lesions (Fig. 6). The results indicated that
rPRVX]J-delgE/gl/TK-S was avirulent to sucking piglets.

Immunogenicity of the rPRVXJ-delgE/gl/TK-S in piglets

To monitor PRV gB/gE-specific antibody responses and
PDCoV S-specific antibody responses, the serum samples
were collected weekly after vaccination. The antibodies
to PRV were detected with ELISA. The results indicated
that the PRV gB-specific antibody and PDCoV S-specific
antibody could be detected at 7 days post-inoculation in
group A and B (Fig. 7A-C). Antibody levels remained sta-
ble. The PRV gB-specific antibody also could be detected
in group C and D at 7 days post-inoculation (Fig. 7A-C).



Huang et al. BMIC Veterinary Research (2023) 19:171

jejunum

(a)

Page 5 of 17

ileum

rPRVXJ-delgE/gl/TK/-S

1 dpi

3 dpi

5 dpi

7 dpi |

14 dpi

28 dpi

42 dpi

(B)_

S 2500—
]
B
S 2000
= 1500
=
3
2 1000
I
>
2 500
<
g 0
E b 1 1

rPRVXJ-delgE/gl/TK/-S
E 3 ’ g3

—-o— jejunum

—— ileum

o -
—
w

5

1 1 1 1
7 14 28 42

Days post-immunization
Fig. 1 Colonization of recombinant virus rPRVXJ-delgE/gl/TK-S of mice. A The colonization of recombinant virus rPRVXJ-delgE/gl/TK-S in jejunum
and ileum of mice was analyzed by immunohistochemistry using PDCoV S protein polyclonal antibody as primary antibody and goat anti-mouse
IgG as secondary antibody. (immunohistochemistry; x 400) (B) Quantitative analysis of rPRVXJ-delgE/gl/TK-S tissue in jejunum and ileum

Neutralizing antibody assay

The VNA titers against PRV in the rPRVX]J-delgE/gl/
TK-S vaccinated group were similar to those in the
rPRVX]J-delgE/gl/TK-EGFP vaccinated group (Fig. 7D),
and that the VNA titers against PDCOV reached the
level required for the vaccine (Fig. 7E).

Clinical signs post-challenge

Six weeks after vaccination, groups A, C and E were
challenged with PRV, while groups B, D and F were
challenged with PDCoV. All piglets in group E exhib-
ited typical symptoms of PR, including high fever,
depression, anorexia, respiratory distress, vomiting,
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Fig. 2 Immunohistochemical analysis of sIgA in intestinal mucosa. A, B The secretion of IgA in the mucosa of jejunum, ileum, cecum, colon
and rectum of mice at 1dpi, 3dpi, 7dpi and 14dpi was analyzed by immunohistochemistry (goat anti-mouse slgA was the primary antibody

and goat Anti-mouse IgG was the secondary antibody). (immunohistochemistry; x 400)



Huang et al. BMIC Veterinary Research (2023) 19:171 Page 7 of 17

( Aﬂ) 40= ( B ) 30—
3 = Aokok
: $ £l ns
9
£ 30J - - Z — i
8 — Ak Z 20—
st = (M . ™)
< = < = .
=220~ 22 il
eE _ 3 E
g g 10+
€ 10+ ;‘_‘=~
> a
£ S
4 S
- OJ T T =0y T T T
7d 14d 1d 3d 7d 14d
Days post-immunization Days post-immunization
(C) 15= (Di) 1597 ok
3 E — sokok
g z -
& z il
Z 10— g 10— — ook
aE Aokok ac
= — < < f /
EF 2
o =]
S, 22 |
g E
0N 1
= o= | (- - |_|
d 14d 1d ]4d
Days post-immunization Days post-immunization
( E ) 10—
=2 Bl PRV XJ-delgE/gl/TK-S
3 Aokok otk
. Aokk
= — i
S =
=55
=3
- =
(=] 4=
5 =
b
g
3 ™
£
0= T T T
1d 3d 7d 14d

Days post-immunization

Fig. 3 The proportion of sIgA positive cells in each intestinal segment. A-E The proportion of IgA positive cells in jejunum, ileum, cecum, colon
and rectum (1dpi, 3dpi, 7dpi and 14dpi) was calculated by Image Pro Plus 6.0 software. (immunohistochemistry; x 200) Significant difference

was indicated by “***" (P <0.001); Extremely significant difference was indicated by “**" (P < 0.01); Significant difference was indicated by “*" (P < 0.05);
No significant difference was indicated by “ns” (P> 0.05)

trembling, and ataxia. On day 5, all piglets in group E  Viruses excretion
died (Fig. 8A). Piglets in group D and F showed clinical In the PDCoV challenge assay, detoxification was
symptoms, such as low fever and diarrhea. detectable in all piglets immunized with rPRVX]J-delgE/
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Fig. 4 The secretion of IL-4 and IFN-y by MLN after immunization was detected by ELISPOT. A Typical images of ELISPOT Wells of intestinal cells
in mice. B Spot counts in ELISPOT Wells of MLV in mice. Significant difference was indicated by “***"(P<0.001); Extremely significant difference
was indicated by “**" (P < 0.01); Significant difference was indicated by “*" (P < 0.05); No significant difference was indicated by "ns” (P> 0.05)

gl/TK-S at 2 dpc, with maximum detoxification at
3 dpc. They shed significantly less virus than the rest
of the group. In the PDCoV challenge assay, detoxi-
fication was detectable at 2 dpc in piglets immunized
with rPRVX]J-delgE/gl/TK-S and rPRVX]J-delgE/gl/
TK-EGFP, with maximum detoxification at 3 dpc. In
contrast, control piglets shed significantly more virus.
Mortality statistics verified this result, with piglets only
died in the control group (Fig. 8).

Pathological examination
The piglets in groups A, B and C almost had no patho-
logical lesions, whereas those in group E displayed

substantial tissue hemorrhage. Histopathological exami-
nation revealed severe lung hemorrhage and congestion,
and hemorrhage and inflammatory cell infiltration in the
liver, kidney and spleen of the piglets in group E. Short-
ening and shedding of intestinal villi, mucosal conges-
tion, degeneration and necrosis of mucosal epithelium,
and necrosis of small intestinal glands of the piglets in
groups D and F (Fig. 9).

Cytokine detection

Cytokines play a crucial role in immune responses,
reflecting not only immune responses but also the
body’s inflammatory response. Serum levels of IL-2,
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Fig. 5 The secretion of sIgA in the intestinal tract of mice stimulated by PDCOV-S was detected by ELISPOT. A Typical images of slgA-ELISPOT Wells
of intestinal cells in mice. B Spot counts in sIgA-ELISPOT Wells of intestinal cells in mice. Significant difference was indicated by “***" (P < 0.001);
Extremely significant difference was indicated by “**" (P < 0.01); Significant difference was indicated by “*" (P < 0.05); No significant difference
was indicated by “ns” (P> 0.05)
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Fig. 6 Histopathological analysis of piglets after immunization. A, D, G, J, M, P, S,V 10’ TCIDs, recombinant virus rPRVXJ-delgE/gl/TK-S immunized
piglets; (B,EHKN,QTW): 100 TCIDy, recombinant virus rPRVXJ-delgE/gl/TK-S immunized piglets; C, F, I, L, O, R, U, X Mock piglets; A-C Heart;
D-F Liver; G-l Spleen; J-L Lung; M-O Kidney; P-R Intestinal; S-U Brain; V-X Lymph nodes

IEN-y, TNF-a, IL-1B, IL-6, IL-8, and IL-10 were and rPRVX]J-delgE/gl/TK-EGEFP increased significantly
detected at 2, 4, and 6 weeks following immunization  (***P<0.001). However, no statistically significant
and after PDCoV and PRV challenge. At 2, 4, and 6 change in serum levels of cytokines IL-2, TNF-«, IL-1,
weeks post-immunization, serum levels of IFN-y and IL-8, and IL-10 were observed in each group (P >0.05)
IL-2 in piglets immunized with rPRVX]J-delgE/gl/TK-S  (Fig. 10).
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After PRV and PDCoV challenge, serum levels of IFN-
Y, TNE-«, IL-1f, IL-8, IL-10, and IL-2 in experimental
pigs from the rPRVX]J-delgE/gl/TK-S group, rPRVX]-
delgE/g/TK-EGFP group and control group all increased
significantly. However, compared to the control group,
except for higher levels of IL-2, levels of other detected
cytokines were lower with a significant difference
(***P<0.001) (Fig. 10).

AB/PAS staining

In a safety trial, the number of intestinal goblet cells in
piglets was increased after immunization of piglets with
recombinant virus (Fig. 11A). In the challenge protec-
tion test, the number of intestinal goblet cells in the
immunized piglets was higher than the control group
(Fig. 11B).

Discussion

PDCoV is a novel coronavirus that has emerged in recent
years and causes severe diarrhea in piglets. The develop-
ment of recombinant vaccines is a major focus of cur-
rent research [24]. Recombinant vaccines are a hot spot
in the research and development of new vaccines. These
vaccines use the weak virus as a vector, inserting immu-
nodominant antigen genes of other viruses, and highly

expressing multiple viral antigens in host cells at the same
time. PRV is an ideal vector for recombinant vaccines.
Extensive research has involved the insertion of foreign
antigen genes into the non-essential genes of gE, gI, and
TK deletion PRV strains to construct recombinant vac-
cines, which have demonstrated the ability to provide
multiple protection against PRV and other pathogens
[25, 26]. In a previous study, a recombinant PRV rPRVX]J-
delgE/gl/TK-S that expresses PDCoV was developed. Its
safety and immunogenicity was tested in mice. However,
PDCoV causes severe intestinal mucosal damage. There-
fore, an examination of the vaccine’s protective effect on
the mucosal immune barrier is necessary to determine its
efficacy against PDCoV infection. Moreover, we need to
verify the safety, immunogenicity and protection of PRV
XJ-delgE/gl/TK-S against PRV and PDCoV infection in
pigs, which are the target species for the vaccine.

Safety is the primary consideration for any vaccine [27].
To assess the safety of the recombinant vaccine PRV XJ-
delgE/gl/TK-S, a pathological analysis was conducted.
Results indicate no damage to different tissues and
organs in the piglets. Furthermore, immunization did
not lead to the production of PRV gE antibodies, indicat-
ing the vaccine is safe. The vaccine demonstrated good
immunogenicity, generating PRV gB-specific antibodies



Huang et al. BMC Veterinary Research (2023) 19:171

(A)

o)

S 15108

e X105 =

ol PRV XJ-AgE/gl/TK-S
<9

E ¥ PRV XJ-AgE/el/TK-EGFP
S 1x10%4 ¢ o~ Mock

Y

=

S I

] /

3 sanq |

A N

S 03 ——T—T—TT T

° 0 5 10 15

g Days post-challenge

a

=

2 —&— Group A
= oup
2 60— ) ¥~ Group C
> ¥~ Group D
= 40

= o— @ GroupE
)

S 204 - Group F
=]

1

~ 0 T & T T T 1

0 2 4 6 8 10 12 14
Days after PRV XJ infection

Page 12 of 17

(B)

1

= 1.5x105

8 —+— 1PRVXJ-delgE/gl/TK-S
? ~¥ rPRVXJ-delgE/gl/TK-EGFP
T 1x10%- -o- Mock

=

o

=]

=

S 5x1044

E

=

R 0 5 10 15

Days post-challenge

(D)

1.5%x105
rPRVXJ-delgE/gl/TK-S
—¥ rPRVXJ-delgE/gl/TK-EGFP
1x1054 -~ Mock

5x104

R e T e e —
0 5 10 15

Days post-challenge

PRY viral load of blood/copiespl'1

Fig. 8 Survival rate and the detoxification of piglets after Challenge. A PDCoV viral load of feces in different groups; B PRV viral load of blood
in different groups; C survival rate of piglets in different groups; D PDCoV viral load of blood in different groups

and PDCoV S-specific antibodies within a week of ini-
tial immunization. Additionally, the vaccine significantly
reduced the viral load of PDCoV in piglets, indicating its
efficacy in providing protection against PDCoV.

To verify the protective efficacy of the vaccine, we con-
ducted PRV and PDCoV challenge tests on piglets immu-
nized with PRV X]J-delgE/gl/TK-S, triple-deficient strain
PRV X]J-delgE/gl/TK, and negative control. The piglets
vaccinated with the recombinant vaccine and the triple-
deficient strain demonstrated effective protection against
PRV, as indicated by lower mortality rates, less severe
clinical symptoms, and tissue lesions post-challenge. In
the PDCoV challenge test, the recombinant vaccine was
able to control the viral load.

We also measured cytokine levels, such as IL-2 and
IEN-y in piglet serum 14-28 days post-immunization.
The recombinant strains significantly upregulated Thl-
type cytokine expression, ,including IFN-y and IL-2,
compared to the control group. This indicating that the
vaccine improves the body’s adaptive immune response.
This upregulation of IFN-y expression is crutial in eval-
uating the efficacy of the vaccine [28]. Furthermore, an
increase in IL-2 levels promotes lymphocyte growth,

proliferation, and differentiation, playing an essential role
in the body’s immune response to viral infections [29].
After the PRV challenge, it was observed that, apart from
IL-2 levels, the increase in IFN-y, TNF-q, IL-1f, IL-8, and
IL-10 in the serum of piglets in both the rPRV X]J-AgE/
gl/TK-EGFP group and the rPRV X]J-AgE/gl/TK-S group
was not as significant as that in the control group. This
trend persisted only in piglets in the rPRV XJ-AgE/gl/
TK-S group after the PDCoV challenge. The findings sug-
gest that the recombinant vaccine can effectively alleviate
the anti-inflammatory and pro-inflammatory responses
of piglets after PRV and PDCoV infection, thereby reduc-
ing tissue damage caused by viruses. It is noteworthy that
IL-2 can also enhance sIgA secretion in the intestine to
alleviate the inflammation-induced increase in intesti-
nal mucosal permeability and support the weakening of
intestinal mucosal integrity, which is critical in PDCoV
infection [30].

PDCoV primarily infects the epithelial surface of the
intestinal mucosa, while PRV has been found to nega-
tively impact the intestinal barrier, particularly by inhib-
iting sIgA secretion in the ileum of piglets [31-33]. The
mucosal immune system, particularly the intestinal
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mucosal immune barrier, is a critical first line of defense
against pathogenic microorganisms [34, 35]. Research
has shown that the destruction of the intestinal mucosal
barrier can lead to an imbalance of Th1, Th2, Th17, and
Treg-related cytokine levels, affecting IgE, IgA, and other
immunoglobulin levels in the body, resulting in abnor-
mal immunity [36, 37]. sIgA is the most critical immu-
noglobulin and marker for the mucosal immune response
in the intestinal mucosa, and plays a key role in mediat-
ing mucosal immune response against enteric pathogens
[38]. In this study, we performed immunohistochemical
analysis of the intestines of mice immunized with the
recombinant vaccine. The results showed that sIgA secre-
tion was earlier than the production of specific antibod-
ies. From the first day of immunization, the percentage
of sIgA-positive cells in different intestinal segments of
mice vaccinated with the recombinant vaccine was sig-
nificantly higher than that of the control group. On the

28th day of immunization, the percentage of sIgA-posi-
tive cells in the ileum of mice had risen by approximately
50%, while the proportion in the colon increased by more
than 6 times. This suggests that sIgA performs a crucial
function in initial intestinal mucosal immunity, and is the
first immune barrier to prevent pathogen adhesion and
colonization in the intestinal mucosa.

To further evaluate the protective effect of the recom-
binant vaccine PRV XJ-delgE/gl/TK-S on the intestinal
mucosal immune barrier, we performed pathological
examination, AB/PAS test and immunohistochemical
analysis to assess the intestinal health status of piglets
after being challenged. The results were consistent with
our previous experiments in mice, indicating that PRV
XJ-delgE/gl/TK-S could significantly reduce the dam-
age of intestinal villi, mucosal epithelium and intestinal
glands caused by PDCoV and PRV in piglets. Previous
studies have shown that intestinal epithelial cells are
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mainly composed of absorptive cells, goblet cells, paneth
cells, and endocrine cells [39]. These cells are constantly
renewed to ensure the integrity of the intestinal epithe-
lium and maintain the normal function of the intestinal
mucosal barrier [40]. Goblet cells are the major secretory
cells of the GI tract. They secrete mucin particles, which
are mixed with water to form mucus, which covers the
surface of the intestinal mucosa to form a protective layer.
Therefore, the number and morphology of goblet cells
and the expression of mucin can reflect the condition of
the intestinal mucosa. AB/PAS experiments showed that
PRV X]J-delgE/gl/TK-S could stimulate the secretion of
mucus from intestinal goblet cells and protect the intesti-
nal mucosal immune barrier of piglets. These results sug-
gest that the recombinant PRV X]J-delgE/gl/TK-S vaccine
can effectively maintain the integrity and homeostasis of
intestinal mucosa and environment, thereby better pre-
venting and repairing intestinal barrier damage caused by
PDCoV and PRV.

Acknowledgements
We thank Prof. Zhu and Prof. Xu for their insightful comments on the design
of the study.

Authors’ contributions

BH, YH, LZ and ZX conceived and designed the experiments. BH, YH and TX
performed the experiments. BH, YH, LD, TX, ZJ performed the analysis. BH and
YH drafted the manuscript. LZ, ZX, SL, YA substantively revised this manuscript.
All authors contributed to the article and approved the submitted version.

Funding

This work was supported by Sichuan Science and Technology Program Pro-
jects (Key R&D Projects) (NO.2023YFN0021), Key Research and Development
Project of Sichuan Science and Technology Plan (Grant No. 2022YFN00O07), the
Chongging Municipal Technology Innovation and Application Development
Project (No. cstc2021jscx-dxwt BX0007), the Basic construction task of experi-
mental pig resource development and innovation team(NCTIP-XD1C14),

the Porcine Major Science and Technology Project of Sichuan Science and
Technology Plan (No. 2021ZDZX0010-3), Key Research and Development Pro-
gram in rural areas of Sichuan Science and Technology Department (Grant No.
2020YFN0147), Agricultural Industrial Technology System of Sichuan Provincial
Department of Agriculture (Grant No. CARS-SVDIP). The funding bodies played
no role in the design of the study and collection, analysis, interpretation of
data, and in writing the manuscript.



Huang et al. BMC Veterinary Research (2023) 19:171

Availability of data and materials
The raw data is available from the corresponding author upon reasonable
request.

Declarations

Ethics approval and consent to participate

The authors confirm that the ethical policies of the journal, as noted on the
journal's author guidelines page, have been adhered to and the appropriate
ethical review committee approval has been received. The Sichuan provincial
laboratory animal management committee (License No: SYXK (Chuan)
2019-187) approval has been received. The ‘Guidelines for Experimental Ani-
mals’of the Ministry of Science and Technology (Beijing, China) were followed.
Informed consent has been obtained from all owners of animals for the use of
animals for experiments in this study. The study was carried out in compliance
with the ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 20 April 2023 Accepted: 15 September 2023
Published online: 23 September 2023

References

1. Woo PCY, Lau SKP, Lam CSF, Lau CCY, Tsang AKL, Lau JHN, et al. Discovery
of seven novel mammalian and avian coronaviruses in the genus deltac-
oronavirus supports bat coronaviruses as the gene source of alphacoro-
navirus and betacoronavirus and avian coronaviruses as the gene source
of gammacoronavirus and deltacoronavirus. J Virol. 2012,86:3995-4008.
https://doi.org/10.1128/JVI.06540-11.

2. Marthaler b, Raymond L, Jiang Y, Collins J, Rossow K, Rovira A. Rapid
detection, complete genome sequencing, and phylogenetic analysis of
porcine deltacoronavirus. Emerg Infect Dis. 2014;20:1347-50. https://doi.
0rg/10.3201/eid2008.140526.

3. Saeng-Chuto K, Lorsirigool A, Temeeyasen G, Vui DT, Stott CJ, Madapong
A, et al. Different lineage of porcine deltacoronavirus in Thailand, Vietnam
and Lao PDR in 2015. Transbound Emerg Dis. 2017;64:3-10. https://doi.
org/10.1111/tbed.12585.

4. Wang L, Byrum B, Zhang Y. Detection and genetic characterization of del-

tacoronavirus in pigs, Ohio, USA, 2014. Emerg Infect Dis. 2014;20:1227-30.

https://doi.org/10.3201/eid2007.140296.

5. SunJ, Zhang Q Zhang C, Liu Z, Zhang J. Epidemiology of porcine delta-
coronavirus among chinese pig populations in China: systematic review
and meta-analysis. Front Vet Sci. 2023;10: 1198593. https://doi.org/10.
3389/fvets.2023.1198593.

6. Zhang J. Porcine deltacoronavirus: overview of infection dynamics,
diagnostic methods, prevalence and genetic evolution. Virus Res.
2016,226:71-84. https://doi.org/10.1016/j.virusres.2016.05.028.

7. Chen Q, Gauger P, Stafne M, Thomas J, Arruda P, Burrough E, et al. Patho-
genicity and pathogenesis of a United States porcine deltacoronavirus
cell culture isolate in 5-day-old neonatal piglets. Virology. 2015;482:51-9.
https://doi.org/10.1016/j.virol.2015.03.024.

8. JungK, Hu H, Eyerly B, Lu Z, Chepngeno J, Saif LJ. Pathogenicity of 2
porcine deltacoronavirus strains in gnotobiotic pigs. Emerg Infect Dis.
2015;21:650-4. https://doi.org/10.3201/eid2104.141859.

9. HuH, Jung K, Vlasova AN, Saif LJ. Experimental infection of gnoto-
biotic pigs with the cell-culture-adapted porcine deltacoronavirus
strain OH-FD22. Arch Virol. 2016;161:3421-34. https://doi.org/10.1007/
500705-016-3056-8.

10. Qin P, Du E-Z, Luo W-T, Yang Y-L, Zhang Y-Q, Wang B, Huang Y-W. Char-
acteristics of the life cycle of porcine deltacoronavirus (PDCoV) in Vitro:
replication kinetics, cellular ultrastructure and virion morphology, and
evidence of inducing autophagy. Viruses. 2019. https://doi.org/10.3390/
v11050455.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 16 of 17

. Li F Structure, function, and evolution of coronavirus spike proteins.

Annu Rev Virol. 2016;3:237-61. https://doi.org/10.1146/annurev-virol
0gy-110615-042301.

Shang J, Zheng Y, Yang Y, Liu C, Geng Q, Tai W, et al. Cryo-electron micros-
copy structure of porcine deltacoronavirus spike protein in the prefusion
state. J Virol. 2018. https://doi.org/10.1128/JV1.01556-17.

Gu Z,Hou C, Sun H, Yang W, Dong J, Bai J, Jiang P. Emergence of

highly virulent pseudorabies virus in Southern China. Can J Vet Res.
2015;79:221-8.

Masoud F, Mahmood MS, Rahman SU, Abbas RZ. An efficient approach
for the recovery of LaSota strain of Newcastle disease virus from cloned
cDNA by the simultaneous use of seamless PCR cloning technique and
RNA-POL Il promoter. Pak Vet J. 2022;42(3):346-51. https://doi.org/10.
29261/pakvetj/2022.059.

GuoY, Li R, Sun X, Zhang Z, Zheng H, et al. In- vitro antibiotic susceptibil-
ity, virulence genes profiles and integrons of streptococcus suis isolates
from pig herds in Liaoning province of China. Pak Vet J. 2022;42(1):117-
21. https://doi.org/10.29261/pakvetj/2021.074.

Liu Q, Kuang, LiY, Guo H, Zhou C, et al. The epidemiology and variation
in pseudorabies virus: a continuing challenge to pigs and humans.
Viruses. 2022;14(7): 1463. https://doi.org/10.3390/v14071463.

LiW, Zhuang D, Li H, Zhao M, Zhu E, et al. Recombinant pseudorabies
virus with gl/gE deletion generated by overlapping polymerase chain
reaction and homologous recombination technology induces protection
against the PRV variant PRV-GD2013. BMC Vet Res. 2021;17(1):164. https://
doi.org/10.1186/512917-021-02861-6.

Huang Y, Xu Z, Gu S, Nie M, Wang Y, et al. The recombinant pseudora-
bies virus expressing porcine deltacoronavirus spike protein is safe and
effective for mice. BMC Vet Res. 2022;18(1):16. https://doi.org/10.1186/
$12917-021-03115-1.

Yen L, Mora-Diaz JC, Rauh R, Nelson W, Castillo G, et al. Characterization of
the subclinical infection of porcine deltacoronavirus in grower pigs under
experimental conditions. Viruses. 2022;14(10): 2144. https://doi.org/10.
3390/v14102144.

Luo C,Wang Q, Guo R, Zhang J, Zhang J, et al. A novel pseudorabies virus
vaccine developed using HDR-CRISPR/Cas9 induces strong humoral and
cellular immune response in mice. Virus Res. 2022;322: 198937. https://
doi.org/10.1016/j.virusres.2022.198937.

Wang M, Wang L, Zhao Q. Construction of a triple gene-deleted live vac-
cine candidate against pseudorabies virus using CRISPR/Cas9 and Cre/
LoxP system-based strategy. Pak Vet J. 2021;41(4):493-8. https://doi.org/
10.29261/pakvetj/2021.053.

Macapanas RG, Pena ST Jr. Prevalence and morphometric evaluation of
cystic ovaries in pigs slaughtered in Tacloban City Abattoir, Philippines.
Int J Veterinary Sci. 2021;10(1):59-63. https://doi.org/10.47278/journal.
ijvs/2020.026.

Wen X, Lv D, Zhai Q, Zhou X, Gondal MA, et al. Development of a real-
time quantitative PCR assay for detection of porcine circovirus type 2e.
Pak Vet J. 2022;42(3):429-32. https://doi.org/10.29261/pakvetj/2020.043.
Li R, Shao G, Xie Z, Hu Z, Feng K, et al. Construction and immunogenicity
of a recombinant pseudorabies virus expressing SARS-CoV-2-S and SARS-
CoV-2-N. Front Vet Sci. 2022;9: 920087. https://doi.org/10.3389/fvets.2022.
920087.

Zhang X, Zhang Y, He Y, Zhu X, Ai Q et al. B-glucan protects against
necrotizing enterocolitis in mice by inhibiting intestinal inflammation,
improving the gut barrier, and modulating gut microbiota. J Transl Med.
2023;21(1):14. https://doi.org/10.1186/512967-022-03866-x.

Cao H, Diao J, Liu H, Liu S, Liu J, et al. The pathogenicity and synergistic
action of Th1 and Th17 cells in Inflammatory Bowel Diseases. Inflamm
Bowel Dis. 2022;27:izac199. https://doi.org/10.1093/ibd/izac199.
LiS,Zhao R, Song H, Pan S, Zhang Y, et al. Local and systemic immune
responses induced by intranasal immunization with biomineralized foot-
and-mouth disease virus-like particles. Front Microbiol. 2023;14:1112641.
https://doi.org/10.3389/fmicb.2023.1112641.

Zhai K, Zhang Z, Liu X, Lv J, Zhang L, et al. Mucosal immune responses
induced by oral administration of recombinant Lactococcus lactis
expressing the S1 protein of PDCoV. Virology. 2023;578:180-9. https://doi.
0rg/10.1016/j.virol.2022.12.010.

Rajput M, Momin T, Singh A, Banerjee S, Villasenor A, et al. Determining
the association between gut microbiota and its metabolites with higher


https://doi.org/10.1128/JVI.06540-11
https://doi.org/10.3201/eid2008.140526
https://doi.org/10.3201/eid2008.140526
https://doi.org/10.1111/tbed.12585
https://doi.org/10.1111/tbed.12585
https://doi.org/10.3201/eid2007.140296
https://doi.org/10.3389/fvets.2023.1198593
https://doi.org/10.3389/fvets.2023.1198593
https://doi.org/10.1016/j.virusres.2016.05.028
https://doi.org/10.1016/j.virol.2015.03.024
https://doi.org/10.3201/eid2104.141859
https://doi.org/10.1007/s00705-016-3056-8
https://doi.org/10.1007/s00705-016-3056-8
https://doi.org/10.3390/v11050455
https://doi.org/10.3390/v11050455
https://doi.org/10.1146/annurev-virology-110615-042301
https://doi.org/10.1146/annurev-virology-110615-042301
https://doi.org/10.1128/JVI.01556-17
https://doi.org/10.29261/pakvetj/2022.059
https://doi.org/10.29261/pakvetj/2022.059
https://doi.org/10.29261/pakvetj/2021.074
https://doi.org/10.3390/v14071463
https://doi.org/10.1186/s12917-021-02861-6
https://doi.org/10.1186/s12917-021-02861-6
https://doi.org/10.1186/s12917-021-03115-1
https://doi.org/10.1186/s12917-021-03115-1
https://doi.org/10.3390/v14102144
https://doi.org/10.3390/v14102144
https://doi.org/10.1016/j.virusres.2022.198937
https://doi.org/10.1016/j.virusres.2022.198937
https://doi.org/10.29261/pakvetj/2021.053
https://doi.org/10.29261/pakvetj/2021.053
https://doi.org/10.47278/journal.ijvs/2020.026
https://doi.org/10.47278/journal.ijvs/2020.026
https://doi.org/10.29261/pakvetj/2020.043
https://doi.org/10.3389/fvets.2022.920087
https://doi.org/10.3389/fvets.2022.920087
https://doi.org/10.1186/s12967-022-03866-x
https://doi.org/10.1093/ibd/izac199
https://doi.org/10.3389/fmicb.2023.1112641
https://doi.org/10.1016/j.virol.2022.12.010
https://doi.org/10.1016/j.virol.2022.12.010

Huang et al. BMIC Veterinary Research

30.

31.

32.

33

34

35.

36.

37.

38.

39.

40.

(2023) 19:171

intestinal immunoglobulin a response. Vet Anim Sci. 2022;19:100279.
https://doi.org/10.1016/j.vas.2022.100279.

Li W, Hulswit RJG, Kenney SP, Widjaja I, Jung K, et al. Broad recep-

tor engagement of an emerging global coronavirus may potenti-

ate its diverse cross-species transmissibility. Proc Natl Acad Sci.
2018;115(22):E5135-5143. https://doi.org/10.1073/pnas.1802879115.
Favre L, Spertini F, Corthésy B. Secretory IgA possesses intrinsic modula-
tory properties stimulating mucosal and systemic immune responses. J
Immunol. 2005;175(5):2793-800. https://doi.org/10.4049/jimmunol.175.5.
2793.

Martens EC, Neumann M, Desai MS. Interactions of commensal and
pathogenic microorganisms with the intestinal mucosal barrier. Nat Rev
Microbiol. 2018;16(8):457-70. https://doi.org/10.1038/541579-018-0036-x.
Camilleri M, Madsen K, Spiller R, Greenwood-Van Meerveld B, Verne

GN. Intestinal barrier function in health and gastrointestinal disease.
Neurogastroenterol Motil. 2012;24(6):503-12. https://doi.org/10.1111/j.
1365-2982.2012.01921 x.

Kayama H, Okumura R, Takeda K. Interaction between the micro-

biota, epithelia, and immune cells in the intestine. Annu Rev

Immunol. 2020;38:23-48. https://doi.org/10.1146/annurev-immun
0l-070119-115104.

Ugwuoke JI, Nwankwo CA, Dim CE. Phytomicrobial dietary treatment
improves growth indices of pigs. Int J Vet Sci. 2021;11(2):257-63. https//
doi.org/10.47278/journal.ijvs/2021.105.

Pietrzak B, Tomela K, Olejnik-Schmidt A, Mackiewicz A, Schmidt M. Secre-
tory IgA in intestinal mucosal secretions as an adaptive barrier against
microbial cells. Int J Mol Sci. 2020;21(23): 9254. https://doi.org/10.3390/
ijms21239254.

Maldonado-Contreras AL, McCormick BA. Intestinal epithelial cells and
their role in innate mucosal immunity. Cell Tissue Res. 2011;343(1):5-12.
https://doi.org/10.1007/500441-010-1082-5.

Gustafsson JK, Johansson MEV. The role of goblet cells and mucus in
intestinal homeostasis. Nat Rev Gastroenterol Hepatol. 2022;19(12):785-
803. https://doi.org/10.1038/541575-022-00675-X.

Do KH, Byun JW, Lee WK. Antimicrobial Resistance, Adhesin and toxin
genes of porcine pathogenic Escherichia coli following the ban on antibi-
otics as the growth promoters in feed. Pak Vet J. 2021; 41(4): 519-523. doi:
10.29261/pakvetj/2021.067a

Chen X, Saeed NM, Ding J, Dong H, Kulyar MFA, et al. Molecular epide-
miological investigation of Cryptosporidium sp., Giardia duodenalis,
Dnterocytozoon bieneusi and blastocystis sp. infection in free-ranged
yaks and tibetan pigs on the Plateau. Pak Vet J. 2022;42(4):533-9. https://
doi.org/10.29261/pakvetj/2021.067a.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 17 of 17

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.vas.2022.100279
https://doi.org/10.1073/pnas.1802879115
https://doi.org/10.4049/jimmunol.175.5.2793
https://doi.org/10.4049/jimmunol.175.5.2793
https://doi.org/10.1038/s41579-018-0036-x
https://doi.org/10.1111/j.1365-2982.2012.01921.x
https://doi.org/10.1111/j.1365-2982.2012.01921.x
https://doi.org/10.1146/annurev-immunol-070119-115104
https://doi.org/10.1146/annurev-immunol-070119-115104
https://doi.org/10.47278/journal.ijvs/2021.105
https://doi.org/10.47278/journal.ijvs/2021.105
https://doi.org/10.3390/ijms21239254
https://doi.org/10.3390/ijms21239254
https://doi.org/10.1007/s00441-010-1082-5
https://doi.org/10.1038/s41575-022-00675-x
https://doi.org/10.29261/pakvetj/2021.067a
https://doi.org/10.29261/pakvetj/2021.067a

	Intranasal administration with recombinant vaccine PRVXJ-delgEgITK-S induces strong intestinal mucosal immune responses against PDCoV
	Abstract 
	Introduction
	Materials and methods
	Vaccines, cells and viruses
	Colonization of recombinant virus rPRVXJ-delgEgITK-S in mice
	Immunohistochemistry analysis of mucosal sIgA in mice
	Test of vaccine safety of rPRVXJ-delgEgITK-S
	Test of vaccine efficacy of rPRVXJ-delgEgITK-S
	Neutralizing antibody assay
	ELISA for antibodies
	Viral load was detected by real-time quantitative RT-PCR
	Hematoxylin - eosin staining
	ABPAS (alcian blueperiodic acid Schiff) staining

	Result
	Immunohistochemical analysis of virus colonization in intestinal mucosa of mice
	Immunohistochemical analysis of sIgA in intestinal mucosa of mice
	The secretion of IL-4 and IFN-γ by MLN after immunization
	The secretion of sIgA in the intestinal tract of mice stimulated by PDCOV-S
	rPRVXJ-delgEgITK-S was avirulent to piglets
	Immunogenicity of the rPRVXJ-delgEgITK-S in piglets
	Neutralizing antibody assay
	Clinical signs post-challenge
	Viruses excretion
	Pathological examination
	Cytokine detection
	ABPAS staining

	Discussion
	Acknowledgements
	References


