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ABSTRACT

Porcine deltacoronavirus (PDCoV) is a potentially emerging zoonotic pathogen that causes severe
diarrhea in young pigs, with a risk of fatal dehydration. Its pathogenicity on neonatal piglet has been
previously reported, however, it is less known if the coinfection with immunosuppressive pathogens can
influence PDCoV disease manifestation. Here, a coinfection model of PDCoV and porcine reproductive
and respiratory syndrome virus (PRRSV), a global-spread immunosuppressive virus, was set to study their
interaction. Weaning pigs in the coinfection group were intranasally inoculated with PRRSV NADC30-like
virus and latterly orally inoculated with PDCoV at three day-post-inoculation (DPI). Unexpectedly,
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compared with pigs in the PDCoV single-infected group, the coinfected pigs did not show any obvious coinfection;
diarrhea, as PDCoV fecal shedding, average daily weight gain (ADWG), gross and microscopic lesions and proinflammatory cytokines;
PDCoV IHC scores consistently indicated that PRRSV coinfection lessened PDCoV caused diarrhea. pathogenicity

Additionally, three proinflammatory cytokines TNF-q, IL-1 and IL-6, which can be secreted by PRRSV
infected macrophages, were detected to be highly expressed at the intestine from both PRRSV infected
groups. By adding to PDCoV-infected cells, these three cytokines were further confirmed to be able to
inhibit the PDCoV replication post its cellular entry. Meanwhile, the inhibition effect of the supernatant
from PRRSV-infected PAMs could be obviously blocked by the antagonist of these three cytokines. In
conclusion, PRRSV coinfection increased TNF-q, IL-1, and IL-6 in the microenvironment of intestines,
which inhibits the PDCoV proliferation, leading to lessened severity of diarrhea. The findings provide
some new insight into the pathogenesis and replication regulation of PDCoV.

Introduction a zoonotic origin, the concerns on PDCoV’s cross-
species transmission and zoonotic potentials are rais-
ing. Except for infecting intestine tissues and causing
diarrhea, PDCoV also shows a wider tropism in non-
enteric tissues, compared with other enteric corona-
viruses, such as porcine epidemic diarrhea virus
(PEDV) [10]. These characters increase the complexity
of PDCoV’s pathogenesis.

Porcine reproductive and respiratory syndrome
virus (PRRSV) is an economically important patho-
gen, causing reproductive failure in sows and respira-
tory dysfunction in all ages of pigs, which has
widespread in almost all pork-producing countries
[11-13]. PRRSV is also characterized by its immuno-
suppression, which markedly alters innate immunity,
Treg cells activation, inflammatory and immunoregu-
latory cytokine secretion in different manners [14--
14-16]. For example, PRRSV-infected macrophages
can secrete proinflammatory cytokines including
TNF-a, IL-1, and IL-6 that play a significant role in
the immunoregulatory and antiviral activity [17,18].

Porcine deltacoronavirus (PDCoV) is a potentially
emerging zoonotic pathogen, first identified in
Hong Kong in 2012 [1], which has been widely
reported from the United States, China, Vietnam, and
many other countries worldwide [2-8]. The PDCoV
infected pigs can show acute severe watery diarrhea
and vomiting that lead to dehydration, bodyweight
loss, even potentially fatal consequences [4,5]. PDCoV
belongs to the genus coronavirus of the family
Coronaviridae in the order Nidovirales. And it has an
enveloped, single-stranded, positive-sense RNA gen-
ome, approximately 25.4 kb [1,6-8]. Currently, it has
been reported that PDCoV can efficiently infect cells
from a broad range of species by using various species’
aminopeptidase N (APN) receptors, including porcine,
feline, human, and chicken [9]. Considering many pan-
demic human coronaviruses, such as severe acute
respiratory syndrome (SARS)-CoV, Middle East
respiratory syndrome coronavirus (MERS-CoV), have
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On intensive pig farms, the coinfections of PRRSV
with other pathogens, such as porcine circovirus type 2
(PCV2), swine influenza virus (SIV), and porcine
respiratory coronavirus (PRCV) are very common [-
19-24]. As a consequence, coinfection can usually
induce more severe clinical signs and lung lesions
than those associated with infection by either agent
alone, suggesting that the coinfection of PRRSV and
other respiratory pathogens is generally considered to
have a synergistic effect. Besides, PRRSV infection can
disturb the host immune response against CSFV vacci-
nations as well [23,25]. So, coinfection and superinfec-
tion are potentially serious threats to public health and
animal husbandry, which may lead to more serious and
chronic diseases when secondary/opportunistic patho-
gens invaded. However, if PRRSV infection can
increase the severity of PDCoV-mediated disease or
even change its symptom pattern has not been reported
yet. To study the interaction between PDCoV and
PRRSV, a weaning pig model of coinfection was estab-
lished here. By comparing the clinical symptom, viral
shedding, gross and microscopic lesions, and THC
scores between single- and coinfected pigs, we found
that PRRSV infection 3 days before PDCoV inoculation
can lessen the severity of PDCoV-mediated diarrhea.
And the cytokines TNF-a, IL-1, and IL-6 in the micro-
environment of the intestines induced by PRRSV infec-
tion, were further identified as the contributors to
inhibit PDCoV replication. The findings provided
some new insight into the pathogenesis and replication
regulation of PDCoV.

Materials and methods
Cells and viruses

For proliferation and titration, MA104 derived monkey
kidney cells, ie., MARC-145 and porcine intestinal
epithelium cell lines, ie., IPEC-J2, for PRRSV and
PDCoV, respectively, were cultured in DMEM
(Thermo Fisher Scientific) supplemented with 10%
fetal bovine serum (FBS) (Gibco). Porcine alveolar
macrophages (PAMs), the target cells of PRRSV, were
prepared from 38-day-old specific-pathogen-free (SPF)
pigs and grown in the RPMI 1640 medium (Thermo
Fisher Scientific) with 10% FBS, as previously described
[26]. All the cells were cultured at 37 °C in a humid 5%
CO, incubator.

A Chinese PDCoV strain CHN-HN-1601 (GenBank
accession no. MG832584) [27] and a moderate patho-
genic PRRSV strain CHsx1401 (GenBank accession no.
KP861625) [28], representing the current predominant
Lineage 1 virus in both China and the United States

[11,29], were used at the gth passage, as previous
study [26].

Indirect immunofluorescence assay (IFA)

Paraformaldehyde (4%) fixed cells were incubated at 37
°C for 1 h with monoclonal antibodies (mAb) SDOW-
17 (RTI) (against PRRSV) [30] or 1A3 (against
PDCoV) made by our lab [27]. Alexa-fluor-488-
conjugated goat anti-mouse polyclonal antibody (dilu-
tion 1:1000) (Invitrogen) was used as the secondary
antibody. The images were taken with a fluorescence
microscope (ECLIPSE Ci-S) [31].

Virus titration

As per the previous description, the titers of PRRSV
and PDCoV were tested on the MARC-145 and IPEC-
J2 cells with IFA, respectively, and measured as 50%
tissue culture infective dose per mL (TCIDso/mL)
according to the Reed—-Muench method [32,33].

Western blot (WB)

Total 2 pg protein from NP-40 lysed cells was separated by
SDS-PAGE and then transferred to a PVDF membrane
(Millipore). After blocking with 5% (w/v) skimmed-milk,
the membranes were incubated with specific mAb against
PDCoV N protein and horseradish peroxidase (HRP)-
conjugated goat anti-mouse antibodies (dilution 1:5000)
(Abcam) as primary and secondary antibodies, respectively.
Membranes were treated with enhanced chemilumines-
cence (ECL) (Pierce) [34] and signals were detected by
chemiluminescence apparatus (ProteinSimple).

Animal study

To reduce the interference from other swine pathogens, 24
18-day-old landrace pigs, free of PRRSV, CSFV, PRV,
PCV2, Mycoplasma hyopneumoniae, PDCoV, PEDYV,
and TGEV were purchased from Beijing Center for SPF
Swine Breeding & Management and raised in the facility of
China Agricultural University (CAU). The pigs were ran-
domly divided into four groups (n = 6): PDCoV, PRRSV,
PDCoV + PRRSV coinfection, and mock group. The pro-
cess of inoculation was shown in Table 1. Rectal tempera-
tures and clinical signs, such as fever, cough, rhinorrhea,
and diarrhea were recorded daily and scored as in our
previous study [35]. Both nasal and rectal swabs were
collected daily to monitor the virus shedding. At 0, 7, 14,
and 21 DPI the sera were collected and the body weights of
the pigs were recorded. Once severe diarrhea was observed,
three pigs in each group were randomly selected for



VIRULENCE (&) 1013

Table 1. Programs for inoculation and sample collection in animal studies.

DPI/Groups PDCoV PDCoV+PRRSV PRRSV Mock
0 DPI® SC* and BW*, SC and BW, SC and BW, SC and BW,
IN* DMEM 2 mL IN PRRSV* 2 mL IN PRRSV 2 mL IN DMEM 2 mL
3 DPI OR* PDCoV* 2 mL OR PDCoV 2 mL OR DMEM 2 mL OR DMEM 2 mL
7 DPI SC and BW, SC and BW, SC and BW, SC and BW,
8 DPI Euthanized 3 pigs Euthanized 3 pigs Euthanized 3 pigs Euthanized 3 pigs
14 DPI SC and BW SC and BW SC and BW SC and BW
21 DPI SC and BW, Euthanized 3 pigs SC and BW, Euthanized 3 pigs SC and BW, Euthanized 3 pigs SC and BW, Euthanized 3 pigs

@ Rectal temperatures and clinical signs such as fever, cough, rhinorrhea, and diarrhea were daily recorded and scored.
* SC means serum collection; IN means intranasal inoculation; BW means body weighting; OR means oral inoculation.
# PRRSV: CHsx1401 strain (1 x 10° TCIDso/mL); PDCoV: CHN-HN-1601 strain (1 x 10° TCIDso/mL).

euthanasia and necropsy. The gross lesions of the lungs and
intestines were observed and scored as the previous descrip-
tion [27,35]. The lung and intestine samples were fixed for
histopathological and immunohistochemistry examina-
tion. The rest of the pigs were euthanized for necropsy at
21 DPI, following the same process.

Real-time RT-PCR for PDCoV and PRRSV
quantification

RT-gPCR  primers (PDCoV: forward 5'-
AGGGTTCGGGAGCTGACACTTCT-3", reverse 5'-
GGTCGCGTTTCCTGGGCTGATT-3"; PRRSV: forward
5'-ATGATGRGCTGGCATTCT-3", reverse 5'-
ACACGGTCGCCCTAATTG-3") were designed and the
viral RNA load in each sample was tested as previous
description [27,32].

Histopathology and immunohistochemistry (IHC)

Lung and intestine tissues were fixed and processed by
routine histopathological and IHC procedures as pre-
vious [30]. For IHC, PRRSV and PDCoV in the lungs
and intestines samples were stained with mAb SDOW-
17 and 1A3 (1: 2000 dilution), respectively, and HRP
labeled goat-anti-mouse secondary antibody (Abcam).
And the scores were evaluated based on the severity of
lesions and the distribution of viral antigen in each
section as previously described [28].

Detecting the production levels of TNF-a, IL-1, and
IL-6 in intestines and supernatants of PRRSV
infected PAMs

As PRRSV infection could induce a large number of
proinflammatory secretion, which might be related to
the inhibition of secondary virus replication. In this
study, the production level of TNF-a, IL-1, and IL-6
in the intestinal microenvironment was detected. 1 g
ileum tissues collected from inoculated pig were ground
with 1 mL PBS. After a centrifuge at 4 °C 12,000 x g for
10 min, the TNF-q, IL-1, and IL-6 in the supernatants

were tested using ELISA kits (CUSABIO BIOTECH).
Correspondently, these three cytokines in the super-
natant of PRRSV (MOI = 0.1) infected PAMs at 24
hpi were also tested using the same kits.

Inhibition effects of PRRSV-infected PAMs
supernatants and TNF-a, IL-1, and IL-6 on PDCoV
proliferation

To evaluate if the increased TNF-a, IL-1, and IL-6 in
the intestinal microenvironment contribute to the inhi-
bition of PDCoV proliferation, the inhibition effects of
PRRSV-infected PAMs’ supernatants and the three
cytokines on PDCoV proliferation were explored
in vitro. 200 pl supernatants collected from PRRSV-
infected PAMs at 24 hpi was mixed with 300 pl
DMEM diluted PDCoV and added to IPEC-J2 cells
(MOI = 0.1) in the 6-well cell culture plates for 2 h
incubation. After 3 times washing with PBS, 2 mL
medium including 5 pg/mL trypsin and 500 ul PRRSV-
infected PAMs supernatants was added and then the
viral titer and protein expression level of PDCoV were
detected at 24 hpi. The supernatants from non-infected
PAMs and DMEM were set as the mock and negative
controls.

Similarly, the inhibition effect of TNF-a, IL-1, and
IL-6 (Abcam) with the concentration up to 20 ng/mL,
40 ng/mL, and 40 ng/mL, according to the detected
concentration in the intestines, were also tested, respec-
tively. To further confirm the inhibition effect of these
three cytokines, their inhibitors adalimumab (TNF-a
inhibitor, Sigma), anakinra (IL-1 receptor antagonist,
MedChemExpress), and tocilizumab (IL-6 receptor
neutralizing antibody, MedChemExpress) with two dif-
ferent concentrations (I pg/mL or 10 pg/mL) were
added into the PRRSV-infected PAMs supernatants to
detected if they can block the inhibition effect. The viral
titers of PDCoV were detected at 24 hpi as well.

The cell viability post the treatment of cytokines or
their inhibitors was measured by cell counting kit-8
(Beyotime biotechnology).
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Determine the inhibition stages of PDCoV
proliferation

To identify the inhibition stages of TNF-a, IL-1, and
IL-6 on the PDCoV proliferation, cytokine mixtures
(20 ng/mL TNF-a, 40 ng/mL IL-1, and 40 ng/mL IL-
6) and medium diluted PDCoV (MOI = 0.1) were
added to the IPEC-J2 cells in the 6-well plates
(500 pL/well). After 2 h absorption at 37 °C in the 5%
CO, incubator, the medium was removed, followed by
3 times PBS wash; then, a batch of inoculated cells was
harvested within 200 ul/well PBS using the cell scraper.
Parallelly, the rest batch of cells was further cultured to
12 hpi in the medium with the same concentration of
cytokines and 5 pg/mL trypsin. The harvested viruses
were quantitated by WB and RT-qPCR to evaluate the
inhibition effect of these three cytokines on virus
attachment/entry and replication. The PDCoV infected
IPEC-]2 cells without cytokine treatment were set as
control.

Ethics statement

All protocols for PAMs preparation and animal inocu-
lation were approved by the Laboratory Animal Ethical
Committee  of CAU, with approval No.
AWO01049102-2-2.

Statistical analysis

The data in animal trials or in vitro test were analyzed
using two-way ANOVA in the software GraphPad
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Prism (version 5.0). The data were expressed as
means * standard deviations (SD). Differences were
considered statistically significant at a p-value of <0.05.

Results

PRRSV inoculation 3 days before PDCoV
inoculation lessens the severity of diarrhea in
weaning pig

To evaluate the influence of PRRSV coinfection on
PDCoV disease severity in weaning pigs, 18-day-old
SPF pigs were inoculated with PRRSV 3 days before
PDCoV inoculation, and two single inoculation groups
and mock were set, respectively. The average body
temperature of PRRSV infected pigs in both groups
raised at 3 DPI and reached above 40 °C at 6 DPI-10
DPI and 12 DPI-15 DPI, with the highest temperature
of 40.7 °C and 40.5 °C in the PRRSV single-infection
and coinfection groups, respectively (Figure 1(a)). As
expected, all pigs in these two groups showed charac-
teristic signs including coughing, sneezing, labored
breathing, and anorexia from 3 DPI onwards. The
respiratory-related symptoms scores of both PRRSV
infection groups are similar to each other, except at
the 1-3 and 8-10 DPI, but they are significantly higher
than that of the other two groups (p < 0.01) (Figure 1
(b)). Meanwhile, fever and respiratory symptoms were
not observed in PDCoV single-infection and mock
groups. For diarrhea, clinical signs mostly appeared in
the PDCoV single-infected pigs at 5-9 DPI, with
a diarrhea rate of 4/6 and the highest diarrhea score

3 PDCoV

E3 PDCoV+PRRSV
&3 PRRSV

@ Mock

4-7
Days post-inoculation

n=6

n=3

€3 PDCoV

E=3 PDCoV+PRRSV
E3 PRRsV

@ Mock

Days post-inoculation

Figure 1. Clinical assessment of inoculated pigs. The body temperatures, average respiratory and diarrhea clinical scores and ADWG
of inoculated pigs were shown as means + standard deviations (error bars), the animal amount n =6 at 0 to 8 DPl and n = 3 at 9 to
21 DPI. The asterisk indicates a significant difference between labeled groups (*p < 0.05; **p < 0.01; ***p < 0.001). (a) The rectal
temperature of pigs was daily recorded and shown. (b) Respiratory related clinical signs including cough, fever, anorexia, and sneeze,
were scored from 0 to 20, and the mean values of the labeled period were calculated. (c) The diarrhea was daily scored and the
mean values of each group at 5 to 9 DPI were individually shown. (d) The ADWG was calculated at 7, 14 and 21 DPI.



around 3. Surprisingly, only one coinfected pig had soft
feces at 6-7 DPI, and the diarrhea scores were less than
1 (Figure 1(c)). ADWG of the PDCoV single-infection
group was 0.09 kg and 0.13 kg at 14 DPI and 21 DPI,
gaining only half of the mock, which were also signifi-
cantly lower than that in the coinfection group
(p < 0.05) (Figure 1(d)). These data indicated that
PRRSV infection 3 days before PDCoV lessened the
severity of diarrhea in weaned pigs, which was comple-
tely contrary to our original expectation.

PRRSV coinfection reduces the viral shedding of
PDCoV

The rectal and nasal swabs were collected daily to
detect the viral shedding by RT-qPCR. PDCoV shed-
ding could be initially detected at 4 DPI and reached
the peak around 8 DPI in both PDCoV-inoculated
groups, and the average copy number of PDCoV in
the single-infection group could reach 10A7.53 copies/
mL, 100 times higher than that of the coinfection group
at the virus shedding peak. And the average copy num-
bers of the PDCoV single-infected group were signifi-
cantly higher than that of the coinfection group at 5-8,
13, and 15-19 DPI (p < 0.01 or p < 0.05). There was no
PDCoV detected in the PRRSV single-infection group
and mock (Figure 2(a)). Meanwhile, both PRRSV
inoculated groups showed similar viral shedding pat-
tern in the whole test period and no PRRSV shedding
was detected in the other two groups.

Viremia

Sera collected at 7, 14, and 21 DPI were submitted to
detect the viral titers. Same as our previous study, the
PDCoV viremia was undetectable in sera. And PRRSV
titers were similar between single-infection and coin-
fection groups at 7 and 14 DPI, and their peak titers
were close, reaching 10"4.65 TCIDsy/mL at 14 DPI in

b
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the single-infection group and 10°4.75 TCIDso/mL at
21 DPI in the coinfection group (Figure 2(c)).

Gross pathology, histopathology and IHC results
indicate lessened severity of PDCoV-mediated
disease in co-infected pigs

After diarrhea was observed in the inoculated pigs, three
pigs from each group were randomly selected for necropsy
at 8 DPI, and the rest of the pigs were necropsied at 21 DPL
Yellow, soft to watery contents in the small intestines, thin-
walled and/or gas-distended small intestines, and gas-
distended colons were observed in the PDCoV single-
infection group at 8 DPI. However, only very slight lesions
were found in the coinfection group, and there was no
obvious intestine lesion observed in the PRRSV single-
infection group and mock. At 21 DPI, there was already
no noticeable intestine lesion observed among all groups.
For lung lesions, the typical PRRSV-mediated pneumonia
was shown in both PRRSV-inoculated groups, with similar
severity. And only a few minor interstitial pneumonia was
found in PDCoV single-infected pigs (Figure 3(a)).

Throughout the small intestine section, mild to severe
villous atrophy was mainly present in PDCoV single-
infected pigs, shown as multifocal to diffuse villous enter-
ocyte swelling and vacuolation, as well as moderate to
severe villous blunting and atrophy. Only one pig in the
coinfection group showed similar microscopic lesions, but
it was very slight (Figure 3(b)). The lesion scores from HE
stained slices were consistent with the gross lesions.

By immunohistochemistry (IHC), PDCoV antigen
could be detected in the cytoplasm of villous entero-
cytes in pigs in both PDCoV-infected groups. IHC
scores based on the ratio of virus-infected cells further
suggest that the PRRSV pre-infection suppresses
PDCoV replication in vivo (Figure 3(c, d)). No
PDCoV antigen was detected in the sections of the
mock.

-o- PDCoV

-# PDCoV+PRRSV
-+ PRRSV

-+ Mock

3 PDCoV

EZ PDCoV+PRRSV
& PRRSV

[ Mock

S

(TCIDso/ml)

9
oo

Rl T,

logio the titers of PRRSV in the serum

Days post-inoculation

Figure 2. Viral shedding and viremia. The viral RNA shedding kinetics of PDCoV in fecal swab (a) and PRRSV in nasal swab (b) were
tested by RT-qPCR and the titers of PRRSV viremia (c) were test by TCIDs, assay, at 7, 14 and 21 DPI. Data were shown as means +
standard deviations (error bars), the animal amount n = 6 at 0 to 8 DPI and n = 3 at 9 to 21 DPI. The asterisk indicates a significant
difference between PDCoV single-infection and coinfection groups (*p < 0.05; **p < 0.01; ***p < 0.001).
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a

PDCoV PDCoV+PRRSV PRRSV Mock

Gross  Microscopic
lesion lesion

Anti- S
PRRSVN

Anti-
PRRSV-N

IHC (PDCoV)  IHC (PRRSV)

x PDCoV
EZ PDCoV+PRRSV

E3 PRRSV

[ Mock

Figure 3. Gross and microscopic lesions and IHC examination of inoculated pigs. 3 pigs from each group were randomly selected for
necropsy at 8 DPI, for observing the gross and microscopic lesions and virus distribution. (a) Shown are the representative pictures of
intestines and lungs gross lesions. (b) Shown are the representative pictures of intestines (up panel) and lungs (down panel)
microscopic pathological lesions. Intestines and lung sections were stained with hematoxylin and eosin (H & E). (c) PDCoV and (d)
PRRSV distribution in intestines (up panel) and lungs (down panel) were shown in IHC examination, stained by mAbs against their
N protein, respectively. Red arrows indicate the positive signals (stained in brown) in virus-infected cells. (e) The scores of gross and
microscopic lesions, PDCoV and PRRSV distribution in both intestines and lungs were shown. Data were shown as means + standard
deviations (error bars) (n = 3). The asterisk indicates a significant difference between labeled groups (*p < 0.05; **p < 0.01;

*x%p) < 0.001).

PRRSV infection increases the concentration of
TNF-a, IL-1, and IL-6 in the microenvironment of
intestines and PAMs supernatant

It was reported that PRRSV infection could highly
induce PAMs secreting cytokines TNF-a, IL-1, and
IL-6. To confirm if they contribute to inhibiting
PDCoV proliferation, these three cytokines in the
microenvironment of the intestines were quantified.
The results showed that their titers were significantly
increased to almost 4-6 times in both PRRSV-infected
groups compared with PDCoV single-infected group
and mock (Figure 4(a)). Meanwhile, the secretion of
these three cytokines in the supernatant of PRRSV
infected PAMs was also confirmed, with the concentra-
tions ranged from 5 to 40 ng/mL, calculated according
to the established standard curve of the kits (Figure
4(b)).

TNF-a, IL-1 and IL-6 inhibit the proliferation of
PDCoV in the IPEC-J2 cells

To testify the hypothesis that these three cytokines
could inhibit the proliferation of PDCoV, the super-
natants of PRRSV-infected PAMs and the recombinant
TNF-a (20 ng/mL), IL-1 (40 ng/mL) and IL-6 (40 ng/
mL) were added into the culture medium of PDCoV-
infected IPEC-J2 cells, and then their effects on the
viral replication were evaluated via detecting viral titer
and WB. The results demonstrated that the supernatant
of PRRSV-infected PAMs and theses three cytokines
could suppress PDCoV replication (Figure 5(a, b)). To
further confirm the specificity of these cytokines sup-
pressing PDCoV replication, their inhibitors were
added to the supernatants of PRRSV-infected PAMs
and viral loads of PDCoV significantly increased in
Figure 5(c-e) suggesting that these three cytokines
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Figure 4. Detecting TNF-q, IL-1, and IL-6 in intestines and supernatants of PRRSV infected PAMs. Shown are titers of cytokines TNF-q,
IL-1, and IL-6 in intestines (a) at 8 DPI and in the supernatants of PRRSV infected PAMs at 24 hpi (b), detected by ELISA kits. Data
were shown as means * standard deviations (error bars). The asterisk indicates a significant difference between labeled groups

(*p < 0.05; **p < 0.01; **p < 0.001).
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Figure 5. The inhibiting effect of PRRSV-infected PAMs supernatants and TNF-q, IL-1, and IL-6 on PDCoV proliferation in IPEC-J2 cells.
(a) The titers of PDCoV in the IPEC-J2 cells treated with PRRSV-infected PAMs supernatants, TNF-q, IL-1, and IL-6, respectively. (b) The
expression levels of N protein in the PDCoV-infected IPEC-J2 cells treated with different concentrations of TNF-q, IL-1, and IL-6 were
measured by WB. (c), (d), and (e) The titers of PDCoV in the IPEC-J2 cells treated with PRRSV-infected PAMs supernatants together
with TNF-a, IL-1, and IL-6 inhibitors, respectively. (*p<0.05; **p<0.01; ***p<0.001).

could inhibit the PDCoV proliferation and it might
play an important role in the phenomenon.

TNF-a, IL-1, and IL-6 inhibit the proliferation of
PDCoV at the replication stage

To further determine the stage that TNF-a, IL-1, and
IL-6 inhibit the PDCoV proliferation, the efficiency of
viral attachment/entry and replication in the cytokines
treated IPEC-J2 cells, were evaluated by RT-qPCR and
WB at 2 and 12 hpi. The results suggest that there is no
significant difference at the attachment/entry (Figure 6

(a)) but the cytokines could inhibit the PDCoV replica-
tion after entry (Figure 6(b)).

Discussion

In the early reports, PDCoV pathogenicity was mainly
evaluated through field observation or inoculation
experiments with neonatal piglets [4,10]. For PDCoV
positive farm, coinfection with multiple pathogens is
very common [36], so it is well concerned if the coin-
fection with the immunosuppressive virus could impact
PDCoV pathogenesis, leading to more severity of the
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Figure 6. Determine the inhibition stages of PDCoV proliferation by TNF-q, IL-1, and IL-6 mixtures. Cells were harvested at 2 hpi and
12 hpi, respectively, for RT-qPCR and WB analysis, after treating with TNF-q, IL-1, and IL-6 mixtures. The results showed that there
was no difference at the attachment/entry stage and significant difference appeared at the replication stage, suggesting that TNF-q,
IL-1, and IL-6 mixtures inhibited PDCoV proliferation at the replication stage.

disease. Considering its inter-species transmission pos-
sibility and potential zoonotic risk, it is significant to
address the mechanism of PDCoV pathogenicity under
different conditions and pig ages. Meanwhile, PRRSV
has been widely reported to suppress the host immune
system, increasing the susceptibility and severity to
coinfection or secondary infections of other pathogens
[18], and decreasing the wvaccine efficiency [30].
However, how PRRSV affects the disease outcome of
enteric coronaviruses is rarely reported. At the begin-
ning, PRRSV NADC30-like strain CHsx1401 picked for
this study has been carefully evaluated through multiple
aspects, such as its moderate pathogenicity and repre-
sentative for the currently predominant lineage 1 virus
in both China and the United States. In contrast, the
highly pathogenic PRRSV strain with fatal virulence
was not suitable for analyzing the interaction, as it
causes severe pathological lesions and even acute
death can easily cover the real influence of PDCoV
[12]. Additionally, our previous animal studies showed
that CHsx1401-inoculated pigs exhibited obvious clin-
ical signs from 3 DPI onwards; meanwhile, the suckling
pigs around 21 days old are still susceptible to PDCoV
effectively [5], so the animal age and inoculation pro-
cess were set as above to investigate if PRRSV coinfec-
tion could increase the severity of the disease, even
cause mortality in non-neonatal pigs.

Unexpectedly, the lessened symptoms, together with
lighter enteric lesions, lower PDCoV shielding and
reduced positive signals in enteric samples tested by
THC, were observed in the coinfection group. These
data indicated that PRRSV coinfection significantly
inhibited the proliferation of PDCoV in vivo.
Referring to previous studies described [37,38], viral
interference was a common phenomenon in superin-
fection or coinfection and the mechanism underlying
this phenomenon is generally related to the interference

in the stage of secondary virus attachment, entry, gen-
ome replication, and budding. Hence, to further
explore this mechanism, we initially have investigated
the susceptibility of IPEC-J2 cells and PAMs to both
PRRSV and PDCoV, but failed to coinfect either kind
of cells in vitro. Additionally, according to IHC staining
results, there was no obvious PRRSV signal found in
the enteric epithelial cells and the major target cells of
PDCoV, indicating that PRRSV and PDCoV do not
interact in the coinfected cells by sharing cell tropism.
It is well known that PRRSV has a restricted cell trop-
ism and prefers to invade well-differentiated cells of the
monocyte/macrophage lineage [39], and IPEC-J2 cells
might have no suitable receptors for PRRSV attach-
ment and entry or the intracellular environment of
IPEC-J2 cells does not support PRRSV replication. So
PRRSV should take other pathways to interrupt
PDCoV proliferation.

We surmised that several reasons might be related.
Firstly, as the previous studies have reported, low patho-
genic PRRSV-like CHsx1401 enhanced the production of
pro-inflammatory cytokines including IL-1, IL-6 and
TNF-a in PAMs and serum [40], which could inhibit
infection of other pathogens through the activation of
NEF-KB pathway or STAT pathway [34]. Besides, upon
the PRRSV infection, GLUT2 mRNA abundance and
sucrase, maltase, and Na+/K+ adenosine triphosphatase
activities in the intestines had increased, and the changed
intestinal microenvironment might suppress PDCoV
infection in the epithelial cells [41,42]. Additionally,
PRRSV infection might inhibit the secretion of trypsin
based on the fact that PRRSV infection could induce the
occurrence of pancreatitis [43] and the reduced trypsin
might down-regulate the expression levels of receptors for
PDCoV entry. In this study, we mainly focused on testify-
ing if the proinflammatory cytokines had the inhibited
effects on the PDCoV replication.



Cytokines are cell-signaling agents that can coordi-
nate innate and adaptive immune responses against
pathogens. Among them, type I interferons (IFN) is
well characterized for inducing antiviral responses;
however, PRRSV can significantly interfere with its
synthesis and secretion in the infected PAMs [40], so
it was not analyzed in this study. However, the proin-
flammatory cytokines are well induced in PRRSV
infected PAMs, including TNF-a, IL-1, and IL-6 [37],
which have been reported to be able to suppress the
CSFV replication through activating NF-xB or STAT
pathway [34]. To confirm the speculation if these cyto-
kines might also contribute to PDCoV inhibition, their
expression level in intestines tissues of different groups
and the supernatants from PRRSV infected PAMs were
first quantified. Notably, TNF-a, IL-1, and IL-6 were
not greatly induced in the intestine of the PDCoV
single infection group and mock, whose level was sig-
nificantly lower than that in both PRRSV infected
groups. This was consistent with the previous report
about cytokine expression level in Peyer’s patches of
PDCoV inoculated pigs [44]. And then their inhibition
effect was investigated in vitro with similar concentra-
tions detected in vivo. The results showed that the
PRRSV-induced TNF-a, IL-1, and IL-6 could inhibit
PDCoV replication effectively in a dose-dependent way.
And most importantly, the inhibition effect of PAMs’
supernatant could be specifically blocked by the antago-
nist of TNF-a, IL-1, and IL-6, respectively, through
a dose-dependent way. These data provide some solid
evidence to support that TNF-a, IL-1, and IL-6 con-
tribute to the PDCoV inhibition, even though, here we
cannot completely rule out the roles played by other
cytokines yet.

TNF-a is a powerful proinflammatory agent
involved in the innate immune response and it med-
iates the release of various cytokines from stimulated
macrophages, such as IL-1 and IL-6. Meanwhile, it can
activate multiple antiviral pathways and synergize with
IFN-y in promoting antiviral activities, which has been
widely reported in influenza virus, vesicular stomatitis
virus, and encephalomyocarditis virus [45-47]. In addi-
tion, previous mechanistic studies revealed that IL-1
can induce an IFN-like state that restricts viral replica-
tion [48]. And IL-6 is a pleiotropic cytokine that parti-
cipate in infection, playing a role in antiviral effect
through activating the JAK-STAT signaling pathway
[49-51]. However, it still needs to further explore the
mechanism of how proinflammatory cytokines sup-
press the proliferation of PDCoV and how PDCoV
interacts with them to affect the disease outcome.
This will be a very interesting project for our future
research.
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In summary, by using weaning pigs, we successfully
set up a PRRSV and PDCoV coinfection model and
found that PRRSV infection 3 days before PDCoV can
lessen the severity of PDCoV-mediated diarrhea and
reduce the pathological lesions, PDCoV tissue distribu-
tion, and viral shielding. Furthermore, we confirmed
that PRRSV infection-induced TNF-a, IL-1, and IL-6 in
the microenvironment of intestines, contribute to the
inhibition of PDCoV replication. This founding dose
not only provides some new insight into the pathogen-
esis and replication regulation of PDCoV but it also
gives us a clue for antiviral strategy development in the
future.
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