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Abstract

Porcine parvovirus (PPV) infection induces germ cell death, leading to reproductive disorders in first-pregnant sows.
Porcine placental trophoblast cells (PTCs) are the major target of PPV, and we have previously found that PPV infec-
tion leads to the death of PTCs by a non-apoptotic process, which may be related to PPV pathogenicity. The Z-nucleic
acid-binding protein 1 (ZBP1) is often activated after virus invasion and mediates subsequent cell death. Here, we
found that PPV infection induced ZBP1-mediated necroptosis of porcine PTCs in the presence of the apoptosis inhibi-
tor, AC-DEVD-CHO. ZBP1 expression was upregulated during PPV infection, and ZBP1 knockout or RNA interference
significantly reduced its expression along with the PPV-induced necroptosis. We discovered that RIPK3 and MLKL,

but not Caspase-8, were involved in downstream signaling of ZBP1 during PPV infection; the phosphorylation levels
of RIPK3 and MLKL were enhanced, but Caspase-8 was not significantly cleaved. The knockout of RIPK3 and MLKL
significantly reduced the PPV infection-induced necroptosis of porcine PTCs. RIPK3 knockout did not affect the PPV
infection-induced upregulation of ZBP1 expression, but blocked the activation of MLKL. MLKL knockout did not affect
the upregulation of ZBP1 expression and RIPK3 phosphorylation during PPV infection. UV-inactivated PPV induced
significantly less necroptosis of porcine PTCs than non-irradiated PPV. A PPV strain with a mutation in the translation
initiation codon was still able to induce necroptosis of PTCs through the ZBP1/RIPK3/MLKL pathway. These results
provide new insights into the pathogenic mechanism of PPV infection and suggest that PPV infection of porcine PTCs
induces necroptosis through the viral DNA-dependent ZBP1/RIPK3/MLKL pathway.
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Introduction

Viruses usually induce cell death to facilitate their
spreading from one host cell to another, and the virus-
induced cell death causes lesions in infected organs.
Porcine parvovirus (PPV) is a common virus with a
small single-stranded DNA genome that induces repro-
ductive disorders, especially in first-pregnant sows. In
previous studies, we found that PPV infected porcine
placental trophoblast cells (PTCs), inducing apop-
tosis and autophagy [1, 2]. However, it has also been
observed that PPV infection can lead to regionalized
mineralized lesions of the pig placenta that are not
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the result of apoptosis or autophagy [3]. In a previous
study, we found that PPV infection could also lead to
the death of PTCs in a non-apoptotic way [1], but the
mechanism was not elucidated. The goal of this paper
was to characterize this type of PPV infection-induced
cell death and the cellular pathways involved.

The interferon-induced protein, Z-nucleic acid-bind-
ing protein 1 (ZBP1), also known as DNA-dependent
activator of IFN regulatory factors (DAI and DLM-1),
is a sensor of the “Z-form” of nucleic acid (Z-DNA and
Z-RNA) in cells. Studies have found that ZBP1 acts as
an innate sensor for virus infection and triggers mul-
tiple programmed cell death pathways including apop-
tosis, necroptosis, and pyroptosis [4, 5]. Upon viral
invasion, ZBP1 senses viral nucleic acids through its
two N-terminal Z-nucleic acid-binding domains (Zal
and Za2) and recruits receptor-interacting protein
kinase 3 (RIPK3) via an RIP homotypic interaction
motif (RHIM)-mediated binding [6]. The ZBP1-RIPK3
complex then induces necroptosis mediated by mixed
lineage kinase domain-like (MLKL), apoptosis caused
by FAS-associated death domain (FADD)-Caspase-8,
or pyroptosis mediated by the NOD-, LRR- and pyrin
domain-containing protein 3 (NLRP3) inflamma-
some [7]. Recently, it has been found that influenza A
virus infection can induce apoptosis, necroptosis and
pyroptosis through ZBP1-mediated NLRP3 activation
of inflammasomes in cells [8]. Herpes simplex virus 1
also induces ZBP1l-mediated apoptosis, necroptosis
and pyroptosis of cells during infection [9]. Hepatitis B
virus (HBV) relies on ZBP1-mediated necroptosis dur-
ing the progression from chronic HBV infection (CHI)
to HBV-related hepatic fibrosis (HBV-HF) and HBV-
related hepatocellular carcinoma (HBV-HCC) [10].
Thus, we hypothesized that ZBP1 plays a role in the
non-apoptotic cell death induced in porcine PTCs by
PPV infection.

In the present study, we found that the PPV infection-
induced non-apoptotic death of porcine PTCs possessed
the characteristics of necroptosis, involving the activa-
tion of MLKL and the release of LDH. We showed that
the expression of ZBP1 was significantly upregulated in
PPV-infected PTCs, and that ZBP1 deficiency attenuated
PPV-induced necroptosis. PTCs with separate knock-
outs of RIPK3, MLKL, and Caspase-8 were generated,
and we found that PPV infection induced necroptosis
of PTCs through the ZBP1/RIPK3/MLKL pathway. Ulti-
mately, we discovered that, during the PPV infection pro-
cess in PTCs, PPV DNA binds to ZBP1, which initiates
the ZBP1/RIPK3/MLKL signaling cascade and induces
necroptosis. Thus, our results revealed the specific mech-
anism underlying the triggering of necroptosis in PTCs
by PPV infection.
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Materials and methods

Cells and virus

The porcine placental trophoblast cells (PTCs) were iso-
lated from healthy gilts and immortalized by telomerase
reconstitution as described in our previous study [11].
The PTCs were cultured in medium 199 (11150059,
Gibco, USA) supplemented with 10% FBS (FSP500,
ExCell Bio, China), 100 U/mL penicillin and 100 pg/
mL streptomycin (P1400, Solarbio, China), at 37 °C
in a 5% CO, incubator. The PPV XY strain (Genbank:
MK993540) was propagated in porcine kidney-15 (PK15)
cells, and the titer was 10%'? TCID;,/0.1 mL. Fibrinogen
(F3879, Sigma-Aldrich, USA) was dissolved in a 0.9%
sodium chloride solution to achieve a final concentration
of 10 mg/mL, the fibrinogen solution was then mixed
with PPV in a volume ratio of 9:1 and loaded into a trans-
parent bag for UV irradiation, when the irradiation dose
reached 900 J/m? the titer of PPV virus decreased by 4
log s, resulting in the generation of UV-inactivated PPV.
Viral titers were determined as 50% tissue culture infec-
tious dose (TCIDg)) measurement in PTCs according to
the Reed-Muench method.

Inhibitors and antibodies

The apoptosis inhibitor, Ac-DEVD-CHO (C1206), was
purchased from Beyotime Biotech (Shanghai, China).
Mouse anti-VP2 monoclonal antibody (bsm-41390M)
was purchased from Bioss (Beijing, China). Mouse anti-
ZBP1 monoclonal antibody (sc-271483) and mouse anti-
RIPK3 monoclonal antibody (sc-374639) were purchased
from Santa Cruz (USA). Rabbit anti-p-RIPK3 monoclo-
nal antibody (93654S) was purchased from CST (Dan-
vers, MA, USA). Mouse anti-Caspase-8 monoclonal
antibody (ab32397) was purchased from Abcam (Eng-
land). Rabbit anti-MLKL polyclonal antibody (21066-1-
AP) was purchased from Proteintech (Wuhan, China).
Rabbit anti-p-MLKL monoclonal antibody (AP1244)
was purchased from ABclonal (Wuhan, China). Mouse
anti-B-actin monoclonal antibody (13C000500) was pur-
chased from GenScript (Nanjing, China).

Transmission electron microscopy

Porcine PTCs were mock-infected or infected with PPV
at a multiplicity of infection (MOI) of 1 for 72 h, after
which the cells were washed with PBS and fixed in 0.1 M
sodium phosphate buffer (pH 7.4) containing 2.5% gluta-
raldehyde and 4% paraformaldehyde for 5 h at 4 °C. The
cells were harvested and washed with PBS, followed by
post-fixation in 2% osmium tetroxide and dehydration
by serial washing in 50%, 70%, 90%, 95%, and 100% etha-
nol. The samples were embedded, cut into thin sections,
and viewed with a transmission electron microscope (FEI
Inc.).
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Lactate dehydrogenase cytotoxicity assay

The cells were mock-infected or infected with PPV at
a MOI of 1 for the indicated time in the presence of
the apoptosis inhibitor, Ac-DEVD-CHO, and then the
release of lactate dehydrogenase (LDH) was measured
using an LDH cytotoxicity assay kit (C0016, Beyotime
Biotech) according to the instructions.

Western blot

The cells were lysed with RIPA buffer containing 1 mM
phenylmethylsulfonyl fluoride (PMSF) and a protease
inhibitor cocktail. Equal amounts of protein from each
extract were separated by SDS-PAGE and then trans-
ferred to a polyvinylidene difluoride (PVDF) mem-
brane. After blocking with PBS containing 5% skim
milk and 0.1% Tween-20 for 2 h at room temperature,
the membrane was incubated with primary antibody
overnight at 4 °C, washed, and then incubated with the
corresponding HRP-conjugated secondary antibody for
1 h at room temperature. The membrane was incubated
with enhanced chemiluminescence (ECL) reagents and
exposed in the dark, the primary protein bands were
identified, and their intensity was quantitated with
Image J software.

Immunofluorescence assay of MLKL by confocal
microscopy

To examine the cellular localization of MLKL, cultured
porcine PTCs were mock-infected or infected with PPV
at a MOI of 1 for 72 h, then washed with PBS and fixed
with ice-cold 4% (wt/vol) paraformaldehyde for 20 min
at room temperature, followed by incubation with 0.1%
Triton X-100 for 20 min. The cells were incubated with
anti-MLKL Abs, followed by the corresponding fluor-
conjugated secondary Ab. The nuclei were stained
with 4, 6-diamidino-2-phenylindole (DAPI) and fluo-
rescence was observed with a laser scanning confocal
microscope (Leica, TCS SP8).

ZBP1 overexpression

The gene fragment of codon-optimized ZBP1 (Gen-
Bank: NM_001123216.1) was synthesized by GeneWiz
(Suzhou, China) and cloned to pCAGGS (Invitrogen,
CA, USA) for mammalian cell expression. The recombi-
nant vector pPCAGGS-ZBP1 was transfected into PTCs
using Lipofectamine™ 2000 (Invitrogen) for a duration
of 24 h, prior to subsequent PPV infection and Western
blot analysis to detect protein associated with the ZBP1
signaling pathway.
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ZBP1 mRNA expression levels by real-time quantitative
PCR (RT-qPCR)

Total RNA was extracted from PTCs with TRIzol,
verified by 260/280 ratio, and reverse-transcribed into
cDNA using a kit. The relative levels were determined
by RT-qPCR using the following primers: ZBP1-F: ATG
GCAACGAGATGAGACT; ZBP1-R: AGGAAGCAC
GAGCGAATT.

Silencing of ZBP1 in PTCs by transfection with siRNA

The ZBP1-specific siRNA was synthesized by Synon
Biotechnology Co., Ltd, (China) and the sequences
were 5'-CACCAGCAAAGAAACACCUTT-3’
(siZBP1-638), 5 -GCAACUGUUAGAGAAAGCATT-
3’ (siZBP1-759), and 5'-GUCUGAATCCACGAUUGG
AGT-3’ (siZBP1-1029). The porcine PTCs were seeded
in 6-well or 96-well plates at a density of 2x 10° cells/
well or 2x10* cells/well, respectively. After adhesion,
the cells were transfected with 40 pmol of ZBP1 siRNA
per well in a 6-well plates and 4 pmol of ZBP1 siRNA
per well in a 96-well plates using Lipofectamine 6000
transfection reagent (C0526, Beyotime Biotechnology,
China) according to the manufacturer’s instructions.

Generation of ZBP1, Caspase-8, RIPK3, and MLKL knockout
PTCs

Three pairs of guide RNAs (gRNAs) were designed for
each porcine gene: ZBP1, Caspase-8, RIPK3, and MLKL
and are shown in Additional file 7. The gene knock-
out identification primers used are listed in Additional
file 8. The synthesized gRNAs were phosphorylated
and subcloned into the lentiCRISPRv2 vector (#52961).
The recombinant plasmid and the packaging plas-
mids, psPAX2 and pMD2.G, were co-transfected into
HEK293T cells, and the recombinant lentiviruses were
collected 72 h after transfection. The PTCs were infected
with the recombinant lentiviruses for 48 h, and then
selected with puromycin. Positive cells were obtained and
transferred to 96-well plates for monoclonal growth.

Statistical analysis

All experiments were independently performed three
times, and the results are representative of two or
three independent experiments. Data are expressed as
mean + SD and analyzed by ANOVA or unpaired Stu-
dent’s ¢ tests. Statistical significance was defined as
P<0.050rP<0.01.

Results

PPV infection of porcine PTCs induces necroptosis

In a previous study, we showed that PPV infection
induced non-apoptotic cell death of porcine PTCs
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Figure 1 PPV infection induces both apoptotic and necroptotic cell death in porcine PTCs. A-D Porcine PTCs were pretreated

with the apoptosis inhibitor, Ac-DEVD-CHO, for 1 h and subsequently infected with PPV at a MOl of 1 for 0, 24, 48, and 72 h in the presence

of Ac-DEVD-CHO. A Cellular LDH release levels were measured. B The MOCK- and PPV-infected cells were observed by transmission electron
microscopy at 72 h. C The expression levels of PPV VP2, ZBP1, p-RIPK3, RIPK3, p-MLKL, and MLKL were analyzed by Western blotting. D

The subcellular localization of MLKL in MOCK- and PPV-infected cells was visualized by confocal microscopy. E PTCs were pretreated

with the necroptosis inhibitors (Nec-1, 10 uM; GSK'872, 20 uM; GW806742X, 20 nM) or same volume of DMSO for 4 h, respectively, and then infected
with 1 MOI PPV for 0 h, 24 h, 48 h, and 72 h in the presence of these inhibitors. The copy numbers of PPV were measured by quantitative PCR.
*P<0.05, **P<0.01 versus PPV-infected cells at 0 h in A and C. *P< 0.01 versus DMSO-treated cells in E.

[1]. To identify the type of non-apoptotic cell death
observed here, we pretreated porcine PTCs with an
apoptosis inhibitor or not and infected the cells with
PPV. The infected cells released LDH after 24 h and
showed significant increases at 48 h and 72 h post-
infection (Figure 1A, Additional file 1). The TEM
results showed that PTCs pretreated with apoptosis
inhibitors exhibited organelles swelling, vacuolization,
and rupture 72 h after PPV infection (Figure 1B). Since
the cells killed by PPV infection appeared to exhibit
typical necrotic lesions, we assayed for the activation
of RIPK3 and MLKL in the PPV-infected PTCs treated
or not treated with apoptosis inhibitors, respectively.

We found a significant increase in the expression of the
PPV structural protein, VP2, in both groups of PTCs
with prolonged infection. Simultaneously, there was
a significant upregulation in the phosphorylation of
RIPK3 and MLKL, with higher levels in cells infected
with PPV for 72 h compared to those infected for 24
and 48 h (Figure 1C, Additional file 2). We also found
that in PTCs with apoptosis inhibited, MLKL was
mainly translocated near the cytomembrane in the
PPV-infected PTCs at 72 h post-infection, while MLKL
was distributed in the cytoplasm of the mock-infected
PTCs (Figure 1D). To further clarify whether necropto-
sis impacts PPV infection, we pretreated the PTCs with
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the necroptosis inhibitors (Nec-1, 10 pM; GSK’872, 20
uM; GW806742X, 20 nM) for 4 h, respectively, and
then infected the cells with 1 MOI PPV for O h, 24 h, 48
h, and 72 h in the presence of the inhibitors. The results
showed that the PPV copy numbers in the inhibitor-
treated cells were significantly lower than that in the
DMSO-treated cells (Figure 1E). These results indicate
that PPV infection can induce necroptosis in PTCs to
promote viral replication.

ZBP1 mediates PPV-induced necroptosis in porcine PTCs

Since ZBP1 has been reported to play a significant role
in the induction of necroptosis in virus-infected cells,
we measured the expression levels of ZBP1 in por-
cine PTCs during PPV infection and found that ZBP1
mRNA was consistently increased (Figure 2A). To knock
down the expression of ZBP1, we designed three ZBP1-
specific siRNAs, and observed significant reduction in
both ZBP1 mRNA and protein expression after si-ZBP1
(759) treatment of porcine PTCs (Additional files 3A
and B). We also determined that si-ZBP1 (759) could
reduce the LDH release from PTCs at 72 h post-infection
(Figure 2B). To further confirm the role of ZBP1 in the
PPV infection-induced necroptosis of porcine PTCs,
we designed three guide RNAs, ZBP1-352, ZBP1-368,
and ZBP1-403, targeting the different sites of the por-
cine ZBPI gene exons to generate PTC lines with ZBPI
knockout using the CRISPR/Cas9 system (Figure 2C).
The results showed that a PTC line, 403PTCs??!~/~, with
ZBP1 knockout mediated by ZBP1-403 was successfully
obtained. ZBP1 expression was not significantly affected
by ZBP1-352 or ZBP1-368, which was confirmed by
Western blot assays and sequencing (Figure 2D). We also
found that the ZBP1 knockout did not significantly affect
PTC viability (Additional file 4). The LDH results showed
that 403PTCs??!~/~ exhibited a sustained decrease in
LDH release compared to PPV-infected WT PTCs, while
the 368PTCs*?!*/* released the same level of LDH as
WT PTCs (Figure 2E). To further investigate the role
of ZBP1 during PPV infection in PTCs, we constructed
a plasmid overexpressing ZBP1 and transfected it into
PTCs, followed by PPV infection. The results showed
that ZBP1 overexpression significantly increased LDH
release level in PTCs (Figure 2F). Meanwhile, we exam-
ined the activation of the ZBP1/RIPK3/MLKL signaling
pathway in PTCs with ZBP1 overexpression and knock-
out, respectively. The results showed that the levels of
p-RIPK3 and p-MLKL were significantly increased in
the ZBP1 overexpression PTCs comparing with the vec-
tor control transfected cells (Vec) during PPV infection,
while the expression levels of RIPK3, MLKL, and Cas-
pase-8 did not significantly change (Figure 2G). In the
ZBP1 knockout PTCs (403PTCs*?!~/7), the expression
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of ZBP1, p-RIPK3, and p-MLKL were undetectable, and
the levels of RIPK3, MLKL, and Caspase-8 did not sig-
nificantly change (Figure 2H). Furthermore, we assessed
the effect of ZBP1 overexpression and knockout on PPV
infection. The results showed that ZBP1 overexpression
obviously promoted PPV replication, while ZBP1 knock-
out significantly inhibited PPV replication (Figure 2I).
These findings confirmed that PPV infection upregulates
ZBP1 expression, and alter the expression of ZBP1 signif-
icantly influence the PPV infection-induced necroptosis
as well as viral replication in porcine PTCs, suggesting
ZBP1 serves as a crucial cellular factor in PPV-induced
necroptosis in porcine PTCs.

PPV infection activates RIPK3 and MLKL, but not Caspase-8
in porcine PTCs

It was reported that ZBP1 mediated necroptosis through
RIPK3/MLKL signaling, and that the apoptosis program
could switch to necroptosis after cleavage of Caspase-8
[12]. To determine if PPV infection induced ZBP1-medi-
ated necroptosis of porcine PTCs through activation of
these proteins, we measured the levels of phosphorylated
RIPK3 (p-RIPK3), phosphorylated MLKL (p-MLKL) and
the expression and cleavage of Caspase-8. PPV infection
induced a significant increase in p-RIPK3 and p-MLKL
24 h post-infection when apoptosis was inhibited (Fig-
ures 3A and B); however, the expression and cleavage of
Caspase-8 was not changed (Figure 3C). These results
indicate that PPV infection induces necroptosis of por-
cine PTCs through the activation of RIPK3 and MLKL,
but not Caspase-8.

Knockout of RIPK3 does not affect PPV infection-mediated
upregulation of ZBP1 expression, but inhibits MLKL
activation

To further investigate the role of RIPK3 during PPV
infection-induced cell necroptosis, we used CRISPR/
Cas9 to generate a porcine PTC line with a RIPK3 knock-
out. Three distinct guide RNAs, RIPK3-300, RIPK3-376,
and RIPK3-481, targeting different loci within the RIPK3
gene exons were designed, synthesized (Figure 4A), and
introduced into porcine PTCs along with Cas9 using
lentivirus vectors. Test results showed that the expres-
sion of RIPK3 was successfully inhibited by RIPK3-
481, but only partially reduced using RIPK3-300 and
RIPK3-376 (Figure 4B). Sequencing confirmed deple-
tion of the RIPK3 gene in the RIPK3-418-treated cells
(481PTCs"*~/~) (Additional file 5A). Viability experi-
ments showed that the RIPK3 gene depletion did not
significantly affect the growth of 481PTCs"”~/~ (Addi-
tional file 5B). The LDH results showed that during PPV
infection, 481PTCs”**~/~ exhibited a sustained decrease
in LDH release compared to WT PTCs, and the LDH
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levels were significantly lower at 48 h and 72 h post-
infection (Figure 4C). We also examined the impact of
RIPK3 gene knockout on the expression of ZBP1 as well
as the activation of MLKL. At 24 h after PPV infection,

ZBP1 expression was still significantly increased in
481PTCs"Pk5~/~, however, there was no measurable
expression of p-MLKL throughout the entire infection
process (Figure 4D). Thus, we conclude that knockout
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of RIPK3 in porcine PTCs does not affect the PPV infec-
tion-induced upregulation of ZBP1, but does hinder the
activation of MLKL.

Knockout of MLKL does not affect the upregulation

of ZBP1 expression or the activation of RIPK3

in PPV-infected porcine PTCs

We also generated a porcine PTC line with an MLKL
knockout (126PTCs"*~/~) using the CRISPR/Cas9 sys-
tem with an MLKL-126 guide RNA (Figures 5A, B and
Additional file 6A). The MLKL knockout did not sig-
nificantly affect viability (Additional file 6B), and PPV-
infected 126PTCs” "/~ released significantly less LDH
than WT PTCs (Figure 5C). The expression of ZBP1
and the activation of RIPK3 during PPV infection was
also unaffected by MLKL knockout in PTCs (Figure 5D).
These findings support the hypothesis that MLKL is
the effector protein of the ZBP1-mediated necroptosis
induced by PPV infection of porcine PTCs.

UV inactivation of PPV significantly reduces
infection-induced necroptosis, while initiation codon
mutations do not

Since ZBP1 is the sensor of Z-DNA and Z-RNA,
we investigated whether the PPV genome or the
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transcriptome was the activator of ZBP1 in porcine
PTCs. We subjected a PPV inoculum to an inactivating
UV dose of 900 J/m?, and the results showed that the
relative viral titers of UV-inactivated PPV decreased by
5.13 logs compared to unirradiated PPV (Figure 6A).
We infected porcine PTCs with untreated PPV or UV-
inactivated PPV at a MOI of 1 for 0, 24, 48, and 72 h
in the absence of Ac-DEVD-CHO. The UV-inactivated
PPV resulted in the release of significantly less LDH
than unirradiated PPV in porcine PTCs at all the time
points (Figure 6B). Western blot results revealed that
the expression of ZBP1, p-RIPK3, and p-MLKL in PTCs
cells infected with UV-inactivated PPV did not increase
with prolonged infection time, unlike in cells infected
with the non-irradiated virus. The expression of ZBP1,
p-RIPK3, and p-MLKL in PTCs infected with UV-inac-
tivated PPV was significantly lower than that in cells
infected with untreated PPV (Figure 6C). Subsequently,
we transfected porcine PTCs with equal amounts of
PPV genome plasmids and initiation codon-mutated
PPV genome plasmids, Western blot results demon-
strated that the expression levels of ZBP1, p-RIPK3,
and p-MLKL in the group transfected with the ini-
tiation codon-mutated PPV increased with prolonged
infection time, exhibiting a trend consistent with the
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Figure 5 Inhibiting MLKL expression does not affect upregulation of ZBP1 or phosphorylation of RIPK3. A Targeting sites of the three
MLKL-specific guide RNAs. B Western blot determination of the expression of MLKL in PTCs with MLKL-knockout by CRISPR/Cas9. C, D 126PTCs™ =~
cells and WT PTCs were pretreated with the apoptosis inhibitor, Ac-DEVD-CHO, for one hour and then infected with PPV at a MOI of 1 for 0, 24,
48,and 72 h in the absence of Ac-DEVD-CHO. C Level of released LDH. D Western blot determination of the protein expression of ZBP1, p-RIPK3,
and RIPK3. *P<0.05, **P<0.01 versus WT cells in C. **P<0.01 versus cells infected by PPV for O h in D.
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Figure 6 Disruption of PPV DNA significantly reduces necroptosis. A ReIaUve viral titers of UV-inactivated PPV were determined using

the Reed-Muench method. B, C Porcine PTCs were pretreated with the apoptosis inhibitor, Ac-DEVD-CHO, for 1 h and subsequently infected

with PPV at a MOI of 1 or an equivalent dose of UV-inactivated PPV for 0, 24, 48, and 72 h in the absence of Ac-DEVD-CHO. B Levels of released LDH
were measured. C Western blot determination of protein expression of ZBP1, p-RIPK3, RIPK3, p-MLKL, and MLKL in PTCs infected with UV-inactivated
PPV. D Western blot determination of protein expression levels of ZBP1, p-RIPK3, RIPK3, p-MLKL, and MLKL in PTCs transfected with initiation
codon-mutated PPV. *P<0.05, **P<0.01 versus WT cells in B. **P<0.01 versus WT cells in Cand D.

PPV-transfected group (Figure 6D). These results sug-
gest that PPV DNA mediates the necroptosis process in

porcine PTCs induced by PPV infection.

Discussion

PPV, the smallest and structurally simplest single-
stranded linear DNA virus among animal viruses, is
known to induce reproductive disorders in sows [13]. The
dysregulation of proliferating trophoblast cells is closely
associated with the occurrence and development of vari-
ous reproductive disorders [14, 15]. Porcine trophoblast
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cells (PTCs) play a crucial role in forming the placental
barrier and are the primary target cells for PPV, under-
going antiviral cell death to clear PPV and prevent ver-
tical transmission. Our previous research demonstrated
that early-stage PPV infection triggered apoptosis and
autophagy in PTCs as part of the antiviral defense mech-
anism [1]. However, the occurrence of non-apoptotic
forms of cell death in the later stages of infection has
recently captured more attention. Through TEM and
LDH assays, we confirmed for the first time that necrop-
tosis occurred in PTCs during the later stages of PPV
infection. We also observed an upregulation of ZBP1
expression during PPV infection; thus, a reduction of
ZBP1 expression might significantly reduce PPV-induced
necroptosis. PPV infection upregulated the expression of
p-RIPK3 and p-MLKL, but had no impact on Caspase-8
expression. Additionally, confocal microscopy revealed
a translocation of MLKL from the cytoplasm to the cell
membrane at 72 h of PPV infection. These results are
consistent with the hypothesis that prolonged PPV infec-
tion induces ZBP1-associated necroptosis in PTCs.
Several studies have shown that viral infection may lead
to multiple modes of programmed cell death in a cellu-
lar pool, and different modes of programmed cell death
may result in different pathologies [16]. In our previous
research, we found that an infection with PPV at a multi-
plicity of infection (MOI) of 1 induced approximately 25%
apoptosis in PTCs at 24 h post-infection, while another
approximately 7% of cells underwent non-apoptotic cell
death related to autophagy [1], and we are curious about
what type is this non-apoptotic cell death. Necropto-
sis and apoptosis are the two crucial antiviral cell death
modes in organisms [17], and the ZBP1/RIPK3/MLKL
signaling pathway mediates necroptosis [18, 19]. As an
innate intracellular nucleic acid sensor, ZBP1 contains an
RIP homotypic interacting motif (RHIM), through which
it interacts with RIPK1 and RIPK3 proteins that also con-
tain RHIM domains [6]. Following the infection of cells
by bacteria or viruses, ZBP1 recognizes heterologous
nucleic acids, activates RIPK3, and forms a ZBP1-RIPK3
complex. RIPK3 then phosphorylates and oligomerizes
MLKL, and the resulting MLKL oligomers translocate in
part to the nucleus assisted by HSP90 or PITPa, while the
rest is transferred to the cytoplasmic membrane. MLKL
oligomers in the cytoplasmic membrane mediate the for-
mation of cation channels, allowing the influx of extracel-
lular Mg?*, K*, and Na* ions [19]. MLKL oligomers also
mediate the exposure of membrane phospholipids to the
extracellular milieux, releasing death-inducing signals
[19]. As a part of this process, the opening of the mem-
brane ion channel protein TRPM7 permits the influx of
Ca?". MLKL oligomers also initiate endoplasmic reticu-
lum stress that generates ROS and releases Ca**. High
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levels of cytoplasmic Ca®" lead to lysosomal dysfunc-
tion, more ROS production, and cytoplasmic membrane
rupture. Elevated levels of ROS stimulate the opening of
mPTP, alter mitochondrial membrane potential, and lead
to the release of cytochrome c. Furthermore, PGAMS5
on mitochondria binds to the necrosome, and this com-
plex recruits and activates drpl or CypD, which mediate
mitochondrial fission, mPTP opening, and necropto-
sis with Ca®* influx and plasma membrane damage. In
additional, it has also been found that ZBP1 mediates
RIPK3-dependent induction of apoptotic and necrop-
totic cell death pathways during Influenza virus (IAV)
infection [8]. RIPK3 is essential for necroptosis but also
governs whether a cell activates Caspase-8 and dies by
apoptosis [20]. The possible mechanism is that RIPK3
interacts with another RHIM-containing protein, RIPK1,
which recruits Caspase-8 via Fas-associated protein with
death domains (FADD) to assemble a Casp8-FADD-
cFLIP complex. Then Caspase-8 homodimerization and
self-cleavage drive cell-extrinsic apoptosis [5, 21]. When
Caspase-8 activity is compromised, RIPK1 and RIPK3
undergo RHIM-dependent oligomerization that pro-
motes necroptosis [21].

Caspase-8 mediates apoptosis [22, 23], and caspase
inhibition is a prerequisite for the initiation of necropto-
sis in most cell types. Several studies have confirmed that
necroptosis can only serve as an alternative antiviral cell
death mode when Caspase-8 activity is disrupted [24—
26]. ZBP1 is a major inducer of necroptosis in response
to infection by influenza A virus, herpesviruses, and pox-
viruses (such as vaccinia virus) [27, 28], and functions in
both nuclear and cytoplasmic compartments to mediate
necroptosis induced by virus infection [18]. In addition,
studies have demonstrated that influenza A virus infec-
tion can involve both Caspase-8-dependent apoptosis
and ZBP1/RIPK3/MLKL signaling pathway-mediated
necroptosis [29]. However, few cells exhibit features of
both forms of cell death activation simultaneously. Usu-
ally only one type of cell death, apoptosis or necroptosis,
occurs [30]. For flaviviruses such as Zika virus and West
Nile virus, ZBP1 serves as the primary nucleic acid sen-
sor, inducing cell death through non-dependent antiviral
effects [31]. More and more studies investigate that virus
infection could lead to multiple modes of programmed
cell death in one cell pool, and the distinct programmed
cell death modes may lead to different pathologies [16].
Normally, apoptosis is a non-inflammatory programmed
cell death, while necroptosis and pyroptosis are inflam-
matory programmed cell deaths [32-34]. Histopathologi-
cal changes indicate that PPV infection induces massive
infiltration of inflammatory cells in the endometrium and
lamina propria of the uterus of gilts [3], suggesting that
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PPV infection leads to inflammatory programmed cell
death of target cells.

Very few research studies on the specific death pathway
and the mechanism of its induction in PTCs infected by
PPV have been done, however. In this study, we showed
that PPV infection upregulated ZBP1 expression, and
ZBP1 interference or knockout reduced the degree of
necroptosis in the PTCs. Additionally, PPV infection
enhanced the formation of p-RIPK3 and p-MLKL, but
had no effect on the activation of Caspase-8. The knock-
out of RIPK3 did not affect the upregulation of ZBP1
induced by PPV infection but impeded the activation of
MLKL. Depletion of MLKL had no impact on the PPV-
induced upregulation of ZBP1 or the phosphorylation
of RIPK3. Based on these findings, we conclude that
PPV infection induces necroptosis in PTCs through the
ZBP1/RIPK3/MLKL signaling pathway, independent of
Caspase-8.

The accumulation of unstable intracellular Z-form
DNA activates ZBP1, which interacts with receptor-
interacting protein kinase 3 (RIPK3), to trigger an RIPK3-
dependent necroptotic signaling cascade [35]. Vaccinia
virus (VACV) competes with the Z-form RNA generated
during VACV infection through the Za domain at the
N-terminus of its E3 protein, thus inhibiting ZBP1-medi-
ated ZBP1/RIPK3/MLKL-dependent necrotic apoptosis
[18]. A small molecule (3a-3l) based on quinoline induced
DNA damage in cancer cells, and the resulting Z-form
DNA inhibited the necrotic apoptosis mediated by apop-
tosis-inducing ZBP1 [12]. In this study, we demonstrated
that UV irradiation of the virus with an inactivating dose
significantly reduced PPV-induced necroptosis; initiation
codon mutations did not affect PPV-induced necropto-
sis through the ZBP1/RIPK3/MLKL pathway, however.
These results indicate that during the infection process,
ZBP1 recognizes and binds to PPV DNA, thereby initi-
ating the ZBP1/RIPK3/MLKL signaling pathway and
inducing necrotic apoptosis in PTCs.

In conclusion, this study discovered and confirmed that
PPV infection induced ZBP1-dependent necroptosis,
providing novel insights into the antiviral mechanisms of
porcine placental trophoblast cells and suggesting poten-
tial new therapeutic strategies for preventing reproduc-
tive disorders in pigs.
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Additional file 1. PPV infection induces necroptosis of PTCs with the
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sis can activate necroptosis. PTCs were infection with 1 MOI PPV for 0,
24,48, and 72 h, and the expression levels of ZBP1, p-RIPK3, RIPK3, p-MLKL,
MLKL, and Caspase-8 were determined by Western blot and calculated.
**P < 0.01 versus cells infected by PPV for 0 h.
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was used to measure the viability of 481PTCs"7",

Additional file 6. The MLKL knockout PTCs were generated using
MLKL-126 successfully. (A) Sequencing of the MLKL locus amplified from
the 126PTCs™ " and WT cells. Black dashes indicate the bases deleted
from the gene. The results showed that multiple gene deletions occurred
in the RIPK3 gene of 126PTCs™ cells. (B) The CCK-8 assay was used to
measure the viability of 126PTCs™",

Additional file 7. Guide RNA sequences used in this study.

Additional file 8. Primer sequences for gene knockout identification
used in this study.

Acknowledgements

This work was supported by the National Natural Science Foundation of China
(Grants 32272966 and 32273025 to D.T. and Y.H.), the National Key Research
and Development Program of China (Grant 2022YFD1800305 to Y.H.), the
Technology Innovation Leading Program of Shaanxi (Program No. 2022QFY11-
06 to DT), Shaanxi Provincial Innovation Capability Support Plan (Grant
2023-CX-TD-60 to Y.H.) and the Chinese Universities Scientific Fund (Grant
2452023072 to D.T.). The funders had no role in the study design, data collec-
tion, data analysis, decision to publish, or preparation of the manuscript.

Authors’ contributions

NX: Conceptualization; methodology; data curation; software; formal analysis;
validation; investigation; visualization; writing—original draft; writing—review
and editing. QD: Conceptualization; writing—review and editing. YC: Meth-
odology. LN: Methodology. PM: Methodology; data curation. DF: Methodol-
ogy. YH: Conceptualization; supervision; formal analysis; funding acquisition;
project administration; writing—review and editing. DT: Conceptualization;
supervision; funding acquisition; writing—review and editing. All authors read
and approved the final manuscript.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 7 May 2024 Accepted: 6 September 2024
Published online: 29 November 2024

References
1. Zhang XJ, Xiong YL, Zhang J, Shao T, Chen SB, Miao BC, Wang ZY, Du
Q, Huang Y, Tong DW (2019) Autophagy promotes porcine parvovirus


https://doi.org/10.1186/s13567-024-01410-x
https://doi.org/10.1186/s13567-024-01410-x

Xu et al. Veterinary Research

20.

21

(2024) 55:156

replication and induces non-apoptotic cell death in porcine placental
trophoblasts. Viruses 12:15

Zhang XJ, Ma PP, Shao T, Xiong YL, Du Q, Chen SB, Miao BC, Zhang
XZ,Wang XY, Huang Y, Tong DW (2022) Porcine parvovirus triggers
autophagy through the AMPK/Raptor/mTOR pathway to promote viral
replication in porcine placental trophoblasts. Vet Res 53:33

Lenghaus C, Forman AJ, Hale CJ (1978) Experimental infection of 35,

50 and 60 day old pig foetuses with porcine parvovirus. Aust Vet J
54:418-422

Guo HY, Gilley RP, Fisher A, Lane R, Landsteiner VJ, Ragan KB, Dovey CM,
Carette JE, Upton JW, Mocarski ES, Kaiser WJ (2018) Species-independent
contribution of ZBP1/DAI/DLM-1-triggered necroptosis in host defense
against HSV1. Cell Death Dis 9:816

Zheng M, Kanneganti TD (2020) The regulation of the ZBP1-NLRP3
inflammasome and its implications in pyroptosis, apoptosis, and necrop-
tosis (PANoptosis). Immunol Rev 297:26-38

Kuriakose T, Kanneganti TD (2018) ZBP1: innate sensor regulating cell
death and inflammation. Trends Immunol 39:123-134

Straub S, Sampaio NG (2023) Activation of cytosolic RNA sensors by
endogenous ligands: roles in disease pathogenesis. Front Immunol
14:1092790

Kuriakose T, Man SM, Malireddi RKS, Karki R, Kesavardhana S, Place DE,
Neale G, Vogel P, Kanneganti TD (2016) ZBP1/DAl is an innate sensor of
influenza virus triggering the NLRP3 inflammasome and programmed
cell death pathways. Sci Immunol 1:aag2045

Lee S, Karki R, Wang YQ, Nguyen LN, Kalathur RC, Kanneganti TD (2021)
AIM2 forms a complex with pyrin and ZBP1 to drive PANoptosis and host
defence. Nature 597:415-419

Suresh M, Li B, Huang X, Korolowicz KE, Murreddu MG, Gudima SO,
Menne S (2021) Agonistic activation of cytosolic DNA sensing receptors
in woodchuck hepatocyte cultures and liver for inducing antiviral effects.
Front Immunol 12:745802

. Zhang HL, Huang Y, Wang LL, Yu TT, Wang ZG, Chang LL, Zhao XM, Luo

XM, Zhang L, Tong DW (2016) Immortalization of porcine placental troph-
oblast cells through reconstitution of telomerase activity. Theriogenology
85:1446-1456

Saha R, Pal R, Ganguly B, Majhi B, Dutta S (2024) Mono-quinoxaline-
induced DNA structural alteration leads to ZBP1/RIP3/MLKL-driven
necroptosis in cancer cells. Eur J Med Chem 270:116377

Du Q, Zhang XZ, Xu N, Ma MY, Miao BC, Huang Y, Tong DW (2022)
Chaperonin CCT5 binding with porcine parvovirus NS1 promotes the
interaction of NS1 and COPE to facilitate viral replication. Vet Microbiol
274:109574

Racicot K, Kwon JY, Aldo P, Abrahams V, EI-Guindy A, Romero R, Mor G
(2016) Type | interferon regulates the placental inflammatory response to
bacteria and is targeted by virus: mechanism of polymicrobial infection-
induced preterm birth. Am J Reprod Immunol 75:451-460

van Zuylen WJ, Ford CE, Wong DDY, Rawlinson WD (2016) Human cyto-
megalovirus modulates expression of noncanonical Wnt receptor ROR2
to alter trophoblast migration. J Virol 90:1108-1115

Los M, Mozoluk M, Ferrari D, Stepczynska A, Stroh C, Renz A, Herceg Z,
Wang ZQ, Schulze-Osthoff K (2002) Activation and caspase-mediated
inhibition of PARP: a molecular switch between fibroblast necrosis and
apoptosis in death receptor signaling. Mol Biol Cell 13:978-988

Nailwal H, Chan FK (2019) Necroptosis in anti-viral inflammation. Cell
Death Differ 26:4-13

Koehler H, Cotsmire S, Zhang T, Balachandran S, Upton JW, Langland J,
Kalman D, Jacobs BL, Mocarski ES (2021) Vaccinia virus E3 prevents sens-
ing of Z-RNA to block ZBP1-dependent necroptosis. Cell Host Microbe
29:1266-1276.e5

ZhangT, Yin CR, Boyd DF, Quarato G, Ingram JP, Shubina M, Ragan KB,
Ishizuka T, Crawford JC, Tummers B, Rodriguez DA, Xue J, Peri S, Kaiser WJ,
Lépez CB, Xu Y, Upton JW, Thomas PG, Green DR, Balachandran S (2020)
Influenza virus Z-RNAs induce ZBP1-mediated necroptosis. Cell 180:1115-
1129.e13

Newton K, Dugger DL, Wickliffe KE, Kapoor N, de Almagro MC, Vucic D,
Komuves L, Ferrando RE, French DM, Webster J, Roose-Girma M, Warming
S, Dixit VM (2014) Activity of protein kinase RIPK3 determines whether
cells die by necroptosis or apoptosis. Science 343:1357-1360

Mandal P, Berger SB, Pillay S, Moriwaki K, Huang CZ, Guo HY, Lich JD, Fin-
ger J, Kasparcova V, Votta B, Ouellette M, King BW, Wisnoski D, Lakdawala

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Page 12 of 12

AS, DeMartino MP, Casillas LN, Haile PA, Sehon CA, Marquis RW, Upton

J, Daley-Bauer LP, Roback L, Ramia N, Dovey CM, Carette JE, Chan FK,
Bertin J, Gough PJ, Mocarski ES, Kaiser WJ (2014) RIP3 induces apoptosis
independent of pronecrotic kinase activity. Mol Cell 56:481-495

FuTM, LiY, Lu A, Li ZL, Vajjhala PR, Cruz AC, Srivastava DB, DiMaio F,
Penczek PA, Siegel RM, Stacey KJ, Egelman EH, Wu H (2016) Cryo-EM
structure of caspase-8 tandem DED filament reveals assembly and regu-
lation mechanisms of the death-inducing signaling complex. Mol Cell
64:236-250

Hughes MA, Powley IR, Jukes-Jones R, Horn S, Feoktistova M, Fairall L,
Schwabe JWR, Leverkus M, Cain K, MacFarlane M (2016) Co-operative
and hierarchical binding of c-FLIP and caspase-8: a unified model defines
how c-FLIP isoforms differentially control cell fate. Mol Cell 61:834-849
Kaiser WJ, Sridharan H, Huang CZ, Mandal P, Upton JW, Gough PJ, Sehon
CA, Marquis RW, Bertin J, Mocarski ES (2013) Toll-like receptor 3-mediated
necrosis via TRIF, RIP3, and MLKL. J Biol Chem 288:31268-31279

Fritsch M, Gunther SD, Schwarzer R, Albert MC, Schorn F, Werthenbach
JP, Schiffmann LM, Stair N, Stocks H, Seeger JM, Lamkanfi M, Kronke M,
Pasparakis M, Kashkar H (2019) Caspase-8 is the molecular switch for
apoptosis, necroptosis and pyroptosis. Nature 7784:683-687

Newton K, Wickliffe KE, Dugger DL, Maltzman A, Roose-Girma M,

Dohse M, Kémtives L, Webster JD, Dixit VM (2019) Cleavage of RIPK1

by caspase-8 is crucial for limiting apoptosis and necroptosis. Nature
574:428-431

Koehler H, Cotsmire S, Langland J, Kibler KV, Kalman D, Upton JW, Mocar-
ski ES, Jacobs BL (2017) Inhibition of DAI-dependent necroptosis by the
Z-DNA binding domain of the vaccinia virus innate immune evasion
protein, E3. Proc Natl Acad Sci U S A 114:11506-11511

Thapa RJ, Ingram JP, Ragan KB, Nogusa S, Boyd DF, Benitez AA, Sridharan
H, Kosoff R, Shubina M, Landsteiner VJ, Andrake M, Vogel P, Sigal LJ,
tenOever BR, Thomas PG, Upton JW, Balachandran S (2016) DAI senses
influenza A virus genomic RNA and activates RIPK3-dependent cell
death. Cell Host Microbe 20:674-681

Lei XQ, Chen YZ, Lien E, Fitzgerald KA (2023) MLKL-driven inflammasome
activation and caspase-8 mediate inflammatory cell death in influenza A
virus infection. MBio 14:0011023

Shubina M, Tummers B, Boyd DF, Zhang T, Yin CR, Gautam A, Guo XJ,
Rodriguez DA, Kaiser WJ, Vogel P, Green DR, Thomas PG, Balachandran S
(2020) Necroptosis restricts influenza A virus as a stand-alone cell death
mechanism. J Exp Med 217:¢20191259

Rothan HA, Arora K, Natekar JP, Strate PG, Brinton MA, Kumar M (2019)
Z-DNA-binding protein 1 (ZBP1) is critical for controlling virus replication
and survival in West Nile virus encephalitis. Front Microbiol 10:2089
Andon FT, Fadeel B (2013) Programmed cell death: molecular mecha-
nisms and implications for safety assessment of nanomaterials. Acc Chem
Res 46:733-742

Booth LA, Roberts JL, Dent P (2020) The role of cell signaling in the
crosstalk between autophagy and apoptosis in the regulation of tumor
cell survival in response to sorafenib and neratinib. Semin Cancer Biol
66:129-139

Van CS, Van Den BW (2002) Morphological and biochemical aspects of
apoptosis, oncosis and necrosis. Anat Histol Embryol 31:214-223
Sridharan H, Ragan KB, Guo HY, Gilley RP, Landsteiner VJ, Kaiser WJ,
Upton JW (2017) Murine cytomegalovirus IE3-dependent transcription is
required for DAI/ZBP1-mediated necroptosis. EMBO Rep 18:1429-1441

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



	Porcine parvovirus infection induces necroptosis of porcine placental trophoblast cells via a ZBP1-mediated pathway
	Abstract 
	Introduction
	Materials and methods
	Cells and virus
	Inhibitors and antibodies
	Transmission electron microscopy
	Lactate dehydrogenase cytotoxicity assay
	Western blot
	Immunofluorescence assay of MLKL by confocal microscopy
	ZBP1 overexpression
	ZBP1 mRNA expression levels by real-time quantitative PCR (RT-qPCR)
	Silencing of ZBP1 in PTCs by transfection with siRNA
	Generation of ZBP1, Caspase-8, RIPK3, and MLKL knockout PTCs
	Statistical analysis

	Results
	PPV infection of porcine PTCs induces necroptosis
	ZBP1 mediates PPV-induced necroptosis in porcine PTCs
	PPV infection activates RIPK3 and MLKL, but not Caspase-8 in porcine PTCs
	Knockout of RIPK3 does not affect PPV infection-mediated upregulation of ZBP1 expression, but inhibits MLKL activation
	Knockout of MLKL does not affect the upregulation of ZBP1 expression or the activation of RIPK3 in PPV-infected porcine PTCs
	UV inactivation of PPV significantly reduces infection-induced necroptosis, while initiation codon mutations do not

	Discussion
	Acknowledgements
	References


